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a b s t r a c t

Impedimetric analysis on adherently growing cells by micro-electrodes provides information related
to cell number, cell adhesion and cellular morphology. In this study, cell-based biosensor with micro-
electrode arrays (MEAs) was used to monitor the culture behavior of mammalian cancer cells and evaluate
the chemosensitivity of anti-cancer drugs using electrochemical impedance spectroscopy. The platinum
electrode arrays were fabricated by semiconductor technology to a 10 × 10 pattern, with diameter of
eywords:
ell-based biosensor
icro-electrode arrays

ancer
nti-cancer drug

mpedance spectroscopy

80 �m of each electrode. The human oesophageal cancer cell lines (KYSE 30) were cultured on the surface
of the electrodes with the pre-coated fibronectin, the connecting protein for tumor cells metastasis and
adhesion in extracellular matrix. Morphology changes during cells adhesion, spreading, and proliferation
can be detected by impedimetric analysis in a real time and non-invasive way. Cisplatin was added to cells
for potential drug screening applications. The experimental results show that this well-known anti-cancer
drug has characteristic chemosensitivity effects on KYSE 30 cells which can be detected by MEA. Thus,
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. Introduction

In recent years, cancer is rapidly becoming the number one
iller in many countries. And, chemotherapy (anti-cancer drugs)
s still one of most important treatment methods in clinic. In pre-
linical testing studies, there is a great demand to develop more
apid and simple techniques for studying cancerous cells, especially
or understanding their interactions with drugs and toxins. Con-
entional methods which are currently used in cancer cell biology
ainly include fluorescent imaging, radioactive detection, and even

nimal experiments (Mosmann, 1983; Liu et al., 1997; Jepras et al.,
995). These techniques often need extensive experimental process
nd stringent laboratory conditions, besides instrumentation and
ost. In addition, they are not able to provide continuous monitor-

ng of a sample, and in consequence the information achieved may
ot reflect the real changes of cell activities at a specific time to a
pecific agent. In this case, there is a need to develop minimally
nvasive, reliable, inexpensive, and easy to use instrumentation
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useful analytical method for cancer research.
© 2008 Elsevier B.V. All rights reserved.

or studying real-time biological events in vitro (Karasinski et al.,
005).

In the last decades, cell-based biosensors are the most studied
ovel techniques for cell monitoring methods due to their sim-
licity, sensitivity, and low cost (Bousse, 1996; Pancrazio et al.,
999). Using whole cells as the bio-recognition elements, those
ensors can detect agents functionally with physiological changes
o cells (Wang et al., 2005; Rasooly and Jacobson, 2006; Yu et al.,
007). One kind of them is sensor using electrochemical impedance
pectroscopy, which is first reported as electric cell-substrate
mpedance sensing (ECIS) technique for cell proliferation, morphol-
gy, and motility monitoring (Giaever and Keese, 1984, 1993; Keese
t al., 2004). The basic idea of the measurement is that when mam-
alian cells attach and spread on the surface of a gold electrode, the

ells essentially hinder unrestricted current flow from the electrode
nto the bulk electrolyte and thereby increase the overall electrode
mpedance. Currently, ECIS as well as other commercially avail-

ble systems have been developed and applied as one of the most
nteresting label-free technology for studying cell adhesion on a
urface and give real-time and kinetic information of cell behaviors.
ecently, those impedance biosensors have been used for assess-
ent of cytotoxicity (Xiao and Luong, 2005; Ceriotti et al., 2007),

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:htmems@inet.polyu.edu.hk
dx.doi.org/10.1016/j.bios.2008.07.044
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harmacological apoptosis (Arndt et al., 2004; Yin et al., 2007), and
ven drug affections related with special disease (Yang et al., 2007).

