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Abstract

Background Microelectrical Impedance Spectroscopy (UEIS) is a tiny device that utilizes fluid as a working medium
in combination with biological cells to extract various electrical parameters. Dielectric parameters of biological cells
are essential parameters that can be extracted using UEIS. YEIS has many advantages, such as portability, disposable
sensors, and high-precision results.

Results The paper compares different configurations of interdigitated microelectrodes with and without a passiva-
tion layer on the cell contact tracks. The influence of the number of electrodes on the enhancement of the extracted
impedance for different types of cells was provided and discussed. Different types of cells are experimentally tested,
such as viable and non-viable MCF7, along with different buffer solutions. This study confirms the importance of pEIS
for in vivo and in vitro applications. An essential application of LEIS is to differentiate between the cells'sizes based on
the measured capacitance, which is indirectly related to the cells'size. The extracted statistical values reveal the capa-
bility and sensitivity of the system to distinguish between two clusters of cells based on viability and size.

Conclusion A completely portable and easy-to-use system, including different sensor configurations, was designed,
fabricated, and experimentally tested. The system was used to extract the dielectric parameters of the Microbeads
and MCF7 cells immersed in different buffer solutions. The high sensitivity of the readout circuit, which enables it to
extract the difference between the viable and non-viable cells, was provided and discussed. The proposed system
can extract and differentiate between different types of cells based on cells'sizes; two other polystyrene microbeads
with different sizes are tested. Contamination that may happen was avoided using a Microfluidic chamber. The study
shows a good match between the experiment and simulation results. The study also shows the optimum number
of interdigitated electrodes that can be used to extract the variation in the dielectric parameters of the cells without
leakage current or parasitic capacitance.
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Introduction

Breast cancer is the second leading cause of cancer-
related deaths among women [1]. It originates in the epi-
thelial cells of the breast tissue’s terminal ductal lobular
[2] system. It is categorized and described using various
techniques, such as pathology-based approaches based
on the morphological characteristics of tumors [3-6].
However, many breast cancers (around 40-75%) can-
not be adequately classified [5, 7]. Another significant
concern about this cancer is reducing its high mortality
rate globally. Hence, researchers are developing more
efficient examination and identification techniques for
cancer cells, which could benefit drug delivery [8, 9]. The
analysis of the main features of breast cancer is the pri-
mary focus of different studies. Conventional methods
for diagnosing breast cancer, such as pathological tissue
analysis, surgery, and radiography [10], have drawbacks.
For instance, microscopic evaluation may be necessary
for a sample’s diagnosis, which can be time-consuming
and preparatory.

Moreover, this process can be associated with a risk
of false positives for many diagnostic and drug therapy
applications [10]. Conventional techniques such as Fluo-
rescence Activated Cell Sorting (FACS) and Magnetic
Activated Cell Sorting (MACS) [11], which rely on spe-
cific fluorescent or magnetic markers attached to the
surface of the tested cells, have their drawbacks as well.
These markers can affect the dielectric parameters of
the cell, and the accuracy of the results obtained [11].
Markers can also harm cell metabolism, making the cells
unable to grow and divide properly [12]. The drawbacks
of Marker usage can be bypassed by non-invasive and
marker-free techniques [12].

