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Abstract The relative sensitivity of standard gold microelec-
trodes for electric cell-substrate impedance sensing was com-
pared with that of gold microelectrodes coated with gold
nanoparticles, carbon nanotubes, or electroplated gold to in-
troduce nano-scale roughness on the surface of the electrodes.
For biological solutions, the electroplated gold coated elec-
trodes had significantly higher sensitivity to changes in con-
ductivity than electrodes with other coatings. In contrast, the
carbon nanotube coated electrodes displayed the highest sen-
sitivity to MDA-MB-231 metastatic breast cancer cells. There
was also a significant shift in the peak frequency of the cancer
cell bioimpedance signal based on the type of electrode coat-
ing. The results indicate that nano-scale coatings which intro-
duce varying degrees of surface roughness can be used to
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modulate the frequency dependent sensitivity of the electrodes
and optimize electrode sensitivity for different bioimpedance
sensing applications.
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1 Introduction

Bioimpedance is the complex electrical resistance of a biolog-
ically important substance. Bioimpedance measurements are
increasingly being used in biomedical applications and cell
research (Heileman et al. 2013; K’Owino and Sadik 2005;
Spiga et al. 2014; Sun and Morgan 2010). The ease of
bioimpedance measurements is a significant advantage. The
technique is very rapid and requires no sample preparation,
reagent costs are low, and is readily adaptable for use in high
throughput devices. Bioimpedance measurements enable
samples to be monitored continuously in real-time in a label-
free and non-destructive fashion. Furthermore, the informa-
tion content of bioimpedance is high due to the nature of the
measurable electrical properties. Impedance spectroscopy is
sufficiently sensitive to monitor DNA hybridization reactions;
gold electrodes functionalized with a specific oligonucleotide
were used to sense interactions with target DNA (Patolsky
etal. 1999). Another important application of electrochemical
sensing is in the measurement of medically important metab-
olites. Glucose monitoring has been widely studied (Heller and
Feldman 2008). Similarly, serum urea and creatinine concen-
trations are measured using electrochemical sensors that re-
spond to pH changes in the solution (Ho et al. 1999). Minia-
turization of bioimpedance sensing platforms is simple because
they require the presence of only a few electrodes and these are
easily integrated with emerging microelectromechanical sys-
tems (MEMS) and microfluidic devices (Han et al. 2007;
Huang et al. 2007; Pei et al. 2004).
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Electric cell-substrate impedance sensing (ECIS) is the
term given to a specific type of bioimpedance measurement
that is specifically applicable to measuring the impedance of
adherent living cells on planar microelectrodes (Giaever and
Keese 1993). ECIS has all the inherent advantages of
bioimpedance measurements and a broad range of applica-
tions. In the last decade, ECIS has gained momentum as a
valuable tool in cancer related studies (Abdolahad et al. 2014;
Arias et al. 2010; Hong et al. 2011; Rahman et al. 2009).
Researchers have demonstrated its use in monitoring cell
adhesion, proliferation, motility and cytotoxicity (Wegener
etal. 2000; Xiao and Luong 2003). In our laboratory, uniquely
designed ECIS electrodes were used to detect rare metastatic
breast cancer cells in a background of normal breast and
fibroblast cells by monitoring the bioimpedance response to
the histone deacetylase inhibitor suberoylanilide hydroxamic
acid (Srinivasaraghavan et al. 2012). The present work is
motivated by the desire to improve the sensitivity of these
electrodes to detect breast cancer cells.

