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Abstract— Sensing neurotransmitters is critical in studying —_—
neural pathways and neurological disorders. An integrateddevice L
is presented which incorporates a potentiostat and a power
harvesting and telemetry module. The potentiostat featurs 16
channels with multiple scales from microamperes to picoamgres.
The wireless module is able to harvest power through inductiely
coupled coils and uses the same link to transmit data to and ém
the potentiostat. An integrated prototype is fabricated inCMOS
technology, and experimentally characterized. Test restd show
RF powering introduces noise levels of 0.42% and 0.18% on
potentiostat current scales of 500pA and 4nA respective\Real-
time multi-channel acquisition of dopamine concentrationin vitro
is performed with carbon fiber sensors. e T
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I. INTRODUCTION

The behavior of chemical messengers is crucial to the
overall understanding of the entire nervous system. Thesed
chemicals play a major role in the mechanisms of several « ;
neurological disorders such as Parkinsons disease ampepil ¥\ S8 %'} %
Electrochemical sensing of certain electroactive nearrsimit- A Y N .-J,jb
ters (e.g. nitric oxide, dopamine) is very attractive dug¢h®e L

hlgh sensitivity, rapldlty and the ablllty o perform distnted Fig. 1. Envisioned application of the probe with integratéddS| potentiostat

measurements_ with this method [1], [2], [3]. ~ (onthe base of the probe), electrochemical sensors (ortkof the probe),
Electrochemical measurements are based on oxidizingapd transponder coil (on the wide end of the probe).

reducing the neurotransmitters at electrodes held at anfialte
characteristic for that specific neurotransmitter (theoxego-
tential) with respect to a reference electrode. As neunstrat- range in awake, behaving animals in chronic studies [4}, [5]
ter molecules get adsorbed at the electrode surface thare isfechniques to harvest power allow these wires to be removed.
exchange of electrons, leading to a net current into or otiteof ~ Energy harvesting uses the external environment as a source
electrode. These redox currents are directly proportitntdle of energy (e.g. temperature gradients, wind). For example,
neurotransmitter concentration and range from picoansperevices such as the Smart Dust distributed networks make
to microamperes for physiological concentrations of neurose of many different types of transducers, from solar power
transmitters. Traditionally these electrochemical mezsents to vibration transducers [6]. Unfortunately, most of these
are performed with a bench-top potentiostat, an instrumewpes of energy gathering methods are unsuitable for a éevic
that is capable of measuring current while maintaining implanted in the human body. A very promising alternative fo
constant potential (the redox potential). These singlewsbh implanted devices is RF power harvesting through inductive
instruments are large and expensive, making multi-chanmelupling [7]. In addition to gathering power, this techrmpjo
recordings beyond the reach of standard laboratories. can also be used to send data back to the base station, greatin
A multi-channel VLSI potentiostat has been created @two-way link. The principles of the technique are the same a
address these concerns. This microchip is compact and Hazse behind the increasingly common RFID (radio frequency
many advantages over traditional devices. However, thide identification) tags.
is still unsuitable for implantation in the human body. In This paper presents a solution to these problems and de-
order to operate, implantable devices require power anteduptails the basis of a fully implantable VLSI potentiostat.eTh
data communication, usually supplied by wires connect&LSI potentiostat circuitry [8] has been paired with induet
through the skin. This wiring or tethering limits the recimigl coupling and telemetry circuitry [9]. The resulting single
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Fig. 2. Block diagram of overall RF Potentiostat system|uding external base station.

microchip is able to operate with no hard wired connectiormecomplished through the same coils used to transfer power
apart from those connecting the sensors to the electramck, and data (note that while power is continuously transferred
thus could be implanted without the need of wires going tata can only be transferred in one direction at any one time)
the base station outside the body. The design can be intelgrat
along with the sensor arrays developed by our group [10], [11
[12] to create a fully autonomous neural probe, as envisione For characterization, transmitter coils described in [@fev
in Figure 1. used to transfer power. A custom PCB was developed with
jumpers allowing power, clocks and control signals to be
Il. CHIP ARCHITECTURE independently routed to the potentiostat from either thegro

A block diagram of the entire RF Potentiostat is showRarvesting and telemetry module on chip or external sources
in Figure 2. The system is designed to use a single chandfe¢lass-E transmitter board was developed to allow data and
for both communications and power. A base station locat@@Wwer to be transferred to the main system board. This board
outside the body drives the transmitter coil with a current fhterfaced with a data acquisition card, allowing data to be
produce a magnetic field. This field induces a current in tfigcovered by a computer. This pathway was tested to insure
implanted coil that can be converted into a DC voltage thhou@roper transfer of data at different frequencies. Data was
the use of a rectifier and regulator. This voltage is then asedencoded using a modified Miller encoding scheme, in which a
the supply for the potentiostat circuitry. In addition towss, ©ne is represented by a short pulse while no change in state is
this carrier wave also provides a system clock and can carry
commands or data from the external base station. The carr’~~
waveform for this system is a sinusoid of 4 MHz, leading to 50
basic system clock at this frequency. This clock is then us 0
to generate a 1 MHz system clock for use in the potentios: _g,
control logic.

