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ARTICLE INFO ABSTRACT
Article history: Numerous studies have been conducted to investigate the effectiveness of impedance-
Received 9 April 2023 based sensors in detecting the invasive behaviour of cancer cells, specifically through

Received in revised form 28 September 2023 the yse of Electric Cell-substrate Impedance Sensing (ECIS) methodology. However, the
Accepted 9 November 2023 current equivalent circuit models used to represent the invasive nature of cancer cells
Available online 20 March 2024 have limitations and inaccuracies, and there has been a lack of utilization of
mathematical and data analysis software to better understand the growth and invasive
behaviour of these cells. To address these gaps, this research aims to measure the
impedance of A549 lung cancer cells, develop a simplified equivalent circuit model, and
analyse the results using mathematical and data analysis software. The invasive
behaviour of A549 cells will first be studied through impedance measurements, and
then a circuit model will be designed and simulated using software tools to reveal the
true invasive nature of these cells. Finally, rigorous mathematical analysis and the use
of suitable data analysis software (such as Matlab Powergui and Simulink, EIS Spectrum
Keywords: Analyzer, and Plotly) will be applied to gain a comprehensive understanding of the
morphological behaviour of the cells. The experimental results of this research are
expected to align with previous findings, and a quadratic equation will be derived to
predict the body's resistance of the A549 lung cancer cell using mathematical and data
analysis approaches.
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1. Introduction

In recent times, the impedance based sensor has been widely used in electrical and chemical
engineering, and especially in biomedical field. Application of impedance measurement approach has
been used for characterization of the DNA, for monitoring of the drug delivery, in the enhanced
detection and characterization of adherent cells, in vitro biological applications, and in the discovery
of tumor cells and the detection of cancerous cells. Moreover, the impedance based sensor
measurement approach is an alternative method in the field of cancer research and is extremely
useful in observing the growth of various cancer cells in terms of the cell’s resistance and reactance.
Besides that, the impedance bio-sensing approach which known as Electric Cell-substrate Impedance
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Sensing (ECIS) is very accurate in terms of the sensitivity to the change of the environment.
Furthermore, the impedance based sensor provides fast, label-free, quantitative measurement [11,
28].

Giaever et al., [16] has introduced impedance based sensor in the early 1980s. According to them,
the fundamental setup of ECIS instrumentation uses standard tissue culture medium as the
electrolyte, the ECIS electronics delivers a constant current to the electrodes while measuring the
voltage and phase as a function of time. To ensure that the ECIS measurement is non-invasive, the
current is maintained at a very low level. This low level AC current creates a very slight hyper- and
hypo-polarization of the plasma membranes and has no measurable effect on the cell's behavior. The
impedance is interpreted as a pure resistor and capacitor coupled in series and parallel combination
[15].

As the field of ECIS is growing steadily, the National Foundation for Cancer Research recognizes
the application of this approach in the cancer detection. The idea is to apply the ECIS measurement
in detecting the potential of metastatic cells growth. Jiang [18] and Keese et al., [20] explained the
possibility of cancer detection in the following experiment. There are three samples of HUVEC
(human umbilical vein endothelial cells); the first sample act as the control without the cancer cells
while the other two are challenged with highly metastatic AT3 subline and weakly G rat prostate
cancer cell subline. The impedance is the electrical characteristic of any material. In a biological
specimen it is known as the bio-impedance. For any biological specimen, the impedance consists of
resistance and reactance. The reactance component only responds to AC supply while the resistance
component is able to respond to both DC and AC supply. The electrical impedance (Z) is defined by
two fundamental properties which are Resistance (R) and Reactance (Xc). The Resistance R
component is passive and independent to the change of frequency while Reactance Xc component is
active and dependent on the change of frequency. This can be seen in following equation; X. = 1/2nfC.
The value of impedance can be expressed as Z = R + jX.. Besides that, the impedance is also defined
asZ=|Z|e®in polar form, where magnitude |Z| denotes the ratio of voltage and current amplitudes
while the 6 denoted the phase difference between voltage and current [4].

