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ABSTRACT OF THE DISSERTATION

Nanomolar Electrochemical Dopamine Detection and Directed Evolution for

Next Generation Electroenzymatic Gamma-Aminobutyric Acid Sensors

by

Dmitriy Alexander Ruckodanov
Doctor of Philosophy in Chemical Engineering
University of California, Los Angeles, 2024

Professor Harold G. Monbouquette, Chair

The development of highly sensitive and selective neurochemical sensors is crucial for
advancing our understanding of neurotransmitter dynamics and their roles in neurological
disorders. This dissertation focuses on the creation of next-generation electrochemical sensors for
dopamine (DA) and y-aminobutyric acid (GABA), employing innovative surface chemistry,
nanostructured materials, and directed evolution techniques.

Dopamine is a critical neurotransmitter involved in the regulation of motivation, cognition,
and motor behavior. Dysregulation of DA transmission is linked to various central nervous system
(CNS) disorders, including Parkinson’s disease, schizophrenia, and substance abuse. This research
enhances DA sensing by integrating an on-probe iridium oxide (IrOx) reference electrode onto an

implantable microelectrode array (MEA) microprobe. The inclusion of IrOx REs on-probe
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provides potentially significant advantages over traditional, independent Ag/AgCl REs, such as
improved stability, reduced inflammatory responses, and lower baseline noise. This post-
fabrication electrochemical deposition of IrOx onto targeted microelectrodes enabled high
sensitivity DA sensing with an ultralow limit of detection and high selectivity against common
electroactive interferents. Comparative studies demonstrated that the integrated three-electrode
configuration exhibited a five-fold lower limit of detection (~9 nM) due to an 82% reduction in
baseline noise compared to sensors with separate Ag/AgCl REs. These advancements made these
DA sensing microprobes highly attractive for in vivo applications, facilitating the study of nervous
system disorders through improved DA monitoring.

To address the public health crisis of opioid abuse, a partnership was formed with several
research labs to develop a high-throughput, multi-organ microphysiological system (MPS) using
human induced pluripotent stem cell (iPSC)-derived, midbrain-fated dopamine (DA) and GABA
neurons. These MPSs or “brain-on-a-chip” systems, incorporating microglia, a mock blood-brain
barrier (BBB), and liver metabolism components, recapitulate the neurobiology of addiction. The
aforementioned dopamine sensors with integrated IrOx reference electrodes were successfully
integrated into the MPS design to monitor DA release in cultured neurons. However, challenges
with media selection—stemming from the differing requirements of liver cells and neurons—and
the lack of a reliable protocol for maintaining neuronal viability and sterility within the chips
initially limited the system's overall functionality. These limitations highlighted the need for
continued optimization of the MPS platform, which remains a promising avenue for future studies
aimed at comprehensive drug screening and investigating the mechanisms underlying opioid-

induced changes in DA response.
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v-Aminobutyric acid (GABA) is the most important inhibitory neurotransmitter in the
mammalian brain, playing a vital role in maintaining the excitatory/inhibitory (E/I) balance.
Dysregulation of this balance is associated with a range of neurological conditions, including
seizures, autism, and traumatic brain injury, which affect millions of people in the US. Despite its
importance, high-performance methods to monitor GABA signaling at the cellular level and in
near-real-time have been slow to emerge, especially for deep brain regions. Our project aimed to
engineer a GABA oxidase suitable for creating a high-performance, implantable, electroenzymatic
GABA microsensor. The absence of a commercially available GABA oxidase necessitated the use
of directed protein evolution to develop an enzyme with high activity and selectivity for GABA.
Our approach involved cloning and expressing a naturally occurring enzyme with native oxidase
activity for methyl-GABA, which showed modest activity with GABA. Through advanced
ultrahigh throughput techniques, an enzyme was evolved for enhanced utility in GABA biosensors.
The enzyme-catalyzed oxidation of GABA produced H:0:, which was subsequently
electrooxidized at the underlying electrode, providing a current signal correlated to GABA
concentration. Promising prototype biosensors demonstrated modest sensing capabilities, and
further development and testing for in vivo models is ongoing.

This dissertation contributes significantly to the field of neurochemical sensing by
addressing the critical needs for low noise, low detection limits, and high selectivity in
neurotransmitter biosensors. The integration of innovative materials and techniques will facilitate
the development of practical, high-performance sensors for both dopamine and GABA, with
potential applications in neuroscience research and clinical diagnostics. These advancements
promise to enhance our understanding of complex brain systems and improve the study and

treatment of various neurological disorders.
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Chapter 1 : Introduction

1.1 Electrochemical Detection of Neurotransmitters

1.1.1 Motivation

A deep understanding of information processing in the brain is critical for neuroscience
studies and the rational development of effective treatments for complex neurological disorders,
including Huntington’s disease, Alzheimer’s disease, Parkinson’s disease, ALS, and Jakob-
Creutzfeldt disease [1-5]. Although brain signaling is highly complex, it can be classified into
electrical and chemical signals. Electrical signals are generated by the firing of action potentials,
propagating electrical signals along neurons. Neurotransmitters serve as chemical messengers to
deliver signals across the synapse, from one neuron to the next [6-8]. While numerous successful
research studies have focused on electrical signaling monitored through electrophysiological
recordings [9-11], the study of chemical signaling, which plays a crucial role in mood and behavior,
is less developed. Consequently, scientists still have limited data about the specific relationships
between neurotransmitters and human neurological states [12-16].

Dopamine (DA) is a critical neurotransmitter involved in the regulation of motivation,
cognition, and motor behavior [17-19]. Dysregulation of DA transmission is linked to various CNS
disorders, including Parkinson’s disease [20-22], schizophrenia [23-25], and substance abuse [26-
28]. Monitoring DA signaling in vivo is essential for modeling these disorders and developing
effective treatments [29]. Advances in electrochemical sensor technology, including the

incorporation of on-probe iridium oxide (IrOx) reference electrodes [30], have enabled the creation



of highly sensitive DA sensors with ultralow detection limits and high selectivity against common
electroactive interferents [31]. These DA sensors have been integrated into microphysiological
systems that emulate the biochemistry of the blood-brain barrier [32], utilizing lab-on-a-chip
devices [33]. These systems potentially facilitate the screening of drug effects on neurons with
different biochemical profiles, allowing researchers to observe how hypothetical drugs impact
patients with varying conditions [34], such as opioid addiction versus non-addiction. This
innovative approach offers new insights into the mechanisms underlying neurological disorders
and aids in the development of personalized treatments.

v-Aminobutyric acid (GABA) is the most important inhibitory neurotransmitter in the
mammalian brain, playing a vital role in maintaining the excitatory/inhibitory (E/I) balance [35-
37]. Dysregulation of this balance is associated with a range of neurological conditions, including
seizures [38], autism [39], and traumatic brain injury [40], which affect millions of people in the
US. Despite its importance, high-performance methods to monitor GABA signaling at the cellular
level and in near-real-time have been slow to emerge [41-43], especially for deep brain regions.
The development of electroenzymatic sensors for GABA involves engineering a suitable GABA
oxidase enzyme through directed evolution and optimizing sensor fabrication techniques to
achieve high sensitivity, selectivity, and fast response times. These advancements are crucial for
understanding GABA dynamics and their implications in various neurological disorders,

ultimately contributing to better diagnostic and therapeutic strategies.

1.1.3 Current Sensing Mechanisms for Neurotransmitter Detection

Currently, sensors focus on detecting the neurotransmitter that leaks into the extracellular
space after release into the synapse during chemical signaling. Microdialysis with high
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performance liquid chromatography (HPLC) is one of the most popular traditional detection
schemes [44-46]. It generally has very high sensitivity and can detect a broad range of species.
However, long analysis times and relatively large probe sizes (>100 um in width) result in limited
temporal and spatial resolution [47-49]. Fluorescence imaging with high sensitivity and high
temporal and spatial resolution also exhibits good potential [50-55]. However, limited light
penetration in the brain [56], the need for genetic encoding [57], the requirement for expensive
two-photon microscopy to achieve super-high single-neuron resolution [58], and slow dissociation
times that can obscure rapid signaling dynamics [59] are significant limitations.

Electrochemical sensing of neurotransmitters has emerged as a viable and rapid way to
monitor neurotransmitters with high temporal and spatial resolution [60-62]. Fast scan cyclic
voltammetry (FSCV) is one of the proven successful electrochemical detection methods, offering
high sensitivity, high temporal and spatial resolution, and being label-free [63-65]. However,
FSCV is limited to a small number of electroactive species [66] and has difficulty in multiplexing
[67]. Constant potential amperometry (CPA) is a promising method where the electrode is held at
a constant potential, and the oxidation of electro-oxidizable molecules is measured by current
change. CPA has advantages including high spatial and temporal resolution [61, 68-70], being
label-free, and providing a real-time view of species detection [71-73]. The major limitation of
CPA is the inability to differentiate between different electrooxidizable species, which can be
addressed by coating permselective polymers and enzymes on the electrode surfaces [62, 71, 74].
Field-effect-transistors (FETs) conjugated with aptamers also display great potential for integrated
neural activity recordings at high spatiotemporal resolution and are not limited to electroactive

species [75-77].