Here the use of nano-scale coatings as a strategy to further
sensitize ECIS electrodes to bioimpedance measurements
from breast cancer cells is explored. This strategy is based
on two major findings. First, surface topography can be used
to specifically guide the adhesion and spreading of biological
cells (Lim and Donahue 2007; Stevens and George 2005).
These topographies can also be tuned to control differentiation
of stem cells into different lineages (Biggs et al. 2009;
Christopherson et al. 2009). We predict that introducing
nano-scale roughness on the surface of electrodes will help
guide the cells onto the electrodes. Second, the sensitivity of
neuronal recordings from implantable microelectrodes was
improved using gold nanoparticle and carbon nanotube coat-
ings (Baranauskas et al. 2011; Keefer et al. 2008; Zhang et al.
2012). In another study, glassy carbon electrodes were coated
with polyaniline nanotube membranes and gold nanoparticles
and the resulting electrode showed enhanced sensitivity for
DNA detection (Feng et al. 2008). Coatings consisting of
nanocomposites of carbon nanotubes have also been shown
to improve sensitivity of electrochemical sensors (Chen et al.
2008; Hrapovic et al. 2006; Shen et al. 2008). The improved
sensitivity of the electrodes in these studies was attributed to
increased surface roughness and interaction or an enhanced
selectivity to the target analyte. These examples provide the
rationale for investigation of coatings to modulate the sensi-
tivity of ECIS electrodes to impedance of breast cancer cells.
In this work, we use coatings of gold nanoparticles (AuNP),
carbon nanotubes (CNT) and electroplated gold (EPDC) to
introduce nano-scale roughness on the surface of the gold
electrodes and show that the sensitivity of planar gold micro-
electrodes can be modulated through the use of electrode
coatings. To demonstrate this, first, the fabrication of these
electrodes and their coating using the layer-by-layer (LbL)
method and electroplating is presented. Next, the three
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different nano-scale coatings along with a control (no coat-
ing), were tested with various solutions to identify the coating
most sensitive to changes in conductivity. Finally, we intro-
duced MDA-MB-231 metastatic breast cells on the same
electrodes and performed a similar analysis to find the coating
most sensitive to bioimpedance measurements obtained from
adherent human breast cancer cells. Thus, a comparison be-
tween the control, AuNP, CNT and EPDC coatings, on the
same electrode design and fabricated on the same platform is
presented here and their sensitivity is investigated with respect
to two specific applications, namely solution conductivity and
ECIS, The results presented in this paper show promise for the
use of nano-scale coated electrodes for various applications
including the detection of metabolites in human fluid samples
such as urine, plasma and blood and cellular drug responses.

2 Materials and methods
2.1 Fabrication

The electrode design and fabrication follow our previously
published methods (Narayanan et al. 2010; Srinivasaraghavan
et al. 2012) and is shown in Fig. 1(A, B). Briefly, the silicon
wafers were passivated with a layer of thermal oxide
(~500 wm) for electrical insulation (Fig. 1(B-a)). A positive
photoresist was spun on the wafer and the electrode pattern
was transferred on to it using photolithography (Fig. 1(B-b)).
A thin layer of chromium/gold (Cr/Au) which is 25 nm/
100 nm was deposited on the patterned wafer using e-beam
evaporation (Fig. 1(B-c)). The devices were then diced and a
lift-off process in acetone was used to obtain the patterned
gold electrodes. For the electroplated (EPDC) electrodes, each
of the patterned gold electrodes after lift-off was electroplated
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Fig. 1 A Photograph of the packaged bioimpedance sensor (Scale bar =
3 mm), B Process flow for the fabrication of the devices, C Process
showing layer-by-layer (LbL) coating of the devices with AuNP and
CNT and D Setup for electroplating the devices
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separately in gold electroplating solution (TG-25 RTU, Tech-
nic, Inc.) heated to 55 °C, using 5 mA of direct current for
30 s. The setup for electroplating is shown in Fig. 1(D). The
devices were dipped in methanol for 2 min prior to
electroplating to wet the surface. The gold electroplating
solution was stirred using a magnetic stir bar at 300 r/min to
distribute the gold ions uniformly in solution. After
electroplating, the devices were washed in methanol and
deionized (DI) water and then washed again in acetone and
DI water before being used for experiments.

