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A novel vertically aligned carbon nanotube based electrical cell impedance sensing biosensor (CNT-
ECIS) was demonstrated for the first time as a more rapid, sensitive and specific device for the detection
of cancer cells. This biosensor is based on the fast entrapment of cancer cells on vertically aligned
carbon nanotube arrays and leads to mechanical and electrical interactions between CNT tips and
entrapped cell membranes, changing the impedance of the biosensor. CNT-ECIS was fabricated
through a photolithography process on Ni/SiO,/Si layers. Carbon nanotube arrays have been grown on
9 nm thick patterned Ni microelectrodes by DC-PECVD. SW48 colon cancer cells were passed over the
surface of CNT covered electrodes to be specifically entrapped on elastic nanotube beams. CNT arrays
act as both adhesive and conductive agents and impedance changes occurred as fast as 30 s (for whole
entrapment and signaling processes). CNT-ECIS detected the cancer cells with the concentration as low
as 4000 cells cm~2 on its surface and a sensitivity of 1.7 x 107* Q cm? Time and cell efficiency factor
(TEF and CEF) parameters were defined which describe the sensor’s rapidness and resolution,
respectively. TEF and CEF of CNT-ECIS were much higher than other cell based electrical biosensors
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which are compared in this paper.

Introduction

Electrical cell-substrate impedance sensing (ECIS), which was
first described by Giaever and Keese,! is a suitable biophysical
based electronic method for in vitro monitoring of cell behavior.
As dielectric materials, living cells attached and grown on the
surface of the electrodes of an ECIS sensor, alter the electric field
distribution between electrodes, causing a change in the electrical
impedance that can be detected.? ECIS has been used to monitor
changes in cell attachment and shape associated with numerous
processes, such as cell proliferation,® cell micromotion,* cell
migration,* chemotactic cell motility,” wound-healing,® cell
attachment and spreading,” in vitro cell cytotoxicity,®® as well as
cellular responses to physical and chemical changes.*!'*!' In
conventional ECIS devices, metallic film (such as gold) is
deposited on a proper substrate, such as glass or silicon, to
fabricate a specific electrode pattern.'> The method is based on
measuring the changes in the effective electrode impedance.
When the planar gold electrode is immersed in the culture

“Nano-Electronics and Thin Film Lab, School of Electrical and Computer
Engineering, University of Tehran, P.O. Box 14395/515 Tehran, Iran.
E-mail: mohajer@ut.ac.ir; Fax: +98-21-88013201; Tel: +98-21-61114905
*Nanomedicine and Tissue Engineering Research Center, Shahid Beheshti
University of Medical Science, P.O. Box 1985717443 Tehran, Iran

T Electronic supplementary information (ESI) available. See DOI:
10.1039/c21c21028b

medium, cells attach and spread on the electrode. With the
increase of coverage over the electrode, the measured electrical
impedance increases for such cells.’? In the past decade, ECIS-
based techniques have been advancing, however certain funda-
mental problems have not yet been resolved. The rather long
response time of such sensors is one of the most important issues
which stems from the time consuming cell-attachment process to
the surface of the electrodes and is in the range of few hours.>13-15
Also, for improved cell attachment to electrodes, a polymeric
adhesive layer must be used to cover the surface of conventional
ECIS sensors as an intermediate agent for the cell adhesion
process. These layers, such as fibronectin, 31516 collagen,'”
gelatin®® erc., generate some unwanted electronic signals (both
capacitive and resistive)® in the response of the sensors and
reduce the electrical interaction between cells and conductive
electrodes. In addition, a minimum period of 20 min is needed
before a reliable electrical signal can be acquired.>'>' On the
other hand, the above structural constraints cause certain limi-
tations in the ECIS applications as label free and rapid detection
of specific cells, such as cancerous cells. In addition there is
a great demand to develop a simple and rapid technique for the
investigation of the metastatic grades of cancerous cells,'® as well
as their interactions with drugs.?®

In this paper, we introduce a carbon nanotube based
ECIS biosensor (CNT-ECIS) for the rapid detection and moni-
toring of cancer cells without the need for any additional
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adhesive layer, biomarkers, or a time consuming cell attach-
ment process. Here, vertically aligned CNT beams act as
both adhesive and conductive layers over which cell solution is
passed by a microfluidic pumping system. We have observed
that the metastatic cancer cells, which have highly deformable
cytoskeletal structures,?** are entrapped on the CNT beams
and covered the electrodes in a short time (about few seconds).
In our investigation, the impedance of SW48 entrapped
CNT-ECIS was measured and some electrical analyses
were performed to investigate the cell and sensor behavior.
An electrical model was also suggested for this device. The
rapidness, high sensitivity and resolution of CNT-ECIS were
compared with some other conventional impedance based cell
biosensors.

