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Abstract

This paper presents the integration of interdigitated microelectrodes and a CMOS circuit for
electrochemical sensing of the neurotransmitter dopamine. Gold electrodes with a gap of

3 pum are fabricated by the lift-off technique. The CMOS sensing circuit has a current gain of
10, an integrating capacitor of 4 pF, and a measured dynamic range of 60 dB. The applied
reduction and oxidation potentials are determined by voltammetry at about —0.2 V and 0.6 V,
respectively. The measured collection efficiency can reach up to 84%. The produced oxidation

current with respect to dopamine concentration averages 0.44 nA uM~!.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Parkinson’s disease is a degenerative disease of the nervous
system associated with trembling of the arms and legs, stiffness
and rigidity of the muscles and slowness of movement. Until
now, in humans, a deficiency of the neurotransmitter dopamine
in the basal ganglia of the brain has been known well to play
a critical role in Parkinson’s disease. Dopamine acts like a
brain chemical to transmit messages to parts of the brain for
coordination of body movements. Medications or surgery can
provide relief from the symptoms. Deep brain stimulation
(DBS) is presently the most used surgical means of treatment.
The surgery involves insertion of electrodes deep into the
brain, usually on the subthalamic nucleus in a Parkinson’s
patient. Low-voltage electrical pulses transmitted to the brain
are intended to block the abnormal firing of neurons as caused
by alack of dopamine. Gene therapy and implantation of stem
cells are among the methods under evaluation. The long-term
goal of this research is to develop a miniaturized, implantable
dopamine sensor capable of providing real-time and localized
detection of dopamine concentration in a patient’s brain,
allowing convenient monitoring of a patient’s progress after
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the surgery. Integration of the associated sensing circuit
can reduce the device size and simplify the data acquisition
process. The basic idea has been practiced in the early work
where microelectrodes were used to monitor the capabilities
of cell transplants to release monoamine [1]. Wightman et al
[2] also implanted stimulating electrodes in the vicinity of
the axons of dopamine neurons and used electrodes fabricated
from carbon fibers to detect the dopamine secretion.

Interdigitated microelectrodes have been widely
adopted to study electrochemical reaction of various
electroactive species for quantitative analysis. The main
advantage, as the width and gap of the microelectrodes are
reduced by microfabrication, is the achieved high sensitivity
due to the enhanced redox current and redox cycles. The
improved signal-to-noise ratio has made them suitable
for use as electrochemical detectors in high-performance
liquid chromatography (HPLC) [3] and electrophoresis
[4]. Interdigitated microelectrodes can be used as enzyme
immunoassays for rapid testing of a variety of clinical
analytes [5-8]. For example, Honda et al [7] reported the
immunoassay of alpha-fetoprotein (AFP, a clinical diagnostic
protein marker) for hepatic carcinoma.

Apart from using interdigitated microelectrodes that have
been studied mostly by chemists, this work also aims at
integrating the detection circuit to realize a fully functional

© 2008 IOP Publishing Ltd  Printed in the UK
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sensor [9], such as the DNA sensor reported by Schienle et al
[10]. The circuit has to convert the produced redox current
to a sensed voltage, and provide the bias for electrochemical
reaction to take place; for example, the switched-capacitor
circuit by Stanacevi¢ [11] reported a sensing resolution of
100 fA and detected a sensed current of 100 pA at a dopamine
concentration of 5 uM. This work shows the produced current
is enhanced by the microelectrodes, and the measured value is
in the order of nA with respect to dopamine concentration in
the uM range.

2. Microelectrodes

Interdigitated microelectrodes with a narrow linewidth,
especially in the micrometer range, provide the capability for
more sensitive detection than the conventional electrodes, as
the chemical products produced at one side of the electrodes
can be readily collected at the other side of adjacent electrodes
and regenerated to the original states. Thus the anodic and
cathodic currents increase due to the phenomenon of fast
redox recycling. The complete microelectrode setup for
producing an electrochemical reaction generally consists of
two interdigitated working electrodes, one counter electrode
and one reference electrode. As a common practice, an
external Ag/AgCl reference electrode will be immersed into
the solution for our experiments. The other electrodes can
be made of conductive thin films, particularly gold [12, 13],
platinum [14, 15], and carbon [16-19]. Carbon electrodes
have a wider potential range than those of metal films during
electroanalysis and can produce a lower baseline current
without redox species [18]. Conductive carbon electrodes
with good adhesion are relatively difficult to produce in a
conventional sputtering system, and they are usually deposited
by pyrolysis at about 1000 °C. As the processing technology
advances, Fiaccabrino et al [19] have reported good-quality
carbon thin films produced at a low temperature in a magnetron
sputtering system.