For the gold nanoparticle (AuNP) and carbon nanotube
(CNT) coatings, the devices were diced and the coatings were
deposited using a layer-by-layer (LbL) method as described
below. The LbL self-assembly technique was developed to
fabricate dense and homogeneous thin layer coatings
consisting of two materials with opposite electric charge
through utilization of Coulombic attraction (Decher et al.
1992). The surface charge of a nano-scale layer of one mate-
rial on the substrate will attract the second material with
opposite charge. The adsorption of the second material results
in reversal of the surface charge, and the steps are repeated by
alternately dipping the substrate into the solutions/suspensions
of these two materials. Thus, layer-by-layer coatings
consisting of these two materials (two adjacent layers are
called a bilayer) can be fabricated conveniently with good
coating homogeneity and thickness control. The thin film
coatings fabricated by the LbL technique have been applied
in the electromechanical actuators (Liu et al. 2010), chemical
and biological sensors (Wang et al. 2009), optical (Heflin et al.
1999) and electrochromic devices (DeLongchamp and
Hammond 2004). Recently, our group used the LbL technique
to selectively coat nanoparticle layers inside the micro fabri-
cated structures of silicon for micro gas chromatography
applications (Wang et al. 2013).

In this study, we used a similar approach to selectively coat
gold nanoparticles (AuNP, average diameter 3.2 nm, concen-
tration 20 ppm, Purest Colloids Inc.) and water soluble single
walled carbon nano-tubes (CNT), functionalized with m-
polyaminobenzene sulfonic acid (PABS, Carbon Solutions
Inc.) on the gold electrode via the LbL technique where the
AuNP and CNT are both negatively charged. The polycation
used was poly(allylamine hydrochloride) (PAH, Sigma-
Aldrich), which is a long chain inert polymer and serves as
an “adhesive” between every two AuNP or CNT layers hold-
ing them together. The AuNP colloid was used as received and
the CNT was dissolved in de-ionized (DI) water to a concen-
tration of 0.1 mg/ml and then was sonicated for 2 h to produce
a dispersion. The pH of the CNT solution was adjusted to 8.0
(£0.1). The PAH was made into 10 mM solution and its pH
was adjusted to 4.0 (£0.1). The process of LbL coating is
summarized in Fig. 1(C). Briefly, the devices were immersed
alternatively in PAH and AuNP/CNT solutions for 2.5 min
each. They were also washed thrice in DI water for 30s each

time in between each coating layer. Overall, it took approxi-
mately 1 h to coat a device with 5 bilayers of AuNP or CNT.

The devices (before lift-off) were coated with AuNP (30
bilayers) or CNT (50 bilayers) using the LbL method. Then,
the photoresist was removed using lift-off in acetone along
with the coatings on top of it, leaving the coating only on the
electrode, as shown in Fig. 2(B, C, F and G).

2.2 Experiments

The bioimpedance measurement setup has been described in
detail in our previously published work (Narayanan et al.
2010). A frequency log sweep (comprising 30 points in the
range 1 kHz—1 MHz) was done individually on each electrode
using the impedance analyzer (Agilent HP4192A). The mea-
sured impedance magnitude (|Z|) and phase (~Z) values for
each electrode was stored in a separate spreadsheet for each
sweep.

Electrode sensitivity was measured in biological solutions
of varying conductivities using DI water as the control. A
phosphate buffered saline (PBS) series of concentrations
0.1X, 1X and 10X, dielectrophoresis buffer (DEP buffer) and
cell culture medium were compared. DEP buffer consists of
8.5 g of sucrose and 0.725 mL of RPMI in 100 mL DI water.
The cell culture medium consists of 88 mL Dulbecco’s Mod-
ified Eagle Medium (DMEM): Ham’s F-12 (1:1) (Lonza) with
10 mL fetal bovine serum (10 %), 1 mL penicillin-
streptomycin (100 U/mL) and 1 mL L-glutamine (30 mg/
mL). The conductivities of the solutions were measured using
a hand-held conductivity meter. DI water had the lowest con-
ductivity at 3.09 uS/cm. The conductivities of 0.1X, 1X and
10X PBS were 3.3, 29.4 and 209 mS/cm, respectively. DEP
buffer and cell culture medium had measured conductivities of
210 and 24.7 mS/cm, respectively. Impedance measurements
were made by introducing 200 puL of solution into the elec-
trode chamber and performing a frequency sweep across all
electrodes every 8 min. Impedance data were continuously
recorded for 48 min to collect 6 sequential measurements on
every electrode for each solution. The electrodes were washed
twice using DI water between runs. The impedance of DI water
was measured again after the salt solutions and between the
DEP buffer and cell culture medium runs to test the reproduc-
ibility of the data and ensure that the DI water washes between
measurements removed any traces of previous solutions.