Experimental setup
Biosensor fabrication

The CNT-ECIS fabrication process starts by coating the Si
surface with a thermally grown SiO, layer, followed by depos-
iting a thin film of Ni as a catalyst for CNT growth and subse-
quent patterning of Ni using standard photolithography. Finally,
the sample is placed in a direct-current plasma enhanced chem-
ical vapor deposition (DC-PECVD) reactor to grow vertically
aligned multi-walled carbon nanotubes (MWCNT) on desired
places in a manner reported elsewhere.?* The CNT beam length
and diameter range from 2 to 12 pm and 20 to 75 nm, respec-
tively. Fig. 1 shows the SEM image of the CNT-ECIS device.
Highly ordered CNTs have been achieved with desired patterns
and geometries.

To study the effect of cell existence on the sensor surface, the
impedance of the sensor was measured after cell and media
solution was passed over the electrode surfaces in different
experiments.
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Cancer cell culture

SW48 cell lines, which were isolated from grade IV human colon
tumors, were used in this investigation. These cells were obtained
from the standard cell banks and were maintained at 37 °C (5%
CO,, 95% air) in RPMI-1640 medium (Sigma 8758) supple-
mented with 5% fetal bovine serum (Gibco), and 1% penicillin/
streptomycin (Gibco). The fresh medium was replaced every
other day.

Biosensor testing procedure

In order to conduct individual tests on CNT-ECIS, 100 uL from
the solution of SW48 cells (with a concentration of 10° cells ml™")
were passed across the sensor surface using a peristaltic pump
(Watson-Marlow Bredel Pumps Co., Model 323E/D) with a tube
diameter of 0.8 mm and a pumping time duration of about 5 s.
Fig. 2 presents a schematic diagram of CNT-ECIS testing with
cancer cells. A small “ac” sinusoidal signal was applied to the
sensors. For different frequencies of the “ac” signal, the sensi-
tivity of the sensor varied, which is known as the frequency
characteristics. The bias voltage of the system was 0.2 V and
a series resistances were used as the current limiting element.

LDH assay for cell viability test during impedance measurements

To ensure the cell viability 30 s after their flow over the sensor
surface, (the time at which we measure the impedance by
CNT-ECIS) the LDH (r-lactate dehydrogenase) examination
procedure was carried out 30 s and 5 min after the flowing
process. The LDH viability detection process measures cyto-
toxicity and cell lysis by detecting LDH activity released from the
damaged cells. The assay can be used in many different in vitro
cell systems where damage of the plasma membrane occurs. Any
LDH released from the cells which were attached on CNT
surfaces will reduce the tetrazolium salt INT to formazan by
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Fig. 1 SEM images of a CNT-ECIS biosensor, indicating the evolution of vertical CNTs with desired patterns.
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Fig. 2 A schematic diagram of the setup used for CNT-ECIS. The
arrows coming from one electrode to the other represent the AC probe
signal. The dashed box represents the computer controlled DAQ Card NI
PCI-6110 (National Instruments) which could not only provide an AC
potential to the sensing device producing a weak AC probe signal, but
also acquire the feedback voltage drops across the two electrodes using
data acquisition module. The data processing is carried out by computer
which also takes charge of real-time display of the impedance curve.

a coupled enzymatic reaction. Detailed protocols of the LDH
process have been described in Takara Bio Inc (Japan) LDH
cytotoxicity detection protocol. Following the desired time
elapsed after the cells were flown across the CNT arrays (30 s and
5 min for two separate samples), the cell medium was removed to
a microtube and after centrifuging at 250 g for 10 min, 100 pl of
the supernatant was removed to a 96-well plate in triplicate.
According to the Kit manual, blank PBS buffer and a solution of
0.1% Triton X-100 in PBS was used as control tests. Any increase
is measured at two wavelengths, 490 nm (measurement) and
690 nm (reference), after incubation at room temperature for 20
min utilizing a D.E.E READ (Dia Med Eurogen Co.) microplate
reader.

