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ABSTRACT

A BIOSENSOR SYSTEM WITH AN INTEGRATED CMOS MICROELECTRODE ARRAY

FOR HIGH SPATIO-TEMPORAL ELECTROCHEMICAL IMAGING

The ability to view biological events in real time has contributed significantly to research in life
sciences. While optical microscopy is important to observe anatomical and morphological changes, it is
equally important to capture real-time two-dimensional (2D) chemical activities that drive the bio-sample
behaviors. The existing chemical sensing methods (i.e. optical photoluminescence, magnetic resonance,
and scanning electrochemical), are well-established and optimized for existing ex vivo or in vitro analyses.
However, such methods also present various limitations in resolution, real-time performance, and costs.
Electrochemical method has been advantageous to life sciences by supporting studies and discoveries in
neurotransmitter signaling and metabolic activities in biological samples. In the meantime, the integration
of Microelectrode Array (MEA) and Complementary-Metal-Oxide-Semiconductor (CMOS) technology to the
electrochemical method provides biosensing capabilities with high spatial and temporal resolutions. This
work discusses three related subtopics in this specific order: improvements to an electrochemical imaging
system with 8,192 sensing points for neurotransmitter sensing; comprehensive design processes of an
electrochemical imaging system with 16,064 sensing points based on the previous system; and the
application of the system for imaging oxygen concentration gradients in metabolizing bovine oocytes.

The first attempt of high spatial electrochemical imaging was based on an integrated CMOS
microchip with 8,192 configurable Pt surface electrodes, on-chip potentiostat, on-chip control logic, and a
microfluidic device designed to support ex vivo tissue experimentation. Using norepinephrine as a target
analyte for proof of concept, the system is capable of differentiating concentrations of norepinephrine as
low as 8uM and up to 1,024 uM with a linear response and a spatial resolution of 25.5%x30.4um.
Electrochemical imaging was performed using murine adrenal tissue as a biological model and successfully
showed caffeine-stimulated release of catecholamines from live slices of adrenal tissue with desired spatial
and temporal resolutions. This system demonstrates the capability of an electrochemical imaging system

capable of capturing changes in chemical gradients in live tissue slices.



An enhanced system was designed and implemented in a CMOS microchip based on the previous
generation. The enhanced CMOS microchip has an expanded sensing area of 3.6x3.6mm containing
16,064 Pt electrodes and the associated 16,064 integrated read channels. The novel three-electrode
electrochemical sensor system designed at 27.5%27.5um pitch enables spatially dense cellular level
chemical gradient imaging. The noise level of the on-chip read channels allow amperometric linear
detection of neurotransmitter (norepinephrine) concentrations from 4uM to 512uM with 4.7pA/uM sensitivity
(R=0.98). Electrochemical response to dissolved oxygen concentration or oxygen partial pressure (pOz2)
was also characterized with deoxygenated deionized water containing 10uM to 165 uM pO2 with 8.21pA/uM
sensitivity (R=0.89). The enhanced biosensor system also demonstrates selectivity to different target
analytes using cyclic voltammetry to simultaneously detect NE and uric acid. In addition, a custom-designed
indium tin oxide and Au glass electrode is integrated into the microfluidic support system to enable pH
measurement, ensuring viability of bio-samples in ex vivo experiments. Electrochemical images confirm the
spatiotemporal performance at four frames per second while maintaining the sensitivity to target analytes.
The overall system is controlled and continuously monitored by a custom-designed user interface, which is
optimized for real-time high spatiotemporal resolution chemical bioimaging.

Itis well known that physiological events related to oxygen concentration gradients provide valuable
information to determine the state of metabolizing biological cells. Utilizing the CMOS microchip with 16,064
Pt MEA and an improved three-electrode system configuration, the system is capable of imaging low
oxygen concentration with limit of detection of 18.3uM, 0.58mg/L, or 13.8mmHg. A modified microfluidic
support system allows convenient bio-sample handling and delivery to the MEA surface for sensing. In vitro
oxygen imaging experiments were performed using bovine cumulus-oocytes-complexes cells with custom
software algorithms to analyze its flux density and oxygen consumption rate. The imaging results are
processed and presented as 2D heatmaps, representing the dissolved oxygen concentration in the
immediate proximity of the cell. The 2D images and analysis of oxygen consumption provide a unique

insight into the spatial and temporal dynamics of cell metabolism.
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CHAPTER I: INTRODUCTION

The ability to view biological events in real-time contributes significantly to the understanding of
critical life processes. Visualizing chemical changes at smaller dimensions and shorter timescales allows
scientists to better understand the driving forces that regulate fundamental and obscure biological
phenomena. Traditional optical microscopy techniques provide a means of observing the movement of
small molecules in live biological samples with a respectable spatial and temporal resolution, however, with
limitations. These methods are restricted to a library of inherently colored or fluorescent molecules, and
those that can be selectively labeled through genetic modifications, exogenous fluorophores [1], or quantum
dots [2]. In addition, these modifications add a considerable molecular weight when conjugated to small
molecules such as neurotransmitters or pharmaceuticals, which can have a significant impact on behavior
and function, making it difficult to visualize molecular changes in ways that replicate in vivo environments.

Electrochemical 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 [3]-[5], glucose, lactate, and pyruvate [6]-[8] concentrations; roles of nitric oxide in
physiology [9], [10]; DNA hybridization and analysis [11], [12]; and understanding complex roles of
neurotransmitters in cell growth, communications, and deaths [13], [14]. 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 [15] and further improved by others [16]—
[18] to illustrate their capabilities of recording two-dimensional (2D) 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 biosensor system development presented in this paper focuses on the common
electrochemical sensing modalities (voltammetry and amperometry) and all-around advancements to the
existing 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 [19]. 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 [20], [21].
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 [22], [23]. The chemical images from the prior system demonstrated its potential as a tool for
studying real-time cell-cell signaling of live tissues with, however, some limitations.

This manuscript describes a development of a fully customized 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 [23] 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 [22], [23], 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 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-H20) 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
existing works but also provides an all-in-one high spatiotemporal chemical biosensing system solution for
practical applications.

As one of electrochemical imaging applications, oxygen measurement at the cellular level has been
of interest in branches of physiological studies. Primarily, oxygen is responsible for mitochondrial oxidative
phosphorylation (OXPHOS), a vital process in generating a chemical complex (adenosine triphosphate
(ATP)), the high-energy substance required in cellular growth and maintenance [24], [25]. The ability to
image oxygen gradients in real-time is highly desirable to better understand the metabolic progress of non-
communicable diseases (e.g. cancer, neurodegenerative, autoimmune, and cardiovascular diseases) [26],
mechanism of tumor cell growth [27], [28], embryo morphogenesis [29], and development of assisted
reproductive technology (ART) [7], [30], [31]. Dissolve oxygen concentration (DOC) or oxygen partial
pressure (pOz2) indicates the level of hypoxic condition in tumor cells. This determines its stage, prognosis,
and is potentially useful for rapid therapy treatments developments [32], [33]. Meanwhile, in an oocyte’s
and early embryo’s development, monitoring pO2 provides oxygen consumption rate (OCR) due to
mitochondrial OXPHOS, which is a proven predictor of a cell’s viability during its maturation and its effect
to various therapies in ART [34]-[37]. Access to more sensitive and higher spatial and temporal resolution
pO2 measurement method would benefit treatments and drugs development and overall advancement in
the medical field. Sets of in vitro experiments on bovine cumulus-oocytes-complexes (COCs) were
performed to produce 2D pO2 images. Our results were analyzed according to the previous pO2 gradient

analysis simulations and methods [5], to show pO2 flux density and consumption rate in the high-density



MEA. In combination with the custom-designed microfluidic support system for oocytes/embryo cells
handling, this work offers unique insights into high spatial and temporal response of bovine COCs
metabolism.