Gold was used in this work as the electrode material. Low-
stress silicon dioxide was first deposited on a p-type silicon
substrate by low-pressure chemical vapor deposition. After
optical lithography and metal evaporation (50 nm Au and
5 nm Cr for adhesion), the microelectrodes were fabricated
by the lift-off technique.

3. Electrochemical reaction

Dopamine can be oxidized at the anode by producing two
electrons and dopamine ortho-quinone, and reduced back at
the adjacent cathode when a proper reduction potential is
given. The relationship between the produced redox current
and the sample concentration has to be understood first before
designing the detection circuit. The topic was first studied
using semi-empirical equations by Sanderson [20], and later
the diffusion-limited current under the steady state was derived
by Aoki et al [21] as given by

I = ImnFDc{0.6371n[2.55(1 + w/g)] — 0.19[g/(w + g)1*}
)

where / and m are the length and the pair of the microelectrodes,
n is the number of electrons, F is the Faraday constant
(F = 96487 C mol™"), D is the diffusion coefficient, c¢ is
the concentration, w is the microelectrode width and g is the
gap between electrodes. The equation is obtained by solving
the two-dimensional diffusion equation using Schwartz—
Christoffel transformation, and can be used for w and g in the
range between 2 and 10 um as verified by experiments. For
electrodes with larger dimensions the electrochemical reaction
may have fluctuations due to natural convection during the long
electrolysis, leading to less reproducibility [21]. For example,
the produced current is 1.14 nA for a dopamine concentration
of 2 uM by using the following parameters: [ = 150 um,
m=230,g=w=3pumandD=6.65 x 10~°cm?s~! [22, 23].
The sensitivity is 0.57 nA uM~!. The minimum linewidth
of the microelectrodes in this work is 3 um as limited by the
lithographic process.

The ratio of the produced cathodic current to the anodic
current is defined as the collection efficiency [24], which
depends on the electrode dimensions and the flow rate, if a
flow-cell setup is available. High collection efficiency can
be obtained when the gap between electrodes is in the same
order as the diffusion layer thickness [21]. Paeschke et al
[25] reported microelectrodes with a sub-um gap which is in
the same order as the diffusion layer thickness for improving
the collection efficiency. 3D comb electrodes have also been
used to enhance trapping of the redox species inside the comb
structures [7]. The number of redox cycles increases as the gap
decreases, as it is closely related to the collection efficiency as
given by [13]

1

~ 1-CE?
where N, is the redox cycle number and CE is the collection
efficiency. The difference in species diffusion constants has
negligible effect on the collection efficiency and redox cycle.
The collection efficiency decreases as the flow rate increases
because the diffusion of redox species from the bulk solution
is more dominant than that between the electrodes. Both the
signal-to-noise ratio and the dynamic range can be increased
with a high collection efficiency or a large number of redox
cycles.

N, @

4. Sensing circuit design

The CMOS sensing circuit as shown in figure 1(a) is designed
and fabricated by using the TSMC 0.35 um CMOS process.
All transistors are operated at the standard 3.3 V. The anode
(generator) electrode is connected to the circuit and its bias is
provided through the virtual ground of an operational amplifier
as shown in figure 1(b). The gate of the M1 transistor
provides isolation between the op-amp and the sensing node;
in addition, the potential at the sensing node is regulated by
the use of a large external capacitor C; in the order of nF.
The amplifier is a conventional two-stage op-amp design with
p-type input transistors. It has an open-loop gain of 67 dB, a
unity-gain frequency of 32 MHz and a phase margin of 70°
by simulation (output load = 20 pF and 1 M<2). The final
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Figure 1. (a) Schematic of the CMOS circuit for dopamine
detection. (b) Schematic of the op-amp design as shown in (a). The
labeled transistor width and length are in pm.

output voltage is produced through a buffer circuit which is
also made of the same operational amplifier. The produced
oxidation current at the anode is amplified by the wide-swing
cascade current mirror (M2 to MS5) with a current gain of 10.
The amplified current is then converted to a voltage by the use
of an integrating capacitor C, with a value of 4 pF. An external
clock signal V¢ x constantly resets the output and controls the
integration time through the M6 transistor. The buffer input is
reset to the potential provided by the voltage Vi,. Simulation
results show the circuit can provide a constant current gain in
the range between 0.2 nA and 0.4 A, equivalent to a dynamic
range of 66 dB. By removing the input current source of the
current mirror in simulation, an input-referred leakage current
of 6.4 pA produces a 0.8 V output in a 50 ms span. The total
circuit size is 370 um x 280 um. For an input current of 1 nA,
the current mirror and the op-amp consume 36 nW and
0.9 mW, respectively.

