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This paper presents an experimentally derived design rule for optimization of microelectrodes used
in electric cell-substrate impedance sensing (ECIS) up to 10 MHz. The effect of change in electrode
design (through electrode sensor area, lead trace widths, and passivation coating thickness) on elec-
trode characteristics was experimentally evaluated using electrochemical impedance spectroscopy (EIS)
measurements and analyzed using equivalent circuit models. A parasitic passivation coating impedance
was successfully minimized by designing electrodes with either a thicker passivation layer or a smaller
CIS optimization
assivation coating capacitance
icroelectrode

lead trace area. It was observed that the passivated lead trace area to passivation coating thickness ratio
has a critical value of 5.5, under which the impedance contribution of the coating is minimized. The opti-
mized design of ECIS-based microelectrode devices reported in this work will make it possible to probe
the entire beta dispersion region of adherent biological cell layers by reducing measurement artifacts and
improving the quality of data across the beta-dispersion region. The new design will enable the use of the
commonly used ECIS technique to measure real-time cellular properties in high frequency ranges (beta

ossib
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dispersion) that was not p

. Introduction

Microelectrode-based impedance characterization of biological
ells is emerging as a diagnostic tool for studying electrophysi-
logical and biophysical changes due to viral infections (McCoy
nd Wang, 2005), cancer detection (Aberg et al., 2004), and drug
esponse (Huang et al., 2003). Advantages of using microelec-
rodes over conventional electrodes include: economy due to batch
abrication (Judy, 2001), large current densities (with low cur-
ents) due to enhanced mass transport (Justin et al., 2008) and
he ability to integrate electrodes with other instrumentation to
evelop portable measurement systems (Park and Shuler, 2003).
icroelectrodes, due to smaller currents, have the potential to

erform non-destructive measurements and facilitate the study
f high resistivity samples (Matysik et al., 1995). A disadvantage
f microelectrodes is that they have much higher impedances
ompared to macroelectrodes due to the interfacial capacitance.
Please cite this article in press as: Price, D.T., et al., Biosens. Bioelectron. (2

nterfacial, or double layer, capacitance arises from the interac-
ions between ions and molecules at the interface of the electrolyte
nd electrode surface and has been established to be indirectly
roportional to the electrode area (Franks et al., 2005). This dou-
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le layer capacitance places a constraint on the measurement
quipment and increases the measurement error. Consequently,
icroelectrode designs need to be optimized to reduce interfa-

ial impedance as well as to extend the useful high frequency
robing range of the microelectrode, without being limited by
evice parasitics. In bioimpedance spectroscopy measurements
f cell cultures, one such high frequency parasitic is caused by
he passivated metallic areas (lead traces or tracks), which serve
o connect the sensing electrode to the contact pads that inter-
ace with the measurement electronics. This parasitic impedance,
eferred to in this manuscript as coating impedance, is superim-
osed on the measured impedance of the electrode–electrolyte
ystem, thus distorting the measured data and complicating its
nalysis (Rahman et al., 2007). The reduction of the parasitic com-
onents is critical for electrophysiological studies in cell-based
ystems.

Electroanalytical approaches to cellular studies are being
ncreasingly investigated due their ability to detect cellular and
ubcellular interactions (Adams et al., 2008). Electrode design opti-
ization of microelectrodes is critical to the efficient employment

f these techniques in drug discovery, clinical diagnostics and elec-
008), doi:10.1016/j.bios.2008.10.026

rophysiology. A geometrically optimized sensor for bioimpedance
easurements can result in an increased measurement range and

ecreased noise. Pejcic and De Marco (2006) reiterate that sensor
ptimization is one of the most crucial steps in the realization of an
lectroanalytical device.
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http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:bhansali@eng.usf.edu
dx.doi.org/10.1016/j.bios.2008.10.026


 ING Model
B

2 d Bioe

t
o
w
i
g
t
o
s
p
a
t
a

e
b
E
l
(
i
r
i
a
b
a
m
e
t
h
r
d
d

r
a
p
p
e

d
G
m
t
s
2
i
a
c
v
5

t
n
T
d
c
c
o
r
e
r
m
p
t
r
t

i
d
e

2

2

w
T
w
(
t
u
p
a
w
s
c
s
e
c
b
b
w
t
a
r

ARTICLEIOS-3035; No. of Pages 6

D.T. Price et al. / Biosensors an

Researchers have performed experiments to optimize the elec-
rode designs for various applications. Fosdick and Anderson (1986)
ptimized the geometry of a microelectrode array flow detector;
ith respect to amperometric response; and Min et al. (2004)

nvestigated geometric parameters (i.e. electrode height, material,
ap size, and electrode width) of interdigitated ultramicroelec-
rode arrays (IDUAs) to optimize oxidation and reduction reactions
f ferro/ferrihexacyanide. Sandison et al. (2002) studied electrode
ensor array geometry (center-to-center spacing and diameter) and
orosity of electrode sensors using Si3N4-coated silicon substrate
nd Lempka et al. (2006) optimized silicon-substrate microelec-
rodes for neural activity recordings. All of these optimizations were
pplication specific.

