
RESEARCH ARTICLE Open Access

Application of electric cell-substrate
impedance sensing toward personalized
anti-cancer therapeutic selection
Audrey F. Adcock1,2, Chiagozie O. Agbai1,2 and Liju Yang1,2*

Abstract

Background: Cell-based analysis may have the potential for using patient-derived tissues/cells as a basis for a more
direct prediction of therapeutic outcomes.

Methods: This study focused on the application of the Real Time Cell Electronic Sensing (RT-CES) system for
screening effective anticancer drugs to different types of prostate cancers. The goal was to demonstrate the
potential application of such technology toward the suitability in selection of personalized medicine. Three prostate
cancer cell lines, DU145, LNCaP, and PC-3, and a normal prostate cell line were used. Docetaxel, Carboplatin,
Abiraterone Acetate, Mitoxantrone, Sunitinib Malate were used as testing drugs.

Results: Cellular adhesion, proliferation and drug induced cellular responses were monitored by the RTCES system,
and the results were correlated to the well-established cell viability tests. Identification of an effective drug from a
panel of available anticancer drugs to a specific cancer cell line, or testing the effectiveness of a certain drug to a
panel of prostate cancer cell lines was demonstrated. Cellular resistance to a drug at single dose and multiple dose
challenges was monitored by RT-CES measurement, while such resistance was not detectable by endpoint cell
viability assays.

Conclusions: The results of this study highlighted the advantages of such real-time impedance-based sensing
system for applications in chemotherapy reagent selection.

Keywords: Cellular impedance-based sensing, Real-time cell-based assay, Metastatic prostate cancer, DU145, PC-3, LNCaP

Background
Personalized medicine is therapeutic treatments derived
from diagnostic analysis of samples similar to that of the
patient ((ASCO), American Society of Clinical Oncology
2017). The expectation is samples that are genetically or
otherwise similar will respond in a similar manner to the
same treatment. The most commonly used personalized
medicine diagnostic tests are genetic based. The challenge
presented by this method is genetic mutations do not spe-
cifically predict therapeutic outcomes (Hamburg and Col-
lins 2010). Cell-based analysis may have the potential for

using patient-derived tissues/cells as a basis for a more
direct prediction of therapeutic outcomes. With this re-
gard, cell-based biosensors, which use living cells or tis-
sues as a sensing element to monitor physiological and
functional changes induced by external stimuli, would be
advantageous. Indeed, cell-based biosensors have become
an important tool in the drug discovery process to provide
a simple, fast, and cost-effective approach to screen
compounds for drug candidates at very early stage and
avoid unnecessary large-scale and cost-intensive animal
testing (Asphahani and Zhang 2007; Cooper 2006; Liu et
al. 2014; Zhang et al. 2012). Particularly, label-free and
non-invasive cell-based assay/sensors are becoming of
great interest in many biomedical applications (Fang 2006,
2011, 2014; Hu et al. 2013; Kim et al. 2009).
In recent years, a number of label-free technologies,

including cell-substrate impedance (Giaever and Keese
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1993; Giaever and Keese 1986), quartz crystal microbal-
ance (QCM) (Atay et al. 2016; Braunhut et al. 2005;
Zhou et al. 2000), and optical waveguide lightmode spec-
troscopy (OWLS) (Fang 2007; Ramsden et al. 1995),
have been reported as a means for monitoring live cell
status in a non-invasive and real-time manner. The
QCM biosensors sense the mass or surface property
change upon the binding of biological targets, through
the change in frequency of a quartz crystal resonator. The
OWLS biosensors sense the absorption or binding of tar-
gets on the sensor surfaces through the change in optical
signals. The electrical impedance cell-based biosensors
have been recognized as a useful approach that is based
on electrical signals, it enables direct analysis of cellular
activities occurring on an electrode surface by measuring
the induced capacitance and/or resistance changes by cells
attached on the electrode, in a label-free and non-invasive
manner. These changes have been associated with cell
proliferation, spreading, motility, and death. Such
impedance-based techniques have gained a great deal of
attention in the fields of studying cancer cells and moni-
toring drug-induced cellular activities for drug discovery
(Asphahani and Zhang 2007; Chen et al. 2008; Kloß et al.
2008; Linderholm et al. 2007; Liu et al. 2009; McGuinness
2007; Solly et al. 2004; Xiao and Luong 2003). Previously,
our group has used such impedance-based technique to
study oral cancer cells (Arias et al. 2010) and their re-
sponses to drug treatments, as well as to distinguish can-
cer cells and non-cancer cells (Yang et al. 2011). Another
electrical method––field-effect transistors (FET)––has
also been exploited in cell-based biosensors for real-time
detection of targets. In the detection, either the concentra-
tion/activity of the target analyte or the presence/quantity
of a biomolecule is transduced to an electrical signal via
the field effect. Fundamental principles and various appli-
cations of FET biosensors have been extensively reviewed
(Kaisti 2017).
This study focuses on the application of the