5. Experiment

Figure 2(a) shows the fabricated interdigitated microelectrodes
after lift-off. The microelectrode die and the CMOS die were
placed on a small PC board and connected through wirebond;
in addition, the CMOS die was covered by epoxy as shown in
figure 2(b). The electrical performance of the sensor should

MTHU MEMS

CMOS die
(covered by epoxy)

Z

(b)

Figure 2. (a) Scanning electron micrograph of the fabricated
microelectrodes. (b) Micrograph of the microelectrode die and the
CMOS die on a small printed circuit board.

not be affected by the hybrid integration as the electrode bias
is fixed by the op-amp such that the bond-pad capacitor does
not integrate the produced current. Output waveforms were
measured at input current values from 10 pA to 1 uA as
provided by a sourcemeter. Figure 3(a) shows the waveform
for the 100 pA case which increases from 0.5 V (V,, = 0.5 V)
to 2 Vin 5 ms. Figure 3(b) depicts the current gains for all
cases obtained by experiment and simulation. The measured
gain curve deviates from the desired gain of 10 at tenths of pA
and hundreds of nA. The measured dynamic range is about
60 dB, 6 dB less than the simulated value. The inaccuracy
of the simulated current gain for low current values can be
explained by taking the simulated leakage current of 6.4 pA
into account. The measured leakage is about twice the
simulated value to produce a larger deviation in the measured
current gain. In the case where a constant gain is required for
an input current up to nA, the bias voltage Vy,; of the circuit
can be lowered such that the transistors in the current mirror
can operate in the saturation region.

The electrochemical experiment was performed at
room temperature (25 °C) and atmospheric pressure.
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Figure 3. (a) Measured circuit output waveform at an input current

value of 100 pA. (b) The gain of the current mirror at different input
current values.

Cyclic voltammetry was performed using the fabricated
microelectrodes to identify the respective oxidation and
reduction potentials for dopamine (Sigma-Aldrich, USA) in
phosphate buffer solution (pH = 8.1, J. T. Baker, USA). In
the single-mode operation where only one set of the working
electrodes (I = 150 um, g = 3 um and 35 microbands) was
used, the molecules adjacent to the electrode were oxidized
or reduced in the cyclic voltammetry, depending on the
voltage value. Figure 4(a) shows the measured result of
1 mM dopamine by using an electrochemical workstation
(Model 701B, CH Instruments, Austin, TX) at a scan rate
of 50 mV s~!. The curves show the current values become
positive and negative when reduction and oxidation take place,
respectively. One peak occurs at about —0.15 V and the other
at about 0.5 V, both with respect to the Ag/AgClI reference
electrode. The values near the two peaks can be used as the
reduction and oxidation potentials. Electroactive functional
groups presented on the electrode surface can also be oxidized
or reduced, producing an additional background current that
limits the minimum detectable concentration of the desired
target. The other curve in the figure shows the electrochemical
reaction of the buffer solution of 20 £M. Next in figure 4(b) we
show the measured current values from both the single-mode
and the recycling-mode operations. In the recycling mode,
the cathode was fixed at a reduction potential of —0.5 V and the
anode potential was swept from O V to 0.8 V then back to 0 V
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Figure 4. (a) Measured cyclic voltammograms of 1 mM dopamine

and 20 uM buffer. (b) Measured cyclic voltammograms of 1 mM
dopamine by the single mode and the recycling mode.

at a scan rate of 50 mV s~!. The steady-state current in the
recycling mode is about three times of that in the single mode,
close to the value reported in [26]. Niwa concluded that the
current in the recycling mode should be almost the same as that
in the single mode when the analyte is injected at a high flow
rate; however the current in single mode decreases at a low
flow rate while the current in the recycling mode keeps almost
unchanged. There was no flow-cell setup in our experiment.
The flow rate was therefore zero.