Microelectrode arrays (MEAs) have gained popularity for their ability to monitor multiple
neurotransmitters simultaneously with high spatial resolution [78-81]. These devices can be
integrated with microfluidic platforms, creating lab-on-a-chip systems that mimic the complex
environment of the brain, facilitating the study of neurotransmitter dynamics in more
physiologically relevant conditions [82-84]. Recent advances in nanomaterials, such as carbon
nanotubes [85] and graphene [70], have further enhanced the performance of electrochemical
sensors by increasing their sensitivity and lowering detection limits. These materials offer high
surface area, excellent conductivity, and biocompatibility [86], making them ideal for

neurotransmitter detection.

1.1.2 Directed Evolution for Biosensing Applications

The field of neurotransmitter detection has advanced significantly with the adoption of fast-
scan cyclic voltammetry (FSCV) and constant potential amperometry (CPA). FSCV provides
excellent temporal resolution, making it well-suited for capturing rapid changes in
neurotransmitter concentrations. However, its applicability is limited to electroactive species, and
achieving multiplexing is often challenging due to overlapping oxidation potentials [87]. CPA, on
the other hand, offers a versatile platform for detecting both electroactive and non-electroactive
neurotransmitters through the integration of oxidase enzymes and electrode coatings. These
sensors typically rely on electrode coatings that are permselective for H.O, allowing selective
detection of the enzymatic byproduct while excluding interfering species. Alternatively, coatings
that are permselective for the electroactive analyte itself can be employed to ensure specificity in
the detection process. In both cases, the immobilization of selective enzyme layers, such as
oxidases, plays a critical role in generating steady-state currents corresponding to the concentration
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of the target analyte [88]. While CPA supports multiplexing and real-time monitoring, its success
is contingent upon the optimization of these permselective layers to minimize interference from
electroactive compounds in the extracellular environment.

The revolutionary technique of directed evolution has paved the way for new
advancements in biosensing technologies, particularly in the realm of CPA. The invention of
directed evolution, which recently resulted in the award of a Nobel Prize in Chemistry to Frances
Arnold, emulates natural selection to evolve proteins or nucleic acids toward specific, user-defined
goals [89]. This process involves iterative rounds of mutagenesis and selection to create enzymes
with desired characteristics. It has proven to be a powerful tool for engineering enzymes with
improved activity, stability, and selectivity for targeted substrates [90].

Applying directed evolution to biosensing technologies holds immense potential, enabling
the creation of bespoke enzymes tailored for novel substrates [91, 92] and expanding the
capabilities of CPA-based sensors. For example, while GABA is not inherently electroactive,
directed evolution allows for the development of a GABA oxidase enzyme that can effectively
catalyze GABA oxidation, producing electroactive hydrogen peroxide as a byproduct. Broadly,
this technique creates a framework through which CPA-based biosensors can be fitted with novel
enzymes to detect non-electroactive substrates, like GABA, with high selectivity and sensitivity.
The implications of this are profound, as directed evolution allows researchers to design and
implement CPA sensors for a broad range of substrates, enhancing the versatility and application
scope of electroenzymatic sensors [93]. This ability to tailor enzymes for specific needs can
significantly improve the monitoring of neurotransmitters and other biochemical compounds,
facilitating a deeper understanding of their roles in neurological processes and diseases. As a result,

directed evolution stands as a transformative approach in the advancement of biosensing



technologies, enabling precise and reliable detection of a wide array of analytes that were

previously challenging to monitor.
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Chapter 2 : Electrochemical Sensing of Dopamine by an Implantable
Microelectrode Array Microprobe with an On-Probe Iridium Oxide

Reference Electrode

Chapter 2 is a manuscript under review with the following citation:
D. Ruckodanov et al., “Electrochemical Sensing of Dopamine with an Implantable Microelectrode
Array Microprobe including an On-Probe Iridium Oxide Reference Electrode.” ACS Chemical

Neuroscience, Submitted.

ABSTRACT

Inclusion of an on-probe iridium oxide (IrOx) reference electrode on an implantable
microelectrode array (MEA) microprobe enabled dopamine (DA) sensing with high sensitivity, an
ultralow limit of detection, and high selectivity against common electroactive interferents. The
monitoring of DA signaling in vivo is important for the study of nervous system disorders such as
Parkinson's disease and substance abuse. A post-fabrication method for electrochemical deposition
of an IrOx film onto a targeted microelectrode enabled integration of an IrOx reference electrode
(RE) onto the same MEA as the DA sensing, working electrode (WE). The on-probe IrOx RE is
an attractive alternative to commonly used external Ag/AgCl wire REs, which can be unstable and
can cause inflammatory responses in living tissue. The on-probe IrOx RE was tested for support
of DA sensing performance in two-electrode (i.e., WE and RE) and three-electrode (i.e., WE, RE
and counter electrode) configurations. The sensitivities of the integrated and externally referenced
DA sensing microprobes were comparable at ~2500 nA/(uM-cm?), however the integrated three-
electrode configuration exhibited a 6-fold lower limit of detection of ~9 nM due to a significant,
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82% reduction in baseline noise. In addition, excellent 1000:1 selectivity against common
electroactive interferents makes these DA sensing microprobes attractive for implementation in

Vvivo.

2.1 Introduction

Dopamine (DA) is an important neurotransmitter in the brain for regulation of motivation,
cognition and motor behavior; and dysregulation of DA transmission has been associated with
substance abuse, schizophrenia and Parkinson’s disease, among other CNS disorders. Thus, it has
long been a goal of neuroscientists to develop technologies to monitor DA signaling in the brain
sensitively and selectively with high spatiotemporal resolution. Two primary approaches for
electrochemical DA sensing have emerged, fast scan cyclic voltammetry (FSCV) and constant
potential amperometry (CPA). In FSCV, the potential applied to a microelectrode (usually a carbon
fiber) is ramped back and forth rapidly between two voltage set points, and the DA concentration
is divined from the transients in current over the potential range characteristic of DA
electrochemistry [1, 2]. CPA is a simpler electrochemical technique with a potentially faster
response time, but permselective microelectrode coatings must be used to ensure acceptable
selectivity [3, 4].

The desire to monitor multiple neurotransmitters simultaneously, including those not
directly oxidizable at the electrode such as glutamate or acetylcholine, has led to the development
of silicon wafer-based platinum microelectrode arrays (MEAs) that are fabricated using micro-
electro-mechanical-systems (MEMS) technologies. Effective, implantable neurochemical sensing

devices utilizing MEAs have been constructed that are based on immobilized oxidases (e.g., for
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glutamate, choline) or on direct electrooxidation of the analyte (e.g., for dopamine) [5-7]. The

electrooxidation of dopamine occurs as follows,

HO NH, o] NH,
— + 2H* + 2e-
HO (o)
Dopamine (DA) Dopamine-o-quinone (DOQ)

where the flow of product electrons provides the sensor current signal. This signal may be
correlated to the concentration of DA in the surrounding microenvironment. In previous work, we
demonstrated the effective monitoring of DA, glutamate and choline concentration transients both
in vitro and in vivo, using silicon MEA-based electrochemical sensors [8-10].

For these devices, a combination of Nafion and overoxidized polypyrrole (OPP) films on
the surface of the microelectrode can prevent interfering responses from electroactive species
common to brain extracellular fluid (ECF) including ascorbic acid (AA), uric acid (UA), L-3,4-
dihydroxyphenylalanine (L-DOPA), and 3,4-dihydroxyphenylacetic acid (DOPAC) [4]. At near
neutral pH, L-DOPA is a zwitterionic DA precursor, DOPAC is a negatively charged DA
metabolite, and DA is positively charged. A polypyrrole film carries positive charge due to
polarons and bipolarons associated with ring nitrogen atom [11]. However, when overoxidized,
oxygen is added and some chain breakage occurs with the introduction of electronegativity to the
overoxidized polypyrrole (OPP) film.

In contrast, Nafion is a negatively charged, sulfonated fluoropolymer-copolymer. The
layered films of OPP and Nafion presumably reject potentially interfering species based on a
combination of electrostatic repulsion and size exclusion. Previously, we reported a CPA sensor
for DA utilizing a thin (~1 nm) OPP film with a Nafion overlayer exhibiting a limit of detection
(LOD) of ~62 nM, a response time of ~1 s, and excellent selectivity against the potential
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interferents listed above [4]. However, this LOD does not approach the reported lower end of the
physiological range for DA in rodents in the single-digit nanomolar range [12], which has
prompted our interest in alternative, permselective coatings for the working electrode (WE)
including poly-m-phenylenediamine (m-PPD) and poly-o-phenylenediamine.

PPD films have been used successfully in the past, to create selective sensors for
neurotransmitters [13-19], including DA [20-27]. Using PPD as the sole permselective film and
square wave voltammetry, DA sensors with LODs of 10 nM and lower [21, 26] have been achieved
that also may be selective against ascorbic acid and uric acid [21]. As in our prior experience with
electroactive DA and OPP [4], reports suggest that it is important that the PPD film be thin and
overoxidized as well for optimal DA sensing [22, 25]; as thicker films can prevent penetration of
DA to the electrode surface and subsequent current signal generation. In this work, we strive to
construct a DA sensor based on the simple CPA approach that exhibits selectivity against the broad
spectrum of potential interfering species listed above and that attains a LOD approaching the lower
end of the physiological range.