While the aforementioned works studied the optimization of
lectrodes for flow detectors, neural recordings, and microfluidic
iosensors; design rules for optimization of microelectrodes for
CIS-based measurements had received little attention in pub-
ished literature and is being increasingly looked at. Wang et al.
2008) investigated the sensitivity and frequency characteristics of
nterdigitated array microsensors for ECIS. Rahman et al. (2007)
ecently demonstrated the effect of high frequency parasitic coat-
ng impedance on ECIS measurements and successfully developed

comprehensive model which confirmed the impedance contri-
ution of passivated lead trance capacitance, lead trace resistance
nd inductance at higher frequencies. This work systematically
inimized the effect of parasitics by varying parameters such as

lectrode area and lead trace width. Equivalent circuit modeling of
he complex impedance data confirms that the coating parasitics at
igh frequencies are indeed minimized by the optimization crite-
ia developed in this work. This enables useful bipolar impedance
ata analysis up to 10 MHz, the maximum frequency of the beta
ispersion range of biological cells.

Schwan (1963) identified three major biological dispersion
egions, namely, alpha (�), beta (�), and gamma (�), at low, mid,
nd high frequencies respectively. The region of interest in this
aper is the beta dispersion, usually between 104 and 107 Hz, which
rovides information about the cell membrane—of significant rel-
vance in the study of electroporation mediated drug delivery.

In literature, research groups have used various microelectrode
esigns specific for differing biomedical applications. In example,
omez et al. used SiC probes to perform impedance measure-
ents in living tissues. It was shown that the SiC substrate reduced

he current leakage, compared to a Si substrate; however, a para-
itic capacitance component remained above 10 kHz (Gómez et al.,
006). The high-frequency parasitic was attributed to the capac-
Please cite this article in press as: Price, D.T., et al., Biosens. Bioelectron. (2

tive coupling of wires and contact pad interfaces; however, this
ssumption was not clearly established. The capacitive parasitic
ould be attributed to the thin SiO2/Si3N4 (300 nm/700 nm) passi-
ation layer. Franks et al. designed microelectrodes passivated with
00 nm of Si3N4 for use in biomedical applications. Above 10 kHz,

s
e
h
p
F

Fig. 1. (a–f) Fabrication process for microelectrode devices; top-view schem
 PRESS
lectronics xxx (2008) xxx–xxx

he impedance phase of the measured electrolyte began to turn
egative from 0◦, suggesting a parasitic capacitance component.
his parasitic component was not acknowledged, and the measured
ata was modeled as an R-CPE (constant phase element) series cir-
uit (Franks et al., 2005). Because the high-frequency capacitive
omponent was not accounted for, the modeled results, did not
verlap the measured data above 10 kHz; thus affecting the accu-
acy of the extracted system parameters. Other examples of the
ffect of the high-frequency parasitic capacitance on measurement
ange can be found in (Ivorra et al., 2003; Yun et al., 2007). The
icroelectrodes used in the aforementioned experiments have the

otential to be optimized by increasing the thickness or decreasing
he area of the passivation layer according to the derived design
ule; hence suppressing the parasitic capacitance and extending
he measurement range up to 10 MHz.

This paper addresses the optimization of the parasitic coating
mpedance to facilitate the characterization of anchorage depen-
ent cells. The design criteria developed in this research led to the
limination of the passivation coating component.