The remaining part of the manuscript is organized as follows: Chapter Il describes the bases of this
work as a high spatial and temporal resolution electrochemical sensor; previews of the previous generation
of our MEA-based electrochemical sensor and its results are also discussed. Chapter Ill provides a brief
overview of the entire biosensor system. Chapter IV discusses further details of the integrated circuit design
and the MEA layout of the CMOS MEA microchip. Chapter V presents the CMOS microchip simulation
results. Chapter VI describes the system-level integration, consisting of iterations of board-level prototyping,
design of real-time user interfaces and data processing, and fabrication of the microfluidics support system.
The validation of electrical performances with and without target chemical compounds are illustrated in
Chapter VII; the results are presented both quantitatively (calibration curves) and qualitatively (2D
heatmaps). Chapter VIII describes the application to the oxygen gradient measurement in bovine COC cells
and analysis of the oxygen flux density and consumption rate. Finally, conclusions and suggestions for

future research and applications are given in Chapter IX.



CHAPTER II: MOTIVATIONS AND EXISTING WORKS

21, Electrochemical Measurement Overview

A common electrochemical system typically adopts a traditional three-electrode system method,
employing WE, RE, and AE as shown in Figure 1. The three-electrode system offers flexibility in performing
various methods of electrochemical analysis, including amperometry, chronoamperometry, CV, and
differential pulse voltammetry. In an amperometric measurement, the current detection of reduction and
reduction (redox) of electrochemically active compounds is activated by the constant potential difference
between the WE and RE, where RE potential is continuously maintained by the potentiostat through the
continuous electron supplies provided by AE. The potentiostat is responsible for reflecting the bias voltage
(VB) by creating closed-loop feedback between the RE and AE, a path with finite impedance value. Vg is a
voltage potential defined by user to accomplish the specified redox reaction of a chemical compound. Due
to the redox reaction, the level of current density flows through the WE can be correlated to the
concentration of the target chemical compound at the immediate proximity around the WE surface [38].
Lastly, the current is converted to voltage by a Transimpedance Amplifier (TIA) circuit for data sampling or
acquisition for the following data analysis process.

The redox process causes a chemical compound to lose or gain electrons in oxidation and

reduction processes, respectively. For an example, a simplified redox reaction between oxygen and water
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Figure 1. The three-electrode system.

The traditional three-electrode system consists of AE, RE, WE, a potentiostat, and a read channel.



can be summarized as O2 + 4H" + 4e & 2H20. The electrical current response of a spherical
microelectrode is not only defined by the redox electron transfer based on the chemical concentrations (Q),
but also by its radius (r), surface area (A), diffusion coefficient of the solution (D), concentration of the
reactant (c), and time (t) as described by equation (1). In this case, an MEA is affected by the vnDt term,
which is a time-dependent diffusion layer area. As time increases, the diffusion layer grows larger than the

microelectrode radius (r), forming a steady-state current response (2) [39].

QDAc
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—] (1)
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T

(2)
The read channels are constructed in a form of current to voltage (I-V) converter. A TIA circuit, as
shown in Figure 2, is the simplest and well-proven method, is used to convert the current readings defined

by equation (3).

—Vour = R X1 (3)

o N feBwp
BWy, ~ 1A(f) = 1.4 /—anF s (4)

Each read channel consists of a single-ended opamp, a resistor (Ry), and a feedback capacitor (Cr). The
value of R and Cr are based on the need for high SNR and moderately low |-V conversion bandwidth (i.e.
tens of kHz) for biological electrochemical imaging. The bandwidth of the TIA is defined by (4), where f; is
the intercept frequency between the opamp open-loop gain and the feedback frequency response, fspwp
is the opamp gain-bandwidth product, and C; is the total interconnects parasitic capacitance and the double-
layer capacitances formed at the surface of WE. Furthermore, as defined by (5), the output rms noise
consists of three noise contributors: e, is the thermal noise of Ry, e,; is the shot noise due to input bias

current of the opamp, and e, is the overall output noise generated by the opamp [40].
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Figure 2. A basic continuous feedback TIA circuit.
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In TIA read channel design, the use of opamp with extremely low output noise (e,.) and input
current noise (i,,) would yield relatively negligible e,; and e,,.. The R thermal noise (e, z) over a bandwidth
defined by R(Cr+C;) will dominate the output rms noise. Increasing Ry will result in a linear increase in I-V
gain and a square root increase in output rms noise, leading to a higher SNR. In addition, the choices of
Rr and Cy provide a mean to perform tradeoff between the required bandwidth in (4) and the output rms

noise in (5).

2.2, Other Works in Electrochemistry and MEA

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 [41]-[44]. The
addition of impedance measurements in an MEA configuration assists the determination of biological
conditions of target cells or tissue samples [45]. Multimodal MEA systems integrate multiple biosensing

functionalities, such as optical and temperature sensing, in addition to electrophysiology and impedance



measurements [46], [47]. The existing electrochemical MEA systems emphasize on sensing
electrochemically active substances with integrated CMOS technology [23], [48], [57], [49]-[56] and without
integrated CMOS technology [58]-[60]. The existing designs of MEA-based systems provide valuable
insights into 2D 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.

Electrochemical methods, such as scanning electrochemical microscopy (SECM) and MEAs, have
been previously explored as alternative methods for acquiring spatial and temporal chemical information
from small molecules that cannot be reliably measured with existing microscopy techniques. SECM uses a
microelectrode tip to scan the surface of a sample to measure the current generated by the reduction-
oxidation (redox) of chemically active species, which can provide spatial chemical information, but is limited
in its temporal resolution [61]. On the other hand, the MEA system approach provides a means of taking
measurements from multiple electrodes simultaneously, allowing for improved spatial and temporal

resolution [18], [62]. One of the first biological applications of MEAs utilized an array of thirty nickel-gold-

Figure 3. Generation 1: Floorplan with 21 test patterns of microelectrode [17].



platinum electrodes on a glass substrate to gather bioelectric measurements on the cellular level [63]. Over
the years, the MEA system approach has substantially improved with the advancement of CMOS
manufacturing processes, which have allowed for the fabrication of higher density arrays capable of
gathering spatially resolved electrical readings. Most of these CMOS-fabricated microchips have been used
for bioelectric potential measurements and stimulation on electrogenic cells, such as neurons [41], [44],
[64] and cardiomyocytes [65]. In addition, some CMOS-based MEA systems are capable of simultaneous
electrochemical, impedimetric, potentiometric, and thermal measurements [45], [46], [66]. Our research
introduces an electrochemistry-based imaging device based on redox reactions rather than bioelectric
potential measurements which can be employed as a complementary platform within existing microscopy
systems, allowing for simultaneous capturing of electrochemical and optical information.

In prior work, our group studied the effect of microelectrode geometry on sensitivity [19]. Our initial
research in microelectrode, Generation 1, concludes that the highest current density is generated from the
microelectrode with the highest perimeter to the electrode surface area ratio. Our first attempt of integration
of MEA to a CMOS microchip, Generation 2, established a method for interfacing MEA microchips with
microfluidics [20], [21]. Preliminary live tissue electrochemical imaging results were reported along with a
brief discussion of the system improvements [67]. The following section discusses the findings of the first

electrochemical biosensor system employing an MEA.

