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Electric cell–substrate impedance sensing
technique to monitor cellular behaviours of cancer
cells†

Rangadhar Pradhan,* Shashi Rajput, Mahitosh Mandal, Analava Mitra and Soumen Das

The present work reports the cellular electrical behaviour of theMDA-MB-231 breast cancer cell line treated

with the anticancer drug ZD6474, using impedance sensing devices. Microelectrode-based devices with

four different electrode geometries are fabricated by microfabrication technology. Real-time impedance

monitoring data show high impedance variation during the initial 5 hours, revealing rapid spreading of

cells over electrode surfaces. It is further established that impedance variation is mostly controlled by

cells covering the electrode surface area, and thus, an enhanced effect is seen with electrode devices

with a smaller geometry. Real-time impedimetric cytotoxicity data reveal that cell death and detachment

starts at 21 h after inoculation of cells in the devices. The frequency response characteristics of drug-

treated cells are studied to evaluate the cytotoxic effect of ZD6474. Compared to the control, a

significant variation in the magnitude of the measured impedance data is observed for drug-treated

samples above a 5 mM dose, indicating cell growth suppression and cell death. Finally, an empirical

relationship between cell impedance and drug dose is established from impedance data, which shows

that they are negatively correlated.
Introduction

Cell adhesion and cell spreading are essential cellular processes
which help to build tissue, strengthen the immune system, and
monitor the signal transduction pathways of a cell. Thus, the
study of cell adhesion and spreading helps to elucidate several
biological phenomena such as cell division, cell differentiation,
cell migration and cell mortality, with respect to both normal
and cancer cells. Cell attachment is oen studied using
microscopic as well as radiation label techniques.1 However,
these techniques do not provide dynamic as well as qualitative
information about cell adhesion. To study cell mortality aer
exposure to a drug, several conventional in vitro cell-based
assays are available, which include biochemical methods (the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
test, MTT), neutral red uptake (NRU), ATP measurement or
growth assays such as measurement of the colony forming
efficiency (CFE).2–4 The mechanism involved in all of the above
methods is to calculate the drug concentration giving 50%
inhibition (the IC50) aer a xed exposure time. However, most
of these assays do not give information about cell–drug
ndian Institute of Technology, Kharagpur

.ac.in; Fax: +91 3222282221; Tel: +91

tion (ESI) available. See DOI:
interactions. Moreover, these assays are time- and labor-
consuming, and end with the death of the cells.

Therefore, at this advanced stage of tissue culture research,
we need label-free detection methods for cellular behaviours.
Monitoring the bioimpedance properties of cells using electric
cell–substrate impedance sensing (ECIS) is one non-labelling
technique used to understand cell functionality by investi-
gating cellular electrical properties when subjected to an
electric eld. ECIS is now an established, non-invasive elec-
trochemical technique that has been successfully used to
monitor the adhesion, growth and differentiation of cells in
real time,5–10 cell migration,11–14 morphological changes during
apoptosis,15,16 single cell analysis by microuidic impedance
cytometry,17 and the toxic effects of drugs on cellular
behaviour.18–22

ZD6474 is a novel heteroaromatic-substituted anilinoquina-
zoline (Fig. S1†), which inhibits two key pathways in tumour
growth by targeting tumour growth indirectly, via inhibition of
VEGF-dependent tumour angiogenesis and VEGF-dependent
endothelial cell survival,23–26 and also, by targeting tumour
growth directly, via inhibition of EGFR-dependent tumour cell
proliferation and survival.27 However, all reported studies
regarding the cytotoxicity of ZD6474 include conventional
methods. In this paper, the real-time monitoring of cell adhe-
sion and proliferation is carried out by culturing MDA-MB-231
cells. In addition, the effect of different doses of ZD6474 is
measured by recording changes in cellular viability and/or
functionality, along with electrical impedance under the
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 The equivalent circuit of ECIS devices (RS represents the solu-
tion resistance. Qdl represents the interface and coating capacitance.
RI represents the resistance due to charge transfer in the medium,
whileQC and RC are the capacitance and resistance of the cultured cell
line on the electrodes).
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inuence of an electric eld on ECIS devices. The electrical
properties of cells are mainly explored in this study to under-
stand the quantitative relationship between drug dose and
impedance. In this experiment, the MTT assay and microscopic
images are used as standard methods for comparing the
impedance data obtained from a cancer cell line treated with
different doses of ZD6474.