impedance-based real-time cell analyzer (RTCA) system
(ACEA Biosciences, Inc., San Diego, CA, USA) toward the
selection of personalized anti-cancer medicine. Three
established metastatic prostate cancer lines and a normal
prostate cell line were used to demonstrate the rapid and
real-time monitoring of cellular responses to five anticancer
drugs, revealing the potential of such technology for select-
ing the effective drug for a given cell line and for testing a
given drug to a panel of cell lines, as well as in special cases
of monitoring drug resistance developed during treatment.
The three tested prostate cancer cell lines included DU145,
a brain metastatic PC cell line, LNCaP, a lymph node meta-
static cell line, and PC-3, a bone metastatic PC cell line,
and a normal prostate cell line. Docetaxel, the global gold
standard for treating metastatic castration-resistant pros-
tate cancer (mCRPC), was used as a testing drug (Hwang

2012). Other drugs included sunitinib malate, abiraterone
acetate, mitoxantrone, and carboplatin.

Methods
The RTCA impedance analyzer and cell index signal
measurement
The RTCA DP (Real-Time Cell Analyzer Dual Plate) In-
strument (Roche and ACEA Biosciences, Inc., San
Diego, CA, USA) was used in this study. The system is
composed of a computer software control unit, an elec-
tronic sensor analyzer and three E-16-well plates. The
computer control unit is used to set up the experimental
parameters, collect the data from the analyzer in real time,
and process the results. The electronic analyzer is to hold
E-plates where the cells are seeded and growing and to
execute the experimental protocol and record the elec-
trical signals from the E-plates. The E-plates are single-use
disposable plastic plates with an array of circle-on-line
gold microelectrodes integrated into the bottom of the
wells. The diameter of the circle is 100 μm. The electrode
surfaces are pretreated for cell culture.
In operation, cells were seeded in the plates, and the

plates were mounted to the sensor analyzer station. The
electronic analyzer station was placed inside an incuba-
tor at 37 °C, with 5% CO2 in air. The system was con-
nected to the computer control unit which was placed
outside of the incubator. The system monitored cellular
activities by measuring the electronic impedance of sen-
sor electrodes in the 16-well E-Plates using a
parameter-termed cell index (CI). In this RT-CES sys-
tem, a 10-mV AC voltage at three different frequencies
(10 kHz, 25 kHz, and 50 kHz) was applied to the micro-
electrodes for ~ 0.1 s, and the electrical current was
monitored. The impedance of the system is determined
by the ratio of the applied voltage and the response
current. The cell index (CI) was calculated according to
the following equation (Solly et al. 2004):

CI ¼ max
i¼1;…N

Rcell f ið Þ
R0 f ið Þ −1

� �
ð1Þ

where N is the number of the frequency points at which
the impedance is measured (in this system, N = 3 for
10 kHz, 25 kHz, and 50 kHz), and R0(f ) and Rcell(f ) are
the electrode resistance/impedance without cells and
with cells at each individual frequency, respectively.
CI is able to provide quantitative information about

the cell status, including cell number, viability, and
morphology. With a certain number of cells on the elec-
trodes, changes in cell activities will lead to a change in
cell index. For example, cell proliferation on the elec-
trodes will result in an increase in Rcell(f ), and thus, an
increase in cell index. On the other hand, drug-induced
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cell detachment, cell death, or apoptosis will result in a
reduced Rcell(f ) and therefore a reduced cell index.

