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Abstract—Electrochemical methods have been shown to be
advantageous to life sciences by supporting studies and discoveries
in metabolism activities, DNA analysis, and neurotransmitter
signaling. Meanwhile, the integration of Microelectrode Array
(MEA) and the accessibility of CMOS technology permit high-
density electrochemical sensing method. This paper describes an
electrochemical imaging system equipped with a custom CMOS
microchip. The microchip holds a 3.6mmx3.6mm sensing area
containing 16,064 Pt MEA, the associated 16,064 integrated read
channels, and digital control circuits. The novel three-electrode
system geometry with a 27.5um spatial pitch enables cellular level
chemical gradient imaging of bio-samples. The noise level of the
on-chip read channel array allows amperometric detection of
neurotransmitters such as norepinephrine (NE) with
concentrations from 4uM to 512uM with 4.7pA/uM sensitivity
(R2=0.98). Electrochemical response to dissolved oxygen (DO)
concentration was also characterized by deoxygenated deionized
water containing 5% to 80% of the ambient oxygen concentrations
with 86pA/mg/L sensitivity (R?>=0.89). The system also
demonstrated selectivity to different target analytes using cyclic
voltammetry method to simultaneously detect NE and uric acid.
Also, a custom indium tin oxide with deposited Au glass electrode
was integrated into the microfluidic system to enable pH
measurement, ensuring the viability of bio-samples during
experiments. Electrochemical images confirm the spatiotemporal
performance at four frames per second while maintaining the
sensitivity to target analytes. Finally, the overall system is
controlled and continuously monitored by a MATLAB-based
custom user interface, which is optimized for real-time high
spatiotemporal resolution chemical imaging.

Index Terms—Microelectrode array, CMOS circuit design,
biosensor system integration, instrumentation, electrochemistry,
analytical chemistry, amperometry, voltammetry, microfluidic.

I.  INTRODUCTION

LECTROCHEMICAL sensing for detecting specific

analytes has allowed integration with other ex vivo or in
vitro bioanalytical platforms (e.g. microfluidics systems and
other microscopy techniques). The electrochemical methods
support and enable biological discoveries that were difficult to
achieve in the past. Recent applications of electrochemical
sensing include studies in: metabolism activities by sensing
levels of dissolved oxygen (DO)[1]-[3], glucose, lactate, and
pyruvate [4]-[6]; roles of nitric oxide in physiology [7], [8];
DNA hybridization and analysis [9], [10]; and understanding
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complex roles of neurotransmitters in cell growth,
communications, and deaths [11], [12]. Furthermore,
applications of Microelectrode Arrays (MEAs) in

electrochemical sensing have provided significantly enhanced
spatial resolution for enabling studies of cell-to-cell signaling
pathways and other complex biological phenomena. Sensor
devices employing MEAs were first reported by Thomas [13]
and further improved by others [14]-[16] to illustrate their
capabilities of recording two-dimensional action potentials to
better understand the biological signaling mechanism. The
manufacturing compatibility of MEAs with CMOS technology
allows tight integration of MEAs and supporting sensor
circuitry within a single silicon substrate. Such compatibility
provides the necessary performance needed to achieve high
temporal resolution. Simultaneously, accessibility to CMOS
processes offers a low-cost solution for integrating customized
and complex electronic circuits with a higher signal-to-noise
ratio (SNR). A biosensor system that combines electrochemical
methods and CMOS technologies would benefit the life-science
community by providing real-time chemical images at high
spatial and temporal resolutions.

The integration of MEA fabrication and CMOS technology
into biosensing applications requires integration of multi-
disciplinary knowledge in electronics circuit design, analytical
chemistry, and physiology. Currently, there is a spectrum of
MEA biosensors with CMOS technology that focuses on
electrophysiology, impedancemetry, and electrochemistry.
Electrophysiology-focused MEA systems emphasize studies on
action potential signal acquisition and stimulation of neuronal
cells up to hundreds of hertz [17]-[20]. The addition of
impedance measurements in an MEA configuration assists the
determination of biological conditions of target cells or tissue
samples [21]. Multimodal MEA systems integrate multiple
biosensing functionalities, such as optical and temperature
sensing, in addition to electrophysiology and impedance
measurements [22], [23]. The existing electrochemical MEA
systems emphasize on sensing electrochemically active
substances with integrated CMOS technology [24]-[34] and
without integrated CMOS technology [35]-[37]. The existing
designs of MEA-based systems provide valuable insights into
two-dimensional electrochemical sensing. However, the
existing systems present limitations in chemical imaging for
bio-samples due to limited spatial resolution for cellular-level
imaging, insufficient temporal resolutions to capture the
chemical gradient actions over time, or low SNR read channels
for micromolar concentration sensing.

The biosensor system presented in this paper focuses on the
common electrochemical sensing modalities (voltammetry and
amperometry) and all-around advancements to the existing
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MEA-based electrochemical sensing systems. Various design
aspects of the MEA biosensor system presented in this paper
are based on our established work with electrode geometry to
maximize electron transfer efficiency by increasing electrode
perimeter and area [38]. The system utilizes the electrochemical
reduction-oxidation (redox) mechanism with a three-electrode
configuration consisting of Working Electrode (WE),
Reference Electrode (RE), and Auxiliary Electrode (AE). An
earlier version of the biosensor CMOS MEA microchip was
tested with microfluidic flow injection experiments to
demonstrate its chemical imaging capability [39], [40].
Incorporating the same CMOS MEA microchip, an improved
system with significantly higher SNR verified the viability of
high resolution spatiotemporal electrochemical imaging in
stimulated tissue ex vivo experiments [29], [41]. The chemical
images from the prior system demonstrated its potential as a
tool for studying real-time cell-cell signaling of live tissues.
However, the performance of the previous generations of our
CMOS MEA microchip suffered from three major limitations.
First, the extended signal settling time is required during the
multiplexing process of connecting read channels to the WE
array in the MEA. The multiplexing process, though only a few
seconds long, disturbs the continuity of the electrochemical cell
and lowers the temporal resolution. Second, each WE
accumulate random current leakage up to 100nA due to direct
connections to an array of analog CMOS switches
(transmission gates) as part of the multiplexing scheme. This
leakage current heavily impacts the read channel’s overall SNR
performance because the electrochemical signal is observed to
be within pA to few nA from a single WE. Third, the
arrangement of the three-electrode system is not optimal for
dense MEA configuration. The sparsely placed RE and AE
blocks impose irregular readings across the WE array, creating
the proximity effect of high reading values closer to AE blocks
within a sub-array. This artifact is shown as repeating stripes or
block patterns in the previously published chemical image
results [29], [39]. Also, unbounded and tightly packed WEs
generate heavily overlapping diffusion layer, which is not
desirable when obtaining high signal-to-background current
ratio in scanning voltammetry methods [42], [43].