In the case of cancer research, cell adhesion into extracellular
atrix is the precondition to tumor metastasis, and then tumor

lone is formed with unbounded cell proliferation. The current
dhesion assay is an in vitro method which is used to determine
he rate or strength of adhesion for different cell types to extra-
ellular matrix proteins by fluorescent labeling (Murphy-Ullrich,
001; Okeqawa et al., 2004). At the same time, cellular morphology

s also one of most important parameters in cancer biology at all
imes. Especially, most of anti-cancer agents currently employed
hat target the cytoskeleton, do so through interactions with the

icrofilaments (Rao and Li, 2004). The cytoskeleton consists of a
omplex network of filamentous proteins which are involved in
egulation of cell morphology and adhesion. Moreover, the con-
ept that tumor cells when exposed to anti-cancer drugs usually
ie from apoptosis has become a widely held tenet of mod-
rn cancer treatment (Hengartner, 2000; Buolamwini and Adjei,
003).

Through above analysis, we can find that cellular adhesion, pro-
iferation, and morphology change induced by apoptosis can be

onitored with impedance sensors. Thus, this sensing technol-
gy could be used for multiple purposes in cancer cell biology and
herapeutics. Maybe, they could complement conventional cell cul-
ure methods for studying biological processes which are involved
n cell proliferation or as screening devices for drug testing. In
ecent years, some groups have reported micro-biosensor chips
sing impedimetric analysis for cancer clinical testing (Chen et al.,
008; Jang and Wang, 2007; Cho and Thielecke, 2007; Linderholm
t al., 2007; Klo et al., 2008; Campbell et al., 2007; Han et al., 2007).
or example, human ovarian cancer cells and human hepatocar-
inoma cell lines were cultured on the surface of quartz crystal
r indium tin oxide electrodes for cell’s adhesion and cytotoxicity
etection by impedance analysis (Li et al., 2005; Guo et al., 2006).
hose cells were just used as a kind of cell source, and their tumor-
us characteristics and chemosensitivities were never thoroughly
nvestigated.

In this study, the human oesophageal cancer cell lines (KYSE
0) are cultured on the surface of the micro-electrodes coated
ith fibronectin to monitor cancer cells’ adhesion, proliferation,

nd morphology by impedance monitoring. Then, the well-known
nti-cancer drug of cisplatin was added to prove if this sensor
ystem is a useful in vitro method for chemosensitivity evalua-
ion.

. Experiments

.1. Fabrication of the electrode arrays

The fabrication process of the electrode arrays has been
escribed in our previous paper (Yang et al., 2005). Briefly, a sil-

con wafer (2 in. diameter) with a PECVD grown silicon nitride
nsulating layer (2000-Å thick) was used as the starting mate-
ials. First, a platinum layer (1000-Å thick) was deposited onto
he substrate using electron beam vapor deposition. Then, the
latinum layer was patterned using photolithography. The elec-
rode array pattern was formed by wet etching in 3–5% HF
olution. Finally, a polyimide film was applied to the substrate
y spin-coating and patterned by reactive ion etching. A micro-
raph of the fabricated micro-electrode array is shown in Fig. 1

ith a 10 × 10 array pattern. The electrode diameter is 80 �m
ith a 200 �m center to center spacing. Two platinum plated

eads (6-�m, thick) from each electrode terminated at two sep-
rate electrode pads. The dimensions of the electrode pads were
cm × 5 cm.

w
s
m
d
i

Fig. 1. Photo of the micro-electrode arrays (10 × 10 with diameter of 80 �m).

.2. Device and cell culture

A 5 cm × 5 cm × 1 cm micro-chamber was formed by PDMS
polydimethylsiloxane) on the micro-electrode chip for cell culture.
he cell line employed in our project is the human oesophageal
ancer cell lines (KYSE30) obtained from American Type of Culture
ollection. Cells were maintained routinely in minimum essen-
ial medium (JRH BioSciences) supplemented with 5% fetal bovine
erum (Hyclone) together with penicillin and streptomycin (Invit-
ogen). They were cultured on a 35 mm diameter tissue culture dish
Nunc GmbH & Co. KG, Germany) in a humidified incubator at 37 ◦C
ith 5% CO2/95% air. About 20 ml of 1–2 million cells/ml suspension
as plated onto sensor coated with fibronectin (10 mg/ml) prior

o cell seeding. The density and morphology of cells on substrate
urface were investigated with a microscope (Nikon Eclipse FN1,
apan).