Cell culture
The prostate cancer cell lines LNCaP clone FGC (ATCC®
CRL-1740), DU 145(ATCC®HTB-81), and PC-3 (ATCC®
CRL-1435) were cultured in RPMI (Hyclone, Logan, UT)
supplemented with 10% FBS (Hyclone) and antibiotics
(100 IU/mL penicillin and 100 μg/mL streptomycin)
(Hyclone). The Primary Prostate Epithelial Cells, Normal,
Human (ATCC ® PCS-440-010) (purchased 10/07/15),
were cultured in Prostate Epithelial Cell Basal Media
(ATCC® PCS-440-030) supplemented with Prostate
Epithelial Cell Growth Kit components (ATCC®
PCS-440-040) and Gentamicin-Amphotericin B Solution
(ATCC® PCS-000-025).
Cells were cultured in 75 cm2 flask and were incu-

bated at 37 °C in an atmosphere of 5% CO2 in air. The
medium was renewed every 2–3 days. When 80–90%
confluent, cells were detached from the flask using
0.25% trypsin with 0.53 mM EDTA (Lonza, Walkersville,
MD) solution. Cells were centrifuged to remove trypsin
and were suspended in fresh Prostate Epithelial Basal
Medium or RPMI medium. Cell number in the suspen-
sion was determined using the Vi-cell XR cell counting
system (Beckman Coulter, Miami, FL). Desired cell con-
centrations were obtained by diluting the cell suspension
for further experiments.

Drug treatments
Docetaxel and sunitinib malate were obtained from BIO-
TANG, Inc. (Waltham, MA, USA). Abiraterone acetate
was obtained from AK Scientific (Union City, CA, USA).
Mitoxantrone was obtained from Selleck Chemical. Car-
boplatin was obtained from AdipoGen Life Sciences
(San Diego, CA, USA). All were purchased through
Fisher Scientific.
To make stock solutions, carboplatin was dissolved in

deionized (DI) H2O to make a 10-mg/mL stock solution.
Docetaxel, sunitinib malate, abiraterone acetate, and
mitoxantrone were dissolved in DMSO at 1 mg/mL,
40 mg/mL, 10 mg/mL, and 40 mg/mL, respectively, to
make stock solutions that were further diluted with
media for treatments.
For traditional optical-based cell viability assays, cells

were plated onto 96-well plates using a Multidrop 384
(Thermo Electron Corporation) at 5000 cells per well
(cpw) for DU 145, 7000 cpw for PC-3, 17,000 cpw for
LNCaP, or 8000 cpw for normal prostate and were allowed
to grow for 48 h. Cells were treated with docetaxel, abira-
terone acetate, sunitinib malate, mitoxantrone, and carbo-
platin or an equivalent concentration of the diluted
vehicle at the concentrations indicated in figure legends.
Addition of drugs was facilitated by the use of a HP

D300e Digital Dispenser (Hewlett-Packard) and Biomek
NX MC compound dispenser (Beckman Coulter, Indian-
apolis, IN, USA). Cells were treated with drug for 24 and
48 h, after which cell viability assays were performed.

Cell viability assays
Cell viability was assessed using the CellTiter 96®
Non-Radioactive Cell Proliferation Assay (Promega, Madi-
son, WI, USA) and resazurin assays. The CellTiter96®
Non-Radioactive Cell Proliferation Assay is a homogenous
3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium salt
solution assay, more commonly known as MTT. Briefly,
15 μL of the MTT dye was added to each well and the
plate returned to the incubator. Live cells converted the
MTT to an insoluble product, formazin. After 3 h,
100 μL/well solubilization solution was added. Cell viabil-
ity was determined by reading absorbance at 570 nm once
all of the formazin crystals were dissolved. The absorbance
signal was quantified using a SpectraMax M5 plate reader
(molecular devices) equipped with SoftMax Pro software.
Resazurin assay indicated mitochondrial metabolic ac-

tivity in live cells. Briefly, 10 μL of 1 mg/mL resazurin
(Fisher Scientific/Acros Organics, Fair Lawn, NJ, USA)
dissolved in sterile DI H2O was added to each well. The
plates were returned to the incubator for 3 h. The live
cells reduced the resazurin to resorufin, a fluorescent
product. The fluorescence was measured using a PHER-
Astar (BMG Labtech, Germany).
In both assays, the amount of product was proportional

to the number of live cells. Viable cell percentage was cal-
culated by dividing the background-subtracted mean
absorbance of treated sample by the background-sub-
tracted mean untreated sample of that plate, then multi-
plying by 100.