The ECIS is a reliable and useful method for the detection of the cancer cells and to study the
cell's nature and changes at different stages of the cancer's invasion by simply measuring the
resistance and reactance values. Basically, for any equivalent circuit model, there are certain
important variables that consist of resistors and capacitors. The whole impedance of this equivalent
circuit model can be found by using simple mathematical equations after all the variables are
calculated. Some of the common variables are:

1.1 Double Layer Capacitance (Ca)

Fairuzabadi [11] and Price [30] stated that this capacitance variable exists on the surface between
the electrodes with its surrounding electrolyte. He also mentioned that two existing charges are
incapable to connect with one another due to the small gap on the surface of the electrodes which
acts as an insulator. The first one is the charged electrode while the other one is charged ions within
the electrolyte.

1.2 Charge Transfer Resistance (Rct)

This resistance variable is formed due to a single kinetically-controlled electrochemical reaction
which is caused by the immersion of the metal into the electrolyte [11]. Then, the metal will gradually
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dissolve into the electrolyte forming ions and then the charged ions are transferred [11,32]. If the
whole electrochemical system is in equilibrium, the charge transfer resistance can be found as in

nFi, (1)

1.3 Parasitic/Coating Capacitance (Cpar)

This capacitance variable is a general capacitance which is formed due to the separation of two
conducting plates (reference and the working electrodes) by the non-conducting media (electrolyte
solution) [11]. The mathematical relationship of this variable is shown below, as in

par d (2)

The impedance spectra and real-time impedance change induced on electrodes with different
surface properties were successfully recorded [23]. The proposed impedance based sensor is the
potential for further detection and quantification of cancer cells. In this research, the proposed
equivalent circuit, significant variables and the experimental result of impedance measurement will
be described in section Il. In section Ill, the best electrode and frequency based on the existing data
is selected. In-depth analysis and discussion for each stage of cell’s invasive nature, the comparison
between impedance measurement and the cell’s resistance are explained in section Il [13,25].
Section IV discloses all the related information and the conclusion.

2. Standard Growth Curve of Cancer Cell’s Invasive Nature with the Proposed Equivalent Circuit
Model

Making electrical impedance equivalent model in relation to the interface between electrode and
electrolyte is of a great importance for sensory system [10]. The sensor based on impedance
detection relys on monitoring of the electric impedance caused by the changes of the electrical
current flow. The impedance data from experimental results can be analyzed and predicted by using
proper electrical model [5]. In this work, a sensor system based on impedance using coplanar
electrodes is investigated. The equivalent electrical circuit model with different parameters was
implemented by using electromechanical systems [19].

These equivalent circuit models are designed to match each stage of the cell’s invasion while
the previous study as in research [11,17], the focus was on the general form of the cell’s invasion
nature. The resulting impedance and phase measurements were scattered and no standard pattern
emerged. To overcome the limitations of this previous experiment, the equivalent circuit model, the
output impedance versus time of ECIS measurement was categorized into 3 stages as shown in Fig.
1. Stage 1 (lag phase) occurs at the beginning where the electrode surface is uncovered. Then, Stage
2 (log phase) occurs when the electrode surface is covered by the cells. Finally, Stage 3 (stationary
phase) occurs after cell manipulation. Refer Fig. 4, Fig. 7 and Fig. 10 in section Il for more detail.
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Standard Growth Curve
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d electrode after cell manipulation
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1

Fig. 1. The proposed equivalent circuit modeI represents each stage of the invasive nature

Significant Variables
2.1 Charge Transfer Resistance (Rct)

Eqg. (1) is used to calculate this resistance. It is important to know that copper is the selected
material for the biosensor design in the previous research [11,26].

Where: Gas Constant, R = 8.3145 J/molK, Temperature, T = 310 K.