2.3. Biosensor Generation 2 with CMOS MEA Microchip

The objective of this system is to demonstrate that redox-based electrochemical analytical
techniques can be used to image biomarker release on live tissue samples using a high-density MEA, with
proof of concept in the imaging of neurotransmitter release from live adrenal tissue upon stimulation with
caffeine. For this work, we chose to focus on amperometry, where the constant difference in potential
between the WE and RE activates the reduction or oxidation of electrochemically active compounds.
Electron transfer from the redox reaction at the surface of the WE produces a current that is linearly
proportional to the analyte concentration [38], enabling the determination of catecholamine concentration
from current values. This section provides a comprehensive discussion of the Generation 2 CMOS

biosensor microchip design with hardware, software, and tissue handling protocols for gathering chemical



1 i i
CMOS Microchip b o N )
i Printed Circuit : Data Acquisition ! Data Processing &
: i Board i Instrument | Heatmap Generation
surface i cmos Circuit | ! | £
Electrodes | ; i
i H i i
T ': Transmission Gates i Read Channels E ADLINK DAQ-2208 i MATLAB Scripts
* ] ' i 1
Sub-array 1 128 VTR i
<01> T 5 ’ E 12-bit ADC —)  Digitizeddata | _
Subaray || 128 128 | e | T :
<02> et 7 > \ 128: 128 !
. E i y # : Analog Inputs i Data conditioning:
64x ; | i E > i . _Artifact_s rerr_woval_ 4
Sub-array ; 128 : Controllable ! : e Drift & gain calibration|
<64> i i Voltage Bias E DAQ i
: ! 198 ! Control ' Heatmap generation:
] 1 1} 1 " *
i {64 A External Pins| ! : « Pixel mapping
E ] E i « Smoothing &
i : 6 i s i Interpolation
‘| 6:64Decoder H » ' 6 Digital !
Reference i i Sub-array Selection E Outputs !
Electrode : i Bus Line i ; Heatmap Movie
i H i |
I 1 I 1
Auxiliary i { i User Inputs i Data Information:
i ! Function ! P - 3
Electrode T H Generator [ : e Sampling rate  —
(AE) i i ! MATLAB GUI ! +Read channels &
E Potentiostat E E 3 subarrays selection
] 1 1} 1
] 1 1} 1

Figure 4. Generation 2: System level diagram of the biosensor system.

readings from live tissue samples with high spatiotemporal resolution and demonstrates imaging of

caffeine-stimulated catecholamine release from live murine tissue.

2.3.1. Biosensor System

The biosensor system is comprised of hardware, software, and methods for ex vivo electrochemical
imaging. Figure 4 describes the hardware and software integration, including the CMOS microchip, Printed
Circuit Board (PCB), and data acquisition instrument as hardware components, and data processing
methods with heatmap generation technique as software components.

The CMOS biosensor microchip functions as a miniaturized electrochemical analysis device
employing a three-electrode electrochemical cell system in an MEA configuration. Fabrication of the
electrode array has been previously described [20]. Each pair of WEs (Figure 5A) has a spatial pitch of
25.5umx30.4um to neighboring WE pairs. The interdigitated WE configuration is utilized to maximize

current density flow while maintaining high spatial resolution [19], [68]. Each subarray is a collection of 128
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Figure 5. Generation 2: Hierarchy of biosensor hardware components.

(A) Pair of WEs in a simplified interdigitated configuration. (B) A subarray consisting of a rectangular CE
and RE on either side of the 128 individual (or 64 pairs of) WEs. (C) The entire 2.0mm x 2.0mm MEA with
all 64 subarrays. (D) CMOS biosensor microchip die (19mm x 19mm) implanted in a 280-pin PGA ceramic

package. (E) PCB platform electrochemical imaging with sockets for the switchable microchip, read
channel array, low noise DC power regulator, and interface connection to the data acquisition board.

C-shaped electrodes, or 64 pairs of electrodes, enclosed by shared rectangular RE and AE (Figure 5B).
The entire array consists of 64 subarrays arranged in an 8x8 grid (Figure 5C), which is equal to 8,192
individual C-shaped electrodes. All surface electrodes are raised 1.5um above the microchip passivation
surface and composed of metal layers of Ti, Au, and Pt, with Pt as the outermost layer to maintain electrical
conductivity, mechanical stiffness, and biological compatibility.

At any given point in time, the 128 electrodes in a subarray can be selected and directly connected to the
off-chip connection pins. The direct connection configuration allows simultaneous readings from all 128
electrodes in one subarray and can be cycled through different subarrays at a rate and spatial pattern
determined by the user through the control logic. This direct connection architecture provides flexibility in
modifying the configuration of the surface electrodes and in performing other methods of detection (e.g.,
impedimetric and potentiometric). The surface MEA configuration is visible as a 2.0mmx2.0mm glossy
square area in the middle of the silicon die (Figure 5D).

The potentiostat circuit was designed to facilitate various methods of electrochemical analysis,
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including amperometry, CV, and differential pulse voltammetry. The on-chip potentiostat employs a simple
single-ended opamp unit. During the electrochemical reaction, the op-amp configuration forms a non-zero
impedance path between the AE and the RE, setting the potential of the background environment to a
desirable voltage. The op-amp circuit is based on a novel inverter-based topology [69], [70] and its transistor
level design and specifications were previously reported [22].

The analog switches, NMOS-PMOS transmission-gate (TG) switches, were responsible for switching
groups of WEs between subarrays. The selected subarray is controlled by the user via 6-bit digital signals
via the data acquisition board, which are connected to an on-chip 6-bit input to 64 outputs decoder, where
one of 64 outputs from the decoder selects all 128 analog switches in the subarray being selected. This
customized selection of subarrays allows the user to focus on a specific area of interest in the MEA. There
is one analog TG switch for each of the 8,192 WEs in the MEA, however, the digital logic control only allows
for one subarray to be simultaneously connected to the off-chip read-channels. The WE surface area was
enlarged to increase electrochemical current input while maintaining the same electrical background noise.
Each pair of the 128 WEs was externally shorted to make 64 larger WE pairs with increased electrode
surface area. Figure 5A shows two C-shaped electrodes that were shorted to form a single interdigitated
WE.

The silicon-based microchip was custom designed and fabricated using 600nm CMOS technology
with three metal layers for interconnects and the fourth metal layer for Pt-coated electrodes. As shown in
Figure 5D, the 19.0mmx19.0mm CMOS microchip was packaged in a 280-pin ceramic pin grid array
(IPKY8F, NTK Technologies). To prevent physical damage and unintentional electrical shorting during wet
experiments, the wire-bonding area was sealed with a medical grade epoxy (EPO-TEK® 301, Epoxy
Technology Inc.).

The custom-designed FR-4 2-layer PCB board (330mmx240mm), shown in Figure 5E, houses the
280-pin socket, 64 read channels, power voltage regulators, bias voltage generator, and input-output
headers. The 280-pin socket (Textool™ Burn-In Grid ZIP 200-6319-9UN-1900, 3M™) provides a platform
for the switchable custom CMOS biosensor chip. Four low-dropout (LDO) voltage regulators (TPS7A33 and
TPS7A4700, Texas Instrument) generate ultra-low noise dual-rail voltage, supplying £1.5V to the MEA

microchip and £2.5V to the on-board read channels and all other components on the PCB. Two adjustable
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voltage generators deliver the necessary potential bias for the reference voltage of the on-chip potentiostat
and the off-chip read channels. Finally, 68-pin very-high-density cable interconnect (VHDCI) small computer
system interface (SCSI) headers provide paths to the data acquisition board for 64 read channel outputs
and 6-bit digital control input for subarray selection.

The read channels are constructed in the form of a current to voltage (I-V) converter. The trans-
impedance amplifier (TIA) circuits converting electrical current inputs readings generated by 128 WE. Each
read channel consists of a single-ended op-amp (OPA2376, Texas Instruments), a high precision 50MQ +
1% resistor (Rp), and a 1nF stabilization feedback capacitor (Cr). Details of read channel design and
component selection for the op-amp, Ry, and Cr has been discussed previously [22].