%viable cells ¼ average treatedð Þ− average backgroundð Þ½ �
= average untreatedð Þ− average backgroundð Þ½ � � 100:

Impedance-based RTCA measurement
To run an experiment, each 16-well E-plate was pre-
pared with 50 μL of media per well and then placed into
the analyzer to get a baseline reading of the
impedance-based cell index signal. After the baseline
was established, the E-plate was removed from the
analyzer and was seeded with the same concentration of
cells per well for each cell line as the optical assays. Cell
volume for each well was in 100 μL of media. After cell
plating, E plate was set in the cell culture hood for
30 min at room temperature to ensure the cells were
settled down to the microelectrodes on the bottom sur-
face. The E-plate was then placed back to the analyzer in
the incubator. The monitoring of impedance-based CI
signal was set up through the software. Data was
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collected every 30 min for 96 h for cell growth measure-
ment. For drug treatment tests, CI data was recorded for
approximately 48 h for cell growth, then the instrument
was paused, and the cells were treated with desired con-
centrations of docetaxel, abiraterone acetate, sunitinib
malate, mitoxantrone, carboplatin, and equivalent concen-
trations of the diluted vehicle at given concentrations as
controls. Drug treatment was a 10× final concentration,
and the volume was 1/10 volume of the culture volume in
the wells, i.e., 15 μL in each well. After drug treatment, CI
data was continuously recorded for another 48 h or other-
wise stated in figure legends.

Results and discussion
Real-time monitoring of the growth characteristics for
multiple prostate cancer cell lines
By culturing biological cells on the electrode surface, the
technique can directly sense detailed information about
cellular activities occurring on the electrode surface by
measuring the induced capacitance and/or resistance
changes, eliminating multiple labeling and amplification
steps typically used in many other cell-based methods. In
addition, this can be done in a medium throughput plat-
form and this is especially useful when dealing with a
number of different cell lines. Figure 1 shows a group of
growth curves of three different prostate cancer cell lines
(DU145, LNCaP, PC-3) along with the normal prostate
cell line, obtained by the impedance-sensing technique.
As shown in Fig. 1, the recorded impedance-based cell
growth curves clearly distinguished the growth character-
istic/profile of these different prostate cancer cells. It is be-
lieved that these growth curves mainly reflected the
specific degree of adhesion of these cells during the entire
course of interaction with the electrodes, as well as the
cell proliferation rate on the electrode. A correlation be-
tween the impedance-based cell index and the cell num-
ber for each cell line is demonstrated in Additional file 1:
Figure S1. Among the cell lines, DU145 is derived from a

brain metastasis of the prostate and does not express PSA.
Its doubling time is approximately 29 h. In Fig. 1, it
showed the highest impedance-based cell index during the
cell proliferation and stationary phase. LNCaP is derived
from a needle biopsy of the subclavicular lymph node and
is androgen sensitive and still expresses PSA. Its doubling
time is approximately 60 h, and it is generally regarded as
poorly adhesive to cell culture substrate. The growth
curve of LNCaP showed the lowest cell index among all
cell lines at all stages. PC-3 is derived from a lumbar ver-
tebrae metastasis, and it is androgen insensitive and does
not express PSA. Its doubling time is 24–40 h varied in
different conditions or laboratories. In this test, its growth
curves showed moderate impedance-based cell index at
all stages compared to DU145 and LNCaP cells. The
growth of normal prostate epithelial cell line PCS-440-010
on the electrodes generated the impedance-based signal
that was in between those tested prostate cancer cell lines.
The results demonstrated that each cell line exhibited a
unique impedance profile for its attachment and prolifera-
tion on the electrodes, highlighting the ability of the elec-
trical impedance cell-based technique to identify the
different adhesion properties and growth rates of the vari-
ous cell lines. The different adhesion properties of the
cells to the electrode are explained by the bonding forces
between the plasma membrane and electrode as well as
the specific combination of the surface molecules of each
cell line (Asphahani and Zhang 2007). To extend, the re-
sults also suggest that this technique should be able to dis-
tinguish the growth characteristics of prostate cancer cells
at different stages or different types.