.3. Impedance detecting

The impedance detecting setup was shown in Fig. 2. During
xperiments, sensor chip with cultured cells was inserted into
chip cartridge, with 40 independent electromechanical relays.

ach relay has a normally closed, normally open, and common
erminal. For the array of electrodes, each sensing electrode had

solderable pad at the edge of the chip. Wires connected to
ommon terminals were soldered to these pads. Then, the car-
ridge was put into incubator with wires contacted to detecting

achine. Culture medium and drug solution containing anti-
ancer drugs were injected alternatively by a peristaltic pump into
he micro-chamber through a degasser and a selection valve. All
he measurements were performed at 37 ± 0.2 ◦C in the incuba-
or.

Impedance spectra was performed using the impedance ana-
yzer VersaSTAT3 (Princeton Applied Research, USA) controlled by

personal computer. The impedance between voltage and cur-
ent were recorded within a frequency range of 1 Hz to 1 MHz.

pure sinusoidal AC voltage of 10 mV amplitude (peak-to-peak)
as applied and 100 data points per frequency decade cho-

en to be equidistant on the logarithmic scale were recorded,
hich needs about 7 min to complete a frequency domain
can. Then, impedance of the electrodes in the cell culture
edium was measured at a fixed frequency (10 kHz) every minute

uring the impedance sweep interval to obtain real time record-
ng.
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Fig. 2. The schematic diagram of impedance detecting system (electro

.4. Pharmacology

To validate the applicability of this cancer cell-based biosen-
or in pharmacological bioassays, a well-established anti-caner
rug of cisplatin (Sigma–Aldrich Co., USA), was added for potential
hemosensitivity screening applications. Various concentrations
10, 25, and 50 �M) of the pharmacological agents were prepared in
ormal culture solution. Basal parameters were recorded after cells
ultured on the chips about 24 h, followed by complete replace-
ent of the culture medium with drugs in a certain concentration.

ecordings were made in the presence of drugs for 16 h.

.5. Fluorescence imaging

Cell morphology is mainly maintained by cytoskeleton which
s composed of microtubule, microfilament and intermediate fiber.
hanges of the microfilament cytoskeleton also could directly man-

fest adhesion and metastasis characteristics of cancer cells. Thus,
uorescent imaging was performed using the fluorescent conju-
ates of phalloidin, which are generally used to label actin filaments
o see cancer cell morphology change and propidium iodide to see
ucleic acid (Sigma–Aldrich Co., USA). In our study, cells were fixed

or 5 min in 3.7% formaldehyde, and permeabilized with 0.1% Tri-
on X-100, and followed by staining with a 50 ug/ml fluorescent
halloidin conjugate or propidium iodide for 40 min at room tem-
erature. Then, stained cells were observed using the fluorescent
icroscope (Nikon ECLIPSE 80i, Japan). Excitation and emission
avelengths were 499 and 599 nm, respectively.

. Results and discussion

.1. Cellular adhesion on the electrodes coated with fibronectin

Fibronectin is a major extracellular matrix component of cancer-
ssociated biological stroma. Because interactions mediated by
bronectin are implicated to modulate cancer cell’s invasion to nor-

al cells and tissues through matrix. Here, we examined the cell

dhesion on two types of micro-electrodes: one was pre-coated
ith fibronectin and the other was a non-treated surface. Fig. 3A

hows that the KYSE30 cells adhered very well on those fibronectin-
reated electrode surfaces after 24 h. The cell density was about

Fig. 3. KYSE30 cells cultured on the electrode surface. (A) Cells adhered on
fibronectin (FN)-modified electrode after 24 h observed by the Nikon FN-1 micro-
scope; (B) comparison of the average absorbance values of cells on different
electrode surfaces by MTT-based assay.
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been shown to monitor apoptosis-induced changes of cell shape
in real-time, differing from detection tools such as fluorescence
microscopy and flow cytometry (for apoptosis cells) with caspase-
3 or DNA fragmentation assay kits (Asphahani and Zhang, 2007;
Arndt et al., 2004). In this study, we used chemotherapy drug of
308 Q. Liu et al. / Biosensors and B

.8 × 104 cells/cm2 on the non-treated surface, whereas it was

.1 × 104 cells/cm2 on the fibronectin-modified surface. Fig. 3B
hows the result of the MTT assay. The average absorbance val-
es were expressed as a percentage of the control, unmodified
lectrode surface (at day 1). KYSE30 cells cultured on fibronectin-
odified sensor surface exhibits significantly higher cell viability

ompared with that of cells on the non-treated surface at 4 days of
ulture.