. Materials and methods

.1. Fabrication of microelectrodes

Gold microelectrode devices were fabricated on 4-in. glass
afers using photolithography and metal deposition techniques.

he fabrication process flow is illustrated in Fig. 1(a–f). First the
afers were cleaned and thin layers of chromium (Cr) and gold

Au) were thermally evaporated onto the glass. Next, the electrode
races, sensors, and contact pads were lithographically defined
sing S1813 photoresist. The patterned wafer was then electro-
lated. The wafer was solvent cleaned to remove the photoresist,
nd then the evaporated Au and Cr were selectively removed via
et etching to define the metal patterns on the substrate. Finally, a

econd lithography step was performed to apply the passivation
oating (photoresist) layer. In this step, only the electrode sen-
ors and contact pads were exposed to make contact with the
lectrolyte; the rest of the metal area constituting the lead trace
onnecting the electrode to the measurement contact pads are
uried under the polymer resin layer. The photoresist was hard
aked to impart stability and inertness to the polymer. S1813 resist
as used as the 2 �m-thick coating and AZ 4620 resist was used as

he 20 �m-thick coating. The wafers were diced into single devices
nd cloning cylinders were attached to serve as the electrolyte
eservoir. The cylinders were centered and attached around the four
008), doi:10.1016/j.bios.2008.10.026

ensors by slowly heated photoresist around the outer circumfer-
nce of cylinder, using a hotplate. Subsequently, the photoresist
arden as it slowly cooled and to form a tight seal with few air
ockets. The 500 and 30 �m trace-width devices are illustrated in
ig. 1g and h, respectively.

atics of 500 �m trace-width device (g); 30 �m trace-width device (h).

dx.doi.org/10.1016/j.bios.2008.10.026
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Electrode devices with different sensors diameters were fab-
icated for each trace width. The 500 �m trace-width devices
ad sensor diameters of 500, 250, and 100 �m. Similarly, the
0 �m trace-width devices had sensor diameters of 500, 250, and
25 �m.

.2. Experimental setup

A Cascade microprobe station (Cascade Microtech, Beaverton,
R) was used to make contact with the contact pads of the
lectrodes, thus connecting the devices to the impedance ana-
yzer. The probe tips were cleaned with Probe Polish, PN 134-209
Cascade Microtech), to remove any oxide buildup that could poten-
ially cause unstable measurements. An Agilent 4294A Impedance
nalyzer was used in this experiment to measure impedance.
he measurement conditions were: 10 mV peak-to-peak excitation
Please cite this article in press as: Price, D.T., et al., Biosens. Bioelectron. (2

pplied over a frequency range of 100 Hz to 10 MHz at room temper-
ture, with no applied DC bias. Before measurements were made,
he system was calibrated using capacitive and resistive calibration
tandards and compensated for measurement cable effects using
he standard protocol supplied by the manufacturer (Agilent, 2003).

c
(

R

able 1
heoretical parameters (coating area, coating capacitance, coating impedance, and sprea
s no sensor diameter corresponding to the specified trace-width device.
 PRESS
lectronics xxx (2008) xxx–xxx 3

. Theory

The capacitance of a polymer coating can be represented by the
y the following expression:

= εoεrA

d
(1)

here εo = 8.86 × 10−14 F/cm (permittivity of free space), εr is the
elative permittivity of the coating, A is the area of the coating
xposed to the electrolyte, and d is the thickness of the coating.
ccording to this equation, when the coating thickness is increased,

he capacitance, which is inversely related to impedance, decreases.
hen the impedance of the coating is greater than the impedance

f the spreading resistance (Table 1), more current will flow through
he solution versus the coating; thereby minimizing the effect of
oating capacitance component on the overall impedance of the
lectrochemical system.

For two similar electrodes in series, the spreading resistance
008), doi:10.1016/j.bios.2008.10.026

an be approximated using the following equation, according to
Sagues and Kranc, 1996):

sp = 2�

4r
(2)

ding resistance) for all electrode configurations. The blanks (−) indicate that there

dx.doi.org/10.1016/j.bios.2008.10.026


 IN PRESSG Model
B

4 d Bioelectronics xxx (2008) xxx–xxx

w
r
t
c
r
l

a
c
p
e
T
1
1
t
m
a
m
t

4

4
5
2

t
i
u
t
n
o
w
o

l
c
t
r
t
r
c
5
1

t
t
r
i
2

4
t

a
s
f
i
1

i
c
i

Fig. 2. (a) Bode plot of 500 �m trace-width devices, of varying sensor diameters,
with 2 �m-thick resist and 20 �m-thick resist. (*) 500 �m sensor diameter, 20 �m
thick resist; (♦) 250 �m sensor diameter, 2 �m thick resist; (×) 100 �m sensor diam-
eter, 20 �m thick resist; (�) 250 �m sensor diameter, 20 �m thick resist. Increasing
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here � is the resistivity of the solution in ohm-cm, and r is the
adius of the electrode sensors. Spreading resistance (or constric-
ion resistance) is defined by the well created by the passivation
oating surrounding the sensors (see Fig. 1f). Theoretical spreading
esistance values for the sensor geometries used in this study are
isted in Table 1.