Rapid selection of effective anti-cancer drugs to a certain
type of prostate cancer cell line
In clinic, multiple anticancer drugs are available for
treatment of cancers. However, cancer patients with
different types of cancer or at different stages of a cancer
generally respond to each drug with varying efficacy.

Fig. 1 Proliferation curves of prostate cell lines. ECIS chart showing proliferation measurement of three metastatic prostate cancer cell lines––DU145,
PC-3, and LNCaP and the normal prostate cell line. Error bars represent standard error of n = 4 values
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The heterogeneity of the population contributes to
different responses to drugs of patients with seem-
ingly same cancer and same stage due to the fact that
each tumor is as unique as that person. The current
standard of care for mCRPC is treatment with hor-
mone therapy until the cancer becomes androgen in-
dependent. Once a cancer is identified as androgen
independent, the patient is switched to another che-
motherapeutic, the primary drug of choice is doce-
taxel (Antonarakis and Armstrong 2011; Flaig et al.
2007). A rapid and easy-to-use screening method for
selecting an effective drug for a patient would be
most beneficial to the treated patient. Here, we

demonstrated the proof-of-concept of the use of
impedance-sensing technique for such purpose.
Using LNCaP cell line, Fig. 2 shows the cellular re-

sponses to four anticancer drugs with respective dose
ranges obtained by the impedance technique. These
chemotherapy drugs were selected from the American
Cancer Society and the National Cancer Institute lists of
drugs used in treatment of prostate cancer. Each drug
works on the cancer cells via a different mechanism of ac-
tion. Docetaxel works by binding the β subunits of tubulin
in microtubules, thereby stabilizing them, preventing the
de-polymerization required for mitosis, which induces cell
apoptosis. Abiraterone acetate acts as an irreversible

A B

C D

E

G

F

Fig. 2 Cellular responses to anti-cancer drug treatments. a–d Cellular responses of LNCaP cells to four different anticancer drugs with respective
concentration ranges. e–g ECIS cell index of DU145, PC-3, and normal prostate cells, respectively, treated with five chemotherapy drugs. The data
shown here is a representative of the real-time studies which were performed at least three times for each cell line and drug combination
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inhibitor of CYP17A1 leading to a significant loss of an-
drogen production in the peripheral organs, particularly
adrenal androgens. Sunitinib malate inhibits multiple re-
ceptor tyrosine kinases (RTKs) such as vascular endothe-
lial growth factor receptors (VEGFR1, VEGFR2, and
VEGFR3) and stem cell factor receptor (KIT). Mitoxan-
trone causes DNA fragmentation and inhibits topoisomer-
ase II. Mitoxantrone was one of the first drugs approved
to treat mCRPC (Antonarakis and Armstrong 2011;
Hwang 2012). Carboplatin undergoes activation inside
cells and forms reactive platinum complexes that cause
the intra- and inter-strand cross-linkage of DNA mole-
cules within the cell. As shown in Fig. 2, treatment with
each drug to LNCaP cells generated a distinguished re-
sponse curve. Docetaxel at its effective doses caused a
gradual continuously decreasing cell index. Carboplatin at
its effective doses caused a quite rapid increase in cell
index to a peak immediately after the treatment, followed
by a sharp decrease until all the cells died. Abiraterone
acetate at its effective doses induced an immediate steep
drop of cell index, followed by a gradual increase of cell
index to a flat peak, and then a slow decrease until all the
cells died. Sunitinib malate induced a small gentle peak of
cell index at time of drug treatment and continued its in-
crease trend with a slower rate; it seemed that sunitinib
malate did not cause cell death but only slowed down cell
proliferation.
We also examined the responses of other cell lines to

these drugs. Figure 2e shows the response of DU145 cell
line to the five drugs at a given effective dose. Again, the
cellular responses were distinct, reflecting the different
effect of the drug action onto the cells on the electrodes.
It is believed that such signal profile is mainly a result