.2. Impedance detection

The cell-based biosensor using micro-electrodes was used to
erform preliminary tests of the impedance technique with cancer
ells cultured on the chip. After impedance spectra were monitored
ithin a frequency range of 1 Hz to 1 MHz to get frequency-
ependent recordings, real time measurements were performed
t a fixed frequency to get time-dependent recordings.

Fig. 4A shows the typical frequency-dependent impedance
pectrum before and after KYSE30 cell lines were cultured on
he electrodes, with a fitting equivalent circuit representing the
mpedance spectrum of our system (Yang et al., 2007; Arndt et
l., 2004). The impedance spectrum is evaluated by fitting the
ppropriate equivalent circuit parameters to the experimental data
Tlili et al., 2003; Yang et al., 2007). As demonstrated before,
ach element of the circuit contributes predominantly to differ-
nt frequency regimes, which allows separation of the effects of
he different components of the electrical interface. The resistor
s is mainly due to the conductivity of the bulk solution and the
ire connection. The ZCPE represents the dielectric properties of

he electrode/electrolyte and surface morphological information.
and C are the resistance and the capacitance of the layer of

he absorbed proteins. Rc and Cc are elements related to the cell
orphology change. Values of Rs, ZCPE, R and C remain constant

n the equivalent circuit while values of Rc and Cc components
ary with cells changes. Our results show that this simple model
ould properly fit the measured data over the whole frequency
age.

Comparing impedance spectrum before and after KYSE 30
ell lines cultured, the difference in the total spectrum indicated
hat impedance reading at 100 Hz to 100 KHz passes a maxi-

um value. So we selected 10 KHz as the fixed frequency to
btain real time process of cells adhesion. Fig. 4B shows a typ-
cal result for an adhesion process. In this particular case, cells
150,000 cells/ml) were adsorbed to fibronectin pre-treated or non-
reated surfaces. The impedance prior to cell addition is taken as
he reference state. When cells attached on the electrodes, typ-
cal impedance magnitude increased greatly upon cell adhesion

hich was in the range of a few 100 �. The time needed to reach
he stationary state was about 1 h. Then, the impedance increased
lowly and steadily in the next 16 h. This adhesion process was
ainly due to cells adhesion, spreading and proliferation, com-

aring with cells density and morphology investigated by CCD
amera (Li et al., 2005). However, the increasing rate and range
o this increasing stationary state displayed reproducible vari-
bility, depending on the number of cells and the cell–surface
nteractions that were mainly coursed by fibronectin in this
tudy.

Researchers of cancer metastasis have gained insight into
he mechanisms by which metastatic cells arise from primary

umors tend to metastasize to specific organs (Fidler, 2003). An
mportant issue is that metastasis depends on cross-talk between
elected cancer cells (the ‘seeds’) and specific organ microenvi-
onments (the ‘soil’), which depends on tumor cells interactions
ith the homeostatic factors that promote tumor cell growth,
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d
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tronics 24 (2009) 1305–1310

urvival, angiogenesis, invasion and metastasis. Therefore, this
mpedance detection for cancer cells seeding to bio-molecular (i.e.
bronectin)-modified surface will be a very good in vitro model for
ancer cell bio-behavior studies.

.3. Drug’s chemosensitivity analysis

Reliable assessment of cell death is a very important issue in
eveloping effective and safe anti-cancer drug therapies. Many cur-
ent used drugs kill cancer cells through apoptosis. A cost-effective
latform to screen drugs based on cellular death and apoptosis will

mprove the development process greatly. Impedance detection has
ig. 4. One channel impedance detection of the micro-electrode array for cancer
ells adhesion. (A) Measured impedance frequency spectrum without cells and with
ells cultured on the electrode surfaces for 24 h. The impedance spectrum is eval-
ated by fitting the appropriate equivalent circuit parameters to the experimental
ata. (B) Time course of the impedance magnitude at a sampling frequency of 1 kHz
or fibronectin (FN) modified and non-modified electrode surfaces.
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Fig. 5. Chemosensitivity analysis of cisplatin for KYSE30 cells. Cells were treated
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crosslinks DNA in several different ways, and then interfering

F
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ith cisplatin (10, 25, and 50 �M), and impedance was recorded for up to 16 h with
ulture media as control. This is a representative graph of one of electrode channels’
mpedance normalized to baseline. Arrow indicates time of cisplatin addition under
he culture conditions.

isplatin to prove the potential anti-cancer drug screening applica-
ions of our system.

