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Abstract
Electrical cell-substrate impedance sensing (ECIS) is a powerful technique to monitor real-time cell behavior. In this study, an
ECIS biosensor formed using two interdigitated electrode structures (IDEs) was used to monitor cell behavior and its response to
toxicants. Three different sensors with varied electrode spacing were first modeled using COMSOL Multiphysics and then
fabricated and tested. The silver/silver chloride IDEs were fabricated using a screen-printing technique and incorporated with
polydimethylsiloxane (PDMS) cell culture wells. To study the effectiveness of the biosensor, A549 lung carcinoma cells were
seeded in the culture wells together with collagen as an extracellular matrix (ECM) to promote cell attachment on electrodes.
A549 cells were cultured in the chambers and impedance measurements were taken at 12-h intervals for 120 h. Cell index (CI) for
both designs were calculated from the impedance measurement and plotted in comparison with the growth profile of the cells in
T-flasks. To verify that the ECIS biosensor can also be used to study cell response to toxicants, the A549 cells were also treated
with anti-cancer drug, paclitaxel, and its responses were monitored over 5 days. Both simulation and experimental results show
better sensitivity for smaller spacing between electrodes.
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1 Introduction

Lung cancer is the leading malignancy in cancer-related
deaths in Southeast Asia with a mortality rate of 95 deaths
per hundred thousand people in 2012 [8]. It originates from
epithelial cells of certain parts of the lung such as bronchioles
or alveolus. The rapid growth and fast spreading ability of the
cells make this type of cancer a life-threatening disease as the
symptoms are normally displayed only during the middle or

even late stages of the cancer. Most late-stage treatments in-
volve drug infusion into patients in the form of chemotherapy.
Current methods of determining chemotherapy doses are
based on body surface area (BSA) of the patients. This formu-
lation method neglects individual factors such as age, gender,
metabolism, and genetics, whichmay influence the adsorption
rate of the drugs. Consequently, excessive exposure to these
toxic chemotherapy drugs will result in side effects from as
mild as hair loss to the more severe, vital organ dysfunction
[21, 29]. Personalized treatments can help achieve more effi-
ciency with minimal side effects as shown by clinical studies
[29].

The challenge today is to provide a low-cost personalized
chemotherapy treatment method. One of the options to realize
this is to monitor a patient’s response to chemotherapy
in vitro. Monitoring of cellular proliferation and viability pro-
cesses was formerly done using cell-based assay method. This
conventional method involves cell-counting using optical mi-
croscopy. In time, this technique was replaced by real-time,
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non-invasive, and label-free biosensing techniques such as
electric cell-substrate impedance sensing (ECIS), mass sens-
ing, and optical light spectroscopy [11]. Monitoring of cell
behaviors non-invasively has gained wide attention over the
past decade. The concept of ECIS was pioneered by Giaever
and Keese in 1984 and evolved to be the most stable and
effective technique of measuring cultured cells on microelec-
trodes with real-time impedance monitoring [7, 19]. A low-
frequency AC signal is supplied to the electrodes to measure
the impedance change caused by the cells’ behavior. As cells
adhere and spread on the electrodes, their insulating plasma
membranes impede the electrical current flow forcing it to
flow underneath and between the cells. This constrained cur-
rent path results in large changes in the measured impedance
[9]. These variations can be numerically analyzed as have
been reported in various cellular studies to monitor adhesion,
proliferation and differentiation [6, 11, 14, 26, 27], cell migra-
tion [5, 12], and cytotoxicity [1, 17, 22, 25].