The data acquisition is handled by a multichannel commercial data acquisition board with a custom-
built MATLAB Graphical User Interface (GUI) with support from MATLAB Data Acquisition, Signal
Processing, and Statistics Toolboxes (MATLAB, MathWorks). The data acquisition board (DAQ-2208,
ADLINK Technology) provides up to 96-channel simultaneous sampling with a resolution of 12-bit analog
to digital conversion. In order to sample all 64 read channels through time-multiplexing, the maximum
sampling rate allowed by the DAQ-2208 architecture and MATLAB toolboxes is 240 data points per second
per channel. The data acquisition board also supports up to 24 bits of digital input-output channels, six of
which are being used to control the 6 to 64 decoder that regulates subarray selection. The 12-bit digitized
data from the data acquisition board is fed in real time to the MATLAB GUI and simultaneously stored for
offline data processing and conversion to a video of a heatmap. In addition to providing real-time acquisition
for 64 channels, the MATLAB GUI allows the user to manually configure subarray and read channel
selection, subarray switching rate, sampling rate, and filtering options.

All tissue experiments used subarrays 1 through 64 with 0.5 second intervals between subarray
switching and 240 samples per read channel per second. As data readings were gathered from the sensor,
the output voltage from each read channel was displayed in real time and stored for offline processing. The
stored data structure contained user input data (i.e., subarray and selected read channels), output voltage
readings from each read channel, and time values for each output reading and each subarray switching

event. The raw voltage data was post-processed in MATLAB for visualization.
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Figure 6. Generation 2: Microfluidic setup and fabrication.

(A) CMOS MEA microchip with microfluidic attachemnt. (B) Layers of mold for rapid PDMS microfluidic
prototyping. (C) Microfluidic device showing firmness and shape of each layer.

2.3.2. Microfluidic System

The microfluidic system uses a multi-layer Y-shaped polydimethylsiloxane (PDMS) channel with
two inlets and one outlet. The PDMS channel was developed to physically hold the tissue in place and to
deliver stimulant while maintaining favorable conditions for live tissue during electrochemical imaging
experiments. The main chamber of the PDMS channel, measuring 4mm wide, 6mm long, and 230um tall,
formed a sufficient space to confine a ~250um thick, 3mm diameter tissue slice in the channel as portrayed
in Figure 6A. The main chamber consisted of two different layers. The bottom layer provided a space to
hold the agarose-embedded tissue slice. The upper layer was designed to hold the 3mm diameter agarose-
tissue slice down in contact with the surface MEA while providing a ~230um tall by 2mm wide channel for
fluid to flow over the tissue. For limit of detection and dynamic range experiments, the Y-shaped microfluidic
channel shown in Figure 6 was modified to include an additional inlet hole between the existing two for
cleaning purposes. Additionally, the geometry of the lower chamber was replicated for the upper chamber,
creating a straight channel with a height of ~260um for fluid flow without tissue.

Soft lithography and laser cutting techniques were used to create the channel features. As shown
in Figure 6B, a mold with multiple feature heights was created by assembling 230um thick layers composed
of pressure-sensitive adhesive (468MP-130um, 3M™) and poly-film overhead transparency (PP2200-

100um, 3M™) on a clean polymethylmethacrylate (PMMA) plate. The PMMA base was cut to 25mm x
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25mm and adhesive/transparency layers were laser cut to the desired geometries using a laser engraving
system (Zing 16 Lasers, Epilog Laser). Figure 6C shows the two layers of different compositions of PDMS
used in the device. The bottom layer, directly in contact with the microchip, was ~460um thick and made
using PDMS (Sylgard 184, Dow Corning) at a 30:1 ratio of oligomer to cross-linker, creating a more
adhesive layer to better seal the device and prevent leakage at the interface with the microchip. The top
layer was ~4mm thick and comprised of a 10:1 ratio of oligomer to cross-linker, creating a more rigid
polymer to maintain structural integrity and prevent excessive deformation of channel features. For each
layer, the PDMS was degassed, poured into the mold, and cured for 30 minutes at 80°C. A 1mm biopsy
punch was used to create inlet and outlet ports, which were connected to vinyl PVC tubing (1/32” ID, 3/32”
OD, Thermo Fisher Scientific) using stainless steel connectors (Loctite, Henkel Corporation).

For all sensitivity characterization and tissue experiments, the outlet tubing was directed to a waste
container and each inlet's tubing was connected to a 10mL syringe (Benton, Dickinson and Company)
driven by a syringe pump (NE-1000, New Era Pump Systems), allowing for control of flow rate for two types
of fluids. To ensure flow stability, the PDMS device was held in place over the tissue with a custom-made
compression plate laser cut from 0.125-inch thick PMMA. The plate contained holes matching the PDMS
device to allow access to the inlet and outlet ports and holes for securing the plate to the microchip and

imaging system board.

2.3.3. System Performance: Noise, Limit of Detection, and Dynamic Range

The limit of detection and dynamic range of the electrochemical sensor were quantified among
different electrodes and read channels within the system to account for CMOS process variation. These
data were measured by the relative signal change between the baseline signal of the culture media and the
increased signal due to the presence of catecholamines.

The biosensor system delivered a significantly improved SNR than results previously reported [20].
As shown in Figure 7A, the low-noise LDO and enhanced read channels in the existing system generate
about 100x% less integrated noise (In-rms = 0.046nArms) than previous system (In-rms = 3.611nArms). The
enhanced read channel design reduces overall flicker and white noise components, while the low-noise

LDO suppresses the AC power line frequency component at 60Hz.
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Figure 7. Generation 2: System performance summary.

(A) Measured read channel noise spectrum shows improvement over previous system. (B) Electrochemical
imaging system response and sensitivity curves with one-sigma distribution band. The reference line is a
fitted linear line generated from 8uM to 1024uM concentrations. (C) Probability Density Function (PDF) of

8uM to 128uM concentration readings with corresponding Limit of Blank (LoB), Limit of Detection (LoD),
and Limit of Quantitation (LoQ) values.

Each measurement was performed multiple times over a set of randomly selected electrodes,

subarrays, and microchips. First, DI-H20 was run through the center inlet, then switched to media flow
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Table 1. Generation 2: Comparison of electrochemical biosensor system using CMOS MEA.

Parameter Unit [72] 56] [121] 53] This Work
CMOS um 0.25 0.35 0.35 035 06
Technology
Power Supply Vv 25 3.3 3.3 3.3 3.3
Die Size mm 5x 3 3.8 x 3.1 75x48 3.79 x 3.79 19 x 19
Sensing Area | mm N/A 315%x19 | 32x32 1.81 x 1.81 22x22
WE Material - Au Au Pt Black Au Pt

. 70 x 70 to 100 175x 15
WE Size MM | 100 x 100 | (3D bumps) | 2 ° -0 20%20 | iinterdigitated)
WE Pitch um N/A 200 100 114 25.5 x 30.4
Number of WEs | - 16 192 1024 256 8192
Number of
Numpe < ; 16 192 16 16 64
Bandwidth KHz 10 1 0.1 150 10
B‘m't of nA 0.55 0.024 0.058 1.39 0.052

etection

Power mwW N/A 36 N/A 125 120
Dissipation

through the first inlet, followed by media + norepinephrine flow through the second inlet. Once the signal of
media + norepinephrine reached steady state, the value was recorded for three seconds, then the flow was
switched back to blank medium and recorded for three seconds as the baseline. The side inlet flows were
stopped, and DI-H20 was run through the center inlet to wash the surface electrode before continuing with
another set of experiments. To conclude this process, the difference between the average three seconds
recorded signals and baselines were calculated and recorded for each individual electrode and read
channel. Using the data acquisition setup and MATLAB scripts, this procedure was automated and repeated
multiple times with the same norepinephrine concentration to increase statistical accuracy and over a range
of norepinephrine concentrations to generate the limit of detection and dynamic range data.