This paper describes a fully customized design of an
electrochemical biosensor system. The presented system
employs a custom CMOS microchip with 16,064 Pt MEA at
27.5um pitch and a compact system to support chemical
imaging of live biological samples with up to four frames per
second (FPS). The new system design addresses issues from
the previous generation [29] at the CMOS microchip level
while maximizing the integration of other features at the board
level, which includes device monitoring (e.g. power
consumption and temperature sensing points), control circuits
for MEA multiplexing, and microfluidic system with pH
monitoring. In comparison with previous design [29], [41], the
new design increases the number of WEs and area coverage
from 8,192 (2.0mmx2.0mm) to 16,064 (3.6mmx3.6mm), and
its uniform geometrical arrangement of the three-electrode
system helps to minimize the diffusion layer overlaps. Arrays
of compact on-chip current to voltage (I-V) amplifier circuits
(read channels) are individually connected to each
corresponding WE without intermediate multiplexing analog
switches or current buffers. The only on-chip multiplexing
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occurs at the voltage outputs of the read channels. This
configuration was selected to ensure the continuation of
electrochemical cell redox reaction and to minimize any
disturbance to the noise-sensitive electrochemically active
samples at the WE surface. Therefore, the new design allows
faster data acquisition scheme to scan through all 16,064 read
channels. Significant temporal improvement was achieved with
the generation of a 16-thousand pixel chemical image in every
0.25 seconds, while the previous generation required at least 30
seconds to generate an 8,192-pixel single-frame chemical
image. At the board level, the control and support circuits were
designed around a microcontroller unit (MCU). The entire
system is controlled and monitored in real-time using a custom-
built Graphical User Interface (GUI) on a host computer.
Microfluidic flow injection experiments of neurotransmitter
(norepinephrine (NE)) and deoxygenated deionized water (DI-
H,0) confirmed the sensitivity performance and high
spatiotemporal fidelity. The cyclic voltammetry (CV) results
showed feasibility in simultaneous detections of different target
analytes in all 16,064 WEs. This system not only presents
significantly improved performance from the exiting works but
also provides an all-in-one high spatiotemporal chemical
biosensing system solution for practical applications.

The remaining part of the paper is organized as follow:
Section II provides a brief overview of the biosensor system.
Section III presents the details of the integrated circuit design
and the MEA layout of the custom CMOS MEA microchip.
Section IV describes the board-level integration. System-level
integration of microfluidic, data processing, and user interfaces
are presented in Section V. Section VI describes the
experimental setup and the chemicals and materials used in the
experiments. Measurement results, both quantitatively
(calibration curves) and qualitatively (two-dimensional
heatmaps), are shown in Section VII. Finally, discussions and
conclusions are given in Section VIII.

II. BIOSENSOR SYSTEM OVERVIEW

The electrochemical biosensor system, as illustrated in Fig.
1, comprises of the custom CMOS MEA microchip, three
custom Printed Circuit Boards (PCBs), a Power Supply Unit
(PSU), a commercial Data Acquisition (DAQ), and a host
computer running the GUI. The Sensor PCB (S-PCB) holds the
CMOS MEA microchip socket and voltage linear regulators to
supply controllable low-noise power to the CMOS MEA
microchip and the C-PCB. A custom Control PCB (C-PCB)
consists of a Microcontroller Unit (MCU), analog and digital
signal generators, voltage monitoring circuits, and a USB
interface for communication with the host computer. A Shield
PCB (Sh-PCB) with a custom heatsink provides excess thermal
removal for the CMOS MEA microchip and protects analog
signals in S-PCB from electromagnetic interference (EMI) from
digital control signals on C-PCB. A DAQ board, ADLINK
DAQ-2208 (ADLINK, New Taipei, Taiwan), converts analog
voltage readings from the CMOS MEA microchip to 12-bit
digital signals to be processed and stored in the host computer.
The control and display software and its GUI on the host
computer is written in MATLAB. The GUI reports processed
biosensing results, shows the information gathered from the C-
PCB, and allow users to perform real-time system control.
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Fig. 1. Electrochemical biosensor system functional block diagram.
desirable two-dimensional pattern through the analog

III. CMOS MEA MICROCHIP

The CMOS MEA microchip holds the surface MEA and the
read channel array, where the electrochemical electron transfer
and current to voltage (I-V) conversion occur, respectively. The
on-chip read channel outputs are multiplexed and buffered to
the external I/O pads. To assist the three-electrode
electrochemical analysis, an on-chip potentiostat is employed.

The CMOS MEA microchip was custom designed on a
standard 0.6pm and 3-metal layer CMOS process with an
additional metal layer as the surface MEA. As shown in Fig. 2,
the 19mmx19mm silicon die was placed and wire bonded to a
cavity-up ceramic 280-pin pin-grid-array (PGA) package. The
choice of the 0.6um CMOS process is mainly due to the
availability of its post-platinization process for the MEA. The
0.6um CMOS process allows the 27.5um spatial resolution, a
size within the range of the typical cell pitch (30pm to 50pum)
in live bio-sample tissue. Therefore, it allows spatial
differentiation of the chemical activities at the cellular level.
The post-platinization process for the MEA was described in
[29], [38]. The fabrication of CMOS MEA microchip and its
surface MEA was provided by Broadcom Inc. (San Jose, CA,
United States).

At its surface, the CMOS MEA microchip holds 128%128 or
16,064 WEs, 80 pairs of general-purpose interdigitated Utility
Electrodes (UEs), and one shared interleaved RE and AE. Each
pair of UE takes an area of four WEs, hence, there are 16,064
total WEs instead of 16,384. The MEA covers an area of
3.6mmx3.6mm. The array of WEs and read channels are
compartmentalized into quadrants and group of columns with
all 16,064 WEs individually connected to 16,064 on-chip read
channels. Electrode selection can be customized to form a

multiplexers and digital control logic. As depicted in Fig. 2, the
quadrants are mirrored, vertically and horizontally, for the
benefit of matching and modularity of floorplan layout. In an
outwards order: MEA, metal routing bus, read channel array,
two-stage multiplexing, and control logic are in the direction
towards each quadrant corner. This specific floorplan was
chosen to maximize the MEA density at the center and
distribute the read channel outward, accommodating chemical
imaging of up to 3.6mmx3.6mm size live tissues with cellular-
level resolution. This similar topology was used in high-density
MEA integration [21], [24], [27], [29], while the in-pixel
circuits topology limits the MEA density [26], [31], [32], [34].