Next, the MDA-MB-231 human breast cancer line
(ATCC) was introduced onto the same electrodes.
MDA-MB-231 cells were harvested from confluent cell
cultures, suspended in growth medium (10° cells/mL),
and 50 pL of the cell suspension (50,000 cells) were
introduced into each electrode chamber; after 0.5 h to
facilitate cell attachment onto the electrodes, an addi-
tional 150 pL of cell culture medium was added to
maintain cell viability during experiments. Impedance
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nanotube coated (CNT—C, G) and DC electroplated (EPDC—D, H) electrode. Scale bar in optical images and SEM images are 50 um and 100 nm respectively

data were recorded continuously for 24 h and yielded
180 measurements. The magnitude and phase of imped-
ance obtained from the MDA-MB-231 cell culture at
any time point ‘t’ and frequency ‘f’ is denoted by
|Zeen(f,t)] and 2 Zeeu(fit), respectively. The impedance
obtained from the cell culture medium at each frequency
point ‘f* was set as Z,.ce(f). The normalized imped-
ance magnitude and phase at any time point ‘t’ and
frequency ‘f” are denoted by |Z,om(fit)| and £ Z,om(ft)
respectively and are calculated using the formulae
shown in Egs. (1) and (2).

o |Zcell(,fa t) |_|Z"’0_Ce”(f)|
|Zn0rm(_f, t)l - |Zn0*cell(,f)| (1)

L Zorm (f 1) = LZean(f s 1) ~LZnocan(f) 2)
e LZnO*cell (f)

The normalized impedance magnitude of cells over the
frequency range at any time ‘t” has a maximum value or peak
value that we call the normalized peak impedance and
occurs at a specific frequency to which we assign the name
peak frequency (fycax(t)). The value of normalized impedance
phase corresponding to the fc.i(t) was called the normalized
peak phase.

2.3 Statistical tests

The statistical tests reported were performed using GraphPad
Prism version 5.00 for Windows (GraphPad Software, CA,
USA). Results were considered statistically significant when
P<0.001
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3 Results and discussion

Figure 2 shows optical images of the electrodes (A—D) and
scanning electron microscope (SEM) images of the surface of
the nano-scale coatings on the electrodes (E-H). The control
electrodes (Fig. 2(A)) are uncoated and consist only of the
evaporated Cr/Au layer. The SEM image (Fig. 2(E)) shows
that the surface of the control electrode is highly uniform and
smooth. The AuNP, CNT and EPDC nano-scale coatings
introduce varying degrees of roughness on the surface of the
electrode as can be seen in Fig. 2(F, G and H). The AuNP
coating (Fig. 2(F)) is relatively uniform due to the size of the
gold nanoparticles used for the coating (~3.2 nm) but is not as
smooth as the evaporated gold surface. The optical image of
the CNT coating on the electrode shown in Fig. 2(C) shows
that the coverage is non-uniform and some regions on the
electrode have a thicker coating than others. This is also seen
in the SEM image (Fig. 2(G)) where accumulations of CNTs
are seen near the edges of the image. The SEM image shows
the CNT fibers range in width between 19 and 25 nm and
produce a web-like surface structure interspersed with pores
whose diameters range from a few nanometers to as large as
80 nm. The EPDC coating consists of particles with jagged
edges and has the largest sized particles (100400 nm) of all
the coatings that were tested in this study as is seen in the SEM
image in Fig. 2(H). It is to be noted that the size of the breast
cancer cells used in our experiments was about 30 um when
spread on the electrode (Srinivasaraghavan et al. 2012).
Figure 3 summarizes the impedance data obtained from
cell culture medium (A), DEP buffer (B), DI water (C), PBS
0.1X (D), PBS 1X (E) and PBS 10X (F) on the control, AuNP,
CNTand EPDC electrodes from 8 electrodes in 2 devices. The
impedance measured in the low conductivity solutions, name-
ly DI water and DEP buffer, was essentially identical on the
control, AuNP, CNT and EPDC electrodes (Fig. 3B, C). This
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Fig. 3 A-F The impedance of solutions with varying conductivities on
the electrodes with nano-scale coatings over the frequency range 1 kHz—
1 MHz from n=8 electrodes in N=2 devices. Mean values are plotted and