Materials and methods
Materials and reagents

Pyrex glass wafers were purchased from Semiconductor Wafer
Inc., Taiwan. Polydimethylsiloxane (PDMS, Sylgard 184) was
supplied by Dow Corning, Inc., Midland. SU8 was purchased
from MicroChem, Newton. DMEM–F12 medium, fetal bovine
serum, the trypsin–EDTA solution, penicillin, and streptomycin
were purchased from Himedia, India. All other required
reagents were supplied by Sigma-Aldrich, India.

Cell culture

MDA-MB-231 cells were purchased from the American
Type Culture Collection (ATCC, Manassas, VA). Cells were
cultured on electrode surfaces using DMEM–F12 medium
supplemented with 10% heat-inactivated fetal bovine
serum, 2 mmol L�1

L-glutamine, 100 IU mL�1 penicillin,
100 mg mL�1 streptomycin, 20 ng mL�1 epidermal growth
factor, 500 ng mL�1 hydrocortisone, 100 ng mL�1 cholera
toxin, and 10 mg mL�1 bovine insulin at 37 �C in a humidi-
ed atmosphere with 5% CO2. Cell suspensions were
prepared by trypsinizing the cells with a 0.05% trypsin–
EDTA solution.

MTT assay and cell viability count

The viability of MDA-MB-231 breast cancer cells was determined
by the MTT dye-reduction assay. Cell suspensions were
dispensed in quadruplicate into 96-well tissue culture plates at
an optimized concentration of 104 cells per well in complete
medium. Aer 24 h of treatment with various concentrations of
ZD6474, ranging from 10 nM to 50 mM, along with 0.1% DMSO
as a control, cell viability was measured at 540 nm using a
micro-plate spectrophotometer (Bio-RAD Benchmark Plus).

Imaging

Phase contrast images of the MDA-MB-231 cells during culture
on the ECIS device for 0 h to 6 h were taken using a Carl Zeiss
Observer Z1 microscope with a CCD camera attached, using the
monochromatic phase contrast mode. Moreover, the same
observation was made for the drug-treated cells aer 24 h of
incubation.

Impedance measurements

Impedimetric measurements were performed with an actuation
voltage of 10mV using the computer-controlled electrochemical
work station SP 150 (Bio-Logic, France). The general set-up for
impedance measurement is described in Fig. S2.† Voltage was
This journal is © The Royal Society of Chemistry 2014
applied on the working electrode and the potential changes
of the working electrode (WE) were measured independently
of charges that may have occurred at the counter electrode
(CE). The real-time monitoring of cell adhesion and cytotox-
icity was performed by measuring the impedance at 10 kHz in
a time lapse of 10 minutes for 0 to 24 h. In this case, the
normalised impedance (NI) value has been calculated using
eqn (1) to eliminate the effect of medium. Cell growth and
proliferation causes rapid changes in electrode impedance
which are difficult to see when Z( f ) is plotted on a loga-
rithmic scale. To more clearly reveal the impedance change
due to cell growth, the normalized impedance was plotted
whereby its peak magnitude reected the completion of the
spreading stage.28

NI ¼ (ZCell � ZNo cell)ZNo cell
�1 (1)

where ZCell and ZNo cell are the impedance of the system with
and without cells in culture media of the same volume.

The frequency responses of the cytotoxic effects were studied
by measuring the impedance of MDA-MB-231 cells treated with
different doses of ZD6474 within a frequency range from 100 Hz
to 1 MHz with 51 points on a logarithmic scale, aer 24 h of
drug treatment.
Equivalent circuit simulation

The measured impedance data obtained from the experiment
were imported to ZsimpWin (Version 3.10) for tting purposes.
The equivalent circuit was taken from the literature29 and is
shown in Fig. 1.
Sensitivity of devices

The sensitivity of the ECIS devices was calculated using eqn (2),
which was taken from the literature: 30

Sensitivity ( f ) ¼ (|ZCell ( f )| � |ZNo cell ( f )|)Qcell
�1 (2)

where f is the sensing frequency and Qcell is the maximum cell
density (about 106 cells per cm2).
Experimental procedures

Before cell seeding, the ECIS device was sterilized with 75%
ethanol for 15 min, dried with nitrogen, and irradiated with
RSC Adv., 2014, 4, 9432–9438 | 9433
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ultraviolet radiation for 15 min. DMEM–F12 (1 mL) was then
added to the ECIS device and incubated at 37 �C for 20 min to
record the background impedance value (ZNo cell). A cell
suspension of MDA-MB-231 (1 mL, 1� 106 cells) was added into
each cell culture chamber. Aer a 10-min equilibration, the
device was placed into the incubator for cell culture and
impedance sensing. Different doses of ZD6474 (0, 5, 10 and
15 mM) were then added into the well of the ECIS devices aer
30 min of inoculation, to study the cytotoxic effects of the drug.
Correlation between drug dose and impedance