Furthermore, conventional techniques are often com-
plex, costly, and time-consuming, and the labeling step
can significantly alter the final analyzed sample, thus
limiting their use in various analyses [13]. The draw-
backs of these conventional techniques can be avoided
by using micro-electrical impedance spectroscopy (LEIS)
[14], a non-invasive procedure used to analyze the elec-
trical properties of cells or tissues. It involves apply-
ing an alternating current (AC) signal to the sample
and measuring the resulting impedance, i.e., measuring
the resistance of the sample to the flow of current. The
impedance of a sample depends on its electrical prop-
erties, such as electrical conductivity and capacitance,
and it can provide information about the structure and
function of the sample. uEIS has many advantages over
other techniques for analyzing the electrical properties
of cells. It is non-invasive, meaning it doesn’t require the
insertion of electrodes or other probes into the sample.
It is also label-free, meaning it doesn’t need markers or
labels that may affect the viability or behavior of the cells.
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UEIS can be used to analyze the electrical properties of
cells in real time [15], which makes it useful for studying
dynamic processes, such as cell proliferation and death
[14, 16—-18]. Various applications of uEIS [19], such as cell
growth detection [20, 21], demonstrate that impedance
spectroscopy allows for cell growth on the electrodes
and the extraction of the impedance variation while the
cell grows. This selected technique had a high response
time due to its attachment strategy. Also, [21] presented
a microfluidic setup for HeLa cell impedance detec-
tion and its corresponding circuit model.uEIS has been
widely used to study various biological systems, including
cancer cells. It has the potential for use in the diagnosis
and treatment of cancer. To increase cell viability, [17]
presents a method for delivering chemicals into specific
cells. The technique utilized impedance measurements
to enhance cell viability and efficiency during the recov-
ery phases of individual cells post-electroporation [17,
18, 22—24]. pEIS has also been utilized to investigate the
electrical properties of tissues such as brain tissue and
to develop biosensors for detecting specific molecules in
biological samples. The passive electrical properties and
dielectric characteristics [21], such as the impedance of
biological cells, including human cancer cells, can be elu-
cidated using pEIS, which can describe the fluctuation in
cell impedance across a range of frequencies [25]. These
fluctuations are due to the permittivity and conductiv-
ity contributions of various polarization processes that
occur upon changes in the externally applied field [26].
Thus, defining the parameters, such as applied voltage
and frequency, are essential for analysis to improve the
system’s reliability in extracting cell dielectric features
[21, 27, 28], including cancer, stem, and neural cells [25].
HEIS has been used to study the properties of tissues
and organelles, including changes in their composition
or structure [29]. Researchers [30] also performed an
impedance analysis on human cervical cancer cell lines
as a function of frequency. At low frequencies, the cell
membrane acts as an insulator, while at high frequencies,
it behaves as a conductor. In other words, the measured
electrical impedance at low frequencies only reflects the
impedance of the extracellular fluid since the electric field
passes around the cell membrane [25]. In contrast, at
high frequencies, the cell membrane impedance is so tiny
that it cannot block the incident electric field, causing the
cell to become permeable [31]. Thus, the fluctuations in
the electrical impedance of biological cells depend on the
electric field penetrating the cell membrane and over-
coming the impedance difference. Therefore, defining
cell behavior based on identifying the electric field and
the frequency range rather than at a specific frequency is
critical. puEIS relies on applying an AC voltage signal to a
tested sample and measuring the fluctuation in current.
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Different sample components can be selected and ana-
lyzed by varying the signal frequency, enabling research-
ers to determine the dielectric features of the tested cells,
such as conductivity and permittivity, and consequently,
define their composition and structure. By analyzing the
dielectric properties of cells and tissues, LEIS can be used
to diagnose various diseases [32—34]. Another promis-
ing application that can be used with pEIS is to monitor
the response and behavior of bacterial cells, evaluate dif-
ferent treatment techniques, and analyze the metabolic
activity of the cells [35], as described in [33, 36]. pEIS
system depends on various key factors, including the
dielectric parameters of the cell, the suspending buffer at
the electrode—electrolyte interface, and the sequence and
arrangement of the sensing electrodes [37]. The tested
cell's permittivity and conductivity variations with fre-
quency directly affect the impedance-extracted results
[38, 39]. The extracted impedance of biological cells
can be employed in various contexts, such as indicat-
ing cell status, attaching the cell, adhesion, or spreading
[40]. Furthermore, leveraging the extracted impedance,
biological particles and cells can be characterized as a
fundamental electrical circuit comprising cytoplasmic
resistance and membrane capacitance [41].

The shape of the electrodes used in pEIS is a crucial
factor to consider. Various studies have shown that the
electrodes’ shape significantly affects the accuracy and
reproducibility of impedance measurements [42]. Multi-
ple publications have evaluated different electrode con-
structions [43—46]. In general, the shape of the electrodes
used in pEIS has significantly impacted the accuracy and
reproducibility of measurements. Further research is
required to optimize the electrode shape for improved
performance. Other applications have been studied, such
as using pEIS to analyze the extracted impedance sig-
nal from normal and cancerous red blood cells using 3D
electrodes [47]. Additionally, a pEIS system employing a
transparent multidisc electrode array has been proposed
to evaluate the effectiveness of chitosan in reducing the
toxicity of the breast cancer cell line MCF-7 [48].

Another critical factor that can influence the extracted
impedance is the trajectory of the cells [49, 50]. It is cru-
cial to prevent the divergence of the cells over the sens-
ing electrodes. This factor has been addressed in previous
studies, which utilized interdigitated microelectrodes
instead of bipolar planar electrodes [25]. Recent studies
have also shown that the pEIS system is affected by the
electrode material, the geometrical arrangement of the
electrodes, and the medium composition [39, 51, 52].
Additionally, changes in the temperature of the medium
or buffer can also affect the pEIS system’s results [53, 54].
Therefore, it is essential to consider these factors when
designing a pEIS system to obtain reliable results.
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Different techniques have been used with pEIS for cell
characterization, such as the hydrodynamics system [55],
the negative dielectrophoresis technique for cell trapping
[56, 57], and the dielectrophoresis force [58]. The effect
of the double layer has also been improved using silver
electrodes [59-61]. This study modified the system with a
copper-free HAL fabrication and a silver coating to avoid
toxic effects on biological cells. Similarly to [62], conven-
tional impedance sensing is used. However, this study
relies on a portable system with a Saleae logic analyzer as
a control unit between the sensor and the GUI graphical
user interface.

This study aims to improve the response time and the
accuracy of pEIS. These improvements will be obtained
by increasing the detection rate using an array of elec-
trodes, decreasing the area of the electrodes, and avoid-
ing the influence of cell position. However, the positional
effect on the output signal amplitude presents a signifi-
cant challenge to the precision and accuracy of imped-
ance-based technology. Impedance measurements are
affected by intrinsic particle properties and the particle
trajectory through the sensing region. As a result, imped-
ance signals obtained from identical particles passing
through a microchannel can vary if they traverse the
sensing zone along different paths.