The reference electrode (RE) also is an important component of electrochemical sensing
systems designed for optimal performance, but it usually is not integrated into the same
micromachined probe with the working electrode (WE). Most commonly, biosensors used for
studies in vivo make use of a separate Ag/AgCl RE [9, 15, 28-31]. However, there are key
advantages to combining the WE and RE of an implantable biosensing system onto a single
microprobe in an MEA geometry including simplified surgery, reduced tissue damage, and
reduced noise, which leads to improved LODs. Although the integration of miniature Ag/AgCl
REs onto microprobes has been achieved through wet chemical processing or plasma deposition

[32, 33], these constructs are suboptimal due to the instability and toxicity of the deposited films.
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AgCl films are often unstable due to delamination or dissolution of the chloride salt [34, 35], and
the dissolved film is toxic leading to significant inflammatory responses [36, 37]. Successful
implementation of an implantable RE in a MEA format requires several criteria to be met: (1) the
RE fabrication method must be compatible with the MEA platform, (2) the RE must exhibit
sufficient chemical and mechanical stability, (3) the RE must provide a stable reference potential
over the applicable range of conditions associated with its intended use, and (4) the chosen RE
must be biocompatible.

Many of the issues encountered with Ag/AgCl REs are avoided by using iridium oxide
(IrOx) as the reference electrode material. Prior studies have addressed use of IrOx as a pH sensor,
an electrode for electrophysiological recording and stimulation, and as a quasi-RE [38-43].
Although the potential at an [rOx electrode shows strong pH dependence [34], normal mammalian
brain extracellular fluid pH is limited to a small dynamic range of 7.15-7.4. Also, IrOx films
exhibit excellent mechanical stability and biocompatibility, both of which allow for long-term
implantation with minimal adverse effects on living tissue [44, 45]. In this report, we describe IrOx
deposition on platinum (Pt) microelectrodes of an MEA by a simple one-step electrochemical
method [46] to give fully functional REs that improve DA sensing performance. We chose this
method because it does not require any additional costly materials or any additional processing
steps that are typically required for the electrochemical activation of a bulk Ir metal electrode or

the sputtering of Ir film onto an appropriate substrate [45, 47-49].
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2.2 Materials and Methods

2.2.1 Reagents and Equipment

Nafion (5 wt% solution in lower aliphatic alcohols/H20 mix), m-phenylenediamine (99%),
3-hydroxytyramine (dopamine, DA), L-3,4-dihydroxyphenylalanine (L-DOPA), 3.,4-
dihydroxyphenylacetic acid (DOPAC), L -ascorbic acid (AA), uric acid (UA), iridium
tetrachloride hydrate, anhydrous oxalic acid (99%), hydrogen peroxide (30 wt% solution in water)
and anhydrous potassium carbonate were purchased from Aldrich Chemical Co. (Milwaukee, WI,
USA). Solutions of all neurotransmitters were formulated in phosphate buffered saline (PBS). PBS
buffer consisted of 50 mM dibasic sodium phosphate with 100 mM sodium chloride adjusted to
pH 7.4 with concentrated HCI. A Millipore Milli-Q Water System was used to generate ultrapure
water for the preparation of all solutions used. Electrochemical preparations and calibration
measurements were performed using a Versatile Multichannel Potentiostat equipped with the ‘p’
low current option and low current N’Stat box (VMP3, Bio-Logic USA LLC, Knoxville, TN,
USA). For experiments in which an external reference electrode was necessary, Ag/AgCl glass-
bodied reference electrodes with 3 M NacCl electrolyte and a 0.5 mm diameter platinum (Pt) wire

auxiliary electrode were purchased from BASi (West Lafayette, IN).

2.2.2 Microelectrode Array Fabrication and Polymer Modification

Microelectrode arrays (MEAs) were fabricated on silicon probes in the UCLA
Nanofabrication Laboratory (NanoLab) using MEMS technologies (Appendix A). The fabrication
and array details are described in previous work [10]. The probe shafts were 150 pm thick, 140

um wide, and 9 mm long with four 6000 pm? (40 um X 150 um) Pt microelectrode sites arranged
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in pairs at the tip (Fig. 1). Each site was cleaned in 0.1 M H2SOj4 solution by cycling the potential
between -0.2 V and 1.5 V (vs. Ag/AgCl) at least 10X at a scan rate of 50 mV/s and rinsing in PBS.
Subsequently, the microelectrodes were modified as needed to serve as working electrodes (WEs),

reference electrodes (REs), or counter electrodes (CEs) (Appendix B).

Figure 2.1 (a) A MEA probe with a 9 mm shank. (b) Four Pt microelectrode sites at the tip of a
probe, each 6000 um? in area. The dark site on the upper left was modified previously with

electrodeposited IrOx.

Iridium oxide (IrOx) was electrodeposited to prepare REs (Appendix C) following the
method of Yamanaka [46]. Briefly, a 20 mL aqueous solution of 4.5 mM iridium tetrachloride was
stirred for 30 min followed by the addition of 200 pL of hydrogen peroxide and stirring for an
additional 10 min. Oxalic acid dihydrate was then added to reach a concentration of 55.5 mM and
stirred for another 10 min. Potassium carbonate was added in small aliquots until the solution
reached a pH of 10.5. The resulting solution was allowed to sit quiescently for at least 48 h before
electrodeposition, during which time the color shifted from yellow to purple.

IrOx was deposited anodically on an electrode site by cycling between 0.0 V and 0.6 V
versus Ag/AgCl at a scan rate of 50 mV/s for 100 cycles resulting in a total charge transfer of ~1
C/cm?. An image of the Pt microelectrode after electrodeposition of IrOx is shown in Fig. 1b. After

RE creation, a poly-m-phenylenediamine (m-PPD) film was electrodeposited on designated WEs
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from a 5 mM m-phenylenediamine solution in PBS by holding the voltage constant at 0.85 V vs.
Ag/AgCl until the total transferred charge reached ~7.2 X 10-7 Coulombs. The m-PPD films were
overoxidized by placing the sensor in 0.2 M NaOH and holding the voltage constant at 1.04 V vs.
Ag/AgCl for 20 mins. Given the total of four microelectrode sites available, up to three could be
used as WEs for redundant measurements. Nafion was deposited on all sites by dip-coating the
probe tips into a 2% Nafion solution (diluted from 5% stock in 4:1 IPA:water solution) and
immediately annealing at 115 °C for 20 minutes.[14] The sensors were sealed in a container with
desiccant and stored dry at 4 °C prior to testing. A schematic of the final cross-sectional structures

of the WE, RE, and CE sites is provided as Fig. 2.2.

PPD Nafion IrOx Pt

Working Electrode Reference Electrode  Counter Electrode

Figure 2.2 Representative cross-section of a multielectrode device (not to scale) for dopamine
biosensing showing the Pt microelectrode modifications and permselective polymer coatings to

create the WE, RE, and CE sites.

2.3 Sensor Calibration and Testing

The sensors were tested in two- and three-electrode configurations with the VMP3
potentiostat. When used, the CE consisted of an on-probe, Nafion-coated Pt site. DA sensor
calibration and testing were conducted in a magnetically stirred 30 mL beaker in a Faraday cage.

A potential of 0.6 V was applied to the DA sensors relative to the on-probe IrOx REs, which
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corresponds to ~0.7 V vs. Ag/AgCl. The sensors were allowed to equilibrate until they achieved a
steady-state current. After equilibration, steady current signals were recorded at DA concentrations
sequentially increased by solution injection to generate data for calibration curves. Sensitivities
were determined from the linear portion of the curves. Alternatively, interferents (AA, L-DOPA,
DOPAC, EP, NEP, and UA) were injected sequentially to assess the selectivity of the sensors.
Noise measurement, analysis and filtering was performed once the sensors achieved a
steady-state, baseline current using the built-in noise analysis tools of the BioLogic EC-lab
software. Noise was analyzed by first applying a Fourier transform to the baseline current data [50,
51]. Ultralow noise frequency bands were removed using the frequency filter tool. The remaining
noise in the filtered, steady-state, baseline current was quantified using the electrochemical
corrosion tool of the software. This calculated rms noise was used subsequently in limit-of-
detection (LOD) computations. The LOD was defined as the current change corresponding to 3 X

filtered rms noise. All sensitivity and LOD uncertainties in this work are reported as standard errors.

2.4 Results and Discussion

2.4.1 Three-Electrode Dopamine Sensing with an On-Probe IrOx Reference Electrode

Enhancement of dopamine (DA) sensing with an on-probe IrOx RE was assessed in vitro
when the RE was incorporated with two DA working electrodes (WEs) and a platinum (Pt) counter
electrode (CE) on our four-site, Pt microelectrode array (MEA). With this three-electrode (i.e.,
WE, RE, and CE) setup, the sensors gave current responses to DA that were approximately linear
up to at least 40 uM (Fig. 2.3) at an operating potential of 0.6 V vs IrOx (~0.7 V vs Ag/AgCl). The

composite performance of these three-electrode DA sensors using an on-probe IrOx RE showed a
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mean sensitivity of 2650 + 170 nA/(uM-cm?) and a mean limit of detection (LOD) of 9 =4 nM (n
= 10 working electrodes). This impressive LOD, achieved using simple constant potential
amperometry (CPA), compares favorably to the typical LOD of ~15 nM attained with the more
complex fast scan cyclic voltammetry (FSCV) technique [2].