Results and discussion

The observed change in the impedance of the sensor is recorded
just 30 s after flowing the cells across the sensor surface. Fig. 3
shows the impedance changing diagram of CNT-ECIS sensors
exposed to SW48 cell solution with frequencies ranging from 100
Hz to 200 kHz and just 30 s after the cell flowing process. The
measured impedance differences between the cell and media
solution covered electrodes in such a short time is the result of
fast and significant entrapment of SW48 cancer cells on CNT
tips, as well as good electrical interaction between the cell
membranes and CNT conductive beams. The entrapped SW48
cells on CNT covered electrodes are observable in the SEM
images in Fig. 3.

In addition, the SEM image of the sensor surface in the cell-
covered state confirms the entrapment of cancer cells on CNT
beams, meanwhile no cells were entrapped in the regions which
have not been covered with CNT arrays. On the other hand, in
the SEM image of the device in the cell-free state, the agglom-
eration of CNT beams as a result of media solution trace would
be observed. The attached cells on CNT-ECIS were completely
viable (30 s after being flown across the CNT surfaces) during the
impedance testing, as investigated by an LDH (r-lactate dehy-
drogenase) cytotoxicity assay which can detect any damage in the
plasma membrane and is discussed in the experimental section.
The outcomes of LDH studies are shown in Fig. 4. It confirms
that after the duration of times at which we measured the
impedance of trapped cells, the cells were not damaged by the
surface of the CNT-ECIS and the investigated electrical char-
acterizations of the biosensors correspond to the entrapped cells
in their live state.

The sensitivity diagram of the sensors is shown in Fig. 5a and
the value of the sensitivity was derived from the following
formula:?

Sensitivity (f) = (|Zcell—covered—lola1 (f)l - |Zcell-frce-lolal (f)l)chllil(l)

In this equation, Zcell»covered—total (f) and Zcell—free-lotal (f) are the
total impedance of the sensor after cell entrapment and media
solution covering on the electrodes, respectively, and Q. is the
density of attached cells on the surface. The measured sensitivity
of CNT-ECIS is superior to conventional ECIS sensors. In
conventional ECIS sensors, the cell membranes are not directly
affected by the sensor-electrodes due to the presence of such an
adhesive layer binding cells to the metallic electrode
surface.'»131524 In contrast, high resolution SEM images of the
SW48 entrapped cell on CNT-ECIS arrays (Fig. 5b) depict the
fact that CNT conductive beams entrap the SW48 cancer cells
and enter the cell membrane. So in CNT-ECIS the cell attach-
ment to electrodes was achieved without any adhesive polymeric
layer and cell membranes were directly connected to conductive
CNT electrodes, which would be the reason behind enhanced
electrical interactions between cells and CNT beams.

To further investigate the electrical behavior of CNT-ECIS
devices, an equivalent circuit model has been suggested. Gener-
ally, equivalent circuits exhibit the same impedance characteris-
tics as real impedance systems and have been widely used to
explain and analyze experimental impedance data. Many elec-
trical models were introduced for conventional ECIS devices and
accurate analysis was carried out to investigate the exact activi-
ties of both cells and sensors during ECIS impedance
changing.??® The suggested electrical model of CNT-ECIS in DC
and AC frequencies is presented in Fig. 6.

Prior to flowing the cells and subsequently their entrapment
on the electrodes surface, media solution was flown across
the CNT-ECIS surface which is the cell-free conditions for
impedance measurements of the sensor. The equivalent
circuit model for a two-branch cell-free interdigital array
(IDA) coplanar CNT-ECIS sensor is given in Fig. 6a, and the
impedance of the sensor can be expressed as eqn (2), which is
similar to the electrical model reported for conventional ECIS
devices:?
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Fig.3 The impedance spectrum of a CNT-ECIS sensor measured at different probe frequencies. The sensing frequency window in this experiment has
been plotted within which the difference of cell-free (media solution) and cell-entrapped impedance is obvious and could be easily measured. The SEM
images of the right side of the figure present the SW48 cells entrapment (up-right) and media solution trace (down-right) on the CNT surface.
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Fig.4 LDH assay diagram for investigation of SW-48 cells viability, 30 s
and 5 min after being flown across the CNT-ECIS surface.