For enhancing the accuracy of impedance extraction,
technical improvements have been proposed. These
improvements include: 1) control cell position within
the microfluidic channel, 2) compensate for positional
dependence through signal analysis, and 3) attempt to
mitigate it based on specific electrode configuration
or channel design. This research involves a simulation
and experimental study using a micro-interdigitated
approach based on the advantages of interdigitated elec-
trodes compared to conventional bipolar electrodes [25].
Bipolar electrodes have several drawbacks, as outlined in
[25], that prevent them from differentiating between cells
based on the divergence over electrodes, reflected in the
extracted impedance described in [25]. The basic imped-
ance measurement technique relies on two electrodes,
with an AC signal applied to one electrode and fluctua-
tions in the signal from the other electrode being moni-
tored. The change in the sensing signal predominantly
depends on the dielectric properties of the cell positioned
between the electrodes.

Theory of operation

The mathematical model used to define the biological
cell using the sensing signal from the sensor electrode
(Fig. 1A) is applied to synthetic and natural samples.
Developing electrochemical sensors and biosensors
involves three key steps: preparation, characterization
methods, and testing. One crucial step in this process is
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Fig. 1 A shows the schematic single-cell model between coplanar electrodes and the equivalent circuit model utilized to determine the cells’
electrical characteristics and the electric field’s distribution. B The sensing electrodes are coated with silver to lessen the harmful effects of copper

electrodes on the tested cell

electrode construction, which can be subject to the sil-
ver coating technique to avoid interference between cop-
per and the tested cells (Fig. 1B). This technique provides
insight into the ion channels. The electrical impedance is
determined by the ratio of the applied voltage, E(jw), to
the sensed current, A(jw), as a function of frequency in
the domain, as depicted in Eq. (1).

AppliedVoltage

TheextractedImpedance = (1)

SensingCurrent

TheimpedanceComponent = TherealComponent + ThelmaginaryComponent

()

As stated in Eq. (1), the extracted impedance of a system
is equal to the ratio of the applied voltage to the sensing
current. Equation (2) indicates that the impedance of a
system is composed of both a real and an imaginary com-
ponent. These two equations describe the relationship
between applied voltage, sensing current, and impedance.
When the cell is inserted between the sensing elec-
trodes, as depicted in Fig. 1A, the cell-substrate

impedance, Zc (Eq. 3), can be considered a combination
of two primary passive elements (Fig. 1B). The electri-
cal circuit [25] can be represented by the cell membrane
capacitance, Cc, [related to the imaginary component],
and the cell cytoplasm impedance [associated with the
real part], which is defined by Rc and Rs referring to the
buffer solution impedance. The extracted values of the
cell impedance allow us to acquire electrophysiological
and dielectric information about the cell.

1

€ 3)
R, +(]'WCC)

Z =

Signal generation system

The goal of this study is to utilize a portable system that
has an easy-to-use interface. The control system and its
components are described in this section to achieve this.
The control system is connected to an excitation signal
source and detector. The user can use the graphical user
interface (GUI) to communicate with the system and
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define the extracted features, such as the strength of the
excitation signal, the amplitude of the received signal, the
frequency bandwidth, and the phase shift between the
excitation and the sensed signal. The obtained data was
then recorded in an Excel sheet for analysis using MAT-
LAB software. Additionally, the readout circuit inter-
acted with the system before and after cell insertion. The
received signal (Erec) depends on the dielectric param-
eters of the inserted cells and buffer solution between the
sensing electrodes. This circuit consists of an inverting
amplifier AD844 that boosts the sensitivity, amplifies the
sensing signal with an appropriate bandwidth matching
the targeted frequency range, and prevents distortion.
The second part of the system is the excitation signal
(Eexc), which is applied to specified electrodes before
the readout circuit collects the signal from the remaining
electrodes. The excitation circuit generates a sinusoidal
signal with an amplitude voltage of 3Vpp. The excitation
signal is achieved in two steps: the first is to create 1 V
using a Digital Synthesizer AD9851 DDS, and the second
is to use an amplifier to achieve 3Vpp. The DDS controls
the applied signal’s amplitude, phase, and frequency.
Lastly, the display system uses Saleae Logic 8 to capture
both the (Eexc) and (Erec) signals. The capture system
using Saleae Logic is considered data acquisition with a
sampling frequency of 50MS/s, thus allowing for com-
munication with a sinusoidal signal at a high frequency of
up to 5 MHz without aliasing. The resolution of the cap-
ture system with Saleae is 4.88 mV with 12 bits per sam-
ple, as specified in [25]. This system can be represented
using Fig. 2A. It includes sensing electrodes with varying
geometries, a control unit comprising an Eexc source and
Erec detector, a microscopic system to track the cell as a
reference tool, a GUI on the computer, and a pipette for
cell volume control. Additionally, Fig. 2B illustrates the
actual system comprising an oscilloscope as a reference
tool to monitor the performance of the proposed con-
trol unit. The control unit can be employed without the
oscilloscope, eliminating bulky restrictions and reduc-
ing costs. Lastly, Fig. 2C shows the microfluidic cham-
ber, which prevents contamination and facilitates easy
cleaning of the sensing electrodes after the Experiment.
The chamber’s design is well-suited for microscopic and
human visual inspection during sample injection.