The sensitivity of these DA sensors with the on-probe IrOx RE and on-probe Pt CE site is
similar to what was achieved with an external Ag/AgCl RE and on-probe CE, 2450 + 230
nA/(uM-cm?) (n = 10 working electrodes) (Fig. 2.4); however, the LOD with the external Ag/AgCl
RE was significantly higher at 54 + 7 nM due to the greater rms noise of 2.6 + 0.86 pA relative to
the rms noise of 0.46 + 0.18 pA with the on-probe IrOx RE. In earlier work with a three-electrode
system for DA sensing based on Si probe-based Pt sites coated with OPP and Nafion and external
REs and CEs based on Ag/AgCl and a Nafion-coated Pt wire, respectively, an LOD of 62 nM (at
2X rms noise) was achieved with background rms noise at ~5 pA [4]. Unfortunately, this data is
not directly comparable, because neither the CE or RE were co-located on the probe and the noise
was not pre-filtered. However, we also showed earlier that co-location of an IrOx RE, and a
Nafion-coated Pt CE on our MEA probe with a glutamate sensing site resulted in a ~61% reduction
in unfiltered noise, which approaches the ~82% reduction in pre-filtered noise achieved in this

work [8].

2.4.2 Two-Electrode Dopamine Sensing with an On-Probe IrOx Reference Electrode

The current responses of our DA microsensors of ~6000 um? in surface area to analyte in
the physiological concentration range generally are in the nanoamp range and lower. Such low
currents can allow for the use of a two-electrode configuration, where the RE also acts as the CE.
DA sensing with an on-probe I[rOx RE was assessed in vitro when the RE was incorporated with
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three DA working electrodes (WEs) on our four-site, Pt microelectrode array (MEA). The
composite performance (n = 10 working electrodes) of these two-electrode DA sensing
microprobes with the on-probe IrOx RE was comparable to that of the three-electrode, on-probe
system, as illustrated by a sensitivity of 2570 + 230 nA/(uM-cm?) in the linear range, yet the LOD
was significantly higher at 35 = 6 nM (Fig. 2.5). The higher LOD was due to greater rms noise of
1.3 +0.75 pA, which still is an improvement over the probes with external Ag/AgCl REs, but not
as low as the noise achieved in three electrode systems on a single probe (0.46 = 0.18 pA).

In the normal physiological DA concentration range up to 1 pM [52], the current response
is linear with concentration. However, at DA concentrations above ~40 uM, the additional current
alters the potential at the RE, which adversely affects linearity and sensitivity. Nevertheless, these
results indicate that the two-electrode system with the on-probe IrOx RE is suitable for monitoring

DA up to the expected maximum physiological concentration in vivo.
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2.4.3 Calibration Curves
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Figure 2.3 A) DA sensing on three representative working electrode sites on MEAs in a three-
electrode configuration using an on-probe IrOx RE and an on-probe bare Pt microelectrode as CE.
DA injections at 4850 s and 5200 s correspond to concentration increases of 10 uM each, while

the final injection corresponds to an increase of 20 uM.

B) Calibrations plots are made by creating linear regressions (R? = 0.994) of the steady state current
data (shown in A) as a function of the bulk injected dopamine concentration. DA sensing systems
of this on-probe, three-electrode configuration showed an average sensitivity and limit of detection
0f2650 + 230 nA/(uM-cm?) and 9 + 4 nM (n = 10 working electrodes), respectively. The rms noise

was 0.00046 nA.
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Figure 2.4 A) DA sensing on four representative working electrode sites on MEAs in a three-
electrode configuration using an external Ag/AgCl electrode as the RE and an on-probe bare Pt

microelectrode as the CE. All DA injections shown corresponded to 2.5 puM increases in

concentration.

B) Calibrations plots are made by creating linear regressions (R? = 0.998) of the steady state current
data (shown in A) as a function of the bulk injected dopamine concentration. The DA sensing
systems of this three-electrode configuration with an external RE showed an average sensitivity
and limit of detection of 2450 + 230 nA/(uM-cm?) and 54 + 7 nM (n = 10 working electrodes),

respectively. The rms noise was 0.0026 nA.
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Figure 2.5 A) DA sensing on two representative working electrode sites on MEAs in a two-
electrode configuration using an on-probe IrOx-coated microelectrode as both the RE and the CE.
The IrOx film does not act as a stable RE at very high DA concentrations, which is illustrated by
the nonlinearity of the current response above 40 pM DA. DA injections at 3650 s and 3750 s

correspond to DA concentration increases of 10 uM, while all remaining injections correspond to

DA concentration increases of 20 uM.

B) Representative calibration plots corresponding to the results shown in (A). The linear fits (R? =
0.997) shown were based on measurements up to 40 uM. DA sensing systems of this on-probe,
two-electrode configuration showed an average sensitivity of 2570 + 230 nA/(uM-cm?) and a limit

of detection of 35 £ 6 nM (n = 10 working electrodes), respectively. The rms noise was 0.0017 nA.
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2.4.4 Selectivity Against Common Electroactive Interferents

In addition to detecting changes in physiological concentrations of DA, these biosensors
also must be selective against common electroactive species in brain extracellular fluid. In this
work, selectivity is defined as the ratio of the sensitivity to the analyte to that of the interferent.
DA microsensors in the three-electrode configuration displayed excellent selectivity for DA

against AA, DOPAC, DOPA, and UA at or above typical physiological concentrations (Fig. 2.6).
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Figure 2.6 DA selectivity against common electroactive interferents found in brain ECF including
125 uM AA [1], 50 uM L-DOPA [2], 50 uM DOPAC [3], 12.5 uM EP [4], 12.5 uM NEP [5], 50
uM UA [6], and uM 10 DA [7]. The selectivity ratios of DA to AA, DOPAC, L-DOPA and UA
all were more than 1000:1. The selectivities for DA over EP and NEP were ~6.7:1 and ~9.8:1,
respectively; however, at biologically relevant concentrations in DA-rich brain regions such as the

striatum, these species are not detectable by the DA sensor.
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Average selectivity ratios of DA to AA, DOPAC, DOPA, and UA all were more than
1000:1 for our three-electrode system with on-probe IrOx RE. However, the selectivities for DA
over EP and NEP were ~6.7 and ~9.8, respectively, due to their similar chemical structures and
oxidation potentials. Fortunately, the estimated basal ECF concentrations of EP (~5 nM)[53] and
NEP (~1 nM)[54] are well below the LODs of our DA sensor for these species (~75 nM and ~108
nM respectively). As a point of comparison, the popular FSCV method relies on differences in
redox potential to distinguish electroactive interfering species from DA. It also cannot be used
straightforwardly to differentiate EP or NEP from DA [55]. Thus, our upgraded DA sensor with
on-probe IrOx RE offers a viable alternative to FSCV for monitoring DA using CPA both in vitro

and in vivo.

2.5 Conclusions

A stable and reproducible IrOx film on a Pt microelectrode of a MEA can be used as an
on-probe RE for highly sensitive and selective DA sensing in both 2-electrode and 3-electrode
configurations. The electrochemical method employed for IrOx film deposition permits
straightforward modification of selected microelectrodes in the MEA format. Other sites on the
MEA were modified with a thin electropolymerized film of PPD, and all sites subsequently were
dip-coated with Nafion to give high-performance DA microsensors. Inclusion of the IrOx RE on
the same microprobe as the working electrodes reduces baseline rms noise levels by up to 82%
compared to systems with a separate Ag/AgCl RE. The dramatic reduction in noise contributes to
an ultralow detection limit of ~9 nM, which compares favorably with the more complex fast scan

cyclic voltammetry (FSCV) technique [2]. These results were achieved while maintaining at least
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1000:1 selectivity against the common electroactive interferents, ascorbic acid, L-DOPA, DOPAC,
and uric acid. Further, epinephrine and norepinephrine in the physiological concentration range
are below the LOD of the DA sensor. As such, this MEA-probe DA sensing system that is based
on simple, CPA and avoids the complications of a separate Ag/AgCl RE offers an attractive

alternative to FSCV for DA monitoring.
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Chapter 3 : Multi-Organ-on-Chip Device for Modeling Opioid Reinforcement
and Withdrawal and the Negative Component of Pain: A Therapeutic

Screening Tool

ABSTRACT

The escalating opioid crisis underscores the urgent need for new therapeutics targeting
opioid use disorder (OUD) and non-addictive pain treatments. To advance drug discovery and
better understand addiction neurobiology, a multi-organ, microphysiological system (MPS) is
being developed so that key components of the midbrain’s dopaminergic and GABAergic circuitry
can be modeled. This system incorporates human-induced, pluripotent stem cell (iPSC)-derived
neurons; microglia; a mock blood-brain barrier (BBB), and liver metabolism components to enable
high-throughput drug screening. The platform is further enhanced with integrated dopamine (DA)
sensors, capable of real-time monitoring within the MPS. Preliminary results demonstrate the
sensors’ ability to produce current signals in response to varying DA concentrations within the

microfluidic chip, laying the groundwork for future in-depth studies with neuronal cultures.

3.1 Introduction

The opioid abuse epidemic has emerged as one of the most pressing public health crises,
with profound implications for individuals and society [1]. The development of effective
therapeutics for opioid use disorder (OUD) and non-addictive pain treatments is paramount.
However, the complexity of addiction, particularly the neurobiological mechanisms underlying it,

presents significant challenges for therapeutic development [2]. Traditional models for studying
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these mechanisms are limited by their inability to fully capture the intricate interactions between
different cell types and physiological systems involved in addiction [3].

To address these challenges, we have engaged in the development of a multi-organ,
microphysiological system (MPS) that leverages recent advances in organ-on-a-chip and iPSC
technologies. This MPS will focus on the dopaminergic and GABAergic neurons of the midbrain,
which play a critical role in mediating the reinforcing properties of opioids and other drugs of
abuse [4-6]. By incorporating human iPSC-derived neurons, microglia, BBB, and liver metabolism
components, this platform will provide a more accurate and dynamic model of the neurobiological
processes involved in addiction.