In this paper, the ECIS concept was applied to monitor
adhesion, proliferation and death of A549 cells, and the apo-
ptosis induced by toxicity of paclitaxel-treated A549 cells. We
varied the distance between electrodes, which was reported to
have effect on the sensitivity of the impedance biosensor
[30].Our goal is to evaluate how spacing between electrodes
affects sensitivity to cell index measurement. Electrodes with
smaller spacing are expected to be more sensitive compared to
larger spacing. Specifically, in this research, the objective is to
study which sensor is the best for monitoring A549 cancer
cells when exposed to toxicants. Finite element simulation
using COMSOL Multiphysics as well as sets of experiments
was conducted to support the hypothesis. The proposed sensor
was formed using screen-printed silver/silver chloride elec-
trodes on a glass substrate. A thin layer of collagen was coated
on the electrodes to promote cellular adhesion on the electrode
surface. Cell culture wells made of polydimethylsiloxane
(PDMS) were attached on the electrodes and covered with
another layer of PDMS to avoid contamination during exper-
iments. The main advantages expected of the proposed device
are it being low cost, requiring small volumes of samples and
reagents, being portable, and can support simultaneous and
instantaneous measurements. In this article, the effect of vary-
ing gap spacing between electrodes towards the accuracy of
the cellular measurement will be further studied with reference
to our previous work that was presented in ICIBEL 2015 and
published in IFMBE proceedings.

The organization of the paper is as follows: Section II de-
scribes the modeling and simulation of the electrode design
using COMSOL Multiphysics. Simulation results will be
discussed together with the hypothesis of the experimental
results. Section III discusses the material, experimental proce-
dure, and overall data presentation of the experimental results.
Section IVelaborates on the experimental data and discussion
of the findings in this study.

2 Materials and methods

2.1 Experimental materials and method

2.1.1 Sensor fabrication

The main issue in adopting personalized chemotherapy treat-
ment is as aforementioned the lack of low-cost methods and
reproducibility for cell-based assays. This work proposes
using screen-printing technology as a means of low-cost fab-
rication for biosensors. Sensor fabrication techniques and pro-
cedures were previously explained and reported in [17].
Screen printing machine, equipment, and frame of polyester
with 150 threads/in. mesh with 10-μm emulsion thickness
were obtained from Jujo Technology Resources. The conduc-
tive and biocompatible silver/silver chloride paste was obtain-
ed fromThe Gwent Group. Glass substrates were cleaned with
ethanol and rinsed with purified water and placed under the
design mesh. Ink paste was poured on the mesh and pressed
using a squeegee. The ink deposited through the mesh onto
the glass following the design. The ink was cured in a box
oven at 80 °C for 25 min. This curing condition had been
optimized to attain the highest conductivity together with the
strongest adhesion of the electrode with the substrate. The
culture well was made out of polydimethylsiloxane (PDMS)
as the culture chamber of the cells. PDMS was weighed and
mixed with curing agent to the ratio of 10:1 and left overnight
to solidify in a closed container. Once hardened, the PDMS
was cut to fit the electrode size, punched to make wells on top
of the electrode, glued onto the glass using a liquid-form
PDMS, and left for another night to dry and harden. Each
glass slide comprises five individual sensors of similar design
to allow for simultaneous testing. The fabricated biosensor is
shown in Fig. 1a. The impedance of the simulated design is
shown in Fig. 1b; meanwhile, detailed geometry and designs
are portrayed in Fig. 1c. The fabricated biosensors were ster-
ilized under UV light for a few hours in a biosafety cabinet
before being introduced to and tested with the cells.

2.1.2 A549 cell culturing and sensor coating

A549 lung carcinoma cell lines (ATCC® CCL185™) were
obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA), maintained and cultured in
Dulbecco’s modified Eagle medium (DMEM; Gibco,
Paisley, UK), and supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS; Gibco). The cell culture
media were renewed for every two or 3 days. The A549 cells
were incubated under standard cell culture in CO2 incubator at
37 °C in an atmosphere containing 5% carbon dioxide (CO2).
Around 5 × 103 cells/ml A549 cell lines were seeded into each
well sensor prior to the experiment.
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Collagen I, bovine (Gibco, UK) was diluted to 50 mg/L in
0.02-M acetic acid (Merck, Germany). The solution was
added onto the biosensor at 200 μg per cm2 and incubated
for 2 hours. Excess collagen solution was carefully aspirated
from the biosensor and rinsed with phosphate-buffer saline
(PBS, Gibco) before inoculating the cells into the well.