A quantitative relationship is required to understand the
correlation between impedance and drug dose. For this, the
magnitude of impedance and phase angle data were plotted
with independent variables such as drug dose and working
electrode area, to establish an empirical relationship by using
LAB Fit curve tting soware.
Results and discussion
Design of the ECIS devices

Themethods used to design and fabricate the ECIS devices were
taken from the literature. Mishra et al.31 used a smaller WE area
than that of the reference electrode (RE) to minimize the
inuence of the impedance of the electrolyte. Brett and Brett32

showed that the ratio of the surface area of the CE to that of the
WE should be greater than 10 in order to support the current
generated at the working electrode. In the present study, the
surface area ratio of the WE to the RE and the WE to the CE was
xed at 0.01. To avoid cross-contamination, the CE and RE were
placed at a distance of 100 mm from the WE position in all the
designs.33,34 From the active electrode region, each electrode
was connected to a large contact pad by a 250 mm-wide metal
interconnection line. To eliminate the artifacts in impedance
measurement due to the large passive area of interconnecting
metal, a coating layer was provided by using an SU8 polymer
with a thickness of 50 mm. In the present study, four different
congurations of ECIS devices were designed, with varying WE,
RE, and CE dimensions, as given in Table 1.
Fig. 2 Photograph of the fabricated ECIS devices, along with an
enlarged view.
Fabrication of the ECIS devices

The manufacture of the impedance sensing device by the
microfabrication technique has been described previously35 and
is shown in Fig. 2. The ECIS devices were fabricated on Pyrex
wafers using thin lm deposition and photolithographic tech-
niques, and the fabrication process ow is described in Fig. S3.†
Table 1 Dimensions of the different designs of the three-electrode-bas

Device WE area (mm2)
RE and CE area
(mm2)

Lead
(mm)

Design 1 0.05 � 0.05 0.5 � 0.5 0.25
Design 2 0.1 � 0.1 1 � 1 0.25
Design 3 0.15 � 0.15 1.5 � 1.5 0.25
Design 4 0.2 � 0.2 2 � 2 0.25

9434 | RSC Adv., 2014, 4, 9432–9438
Initially, the wafers were cleaned and thin layers of chromium
(Cr) and gold (Au) were deposited by the thermal evaporation
technique. Subsequently, the electrode patterns and the contact
pads were lithographically dened on the deposited metal lm.
Another photosensitive polymer (SU8) layer was then spin
coated and lithographically patterned to obtain a polymer
passivation coating over the interconnections. The patterning of
the SU8 layer was performed in such a way that the active metal
electrode areas and contact pads were kept exposed to make
contact with the electrolyte and to apply electrical signals,
respectively. The SU8 layer was hard-baked to impart stability
and inertness to the polymer during its exposure to the elec-
trolytic solution. The individual device was diced and xed on a
PCB board following the attachment of a cloning cylinder
around the three-electrode system, which served as an electro-
lyte reservoir for culture of MDA-MB-231 cells.
Real-time monitoring of the attachment and spreading of
MDA-MB-231 cells

Cell adhesion to the extracellular matrix is a basic parameter in
cancer biology, as this helps to study the morphology of cancer
cells. The time-dependant impedance signals obtained from
cultured breast cancer cells on the microelectrode surface of
various ECIS designs are explored to study cell adhesion to the
electrodes and growth characteristics. Fig. 3 shows the real-time
monitoring of cell adhesion and spreading of MDA-MB-231
cells. The results show that during the rst hour the normalized
impedance value increases slowly, indicating the cell adhesion
ed ECIS devices

width Lead length
(mm)

WE/RE and
WE/CE

SU8 thickness
(mm)

25 0.01 0.05
25 0.01 0.05
25 0.01 0.05
25 0.01 0.05

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 MDA-MB-231 cells were allowed to spread on the microelec-
trodes for 0 h to 6 h. The microscopic photos were taken under �20
magnification.
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stage in which the cells start to settle down towards the elec-
trode surface, and became adherent to the electrodes. In the
next 2–5 h, the impedance value increases rapidly, signifying
the spreading stage.