The direct effects of cisplatin on the cultured KYSE30 cells
ere shown in Fig. 5. Stimulation with different concentrations of

isplatin (10, 25, and 50 �M) all caused decreases of impedance
rom baseline, which showed an obvious concentration-dependent

ffect. However, impedance changes with different concentrations
howed different characteristics during the stimulation period.
oth 25 and 50 �M cisplatin induced a slightly progressive increase
f amplitude for about 20 min. Then, the impedance continued

c
t
p
w

ig. 6. Fluorescence imaging of KYSE30 cells cultured on the surface of the micro-electro
halloidin imaging after cells treated with cisplatin 12 h; (C) propidium iodide specific f
ucleic acid imaging after cells treated with cisplatin 12 h. (Bar is 50 �M).
tronics 24 (2009) 1305–1310 1309

o decrease until a steady state was reached after 6 h. Finally, in
he steady state of 12 h, impedance amplitude of 50 �M cisplatin
o longer changed, which concluded that the cancer cells have
een completely killed at that time. For the lower concentration of
0 �M cisplatin, the impedance amplitude did not show an obvious
ecrease until 5 h after the addition of cisplatin.

Because most of the anti-cancer agents currently employed
hat target the cytoskeleton, do so through interactions with the

icrotubules, conventional fluorescence imaging was explored to
estify that the impedance amplitude decrease upon the addition
f cisplatin is due to the cell morphology change. Fig. 6 shows the
xample imaging of KYSE30 cells stimulated by 25 �M cisplatin. As
hown in Fig. 6A, typical cell spreading and cytoskeletal organiza-
ion were observed in the absence of cisplatin. Cisplatin reduced
he abundance of actin filaments (bright red in the image) over
he course of 12 h, as shown in Fig. 6B. The loss of the filaments
esulted in less cell–substrate contacts and the decreased cell cov-
ring area on the surface of the micro-electrodes. The fluorescent
mages with propidium iodide staining for nucleic acid were also
hown (Fig. 6C and D). After 12 h of cisplatin addition, a series
f characteristics including loss of cell volume, clumping of chro-
atin and nuclear fragmentation were observed (Fig. 6D). All of

hese morphological changes suggested that addition of cisplatin
ould lead to the obvious morphology change such as shrinkage of
ell spreading area, loss of cell–substrate contacts, even round-up
f cells, which in turn deceased the related impedance ampli-
ude.

Cisplatin is an active medicine against many cancers, which
ell division by mitosis. DNA repair mechanisms are elicited by
he damaged DNA. And then apoptosis is activated when repair
roves impossible. All of these pharmacological changes are related
ith cell’s morphology changes. In our study, when cisplatin was

des. (A) Phalloidin imaging specific for microfilament after cells cultured 48 h; (B)
or nucleic acid imaging after cells cultured 48 h; (D) propidium iodide specific for
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dded to cells, the impedance even decreased with different char-
cteristics. All of these suggested that different drugs (or even
ith different concentrations) have different mechanisms to can-

er cells. Therefore, this impedance biosensor system can be used
or pharmacokinetics studies, with merits of real time record-
ng.

. Conclusion

A cell chip with micro-electrode arrays was used to mon-
tor the culture behavior of mammalian cancer cells and
valuate the chemosensitivity of anti-cancer drug using elec-
rochemical impedance spectroscopy. Morphology changes of
ells adhesion, spreading, and proliferation can be detected by
mpedimetric analysis. Anti-caner drug of cisplatin was added
o cells for potential drug screening applications. The experi-

ental results showed that this well-known anti-cancer drug
as chemosensitivity effects which can be detected by micro-
lectrodes.
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