observation reflects the very low concentration of solutes. At
these conductivities, the ionic reaction at the electrode-
solution interface is not limited by the available surface area
of the electrode, but rather, the rare interaction between solute
and electrode. The frequency spectra of the impedance mag-
nitude were distinguishable for each nano-scale electrode
coating in the biological solutions with higher, more physio-
logically relevant conductivities. In particular, between fre-
quencies of 1-50 kHz, the impedance magnitude tended to be
greater when measured with the smoother electrode surfaces,
namely, the control gold electrode and the AuNP coated
electrode, than with the rougher surfaced electrodes (CNT,
EPDC). This trend was observed in all the solutions with
conductivities in the mS/cm range. As expected, the frequency

error bars indicate SEM. G The ratio of impedance at 10 kHz for each
solution with respect to PBS 10X on coated and uncoated electrodes

spectra of the impedance magnitude of the two commonly
used physiological solutions, cell culture medium (24.7 mS/
cm) and PBS 1X (29.4 mS/cm) were closely matched as were
their conductivities.

To identify the electrode nano-scale topography providing
the highest sensitivity to conductivity differences in biological
solutions, the mean + SEM of the percent changes in the
measured impedances for the cell culture medium, PBS 1X
and PBS 0.1X from that of PBS 10X was computed for each
electrode type. This analysis was performed across the entire
bioimpedance spectra. A one-way analysis of variance
(ANOVA) with a Bonferroni’s multiple comparison post hoc
test revealed that the percent changes in impedance in EPDC
electrodes was significantly higher than other electrodes tested
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(P<0.001). Figure 3(G) shows the ratio of impedance values
at 10 kHz of all the solutions tested with respect to PBS 10X.
PBS 10X was chosen because this solution had the highest
conductivity as well as the lowest impedance values on all the
electrode types. A comparison of the coated electrodes with
the uncoated (control) electrodes reveals that the EPDC elec-
trodes showed higher changes in impedance for the same
changes in solution conductivity consistently across all solu-
tions tested. The figure shows the comparison only at 10 kHz
but this trend was observed across all frequencies tested. Thus,
the EPDC electrodes were found to be most sensitive to
changes in the conductivity of the test solution.

MDA-MB-231 cell suspensions in culture medium were
seeded onto the same 8 electrodes in the 2 devices that were
used to test the impedance of the biological solutions. Fluo-
rescence images of the MDA-MB-231 cells stained with
calcein AM (Fig. 4(A-D)) show that the cells exhibit a more
stretched morphology on the control and EPDC electrodes
and are more rounded with more cell-cell contacts on the
AuNP and CNT electrodes. The bioimpedance spectra of the
cancer cells were analyzed on each electrode, and the mean
and SEM values are summarized in Fig. 4(E-G). The small
variation between electrodes and devices as revealed in the
SEM values plotted indicates the devices are very reliable.
The nano-scale coatings on the electrodes elicit differential
effects on the electrical properties of the cancer cells: normal-
ized peak impedance magnitude (Fig. 4(E)), normalized peak
phase (Fig. 4(F)) and peak frequency (Fig. 4(G)).

The initial stage of cell adhesion to the electrodes occurs
during time (<5 h) and this is followed by a sustained stage of
electrode attachment (#>5 h—24 h). During the initial stage,
values of all three measured electrical parameters showed

some random variability. During the sustained stage, several
electrode-specific patterns of emerged.

The magnitude of the normalized peak impedance
(Fig. 4(E)) is a well-accepted index of the nature of the cell-
electrode interaction. Based on the magnitude of the
bioimpedance, there is initially a somewhat stronger level of
cancer cell adhesion to the AuNP nano-coated electrodes
compared with the other electrode surfaces. However, electri-
cal measurements from the AuNP-coated electrodes displayed
certain anomalies during the sustained stage making AuNP-
coated electrodes impractical for monitoring sustained electri-
cal properties in the cancer cells. The underlying cause for
these shifts is not certain, however, AuNP are readily taken up
by cancer cells, raising the possibility that physical interac-
tions between the cancer cells and the 3.2 nm AuNP are
involved (Trono et al. 2011).

