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Abstract— Neurotransmitter sensing is critical in studying ner-
vous pathways and neurological disorders. A 16-channel current-
measuring VLSI potentiostat with multiple ranges from picoam- .
peres to microamperes is presented for electrochemical detection § ) ¢ SOR ARRAY
of electroactive neurotransmitters like dopamine, nitric oxide etc. . 7 -
The analog-to-digital converter design employs a current-mode,
first-order single-bit delta-sigma modulator architecture with a
two-stage, digitally reconfigurable oversampling ratio for ranging
the conversion scale. An integrated prototype is fabricated in
CMOS technology, and experimentally characterized. Real-time
multi-channel acquisition of dopamine concentrationin vitro is
performed with a microfabricated sensor array.

I. INTRODUCTION

Fast, accurate and distributed neurotransmitter meas
ments are crucial in unravelling how information is carried i
the nervous system and understanding mechanisms of sey
neurological disorders like Parkinson’s disease and epilep
Numerous methods like optical, immunochemical, liquid chr¢
matography are used to detect and measure neurotransm;
activity. Electrochemical sensing of certain electroactive ne

rotransmitters (eg hitric oxide, dOpamme) IS very attracuvlgig. 1. Experimental setup showing the potentiostat chip acquiring 8 channel

due to high sensitivity, rapidity and the ability to performea)time neurotransmitter measurements with the sensor array.
distributed measurements [1], [2], [3].

Electrochemical measurements are based on oxidizing or

reducing the neurotransmitters at electrodes held at a potenfiglye gple to process the signals from the sensor arrays.

characteristic for that specific neurotransmitter (the redox pgp g technology is particularly attractive here for low-power,
tential) with respect to a reference electrode. The neurotrans-

mitter molecules get adsorbed at the electrode surface. This
leads to the exchange of one or more electrons between " -
electrode and the neurotransmitter molecules. These electr
constitute the redox current. The redox currents are direc
proportional to the concentration of the species in solutio
The currents range from picoamperes to microamperes ¢
have a slow time scale ranging from milliseconds to seconc
Currently these measurements are done using a potentio
(Model 273A, Princeton Applied Research, Oak Ridge, TN)
large bench-top instrument that is capable of measuring curr
while maintaining a constant (redox) potential. The bulk ¢
the instrument makes multichannel recordings cumbersol
and expensive. The ability to record neurotransmitter leve
from a population of neurons, rather than a single cell,
of tremendous potential. Sensor arrays can be microfabri-
cated [4], [5], [6] to perform high spatial resolution sensingig. 2. Envisioned implantable probe with integrated VLSI potentiostat (on
Accordingly compact multichannel potentiostats are needtd base of the probe) and electrochemical sensors (on the shank of the probe).
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Fig. 3. Block diagram of 1 channel of potentiostat array.
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multichannel systems. Integrated potentiostats with one or few [ i R

parallel channels have been previously reported by others [7}; . moduiaied feedback

[8] and our group [9], [10]. 1 L L LT T
Our current system is shown in Figure 1. Integrated VLSkeedback control clock

multichannel potentiostats of the kind presented can be inte- (b)

grated along with the sensor arrays developed by our group [6]

to fabricate a implantable neurotransmitter monitoring devidd®- 4 Time-modulation of the feedback signal for two different values of

. . . . igital gain N.

shown in Figure 2. Such a device will have an extremeﬂ/g

powerful impact on the current state of understanding neural

pathways and neurological diseases.