The CMOS MEA microchip contains a total of 1.2 million
CMOS transistors, optimized to operate within £1.5V and
+2.5V supply rails. The choice for power supply voltage is
determined by the microchip’s surface MEA temperature and
the upper limit of the read channel dynamic range (the expected
maximum input current (Iiv)). For most biosensing application,
the desirable surface MEA temperature is 37+0.5°C, which
corresponds to a voltage supply of around £1.65V, depending
on the ambient temperature. To increase system flexibility for
different chemical imaging applications, the overall power
dissipation can be reduced by power gating the read channels in
each independently selected quadrant. Power dissipation of the
entire CMOS MEA microchip is measured at 957mW
(59.6pW/channel) for £1.65V with all four quadrants turned on,
and as low as 159mW (39.6uW/channel) for 1.5V with only
one quadrant turned on.

A.  On-chip Read Channel Circuit

Input current to output voltage conversion is performed by a
continuous Trans-Impedance Amplifier (TIA). The opamp
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Fig. 2. A micrograph of the CMOS MEA microchip layout with four identical
quadrants and classifications of the circuit functions based on location in the
microchip. In a quadrant, the read channel array is further arranged to 64
vertical columns, each containing 64 read channel cells.

topology is based on a folded cascode structure with
complementary NMOS-PMOS input stage and a push-pull
output stage (see Section 1 of Supplementary Materials). This
configuration was chosen to maximize input and output rail-to-
rail swing. A T-network feedback resistor configuration was
selected to accommodate the area constraints involved in fitting
16,064 read channels and the large transimpedance gain.

As depicted in Fig. 3, the OPqa with Ri; forms the T-
network TIA. OPry in unity-gain configuration provides voltage
buffering and isolation from an off-chip external bias source
(V1y). The double-layer capacitance formation at WE surface is
approximated as Cpr, while the interconnect routing parasitic
from WE to TIA input is modeled as Rrr and Crr. Crr was
extracted to be ~1pF and Cpr, was approximated to be 100pF.
The CprL approximation uses the worst-case scenario
capacitance coefficient (250uF/cm?) based on a previous study
[44] and the WE surface area (427.5um?). Therefore, the
capacitance at the TIA input node is expected to be dominated
by CpL. A feedback capacitor (Cr) limits the TIA and its noise
bandwidth and provides compensation to ensure transient
response stability. The equivalent resistance is defined by Eq.
(1), resulting in output potential shown in Eq. (2). Assuming
constant OV and low-noise voltage sources are connected to
Veum and Vg, the I-V conversion is simplified to Eq. (3).
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Fig. 3. The trans-impedance amplifier read channel with high gain T-network
resistive feedback for silicon area optimization.

Rgo = Ry + Ry + (R;:“) ~R1-(1+ ﬁ—z) (1)
Vour = —Iin " Rgo + (1 + 2_2) “Vem — (2_2) Ve (2)
Vour = —Iin "Ry~ (1 + 2_2) (3)

The Common Mode Voltage (Vcem) and T-Network
Feedback Voltage (V1) are globally shared and their voltage
potentials can be customized off-chip. Vcm defines the potential
of WEs and should be set at constant 0V for electrochemical
reading, or pulsed for electrode cleaning [40], [45]. V1; should
be finely adjusted to regulate the Vour DC offset near 0V, the
middle voltage potential between the power supply rails.

The T-network noise performance is defined by the product
of noise sources (i.e. resistor thermal noise and opamp noise)
and the inversed feedback factor or noise gain (1/p). Equations
(4) and (5) describe the noise gain of a traditional single resistor
(RF) TIA and a T-network TIA, respectively. Fig. 4(a)
illustrates the OPria open-loop gain associated with the noise
gain for both TIA cases with equal resistive feedback values (Rr
=Rgq). At DC, the T-network configuration demonstrates noise
gain magnitude of (1+ Rs/R;) in comparison to the unity-gain
in the single resistor TIA, showing that the T-network
configuration amplifies the low-frequency noise of OPr; and
OPria by (1+ R3/R;). While keeping the same Rgq, reducing (1+
R3/R,) and increasing R; would push the T-network zero (f;1)
approaching the single resistor zero (f,) at a lower frequency.

1 _ 208 _ 1+Rp(CpL+CF)(S) &)
B(s)  fpr(® 1+RFCF(s)

1 far(s) _ R3\ (1+R1(CpL+CF)(s)
Br(s) N fpf(s) (1 Rz) ( 1+RCp(s) ) (5)

V= (1 + i_Z)\/(eanz + enez + ensz + eniz) (6)

The total rms output noise (Vy) in a T-network TIA can be
summarized to Eq. (6), where e, is the thermal noise of R,
ene and e,r; are the opamp noise of OPry and OPrya,
respectively, and e,; is the noise generated by the opamp input
bias current, a negligible value in the CMOS process. All noise
components are amplified by (1+R3/R;). Considering the area
and power dissipation constraints and noise gain behavior of
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Fig. 4. Read channel frequency response and noise analysis.

TIA using T-network, the 1/f noise of OPra and OPr; are
expected to dominate V,.. Therefore, minimizing 1/f noise of the
opamp input stage and careful balancing between R; and R3/R»
were the highest priority for optimizing the noise performance
of the read channel.

Stability performance of a TIA is defined at higher
frequency, specifically, at the intersection between the noise
gain and the OPr4 open-loop gain at fi. A stable TIA requires
f, < fi, when the noise gain is at Odb/decade rate when
intersecting the -20dB/decade open-loop gain. The 20db/decade
difference at the intersect point indicates a 45° TIA phase
margin. An illustration in Fig. 4(a) shows that larger Cpr. pushes
f,r and f; to a lower frequency and raises the (1+Cpi/Cr) plateau
while leaving f, unchanged. An extremely large Cpr. could push
fi lower than fj,, causing noise gain to intersect the OPis open-
loop gain at +20db/decade, generating unstable condition.
Therefore, a proper approximation of Cp is needed to optimize
the TIA stability while minimizing Cr.