Method

Proposed micro-electrical impedance system

The proposed micro-electrical impedance system aims to
define the geometric description of the sensing electrodes,
followed by the definition of the experimental steps and
results, as depicted in Fig. 3A. The block diagram outlines
the progressive steps for extracting impedance values. The
connection between the excitation unit and the sensing
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electrodes is established to apply (Eexc), after which the
sensing signal (Erec) is delivered to the processing unit.
The interdigitated microelectrodes were fabricated using a
cost-efficient 200-um PCB technology and designed using
ALTIUM Designer. The geometric parameters of the elec-
trode configurations are as follows: length (L) =6 mm, the
distance between electrodes (D) =250 um, and thickness
of electrodes (W)=250 um. The process’s sequence is
managed using a control unit designed with an Arduino
and connected to a Saleae logic analyzer for display pur-
poses. Figure 3B shows a microscopic image of uninsu-
lated interdigitated microelectrodes, while Fig. 3C shows
the same with insulation. These figures demonstrate
the main difference between the two main electrodes,
which form the core of the Experiment before the num-
ber of electrodes was modified. The initial configuration
selected is interdigitated microelectrodes (Fig. 4A) as the
primary sensing electrode; due to the advantages outlined
in [25], multiple electrodes can detect significant differ-
ences between the cells in the test based on those inserted
between the measuring electrodes. Interdigitated elec-
trodes also increase the detection rate, overcoming the
solution’s divergence and avoiding cell trajectory. Another
advantage of interdigitated microelectrodes compared
to conventional bipolar microelectrodes is that they pro-
vide diagonal excitation and counteract the effect of cell
trajectory. The number of electrodes in this configuration
is 10, with no insulation layer on the connections, mean-
ing all electrodes are included in the Experiment. The
other designs use interdigitated microelectrodes with a
coating or insulation layer (silkscreen) on the connection
track to minimize leakage current and avoid additional
capacitance. The analysis includes a comparison between
different electrodes with varying numbers of electrodes,
including the modification step of the insulation layer. Fig-
ure 4B shows the second selected design of interdigitated
microelectrodes with an insulation layer; the number of
electrodes in this design is six microelectrodes. The third
configuration, shown in Fig. 4C, has eight electrodes, and
the last configuration, shown in Fig. 4D, has ten micro-
electrodes. All these configurations of electrodes were
presented and experimentally tested to extract the electri-
cal parameters of MCF7 breast cancer cells and two types
of polystyrene microbeads. A comparison between the
experimental results of MCF7, both viable and non-viable
cells, was presented and discussed. Both cells were tested
when the buffer solution was PBS (Phosphate buffer
saline) and DMEM Dulbecco’s modified Eagle’s medium.
The concentration of the cells is described in Table S1.
The results of this study demonstrate the influence of
various factors on impedance extraction, including the
number of electrodes and the presence of an insulation
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Fig. 2 A ablock diagram illustrates the systems utilized for extracting the cell'simpedance. Additionally, B depicts the system employed in the
experimental study for extracting the impedance. Furthermore, C illustrates the microfluidic chamber with disposable decontamination techniques
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Fig. 3 lllustrates the different components of the excitation, processing, and control units combined with interdigitated microelectrodes.
Specifically, A presents a block diagram of the elements mentioned above. B and C provide microscopic images of interdigitated microelectrodes,
with B depicting microelectrodes without insulation and C showing microelectrodes with an insulation layer

layer. To further augment the research, simulation
modeling using COMSOL is utilized to understand the
electric field strength. The experimental results may
guide researchers when conducting experiments with
different cell sizes and assessing cell viability with high
sensitivity. The frequency range of this study is between
10 kHz and 3 MHz, which encompasses Beta dispersion
[63] and avoids high-frequency distortion. This range is
chosen to consider the effects of both low and high fre-
quencies; the low-frequency range allows for cell mem-
brane polarization, while the high-frequency range
penetrates the cell membrane [63].

Control system and software

This step attempts to provide a more user-friendly con-
trol system and software that overcomes the limitations
of the conventional detecting system. This involves reg-
ulating the frequency, the excitation signal’s amplitude,
the sensing signal’s amplitude, and the Experiment’s
initiation. GUI, as shown in Fig. 5, is used to achieve the
parameters controlling. The connection port that links
to the Arduino microcontroller is defined and cho-
sen in Fig. 5A. The sweep parameters panel, which is
depicted in Fig. 5B, enables to specify of the excitation

signal’s amplitude, frequency range, and start and end
of the frequency spectrum. The phase and amplitude of
the output signal are shown in Fig. 5C. For further anal-
ysis and signal processing using Matlab, the collected
data will be stored as a CSV file. This file will include
the input transmitted signal, desired output amplitude,
phase difference, and sweeping frequency.

Protocol for culturing and preparing non-viable
and viable cells

The ATCC® HTB-22TM MCF?7 cells were employed and
grown in (DMEM), and then 10% bovine serum, 100 U/
ml penicillin, and 100 mg/ml streptomycin were added.
The cells were kept in a CO2 incubator with 5% CO2 at
37 degrees Celsius. The viable cell count was quantified
using a hemocytometer and trypan blue staining while
the cells were examined under an inverted microscope
(Olympus I1X70, USA).