2.1.3 Cytotoxicity test

The cells and drugs used in this study were well-documented
non-small human lung cancer cells, A549 carcinoma cell line,
and anti-cancer drug, paclitaxel (Gibco; Paisley, UK), respec-
tively. Paclitaxel or Taxol is a chemotherapy drug used for
treating solid tumor cancers. Paclitaxel interferes with the mi-
crotubule dynamics of the cells, prohibiting cell cycle progres-
sion by inhibiting the function of mitotic spindle and inducing
apoptosis of the treated cells [10, 15]. Goncalves et al. [10]
investigated the influence of Taxol on A549 cellular microtu-
bule dynamics using immunofluorescence microscopy tech-
nique. A low concentration of Taxol was inoculated and re-
ported to decrease the shortening rate and length but increases
the time pause reflecting the stability of the overall microtu-
bule dynamics.

The final concentration of Taxol with IC50 value of
0.857 μg/ml was inoculated immediately with the cell

suspension prior to cell seeding and cell culture on the elec-
trodes [3]. The response of the cells to the drugs was observed
using the fabricated sensor.

2.1.4 Cell viability assay

Prior to biosensor test, 5 × 103 cells/ml A549 cell lines were
seeded and cultured into ten T25-flasks to monitor the growth
trend of the cells. Every 12 h, a flask was taken out of the
incubator for cell counting using conventional technique for a
total duration of 120 h. Cells were detached from the flask and
stained using trypan blue dye in a 1:1 ratio of 5 μL. Cell
counting was done using a hemocytometer and observed un-
der an optical microscope. This procedure was repeated for
three times to reach an average number of viable cells for the
growth trend plot.

2.2 Theoretical and finite element analysis
for the sensor

2.2.1 Electrode structure

Planar interdigitated electrode structures (IDEs) have shown
improved sensitivity in the detection of impedance variation
as compared to circular monoplanar structure [16]. IDEs have

Fig. 1 a The IDE sensors fabricated on glass slide: the culture chamber
was made of PDMS and stuck on the electrode surface. b Impedance of
simulated design: on the left is the smaller spacing between electrodes and

on the right, the larger spacing between electrodes. c Design and
geometric parameters of the fabricated culture wells and electrodes.
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been configured such that it consists of repetitive electrode
patterns in order to obtain a strong signal with similar princi-
pals as that of parallel plate capacitors. Ideally, an electric field
will be generated between the two parallel plates of positive
and negative terminals, penetrating the test sample resulting in
impedance changes [13, 20]. Different levels of electric field
excitation will be generated with respect to the different spac-
ing between adjacent electrodes [23]. The analysis on different
spacing between electrodes to the level of magnitude of elec-
tric field and impedance will be carried out using COMSOL
Multiphysics.

2.2.2 Modeling of interdigitated electrode structures
in COMSOL

COMSOL Multiphysics is a finite element method software
platform for modeling and simulating multiple physics appli-
cations using numerical techniques. For the purpose of simu-
lation, the AC/DC module was selected. The application was
in 3D mode and electric currents interface was used to simu-
late the electric field of the design. The simulation was con-
ducted with the assumption of negligible inductive effect of
the system and purely capacitive effect based on the parallel
plate.

Two identical electrodes (working and counter) with width
of 400 μm, length of 6000 μm, and thickness of 16 μm [28]
were designed with different spacing between electrodes of
300, 400, and 500 μm. A cylinder with dimensions of
5000-μm radius and 4000-μm height, defined as Dulbecco
modified Eagle media (DMEM), was designated on top of
the electrodes as the test sample to replicate the actual design
of the sensor for simulation purposes. DMEM electrical con-
ductivity and relative permittivity were set to1.38 S/m and 80,
respectively [2, 6]. Silver was chosen as the electrode metal,
where its parameters are predefined in COMSOL’s library.