The system will enable the study of chronic opioid-induced plasticity in dopamine (DA)
responsiveness, a key factor in the development of opioid addiction. By examining the effects of
both mu opioid receptor agonists and kappa-mediated opioid effects on DA transmission, the MPS
will offer insights into the mechanisms underlying opioid withdrawal, chronic pain states, and the
potential for relapse [7-9]. Furthermore, the integration of RNA sequencing (RNAseq) and
metabolomics analyses will support the identification of novel therapeutic targets and mechanisms
[10].

This project will also focus on the development of high-throughput screening capabilities,
facilitated by the incorporation of online sensors for real-time detection of DA and other key
analytes. The platform’s ability to screen a curated set of kinase inhibitors and other compounds
will be informed by the RNAseq and metabolomics data, providing a targeted approach to
addiction treatment development [11]. The potential to use this device to test the abuse liability of
novel antinociceptive agents further expands its utility, making it a valuable tool in the ongoing

fight against opioid addiction [12-14].
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With an interdisciplinary team of scientists and engineers, this project builds upon recent
technological advancements to create innovative MPSs with the potential to make significant

clinical impacts in the future.

3.2 Materials and Methods

3.2.1 Dopamine Microelectrode Fabrication and Calibration

Initially, two sensor configurations were tested for integration into the microfluidic chip.
The first configuration involved platinum wire sensors [15-17] coated with poly-m-
phenylenediamine (m-PPD) and Nafion, similar to those used in microelectrode arrays (MEAs).
An external Ag/AgCl reference electrode was prepared by dipping silver wire into sodium
hypochlorite solution [18]. A counterelectrode was prepared by using a strip of platinum wire

without any coatings.

0.7v
Ag/AgCl Platinum

Nafion
m-PPD / PPy
Platinum

Figure 3.1 Comparison illustration of the dopamine working electrode geometries showing the
planar MEA (left) and cylindrical/wire (right) geometries. The major advantage of the cylindrical
design is that the surface area of the platinum site is significantly larger (0.016 cm?) vs. that of the

traditional MEA design (0.00006 cm?).
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The 250-fold enhancement in surface area confers one significant benefit from an analyte
detection standpoint, which is that the limit of detection (1-10 nM) is comfortably within the
physiological range [19]. Unfortunately, this improvement is to the detriment of several other
desirable properties. Mostly notably, the noise on these probes was measured to be 0.079 nA,
which is almost an order of magnitude higher than the standard MEA probes. In addition, the

sensitivity was approximately half an order of magnitude lower than that of MEA probes with a

similar formulation.
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Figure 3.2 A) DA sensing on a single platinum dopamine wire sensor using a three-electrode
configuration. A silver wire dipped in bleach is used as the reference electrode and a bare platinum
wire is used as a counterelectrode. B) Calibration plots are made by creating linear regressions (R?
=0.997) of the steady state current data (shown in A) as a function of the bulk injected dopamine
concentration. The DA sensing systems of this three-electrode configuration with an external RE
showed an average sensitivity and limit of detection of 790 + 50 nA/(uM-cm?) and 5+ 3 nM (n =

10 working electrodes), respectively. The rms noise was 0.079 nA.
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Second, the silver wire needed for RE wire fabrication is sold with a perfluoroalkoxy
alkane (PFA) coating. Even after careful removal, the sheared edges of the coating appeared to
interfere with the sensor’s ability to maintain a stable baseline current, further diminishing its
reliability. Third, despite the cylindrical geometry’s impressive performance metrics in vitro,
inserting the wire into the chamber of the microfluidic channels of the chip is not a straightforward
endeavor. Without a cannula, it is challenging not to bend the wire sensor while inserting it into
the chip. With a cannula, it is difficult to seal the sensor in the chip in a way that maintains the
flow pressures of the fluidic elements. The final problematic consideration is that this particular
geometry requires three distinct micromachined channels to insert the working, reference, and
counterelectrodes of the complete electrochemical system. Even though this revised sensor
incorporated the same electrochemical design components and achieved an improved limit of
detection, the aforementioned issues rendered the configuration unsuitable for precise dopamine
detection within the microfluidic environment.

Therefore, the platinum wire working electrode was replaced with the microelectrode array
geometry used in previous studies. The dopamine sensors were fabricated and calibrated following
established protocols described in Chapter 2. MEA-based dopamine sensors with an integrated
iridium oxide (IrOx) reference electrode offer the distinct advantage of incorporating all three
electrode types onto a single probe, thereby requiring only a single micromachined channel.
Although smaller in surface area, these sensors offer significant advantages in terms of noise
reduction and stability[20], despite the modest increase in their limit of detection. The ability to
maintain a stable baseline current, combined with reduced noise levels, made this configuration
particularly effective for dopamine detection within the microfluidic chip. As a result, the MEA

sensor configuration with the integrated IrOx reference electrode was selected for all subsequent
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experiments due to its superior performance in minimizing noise, maintaining a stable baseline,

and enhancing sensitivity.

3.2.2 Microfluidic Chip Design and Assembly

The microfluidic chip utilized in this study was meticulously designed and fabricated by
the Terasaki Institute for Biomedical Innovation, which contributed their expertise in organ-on-a-
chip technologies. The primary objective of the chip’s design was to emulate the blood-brain
barrier (BBB) and provide a platform for the future integration of neurochemical sensors,

particularly those for dopamine detection.

A)

Feeding Vascular
channel inlet channel outlet  Brain channel
Bralrj e — outlet
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Figure 3.3 PMMA-based BBB chip. (A) Schematic of the multi-layer chip. (B) Assembled chip.
(C) Assembled chip with distinct coloring for each channel: green (bottom, vascular), orange

(middle, brain), and blue (top, feed).
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The Terasaki team employed advanced microfabrication techniques to produce the
microfluidic chips. Initially, polydimethylsiloxane (PDMS) was chosen for its favorable properties,
including biocompatibility and the ability to easily form microchannels[21-23]. However, to
address concerns about the adsorption of small hydrophobic molecules and to improve the overall
durability of the chip, polymethylmethacrylate (PMMA) was ultimately selected as the primary
material for fabrication[24-26]. The final chip design featured three distinct channels: the vascular
channel (bottom layer), the brain channel (middle layer), and the feeding channel (top layer). These
channels were engineered to replicate the physiological flow of nutrients and waste products across
the BBB, with a central chamber within the brain channel designated for housing sensors and
ensuring consistent exposure to the cultured neurons.

To ensure the integrity of the BBB within the microfluidic chip, platinum (Pt) electrodes
were embedded by the Terasaki team into the microchannels to facilitate transendothelial electrical
resistance (TEER) measurements [27]. These TEER measurements provided critical real-time data
on the barrier function of the endothelial cell layers within the chip, thereby confirming that the

experimental setup closely mirrored the physiological environment of the human brain.

3.2.3 Sensor Integration into Microfluidic Chip

The integration of the dopamine sensors into the microfluidic chip was a critical step in
enabling real-time neurochemical monitoring within the blood-brain barrier (BBB) model.
Following the fabrication of the microfluidic chips, the sensors were carefully inserted into the
designated micromachined channels leading to the central chamber of the brain channel (Fig. 3.4).

The dopamine sensors were inserted through the micromachined access channels into the
central chamber of the microfluidic chip. This central chamber was specifically designed to ensure
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optimal exposure of the sensors to the cultured neurons and to facilitate accurate monitoring of
dopamine release. Once positioned, the sensors were securely sealed in place using a layer of
polydimethylsiloxane (PDMS) to prevent any leakage and to maintain the flow pressure of the

microfluidic environment.

Cylindrical Central Chamber 8 4 e YUE
L 0 S8/ | | Reference Electrode

Working Electrode

Counterelectrode

Figure 3.4 The cylindrical central chamber of the PMMA chip has substantially greater volume
than the microfluidic channel. This chamber can accommodate three electrodes without the risk of
grazing the PMMA surface and shearing off the polymer coatings on the surface of the working

electrode.

Data collection from the integrated sensors was conducted using the same methodology
outlined in the dopamine sensor study. The VMP3 potentiostat (Bio-Logic USA LLC, Knoxville,
TN) was employed to apply a constant potential of 0.6 V vs. IrOx (equivalent to 0.7 V vs.
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Ag/AgCl). This setup allowed for the real-time recording of current responses corresponding to
dopamine concentrations within the chip. The data were collected and analyzed using the EC-Lab

software.

3.3 Results and Discussion

3.3.1 Preliminary Sensor Validation in Microfluidic Environment

Before testing the dopamine sensor within a microphysiological system (MPS) containing
cultured neurons, an initial control experiment was conducted to evaluate the sensor’s performance
in the microfluidic chip using phosphate-buffered saline (PBS) solutions with varying dopamine
concentrations. This was intended to verify that the sensor could reliably detect transient dopamine
concentrations under controlled conditions in the microfluidic environment. The dopamine sensor
was integrated into the central chamber of the chip through micromachined channels. A constant
potential of 0.6 V vs. IrOx (equivalent to 0.7 V vs. Ag/AgCl) was applied and PBS solutions with
varying bulk concentrations of dopamine were sequentially pushed and pulled through the chip.

The sensor’s amperometric response was measured using the VMP3 potentiostat.
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1 — Normalized Baseline

2 — Increase PBS flow rate
3 — Push 10 uM dopamine
4 — Push 20 yM dopamine
5 — Pull 20 uM dopamine
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Figure 3.5 The dopamine microelectrode array sensor’s current signals respond directly to
transient local concentrations of dopamine. The steady state current recordings appear to be

independent of the choice of flow orientation (push = green, pull = orange).