of drug effect on the cellular contacts with the elec-
trodes. Generally, when cells adhere onto the electrode
surface, although cell membranes are usually ~ 10–
100 nm away from the electrode surface, the electrodes
are still able to sense the bottom portion of cells. Cell
adhesion to a substrate occurs through three major con-
tacts including focal contacts, close contacts, and extra-
cellular matrix contacts, and each of them has its
specific separation distance from the substrate. Upon ex-
ternal stimuli, cells commonly experience dynamic re-
location or rearrangement of certain cellular contents;
some of these result in changes in cell adhesion degree,
membrane ruffling, and activation of receptors at the
cell surface or receptor endocytosis (Lu et al. 2001;
Milligan 2003). Those which occur at the bottom por-
tion of the cells and affect the contacts between the cells
and the electrode can be sensed by the electrodes, mani-
fested by the impedance-based cell index signal, such
signal is equivalent to dynamic mass redistribution
(DMR), a signal previously reported in label-free
cell-based optical biosensors (Fang 2006; Fang et al.

2005a; Fang et al. 2006; Fang et al. 2005b). The DMR
signal is a sum of all mass redistribution within the sens-
ible region induced by the stimuli, although it is not spe-
cific for individual events/pathways, it is distinctive in
overall profile of different cell lines in response to a
same drug or the same cell line in response to different
stimuli (e.g., drug treatment), as shown in Fig. 2.
Besides the capacity to generate the characteristic pro-

file for each drug, these response curves also provide
some dynamic and kinetic information of the drugs to
the tested cells. For example, in Fig. 2, docetaxel caused
an immediate effect on the cells that was manifested by
the decreasing signal immediately after the treatment,
and drug effect reached the maximal (signal decreased
to baseline) after approximately 24 h. With a different
action mechanism, carboplatin did not exhibit effect on
the cells within the first ~ 16 h after treatment. At high
concentrations, drug effect can be detected at ~ 24 h,
but with lower concentrations; the effect of this drug
was best observed at ~ 48 h after treatment, exhibiting a
dose-dependent manner. For abiraterone acetate, only at
the highest tested concentration, the drug effect on the
cells (signal decrease) can be immediately seen after the
treatment; the effect of moderate to low concentration
of this drug can be observed after 36 h of treatment. Su-
nitinib malate exhibited a cytostatic effect on the cells
soon after the treatment (within 8 h); it seemed that the
drug did not cause cell death, and it more likely just slo-
wed down the cell proliferation (the signal still kept in-
creasing but with a slower rate). Commonly used cell
viability assays can only provide cell information about
cell viability at a given time point, usually at 24 or 48 h
or other defined time, but would never be possible to
provide such real-time dynamic and kinetic information
about the cellular responses to a drug during the entire
course of the treatment. Other cell lines showed similar
drug curve profiles; however, cellular response varied by
cell line (data not shown).

Correlations between the electric impedance-based
analysis and cell viability assays
We further looked into the results of impedance tech-
nique and extracted data at a given time point (for ex-
ample at 24 h or 48 h after treatment) to generate dose
response curves, which were compared to those ob-
tained by the traditional cell viability MTT or resazurin
assays at the same time point. Figure 3 shows the dose
response curves of LNCaP cells in response to docetaxel,
carboplatin, abiraterone acetate, and sunitinib malate ex-
tracted from the growth curves in Fig. 2 at either 24 or
48 h, along with the dose response curves that were ob-
tained by the traditional MTT or resazurin cell viability
assay at the same time points. It should be noted that
the y-axis is the percentage of the signals of treated

Adcock et al. Journal of Analytical Science and Technology  (2018) 9:17 Page 6 of 11



samples compared to the untreated controls, which
would be a different meaning in the RTCA method and
cell viability assay, but in both cases, it reflects the effect
of a drug treatment. More specifically, in cell viability
assay, it represents the percentage of surviving cells after
the drug treatment, while in RTCA system, it represents
the percentage of the total adhesive interactions that the
cells have with the electrodes after the drug treatment
and measurable by impedance. As shown in Fig. 3a, all
the dose response curves from the RTCA system present
similar trends as those from the cell viability assays. The
percentage signals from the two methods are reasonably
close in the responses to three drugs (carboplatin, abira-
terone acetate, and sunitinib malate) except one drug
(doxcetaxel).
It is noted that although the dose response curve of