Although the general trend of the NI against time plot is the
same for all the electrode designs, a maximum variation in the
NI value is observed for Design 1, i.e. the design with the
smallest working electrode area. The results indicate that
during the cell adhesion stage the electrode area has less effect
on the normalized impedance variation as the current path is
restricted mostly to the electrolyte solution, and increases
gradually due to the attachment of cells on the electrode
surface. During the cell spreading stage the impedance varia-
tion is mostly controlled by the cells covering the electrode
surface region.28 Since the concentration of the cells and the
enclosed area of the cloning cylinder are the same in all four
ECIS devices having various electrode designs, the fraction of
electrode surface covered by cell growth and spreading at any
moment in time is effectively greater in Design 1 compared to
the other electrode designs. Thus, NI variation will be more
pronounced in smaller electrode devices and slowly decrease for
larger electrodes as described in previous literatures.36,37 A
theoretical study predicts that the impedance of the cell-covered
surface is inversely proportional to the electrode area30 because
of the blocking of the current path at the electrode surface.
Similar experimental observation has also been reported for
HeLa and HaCaT cells.29

Fig. 4 shows microscopic images of the breast cancer cells
aer they are seeded in the well for 0 h, 2 h, 4 h and 6 h. As soon
as the cells are seeded, a round morphology appears due to
trypsinization, and by the time the cells are allowed to settle
down to the surface, they form extended processes to anchor the
substrate. It can be seen that at 2 h, the cells start to settle down
onto the electrode surface, and the spreading process begins as
the cells change from being a round shape to having extended
processes. It is also observed from the picture that the cell line
takes 4 to 5 h to complete the spreading stage. This result can be
Fig. 3 Real-time monitoring of cell spreading of MDA-MB-231.

This journal is © The Royal Society of Chemistry 2014
compared to the real-time impedance data obtained from the
ECIS technique, as shown in Fig. 3.
Impedimetric cytotoxic effects of ZD6474 on MDA-MB-231
cells

Different doses of ZD6474 are added to the cells aer a 30-min
inoculation of cultures on fabricated devices. The real-time
cytotoxicity plot is shown in Fig. 5 for Design 1 and Fig. S4† for
Designs 2–4. From the gure, it is evident that the drugs started
working on the cells at around 21 h and the impedance started
to decrease. The decreasing impedance trend for all the devices
shows a similar pattern.

The Bode plots for the cytotoxic effects of ZD6474 on MDA-
MB-231 cells aer 24 h are presented in Fig. 6 for Design 1 and
Fig. S5 for Designs 2–4.† The experimental data t perfectly with
the equivalent circuit used, which is shown in Fig. 1.
Fig. 5 Real-timemonitoring of the cytotoxicity of ZD6474 in Design 1.

RSC Adv., 2014, 4, 9432–9438 | 9435
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Fig. 7 The sensitivity of the ECIS devices based on different designs.
The RSD values remained below 10%.
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The results illustrate that the impedance value is inversely
proportional to the WE area, as its magnitude is highest for all
the samples measured in the ECIS device based on Design 1
compared to other designs, as observed from Fig. 6 and S5.†
From the gures, it is evident that the magnitude of impedance
decreases gradually with an increase in frequency, while the
phase angle value decreases up to 700 Hz and forms a plateau in
the frequency range of 0.7 to 10 kHz, before increasing up to
1 MHz. At a lower frequency, a variation in the slope of the
impedance data is observed. This may be due to a strong
interaction between the drug and the cancer cells, followed by
cell death and detachment of cells from the electrodes as
described in previous literature.38 The relative standard devia-
tion (RSD) for treated and untreated samples for different
designs remains below 10%, which demonstrates the repro-
ducible nature of the fabricated ECIS devices. To investigate the
effect of the drug in solution on impedance values, an experi-
ment is conducted by measuring the impedance of cell-free
medium with different doses of drug, and the plot is described
in Fig. S6.† From the gure, it is evident that the impedance
values for different drug doses vary negligibly, with 0.01% error.
Thus, it may be assumed that the impedance due to different
drug doses in solution plays no role in the impedance decrease
of cells.

The frequency-dependent sensitivity of ECIS devices is
calculated using eqn (2) and a characteristic plot using control
data is shown in Fig. 7 for the various electrode dimensions.
Among the various electrode geometries, the calculated sensi-
tivity for Design 1 is highest, followed by the other designs,
which implies that sensitivity is inversely proportional to the
area of the electrode. This may be due to the increased attach-
ment of cells at the electrode area reducing the reaction of the
electrolyte with the electrode interface.

ZD6474 inhibits the proliferation of MDA-MB-231 cells in a
dose-dependent manner, and cell death is noted between drug
concentrations of 1–15 mM in the MTT assay. The IC50 value of
Fig. 6 Bode plot for the effects of ZD6474 on MDA-MB-231 cancer
cells in Design 1.