From Table 1 it is observed that the capacitance decreases as the
rea of the coating decreases. Therefore, decreasing the polymer-
overed trace area should decrease the coating capacitance. In
revious work by Rahman et al., experiments were performed on
lectrode devices with a 500 �m trace width and 2 �m-thick resist.
he area of coating exposed to the electrolyte was approximately
mm2, and the coating impedance appeared at approximately
MHz (Rahman et al., 2007). This is a result of more current flowing

hrough the coating, a pathway of lower resistance. To validate this
odel, new electrode devices were designed and fabricated with
30 �m trace-width; thus reducing the coating area to approxi-
ately 7.65 × 10−2 mm2, more than an order of magnitude smaller

han the devices with a 500 �m trace width.

. Results and discussion

.1. Effect of increasing the passivation coating thickness on
00 �m trace-width devices of various electrode diameters (500,
50, and 125 �m)

Impedance measurements were performed on the 500 �m
race-width devices to investigate the effect of increasing the coat-
ng thickness on the high-frequency impedance measurements
sing a simple binary electrolyte, potassium chloride (KCl). When
he resist thickness was increased from 2 to 20 �m, there was a sig-
ificant reduction in the coating impedance component, especially
n the larger-diameter devices. A comparison of measurements
ith 2 �m- and 20 �m-thick coatings is illustrated in the bode plot

f Fig. 2a.
From Table 1, the coating impedance calculated at 10 MHz is

ess than the spreading resistance for the devices with 2 �m-thick
oating for all sensor diameters; hence current will flow through
he coating as seen with the 250 �m sensor diameter, 2 �m-thick
esist (‘�’) trace in Fig. 2a. In contrast, the coating impedance of
he devices with 20 �m-thick coating is less than the spreading
esistance for sensor diameters less than 250 �m (Table 1); so the
oating capacitance component is not seen on the 250 �m (‘♦’) and
00 �m (‘*’) traces in Fig. 2a, however it is slightly apparent in the
00 �m sensor diameter, 20 �m thick resist (‘×’) trace.

As the coating impedance is less than the spreading resis-
ance, the current tends to flow through the coating rather than
he solution, causing the high-frequency coating component. The
esults confirm that increasing the coating thickness to 20 �m elim-
nates the coating component for devices with sensor diameters of
50 �m or greater.

.2. Effect of decreasing the coating area (new devices: 30 �m
race width)

To study the effect of trace width, electrodes were designed
nd fabricated with 30 �m trace width and impedance was mea-
ured using KCl as the electrolyte. Decreasing the coating area
rom 1.1 to 7.65 × 10−2 mm2 eliminated the high-frequency coat-
ng component on all measured sensors, including the 500, 250,
Please cite this article in press as: Price, D.T., et al., Biosens. Bioelectron. (2

25 �m-diameter sensors, as illustrated in Fig. 2b.
Table 1 compares the theoretical coating capacitances and

mpedances of the two different coating areas, to theoreti-
ally illustrate the effect of reduced trace area on coating
mpedance. The theoretical coating impedances (at 10 MHz) of the

t

l
c

he coating thickness to 20 �m suppressed the coating impedance contribution. (b)
ode plot of 30 �m trace-width devices with 2 �m-thick coating of varying sensor
iameters. (*) 500 �m sensor; (♦) 250 �m sensor, (×) 125 �m sensor. Decreasing
he coating area suppressed the coating impedance contribution.

0 �m trace-width devices average 9.6 × 103 �, a value greater
han the spreading resistances of the 500 �m diameter sensor
Rsp = 1.4 × 103 �), 250 �m diameter sensor (Rsp = 2.8 × 103 �) and
25 �m-diameter sensor (Rsp = 5.6 × 103 �). This demonstrates that
heoretically as well as experimentally, the coating component is
o longer dominant at high frequencies with the reduced coated
rea of the 30 �m trace-width devices.

By removing the high-frequency coating component, the equiv-
lent circuit of the KCl–electrode system was simplified from that
hown in Fig. 3a to a resistor-constant phase element (CPE) series
ircuit shown in Fig. 3b. The bode plot in Fig. 3c shows a fit of the
easured data from the 250 �m diameter sensor on the 30 �m

race-width device. The simplified R-CPE series circuit was used to
t the data and the extracted parameters are shown in 3d.