Zcell-free (f) = 2Rs + Z(jZWfCI)’l (2)

where fis the frequency of the “ac” signal. CI stands for the
Helmholtz double layer interfacial capacitance which covers the
wetted outer cell membrane surface,’* and R is the spreading
resistance of the cell culture media.?® An n-branched (electrode
branch number) IDA structured coplanar CNT-ECIS sensor can
be regarded as n such equivalent circuits connected in parallel, as
shown in Fig. 5a. Hence, the total impedance of an n-branched
cell-free ECIS sensor can be expressed as eqn (3):

Zcell—free-total (f) = (2Rs + 2(2jthCI)7l)n71 (3)

After the entrapment of SW48 cells on the CNT electrode
surface, it is in a cell-entrapped state. The equivalent circuit for
two branches of an IDA structured cell-entrapped CNT-ECIS
sensor is shown in Fig. 5b, where R is the electrical resistance

of the gaps between entrapped cells which are filled with the
culture medium. CNT-ECIS equivalent circuit model has some
fundamental differences from conventional ECIS and their
electrical characteristics which resulted in their better response
time, sensitivity and resolution, were considered in the model. In
CNT-ECIS, the conductive MWCNT arrays act as both adhesive
layer (cell entrapment sites) and conductive electrode and the cell
attachment process starts with the entrapment of cells on CNT
nanoscale tips. The penetration of CNTs into the cell membrane
would also improve the electrical signal. However, in conven-
tional ECIS, gold conductive electrodes covered with the adhe-
sive polymeric layers and cells need a sufficient time to secrete
RGD domain proteins (proteins which are the adhesive agent of
cells integrins)®® for adherence of their membrane on the surface.
Also, as mentioned above, there are some gaps between the
underside of the attached cells and the substrate surface,' and
this aqueous gap prevents the direct effect of the cell membrane
on the impedance of electrodes.’? Two electrical definitions in the
equivalent circuit of conventional ECIS devices have been
proposed, Rg,,, which stands for the resistance of the cell to
substrate gap, and Cg,p,, Which is the capacitance formed between
the underside of the attached cells and the electrode surfaces.?
However, in the CNT-ECIS sensor (as shown in the SEM in
Fig. 5 and 6), the piercing of CNT tips to the cancer cell’s outer
membrane diminishes any gap between the cells and conductive
MWCNT arrays, so the presence of Ry, and C,,, components in
the circuit is not required. As a result, a better sensitivity for the
CNT-ECIS sensors is expected. Here we could define Ren as the
resistance of the CNTs arrays which lead to the entrapment of
cancer cells. Due to the metallic properties of MWCNT beams,?’
this resistance is much lower than the R,,, of conventional ECIS
which was initiated from adhesive polymeric materials such as
fibronectin and collagen, as well as proteins secreted by the cells.
The cancer cells which are attached onto the CNT electrode
surfaces can be defined as capacitance (C,), which reflects the

1186 | Lab Chip, 2012, 12, 1183-1190

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2lc21028b

Downloaded on 13 March 2012
Published on 31 January 2012 on http://pubs.rsc.org | doi:10.1039/C2L C21028B

View Online

2. X103
(A)
T
g 15
=]
Z
s !
=
2
w 0.5
v
0
0 50 100 150 200

65|1m

. Ay g

Frequency (KHz)

15.8kVv %8, ek @

Fig. 5 (A) The sensitivity of the CNT-ECIS sensor versus probe signal frequency. (B) SEM image of entrapped SW48 cell on CNT beams. CNT tips

enter the cell membrane.

biophysical properties of the insulating cell membrane. The
impedance of an n-branched cell-covered CNT-ECIS sensor can
be regarded as n such equivalent circuits connected in parallel, as
described in eqn (4):

(Zcell-free (f) + z[RceIF1 + (/'Z'T'CJ[C<:61171):|71
+ 2[Rent)n ! C)]

Zcell-entrapped-total (f) =

When the biased frequency is sufficiently low, the impedance
induced by C,y is much larger than R..;. Under these conditions
the circuit branch C. connected in parallel with R can be
simplified to R, giving an equivalent circuit of the cell-
entrapped CNT-ECIS sensor, as shown in Fig. 6¢c. In contrast,
when the frequency is sufficiently high, R.;; would be much

n—1 }_/l\l/c\n/l}r/\n/cell Rs
i

Rcur Ceenl RS Rs

e
T

Ccell Rent

larger than the impedance induced by C.y. The resulting
simplified equivalent circuit of the cell-covered CNT-ECIS
sensor is shown in Fig. 6d.