Commands entered on the carrier wave are decoded Vi<
central potentiostat control unit. This module allows théng £
and resolution of the delta-sigma A/D to be set remotel 8 -20
The control unit is also responsible for the generation of 2 10

IIl. CHIP CHARACTERIZATION

readout clock that sends data stored in the shift registdreo g A T
output channel. A command begins the sequence of actio < ©)
It can either be for configuring a conversion property (gaii ~10 ‘ ‘ ‘ ‘
resolution, or reference current are all stored in memoty un 000

overwritten by the next command to change these settings) 500 U U U 1
for starting a conversion cycle. After the conversion cythe 0 ‘ ‘ (d)
16 bits representing the digital value of input current ofrea 0 2 4 6 8 10
channel are shifted out bit-serially using clock indeperde Bit Number

of system clock and 256 cycles are necessary to read out _ . . .

Il 16 channels. As the data is read from the shift re iStg‘[q' 3. Comparison of recovered data signal at differengfemcies (a:
? ] c : e g_ FkHz, b: 5 kHz, c: 10 kHz, d: original data stream). The Miltsrcoded data
it is encoded for transmission on the back pathway. This d8eam is *1101001010".
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Fig. 4. Digital output (read directly from the RF Potentai$tas a function
of the input current for gain of 8192 and oversampling rafi@®6. Current
was supplied by a Keithley source meter. . . .
For estimating the noise introduced by the RF power har-

vesting, a constant current was input to the potentiostdeun
sent for a zero. Figure 3 illustrates the data signal as eneedvebOth DC (external source) and RF (autonomous operation)

by the computer. Subplot (d) represents the original digitaowering. Figure 5 shows the potentiostat outputs for both

signal. Subblots (a) through (c) rebresent the recovermaki C2S€S: The standard deviation of the resulting digital aslu
atgfrequenc?es of( 1) 5 ang 1é E(Hzprespectively G approximates the noise inherent in that system. The restdts

C?mmarized in Table I. As can be seen, using an RF supply
Measure unit (Keithley Instruments Inc., Cleveland, OHpw oes introduce more noise than using a DC _supply. However,
. .Ihe amount of noise for both current levels is small, always

used to sweep current in the range of -125pA to +125pA wi H
. &3S than 1% of the base current.
a step size of 5pA. Jumpers were set to autonomous mode
of operation without any external source. The potentigstat IV. NEUROTRANSMITTER MEASUREMENTS
gain and OSR were set to 8192 and 256 respectively. Th
reference current was set to L& and the redox potential to
1V. Figure 4 shows the digital output of the potentiostat as

function of the sourced current.

eThe chip was used for potentiostatic measurements of the
neurotransmitter dopamine in a phosphate buffered solutio
(BBS). A standardized solution of dopamine was prepared
thus. 95mg of dopamine hydrochloride (Alfa Aesar, Ward
Hill, MA) was dissolved in 99mL of deionized water. 1mL

10 of perchloric acid (Alfa Aesar, Ward Hill, MA) was added
to prevent spontaneous oxidation of dopamine. The solution
5t 1 thus obtained is 5mM. A carbon fiber electrode CF30-250
‘ e ; ? ol ‘T’ (WPI, Sarasota, FL) and an Ag/AgCl reference electrodes
ol j\j\% A WM S u%ff‘lwﬁ WLXZP[\W[\, | (Bioanalytical Systems, West Lafayette, IN) were introgidic
[ % | ‘J into a stock solution of 20mL PBS (Biofluids, Rockville,
g gl i M | MD) at pH 7.4. The chip was supplied entirely by power
8 “ harvested by it over an inductively coupled link with an
5 _10t | external power transmitter. The gain and the resolutiorhef t

chip were set to 8192 and 8 bits respectively. Referencetirr
was set to 1.2A. The carbon electrodes was set to a redox

o potential of 0.9V with respect to the reference electrodee F
o0l | boluses of 100L of the 5mM solution of dopamine, leading to
—— DC Powering final concentration of 15aM in steps of 2M, were added
g ‘ ‘ ‘ ‘ ~_RF Powering to the PBS. The solution was magnetically stirred to avoid
0 20 40 60 80 100 120 140  diffusion transients. Figure 6 shows the current measuyed b
Time (s) the potentiostat in response to the various concentratibns
dopamine.

Fig. 5. Comparison of the noise in the two types of powerinige dffset of . . . . .
the signals has been removed. The resolution and gain w&eani® 8192, Figure 7 shows a static calibration curve with the current

respectively. measured by the potentiostat plotted against the dopamine



50 A long term goal of this work is to develop an im-
plantable, autonomous, monolithic, real-time neurotnatter
monitoring probe. Such a probe would be useful in neuro-
science research involving the role of neurotransmittach s
as dopamine, glutamate and nitric oxide in the nervous syste
Neurochemical measurements would complement electrephys
iological measurements for a holistic picture of neurahaig
analysis. Research on animal models of disorders like gpjile
and stroke would benefit from neurochemical detection using
integrated systems. Ultimately, using microfabricatexdsses
and VLSI circuits in an integrated package could also beulsef
in developing implantable neural prosthetic devices.
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Fig. 6. Real time neurotransmitter monitoring by the chingshe com-
mercial CF 30-250 as the working electrode. Levels cornedpgo dopamine REFERENCES
concentration changes of 28M.
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