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Abstract—There has been a growing interest in electrochemical
measurement of the output from biological specimens. With the
advent of silicon CMOS technology, it is possible to measure target
molecule release and their movement through extracellular space
using microelectrode arrays (MEAs). While MEAs have been
used for electrophysiological measurements, their use for
electrochemistry in physiological studies have only been explored
more recently. This paper presents a unique design of a highdensity MEA and its supporting circuits to acquire images of
chemical gradients using electrochemical methods. Heat-map
image acquisition is supported at the system level with custom
designed MATLAB tools for data-to-image processing. The
detection range of chemical concentrations is illustrated with
experimental results demonstrating capture of neurotransmitter
release from live adrenal slices.
Keywords—Biosensors; Microelectrodes; Electrochemical
Sensors; Amperometric Sensors; CMOS Integrated Circuits;
Potentiostat; Operational Amplifiers.

I. INTRODUCTION
Release of neurotransmitters, such as catecholamines, drive
many biological phenomena including chemotaxis [1, 2] and
cell-cell communication [3, 4]. The ability to monitor chemical
release and resulting cellular responses will greatly improve the
understanding of cell-cell interaction. Traditional fluorescence
microscopy provides a platform that is able to accomplish
biological imaging by excitation of fluorophore. However, the
fluorescence-based optical method is limited to target analytes
that are natively fluorescent or modified with fluorescent
markers [5, 6]. In addition, photobleaching and phototoxicity
are widely recognized issues associated with fluorescence
microscopy methods [7, 8]. On the other hand, electrochemical
methods offer label-free detection and do not require
fluorescent illumination.
Recent advances in CMOS technology have created new
options for design of microelectrode arrays (MEAs) to achieve
biologically relevant resolutions through the miniaturization of
integrated on-chip electronics for high fidelity spatiotemporal
analyses. The notion of CMOS-based devices for
electrochemical measurement at high spatiotemporal resolution
has been previously introduced by others in controlled
microfluidics experiments [9, 10], and in an experiment
incorporating biological samples [11].
This paper describes a chemical imaging system based on
our prior work examining different electrode designs for
increased sensitivity [12], and high spatiotemporal resolution
imaging results with controlled release of neurotransmitters
using a microfluidic setup [13, 14]. To perform chemical

Fig. 1. Three-electrode system for electrochemical analysis.

imaging on live tissues, both hardware and software modules
were re-designed to further improve signal-to-noise ratio (SNR)
and signal processing capability.
II. ELECTROCHEMICAL IMAGING SYSTEM
A. 3-Electrode Electrochemical Sensing
The electrochemical imaging system adopts a traditional
three-electrode system method, employing Working Electrode
(WE), Reference Electrode (RE), and Auxiliary Electrode (AE)
as shown in Fig. 1. In amperometric measurement, the current
detection of oxidation and reduction of electrochemically active
compounds is activated by the constant potential difference
between the WE and AE held by the RE and potentiostat. In the
WE array, the current density is correlated with the
concentration of the target chemical compound in each
localized WE area [15].
B. On-Chip MEAs
The silicon-based microchip is fabricated in a 600nm
CMOS technology with three metal layers and the top metal
layer for MEAs, and housed in a 280-pin alumina package. The
electrode, raised 1.5μm above the passivation surface, is
arranged layers of Ti, Au, and Pt to maintain electrodes
conductivity, mechanical stability, and bio-compatibility [16].
A three-electrode electrochemistry system is realized in a
MEA configuration, that consists of 8,192 individual WEs with
25.5μm × 30.4μm spatial pitch and evenly distributed AE and
RE. The geometrical configuration of WE, as shown in Fig.
2(a), is utilized to maximize current density flow while
maintaining high spatial resolution [12]. Fig. 2(b)-(c) shows
partitioning of 8,192 WEs into 64 sub-arrays, each of which
contains rectangular dedicated RE and CE enclosing 128 WEs.
C. On-Chip Potentiostat
The potentiostat circuit was designed to provide both
amperometric and cyclic voltammetry operations for shared RE
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Fig. 2. Optical micrographs of: (a) a pair of interdigitated WE; (b) a sub-array configuration; and (c) an overall electrodes array comprising of 64 sub-arrays.

and CE for all the WEs. As depicted in Fig.1, the on-chip
potentiostat employs an operational amplifier (opamp) circuit
forming a pseudo unity gain buffer with non-zero impedance
path between AE and RE electrodes. The single-ended opamp
schematic depicted in Fig. 3 is an inverter-based design
topology. This novel opamp was designed to have a high open
loop gain (>100dB), while maintaining low power consumption
(<100uW) and a sufficient bandwidth (>10kHz) for
electrochemical applications [17, 18].
To facilitate fast cyclic voltammetry with rail-to-rail swing,
the first stage of the op-amp design employs the complementary
inverter-based input stages (MP1, MN1) for wide input range
capability, and followed by high impedance active load
consisting of cross-coupled inverter pairs (MP2, MN2) and
diode-connected inverter pairs (MP3, MN3). Differential-tosingle-ended conversion takes place in the second stage. It is
realized by the double inverter (MP4, MN4) on Vout1+ and a
single inverter (MP5, MN5) on Vout–. Additionally, diodeconnected inverters (MP6, MN6) provides DC bias stability for
the double inverted signal path. In summary, the approximation
of overall open loop voltage gain can be defined as in (1).