Electric field simulation

A numerical electric field simulation was carried out to
comprehend the Experiment’s outcomes further. The
interdigitated system was modeled using typical dimen-
sions, refer to Method part, using COMSOL Multiphys-
ics. Copper was chosen as the electrode material and was
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Fig. 4 lllustrates four distinct interdigitated microelectrodes. A
depicts the configuration of the interdigitated microelectrodes
without an insulation layer, including the length, width, and distance
between electrodes. B represents a different structure. Cillustrates
another configuration, and D shows the final configuration

then coated with a silver layer (silver immersion for the
sensor board), while FR-4 was selected as the substrate
material. The strength of the (Eexc) was evaluated using
the typical signal amplitude of 1.5 V that will be used
in the experimental work to evaluate the output (Erec).
The simulation results demonstrate the distribution and
strength of the electric field that will be applied to the
cells. The study’s strength lies in the correlation between
the extracted experimental and simulation results.

Figure 6 illustrates the electric field profiles for vari-
ous combinations. The simulation results and contour
figures indicate that the strength and direction of the
non-uniform electric field are maximized at the edges
of the microelectrodes. The extracted impedance from
the experimental work can be used to define the influ-
ence of the electric field on the cells. The extracted
electric fields from the different systems are presented
in Table S2. Figure 6A shows that the maximum elec-
tric field is obtained with the interdigitated microelec-
trodes, and the interface track greatly influences the
electric field compared to other configurations. The
influence of the insulation layer can be seen in Fig. 6B,
the first configuration with an insulation layer. Com-
pared to Fig. 6A, the decrease in the electric field’s
strength shows that the insulation layer may reduce the
effect of leakage current. The influence of this modifi-
cation can be tested by comparing the extracted imped-
ance with different conditions and cells. The strength
of the electric field increases at a nonlinear rate as
the number of electrodes increases, as seen in Fig. 6C
for six electrodes or in Fig. 6D for ten electrodes. The
results demonstrate that the electric field with ten elec-
trodes is lower than that extracted without an insula-
tion layer by 23.5%.

Extract the impedance using different
configuration

The experimental work requirements

The experimental work aims to understand the electri-
cal behavior of cells when exposed to an electric field.
One of the key characteristics is to study Beta disper-
sion, which is defined within the radio frequency range
of 1 kHz to 10 MHz. This study focuses on the extrac-
tion of beta dispersion to characterize cell proliferation
and viability. The total extracted impedance, Z vs. fre-
quency (i.e., frequency spectrum), can be represented
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Fig. 5 lllustrates the GUI that enables the user to interact with the microfluidic impedance system. As seen in A the GUI allows selecting and
defining the connection port connecting to the Arduino microcontroller. B fig. shows the sweep settings panel, which sets the amplitude of the
excitation signal and frequency range and specifies the sweeping frequency’s start and endpoints. Finally, C of the fig. displays the output signal

features, including the amplitude and phase

with a Bode plot. These plots demonstrate that the
magnitude of Z decreases with an increase in fre-
quency. The extracted impedance can be used to iden-
tify the combination of passive components R and C for
the examined cell. The Bode plots were extracted for
viable and non-viable MCF?7 cells, with the concentra-
tions recorded in Table S1. The study also includes the
examination of the cell buffer solution, using DMEM
for in vivo applications and PBS for in vitro applica-
tions, to evaluate the sensitivity of the whole system.
Additionally, the study includes the analysis of two
selected sizes of microbeads [10.4 pm and 24.9 pm],
with the concentrations of the tested cells described
in Table S1. The chosen volume for all cells and micro-
beads was 5 pl. The microbeads concentrations for
the large size were 10°cell/5uL and 10°cells /5uL for
the small one. The difference between cells can be
extracted at a specific value of frequency. The results
demonstrate that the system enables high sensitivity to
detect small cluster impedance, with the advantages of

label-free measurements. The results define all possible
techniques of electrode design to enhance the differen-
tiation between cells based on size or cell viability.

Results

The extracted impedance

At this step, the system will be experimentally tested to
confirm its functionality (i.e., test the response of the
designed electrodes and plot the extracted impedance).
The magnitude of the impedance can be calculated using
Eq. 4:

|Z| = |Zcelt — Zwithout | (4)

Equation 4 describes the impedance (Z) difference
between a cell and a sample without a cell. The magnitude
of this difference (|Z|) represents the cell’s impedance.
Avoiding the issues caused by fabrication asymmetry,
all results are calculated using electrodes, not in contact
with a cell as a reference.
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Fig. 6 Depicts a map of the electric potential distribution as the number of electrodes increases with the electric field. A Shows the electric field
distribution for the first configuration. B Shows the electric field map for the X1 configurations. C Shows the electric field for X2 configurations.
Finally, D shows the response for the ten microelectrodes with the insulation layer
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Fig. 7 lllustrates the extracted impedance between two different
sizes of microbeads as a function of frequency. A shows the response
of the first configuration without an insulation layer. B illustrates the
response of the first configuration of interdigitated microelectrodes
(X1). Cillustrates the response of the X2 configuration, and D
illustrates the response of the X3 configuration. The insets display a
specific frequency region from 10° : 10° for each signal

Figure 7 illustrates the impedance response for differ-
ent microbeads and their corresponding insets. The dif-
ference between the microbeads with the same dielectric
properties is related to the polarization rate. The sensitiv-
ity of the system can be measured using microbeads as
a reference. The numerical values for the real, imaginary,
phase, and magnitude impedance at the different selected
frequencies at a specific frequency value are presented
and extracted in Table S3. The significant difference AZ
between the cells in the numerical form listed in Table
S3 is used to define the ability of different configurations
to enhance the differentiation between the cells’ polari-
zation. The influence of the addition capacitance for the
connection track (Fig. 7A) is primarily affected by the
extracted impedance compared to the other configura-
tions with the insulation layer (Fig. 7B).