Number of electrons, n = 2 (Cu?* + 2e"Cu)

Faraday constant, F = 96485.3415 SA/mol

Exchange current density copper, i, = 1 pAmm2

So, the value of charge transfer resistance is 48.1nQ.

Coating/Parasitic Capacitance (Cpar)

Equation 2 is used to calculate this capacitance.

Where: Permittivity of free space, €, = 8.854 x 10'*? F/m Permittivity of material (DMEM),

=80

Area of plate, A = 35um x 6.1mm d: Depends on the electrode design (0.26mm is chosen) which

is based on Table 1. So, the value of parasitic capacitance is 0.582uF.

Table 1
The value of the parasitic capacitance (Fairuzabadi)
Distance between Electrode, d (mm) Parasitic Capacitance, Cpar (F)

0.26 0.582
0.53 0.285
0.80 0.189
1.06 0.143
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2.2 Double Layer Capacitance (Ca)

Fairuzabadi [11] assumed the value of double layer capacitance is 1.22uF for this particular
design.

Cell’s Capacitance (Ccel).

One assumption needed to be made in order to successfully analyse the invasive nature of A549
cancer cell. The value of Ceel = 3.01pF is taken from previous research [11,34]. Since the value of cell’s
capacitance is insignificant in the long run. Even the value of cell’s capacitance decreases as time goes
on but the decrements are too small and minuscule. So, the cell’s capacitance can be safely assumed
to be constant throughout the analysis [7].

2.3 Impedance Measurement of A549 Lung Cancer Cell

The design and fabrication process of the biosensor, experimental setup, preparation of A549
lung cancer and impedance measurement from research [11] is incorporated in this study.

The impedance results from the research [11] are divided into two parts. The first part of the
results in Table 2 shows the measurement for the 0.26mm electrode design at different range of
frequencies.

Table 2

Graph for the 0.26mm electrode design at different Hz
Frequency (Hz)/Time (hours) 0 24 48 72 96 120
100 1644.89Q 4055.00QQ 6223.23Q 7682.75Q 10527.17Q 9712.54Q
50k 149.62Q 409.48Q 444.00Q 478.24Q) 517.12Q 530.60Q
1M 36.23Q 41.90Q 44.01Q 46.9Q 49.79Q) 51.96Q
6M 33.25Q 30.84Q 30.39Q 29.85Q0 28.72Q 27.94Q
10M 43.12Q 41.15Q 41.14Q 41.44Q 40.66Q 39.79Q

The Impedance For 0.26mm Electrode Design at Different Range of Frequencies [11]

The second part of the results in Table 3 show the measurements for all electrodes designs
(0.26mm, 0.53mm, 0.80mm and 1.06mm) at 100 Hz.

Table 3

Graph for the 0.26mm electrode design at different Hz.

Design (mm)/Time (hours) 0 24 48 72 96 120

0.26 1644.890 4055.00QQ 6223.23Q0 7682.75Q 10527.17Q 9712.54Q
0.53 557.99Q 2682.15Q 5086.68Q 7257.42Q 9522.59Q 6362.87Q
0.80 73.40Q 83.930Q 70.70Q 65.20Q 275.46Q 321.16Q
1.06 53.99Q 129.9Q 101.79Q 138.86Q 117.22Q 115.64Q

The Impedance for All Electrode Design Atal00Hz [11]

3. Results and Discussions
3.1 The Best Electrode Design & the Best Frequency

Firstly, it is obvious that the best electrode design for analysing A549 lung cancer cell is the
0.26mm design (based on results from Table 3) and the best frequency to study the cell’s invasive
nature is at 100 Hz (based on results from Table 2). This is because the impedance measurement is
highly accurate and precise at low frequency which is 100Hz. Furthermore, the narrower the distance
between the electrodes, the more accurate the impedance measurement is. Besides that, the stages
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of the cancer’s invasive nature can be easily analysed by using suitable data analysis software [27,29].
Therefore, the discussion for each category of the invasive nature will be explained thoroughly in
order to give a clear understanding of this research. Stage 1 is considered to be at 0 to 24 hours,
Stage 2 is from 24 to 72 hours and Stage 3 is decided to be from 72 to 120 hours [3,14,26].