Based on previous results of electrochemical ex vivo
experiments [29], the equivalent feedback resistance (Rgq) of
the TIA is set to Rgg = 20MQ (R; = 480kQ, R, = 0.6kQ, and R3
= 24kQ). R,_; values were selected to accommodate the upper
limits of the input current dynamic range to tens of
nanoamperes without sacrificing sensitivity due to the noise
gain factor (1+ R3/Ry). Cr is set at 1pF to maintain stable
transient response with the worst-case approximated Cpr. value

5
TABLE I
OPAMP AND TIA SPECIFICATIONS
Opamp — Extracted & Simulated TIA — Measured
Parameter| Condition Val. Unit |Parameter| Condition Val. Unit
Ao DC 97.7 dB Gain 19.6 MQ
Offset G=1 334 mV-o variation 0.48 MQ-c
PM 51.9 ° Offset In=0A 581 nA-c
BW -3dB 126 Hz BW -3dB 5.66 kHz
GBWP 844  kHz
1Hz  1.66 pV/AHz 1Hz  1.89 pA/NHz
Input 100Hz 029 uVAHz| Input 100Hz 0.57 pA/Hz
Noise 10kHz  0.06 pV/AHz| Noise 10kHz  0.44 pA/Hz
1Hz-10kHz 10.4 pVgrus 1Hz-10kHz 42.8 pAgwms
Output to Vpp+ 0.32 v Output Max 723 nA
Range to Vpp— 0.34 \% Range Min -74 nA
Power G=1 55 pW Power In=0A 596 uw
Dimension| 33.05 x 130.40 pm Area 33.05 x 257.85 pum

* Opamp simulation: Vpp =+£1.65V, T =37.0°C, R, = 25kQ, C = 2pF.
* TIA Measurement: Vpp =£1.65V, T =37.0°C, Cp. = 100pF, C = 2pF.

of 100pF. Fig. 4(b) shows the TIA gain, bandwidth, and
integrated noise responses measurement of 19.6MQ, 5.66kHz,
and 42.8pArwms, respectively. The bandwidth of the read
channel is suitable to capture the chemical molecule diffusivity
action in fluid, approximated between 0.1 to 10pm?/ms, within
the 27.5um spatial resolution. The integrated noise frequency
range of 1Hz to 10kHz was defined to incorporate low
frequency noise close to DC and approximately up to twice of
the TIA bandwidth. Table I summarizes the measured TIA read
channel specifications and the opamp extracted layout
simulation results with additional parallel output RC loads to
model the TIA resistive feedback and the parasitic capacitance
of the interconnects.

B.  On-chip Potentiostat Circuit

The on-chip potentiostat circuit utilizes a single-opamp
configuration with the same topology as the opamp of the TIA,
however, with higher output driving strength. In the CV mode,
the output stage was designed to handle up to 5kV/s scan rate
while driving millifarads capacitive load at the AE, the worst-
case estimation of Cpr. forms at the surface of AE and RE. For
an additional flexibility, the on-chip potentiostat can be fully
disabled to allow an external on-board potentiostat to takeover
and connect to the on-chip AE and RE.

C. Surface Electrode Layout

As shown and compared in Fig. 4(a), the improved surface
MEA configuration used the same fabrication process based on
our previous designs [29], [38]. Each pair of C-shaped
electrodes are shorted at the lower metal layer to form a single
WE to cover a 17.5umx17.5um cross-section area. The WE
array is configured in a uniform horizontal and vertical pitch of
27.5/27.5pum. Incorporating the 1.5um electrode height, a WE
surface area is improved by 37% from 317.5um? to 427.5um?
in comparison the previous WE geometry in [29], which is the
main factor in determining the amount of steady-state current
density in microelectrode [46].

The improved RE and AE are 2.5pm wide metal line which
encloses and interleaves within the WE array. The interleaved
RE and AE geometry create an enclosed area around each WE
to reduce the effect of overlapping diffusion area within WE
and to improve the localization of redox cycle in the highly
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Fig. 5. (a) A segment of MEA showing 8x8 WE array comparing the geometrical modification over previous generation microchip’s MEA configuration. The
current generation configuration shows a more compact WE array with alternating AE and RE in comparison with the previous generation electrode configuration
with two large blocks of AE and RE confining a sparse array of WEs. One pair of UE, a four-finger interdigitated electrode, with four times the size of WE, is also
shown in this segment of the current generation of MEA. There are 80 UEs pair evenly distributed in the center area of the MEA. (b) Read channel array
configuration with highlighted sections illustrating a single read channel, read channel group columns, a calibration channel, a bias circuit, and metal routings.

dense WE array [27], [31], [47]. The RE and AE are shared
among all WEs and can be connected to the on-chip or external
potentiostat. In addition, there are 80 pairs of interdigitated UEs
distributed around the center area of the MEA array. With a
minor spatial compromise of four WEs per UE, each UE
provides direct access from the surface MEA to the external I/O
pads to allow future integration of biosensing features, such as
impedance sensing and electrical stimulation.

D. Read Channel Array Layout

Fig. 5(b) depicts the silicon layout of the read channel array.
As reflected by the read channel schematic in Fig. 3, R
(480kQ) uses a high sheet resistivity but a low-precision N-type
material, whereas R, (0.6kQ) and R; (24kQ) use a high-
precision but low sheet resistivity polysilicon material. This
arrangement creates approximately 20MQ equivalent feedback
resistance with 15x smaller layout footprint than an equivalent
20MQ low-precision N-type resistor. R; and R, were matched
to minimize the R3/R, variation across the read channel array.
Due to the noise amplification by the T-network configuration,
careful placement and layout around the junction were carried
out to minimize crosstalk. The middle connection between R .3
was kept short to reduce parasitic capacitance down to extracted
value of 7.5fF. Also, the buffered V1; connection was routed
through shielded interconnect to R in each read channel with
maximum parasitic resistance and capacitance extracted values
of 0.4Q and 0.55pF, respectively. The V1y voltage biasing is
handled by the unity-gain voltage buffers (OPr), where each
buffer drives 64 read channels in its proximity. In addition,
calibration read channels with external input and output access
are evenly distributed in the read channel array to verify the I-
V functions and to measure the circuits array variations. There
are 32 calibration read channels per quadrant multiplexed to a
pair of input and output pins.

Each read channel circuit is closely associated with
neighboring read channels with shared silicon substrate and
metal routing patterns vertically and horizontally. The input
current and output voltages were routed vertically (metal 3
layer), whereas voltage biases (e.g. Vem and Vry) and power
lines are shared horizontally (metal 2 layer). This metal routing
pattern was used to accommodate modularity between read
channels and the limitations of the three metal layers available
in this CMOS process.

E. Hierarchical Read Channel Circuit and Control Logic

In each quadrant, an array of 4,016 read channels is divided
into 64 column groups. This column grouping can be visualized
as thin columns shown in Fig. 2 and Fig. 5(b) and is considered
as the first stage of the multiplexing structure to get the WE
current signals out to the pins. As shown in Fig. 6, each
multiplexer contains 64 analog transmission gates (TG) with
~1.0kQ on-resistance. The TGs are controlled by a 64-wide
logic bus driven by a 6-to-64 logic decoder. The second stage
multiplexing structure uses the identical multiplexers to further
reduce the selection from 64 column groups to one output. At
any given time, only one from 4,016 read channels in each
quadrant is selected and its output voltage is buffered to the
output pin assigned to the corresponding quadrant, labeled as
VourQx, where x = 1,2,3,4. This configuration allows the
selected signal from the TIA at the first stage to propagate to
the quadrant output within 1ps, allowing scanning time of all
4,016 read channels of a quadrant in 4.1ms. A custom address
cycles can be set to select any number of read channels less than
4,016, in any pattern, providing the flexibility to select a
specific area in the MEA and to increase the frame update rate
based on the number of selected read channels.