For the following experiments, the anode was held at
0.6 V and the cathode at —0.2 V with respect to the Ag/AgCl
reference electrode. Dopamine solutions of concentrations
from 2 uM to 30 uM (pH values between 6.54 and 6.81) were
separately added to microelectrodes (/ = 150 um, g =3 um,
w = 3 um and 30 pairs) and the produced reduction and
oxidation currents were recorded by the electrochemical
workstation. Figure 5 shows that after dopamine was added,
it took about a few hundred seconds for the responses to reach
steady states. The long reaction time can be significantly
reduced to few tenths of seconds by establishing a flow-cell
setup that can confine the solution in a small cell volume at
a fixed flow rate [26]. The measured reduction and oxidation
current values with respect to the dopamine concentration are
plotted in figure 6 after subtracting the background current
values, which are 0.43 nA and 1.5 nA for oxidation and
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Figure 6. Relationship of the measured steady-state oxidation and
reduction currents with respect to the dopamine concentration.

reduction, respectively. The produced oxidation current with
respect to dopamine concentration averages 0.44 nA uM~! as
shown by the curve. The collection efficiency can reach up to
84% for dopamine concentration at 10 ©M, with an average
value of 73% based on all measured data. The figure also
indicates the measured oxidation current values are lower than
the calculated ones from equation (1) by an average of 22%.
The deviation can be partly attributed to the reproducibility
of the experiment that is affected by electrode cleanness,
roughness and chemical conditions, etc.

The CMOS detection circuit and the microelectrodes were
connected and biased as shown in figure 7 to perform the
electrochemical detection. An electrometer (Keithley 6514)
was connected in series with the generator electrode to measure
the oxidation current, which was amplified and converted
to a voltage waveform by the CMOS circuit. Phosphate
buffer solution (99.8 uL and 20 M) was first added to the
microelectrodes. Then at the instants of 200 and 2200 s, 1 mM
dopamine solutions of 0.2 uL. were injected respectively to

Working electrodes

\

Reference Counter
electrode electrode
e
CMOS circuit

Vbias2

Figure 7. Experimental setup of microelectrodes and CMOS circuit
for electrochemical sensing.
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Figure 8. (a) Measured current values for dopamine concentrations
of 2 uM and 4 uM. (b) Measured output waveforms from the
CMOS sensing circuit at instants of 600, 2200 and 3200 s,
respectively, as the current value increases.

produce equivalent dopamine concentrations of 2 uM and
4 uM. Figure 8(a) depicts the recorded current values with a
background value of about 0.4 nA. The corresponding output
waveforms from the CMOS circuit at different time instants
as in figure 8(a) were measured as plotted in figure 8(b). By
using microelectrodes, the sensitivity of produced current with
respect to dopamine concentration is about 70 times higher
than the value (20 pA uM™h reported in [11].
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6. Discussion and conclusion

This work presents the use of interdigitated gold electrodes
with CMOS circuit for electrochemical detection of dopamine.
Monolithic integration by post-CMOS processing can be
achieved when a CMOS wafer is available such that
lithography and surface planarization can be performed for
electrode fabrication. Cyclic voltammetry has been performed
to find the respective oxidation and reduction potentials for
dopamine. The maximum collection efficiency can reach up
to 84% at zero flow rate. The measured current values increase
quite linearly with respect to the dopamine concentration, and
differ from the calculated values by an average of 22%. A
flow-cell setup with flow-rate control can be used to improve
the long diffusion time of the redox reaction by one to two
orders of magnitude.

The minimum detectable concentration is currently in the
range of uM as limited by the background current of about
500 pA. This current is largely contributed by the sensing
interface consisting of the electrode and the analyte, with a
small portion of 10-15 pA from the leakage of the CMOS
detection circuit. Detection down to the nM level could
be achieved by using carbon electrodes as reported in prior
work, and the corresponding produced current would likely
be in the pA range. In that case, the current circuit topology
may need to be modified since some of the transistors in the
current mirrors have to operate deep into the sub-threshold
region and the leakage current can become an issue. A less
advanced CMOS process is desired for reducing the transistor
leakage. The switched-capacitor circuit [11] could be one
of the circuit topologies to consider. The overall consumed
power can be further reduced by using a low-power op-amp
design. For future in vivo measurement in a brain, the use of
perfluorinated ion-exchange membranes can lead to improved
microelectrodes in terms of selectivity and sensitivity. For
example, nafion-coated electrodes [27] can be used to improve
selectivity of dopamine with respect to other electroactive
species, such as ascorbate and dihydroxyphenylacetic acid
(a metabolite of dopamine).
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