9436 | RSC Adv., 2014, 4, 9432–9438
ZD6474 with respect to MDA-MB-231 obtained from the MTT
assay is 7.65� 0.5246 mM. The percentage of living cells present
for the control, 5 mM-, 10 mM- and 15 mM-treated samples is
95 � 4, 62 � 3, 42 � 5, and 30 � 4, respectively, as measured
from the cell viability count. The IC50 value of ZD6474 is also
calculated from the impedance data using eqn (3) and the plot
is shown in Fig. 8:

Cell viability ð%Þ ¼ ZT

ZC

� 100 (3)

where ZC and ZT represent the NI values of control and treated
sample at 24 h, respectively.

Curve tting is carried out using LAB t curve tting so-
ware, and the equation correlating drug dose and cell viability is
shown in eqn (4).

Cell viability ¼ 98.75 � 0.9138Drug dose (4)
Fig. 8 Impedimetric cell viability calibration curve for ZD6474.

This journal is © The Royal Society of Chemistry 2014
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From the equation, it is evident that the IC50 value of ZD6474
is 7.74 � 0.3532, which correlates well with the IC50 value
obtained by the MTT assay method.

Fig. 9 shows phase contrast images for treated and non-
treated MDA-MB-231 cancer cells. Cell death due to drug
treatment is clearly evident from these images. It is apparent
from the gure that cell death is greater with higher drug doses.
This may be due to the lethal effects of ZD6474, which block cell
proliferation and tumor growth, leading to increased cell
motility.39 Thus, it can be said that the rate of cell death is
inversely proportional to the impedance measured by the ECIS
technique.
Correlation between drug dose and impedance

From the above analysis, a qualitative approach to the assess-
ment of the cytotoxic effects of ZD6474 is observed. However, a
quantitative approach is required to understand the relation-
ship between drug dose and impedance without using
conventional methods. In addition, the characterization of an
empirical relationship between drug dose, electrode area, and
impedance obtained by correlation experiments would facilitate
the design of the complex electrode geometries of ECIS devices.
The correlation curves for impedance and phase angle values
are shown in Fig. S7.†

The obtained empirical relationship between the magnitude
of impedance, the drug dose, and the working electrode area is
expressed in eqn (5):

Z ¼ (P1 + A)/(Q1 + R1 � D) (5)

where Z represents the impedance, D is the drug dose and A is
the working electrode area. P1, Q1, and R1, are constant terms
and their values are �0.58951 � 105, �1.331, and �0.2581,
Fig. 9 Dose-dependent apoptotic effect of ZD6474. Photomicro-
graphs of MDA-MB-231 cells treated with 0, 5, 10 and 15 mM ZD6474
for 24 h.

This journal is © The Royal Society of Chemistry 2014
respectively. The relationship between the phase angle, the drug
dose, and the active electrode area is described in eqn (6):

q ¼ (P2 + A)/(Q2 + R2 � D) (6)

where q represents the phase angle and the values of P2, Q2, and
R2, are 0.4028 � 106, 0.6519 � 104, and 0.6601 � 102,
respectively.

Eqn (5) and (6) describe the strong relationship between the
drug dose and impedance by using the working electrode area
as a dependant variable. However, a direct correlation can be
established by keeping the frequency and the working electrode
area constant.

Fig. S8† shows the inhibitory plot of ZD6474 in terms of the
magnitude and phase angle of impedance.

The obtained mathematical relationship between the
magnitude of impedance and the drug dose is expressed in
eqn (7):

Z ¼ R1 � S1
D (7)

where R1 and S1 are constant terms and their values are
0.2960 � 105 and 0.8986, respectively. The relationship between
the phase angle and the drug dose is described in eqn (8):

q ¼ R2 � D + S2 (8)

where R2 and S2 are constants and the values are 0.5136 and
�0.5878 � 102, respectively.

From the gure, a negative slope is evident in the case of the
magnitude of impedance, while a positive slope in a negative
direction is found for the phase angle value during curve tting
of impedance data. Thus, it can be said that with increased drug
dose, the impedance value decreases.

Conclusions

This paper presents an assessment of the cytotoxic effects of
ZD6474 on MDA-MB-231 breast cancer cells cultured on ECIS
devices. It is observed in the present paper that the peak
magnitude and the position of the normalized impedance
changes can be correlated to cell adhesion and spreading. The
cytotoxic effects of ZD6474 are associated with lower impedance
values for drug-treated cells compared to control cells. The MTT
assay and phase contrast images correlate well with the
impedimetric cytotoxicity data. The quantitative relationship
between impedance and drug dose proves that impedance
decreases with increased drug dose. Thus, impedance sensing
can be further used to study the cytotoxicity of several drugs as
cell death is inversely proportional to the impedance.
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