F.  Read Channel Array and MEA Variations

The gain and baseline offset variations across the 16,064
read channels are expected due to combinations of random
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Fig. 6. Schematic diagram of the read channel array and stages of analog signal
multiplexing driven by a 12-bit address generator and decoded for a fully
customizable two-dimensional pattern.

variations related to the circuit topology, CMOS fabrication,
and the transducer. These variations include TIA feedback
resistance variation (Rgq-0), input offset of OPy; and OPria
(Vos-1r and Vostia), WE geometry or surface area variation,
and the WE surface condition. The interconnect parasitic
resistance (Rrt) was approximated and simulated to vary from
0.5 kQ to 1.8k due to various distances from the read channel
to its WE, which causes the potential at the WE to shift from
Vem based on the value of Iiv. However, an extreme case
scenario of Iy = 100nA and Rrr= 1.8kQ yields a potential shift
of 0.18mV, a negligible value in an electrochemical process. In
summary, in an agreement to Eq. (2), the Iiv conversion gain
variation is defined by the Rgq with the addition of variations in
WE geometry and surface condition. Meanwhile, the baseline
variation is defined by the product of (1+ R3/R») and Vr; and
Vewm, which is directly affected by the input offsets of OPry and
OPr1a, respectively.

The Rgq-o variation is 0.11MQ-c in simulation and
0.48MQ-c in measurement across the 128 calibration channels.
To capture the overall gain variation, chemical calibration
experiments were performed to incorporate the effect of WE
geometry and surface condition variations. The overall gain
variation was measured to be 4.27MQ-c. The results suggest
that the gain variation is dominated by the WE variations as the
transducer. Therefore, chemical calibration should be
performed periodically to account for the WE surface
degradation or fouling. Due to the (1+ R3/R,) amplification to
the 3.34mV-c opamp input offset, the measured baseline
variation is Vour-6 = 118mV or equal to the input-referred
variation of Iiv-6 = 5.94nA. Gain and baseline offset variations
were measured at the TIA Vour and defined as coefficients for
each 16,064 read channel. With regulated temperature and
power supply voltage, these values are mainly static and can be
individually measured, stored, and used to calibrate each pixel
during the data post-processing. The chemical calibration and
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sensitivity response experiment results are presented in Section
VII-A.

IV. SUPPORTING MODULES AND CIRCUIT BOARDS

A.  Power Supply Unit (PSU)

The biosensor system was built based on a dual-rail power
supply to provide both positive and negative side of signal
readings with a reference to common ground (0V). The PSU
supplies two dual-rails at +£2.8V for supplying on-board
controllable voltage regulator that supplies the CMOS MEA
microchip and at £3.3V for supporting other peripheral circuits.
The PSU converts a 110V 60Hz AC to a single 12V DC, then
converts the single 12V DC to dual-rail voltages using high-
efficiency DC/DC buck and inverting buck-boost switching
converters for positive and negative power lines, respectively.
The PSU utilizes four integrated DC/DC switching power
modules LMZM33602 (Texas Instruments, Dallas, USA) that
can be configured as a standard step-down DC/DC converter or
as an inverting DC/DC converter. As shown in Fig. 7(a) and (d),
the PSU assembly contains AC entry module with fuse and
passive filter, AC/DC voltage converter with 12V constant
output, and four DC/DC switching power modules.

B. Sensor Circuit Board (S-PCB)

The custom CMOS MEA microchip described in Section I11
is housed in a 280 pin-grid array (PGA) package. The package
sits on a zero-insertion-force socket which offers convenience
for swapping CMOS MEA microchips in and out of the system.
As shown in Fig. 7(b) and (f), the socket is centered in the S-
PCB and surrounded by the support circuits for the CMOS
MEA microchip. The top side holds two power regulating
opamp to provide positive and negative potential (+1.5V to
+2.5V) for powering the CMOS MEA microchip. Their
potential can be set dynamically by a digital potentiometer
where its value is determined by a digital signal sent from the
C-PCB. The bottom side holds switches for enabling on-chip
circuits, voltage references, constant voltage regulator (£2.75V)
for peripheral circuits, and connectors for temperature and pH
sensor. The pH sensing circuit employs the instrumentation
amplifier INA333 (Texas Instruments, Dallas, USA), which is
in the same form of a previously discussed work [48].

C. Control Circuit Board (C-PCB)

As shown in Fig. 7(c) and depicted in a schematic in Fig. 1,
the MCU chip Atmel SAM3XS8E (Microchip, Chandler, USA)
generates digital addresses for read channel selection, sets the
potentiostat voltage, records PCBs and the CMOS biosensor
microchip temperature, and monitors current and voltages. All
information is processed and sent via a USB controller to the
host computer. Pulse width modulator (PWM) generates
accurate digital clocks to drive 12-bit digital counters. The
digital-to-analog converter (DAC) generates specified
waveforms for driving the on-chip potentiostat. The analog-to-
digital converter (ADC) receives multiplexed signals from
various monitoring readings, such as the power supply voltages,
current flows in the power lines, and voltage potentials of AE
and RE. The I2C serial line provides communication to the
digital potentiometer for CMOS MEA microchip voltage
supply adjustment and communication to the temperature chip
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Fig. 7. Custom designed and assembled printed circuit board. (a) Power supply unit circuit board with four DC/DC regulators. (b) Sensor circuit board holds the
CMOS MEA microchip and the low noise voltage regulator. (c) Control circuit board with the MCU and other peripheral circuits. (d) Assembled Power supply
unit. (¢) Shield board with the custom heatsink and mini blower. (f) Assembled system with shielded analog components and installed the CMOS MEA microchip.
(g) 3-D model of the microfluidic system with 300pm thick PDMS channel and integrated ITO and Au electrodes to a PMMA cover for pH sensing.

sensors. These control functions can be modified, and their
responses can be monitored in real-time by users in the GUI.
All analog output signals from the CMOS MEA microchip, pH
sensor reading, and potentiostat are routed to the external DAQ

1932-4545 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

for accurate analog acquisition through a 68-pin Very-High-
Density Cable Interconnect (VHDCI) connector.
D. Shield Circuit Board (Sh-PCB)

The Sh-PCB is equipped with a custom milled heatsink and
a 17mm mini blower fan as shown in Fig. 7(e). The heatsink
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creates a direct thermal contact (layered with thermally
conductive pad/paste) with the bottom side of the CMOS MEA
microchip ceramic package. Sh-PCB holds I’C serial
connections for two precision temperature sensors located on
the heatsink. The temperature reading can be used to establish
feedback control to the CMOS MEA microchip supply voltage
to achieve desired power dissipation and specific temperatures
at the MEA surface. The feedback is controlled by the MCU
and its target temperature is set up by the user through the GUI.
To ensure absolute thermal accuracy at the MEA surface, the
thermal sensor readings were calibrated based on direct
measurements at the MEA surface using a high accuracy
(£0.05°C) thermometer, Traceable (Fisher Scientific, Hampton,
USA).