_ (1Zpbs — Zmedial)
0.5 % (Zpbs + Zmedia)

% 100% (5)

The increase in the difference, as depicted in Fig. 7B,
illustrates how to avoid the influence of the leakage
current that appeared in the output signal without the
insulation layer in the first configuration. As shown in
Fig. 7A, the decay in the difference between the cells
can also be attributed to parasitic capacitance due to the
increase in the parallel electrodes. The effect of the decay
in the impedance based on the number of electrodes can
be seen in Figs. 7 and 8. Table S3 provides the numerical
difference between the microbeads at different frequen-
cies, which can be expressed using Eq. 5 as AZy_qoxp.=
0.17%, AZI—IIOKhZ= 2.12%, AZ]—I.Othz= 5.30%, and
AZ1_5 01pmnz= 6.01%. The differences between the micro-
beads were further intensified using the same number
of electrodes with the insulation layer on the electrodes
using X1 configurations, and the difference can be
AZy 10khz= 0.60%, AZy 110KKm= 22.85%, AZ3 101Mh2
=5.25%, and AZ5_5 o1pnz= 11.71%. AZ1 has been meas-
ured using Sensor 1 without an insulation layer, and AZ2
using Sensor X1 with the same number of interdigitated
electrodes but with an insulation layer. From this, it can
be concluded that the insulation layer, combined with
the optimized electrode number, can improve the differ-
entiation between cells of different sizes. The next step
is to examine these electrodes using in vivo and in vitro
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analysis with various buffer solutions and observe the cell
viability behavior. Table S3 presents the numerical values
for the impedance and phase of microbeads at specific
frequency values using different configurations. These
extracted values demonstrate the sensitivity of the overall
system and the significant differences in various imped-
ance components, including the real, imaginary, magni-
tude, and phase. These extracted features are important
in analyzing cell differences based on cell viability, buffer
solution type, cell size, and electrode configurations.

Extracting the impedance of breast cancer cells using

the first configuration

Different configurations are used to extract the imped-
ance between cells based on cell viability and differ-
ent buffer solutions. As the conductivity of the media is
greater than the conductivity of PBS, the impedance of
cells in DMEM media is expected to be lower than that
of the cells immersed in PBS. The impedance spectrum
supports this concept in Fig. 8A, which uses the first
configuration without an insulation layer. Furthermore,
numerical extraction at different frequencies listed in
Table S4 is also used, utilizing the percentage difference
as seen in Eq. 5. It was found that for the interdigitated
electrodes without the insulation layer, AZyy_1oxn.=
16.90% and AZ1y_1 01pmuz= 6.19%. Here, AZ1y refers to
the difference between viable cells with different buffer
solutions using the first configuration (i.e., sensor one).
This system can differentiate between viable cells with
different buffer solutions. Another factor is that the com-
ponents, such as vitamins of the DMEM solution, are
greater than those of the PBS solution, as the latter is
considered component-free compared to DMEM; thus,
the number of components increases as the extracted
impedance decreases. As the DMEM enhances the
cell’s continuous feeding compared to PBS solution, this
influence can be observed by the compression between
the non-viable cells in Fig. 8A. Unstable cell behavior
can be observed in Fig. 8A due to leakage current. The
results for the impedance using the interdigitated elec-
trodes with different buffer solutions are described in
Fig. 8B. These results match the previous analysis for the
capability of interdigitated electrodes to extract the dif-
ference between viable and non-viable cells compared

(See figure on next page.)
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to conventional planar electrodes [25]. The decay in
the impedance between the viable and non-viable cells
is evident in Fig. 8A and B. AZiny_10xn.= 151.44%,
AZ]NV—I.OthZ= 177.42%. Here, AZ]NV refers to the dif-
ference between the non-viable cells with different buffer
solutions using the first configuration sensor 1. The
media preserves the viability of the cells in comparison
to PBS. The ability of sensor 1 to differentiate between
the viable and non-viable cells when immersed in PBS
or DMEM media will be described with the repeatability
test in the statistical analysis paragraph.

Extracting the impedance of breast Cancer cells using

the electrodes with the insulation layer

This section tested the effect of using an insulation layer
on different configurations using MCF7 cells and vari-
ous buffer solutions. The results of the viable cells tested
using the selected configuration are presented in Fig. 8C,
D, E, and F, where the cells were immersed in PBS. The
Bode plot in Fig. 8C represents the viable cells, and
Fig. 8D represents the non-viable cells. The numerical
values can be found in table S4. Figure 8E and F showed
the impedance spectrum when the cells were immersed
in PBS and DMEM, respectively. Figure 8C and E indi-
cate that the fluctuation in the impedance spectrum as
a function of the number of sensing electrodes directly
influences the viable cells. Non-viable cells immersed in
PBS (Fig. 8D) and non-viable cells immersed in DMEM
(Fig. 8F) show an enhanced response. The numerical val-
ues for the extracted impedance, using the percentage dif-
ference as Eq. 5, showed that AZ_(x1V-10 kHz) =1.51%,
AZ_(x1V-1.01 MHz)=162.02%, where AZ x1V refers
to the difference between the viable cells with different
buffer solutions using the first modified configuration
with the insulation layer sensor X1. Similarly, AZ (xINV-
10 kHz)%=32.27%, AZ_(xINV-1.01 MHz)%=57.28%,
refers to the difference between the non-viable cells with
different buffer solutions using the same sensor X1. Fur-
thermore, AZ_(x 2-V-10 kHz)%=173.03%, AZ_(x 2-V-
1.01 MHz)=11.39%, where AZ_(x2-V) refers to the
difference between the viable cells with different buffer
solutions using the second modified configuration with
an increased number of electrodes (sensor X2). The
results indicate that the system’s stability in extracting
the significant difference between the cells with different

