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

I. I NTRODUCTION

The behavior of chemical messengers is crucial to the
overall understanding of the entire nervous system. These
chemicals play a major role in the mechanisms of several
neurological disorders such as Parkinsons disease and epilepsy.
Electrochemical sensing of certain electroactive neurotransmit-
ters (e.g. nitric oxide, dopamine) is very attractive due tothe
high sensitivity, rapidity and the ability to perform distributed
measurements with this method [1], [2], [3].

Electrochemical measurements are based on oxidizing or
reducing the neurotransmitters at electrodes held at a potential
characteristic for that specific neurotransmitter (the redox po-
tential) with respect to a reference electrode. As neurotransmit-
ter molecules get adsorbed at the electrode surface there isan
exchange of electrons, leading to a net current into or out ofthe
electrode. These redox currents are directly proportionalto the
neurotransmitter concentration and range from picoamperes
to microamperes for physiological concentrations of neuro-
transmitters. Traditionally these electrochemical measurements
are performed with a bench-top potentiostat, an instrument
that is capable of measuring current while maintaining a
constant potential (the redox potential). These single channel
instruments are large and expensive, making multi-channel
recordings beyond the reach of standard laboratories.

A multi-channel VLSI potentiostat has been created to
address these concerns. This microchip is compact and has
many advantages over traditional devices. However, this device
is still unsuitable for implantation in the human body. In
order to operate, implantable devices require power and duplex
data communication, usually supplied by wires connected
through the skin. This wiring or tethering limits the recording

Fig. 1. Envisioned application of the probe with integratedVLSI potentiostat
(on the base of the probe), electrochemical sensors (on the shank of the probe),
and transponder coil (on the wide end of the probe).

range in awake, behaving animals in chronic studies [4], [5].
Techniques to harvest power allow these wires to be removed.

Energy harvesting uses the external environment as a source
of energy (e.g. temperature gradients, wind). For example,
devices such as the Smart Dust distributed networks make
use of many different types of transducers, from solar power
to vibration transducers [6]. Unfortunately, most of these
types of energy gathering methods are unsuitable for a device
implanted in the human body. A very promising alternative for
implanted devices is RF power harvesting through inductive
coupling [7]. In addition to gathering power, this technology
can also be used to send data back to the base station, creating
a two-way link. The principles of the technique are the same as
those behind the increasingly common RFID (radio frequency
identification) tags.

This paper presents a solution to these problems and de-
tails the basis of a fully implantable VLSI potentiostat. The
VLSI potentiostat circuitry [8] has been paired with inductive
coupling and telemetry circuitry [9]. The resulting single
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Fig. 2. Block diagram of overall RF Potentiostat system, including external base station.

microchip is able to operate with no hard wired connections
apart from those connecting the sensors to the electronics,and
thus could be implanted without the need of wires going to
the base station outside the body. The design can be integrated
along with the sensor arrays developed by our group [10], [11],
[12] to create a fully autonomous neural probe, as envisioned
in Figure 1.

II. CHIP ARCHITECTURE

A block diagram of the entire RF Potentiostat is shown
in Figure 2. The system is designed to use a single channel
for both communications and power. A base station located
outside the body drives the transmitter coil with a current to
produce a magnetic field. This field induces a current in the
implanted coil that can be converted into a DC voltage through
the use of a rectifier and regulator. This voltage is then usedas
the supply for the potentiostat circuitry. In addition to power,
this carrier wave also provides a system clock and can carry
commands or data from the external base station. The carrier
waveform for this system is a sinusoid of 4 MHz, leading to a
basic system clock at this frequency. This clock is then used
to generate a 1 MHz system clock for use in the potentiostat
control logic.

Commands entered on the carrier wave are decoded via a
central potentiostat control unit. This module allows the gain
and resolution of the delta-sigma A/D to be set remotely.
The control unit is also responsible for the generation of a
readout clock that sends data stored in the shift register tothe
output channel. A command begins the sequence of actions.
It can either be for configuring a conversion property (gain,
resolution, or reference current are all stored in memory until
overwritten by the next command to change these settings) or
for starting a conversion cycle. After the conversion cycle, the
16 bits representing the digital value of input current of each
channel are shifted out bit-serially using clock independent
of system clock and 256 cycles are necessary to read out
all 16 channels. As the data is read from the shift register
it is encoded for transmission on the back pathway. This is

accomplished through the same coils used to transfer power
and data (note that while power is continuously transferred,
data can only be transferred in one direction at any one time).