E.  Circuit Boards Assembly

The signal connections betweeen S-PCB, C-PCB, and Sh-
PCB are made through half-pitch (1.27mm/0.05”) headers at
four corners of the board, with 160 side connectors dedicated
for the 80 pairs of UEs. The top side connector is for analog
output voltages, and the bottom side is for digital control signals
as shown in Fig. 7(e) and (f). Sensitive electrical components
(i.e. power supply regulators and voltage reference circuits) on
both S-PCB and C-PCB were shielded to reduce EMI and to
minimize accidental damage during wet chemical experiments.
As depicted in Fig. 7(f), the stacking configuration forms rigid
electrical and mechanical connections and allows direct vertical
add-ons of other custom PCB for additional future expansions.

V. SYSTEM-LEVEL INTEGRATION

A.  Microfluidic Platform

The microfluidic channel was made with stacks of 300pum
Polydimethylsiloxane (PDMS) membrane as the fluidic
channel and 3.0mm Poly(methyl-methacrylate) (PMMA) as a
cover equipped with inlets and outlets. The PDMS membrane
was molded and laser-cut to form a channel with various
configurations, such as a single inlet with a single outlet or
multiple inlets with one outlet, for different patterns of flow
injection experiments. During a chemical imaging experiment,
the PDMS-PMMA stack is attached to the CMOS MEA
microchip with adequate pressure to form a sealed fluidic
channel with 300pm height over the entire area of the MEA.
The channel height can be adjusted by changing the PDMS
membrane thickness to accommodate various fluidic volume.

Another version of the microfluidic channel employs a
10mmx10mm glass electrode integrated within the PMMA
cover as shown in Fig. 7(g). Similar to previous work [6], the
glass electrode with indium tin oxide (ITO) and Au pattern was
fabricated using steps of photolithography and metal deposition
process. This glass electrode can be multiplexed as a pH sensor
or as alternative electrodes to the on-chip AE and RE. For
further information, see Sections 2 and 3 of Supplementary
Materials depicting the microfluidic setup used in experiments.

B. Data Acquisition and Real-time Visualization

The data interface between the electrochemical imaging
system and the host computer is through the DAQ as illustrated
in Fig 1. Each analog output signal from four quadrants is
effectively sampled at a rate of 100kS/s by the DAQ. Each read
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channel is given 64us window for its output signal to settle,
resulting in approximately six sample points for each read
channel before the control logic in the imaging system selects
the next read channel. Once the output signals from all the read
channels are sampled, the dataset is transferred to the host
computer and stored. Promptly, a trigger command for starting
the next frame acquisition occurs, in parallel with the start of
data processing of the acquired frame. During data processing,
the acquired data samples from each read channel are averaged
over the six samples and stored as a single value representing a
pixel in a 16-thousand pixel heatmap in real-time. Throughout
the experiments, the DAQ was operated at the maximum
effective 15.625kHz scanning rate per read channel. With all
4,016 read channels available in each quadrant, the frame
update rate is approximately four FPS. A detailed flowchart of
the real-time acquisition, processing, and visualization is
illustrated in Section 5 in Supplementary Materials.

C. Graphic User Interface (GUI) Functionalities

A custom GUI was created on a host computer using
MATLAB with a direct serial interface for communication with
the C-PCB. The GUI provides comprehensive control and
monitoring over ongoing events and environments of the
system. There are two types of analytical chemistry methods
supported by the system’s GUI: amperometry and CV. In the
amperometry mode, user can set the activation voltage, the
number of frames to acquire, and the frame update rate up to
four FPS. Electrochemical gradient measurement frames are
recorded and shown in real-time as a 16-thousand pixel
heatmap. In the voltammetry mode, user can set minimum and
maximum potentiostat voltage, scan period, scan rate, and the
number of cycles. Voltammetry results were recorded from 64
selected and uniformly distributed WEs across the MEA.
Section 4 of Supplementary Materials shows a detailed list of
GUI functions and real-time screenshots of the GUL

VI. EXPERIMENT SETUP AND MATERIALS

A. System Setup and Environmental Condition

The overall system, especially the CMOS MEA microchip,
underwent a stringent initial verification phase to determine its
electrical  functionalities, sensitivity, selectivity, and
spatiotemporal performance. Experiment results discussed in
Section VII were performed at a constant power supply
potential of £1.65V to keep the CMOS MEA microchip
temperature constant within 37+£0.5°C. The on-chip potentiostat
and three-electrode system were used to perform both
amperometry and CV to generate the analytical chemistry
results. The surface MEA is unmodified bare Pt electrodes. All
experiments were performed at 5,003 feet (1,525m) altitude.

B. Materials

DI-H,O at 18.2 MQ.cm (Millipore Sigma, Burlington, USA)
and ((£)-norepinephrine (+)-bitartrate salt (Sigma-Aldrich, St.
Louis, USA) dissolved in DI-H,O were used as the blank and
neurotransmitter sample, respectively. Selectivity experiments
used dissolved uric acid (UA) (Sigma-Aldrich, St. Louis, USA)
as the secondary target analytes. For the oxygen experiments,
DI-H,0O was degassed with a vacuum chamber and followed by
nitrogen sparging to reach 5% of the atmospheric ambient
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Fig. 8. (a) Sensitivity response generated from the step-response experiments, showing calibration curve and dynamic range of the system for NE concentration
from 4uM to 128 uM, and (b) 4uM to 1,024 uM with n = 32,768 for each concentration. (c) Response to dissolved oxygen concentration with n = 81,920 per
concentration. (d) Response to pH between 6.0 and 8.0 using the ITO and Au glass electrode. Error bars signify 1-c value.

oxygen concentration. A commercial oxygen meter Oakton
DO6+ (Cole-Parmer, Vernon Hills, USA) was used to confirm
Dissolved Oxygen (DO) concentration before each sensing
experiment. For pH calibration, different ratio mixtures of
Sodium Phosphate Monobasic Monohydrate, H4NaOsP (Fisher
Scientific, Hampton, USA), and Sodium Phosphate Dibasic
Anhydrous, HNa,O4P (Fisher Scientific, Hampton, USA), a
phosphate-buffer solution, were used to achieve 0.2pH
resolution steps ranging from 6.0 pH to 8.0pH. The pH readings
were verified using Fisherbrand™ Accumet™ ABI15 (Fisher
Scientific, Hampton, USA).