Appropriate boundary conditions were applied to the sim-
ulation model. A ground potential boundary condition was
applied to the counter electrode and a terminal with voltage
condition was assigned to the working electrode. This is to
generate electric currents from the working electrode to
the counter electrode, hence the electric field. The mod-
ule performs numerical calculations based on Ohm’s law
as in Eq. (1):

J ¼ σE þ jωDþ J e ð1Þ

where J is the current density, σ is the conductivity of DMEM,
E is the electric field, D is the electric displacement, and Je is
the external current density. However, since no external cur-
rent density was defined, the equation can further be expressed
as

J ¼ σE þ jωD ð2Þ

This equation will be used to determine the impedance of
the simulation. The electric field (E) and electric displacement
(D) were obtained from the gradient of voltage (V) at each
static point as in Eqs. (3) and (4):

E ¼ −∇V ð3Þ
D ¼ εoεrE ð4Þ

εo and εr are the permittivity of free space and permittivity
of the electrode, respectively. For the impedance, the equation
is predefined as the ratio of voltage to total current at the
electrode and is automatically computed by the terminal fea-
ture as the inverse of admittance. Default fine tetrahedral ele-
ment mesh was chosen for this simulation.

2.2.3 Relationship between electrode spacing and cell index

Cell index (CI) is a dimensionless representation method for
cells’ adhesion status on electrode, derived from the imped-
ance measurement used by commercialized products such as
RT-CES and xCELLigence system [4]. CI can be calculated
based on the following Eq. (5):

CI ¼ max
h

i¼1;::n

Rcell f ið Þ
Rb f ið Þ −1

i
ð5Þ

where Rb indicates the frequency-dependent resistance of the
media, and Rcell indicates the frequency-dependent resistance
of the cells. In this study, electric field is a crucial parameter in
determining the sensitivity of the design. In parallel plate sys-
tems, electric field E can be derived as in (6):

E ¼ V
d

ð6Þ

where V is the voltage applied and d is the spacing between
electrodes. Resistance of cells on the other hand can be de-
fined as in (7):

Rcell ¼ ρcellT
A

ð7Þ

where ρcell is the resistivity of the cancer cells, T is the thick-
ness of the cell layer, and A is the total electrode surface area.
Substituting (6) and (7) into the current density equation based
on Ohm’s law will result in a derivation as shown in (8)

Rcell ¼ RtotalT
d

ð8Þ

Replacing (8) into (5) will lead to the final equation of (9)

CI ¼ T
d−T

ð9Þ
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with parameters T as the thickness of the cell layer
and d as the distance between the electrodes. The final
equation suggests that the cell index has an inversely
proportional relationship with the spacing between elec-
trodes. A smaller spacing is expected to have a higher
cell index compared to larger spacing given that cell
density, environment, and types of cell are constant pa-
rameters. Nevertheless, these derivations assumed that
the current flows radially between the ventral surfaces
of the cell, without current penetration through the cells
due to low frequency.

2.2.4 Impedance measurement with biosensor

The impedance measurements were performed by applying
AC signals with peak amplitude of 500 mVonto the working
electrode. The impedance response was manually measured
on the outer electrodes for every 12 h up to 120 h by using the
Agilent precision impedance analyzer 4294A. The frequency
of interest was the lowest, i.e., 40 Hz to avoid any detrimental
effects on the cells by higher frequencies. The measurements
were in terms of impedance value (Z) and phase angle (θ). The
data was analyzed and calculated to plot the cell index
number.

2.2.5 Impedance to cell index

Since the measurements taken from the impedance analyzer
were in the form of impedance and phase, CI can be calculated
based on Eqs. (10) and (11) below [17].

Zj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ X 2

p
ð10Þ

θ ¼ tan−1
X
R

� �
ð11Þ

The impedance (Z) and phase (θ) values obtained
from experimental measurements can be further derived
into resistance (R) and reactance (X). When low fre-
quency electrical signal is applied, presence of cells will
restrict current flows as current cannot flow through the
cell membranes. During this period, cellular behavior
will be represented by the resistive element. Basically,
CI is the ratio of cell impedance with respect to control
impedance. Control impedance is the impedance of the
system without the cells. Theoretically, CI will become
zero when there are no cells attached to the electrodes.
A higher CI indicates a higher number of cells adhering
onto the electrodes. Any changes in cell adherence and
morphology can be detected by measuring the changes,
either increase or decrease of CI.