In all conventional ECIS sensors, the impedance response of
the device strongly depends on the population of adhered
cells.>* One of the possible applications of these sensors could be
the monitoring of cells vital signals depending on the population
of attached cells due to their interaction with drugs or their
proliferation on different surfaces. To investigate the attached
cell population on CNT-ECIS impedance, two different
concentrations of SW48 cancer cells were exposed to the surface
of two distinct CNT-ECIS sensors and the impedance of both
devices were measured after 30 s. A rapid electrical impedance
change was observed when the population of the entrapped

Fig. 6 Equivalent circuit models for inter digital array (IDA) structured CNT-ECIS sensors. (A) Equivalent circuit model for two-branch cell-free
sensors. (B) The equivalent circuit model of two-branch cell-entrapped ECIS sensors. The capacitive role for cells and resistive role for CNT conductive
beams was suggested. (C and D) Simplified equivalent circuit models for cell-entrapped CNT-ECIS sensors operating in the low frequency range and in
the high frequency range, respectively. SEM image of an entrapped SW48 cell on CNT IDA with schematic of equivalent electrical elements (right

image).
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cancer cells on CNT-ECIS was varied. It is observable from
the diagram of Fig. 7 that a sensor with a higher population
of entrapped cells (10 000 cells cm~2) which was flown across
the sensor surface with a higher concentration of cells in
the primary solution, has about 400 Q more impedance in its
electrical response in comparison with the lower population
(4000 cell cm™2).

The SEM images of the entrapped cells with different pop-
ulations on CNT-ECIS sensors, which are presented in Fig. 6,
confirm that the higher population of attached SW48 cells results
in further changes in CNT-ECIS impedance. In addition,
another application of conventional ECIS is real time cell
monitoring.>>?* To study this ability in CNT-ECIS, we investi-
gated a test to monitor the effect of time dependent cell apoptosis
in the response signals of CNT-ECIS. After the exposure of
SW48 cells (by two mentioned different cells concentrations) on
CNT electrodes, the impedance of the sensors was measured
after 30 s. The cell covered sensors were held in ambient air
without refreshing their media solution. Subsequently, the
impedance of the sensor was measured 10 min after holding in
air. The impedance diagram, which is presented in Fig. 8, shows
an observable reduction in the impedance of the sensor after 10
min for both higher and lower populations of entrapped cells.
This would relate to the apoptosis of some cells after being
maintained in air for such a duration of time. Rapid decay in the
impedance of the sensor confirms the fast response and real time
monitoring of cell apoptosis in CNT-ECIS sensors.

Many properties and performances of CNT-ECIS were
compared with those of other impedance based cell biosensors
(reported elsewhere), as shown in Table 1. As can be seen from
this table, the sensitivity of CNT-ECIS is significantly higher
than conventional devices. Moreover, the density of attached
cells and duration of the attachment are much lower than other
biosensors.

xeoh s Tl
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Fig. 8 The variation in impedance against frequency for higher and
lower populations of entrapped cancer cells on CNT-ECIS sensors 30 sec
and 10 min after flowing cells across the sensor surface.

Here, two parameters were defined to quantitatively describe
the performance of CNT-ECIS in comparison with other
biosensors (mentioned in Table 1). The first parameter is the time
efficiency factor (TEF) of the sensor which corresponds to
the best sensitivity of the sensor (S) per time duration for
cell attachment on the electrodes (7) and is formulated as: TEF =
S/T. The TEF would describe the rapidness of the sensor’s
operation and response. Biosensors with higher sensitivity and
shorter time duration for cell attachment have higher TEF
parameters and fast response signals. Fig. 9a presents the TEF
diagram of CNT-ECIS in comparison with some other cell
biosensors. The TEF of CNT-ECIS is 3.36 x 103, compared to
a best value of 0.35 x 1072 for the other reported biosensors.
Another parameter is cell efficiency factor (CEF) which describes
the best sensitivity of the sensor (S) per density of attached cells
(D), formulated as CEF = S/D. Biosensors with higher sensitivity
in the lower density of attached cells (cells numbers/sensor
surface) result in better sensor resolution, which is described by
the CEF parameter. Fig. 9b shows the comparative diagram of

-High population of entrapped SW48 cells

-=Low population of entrapped SW48 cells

(A)
(B)

Impedance (Ohm)

0 50 100 150 200
Frequency (KHz)

Fig. 7 SEM images of SW48 entrapped cells with (A) Higher (10 000 cells ml~') and (B) lower (4000 cells ml~") populations on CNT-ECIS. The
variation in impedance against frequency for different populations of cells (bottom right).
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Table 1 Comparison between CNT-ECIS and other impedance based cell biosensors