VII. CHEMICAL EXPERIMENT RESULTS

A. Amperometry and Sensitivity to Target Analytes

A flow injection system with two syringe pumps was set up
for determining sensitivity to NE and DO concentrations. The
flow injection setup allows sudden flow change between the
control and sample to produce ranges of step-responses for
different analyte concentrations. The differential values
between control (DI-H?0O) and sample (concentrations of NE or
DO) were recorded, processed, and used as the results.

An activation voltage of +0.6V was used in the amperometric
sensing of NE. Fig. 8(a) and (b) summarizes dynamic range and
sensitivity at the micromolar concentration range. This was
used to establish the range of detection and to show the system’s
limitation in differentiating low concentrations of analytes
down to 4uM and the linear dynamic range is limited below

512uM. This limitation may be influenced by several factors
that limit the redox current flow between AE and WEs (e.g. the
low ratio of AE to WE surface area, and limited voltage
compliance and current driving strength of the on-chip
potentiostat). Improvements to the dynamic range could be
made by substituting the on-chip potentiostat with the external
on-board potentiostat with a higher output compliance voltage
and utilizing the ITO glass electrode to increase AE to WE area
ratio. The sensitivity result shows a higher current response of
4.7pA/puM in comparison to the previous generation MEA of
3.35nA/mM [29], confirming that greater WE surface area
increases steady-state current as discussed in Section III-C.

Fig. 8(c) depicts the system response to DO concentrations
between 5% and 80% of the ambient oxygen concentration.
Similar experiment method to sense NE was used with the
activation voltage set to -0.7V to ensure complete oxygen
reduction as previously described in [5], [37]. The system
sensitivity for DO is 86pA/mg/L.

To fully appreciate the sensitivity limit of the system,
calculations of blank (LoB), detection (LoD), and quantitation
(LoQ), were also performed based on the Clinical and
Laboratory Standards Institute (CLSI) EP17 guidelines [49].
Based on the NE chemical experiment, the LoD is calculated to
be 41.0pA, an improvement over the previous system (52.5pA)
[29], [41]. This indicates that the system can reproduce
chemical images at similar or better fidelity. Refer to Section 6
of Supplementary Materials for more details on LoD.
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bar indicates 1-c values.
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Fig. 10. Spatiotemporal resolution imaging results of flow injection. (a) and (b) Different pattern of flow injection of 100pM Norepinephrine. (¢) Flow injection
of DI-H?O at different oxygen concentrations of 80% and 40%.
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B. pH Sensing

Due to the potential fluctuation of pH during electrochemical
experiments, it is imperative to monitor pH in real-time to
ensure predictability of the bio-sample behavior [50], [51].
Using the glass electrode described in Section V-A, the ITO and
Au electrodes offer linear pH response of -28.35mV/pH for a
range of 6.0pH to 8.0pH as shown in Fig. 8(d).

C. Cyclic Voltammetry and Simultaneous Detection of
Different Target Analytes

Simultaneous detection of multiple target analytes has
increasingly received more attention in biosensing. Recent
works showed simultaneous detection of multiple analytes with
Differential Pulse Voltammetry (DPV) [52]-[54]. Fig. 9(a)
shows CV responses of NE at different concentrations with
different scan rates. Each curve represents simultaneous
recording from 64 (16 per quadrant) WEs uniformly distributed
across the entire MEA area. Each read channel output is
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connected to a syringe containing samples (i.e. NE and
degassed 40%-oxygen DI-H,O). The heatmap results were
post-processed with DC offset adjustment, gain calibration,
frame-to-frame smoothing, and simple spatial mean filtering
[57] to show the gradient actions. However, excessive spatial
mean filtering would decrease the spatial resolution below the
initial 27.5pm pitch. For results presented in Fig. 10, the three-
pixel spatial mean filtering was used.

The first imaging was performed by flowing 100uM NE at a
10pL/m between two streams of 50uL/m DI-H,0. At t=2s, an
abrupt change of outer DI-H,O flow rate to 90uL/m and
10pL/m was introduced to shifts of the constant NE flow to the
bottom corner. The imaging results are shown in Fig. 10(a). The
second imaging experiment was performed by introducing
rapid increase of NE flow rate from OpL/m to 50puL/m within
15s, creating a wider NE flow pattern in the middle with the
increase in NE flow rate. The results are shown in Fig. 10(b).

presented in opaque lines and their average is plotted as a solid TABLE II

line. The results are consistent with other reported results [55], SYSTEM-LEVEL GENERAL SPECIFICATIONS

[56] that showed the trend of increasing current peaks with Parameters Condition Min Max  Unit

higher analyte concentrations and the effect of scan rate [46].  Read Channel Input Current Vop = £1.65V 740 723 nA

Fig. 9(b) shows the CV results of 64 selected WEs for a 0.5mM  Read Channel Switch Rate Vop = £1.65V 1.0 MHz

NE and 0.5mM UA solution at 2V/s scan rate. The Potentiostat Compliance Vop =£1.65V -1L59 L6z vV

simultaneous detection result is indicated by the first current Potentiostat Scan Rate Vop = £1.65V 30 kvis

peak at 0.12V for NE and second current peak at 0.47V for UA. Power Supply Voltage | CMOS microchip Vpp - £1.5 £2.5  V
MEA Surface Temp. Vop=%1.5t0 2.0V  26.7 63.1 °C

D. Chemical Imaging MEA Surface Temp. | Vpp=£1.65V @ 24°C 37.1 382  °C

In ex vivo experiments with live samples, it is highly Power Dissipation CMOS microchip 957 - uW
desirable to capture releases of target analytes in a high (Vop =£1.65V) Entire system 1242 pW
spatiotemporal resolution. As depicted in Fig. 10, screenshots DAQ Sampling Rate Each quadrant 100 kS/s

. . . DAQ LSB 12-bit resolution 122 61.0 PA
of the electrochemical imaging heatmaps were generated from Imagi
L. . . . maging Frame Rate Amperometry 4 FPS
flow injection experiments. The experiments were performed Noreomonlrne R ymY,

X K X . K orepinephrine Response uMto 512uM 4.7 pA/uM
with the support of three-lnle?t microfluidic channel (gee Section i oived Oxygen Response| 0.3me/L to 4 4mg/L 36 pA/mg/L
2 of Supplementary Materials) where two outer inlets were pH Response 6.0pH to 8.0pH 283 mV/pH
connected to two syringes containing control (DI-H,O), set at Limit of Blank 106 PA
initial flow rate of 50puL/min, and the middle inlet was Limit of Detection 41.0 PA