The sensor’s current response modulated in direct proportion to the local concentration of
dopamine. However, the sensitivity of the sensor in this setup was notably lower than the values
observed in previous in vitro testing. This reduction in sensitivity is believed to result from the
original design of the central chamber. The initial chamber geometry, which maintained the same
height as the flow channels, likely caused a rapid flow rate through the chamber. This fast flow
resulted in a very short residence time for dopamine molecules near the sensor surface[28], limiting
the local concentration of dopamine available for detection. These results suggested that the sensor
was not fully optimized for dopamine detection under these flow conditions, as the dopamine

molecules were swiftly swept away from the sensor before they could be effectively measured.
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3.3.2 Design Revision and Optimization

To address this issue, the design of the central chamber was revised in subsequent iterations.
The revised geometry incorporated a tapered conical shape with the sensor placed at the bottom of
the cone. In this configuration, dopaminergic neurons or other relevant cells can be cultured
immediately above the sensor. The conical design allows dopamine released by the neurons to
accumulate in the vicinity of the sensor, significantly increasing the local concentration of
dopamine and preventing it from being swept away quickly by the flow [29-31]. This design
increases the residence time of dopamine near the sensor, thereby improving the likelihood of
detection and enhancing sensitivity. Although these control experiments were performed before
the chamber redesign, the findings have informed critical design changes that are expected to

significantly improve the sensor’s performance when the system is tested with cultured neurons.

3.3.3 Preliminary Recommendations for Future Work

The next immediate step will involve repeating a similar experiment, but with the inclusion
of actual dopaminergic neurons in the microfluidic chip. For the first test, neurons will be cultured
on the surface of the sensor in the central chamber. No drugs will be introduced in this phase;
instead, buffers will be used, with one buffer containing a high concentration of potassium ions to
depolarize the neurons. This depolarization will trigger the neurons to release large amounts of
dopamine into the chamber, effectively flooding the system with dopamine [32]. This high
dopamine release will act as a robust positive control to confirm that the sensors can detect neuron-
released dopamine in the chip, rather than just dopamine introduced into the system via buffer
solutions.

It is important to note that the exact sensor geometry and design used in this study has been

successfully implemented in vivo in rat models for a variety of neurotransmitter measurements,
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including dopamine. Given the sensor’s proven ability to function reliably in the complex
biochemical environment of living brain tissue [33-35], there is strong reason to believe that it will
perform just as well, if not better, in the simplified biochemical environment of the neurons within
the microfluidic chip. This prior success in more challenging conditions further supports the
expectation that the sensor will effectively detect dopamine in future experiments involving neuron
cultures.

Once this neuronal control experiment is successfully completed, the next phase will
involve repeating the experiment using different buffer solutions containing pharmacological
agents, such as opioids or other drugs of interest. This will allow the system to model the effects
of drug treatments on dopamine release, giving researchers insight into how various
pharmacological agents influence dopaminergic signaling in this microphysiological context.
These future experiments will bring the project closer to its goal of developing a reliable platform
for studying the neurobiological mechanisms of opioid addiction and for screening potential

therapeutics in a high-throughput, in vitro system that emulates the blood-brain barrier [30].

3.3 Conclusions

The integration of dopamine sensors into a microfluidic MPS represents a significant
advancement in the development of platforms for studying addiction neurobiology and screening
potential therapeutics for opioid use disorder. The preliminary results demonstrate the feasibility
of using these sensors to monitor dopamine dynamics within a controlled microenvironment,

paving the way for more complex studies involving real neuronal cultures. The success of this
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project could provide a powerful tool for drug discovery, offering insights into the neurochemical

processes underlying addiction and facilitating the development of more effective treatments.
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Chapter 4 : Directed Evolution of a y-Aminobutyric Acid Oxidase via Ultra-
High Throughput Functional Enrichment of Enzyme Libraries by

Fluorescence Activated Cell Sorting

ABSTRACT

Directed evolution (DE) has become an indispensable tool for enzyme optimization across
biotechnological applications, yet the screening of large libraries of flavin adenine dinucleotide
(FAD)-dependent oxidases poses distinct challenges. Conventional activity-based screening
methods, such as colorimetric assays and colony-based screens, often are based on cumbersome
assay methods and are limited to throughputs that are insufficient to detect nuanced catalytic
improvements within extensive variant libraries. In this study, we refined and applied a
fluorescence-activated cell sorting (FACS)-based platform specifically for the directed evolution
of in vivo GABA oxidase activity in Escherichia coli. This approach circumvents the need for cell
surface expression, emulsion formation, or the addition of extracellular peroxidases, thus
streamlining the DE workflow and achieving a throughput of over 10° variants per day. The
platform effectively enriched libraries in functional variants, ultimately producing GABA oxidase
mutants with 40-fold improved Michaelis constants (95 + 43 mM) when compared to the wild type
enzyme (3100 = 160 mM). Sensors employing these evolved enzymes demonstrated order of
magnitude improvements in sensitivity (to 247 = 41 nA/(mM-cm?)) and limit of detection (to 80
+ 21 uM). The integration of an engineered GABA oxidase into biosensing technologies offers a
promising tool for neurochemical research and exemplifies the transformative potential of directed

evolution to advance next-generation biosensors.
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4.1 Introduction

v-Aminobutyric acid (GABA) is a critical inhibitory neurotransmitter, integral to various
neurological processes including motor control, vision, and anxiety regulation [1]. Dysregulation
of GABA signaling has been implicated in a spectrum of central nervous system (CNS) disorders
[2-4], notably epilepsy, schizophrenia, and addiction. Consequently, real-time monitoring of
GABA concentrations in vivo presents significant value, both in advancing neurochemical research
and in potential clinical applications. However, the non-electroactive nature of GABA [5], coupled
with the biochemical complexity of the brain’s extracellular matrix, poses substantial challenges
for continuous, selective, and sensitive detection. Discovering or creating a selective oxidase for
GABA represents a critical step toward overcoming these limitations [6] and developing the robust
electroenzymatic sensor needed to investigate GABA-related mechanisms for many neurological
disorders.

Directed evolution (DE) provides an effective strategy for enhancing and optimizing
enzymes [7] for specialized applications such as GABA sensing. Engineered enzymes are widely
employed across biotechnology and synthetic biology due to their versatility and ability to catalyze
complex reactions with specificity and efficiency [8-10]. In DE, the typical workflow involves
three primary stages [11-13]: (1) identifying a suitable parent enzyme; (2) generating genetic
diversity; and (3) screening or selecting for variants with enhanced functionality. This process may
be repeated over several cycles until an enzyme with optimal properties is obtained. For biosensing
applications, large and diverse libraries of enzyme variants are essential for efficiently navigating
the complex fitness landscape [14]. However, screening or selecting from vast libraries (often >10°
variants) represents a significant bottleneck in DE. Advances in ultra-high throughput screening

techniques, particularly fluorescence-activated cell sorting (FACS) [15-19] and fluorescence-
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activated droplet sorting (FADS) [20], have become instrumental in expanding DE’s applicability,
especially for enzymes such as GABA oxidase that require high sensitivity and selectivity in
complex biological contexts.

Despite these advances, there are still many classes of biotechnologically important
enzymes for which a generally applicable, ultra-high throughput assay is not available. Prior to the
FACS-centric work of Sadler et al. [21], no ultra-high throughput workflow existed for the directed
evolution of flavin adenine dinucleotide (FAD)-dependent oxidases. This enzyme class
encompasses a large and diverse group that catalyzes the transfer of electrons from their substrates,
removing a hydride equivalent and passing it to an electron acceptor. Within this group of enzymes,
those that transfer electrons to oxygen to produce hydrogen peroxide are particularly useful in
biosensors because hydrogen peroxide can be oxidized or reduced at an electrode to yield a current
signal. Alternative high-throughput methods, such as those developed for the directed evolution of
glucose oxidase and monoamine oxidase (MAO-N) from Aspergillus niger [22-24], have been
used effectively to engineer enzymes with catalytic function on primary, secondary, and tertiary
amines. However, these methods often involve complex systems requiring yeast surface
expression [25], emulsion formation [26], or the addition of exogenous peroxidases, thus limiting
their widespread application.

To address the inherent limitations of traditional colony-based screening, we adapted
protocols from Sadler ef al. [21] to enable the sensitive detection of GABA oxidase activity at the
single-cell level in Escherichia coli. By leveraging fluorescence-activated cell sorting (FACS),
this approach allowed for significantly higher throughput and sensitivity than conventional colony
assays, enabling efficient screening of large enzyme variant libraries [27]. A critical prerequisite

for implementing this methodology was the identification of a starting enzyme with the capability
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to oxidize GABA or structurally similar substrates, alongside the production of hydrogen peroxide
(H20.) as a byproduct for subsequent electrooxidation.