Fig. 8 lllustrates the extracted impedance between various types of cells as a function of frequency. A The first configuration of interdigitated
microelectrodes for viable cells with different buffer solutions is shown. B The measured impedance using the first configuration without an
insulation layer with non-viable cells immersed in different buffer solutions is presented. C The response of different modified electrodes with
different electrode numbers and an insulation layer when the cell is immersed in PBS is depicted. D The response of X1, X2, and X3 as modified
electrodes with non-viable cells immersed in PBS solution is presented. E The modified electrode with viable cells immersed in media is shown.
F The modified electrodes for non-viable cells immersed in media are illustrated. The insets display a specific selected region of frequency from

10° : 10 at each signal
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numbers of electrodes increases at low frequencies.
Similarly, AZ_(x 2-NV-10 kHz)==86.14%, AZ_(x 2-NV-
1.01 MHz)=36.17%, AZ_(x 2-NV) refers to the differ-
ence between the non-viable cells with different buffer
solutions using X2. Additionally, the analysis data for
X3 can be described as AZ_(x 3-V-10 kHz)% = 102.40%,
AZ (x 3-V-1.01 MHz) = 85.81%. AZ (x3-NV-
10 kHz)=35.26%, AZ_(x3-NV-1.01 MHz)=12.53%.
The ability of sensor 1 to extract the response of different
buffer solutions with non-viable cells was clearly shown
as a percentage value, and the enhancement using the
insulation layer for viable cells can be seen when com-
paring sensor 1 with different electrodes with an insula-
tion layer and different electrode numbers X1, X2, and
X3. The results also showed that when the non-viable
cells were immersed in PBS solution (Fig. 8B and D), the
sensing signal mainly depended on the cell’s polarization.
However, when the non-viable cells were immersed in
DMEM, the output signal was mainly affected by the sur-
rounding buffer solution components (Fig. 8B and F). The
ability of the modified electrodes with the insulation layer
to differentiate between viable and non-viable cells when
immersed in PBS or DMEM media will be described with
the repeatability test in the statistical analysis paragraph,
especially the comparison between sensor one and sen-
sor X1. Table S4 presents the numerical values for the
impedance and phase of MCF?7 cells at specific frequency
values using different configurations. The focus of this
Table S4 is on the effect of buffer solution and cell viabil-
ity on the impedance of breast cancer cells.

Statistical analysis of electrical impedance

The peak Value

The peak values (real and imaginary impedance component,
magnitude, and phase angle) for injecting microbeads are
shown in Fig. S1 as the results of impedance analysis. The
extracted values are the average of ten samples of repeatabil-
ity tests for the microbeads and ten samples for the MCF7
cells. The extracted values of targeted cells, including the
error bars (maximum and minimum), were successfully sep-
arated at specific frequencies for each signal of the targeted
cells. Figure S1A displays the difference between the two
microbead sizes, with the enhancement in contrast evident
in Fig. S1B, as a function of the modified insulation layer,
which reduces the influence of leakage current. The same
sensors were used to extract the difference in impedance
between different clusters of MCF7 viable and non-viable
cells when immersed in PBS and media buffers. Figure S2
shows the peak values of electrical impedance responses of
MCEF?7 cells as a function of frequency. The responses are
measured for the magnitude part of the impedance and are
shown for four different conditions. In Fig. S2, four different
conditions are shown as the result of impedance analysis.
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Fig. 9 Definition of the differentiation index as a nondimensional
feature

Figure S2A displays the results of using Sensor 1 with PBS
as the buffer solution. Figure S2B shows the results of using
Sensor X1 with PBS as the buffer solution. Figure S2C illus-
trates the results of using Sensor 1 with DMEM as the buffer
solution, and Fig. 2D shows the results of using Sensor X1
with DMEM as the buffer solution. The vertical bars in the
graph represent the error, which is defined by the maximum
and minimum values.

The Differentiation Index (DI)

The Differentiation Index (DI) is established by measur-
ing the electrical impedances at various frequencies to
evaluate the effectiveness of differentiation between the
target cells objectively. The formula for DI is:

Gap  Umin — Lmax

DI = =
Dave  Uave — Lavg

(6)

where Gap,DaveUave, Upmin, Lave, and Lyjax repre-
sent the gap, average difference, and average value of the
upper level, the minimum value of the upper level, the
average value of the lower level, and the maximum value
of the lower level, respectively.