Figure 7B shows the results from three microchips with randomly selected subarrays and
electrodes in three separate experiments. In this series of sensitivity experiments, 512 samples were
gathered for each concentration, resulting in a total of 4096 sample points for concentrations of 8uM, 32uM,

64uM, 128uM, 512uM, 1024uM, 2048uM, 4096uM. In general, the system showed a saturated response
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above 1024uM, a linear response from 8uM to 1024uM (defining the dynamic range), and a well-defined
response at single digit UM concentrations. Since the data was collected based on the relative change from
the baseline, the linear region (8uM to 1024uM) was fit to a regression equation without a zero intercept
point, resulting in current (nA) equal to 3.35 times the concentration (mM), with a coefficient of
determination, R? = 0.9913.

A further sensitivity investigation was performed and reported in Figure 7C. The pre-calibration (red
curves) and post-calibration (blue curves) results for blank media and 8uM to 128uM concentrations are
presented in the form of a Probability Density Function (PDF). The calibration algorithm effectively reduces
variation and improves the distribution normality down to concentrations in the tens of yM. Mean (u) and
standard deviation (o) values are listed and used to find limits of blank, detection, and quantitation, based
on the CLSI-EP17-A Standard [71]. Sensitivity of the biosensor system can be approximated by using of
the device noise figure (In-rus = 0.046nA), the sensitivity curve at lower concentrations (8uM to 128uM),
and the calculated Limit of Detection (LoD) value. The equivalent chemical concentration noise is
0.046nArwms /3.35 = 13.7uMrus and the LoD is 15.7uM. Therefore, the read channel maximum sensitivity
can be approximated to be in the range between 10uM to 20uM. Even though the result was obtained using
norepinephrine as a representative catecholamine, the limit of detection results for the biosensor system
should be applicable to catecholamine in general. Table 1 summarizes and compared the significant

properties to other published works in electrochemistry using MEA [51], [53], [56], [72].

2.3.4. Processing and Visualization

To extract accurate reads from the sensor, the output data was post-processed in MATLAB to
remove subarray switching artifacts and minimize noise and interference. Figure 8A and B show selected
raw data recorded from subarrays 1 through 64 with 0.5 second intervals between subarray switching and
240 samples per read channel per second. As data readings were gathered from the sensor, the output
showed spikes following each subarray switching event, after which the values settled to a steady point in
a form similar to capacitor exponential decay. The form of these spikes is critical in the functionality of the
electrochemical system, where a stable and continuous feedback loop incorporating the WE and AE is

required to collect accurate read values.
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Figure 8. Generation 2: Example of data configuration and heatmap processing.

(A) Raw data from three read channels representing the minimum (red), median (green), and maximum
(blue) channel values. Left: raw data for the entire video, including voltage spikes. Middle: the first frame
of the video. Right: Data from 4 subarrays, with the sampling regions (94-99% of each subarray) shown as
a dot before each peak. (B) Left: the sampled (settled) data values over the entire video. Middle: data after
baseline removal. Right: baselined data after thresholding, color-coded to the MATLAB jet scale shown on
the right axis. (C) An example heatmap resulting from mapping the data to the actual physical location in

the MEA.
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Figure 8A shows the unprocessed output of three selected read channels, out of 64. These
channels represent the median, minimum, and maximum baseline values from the experiment, where the
other channel readouts fall within this range. Most of the time-dependent drift is due to on-chip current
leakage and electrode fouling of the MEA. Under a constant temperature, the typical baseline drift of the
system was observed to be within 50pA/min. The experimental results in Figure 8A were selected to show
how the signal processing handles an extreme case of signal drift (2.8nA/min) over 270 seconds of ex vivo
imaging.

During electrochemical imaging experiments, a rough estimation of the final heatmap can be made
by observing patterns in the real-time voltage values displayed on the MATLAB GUI before any further data
processing. The raw data shown in Figure 8A correlates with the heatmap in Figure 8C. The location of the
tissue can be observed in the raw data as bumps, shown in subarrays 9 to 40, when compared to the flat
regions seen in subarrays 1 to 8 and 41 to 64. In some cases, the magnitudes and trends of these bumps
can also give a rough approximation of the pattern and shaped of the object being detected. To better
visualize this data, a video of a heatmap was generated through the following offline data processing steps:
1. Data Sampling — To accurately determine the sample at which the read channels switch to the next

subarray, the locations of the voltage spikes were determined by finding the maximum values of
the difference between each of the voltage signal readings or taking the derivative of the data. The
settled data values were then determined by taking the mean of the data while removing the outliers
from a selected interval between peaks. The selected interval is 94% to 99% of the distance
between peaks, portrayed as a thin shaded area before each peak in Figure 8A. The resulting
values are plotted in Figure 8B.

2. Baseline Removal — The baseline was determined for each channel by taking the minimum values
from each frame corresponding to regions of the array that were not under the tissue slice. These
values were then fit using polynomial regression with a configurable order polynomial. The
expected baseline values from the polynomial fit equations were then subtracted from the sample
data, resulting in the baseline-corrected data shown in Figure 8B. In this data, a 6th order
polynomial provided sufficient baseline cancellation without adversely affecting the electrochemical

signals.
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Read Channel Calibration — This calibration minimizes gain variation between the 64 read channels
due to feedback resistance variation, proximity of the WE to the CE [19], and the variation in
electrode interconnections as previously discussed. Each calibration weight value was extracted
from the scaled difference between read channel gain to the average of all channel gains. Finally,
the weight value from each read channel was used to normalize output response, forcing the gain
value closer to the gain average of all read channels.

Visualization — Minimum and maximum threshold values were set to remove extreme data values
before mapping to MATLAB's 8-bit ‘jet’ color scale, represented by the numbers 0 (dark blue) to
255 (dark red). In this data, values below -0.3nA or above +2.0nA were translated to the lowest
and highest values of the color map scale, 0 and 255, respectively. Fig. 5B provides the color-
coded scatterplot for each sampled signal. The color-scaled data values were then mapped to the
electrode location within the corresponding subarray as shown in Figure 8C.

Spatiotemporal Smoothing — To generate a continuous video over time, the data from each
subarray was interpolated between each frame, creating a full frame of updated values for each
new subarray reading to fill abrupt changes from one frame to the next. Outlying data values were
removed and blended with the surrounding pixels through spatial averaging to prevent hotspots.
The spatiotemporal smoothing algorithm improves heatmap visualization; although slightly altering
the accuracy of the heatmap relative to the actual data.

The sources of noise and interference in the system include differences in read channel voltage

gain, electrode surface morphology and size variation, and possible electrode biofouling. Various sources

of inherent noise were removed using MATLAB in the post-processing calibration procedures. Variability in

individual electrode readings due to slight differences in surface area or structure from the manufacturing

process led to small amounts of variability between electrodes. These signal fluctuations were minimized

in the final smoothing step in heatmap visualization.

Ex Vivo Electrochemical imaging

The system was enclosed in an environmental chamber with Olympus BX51/61Ql microscope, as

previously described [22], to imitate the internal conditions of the body by limiting light disturbances and

21



maintaining a temperature of 37°C. The microchip, imaging system board, and microfluidic device were
placed under an optical microscope (BX61WI, Olympus) with a DSLR recording camera (D5500, Nikon),
allowing for simultaneous optical and electrochemical imaging. Rubber-sealed access holes in the
environmental chamber provided cable routes for connecting the power and signal sources to the imaging
system board and for connecting the tubing from the inlet ports to the two syringe pumps outside of the
chamber, allowing for instantaneous manual flow adjustments during the experiment.