LNCaP cells to docetaxel from the RTCA system presents
a similarly trend to that from the cell viability assays; how-
ever, the magnitude in the percentage signal between the
two methods were largely different, with much lower per-
centage signal measured by RTCA but still high percent-
age in cell viability. Knowing that the meaning of the
percentage signals are different in the two approaches, it
is understandable and explainable for the big difference.
The difference in the percentage signal between the two
approaches is related to the effect/action mechanism of
the drug on the cells, which may be better measurable by

one than the other. In the case of docetaxel, it is known to
cause apoptosis which has an effect on membrane integ-
rity and cell morphology. Cells are reported to shrink and
become round due to cytoskeletal protein digestion by
caspases. Figure 4 shows the microscopic images of
LNCaP cells after docetaxel treatment, showing the round
cells but most likely still viable. Once the cells became
round, they were less adhesive to the electrodes, which
was well measured by the RTCA system (Leung et al.
2005), while the MTT cell viable assay was not able to de-
tect the changes in the cells adhesion but only detect the
viability of cells. For other tested drugs, they likely affect
cell adhesive interactions with the electrodes at a similar
extent as to the cell viability, which was manifested by the
two similar and close dose response curves in each
plot in Fig. 3. It is also worthy of note that the RTCA
makes it easier to visualize the slower entry of carbo-
platin into the cells than the other drugs. This slow
entry is responsible for the observed effects at a
delayed time of 20 to 26 h after treatment. These
comparisons indicated the advantages of the
impedance-based RTCA method lie in its capability
for sensitive and real-time monitoring the cellular re-
sponses, including not only cell viability but also cell
adherence and other subtle cell morphology changes
induced by drug treatments. Such ability is especially
useful to detect cell responses at early stage of drug

BA

DC

Fig. 3 Comparison of impedance response (RTCA) to mitochondrial activity response. RTCA vs. mitochondrial activity dose-response curves of
LNCaP cells against a docetaxel, the RTCA detected a greater response than the optical assay; b carboplatin, the dose-response patterns were
similar, but the RTCA was slightly more sensitive; c abiraterone acetate, almost identical response detected by the two methods; and d sunitinib
malate, similar response detected by both methods
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treatment, while it is generally not possible for trad-
itional MTT assay to detect.

Determining the effectiveness of a drug to different types
of cell lines
With a different experimental design, evaluation of a
drug to a number of cell lines can be performed, and
real-time data can be obtained. This platform would be
useful when applications of a newly available drug need
to be tested on different stages of a cancer, or on differ-
ent types of cancers. For prostate cancer, chemotherapy
is typically used once the cancer has become androgen
independent and spread outside the prostate gland; in
most cases, the first chemo drug given is docetaxel
(Antonarakis and Armstrong 2011). Figure 5 shows the
response curves of different prostate cell lines (DU145,
LNCaP, and PC-3) along with the normal prostate cell
line in response to docetaxel. As demonstrated, doce-
taxel is effective for treatment to DU145 and LNCaP,

but has little effect on the normal prostate cancer cell.
However, it shows initial effect on PC-3 cells, but inter-
estingly, PC-3 cells exhibit a compensatory response,
meaning some pre-existing mechanism that is triggered
upon exposure to docetaxel. Studies show docetaxel is
effective in approximately 50% of cases, and most pa-
tients develop resistance to this chemotherapeutic
(Hwang 2012; Liu et al. 2013).

Applications for special tests––drug resistance and
combination treatments
This technique also allows examination of the effect of
consecutive/repeated treatment with drug. Figure 6
shows the response curves of PC-3 cell line to repeated
treatments with 0.1 μM docetaxel. The repeated treat-
ments with docetaxel did not enhance the effect of doce-
taxel on PC-3 cells, meaning that PC-3 cells exhibited
permanent response to docetaxel after the first treat-
ment. This would be a useful tool for a clinic office to

Fig. 4 Bright field images of LNCaP response to 0.01 μM docetaxel. a LNCaP cells treated with DMSO control. b LNCaP cells treated with 0.01 μM
docetaxel for 48 h. Notice the smaller and more rounded shape of the treated cells. The inserts are a part of each image with a higher
magnification. Scale bars are 100 μm