Fig. 3. A single-ended inverter-based two stages opamp schematic.
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D. On-Chip Control Logic
The on-chip control logic provides multiplexing functions
for the 64 sub-arrays of MEAs. Therefore, at any given time,
only one sub-array of MEAs are connected to the read-channels
through the on-chip control logic. As shown in Fig. 4, an onchip 6:64 decoder selects one of 64 sub-array at a time,
simultaneously activating 128 transmission gates to connect the
corresponding WEs to the CMOS chip output pins and off-chip
read channels. The switching frequency between sub-array and
the coordinate selection of sub-array is fully controlled by 6-bit
digital bus generated by the Data Acquisition (DAQ) board.
E. Read Channels
The read channels are constructed in a form of current to
voltage (I-V) converter. Trans-Impedance Amplifier (TIA)
circuits, being the simplest and well-proven method, are used

Fig. 4. Top-level diagram depicting surface electrodes, analog multiplexer
switches, and PCB to PC data acquisition interface.

to convert the current readings from 128 current inputs from a
sub-array MEA. There are 128 read channels, each read channel
consists of: a single-ended opamp, a high precision 50MΩ thinfilm resistor ( ), and a 1nF stabilization feedback capacitor
and
are based on the need for high
( ). The value of
SNR and moderately low I-V conversion bandwidth (i.e. tens
of kHz) for biological electrochemical imaging. The bandwidth
of the TIA is defined by (2), where is the intercept frequency
between the opamp open-loop gain and the feedback frequency
response,
is the opamp gain-bandwidth product, and
is the total interconnects parasitic capacitance and the doublelayer capacitances formed at the surface of WE.
1.4

1.4

(2)

Furthermore, as defined by (3), the output rms noise consists of
three noise contributors:
is the thermal noise of ,
is
is
the shot noise due to input bias current of the opamp, and
the overall output noise generated by the opamp [19].
(3)
In this TIA read channel design, the use of opamp with
extremely low output noise (
= 8.5nV/Hz½ at f = 1kHz) and
input current noise ( = 0.6 fA/Hz½ at f = 1kHz) yields
and
. The R thermal noise ( )
relatively negligible
( + ) will dominate the
over a bandwidth defined by
will result in linear increase in
output rms noise. Increasing
I-V gain and a square root increase in output rms noise, leading
and provide
to a higher SNR. In addition, the choices of
tradeoff between the required bandwidth in (2) and the output
=
rms noise in (3). Given that = 1nF, = 150pF, and
20Mhz, the resulting bandwidth and output rms noise will be
10.4kHz and 1.54μVrms, respectively. This theoretical tradeoff
satisfies the requirement for a sub-pA current detection
sensitivity of the read channel (refer to Section III for results).
F. Data Acquisition and Analysis
The data collection is being handled by two commercial 96input 12-bit analog data acquisition boards (ADLINK DAQ2208). The real time data observation, offline data processing,
and heat-map movie generation are performed in custom
designed MATLAB graphical user interface (GUI) and
functions. For offline data processing, the acquired dataset is
handled in multiple steps to generate a corresponding heat-map
movie by applying following methods and algorithms:

•
•
•
•
•

Regression analysis: sensor drift and offset removal
Gain calibration: minimize read channels gain
variation using previously generated sensitivity curve
Savitzky-Golay filtering: high frequency and digital-toanalog quantization noise smoothing
Spatial mean filtering: heat-map image smoothing
Motion smoothing: frame-to-frame image interpolation
III. EXPERIMENTAL RESULTS

A. Sensitivity Measurement
Sensor sensitivity determines the system noise floor and the
minimum amount of target molecules the chemical imaging
system can detect. Fig. 5 depicts the chemical imaging system
sensitivity curve, demonstrating that the system is capable of
linearly detecting 31.25μM to 1.0mM concentration of diluted
norepinephrine bitartrate salt (C8H11NO3·C4H6O6), a compound
in catecholamine family. The curve was statistically fitted from
multiple experiments over a group of subarrays with a total of
320 data points per concentration. This controlled experiment
was performed using a microfluidic setup shown in Fig. 6.
B. Ex Vivo Experimental Setup
The setup for ex vivo experiments involves a Y-shaped
channel polydimethylsiloxane (PDMS) microfluidic device.
Fig. 6(a) shows the design of the PDMS microfluidic device for
fluid delivery as well as holding tissue slice. The PDMS
channel is mounted on top of the chip, shown in Fig. 6(b), to
hold a 200μm thick slice of murine adrenal gland down in
contact with the MEAs. Meanwhile, the two PDMS inlets are
being used for switchable flow between Neurobasal™ media
and caffeine injection at 20μL/min flow rate.

(a)

(b)

Current(nA) = 1.816 × Concentration(mM)
R2 = 0.988

fitted 3σ band
(c)

Fig. 5. Sensitivity curve of the electrochemical system.

Fig. 6. (a) The Y-channel PDMS microfluidic device; (b) The CMOS with
MEA array silicon chip in 280-pin alumina ceramic packaging; (c) The
environmental chamber setup for tissue slice experiments.

supported by National Science Foundation [GDE-0841259].
Their generous support is greatly appreciated.
REFERENCES
[1]

[2]
[3]
[4]

Fig. 7. The screenshots of catecholamines release in an adrenal tissue slice due to
caffeine stimulation at t = 0 min.
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