Ex vivo experiments were carried out 24 hours after tissue collection, allowing the tissue to
acclimate after stress induced by slicing. The tissue was then placed directly on the electrode array, after
which the PDMS microfluidic device was positioned over the slice and secured with the compression plate
setup. The inlet and outlet ports were connected to the microfluidic device and the syringe pump for media
was immediately turned on to provide a constant flow of media over the tissue slice. All media used in the
microfluidic system was Neurobasal® medium with 1.3% penicillin streptomycin, 5% B-27 Supplement, and
5% HEPES. Caffeine solutions used for stimulation were 55uM in media. Media and caffeine solutions were
maintained at 37°C at a pH of 7.1-7.4 and were administered at a flow rate of 20uL/min. The MATLAB GUI
was used to gather baseline signal readings from the adrenal slice for three minutes under media flow, after

which the media flow was switched to caffeine. Once caffeine reached the tissue slice, approximately two
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Figure 9. Generation 2: Redox of norepinephrine, epinephrine, and dopamine.
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minutes after the switching point, signal recordings were taken for an additional 10 to 15 minutes. At the
end of each experiment, the system was disassembled, and the microfluidic system and microchip were
flushed with DI-H20. For the amperometric detection of catecholamines, the class of neurotransmitters that
includes epinephrine, norepinephrine, and dopamine, we used an oxidation potential of +0.6V (vs. Pt) [20].
To measure the system performance in sensing neurotransmitters, media (Neurobasal®-A Medium,
Gibco™) and a neurotransmitter ((x)-norepinephrine (+)-bitartrate salt, Sigma-Aldrich) solution dissolved in
media were used as the blank sample and target analyte sample, respectively.

In this experimental setup, we induce the release of primarily norepinephrine and epinephrine from
the adrenal medulla, though small amounts of dopamine may also be present, as dopamine is a precursor
for both of these molecules [73]. Since the catechol functional group that participates in the redox reaction
is present in all three of these molecules and the applied potential of 0.6V is sufficient to activate oxidation
of the hydroxyl groups, all three of these molecules are detected in our system. Though this system does
not differentiate between these molecules, the total catecholamine concentration released from the tissue
was calibrated from norepinephrine titrations representative of catecholamine oxidation. Detailed
information about these redox reactions is shown in Figure 9 [74], [75].

It is a well-understood limitation of amperometric detection of target analytes that it detects all
electrochemically active species in which the redox reaction can be activated at or below the applied
potential. Therefore, knowledge of the species present in the system is important in amperometric detection
and it will allow for more accurate determination of the molecule being detected. Specificity can be improved
by using CV at each electrode, allowing for the detection of which electrochemically active species are
present in the sample and tailoring for specificity. However, the use of CV for high-density MEAs will
severely limit systems’ temporal resolution.

Murine adrenal tissue offers an excellent biological model for demonstrating catecholamine release
with spatial (e.g. gradients) and temporal components. Adrenal tissue has been well-studied [76]-[78] and
releases high amounts of catecholamines (epinephrine, norepinephrine, and dopamine) in response to
specific stimuli. The catecholamine release solely originates from the central medulla, without release from

the surrounding cortex after stimulation with caffeine [79]-[81]. In this case, the electrochemical imaging
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Figure 10. Generation 2: Chemical heatmaps of ex vivo tissue experiments.
Three different murine adrenal tissue slices before and after caffeine stimulation. The scale bar, generated

from the sensitivity curve, indicates catecholamine concentrations (up to 1.5 mM) specific to each
experiment and tissue slice.

device detected the amperometric current from catecholamine release without differentiating among
epinephrine, norepinephrine, and dopamine.

Interfacing the tissue with the MEA required careful and rapid transfer of the tissue from the
incubation petri dish to the electrode array using small spatulas, after which the PDMS microfluidic device
was placed over the tissue and media flow injection was immediately initiated. Careful and swift tissue
handling was critical in maintaining functional tissue and minimizing damage, as additional stress from
excessive exposure to light, change in temperature and humidity, exposure to non-physiological oxygen
conditions, lack of media, and physical pressure all had damaging effects on the tissue. In experiments with
unscheduled prolonged handling times, tissue was discarded, and other tissue slices were used to avoid

bio-related reliability issues.
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All experiments employed an identical microfluidic setup and comparable stimulant delivery timing
that reached the MEA around five minutes after the beginning of signal acquisition. Live tissue
electrochemical imaging yielded various chemical gradient results and patterns; however, they each depict
a general trend showing localized release and clear correlation with the location of the tissue slice on the
MEA. Figure 10 illustrates time-lapsed screenshots of videos of three independent experiments (different
murine adrenal glands) representing common results from ex vivo electrochemical imaging experiments
employing the biosensor system. The results rely on relative measurement by calculating the signal of
interest as the difference from the initial baseline, such that the heatmap indicates whether the readings
are higher (more red) or lower (more blue) with respect to the baseline value calculated in Data Processing
- Baseline Removal steps.

The experimental results from tissue #1 were presented previously [22] and used as a reference to
show the expected results from this type of electrochemical imaging experiment. Tissue #1 results show a
well-defined chemical gradient pattern, enlargement, and localized increase in catecholamine concentration
originating at the medulla towards the cortex after caffeine stimulation around t = 5min.

Tissue #2 results show common occurrences of inconsistent tissue activity (i.e., decreasing signal
after caffeine stimulation) and electrochemical signal readings outside tissue area. First, the number of
catecholamine-releasing chromaffin cells in this slice may have been low, resulting in spatially concentrated
but brief catecholamine release patterns. Besides concerns in tissue quality, biofouling of the MEA could
have also been a contributing factor in unreliable signal output. Biofouling is mostly caused by organic
deposition, hydrogen adsorption, and oxidation of the Pt electrode surface [82], [83]. Despite electrode
treatments, biofouling still indicates some impairment of electron transfer functionality at the electrode and
uneven readings from the MEA configuration. Second, non-electrochemically active areas, such as the
adrenal cortex, create a high-impedance path that can disturb the baseline value calculation in a tissue
experiment. In other words, the redox reactions occurring under the adrenal cortex area were dynamically
lower than in flowing media surrounding the tissue slice. Tissue #2 results represent the population of
experiments with complications in tissue quality, electrode biofouling, and electrode-tissue interfacing.

Tissue #3 results presented other challenges, with an initial spike of catecholamines concentrated

in the medulla and accumulation of air bubbles. First, the high concentration readings at the beginning of
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the recorded phase correlated with when the biosensor device was initially turned on and the
electrochemical reactions were initiated. The high current readings in the first frame (t = 0) suggest that the
cells in the tissue released and accumulated a significant number of electrochemically active compounds
at the surface of the MEA, resulting in rapid changes in electron flux once the recording was initially started.
Moreover, excessive mechanical movement and stress induced during tissue placement on the MEA may
have undesirably stimulated the chromaffin cells. Second, at t = 2 to 3 minutes, air bubbles were observed
entering between the MEA and tissue slice, where they resided for the rest of the experiment. These types
of air bubbles may be trapped during the process of placing the tissue slice over the MEA or generated as
a result of electrolysis at the MEA surface. Tissue #3 results represent the population of experiments with
high initial readings and the presence of air bubbles.

Results from these experiments would not be sufficient to make biological inferences due to the challenges
discussed above. Nevertheless, these results indicate there are well-defined spatial boundaries between
the medulla, the cortex, and the area outside the tissue, demonstrating the potential of ex vivo high spatial

resolution electrochemical imaging of tissue samples.

24, Limitations and Baselines for Generation 3

The Generation 2 Biosensor system with CMOS MEA microchip provides a system-level solution
for obtaining chemical images with high temporal and spatial resolution using a dense micro-electrode
array. The system consists of custom-designed CMOS microchip with a Pt-coated MEA, supporting PCB
with low noise read channels and the supporting software with GUI for real-time monitoring capabilities.
The integration of the key components in the system provides enhanced performance to allow for reliable
sensing of micro-molar range catecholamine concentrations with 25.5umx30.4um spatial resolution. In
addition to demonstrating the capability of the high-resolution electrochemical imaging system, this study
also provides necessary procedures for analysis of live tissue with further considerations in sample
preparation and handling for interfacing with the biosensor device with environmental control.