A B

C D

Fig. 5 Comparison of four cell lines’ impedance response to docetaxel. The response of the four cell lines treated with 0.1 μM docetaxel compared to
DMSO control
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quickly rule out those drugs that may not be effective in
a patient due to compensatory response.
The other useful application of RT-CES is to test the

effect of combination of chemotherapy drugs. Although
chemo drugs can be used one at a time, more often, a
combination of drugs may provide higher efficacy to a
patient if appropriate combination can be found. It is
recommended to use drugs with different mechanisms
of action when treating with drug combinations (Tsaka-
lozou et al. 2012). For this combination drug study, we
selected the kinase inhibitor, sunitinib malate, and the
microtubule stabilizing agent docetaxel. With this re-
gard, we demonstrated the tests of DU145 cells treated
with a combination of sunitinib malate and docetaxel
(Fig. 7). The single drug treatment of 5 μg/mL sunitinib
malate to DU145 cells did not result in a reduction in
CI; this dose did not even exact the cytostatic effect that
was observed at higher monotherapy sunitinib malate
doses. A reduction in CI was seen when the cells were
treated with 10 nM docetaxel as a single drug, but re-
duction did not decrease to baseline and appeared to

plateau out. This plateau was likely due to that all of the
drugs had been utilized by the cells in the well or the
cells stopped taking it in as the equilibrium had been
achieved between cells and media. Higher doses of doce-
taxel (100 nM) decreased CI signal to background.
When 5 μg/mL of sunitinib malate was combined with
lower doses of docetaxel a reduction in CI was observed
in all doses. The same sharp immediate decrease in CI
signal was observed for the combined treatment wells as
the single-drug docetaxel except that the CI signal was
reduced to baseline. These combination results are sup-
ported by the optical absorbance and fluorescence assay
findings that were completed simultaneously with the
RTCA experiment, data not shown. This reduction in
signal was not seen with all combinations of these two
drugs on DU145 cells.
It is important to note that all cell lines tested did not

draw us to the same conclusion for the drug combin-
ation. The reduction in CI for the PC-3 cell line was
greater in the presence of the combined drugs, and the
lag between reduction and increase was longer. This

Fig. 6 PC-3 impedance response to repeated docetaxel treatments. Cell index curve of PC-3 cells with repeated treatments of 0.1 μM docetaxel
compared to controls. Each spike represents a pause in the experiment for drug treatment to at least one set of wells on the plate

A B

Fig. 7 Cellular responses to combination drug treatments. RTCA cell index curves of metastatic prostate cancer cell lines treated with a combination
of sunitinib malate and docetaxel. a The response of the DU145 cell line to the combination sunitinib malate at 5 μg/mL and serial dilutions
of docetaxel. b The PC-3 cell line response to 0.12 μM docetaxel combined with serial dilutions of sunitinib malate
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indicated that there was an increase in toxicity by the
drug combination in PC-3 cells; however, the increased
toxicity was not sustainable. PC-3 cell line was still re-
sistant to docetaxel. These results demonstrated that the
RTCA can be used to identify drug combinations that
can effectively be used to treat prostate cancer.

Conclusions
Using several established metastatic prostate cell lines
and common chemotherapeutic drugs for prostate can-
cer, this study demonstrated the proof-of-concept of the
real-time impedance method for potential application
toward selection of personalized chemotherapy drugs for
patients. Such impedance-based technique measured the
drug-induced effect on cellular adhesion, proliferation,
and other changes of the cells cultured on the electrodes.
Agreement of overall trend in drug responses obtained by
this impedance-based method and the traditional
optical-based cell viability assay was demonstrated.
Through experimental design, RT-CES can be applied to a
certain type of cancer cell line against a panel of chemo-
therapy drugs before the patient receives the drug treat-
ments. It can also rule out ineffective drugs against a
particular tumor or the drug that may develop resistance
by a patient. Certainly, such concept needs to be applied
to patient-derived samples of known drug response to
validate its ability to predict the chemotherapy outcome
before actual application. In drug screening, this label-free
real-time screening method could benefit in minimizing
some limitations in dye conversion-based end point
analysis in traditional optical-based cell viability assays.

Additional file

Additional file 1: Figure S1. Prostate cell titration at 24 h post seeding.
Cell dilution series showing impedance linear relationship to cell number
24 h after plating. Changes in impedance reflect change in cell number.
(PNG 55 kb)
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