clock, enabling the feedback loop only when this feedback-
control clock is active. The digital gain of the input current
N is equal to the duty-cycle of feedback-control clock. This
The currents of interest range from picoamperes to nflock is derived from the system clock of frequengty and
croamperes, with time scales ranging from miliseconds tee duration of the period when the feedback clock is high
seconds. The current span of several orders of magnitude cifl€qual to the period of the system clock. The duration of
for different scales of measurements and the long time const#i& period when the feedback clock is low is a multiple of
enables long integration times. period of the system clock. In the Figure 4, we illustrate the
A block diagram of one channel of potentiostat array i@edbaCk'ContrO| CIOCk, time-modulated feedback Signal and
shown in Figure 3. The AD converter implemented is curre@utput voltage of the integrator for two different values of
first-order single bit delta-sigma modulator. The choice of tHégital gain N. By adjusting the programmable duty-cycle for
modulator is driven by low-frequency content of the signal dhe same reference current and system clock frequency, the
interest, which allows high oversampling ratios and trade-dg#ip is capable of handling wide range of currents. The gain
between bandwidth and resolution. The high-frequency noide can be set anywhere between 1 and 65536.
is reduced in digital domain together with shaped quantizationThe decimator is implemented using binary counter and the
noise. Single-bit quantization leads to very robust circuit§igital value is stored in a output register at the end of the
less sensitive to matching and imperfection errors. The fir§onversion cycle. The conversion cycle is variable and can
order modulator is also amenable to simple and compd® set anywhere between 1 and 65536 times the period of
implementation. The sampled-data switched-capacitor (Stbp feedback-control clock. The output register can be read
realization offers low-noise and low-power implementation. asynchronously at any time during conversion cycle. The 16
The measured current is integrated on capacitor with hi§ifs representing the digital value of input current of each
gain amplifier providing a high input conductance virtugthannel are shifted out bit-serially using clock independent
ground node at voltage that can be set by external referer@esystem clock and 256 cycles are necessary to read out all
The reference voltage at the input node is jointly set for 46 channels.
channels. To achieve wide dynamic range of currents with mul-
tiple scales, as alternative to using imprecise current mirrors,
we have chosen to insert a time-modulation in the feedbackTo demonstrate the wide range of input currents that can
loop, a variable time-period over which the feedback is activee measured with the potentiostat chip, we show experimental
This introduces a digitally programmable gain of input curremesults for two different gains. The reference current was set
with respect to reference current of 1-bit DA converter, &s 0.6 4A and the system clock frequency was 2 MHz. The
a small input current is to be integrated over longer timeaput potential was set to 1 V. In the first experiment we have
period, while a reference current is integrated over shorter tirset the gain of the input current to 1 which set the input
interval. The 1-bit results of comparison between integratedrrent scale to be from -Q./& to 0.5¢A. The oversampling
voltage and zero-level is multiplied with the feedback-controhtio was set to 65536 leading to conversion time of 33 ms.

IIl. CHIP ARCHITECTURE

[1l. CHIP CHARACTERIZATION
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times of uL dopamine addition.

(PBS). A standardized solution of Dopamine was prepared
thus. 20mg of Dopamine Hydrochloride (Alfa Aesar, Ward
Hill, MA) was dissolved in 99mL of deionized water. 1mL
of Perchloric Acid (Alfa Aesar, Ward Hill, MA) was added to
prevent spontaneous oxidation of Dopamine. The solution thus
obtained is 1.055mM. The Ag/AgCI reference electrode was
made by electrodepositing a layer of AgCl on a silver wire.
This was done by holding a Ag wire in a solution of 0.1N HCI
at a potential of 1V with respect to a platinum wire reference
electrode for 20 minutes. Two kinds of carbon microsensors
were used as working electrodes for testing the chip - a
microfabricated 44 array of electrodes fabricated as in [6]
and a commercially available carbon microfiber electrode (CF
30-250, WPI Inc, Sarasota, FL). The microfabricated array
was used for multi-channel measurements.

The experimental procedure is thus. The working and the
Yeference electrode are immersed in PBS. An oxidation poten-
tial of 0.9V is set up on the current sensing terminals of the
potentiostat chip with respect to the reference electrode and

The input current was swept in logarithmically fashion usinﬁi:e arrangement is allqwed to _equilibrate. The serial output of
Keithley SourceMeter model 6430 (Keithley Instruments Incth€ chip is monitored in real-time and stored on a computer.
Cleveland, OH). In the second experiment the gain of the inpapluses of the dopamine solution are added into the PBS at
current was set to 1024 and the oversampling ratio was &&gd intervals.

to 2048 leading to conversion time of 1s. Figure 5 shows theFigure 7 shows the chip output for a single channel mea-
normalized digital output of the chip for channel 9 as functiogurement from the commercial CF 30-250 electrode. Boluses

of the input current in both cases.

of 1uL of the dopamine solution were added at 25 second

To demonstrate the wide range of digital gains that captervals to the PBS using a gas-tight syringe. This is shown by
be used for setting the different scale, we show in figure tBe arrow marks in figure 7. The digital output of the chip was
experimentally measured gains at different scale defined @gnverted into a current using the current versus digital output

digital gain.

IV. NEUROTRANSMITTER MEASUREMENTS

The chip was used for potentiostatic measurements of thke boluses were added at 120 second intervals. The non-
neurotransmitter Dopamine in a phosphate buffered solutispmmetric arrangement of the electrodes with respect to the

characteristics of the chip. Figure 8 shows a multi-channel
measurement using the microfabricated electrode array [6].
Output from four of the channels is presented for clarity.
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