III. C HIP CHARACTERIZATION

For characterization, transmitter coils described in [9] were
used to transfer power. A custom PCB was developed with
jumpers allowing power, clocks and control signals to be
independently routed to the potentiostat from either the power
harvesting and telemetry module on chip or external sources.
A class-E transmitter board was developed to allow data and
power to be transferred to the main system board. This board
interfaced with a data acquisition card, allowing data to be
recovered by a computer. This pathway was tested to insure
proper transfer of data at different frequencies. Data was
encoded using a modified Miller encoding scheme, in which a
one is represented by a short pulse while no change in state is
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Fig. 3. Comparison of recovered data signal at different frequencies (a:
1kHz, b: 5 kHz, c: 10 kHz, d: original data stream). The Millerencoded data
stream is ’1101001010’.
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Fig. 4. Digital output (read directly from the RF Potentiostat) as a function
of the input current for gain of 8192 and oversampling ratio of 256. Current
was supplied by a Keithley source meter.

sent for a zero. Figure 3 illustrates the data signal as ecovered
by the computer. Subplot (d) represents the original digital
signal. Subplots (a) through (c) represent the recovered signal
at frequencies of 1, 5 and 10 kHz respectively.

To test the potentiostat, a Keithley model 236 Source
Measure unit (Keithley Instruments Inc., Cleveland, OH) was
used to sweep current in the range of -125pA to +125pA with
a step size of 5pA. Jumpers were set to autonomous mode
of operation without any external source. The potentiostat[8]
gain and OSR were set to 8192 and 256 respectively. The
reference current was set to 1.2µA and the redox potential to
1V. Figure 4 shows the digital output of the potentiostat as a
function of the sourced current.
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Fig. 5. Comparison of the noise in the two types of powering. The offset of
the signals has been removed. The resolution and gain were 128 and 8192,
respectively.

Settings
Input current Gain OSR

500pA 2
10

2
10

4nA 2
7

2
13

(a)
RF Powering

Input current σ Equiv. current % error
500pA 1.093 2.1pA 0.42%
4nA 3.821 7.5pA 0.18%

(b)
DC Powering

Input current σ Equiv. current % error
500pA 0.705 1.4pA 0.28%
4nA 2.513 4.9pA 0.12%

(c)

TABLE I

Noise levels inherent in the system. (a) shows the potentiostat settings, (b)
and (c) show RF and DC powering respectively.

For estimating the noise introduced by the RF power har-
vesting, a constant current was input to the potentiostat under
both DC (external source) and RF (autonomous operation)
powering. Figure 5 shows the potentiostat outputs for both
cases. The standard deviation of the resulting digital values
approximates the noise inherent in that system. The resultsare
summarized in Table I. As can be seen, using an RF supply
does introduce more noise than using a DC supply. However,
the amount of noise for both current levels is small, always
less than 1% of the base current.

IV. N EUROTRANSMITTER MEASUREMENTS

The chip was used for potentiostatic measurements of the
neurotransmitter dopamine in a phosphate buffered solution
(PBS). 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
of perchloric acid (Alfa Aesar, Ward Hill, MA) was added
to prevent spontaneous oxidation of dopamine. The solution
thus obtained is 5mM. A carbon fiber electrode CF30-250
(WPI, Sarasota, FL) and an Ag/AgCl reference electrodes
(Bioanalytical Systems, West Lafayette, IN) were introduced
into a stock solution of 20mL PBS (Biofluids, Rockville,
MD) at pH 7.4. The chip was supplied entirely by power
harvested by it over an inductively coupled link with an
external power transmitter. The gain and the resolution of the
chip were set to 8192 and 8 bits respectively. Reference current
was set to 1.2µA. The carbon electrodes was set to a redox
potential of 0.9V with respect to the reference electrode. Five
boluses of 100µL of the 5mM solution of dopamine, leading to
final concentration of 150µM in steps of 25µM, were added
to the PBS. The solution was magnetically stirred to avoid
diffusion transients. Figure 6 shows the current measured by
the potentiostat in response to the various concentrationsof
dopamine.

Figure 7 shows a static calibration curve with the current
measured by the potentiostat plotted against the dopamine
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Fig. 6. Real time neurotransmitter monitoring by the chip using the com-
mercial CF 30-250 as the working electrode. Levels correspond to dopamine
concentration changes of 25µM.
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Fig. 7. Calibration curve extracted from real-time measurement of dopamine
concentrations in solution.

concentration. The currents are averages of the equilibrium
currents for each dopamine concentration shown in Fig. 6.