3 Results and discussion

3.1 Simulation results

The simulation was executed by applying periodic signals
with amplitude of 0.5 V, at 40 Hz, to the working electrode.
The magnitude of electric field on the surface of the working
electrode was plotted on a graph shown in Fig. 2 for all spac-
ings—300, 400, and 500 μm. A higher magnitude of electric
field can be seen from the 300-μm spacing, in comparison of
the other two. This simulation agreed with theory [20], of
which weaker electric field is generated at higher spacing
between electrodes.

Based on the electric field results generated from the sim-
ulation, the smaller spacing between electrodes was expected
to be more sensitive compared to that of the larger spacing.
Although the impedance is lower, the presence of higher mag-
nitude field on the electrode would have made it more sensi-
tive in cellular studies applications. During cell culture, cells
will adhere and spread on the surface of the electrodes, which
apply to both sensors. A higher magnitude of electric field on
the sensing area would result in higher current density in that
particular area. This would also affect the total current flowing
through the electric field based on Maxwell’s equation given
in (12)

I ¼ ∫J :dS ð12Þ

Therefore, it can be concluded that the total current flow
will increase proportionally to the electric field. The relation
between these two variables can be simplified as in Eq. (13):

I ¼ ∫J :E σþ ε0εrð Þ ð13Þ
where

I is the total current flowing inside the sensor.
J is the current density.
E is the electric field.
σ is the conductance of the culture media.
ε0 is the permittivity of free space.
εr is the permittivity of the culture media.

During cell culture, cells will adhere and spread on the
surface of the electrodes for both sensors, with a gap of 10–
20 nm between the cell-electrode surfaces. At low frequen-
cies, the cells have poor conductance and they restrict electric
fields from penetrating the cells. This results in an increase in
impedance values. Currents are forced to bypass the cells
through the small junction in between the cell membranes
and the cell-electrode interface. Higher total current would
result in better sensitivity measurement as higher amount of
current produced can be allocated per unit cell. Considering
the surface areas are constant for all spacing, an assumption
was made such that the total cells adhered are approximately
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the same for all cases. This theory will be tested experimen-
tally using the A549 carcinoma cells in the next experiment
section.

3.2 Experimental results

3.2.1 Cell index

Two sensors (A and B) with different IDE spacing were
seeded with A549 cells and their impedance measure-
ments were recorded every 12 h for 6 days. The mea-
surements were quintuplicate, meaning five sets of ex-
periments were conducted at different times using dif-
ferent cell batches and plotted as the average of the CI
measurement. The average impedance results of the CI
measurement versus time were plotted as in Fig. 3.

As shown in Fig. 3, the cell growth cycle can be character-
ized into four phases: lag, log, stationary, and death [24]. The
first cell cycle phase is the lag phase. During this phase, cells
will try to adapt with the new surrounding environment. At the
beginning of the experiment, cells were introduced and cul-
tured inside the well of the biosensor. No changes concentra-
tion occurred during this period. However, as shown in the lag
phase from time 12 to 24 h in Fig. 4, CI from the biosensors
show a significant increase despite having no changes in cell
concentrations. The impedance increase was due to the

adherence of A549 cells on the electrode surface with the
support of collagen as binding proteins. Adherence of cells
on the electrode surface triggered an increment in impedance
readings.

The log phase occurs between 24 to 96 h, where the
cells undergo proliferation, division, and rapid multipli-
cation. The graph suggests that the increasing concen-
tration of cells is represented by the increasing CI.
Several fluctuations of CI occurred between 24 to
60 h due to cell division. During cell division, a parent
cell will split into two smaller daughter cells. Division
causes a slight decrease in impedance as the process
tends to expose the surface areas of the electrodes and
in between cellular membranes that allow current to
flow easily. The CI reached its peak at time of 96 h,
similar to the maximum cell concentration obtained
using conventional T-flask method.