.3. Experimentally derived design ratio: coating area to coating
008), doi:10.1016/j.bios.2008.10.026

hickness

The coating area is defined as the area of the polymer-covered
ead trace in contact with the electrolyte (within the cylinder). The
oating area was calculated with the following assumptions: (1)

dx.doi.org/10.1016/j.bios.2008.10.026
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ig. 3. Equivalent circuit of KCl–electrode system: (a) with coating capacitance comp
esist, 30 �m trace-width device) fit with simplified R-CPE equivalent circuit; (d) ex

he arc formed by the cylinder across the traces was assumed linear
nd (2) the majority of the current flowed between the two traces.
ig. 4 is a schematic of the 500 and 30 �m trace-width devices with
abeled parameters used in calculating the coating area.

Based on the aforementioned assumptions, a formula was
erived for calculating the coating area on the 500 �m trace-width
evice, shown in Eq. (3):

oating area =
(

D − S − 2 × �
(

d
)2

)
× W (3)
Please cite this article in press as: Price, D.T., et al., Biosens. Bioelectron. (2

500 �m track 2

here D = 3.4 mm (inner diameter of cylinder), S = 10 mm (center
o center distance between electrodes), d = diameter of electrode
ensors, W = 500 �m (width of electrode traces).

I
a
m
e
i

Fig. 4. Schematic of (a) 500 �m trace-width device and (b) 30 �m trace-wid
and (b) without coating component; (c) measured data (250 �m sensor, 2 �m-thick
d parameters from fit.

The top half of Table 2 shows the calculated ratios of coating
rea to coating thickness for the 500 �m trace-width devices. The
ighlighted ratios are for those electrode configurations in which
coating capacitance component was not present in impedance
easurements up to 10 MHz.
From the data in Table 2, the following inequality is derived:

coating area
coating thickness

< 5.5 (4)
008), doi:10.1016/j.bios.2008.10.026

f the ratio of coating area to coating thickness is less than 5.5, then
coating capacitance will not be present in impedance measure-
ents up to 10 MHz. This design rule was verified by designing

lectrodes according to this criteria and analyzing the resulting
mpedance data.

th device showing the parameters used to calculate the coating area.

dx.doi.org/10.1016/j.bios.2008.10.026
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Table 2
Ratio of coating area to coating thickness for 500 �m trace-width devices of with varying sensor diameters. A coating capacitance component was not present in designs
with an enclosed ratio.
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The coating area for the 30 �m trace-width device is shown in
q. (5):

oating area30 �m track = (D − S − d) × W (5)

here D = 4.4 mm (inner diameter of cylinder), S = 1.6 mm (spac-
ng between electrode traces), d = diameter of electrode sensors,

= 30 �m (width of electrode traces).
A coating capacitance component was not seen in the 500, 250,

nd 125 �m-diameter sensors of the 30 �m trace-width devices
Fig. 2b). The bottom half of Table 2 shows that the coating area
o coating thickness ratio for all sensor diameters fell below the
ritical value of 5.5, previously derived (Eq. (4)); thus verifying the
esign rule.

.4. Design rule applied to ECIS commercial device

The 8W1E ECIS cell culture impedance device has a coated area
f approximately 14 mm2. For a coating thickness of 2 �m, the coat-
ng area to coating thickness ratio is calculated to be approximately
00, which is much greater than the critical ratio of 5.5. From this
alculation, it can be inferred that the 8W1E ECIS device has a coat-
ng capacitance component at high frequencies. This was verified

ith previous measurements (Justin et al., 2008; Rahman et al., in
ress).

. Conclusion

It has been experimentally proven that microelectrode devices,
articularly those used for ECIS measurements, can be optimized
y decreasing the coating (trace) area and/or increasing the coat-
ng thickness to eliminate the high-frequency coating component.

relationship between coating area and coating thickness was
erived to aid in the design of ECIS-based microelectrode devices
or high-frequency impedance measurements. A critical ratio of 5.5
coating area to coating thickness) was defined in order to com-
Please cite this article in press as: Price, D.T., et al., Biosens. Bioelectron. (2

letely eliminate the coating capacitance component. Previously
easurement data was truncated due to this noise; however, with

he coating component removed, more information about the sys-
em under test is revealed and measurements can be made up to
igher frequencies, in this case 10 MHz.

S
S
W

Y

The redesigned system reduces measurement artifacts and
mproves the quality of data across the beta-dispersion region. The
ew design will enable the use of the commonly used ECIS tech-
ique to measure real-time cellular properties in high frequency
anges (beta dispersion) that was not possible thus far.
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