The search for a suitable starting enzyme initially included pursuing reports of a “novel
GABA oxidase” that was purported to exhibit high activity and selectivity for GABA oxidation
[28]. However, repeated efforts to acquire the specific Penicillium strain, the enzyme itself, or its
genetic sequence were ultimately unsuccessful. This led to the establishment of a defined set of
criteria for selecting alternative enzyme candidates. These criteria included: (1) an ability to
directly oxidize GABA or compounds with close structural similarity [29]; (2) activity toward
GABA analogues, such as deaminated, hydroxylated, 3-substituted, or aromatized derivatives [13,
30, 31]; and (3) demonstrated capacity to oxidize amino acids, neurotransmitters, or their
metabolites, ensuring H20: generation for electrooxidation [29, 32, 33]. Ultimately, 4-
methylaminobutyrate oxidase (MABQ) was selected as the starting enzyme for directed evolution
due to the structural resemblance between its primary substrate, methyl-GABA, and GABA itself,
differing only by a single methyl group (Fig. 1). This structural similarity provided an ideal
foundation for tailoring specificity toward GABA. Furthermore, MABQO’s role in the nicotine
degradation pathway in Arthrobacter nicotinovorans has been documented, and its gene sequence
is accessible via UniProt (Q8GAJO). Prior studies by Chiribau et al. [34] reported robust catalytic
activity with methyl-GABA (kcar = 1230 s7!, Km = 250 pM) and substantial activity with GABA
(keat = 878 57!, Km = 6.66 mM) at pH 9.8, a condition optimized for redox enzymes. Together,
these attributes established MABO as an excellent candidate for the subsequent directed evolution
efforts aimed at engineering a GABA oxidase optimized for biosensing applications.

It is important to address a notable mischaracterization on UniProt (Q8GAJO0), regarding

this enzyme, which is referred to as methylaminobutanoate oxidase (MABO). The enzyme’s
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native substrate, methyl-GABA, is a GABA precursor wherein one of the hydrogen atoms on the
amine group is replaced with a methyl group. This substrate contains no ester groups, contradicting
the implication of the enzyme's nomenclature. The MABO enzyme catalyzes the oxidative
deamination of GABA-like molecules. A more accurate designation would be
methylaminobutyrate oxidase, reflecting the correct substrate structure and reaction mechanism.
This clarification is critical for avoiding further propagation of inaccuracies in the characterization

of this enzyme.

0 (0)
HOJJ\/\/NHZ HQJJ\/\/H\

GABA Methyl-GABA

Figure 4.1 Chemical structures of GABA and methyl-GABA. GABA, the primary inhibitory
neurotransmitter in the central nervous system, consists of a four-carbon backbone with an amine
group at one end and a carboxylic acid group at the other. Methyl-GABA, the native substrate for
methylaminobutyrate oxidase (MABO), is structurally similar to GABA but features a methyl
group in place of one of the hydrogen atoms on the amine group, providing a basis for enzymatic

specificity and affinity engineering.

In this work, E. coli cells were transformed with plasmids containing MABO and libraries
of its variants. After the cells are transformed such that each cell harbored a single variant of the
enzyme, expression was induced. Finally, the cell membranes were stained with a fluorogenic dye.

After enzyme-catalyzed oxidation occurred, the product reactive oxygen species (ROS) reacted
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with the dye and fluorescence was emitted [35-37]. Cells encoding for variant enzymes with
improved catalytic activity generated even higher levels of fluorescence. FACS-based techniques
could then sort out the mutants with improved activity.

This ultra-high throughput screening methodology (>10° variants per day) is broadly
applicable to the directed evolution of FAD dependent oxidases in E. coli. By applying this
innovative approach, new mutants of MABO with enhanced activity towards GABA were
identified. This advancement significantly improves the capabilities of constant potential
amperometry (CPA)-based neurotransmitter biosensors, enabling precise and reliable detection of
non-electroactive substrates with high specificity and sensitivity. This work exemplifies the
transformative potential of directed evolution in developing next generation biosensing

technologies.

4.2 Materials and Methods

4.2.1 Reagents and Equipment

Methyl 4-aminobutyrate hydrochloride (methyl-GABA), y-aminobutyric acid (GABA),
isopropyl B-D-1-thiogalactopyranoside (IPTG), kanamycin sulfate, ascorbic acid, catalase from
bovine liver, and the 5(6)-carboxy-2',7'-dichlorofluorescein diacetate dye were purchased from
MilliporeSigma (Burlington, MA, USA). The codon-optimized gene for methylaminobutyrate
oxidase (MABO) was purchased from Twist Bioscience (South San Francisco, CA, USA) and
cloned into the pET28a expression vector provided by Professor Yi Tang’s laboratory. Ultrapure

water for all solution preparations was produced with a Millipore Milli-Q Water System
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(MilliporeSigma, Burlington, MA, USA). Lysogeny broth (LB) and agar were purchased from
Fisher Scientific (Waltham, MA, USA).

Cloning-optimized 5-alpha competent cells, SoluBL21 expression-optimized competent
cells, the HiFi DNA Assembly Kit, the Q5 Site-Directed Mutagenesis Kit, and Taq polymerase
(NEB M0273S) were obtained from New England Biolabs (NEB, Ipswich, MA, USA). For DNA
purification, the Zymo Zyppy Plasmid Miniprep Kit (Zymo Research, Irvine, CA, USA) was used,
with DNA sequencing conducted by Laragen (Culver City, CA, USA) and/or Plasmidsaurus
(Arcadia, CA, USA).

Protein purification employed 5 mL EconoFit Profinity IMAC columns and the Native
IMAC Buffer Kit from Bio-Rad (Hercules, CA, USA). Enzyme kinetics and absorbance-based
measurements were performed using the MAK166 Fluorometric Hydrogen Peroxide Assay Kit
(Sigma Aldrich, St. Louis, MO, USA) in a Tecan Infinite M 1000 plate reader (Tecan Group Ltd.,
Mainnedorf, Switzerland). Flow cytometry experiments were conducted on a Sony SH800S

cytometer at the UCLA Jonsson Comprehensive Cancer Center (JCCC).

4.2.2 Preparation of GABA Oxidase Gene Construct

The codon-optimized gene sequence for MABO was derived from UniProt (Q8GAJO),
synthesized by Twist Bioscience (South San Francisco, CA, USA), and cloned into the pET28a
expression vector (Appendix D). This vector is useful for protein expression due to its T7 promoter,
which enables high levels of protein production in E. coli [38]. It also incorporates the lac operon,
allowing for tightly controlled expression through the lac repressor and induction with isopropyl
B-D-1-thiogalactopyranoside (IPTG) [39]. Additionally, the vector contains an N-terminal Hise-
tag sequence, which facilitates the eventual purification of promising mutant proteins with
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improved catalytic activity for GABA oxidation by metal affinity chromatography. Variants were
created using both site-directed and random mutagenesis strategies. As before, these variants were
cloned into the pET28a vector, with the resulting libraries encoding >10° variants. All cloning
reactions were performed using the HiFi DNA Assembly Cloning Kit according to the supplier’s

protocol.

4.2.3 Preparation of Cell Samples for Flow Cytometry

SoluBL21 E. coli cells in 50 pL aliquots were transformed with 1-5 ng plasmid DNA
(Appendix E) according to the supplier’s protocol. Three mL of lysogeny broth (LB) containing
50 pg/mL kanamycin and 0.4% glycerol (v/v) was inoculated with a single colony from the
transformation, incubated at 37 °C, with agitation at 180 rpm (2.5 cm orbit diameter) and grown
to an ODsoo of 0.6 before inducing protein expression by the addition of IPTG solution (100 mM
in sterile H>O) to a final concentration of 100 nM. Cultures were then incubated at 37 °C, with
agitation at 180 rpm (2.5 cm orbit diameter) for 3 hours before harvesting the cells by
centrifugation (17,000 X g, 5 minutes, 4 °C). The supernatant was discarded, and the cell pellet
was stored at —80 °C for at least 3 hours prior to thawing and analysis by flow cytometry. This
freeze-thaw step was crucial for reproducible probe uptake and eventual cell fluorescence, as it
exploited the physical properties of cell membranes. The rapid freezing and thawing process
disrupted cell membranes, causing many cells to die, but leaving most just sufficiently
compromised to more easily uptake the dye and substrate [21]. Further detail on the preparation of

the flow cytometry assay stocks is provided in Appendix H.
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4.2.4 Preparation of Site Directed Mutagenesis Variant Libraries

The crystal structure of MABO co-crystallized with bound FAD first was analyzed using
PyMOL (Schrodinger, LLC, New York, NY, USA). In oxidase enzymes, aromatic “cages” are
commonly observed motifs surrounding the active site, playing a crucial role in substrate binding
and specificity [40]. These cages are typically formed by aromatic residues—such as
phenylalanine, tyrosine, and tryptophan—that create a stabilizing environment through n-stacking
interactions [41, 42] and hydrophobic effects [40]. Such interactions help orient substrates
correctly within the active site, facilitating the transfer of electrons during the oxidation process.
In MABO, this aromatic cage is positioned adjacent to the isoalloxazine ring of FAD, contributing
both to the proper orientation of the substrate and to electron transfer efficiency, ultimately
enhancing catalytic function. By examining the spatial arrangement of these aromatic residues, we
sought to identify potential residues for mutation that might enhance the enzyme’s affinity and

selectivity toward GABA.
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Figure 4.2 Alanine-58 is adjacent to the aromatic cage (green) and the FAD isoalloxazine ring
(blue). This residue presumably participates in orienting the methyl-GABA and GABA amine
groups near the isoalloxazine nitrogen, which influences the enzyme’s preference for methyl-

GABA over GABA.
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To generate the library for site-directed mutagenesis, the New England BioLabs (NEB) Q5
Site-Directed Mutagenesis kit was used. Forward and reverse primers were designed to survey the
sequence space in proximity to alanine-58. The site directed library was generated according to
the supplier’s protocol in which the targeted mutations were inserted as indicated by the designed
primers (Appendix F). Moreover, the Q5 Site-Directed Mutagenesis kit works best with a template
plasmid already containing the native MABO gene. As such, the PCR step amplifies both the
MABO gene fragment and the pET28a vector backbone and ligates them back together. As a result,
a separate cloning step was not necessary.