The tissue electrochemical images reveal respectable preliminary results, however, with some
limitations in generating consistent chemical gradient images over multiple ex vivo experiments. Overall,

the performance of the previous generations of our CMOS MEA microchip and its MEA integration suffered
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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 [20], [23]. 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 [84], [85].
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Figure 11. Generation 3: System level functional diagram.

The Generation 3 electrochemical biosensor system comprises of custom Printed Circuit Boards

(PCBs), a Power Supply Unit (PSU), a Data Acquisition (DAQ) board, and a host computer running a

custom-built software for control and displaying results as shown in Figure 11. This functional diagram is

the final design of the system. One of the custom PCBs is the 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. The other custom PCBs is the Sensor PCB (S-PCB).

It holds the CMOS MEA microchip and voltage linear regulators to supply low-noise power to the CMOS

MEA microchip and the C-PCB. The DAQ board, ADLINK DAQ-2208 (ADLINK, New Taipei, Taiwan),
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converts analog to digital signals from the S-PCB to be processed and stored in the host computer. The
control and display software and its graphical user interface (GUI) on the host computer is written in
MATLAB. The GUI reports biosensing processed results, shows the information obtained from the C-PCB,
and lets users perform real-time system control. All power needs are supplied by the dual-rail PSU, which

converts standard 110V 60Hz power line input to multiple dual-rail DC potentials.

3.2.CMOS Microchip with MEA

The CMOS MEA microchip, as the core of the system, holds surface MEA and read channels array,
where the electrochemical electron transfer and current to voltage conversion occur, respectively. The on-
chip read channel outputs are multiplexed and buffered through multiplexers and voltage buffer. To assist
WEs array performing three-electrode electrochemical analysis, a single-amplifier on-chip potentiostat is
employed to set the surface MEA potentials from the RE and provide feedback current at AE.

The silicon-based microchip was custom designed and fabricated using 0.6um CMOS technology
with three metal layers for interconnects and the fourth metal layer for Pt-coated electrodes. As shown in
Figure 12, the 19.0mmx19.0mm CMOS microchip was packaged in a 280-pin ceramic pin grid array
(IPKY8F, NTK Technologies). To prevent physical damage and unintentional electrical shorting during wet
experiments, the wire-bonding area was sealed with a medical-grade epoxy (EPO-TEK® 301, Epoxy
Technology Inc.). The CMOS MEA microchip ceramic package fits to the 280-pin socket (Textool™ Burn-
In Grid ZIP 200-6319-9UN-1900, 3M™), a zero-insertion-force (ZIF) socket that provides convenient of
swapping multiple CMOS MEA microchip to the same system.

The custom CMOS MEA microchip was designed using Cadence® Virtuoso® platform utilizing the
AMOS10A models, a 0.6uym CMOS process technology with 4-Metal layers, Broadcom® Incorporated,
formerly Avago Technologies (Fort Collins, CO.). Cadence® Virtuoso® Analog Design Environment (ADE)
was used for the circuit design and various simulations (e.g. DC, AC, transient, noise, and Monte-Carlo
analysis) of the custom IC. All schematics simulation was performed to incorporate variations of

temperature, power supply, and the process provided in AMOS10A model.
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Figure 12. Generation 3: The CMOS microchip with the alumina ceramic package.

Utilizing the Cadence® Virtuoso® Layout Suite, the properly sized CMOS transistors polygons (N-
Well, P-Island, N-Island, Poly, Contact), were laid out to create custom analog arrangements in a bottom-
top hierarchical fashion (device, cells, block, then chip level). The layout process follows the general good
practices for reducing transistor variations, increases yields, and manufacturability defined by the Design
Rules published by Broadcom® Incorporated. Some layout techniques, such as: matching of transistor
pairs to minimize offset in opamps, integrating dummy-cells to minimize cornering effect, splitting transistor
for compact design, placing guard rings to increase isolation and minimize risk of latch-up, and applying
multiple vias/contacts to ensure connectivity were carefully studied and applied to the layout design process
[86]-[88]. Any repetitive works in the Cadence® Virtuoso® platform were automated and scripted in SKILL®
language.

Chapter IV and V discuss the CMOS MEA microchip circuit design and layout processes and their
corresponding simulation results, respectively. Details of the CMOS MEA microchip schematic, layout, and

the SKILL® scripts are included in Appendix A.

30



3.3. Board Level Integration

PCB DEVELOPMENT GEN.3 CMOS BIOSENSOR MICROELECTRODE ARRAY
S\ Prototype First power-up of post fabricated CMOS microchip.
Jan 20 1'; » Assembled breadboard components and bench-top test equipment.
t » Verified a test read channel for basic functionalities.
M g[]‘l ; » Tested power dissipation and temperature at various voltage supply.
2y, » Established digital control and analog reading using Analog Discovery.
Prototype  High-speed acquisition (1MS/s) of 16-thousand read channel outputs.
+ PCB v.1 - Replaced breadboard components with PCB v.1
Jun 2017 « Utilized low performance MCU (ATmega328P) for control.
to » Included dynamic voltage regulator and temperature sensor.
Dec 2017 = Employed external data acquisition board (DAQ2208) for analog read-out.
PCB v.2 Integration attempt of all function into a compact device.
V. + Reconstructed PCB v.1 to a compact system with a custom power supply.
Jan 2018 + Utilized high performance MCU (ATSAM3X8E) for all control.
to « Established serial interface to PC for real-time monitoring and control.
Oct 2018 « Integrated digital & analog circuit to support electrochemistry functions.
PCB v.3 Improvement of reliability, robustness, and sensing sensitivity.
) « Refined power-up/down sequence to extend CMOS microchip lifetime.
Nov 2018 « Enhanced thermal performance; redesigned voltage regulation.
to + Fabricated custom aluminum heatsink with temperature sensor.
May 2013 . \mproved noise performance and added shields for the sensitive circuits.

Figure 13. Generation 3: Development of circuit boards timeline.

The board-level integration was an effort of four different iterations of PCB design and assembly

as shown in Figure 13. The first custom circuit board (prototype) was designed to provide the basic

functionality in the form of a break-out board. It provides direct connections to the 280-pin pinouts for power

lines, digital control, output signal, and other peripheral pins. The following iteration uses the prototype

board as a platform for the PCB version 1 to integrate low-noise voltage regulators; the regulators are

voltage controllable by an MCU. Reconditioning of the digital control signal, from single-rail to dual-rail were

also achieved. The setup in version 1 offers the first fully dual-rail configurations. Board redesign and

significant improvements were completed on the PCB version 2. The second version strategically placed
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Figure 14. Generation 3: A typical system setup during wet experiments.

and separated the analog and digital circuitries. The compact 10cmx10cm dimension allows convenient of
placement in a stereomicroscope. Higher performance MCU was employed to fully control and monitor the
system activities in real-time. Finally, the third version extends the system’s compatibility to in vitro or ex

vivo experiments, where highly regulated temperature control is required. This includes significant thermal
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performance improvements by redesigned the voltage regulator scheme and adding a shield board for
better thermal regulations. Chapter VI discusses each PCB design iteration and its improvements in details.

PCBs schematics and layout diagrams of each version are also attached in Appendix B.

3.4. Software Integration

The data acquisition is handled by a multichannel commercial data acquisition board with a custom-
built MATLAB Graphical User Interface (GUI) with support from MATLAB Data Acquisition, Signal
Processing, and Statistics Toolboxes (MATLAB, MathWorks). The DAQ board provides up to 96-channel
simultaneous sampling with a resolution of the 12-bit analog to digital conversion. Any real-time and post-

processing are performed in MATLAB using algorithms specifically developed for this system. Figure 14

Figure 15. Generation 3: The first design of the microfluidics setup.
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illustrates a typical system setup running real-time electrochemical imaging. Chapter VI discusses the

software and algorithm integrations in detail. The corresponding scripts are attached in Appendix C.