In contrast, cell adhesion is initially weaker to the other
three electrode types compared to the AuNP-coated elec-
trodes, but cell adhesion gradually strengthens during the
entire sustained stage as monitored by the rise in
bioimpedance magnitude (Fig. 4(E)). This is particularly ev-
ident in the case of the CNT nanostructures. Structural simi-
larities between the nano-scale web-like patterns created by
the CNT on the gold electrodes and the electrospun collagen
networks produced as simulated extracellular matrix for tissue
engineering might foster the strong adhesion to the CNT-
modified gold electrodes (Lin et al. 2013). We observed that
the CNT electrodes have the maximum normalized values for
both peak impedance and peak phase. A one-way ANOVA
with Bonferroni’s multiple comparison post hoc test con-
firmed that the CNT electrodes showed significantly higher
changes in both peak normalized impedance (P<0.001) and
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Fig. 4 A-D Fluorescence images of the MDA-MB-231 cells on the
electrodes. Normalized peak magnitude E, normalized peak phase F
and peak frequency G of the impedance of MDA-MB-231 cells on the
control, AuNP, CNT and EPDC electrodes in 24 h after cell seeding. H
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The ratio of normalized peak impedance magnitude at /=20 h of AuNP,
CNT and EPDC coated electrodes with respect to the uncoated (control)
electrodes. Data shown is from n=8 electrodes in N=2 devices. Mean
values are plotted and error bars indicate SEM
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peak normalized phase (P<0.001) in the presence of MDA-
MB-231 cells. Figure 4(H) shows the ratio of the normalized
peak impedance magnitude at /=20 h on the AuNP, CNT and
EPDC electrodes with respect to the uncoated control elec-
trodes. The figure clearly shows that the impedance change in
response to metastatic breast cancer cells is maximal on the
CNT coated electrodes followed by the AuNP electrodes.
Also, the EPDC electrode response is not significantly differ-
ent from that of the control electrodes in the presence of breast
cancer cells.

The most interesting finding of this study was the distribu-
tion of the average peak frequency (#>10 h) of the MDA-MB-
231 cells on the control (79.7+7.4 kHz), CNT (3.8+0.9 kHz)
and EPDC (20.1+£3.9 kHz) electrodes over the frequency
spectrum (Fig. 4(G)). It should also be noted that the peak
frequency values for each electrode coating are stable after
t=10 h with less than 25 % variation thereafter. The shift in
peak frequency from control gold electrodes was significant
on both electrode coatings and was greatest on the CNT
electrodes. The fluorescence images in Fig. 4(A, C, D) show
cellmorphology changes occurin response to these coatings,
and this might be a factor in the bioimpedance frequency
shift. This is the first demonstration that electrode coatings
can be used to modulate the peak bioimpedance frequency of
a cell, and opens a new avenue of research in engineering
nanocomposite electrode coatings as a means to detect dif-
ferent types of cells based upon their impedance spectra.
Further research will be directed towards investigation of
the sensitivity of these coated electrodes to normal and other
types of cancerous breast cells as well as the exploration of
additional nanocomposite coatings.

4 Conclusion

Thus, planar gold microelectrodes were successfully coated
with AuNP and CNT using a layer-by-layer deposition meth-
od as well as electroplated gold to create nano-scale roughness
on the surface of the electrodes. The nano-scale coatings
resulted in improved sensitivity of these electrodes but the
type of coating that was most sensitive differed for the two
applications tested. Experiments on the impedance of biolog-
ically relevant solutions with varying conductivities revealed
that the EPDC electrodes displayed the highest sensitivity to
changes in conductivity. The changes in the impedance due to
the adherence of metastatic breast cells were most significant
on the CNT-coated electrodes. We showed that nano-scale
coatings can shift the frequency dependent sensitivity of the
electrodes and suggest that such coatings might therefore be
applied to resolution of the bioimpedance spectra of cancer
from non-cancerous cells. Further studies on coatings with
ordered nano-scale features could further enhance the sensi-
tivity to the cells.
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