V. CONCLUSION

In this paper, we present the design and development of
a self-contained wireless multichannel potentiostat for neu-
rotransmitter measurements. A microchip was designed in-
corporating the 16 channel potentiostat [8] and an inductive
power transfer & telemetry module [9] with additional control
and interface circuitry. This chip was fabricated and tested.
Characterization results show picoampere sensitivity under
wireless operation with no external power supply. In this mode,
the chip was used to monitor concentration of dopamine in the
micromolar range. Good temporal response and linearity were
seen.

A long term goal of this work is to develop an im-
plantable, autonomous, monolithic, real-time neurotransmitter
monitoring probe. Such a probe would be useful in neuro-
science research involving the role of neurotransmitters such
as dopamine, glutamate and nitric oxide in the nervous system.
Neurochemical measurements would complement electrophys-
iological measurements for a holistic picture of neural signal
analysis. Research on animal models of disorders like epilepsy
and stroke would benefit from neurochemical detection using
integrated systems. Ultimately, using microfabricated sensors
and VLSI circuits in an integrated package could also be useful
in developing implantable neural prosthetic devices.

Acknowledgments: This work was supported by NIH
MH062444, NIH R21MH065296, NIH R21MH63159, ONR
N00014-99-1-0612, NSF IIS-0209289, and the Whitaker
Foundation. Chips were fabricated through the MOSIS
foundry service.

REFERENCES

[1] F. Bedioui, S. Trevin, and J. Devynck, “The use of gold elec-
trodes in the electrochemical detection of nitric oxide in aqueous
solution”, J. Electroanal. Chem., vol. 377, pp. 295, 1994.

[2] T. Malinski, Z. Taha, S. Grunfeld, A. Burewicz, and P. Tombou-
lian, “Measurements of nitric oxide in biological materials using
a porphyrinic microsensor”,Anal. Chim. Acta., vol. 279, pp. 135,
1994.

[3] R.B. Kawade and K.S.V. Santhanam, “An in vitro electrochemical
sensing of dopamine in the presence of ascorbic acid”,Biochem-
istry and Bioenergetics, vol. 38, pp. 405, 1995.

[4] A. Belayev, I. Saul, Y. Liu, M. Ginsberg, M.A. Valdes, R.
Busto, and L. Belayev,“Enriched environment delays the onset
of hippocampal damage after global cerebral ischemia in rats”,
Brain. Res., vol. 960, pp. 121, 2003.

[5] A. Risedal, B. Mattsson, P. Dahlqvist, C. Nordborg, T. Olsson,
and B.B. Johansson, “Environmental influences on functional
outcome after a cortical infarct in the rat”,Brain. Res. Bull.,
vol. 58(3), pp. 315, 2002.

[6] B. Warneke, B. Atwood, and K.S. Pister, “Preliminary smart dust
mote”, Hot Chips, vol. 12, 2000.

[7] W.J. Heetderks, “RF powering of millimeter- and submillime-
tersized neural prosthetic implants”,IEEE Trans. Biomed. Eng.,
vol. 33(5), pp. 323, 1988.

[8] M. Stanacevic, K. Murari, G. Cauwenberghs, and N. Thakor, “16-
channel Wide-Range VLSI Potentiostat Array”,1st IEEE Inter-
national Workshop on BioMedical Circuits & Systems, Singapore,
2004.

[9] C. Sauer, M. Stanacevic, G. Cauwenberghs, and N. Thakor,
“Power Harvesting and Telemetry in CMOS for Implanted De-
vices”, 1st IEEE International Workshop on BioMedical Circuits
& Systems, Singapore, 2004.

[10] J.K. Park, P.H. Tran, J.K.T. Chao, R. Godhara, and N.V. Thakor,
“In Vivo Nitric Oxide Sensor Using Non-Conducting Polymer
Modified Carbon Fiber,”Biosensors Bioelectronics, vol. 13, pp.
1187, 1998.

[11] P.M. George, J. Muthuswamy, J. Currie, N.V. Thakor, and
M. Paranjape, “Fabrication of screen-printed carbon electrodes
for sensing neuronal messengers,”BioMEMS, vol. 3 (4), pp. 307,
2001.

[12] M. Naware, N.V. Thakor, R.N. Orth, K. Murari, and P.A. Passer-
aub, “Design and Microfabrication of a Polymer Modified Carbon
Sensor Array for the Measurement of Neurotransmitter Signals,”
25th Annual International Conference of the IEEE EMBS, Wash-
ington DC, 2003.