As illustrated in Fig. 9, the broadest gap and narrow-
est average difference are necessary to ensure the highest
value of DI, indicating that the targeted cells are well-dis-
tinguished with low variance. The differentiation indexes
for the measured electrical impedances are summarized in
Tables S5, S6, and S7. A negative differentiation index rep-
resents specific frequencies at which the electrical imped-
ances of the targeted cells overlap, making it difficult to
differentiate them. The signs of the differentiation indexes
are positive for several extracted values using the proposed
system. Table S5 defines the differentiation index for the
microbeads using Sensor 1 and Sensor X1, allowing for the
clear distinction between cells with the positive index at
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various frequencies. Table S5 describes the differentiation
index for both selected sensors when the target cells are
MCEF7 immersed in PBS, while Table S7 describes the same
when immersed in MDEM media.

The results presented in Tables S5, S6, and S7 indicate
that the system can accurately distinguish between cells
based on their electrical impedance properties, as dem-
onstrated by the Differentiation Index (DI) values at each
frequency. The DI values reveal that the system effectively
differentiates between cells regarding the impedance’s real,
imaginary, magnitude, and phase components. Addition-
ally, the results demonstrate that the system can detect
differences between cells at high frequencies, such as
2.01 MHz. The results confirm the system’s effectiveness
in differentiating between cells based on their electrical
impedance properties.

The reliability of the proposed overall system

The reliability of the proposed overall system design for
impedance spectroscopy can be calculated using Eq. 7,
which states that reliability is given by.

- Zmin
Zavg

Zmax

% 100% @)

where Zy4x, Zimin, andZ gy are the maximum, minimum,
and average impedance values, respectively. Data analy-
sis for two selected passive components, R;=4KQ and
Ry=20KQ, found that the reliability equals 98.03% and
98.49%, respectively.

Conclusions

In this research, a portable and easy-to-use system is
designed, fabricated, and experimentally tested. This sys-
tem includes various sensor configurations. The system
determines the dielectric parameters of Microbeads and
MCEF?7 cells in different buffer solutions. The readout cir-
cuit is demonstrated, discussed, and shows a high sensitiv-
ity, which allows the extraction of a significant difference
between viable and dead cells. The system could extract
and differentiate between cells based on their size using two
polystyrene microbead cell types. AMicrofluidic chamber is
used to avoid contamination. The study was applied to cells
in different buffer solutions, such as PBS and DMEM, to
enhance in-vivo and in-vitro analysis. The paper discussed
and demonstrated the effect of modifying the sensing elec-
trodes with an insulation layer, which can prevent leakage
current. The high sensitivity and stability of the measure-
ment system exhibit minimal fluctuation in the impedance
of the cluster after insulation modifications. The results show
that viable cells’ impedance is greater than non-viable cells.
Phosphate buffer solution enhances the difference between
viable and non-viable cells in the first system configuration
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without an insulation layer. This difference decreases when
the cell is immersed in DMEM. However, this influence can
be avoided by using the insulation layer as described in other
selected configurations. Compared to previous studies, the
proposed system focuses on extracting the cell's impedance
without utilizing dielectrophoresis force, which overcomes
the influence of cell position on the extracted impedance.

The results of the experiments are in good agreement
with the simulation results. Additionally, the interdigi-
tated electrodes provide coplanar excitation in the 2D
plane, and the design avoids the complexity of 3D designs.
The study also shows the optimal number of interdigi-
tated electrodes that can be used to extract variations
in dielectric parameters of cells without leakage cur-
rent or parasitic capacitance. The advantage of interdigi-
tated electrodes is that they allow the cell to be inserted
between the source and sink electrodes, thus confining
most of the electric field to the cell membrane, which con-
tains meaningful electrical properties. Additionally, the
variance of the measured values can be reduced because
the targeted cells are in almost the same position between
the source and sink electrodes in every cell assay. The
system effectively defined breast cancer cells in differ-
ent buffer solutions and showed appropriate conditions
for the number of electrodes under test conditions. The
results show that the insulation layer enhances the differ-
ence between cells based on size. The experimental results
match the Mossotti factor response without any shift in
the characteristic frequency. The measured differentiation
indexes demonstrate the system’s ability to define the dif-
ference between cells at different frequencies.

Abbreviations

z The impedance

DI Differentiation Index

DMEM Dulbecco’s modified Eagle’s medium
PBS Phosphate buffer saline

MCF7 Early-stage human breast cancer cell
GUI Graphical User Interface

AC Alternating current

FACS Fluorescence Activated Cell Sorting
MACS Magnetic Activated Cell Sorting

DDS Digital Synthesizer AD9851
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frequency. Table S7. Differentiation indexes for electrical impedances for
MCF7 in DMEM concerning measured frequency. Fig. S1. Peak Value of
Electrical impedance responses of Microbeads as a function of frequency
for magnitude part at the different frequency Fig. STA) Sensor 1. Fig. S1B)
Modified electrodes with the same number X1. The vertical bars represent
the error defined by maximum and minimum values. Fig. S2. Peak Value
of Electrical impedance responses of MCF7 as a function of frequency for
magnitude part at the different frequency Fig. S2A) Sensor 1 vs. PBS as a
buffer solution. Fig. S2B) Sensor X1 vs. PBS as a buffer solution. Fig. 52C)
using Sensor 1 when DMEM is the buffer solution. Fig. S2D) Sensor x1 for
DMEM as the buffer solution. The vertical bars represent the error defined
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