Results and Analysis for Stage 1 (0 - 24 hours).

The equivalent circuit model in Figure 2 will give the exact equation as the Eq. (3) (Equation |Z]
for Stage 1). This equation needs a simple derivation to achieve Eq. 4 (Equation for Rceil for Stage 1).

Cpar
e
Recell Ccell
o Ay o
Rct Cdl

Impedance Measurement| Z

Fig. 2. The Proposed Equivalent Circuit Model for Stage 1

cell

Z:XCW (R, +Xcdl)+Rm,,+XC 3)

The parameters needed to solve Equation 4 can be found by using information from section Il (B),
Table 1 and Table 2.

|Z| =4055.00 - 1644.89 = 2410.11Q

Ret = 48.1nQ
Xear = 1/ (2rtfCa)) = 1/ [(200m) (1.22pF)] = 1304.549Q
Xepar = 1/ (21tfCpar) = 1/ [(200m) (0.582uF)] = 2734.621Q
Xecell = 1/ (2mtfCeen) = 1/ [(200m) (3.01uF)] = 528.754Q

Consequently, the value of Reen is 998Q. Then, using the data analysis software such as EIS
Spectrum Analyzer, MATLAB Powergui and Simulink, the results are shown in the following Figure 3

and Figure 4.
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Fig. 4. EIS Spectrum Analyzer data analysis for Stage 1
Results and Analysis for Stage 2 (24 - 72 hours) The equivalent circuit model in Figure 5 will give

the exact equation as the Eq. (5) (Equation |Z| for Stage 2). This equation needs a simple derivation
to achieve Eq. (6) (Equation for Ree for Stage 2).
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o B
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Fig. 5. The Proposed Equivalent Circuit Model for Stage 2
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The parameters needed to solve Eq. (6) [27] can be found by using information from section Il
(B), Table 1 & Table 2.

|Z| = 7682.75 - 4055.00 = 3627.75Q
Ret = 48.1nQ Xear = 1/ (2fCql) = 1/ [(200m) (1.221F)] = 1304.5490
Xepar = 1/ (21tfCpar) = 1/ [(200m) (0.582uF)] = 2734.621Q

Xecetl = 1/ (2mtfCeen) = 1/ [(200m) (3.01pF)] = 528.754QThe value of Reel is 3099Q.

Then, by using the data analysis software EIS Spectrum Analyzer, MATLAB Powergui and Simulink,
the results are shown in the following Figure 6 and Figure 7.
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Results and Analysis for Stage 3 (72 - 120 hours). The equivalent circuit model in Figure 8 will give
the exact equation as the Eq. (7) (Equation |Z]| for Stage 3) while this equation needs a simple

derivation to achieve Eq. (8) (Equation for Re for Stage 3).
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As expected, the parameters needed to solve Eq. (8) can be found by using information from
section Il (B), Table 1 & Table 2.

|Z| =9712.54 - 7682.75 = 2029.79Q R = 48.1nQ

Xeai = 1/ (21tfCal) = 1/ [(2007) (1.22pF)] = 1304.549Q
Xepar = 1/ (21tfCpar) = 1/ [(200m) (0.582pF)] = 2734.621Q
Xecell = 1/ (21tfCeen) = 1/ [(2007) (3.01pF)] = 528.754Q

Therefore, the value of Reen is 7346Q. Then, by using the data analysis software EIS Spectrum

Analyzer, MATLAB Powergui and Simulink, the results are shown in the following Figure 9 and Figure
10.
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4. Discussion for Each Stage

In Figure 3, Figure 6 and Figure 9, the MATLAB Powergui and Simulink software displays the values
in linear impedance and linear frequency for each stage which are shown below:

i.  Stage1|Z| = 1729Q Phase Shift = -54.75°
ii. Stage 2 |Z| =3144Q Phase Shift =-9.683°
ii. Stage 3 |Z| = 2506Q Phase Shift = -70.16°