3.5. Microfluidics Integration

Microfluidics system offers a suitable method to perform wet experiments, flow injection for
calibrating sensor, cell delivery, or even providing a proper environment for ex vivo experiments. Despite
the extra steps in microfluidics device fabrication, the fully controlled fluidic flow provides predictable and
repeatable responses in comparison to manual injection by pipette. Figure 15 illustrates one of the first
attempt of integrating a microfluidic system to the CMOS microchip. Chapter VI discusses the microfluidics

setup and fabrications in details.
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CHAPTER IV: CMOS MICROCHIP WITH MICROELECTRODE ARRAY

4.1. Top Level Arrangement

The CMOS MEA microchip holds the surface MEA and 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 WE array
performing three-electrode electrochemical analysis, an on-chip potentiostat is employed to set the surface
MEA potentials from the RE and provide feedback current at AE.

The CMOS MEA microchip was custom designed on a standard 0.6um and 3-metal layer CMOS
process with an additional metal layer as the surface MEA. The choice of the 0.6um CMOS process is
mainly due to the availability of its post-platinization process for the MEA and adequate performance
required for the target sensor applications. The post-platinization process for the MEA was described in
[19], [23]. At its surface, the CMOS MEA microchip holds 128x128 or 16,064 WEs, 80 pairs of general-
purpose interdigitated UEs, and one shared interleaved RE and AE. Each pair of UE takes an area of four
WEs, hence, 16,064 total WEs instead of 16,384.

The total MEA area covers 3.6mmx3.6mm. The array of WEs and read channels are
compartmentalized into quadrants and into a group of columns with all 16,064 WE directly connected to
16,064 read channels. Electrode selection can be customized to form a desirable 2D pattern through the
analog multiplexers and digital control logic. As depicted in Figure 16, 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. In a quadrant, the read channel array is further arranged to 64 vertical columns, each
containing 64 read channel cells. 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

[23], [45], [48], [50], while the in-pixel circuits topology limits the MEA density [53], [54], [56], [57].
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Figure 16. A micrograph of the CMOS microchip with the MEA.

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 read channel dynamic range (the expected maximum input
current (Iin)). 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 sensing applications, the overall power dissipation can be reduced by power
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Figure 17. Quadrant & read channel array arrangement.

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.

gating the read channels in each independently selected quadrant. Power dissipation of the entire CMOS
MEA microchip is measured at 957mW (59.6uW/channel) for £1.65V when four quadrants are turned on,
and as low as 159mW (39.6uW/channel) for £1.5V when only one quadrant is turned on.

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 Figure 16 and is considered as the first stage of the
multiplexing structure to get the WE current signals out to the pins. As shown in Figure 17, each multiplexer
contains 64 analog transmission gates (TG) with approximately 1.0kQ on-resistance. The TGs are

controlled by a 64-wide logic bus from 6-to-64 logic decoder. The second stage of the multiplexing structure
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Table 2. List of CMOS MEA microchip pins and the corresponding coordinates.

NORTH WEST SOUTH
Pin |Name Coordinate [Pin [Name Coordinate Pin |Name Coordinate Legends
E'E 141 [5ti_a<34> Qis Fiifcaimezs | F1s | Positive power
72_|sti_B<13> 53 142 |5ti_B<34> 517 212 [5ti_B<53> €17 MNegative power
73 [sti_A<13> Ra 143 [5ti_a<35> A6 213 [Sti_A<53> D16 Other funtions.
i 74 |s:i Bell> 7] 144 |Sli Be35> T18 214 [sti_B<sa> 813 Enable pins
s | 75 _|sti_a<12> a6 145 |sti_A<36> P15 215 [sti_A<52> 14 Potentiosat 8 bias
6 |sti_B<76> Bl 76_|sti_B<11> u2 146 |sti_B<36> 119 216 |sti_B<51> Al Addresses
7 |AvddP Al 77_|5ti_Acil> u1 147 |avddP u19 217 [5ti_A<51> Al9 Calibration
8 |vddN c2 78_|sti_B<10> E] 148 |vdan 518 218 [5ti_B<50> B17 Digital power
3 [su_A<Ti> 2 73 |s:- Acit> RS 149 [5t_A<37> Ql6 219 [Sti_A<50> D15 | [Enme
10 |5t B<77> [=} 80 _[sti_B<g> u3 150 |sti_B<37= 519 220 |Sti_B<49> ALY
11 [sti_a<78> G5 81 _|5ti_A<g> a7 151 [sti_a<38> N1S 221 |sti_k<d9> F13
12 [sti_B<78> D2 82_|sti_B<g> 14 152 |sti_B<38> R18 222 |5ti_Beas> Bl&
13 |AvddP 03 83 |sti_a<s> 54 1153 | AvddP R17 223 |sti_A<d8> Cl6 Top View of Silicon Die in zao-pin Package
14 JvddN D1 84 |5t BT u4 154 |vdd R19 224 lSli B4 7> AlG
15 [su_A<79> F4 5ti_haT> [ 155 |5ti_A<3g> P16 225 [sti_hed?> D14 AR AR
et = s g
55 ai7 227 [sti_A<ds> €15 YRR _/
s o | [pE[alvens] iy g
a8 159 |5q_Sti<O> M15 |
160[5q_sti<1> P1E £
161 [AvddP N16 %
162 |vddN P19 232 |s1i_g<as> ;
163 |Caps Sl P17 233 |5ti_A<dS> cl4 L 1
94 [sti_Bed> 7 164 |[CapSense 5<7> nig 234 [5ti_B<das B13 s 2
95 |s:. hed> R8 165 | CapSense,_Pad<0> MIG 235 |s:| Aedd> D12 1
96 |Sti_B<3> u7 166 | Cap5 Pad<1> N19 236 |5ti_Bodd> Al3
97 _[sti_A<3> as 167 |CapSense_Pad<2> L15 237 [sti_heda» E11 — %
98 |s5ti_B<d> T8 168 |CapSense_Pad<3> MI1B 238 |5ti_B<d2> B12 3
99_|sti_A<z> 57 163 | CapSense_Pad<d> H17 239 [sti_Acdz> €13 e
100 |sti_B<1> us 170 |CapSense_Pad<S> M19 2-1D|5ll Bl a12 ﬁ
101 [5ti_A<1> 58 171 |CapSense_Pad<t> M7 241 [5ti_A<dl> £12 -
102 |Sti_B<0> T8 172 |CapSense_Pad<7> 118 242 [Sti_B<d0> Bl1 y
103 |s:i Al RA 173 | CapSense_Pad<8> L16 243 |5li A<AD> D1l ’
(104 JAvddP us 174 |CapSense_Pad<9> 119 244 | Avdd P All
[105 JvddN 59 175 |CapSense_vddP uy 245 JwddN €11
[106 [vdeN Tig 176 |AvddP K18 246 |vddM 810
107 | AvddP aio 177 |vdan K15 247 | avddP E10

108 |Sti_A<20> u10 178 |CapSente Pad<10= K19 248 |5t_A<B0> AlD

109 [51i_B<20> R10 179 | CapSense_Pad<1l> K16 249 [sti_B<60> 010
110 |Sti_A<21> U1l 180 |CapSense Pad<12> s 250 |5t A<B1> A =
111 |5t _B<21> 510 181 [Cap5 e Padelds K17 251 |5ti_Babl> C10 aattﬂm View 0’ 280-pl|1 Package
112 [5t_A<z2> 1L 182 |Capsens