For stationary and death phases, which occurred between
96 to 120 h, cell concentration began to decline indicating that
the cells were undergoing the death stage. A similar decline
trend curve was observed using the biosensors as with the
conventional T-flask method. The CI showed a massive drop,
resulting in lower impedance than the initial value of CI. This
was due to the detachment of dead cells from the electrode
surface. Since most of the adhered cells were no longer viable,
they will slowly detach from the surface and become

Fig. 2 Electric field magnitude on the surface of electrode versus the
electrode position. A, B, and C represent the location of each finger of
the working electrode in the graph. Higher magnitude of electric field is
seen in sensors with lower spacing between electrodes. This magnitude

ranges approximately 100–200 V/m higher in sensors with 300-μm
spacing. Inset diagram: 3D geometry used for simulation of the
different spacing between electrodes
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suspended in the surroundings, leading to an increase in cur-
rent flow from the electrodes to the surroundings.

3.2.2 Cell index response of paclitaxel-treated cells

Figure 4 plots cell index versus time for four different exper-
iments, sensors A and B treated with Taxol and untreated
sensors A and B or the control group. As seen in Fig. 4, both
Taxol-treated sensors showed a decrease in CI values through-
out the whole duration of the measurements compared to its
initial values at 12 h. The nature of the drug prevents protein
production required by the cells in mitosis or division process,
thwarting its capability to multiply. Therefore, cells will end
up dying a natural death by apoptosis. This explains the de-
creasing CI values over time as the adhered cells slowly die
and detach from the electrodes. However, in a group of cancer
cells, there are mixed combinations of drug-sensitive cells and
drug-resistant cells [18]. Drug-sensitive cells can easily be

penetrated by the drugs; however, drug-resistant cells require
longer time or a different dosage to die. At low concentrations
of Taxol (less than 10 nM), some cells can become drug-
resistant cells. Therefore, some of the cells were still viable
and proliferate as normal, causing CI to inconsistently in-
crease several times during the toxicity test. The presence of
drug-resistant cells explains the fluctuations in impedance
readings. Based on these experiments, it can be concluded that
this sensor is successful in monitoring the response of A549
when exposed to Taxol.

3.2.3 Sensitivity of the sensor

From the observed CI measurements for both experiments in
Figs. 3 and 4, lower spacing between electrodes exhibits a
higher number of CI compared to alternate configurations.
The experimental results agree with the theory such that re-
duced spacing between electrodes tends to increase cell

Fig. 3 Comparison of monitoring cellular growth using conventional
method (cell counting under microscope) and impedance biosensor
technique. a Illustration of biological event occurred on the sensor. The
arrows indicate the flow of current. b Microscopic image inside the T-
Flask taken at time 24, 60, and 96 h. The scale bar is in 100 μm. c The

graph indicates the CI from impedance measurement and average cell
concentration from cell counting procedure. Cell index on the right axis
is the scale for sensors A and B, while the average cell concentration
(green) axis on the right is the scale for the conventional method
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impedance-sensing performance. The magnitude of the elec-
tric field generated by the electrodes is proportional to the
sensitivity of the sensor. Lower spacing between electrodes
will increase the CI measurements by giving higher current
density and better electrical representations of the cells.

4 Conclusion

In conclusion, we have fabricated a low-cost biosensor capa-
ble of characterizing cellular behavior of A549 cancer cells
specifically when exposed to Taxol. In this paper, a study of
two sensors with varied IDE spacings has been accomplished
through both means of simulation and experiment in order to
optimize the sensitivity of the design. The results have indi-
cated that smaller spacing between electrodes exhibits higher
sensitivity for the two designs. It can be concluded that this
biosensor can be utilized to characterize cellular events and
has potential to be adopted as low-cost biosensor for person-
alized drug screening sensor.
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