Meanwhile, the EIS Spectrum Analyzer software displays three values in Figure 4, Figure 7 and
Figure 10 that has one extra component for each stage:

i. Stagel
|Z| =1729.1Q Phase Shift = 0.95551rad / 54.75° Real part, Rs = 998Q), Imaginary part, Xs =
14120
ii. Stage?2
|Z| =3143.8Q Phase Shift = 0.16899rad / 9.682° Real part, Rs = 3099Q, Imaginary part, Xs
=528.75Q
iii. Stage3
|Z| = 2505.6Q Phase Shift = 1.2246rad / 70.16° Real part, Rs = 850.2Q), Imaginary part, Xs
=2356.9Q

If we observe carefully, the values of impedance measurement, |Z| and phase shift are extremely
similar in each stage for all the software [14,34]. However, there is a major difference in the polarity
of phase shift’s values. In Matlab Powergui and Simulink software, the polarity of the phase shift is
negative while in EIS Spectrum Analyzer the polarity of the phase shift is positive. In addition, the EIS
Spectrum Analyzer has successfully determined the real part and the imaginary part of the
impedance value |Z| in each stage, while the Matlab Powergui and Simulink are unable to separate
the real and imaginary component.
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4.1 Comparison of Impedance Measurement

Itis crucial to compare the actual reading of the impedance measurements with the EIS Spectrum
Analyzer and MATLAB Powergui and Simulink in order to verify the analytical power of these
softwares [17]. The analysis is shown below in Table 4 and Figure 11.

Table 4
The impedance measurement from the actual reading with different software
Stages of Lung Cancer's  Actual Reading EIS Spectrum  Matlab Powergui and

Invasive Nature (Q) Analyzer (Q)  Simulink (Q)
1 2410.11 1729.10 1729.00
2 3627.75 3143.80 3144.00
3 2029.79 2505.60 2506.00

The Impedance Measurement from The Actual Reading and Softwares

W Actual Reading
W EISSpectrum Analyzer
W Matlab Powergui and Simulink

3500

3000

R
s

Impedance (Ohm)
o S
s =

g

Stage 1(0-24 hours) Stage 2 (24-72 hours) Stage 3 (72-120 hours)

Stages of Lung Cancer's Invasive Nature

Fig. 11. Bar graph comparing the impedance measurements between the
actual reading and the software

The following calculation shows the percentage errors for impedance measurements recorded
by both software compared to the actual reading in each stage.

i. % Error of Stage 1
EIS Spectrum Analyzer
% Error = [(1729.10 - 2410.11) / (2410.11)| x 100% = 28.2564%
Matlab Powergui and Simulink
% Error = |(1729.00 - 2410.11) / (2410.11) | x 100% = 28.2605%

ii. % Error of Stage 2
EIS Spectrum Analyzer
% Error = |(3143.80 - 3627.75) / (3627.75)| x 100% = 13.3402%
Matlab Powergui and Simulink % Error = |(3144.00 - 3627.75) / (3627.75)| x
100% = 13.3347%

iii. % Error of Stage 3
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EIS Spectrum Analyzer % Error = |(2505.60 - 2029.79) / (2029.79)| x 100% =
23.4413%

Matlab Powergui and Simulink % Error = |(2506.00 - 2029.79) / (2029.79)| x
100% = 23.4610%

Based on the data above, it is safe to assume that the percentage errors of both software are less
than 30% which is quite high from the actual reading of the impedance measurement. Probably, the
above software tools are not suitable to analyse the impedance value of A549 lung cancer cell but
are suitable for other purposes such as determining the real part (Rs) and imaginary part (Xs) of the
impedance value |Z| that has been stated in the previous discussion in section Il (E).