TABLE III
STATE-OF-THE-ART ELECTROCHEMICAL BIOSENSOR WITH MICROELECTRODE ARRAY
Parameters CMOS Working Electrode Read Channel Imaging Performance On-Chip
Tech Die Sense Count Material  Size Pitch | Count BW Input - Power | Imaging Frame  Conc. Pot. RE/
Size Area Noise per Ch.| Result Rate (Analyte) AE
Ref. pm mm mm - - pm pm - kHz pArmus MW - FPS Molar - -
[21] 0.18 12x8.9 |[4.5x24 59,760 PtBlack 3x7.5 13.5 28 10 120 178 No - 200p (DA)] No No
[24] 0.5 - 1.2x1.2 1,024 Au 7x7 37 1 - - 73.5 No - 0.1 (KFe) | Yes No
[25] 0.5 3x3  10.4x0.2 100 Ti/Pt 15%15 40%20 100 0.1 0.15 - Yes 200 0.35pn (DA)| Yes No
[26] 0.18 10.4x10.4{5.0x5.0 400 Au/Pt/Ti 40 250 400 - 1 1.57 Yes 8 10 (H,0;) | Yes No
[27] 0.6 7.5x7.5 0.6x0.6 256 Au/Cr  10x10 35 1 - 3 430 Yes 14 0.1 (KFe) | No Yes
[28] 0.35 7.5x4.8 [3.2x3.2 1,024 PtBlack 25 100 32 1 58.5 - Yes 90 30m(H0,)| Yes Yes
[29] 0.6 19x19 |2.0x2.0 8,192 Pt 17.5x15  25%30 64 10 52 1,875 Yes 0.03 8u(NE) | Yes Yes
[30] 0.35 5%5 1.0x1.0 1,024 Au 15%15 30 1,024 4.4 0.47 12.2 Yes 10,000 10m (DA)| No No
[31] 0.35 3.8x3.8 [1.8x1.8 256 Au 20x%20 114 16 150 1,040 2,681 Yes - 100p (Fe) | Yes  Yes
[32] 0.18 3x1.4 |1.2x0.8 50 Al 60x60 160x120| 50 - 4,680 4,900 No 2 - No  Yes
[33] 0.18 5x5  13.2x3.2 4,096 Au 45%45 50 4,096 26 0.6 23 No - 125n (FF) | No  No
[34] 0.35 3.8x3.1 3.2x24 192 Au 100 200 96 1 24 188 No - 2m (DA) | Yes Yes
This work® | 0.6 19x19 |[3.6x3.6 16,064 Pt 17.5x17.5  27.5 16,064 5.66 42.8 59.6 Yes 4 4u (NE) | Yes Yes
This work® 4,016 4,016 3.56 59.7 39.6

*Vsupply = +1.65V, Surface Temp. =~ 37.5°C at 24°C ambient. Four active quadrants. Optimal temperature for ex vivo experiments.
®Vsupply = +1.50V, Surface Temp. = 25.3°C at 24°C ambient. One active quadrant. Minimum supply potential with no significant performance reduction.
Analytes: DA: dopamine, KFe: Potassium ferricyanide (K3Fe(CN)6), NE: Norepinephrine, Fe: ferrocene (Fe(C5HS5)2), FF: Ferro/Ferricyanide.
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Finally, as presented in Fig. 10(c), the imaging for DO
concentration was started with 50uL/m flow rates of the 80%
and 40% DO. A sudden stop of the 40% DO concentration was
introduced at t = 2s and followed by the middle flow signal
decaying within 10s. The resulting heatmaps with hundreds of
pA gradients not only show sensitivity performance but also
demonstrate the spatiotemporal resolution of the system.

VIIL

A high spatiotemporal resolution electrochemical biosensor
system with CMOS microchip employing a novel Pt MEA is
presented. Flow injection electrochemical experiments
confirmed that the highly integrated electrochemical imaging
system provided excellent spatial and temporal resolutions for
most biological electrochemical sensing experiments. Table I
lists the detailed performance specifications achieved at the
circuit level. Table II lists the general system-level
specifications of the imaging system.

Comparing to other recent work in experimental MEA
systems, the highly integrated electrochemical imaging system
fares well in many categories. Table III provides a summary of
the key features of the imaging system in comparison with other
existing MEA systems performing electrochemical sensing.
Desirable features from a chemical imaging device are high
pixel counts, high spatial and temporal resolution, high
sensitivity to target analytes, integration of the electronics and
electrodes, and integration of other supporting systems (e.g.
temperature control, pH sensor, bio-sample handlings). An
existing work with the highest spatial resolution was presented
by Dragas [21] focused on the electrophysiology performance
and shows minimal electrochemical sensing performance with
no chemical imaging results. Another work with the highest
temporal resolution presented by White [30] successfully
performed imaging of neurotransmitter, however, with high a
concentration of 10mM Dopamine (DA) and on a 1,024-pixel
array. Their results show 0.5nA current response to 10mM DA,
while our system shows similar current response for 0.1mM
NE. DA and NE are in the same neurotransmitter family with
identical electrochemical process of two electrons oxidation;
thus, our WE geometry configuration has approximately 100x
sensitivity to the target analyte in comparison to the results in
[30]. This paper presents a system with the highest number of
pixels that provides the most comprehensive chemical
experiments and verifies the chemical imaging results using
multiple target analytes (i.e. NE, UA, and DO) at micromolar
concentrations. Furthermore, our system also provides real-
time pH monitoring, real-time temperature control, and an
improved microfluidic system based on the previous system
used in ex vivo experiments [29].

The system presented in this paper offers all-around chemical
imaging capability prepared for performing biological-
significant studies. Applications of such system include the
expansion of existing works in single-cell viability in Assisted
Reproduction Technology (ART) [3], [58], rapid cytometry
[59], [60], and cellular physiology related to degenerative
diseases and cancer developments [61], [62].

As the system core, the versatility of the CMOS MEA
microchip allows extensive feature expansions and
improvements at the board and system-level. First, a custom
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data acquisition design, similar to previously reported work
[28], [30], would allow the system to perform higher temporal
resolution chemical imaging of all 16,064 read channels up to
244FPS from the existing 4FPS. Second, the 80 pairs of
general-purpose UE are available for incorporating additional
functionality such as localized electrical stimulations and
impedance sensing. Finally, the bare Pt MEA provides
opportunities for further improvement in sensitivity and
selectivity with enhanced surface modifications, such as gas
permeable coated electrodes for oxygen detection [1], [2],
enzyme-based coating for glucose and lactate sensing [4]-[6],
or polymer-based coating for improved simultaneous detection
of various neurotransmitters [52]-[54].
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