Density of  Time for Time for cell’s  Biosensor’s
Adhesive layer/ attached cell’s seeding attachment on  best sensitivity
No Type of biosensor  Conductive electrode  Cell type cells (#/cm?) on surface electrodes (Q cm?) Ref
1 CNT-ECIS vertically aligned SW48 colon 4 x 10° Few seconds Less than 30 s 1.7 x 1073 Our
MWCNT cancer (cells were entrapped study
(for both purposes) on CNT)
2 Monopolar, p Fibronectin/Au KYSE30 1.6 x 10° 24 h 5 min 1.2 x 1073 13
electrode biosensor Oesophageal
carcinoma
3 ECIS(IDE) Fibronectin/Au Hela Cervical 5 x 10° 4-8h 20 min 1.6 x 10~ 2
Carcinoma
4 ECIS(IDE) —/Au avcA429 avarian 8 x 10* 48 h ~15 min 09 x 1073 14
cancer
5 Impedance sensing ~ Fibronectin/Au KYSE30 5.3 x 10* 24 h lh 6.2 x 10~ 15
W arrays Oesophageal
carcinoma
6 Differential SUS/ITO Hela Cervical 24 x 10° 4h 151s 9x 10 24
impedance Carcinom
spectroscopy
(A) (8) Conclusion
X103
= |33 £ In summary, we have fabricated a CNT-ECIS biosensor with
E3 E patterned vertically aligned MWOCNT arrays on SiO,/Si
i :.:: substrates for rapid and high resolution cancer cell detection.
=) . "E Vertically aligned CNT arrays acted as both adhesive and
- 028 008 gos oo1 23 E conductive layers in this device. It has been found from our
0 ¥ investigations that just 30 s after cancer cell suspension flow
: g z = 4 5 .8 1 2 3 4 5 6 across the ECIS electrodes surface, the impedance of the sensors
ensor No. (from Table 1) Sensor No. (from Table 1) . :
change observably, which confirm a rapid entrapment of cancer

Fig. 9 Comparative diagram of (A) TEF and (B) CEF parameters
between CNT-ECIS and other impedance based cell biosensors. The
CEF of CNT-ECIS is observably higher than the others.

CEF which is 0.425 x 10~° for CNT-ECIS, while its highest value
for the other reported biosensors was only 0.17 x 10~7. As the
CEF of CNT-ECIS is more than one order of magnitude higher
than the other sensors, the results have been plotted in a loga-
rithmic scale.

Finally, we have investigated the effect of the CNT aspect ratio
in the cancer cell impedance measurements. The impedance of
the CNT-ECIS covered with thinner CNTs (r < 30 nm) was
remarkably higher than thicker ones ( < 70 nm) in all frequency
ranges, as shown in Fig. 10. The electrical conductance of these
two groups of nanotubes was similar prior to any biological
experiments. The optical images from the surface of the sensors
(after impedance measurement) showed an obviously higher
fraction of SW-48 cells attachment on the surface of thinner
CNTs.

A higher portion of trapped cells on thinner CNTs, which have
lower elasticity and softer mechanical properties than thicker
ones, would strongly correlate to the mechanism of cell entrap-
ment on vertically aligned MWCNT arrays. This mechanism
may depend on many biological, mechanical and chemical
parameters which are currently being investigated. Some of the
results are discussed in the ESI.f

cells on CNT arrays and strong mechanical and electrical inter-
actions between CNT tips and cell membranes. In addition, the
effect of cell populations on the sensors response was investi-
gated. Also, the apoptosis of cancer cells were monitored by
CNT-ECIS. For comparison with other impedance based cell
biosensors we defined TEF and CEF parameters which describe
the rapidness and resolution of biosensors. The CNT-ECIS
exhibited the fastest and highest resolution, as well as sensitivity

500 -
-=-Thin CNT(r< 30 nm)
-E 400 Thick CNT (r< 70 nm)
E !
S 300 -
Q
(=]
=
S 200 -
[+7]
Q
E 100 -
0 T T T 1
0 50 100 150 200
Frequency (KHz)

Fig. 10 The impedance spectrum of entrapped cancer cells on two CNT-
ECIS sensors which were covered with different nanotube diameters (~30
and ~70 nm) during their fabrication process, measured at different
probe frequencies. The tests were investigated at the same cell concen-
tration and experimental parameters.
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among other impedance based cell biosensors. Merging the
adhesive and conductive layers in vertically aligned MWCNT
arrays, as the main feature of this device, and changing time
consuming attachment processes with rapid entrapment ones,
are the observable advantages of CNT-ECIS in comparison with
other impedance based cell biosensors, which would promote it
to be an applicable tool for fast and high resolution cancer cell
detection and their real time monitoring.
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