4.2 Analysis and Discussion for Cell’s Resistance

The investigated model has strong predictive abilities since it accurately predicts cellular actions
and reactions in a range of experimental settings. It provides exploratory insights that enable
researchers to investigate settings that are difficult to replicate in the lab. The model also facilitates
hypothesis production, offering an important tool for developing hypotheses.

The model does have drawbacks, though. It frequently calls for simplifications and assumptions
due to the limitations of present knowledge and computers. It is difficult to validate, and this could
lead to discrepancies between model predictions and actual observations because of unaccounted-
for interactions. The last and the most crucial part of the analysis and discussion is to discover the
invasive nature of the lung cancer cell. It is going to be a spectacular discovery if there is any
recognizable pattern in the cell’s resistance. Based on the previous analysis in Section Il (B, C & D),
the value of Reenl is arranged in Table 5 below and can be plotted by using Plotly which is shown in the
following Figure 12.

Table 12

The value of Rcell in each stage
Stages of Lung Cancer's Invasive Nature 1 2 3
Resistance of Lung Cancer’s Cell, Rcell (Q) 998 3099 7346
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Stages of Lung Cancer's Irvasive Nature

Fig. 12. Line graph for the value of R in each stage

Surprisingly, the value Rcan in each stage from Figure 12 is best described by the quadratic
equation as shown in Equation 9 (Quadratic equation for the value of Reer).

f(x)=1070x" —=1120x +1040 (9)

Where f(x) is the value of A549 lung cancer cell’s resistance, Reeil and variable x can be referred as
the stages of the cancer’s invasive nature. In fact, by applying the concept of polynomial regression
in Plotly, the best fit line and the value of R?are easily obtained. The value of R%is 1.000 and the best
fit line is extremely similar to the actual data. Hence, Eq. (9) is definitely reliable and can be used to
predict the value of Rl in order to understand the nature of the A549 lung cancer cell. Now days,
cancer is one of the major killer diseases in many countries where different treatments including
Chemotherapy are applied. In preclinical testing studies, it is necessary to develop more rapid and
simpler techniques for detection of cancerous cells, especially for understanding their interaction
with drugs and toxins. Current methods that are used in cancer detection and treatment include
techniques that usually need complex experimental process in inflexible laboratory conditions, as
well as measurement methods that are costly. Also, these are not suitable for monitoring the sample
continuously, and as a result, the data collected may not present the real changes in the cell activities
at a specific time. Proposed impedance type cancer detector presents minimally invasive, reliable,
inexpensive and easy to use measurement system that can be frequently used. Design in the
Integration: Create a paradigm that supports experimental design. This could entail predicting the
best experimental circumstances, such as medium compositions, measurement times, or appropriate
controls, using the model. The research process might be streamlined with such integration. To
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improve the model's forecasting skills, investigate the integration of machine learning approaches.
Work together with physicians and experimental biologists to compare the model's predictions to
actual data.

5. Conclusion

This investigation on A549 lung cancer cells is multifaceted and includes various stages. The
normative behaviour of these cells was initially in-depth analysed, using knowledge gained from prior
research data. The study then made use of the potential of an equivalent circuit model that had been
carefully created to include simplicity without sacrificing effectiveness. Impedance measurements
were used with this model to give specific information on the cellular phases that characterise the
invasive nature of lung cancer. The deliberate use of cutting-edge data analysis tools, such as Matlab
Powergui and Simulink, EIS Spectrum Analyser, and Plotly, was essential to this project. These tools
worked in concert with a strict mathematical framework to make it easier to understand the shape
of A549 lung cancer cells. A novel equation capable of predicting the cell's resistance as it changes
phases was created from this research, which is a very notable finding. A crucial development is the
establishment of a quadratic equation that controls the cell's resistance. This equation not only
improves our comprehension of cellular dynamics but also provides a reliable indicator of the
increasing resistance shown by A549 lung cancer cells as they go through the phases of the disease.
In summary, this study accomplishes its goals while also laying the groundwork for a better
understanding of cellular behaviour in relation to the development of lung cancer.
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