E. coli protein expression optimized strain (SoluBL21) cells in 50 pL aliquots were
transformed with 1-5 ng of plasmid DNA containing site-directed mutations. After transformation,
3 mL of LB containing 50 pg/mL kanamycin was inoculated with 900 uL of the outgrowth (SOC
medium) culture and incubated at 37 °C overnight. Subsequently, 3 mL of LB containing 50 pg/mL
kanamycin and 0.4% glycerol (v/v) was inoculated with 1% (v/v) of the overnight culture and
incubated at 37 °C with agitation at 180 rpm (2.5 cm orbit diameter) until an ODeoo of 0.6 was
reached. Protein expression was induced by the addition of IPTG solution (100 mM in sterile H2O)
to a final concentration of 100 uM and the cells were collected by centrifugation (17,000xg, 5
minutes, 4 °C). The supernatant was discarded, and the cell pellet was stored at —80 °C for at least
3 hours prior to analysis by flow cytometry. Further detail on the preparation of the flow cytometry

assay stocks is provided in Appendix H.

4.2.5 Preparation of Random Mutagenesis Variant Libraries

Random mutagenesis is a less straightforward process compared to site-directed
mutagenesis, as it cannot be accomplished with a commercial kit. Mutations were introduced into
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the MABO gene fragment using an error-prone PCR (epPCR) recipe from the literature (Appendix
G) [43]. To achieve this, a Taq polymerase (NEB M0273S) was used with a skewed dNTP ratio
(5:1 TC/AG) to increase the likelihood of nucleotide misincorporation during DNA amplification.
In addition, MnCl, was added immediately before inserting the mixture into the thermocycler due
to its interference with the MgCl, buffer-DNA polymerase system, further reducing the
polymerase’s fidelity and increasing the mutation rate. The resulting randomly mutated MABO
variant gene fragments were cloned into the pET28a vector using the HiFi DNA Assembly Cloning
Kit according to the supplier’s protocol.

SoluBL21 E. coli cells in 50 pL aliquots were transformed with 1-5 ng of plasmid DNA
containing randomly generated mutations. After transformation, 3 mL of LB containing 50 png/mL
kanamycin was inoculated with 900 pL of the outgrowth (SOC medium) culture and incubated at
37 °C overnight. Subsequently, 3 mL of LB containing 50 pg/mL kanamycin and 0.4% glycerol
(v/v) was inoculated with 1% (v/v) of the overnight culture and incubated at 37 °C with agitation
at 180 rpm and 2.5 cm orbit diameter until an ODgoo of 0.6 was reached. Protein expression was
induced by the addition of IPTG solution (100 mM in sterile H>O) to a final concentration of 100
uM, and the cells were collected by centrifugation (17,000Xg, 5 minutes, 4 °C). The supernatant
was discarded, and the cell pellet was stored at —80 °C for at least 3 hours prior to analysis by flow

cytometry.

4.2.6 Analysis by Flow Cytometry

Cell pellets were thawed on ice and resuspended in 100 mM potassium phosphate buffer
(pH 6.2) containing 100 mM KCI, 3 mM MgCl, and 1% (v/v) 1-butanol. A 10 mM solution of
5(6)-Carboxy-2" ,7'" -dichlorofluorescein diacetate (C-DCFDA) in DMSO was added to achieve
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a final concentration of 250 uM, and the cells were incubated at 37 °C with shaking at 180 rpm
(2.5 cm orbit diameter) for 1 hour. The cells were harvested by centrifugation (17,000xg, 5
minutes, 4 °C), and the supernatant was discarded. The cell pellet was resuspended in 50 mM
potassium phosphate buffer (pH 7.5) containing 100 mM KCl and 3 mM MgCl,. The reaction was
initiated by adding GABA solution (variable concentration in 100 mM potassium phosphate buffer
with 100 mM KCI and 3 mM MgCl,).

To scavenge extracellular hydrogen peroxide and minimize potential cross-talk between
cells, catalase from bovine liver was added to a final concentration of 0.01 mg/mL at the time of
substrate addition. The reaction was quenched by adding ascorbic acid solution (100 mM in Milli-
Q water) to a final concentration of 10 mM [44]. Flow cytometric cell sorting was performed using
the Sony SH800S at the UCLA Jonsson Comprehensive Cancer Center (JCCC) and Center for
AIDS Research Flow Cytometry Core Facility. The fluorescein product was excited by a 488 nm
laser and detected in the FL2 channel (525/50 nm). Forward scatter (FSC) and side scatter (SSC)
data also were collected; cells were gated on FSC-A vs. SSC-A, and singlets were identified by
sub-gating on FSC-A vs. FSC-H. Flow cytometric data were analyzed, and figures were prepared

using the FlowJo v10 software package (FlowJo, LLC, Ashland, OR, USA).

4.2.7 Functional Enrichment of Libraries by FACS

For the isolation of functional variants from GABA oxidase libraries, 1000 cells in the 99th
percentile of fluorescence intensity (FL2-H channel) were sorted into an empty collection tube.
The gene variants were outgrown in super optimal broth with catabolite repression (SOC medium)
at 37 °C for 1 hour before inoculating into 3 mL of LB containing 50 pg/mL kanamycin with
subsequent incubation at 37 °C overnight. This enriched cultured library was then purified using
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a Zyppy Plasmid Miniprep kit (Zymo Research) according to the manufacturer’s instructions,
eluting in 20 pL of sterile H2O.

When it was desirable to identify the gene sequences of improved variants, 100 uL of the
aforementioned SOC culture was plated onto LB kanamycin agar media and incubated overnight
at 37 °C. Individual colonies from these plates were then used to inoculate 3 mL of LB containing
50 pg/mL kanamycin. These cultures also were grown overnight at 37 °C, and the DNA was
subsequently purified using the Zyppy Plasmid Miniprep kit. Gene sequencing was performed by

either Laragen Inc. (Culver City, CA) or Plasmidsaurus Inc. (Arcadia, CA).

4.2.8 Enzyme Purification and Characterization

The 4-methylaminobutyrate oxidase (MABO) protein was purified using immobilized
metal ion affinity chromatography (IMAC) with Bio-Scale Mini Profinity IMAC Cartridges (Bio-
Rad, Hercules, CA). E. coli cultures expressing histidine-tagged MABO were grown for 16 hours
at 15°C, harvested by centrifugation, and resuspended in lysis buffer (300 mM KCI, 50 mM
KH>PO4, 5 mM Imidazole). Following resuspension, the cells were lysed by sonication on ice,
with multiple rounds of brief pulses, to ensure efficient breakage while minimizing heat generation.
After centrifuging to remove cellular debris, the clarified lysate was filtered and immediately
applied to the pre-equilibrated IMAC column to capture the histidine-tagged protein.

The IMAC cartridge was then flushed with wash buffers (300 mM KCI, 50 mM KH>PO4,
5-10 mM Imidazole) containing low concentrations of imidazole to remove any non-specifically
bound proteins and to enhance the purity of the final product. MABO was eluted from the column
using a high-imidazole concentration elution buffer (300 mM KCI, 50 mM KH;POs, 250 mM
Imidazole), and imidazole was removed by buffer exchange to avoid interference in subsequent
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spectrophotometric measurements. The purified protein was stored at 4 °C. The detailed workflow
can be found in Appendix I.

Protein concentration was determined using the Coomassie (Bradford) Protein Assay
(Thermo Fisher Scientific, Waltham, MA), with bovine serum albumin (BSA) as the standard
(Appendix J). A series of BSA standards, spanning concentrations from 0 to 2000 pg/mL, was
prepared and added to individual wells in a microplate, alongside the purified MABO samples.
Each well received varying amounts of Coomassie reagent, which binds to protein and produces a
color change. After a brief 10-minute incubation at room temperature, absorbance was measured
at 595 nm. Using the BSA standard curve, absorbance readings were correlated with protein
concentration.

To characterize the kinetic parameters of MABO, a fluorometric hydrogen peroxide assay
(Sigma-Aldrich, Catalog No. MAK166) was employed, which offers a sensitive approach for
detecting hydrogen peroxide as a byproduct of the enzyme-catalyzed oxidation reaction. The assay
relies on a fluorogenic substrate and horseradish peroxidase (HRP) to generate a fluorescent signal
proportional to the concentration of hydrogen peroxide produced by the enzyme-catalyzed reaction.
A range of substrate concentrations was prepared for both methyl-GABA and GABA activity
assays to capture behavior across environmentally relevant conditions, specifically focusing on
values near the enzyme’s Km at both pH 7.4 and 9.8. Reaction mixtures were prepared by
combining MABO with the assay’s master mix, which included infrared peroxidase substrate and
HRP, in a 96-well plate format. Reactions were initiated by adding the substrate to each well, and
fluorescence emission was monitored (Aex = 640 nm, Aern = 680 nm) using a Tecan Infinite M 1000
plate reader (Tecan, Ménnedorf, Switzerland). Data were collected at regular intervals, and

hydrogen peroxide production was quantified using a calibration curve. Apparent kinetic
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parameters, Kyv and kcar, were determined by analyzing the initial reaction rates across a range of
substrate concentrations using a fluorometric hydrogen peroxide assay without control of oxygen
concentration. Initial reaction rates were calculated from the linear region of absorbance vs. time
data, where the reaction exhibited a consistent rate of H>O> production. These initial rates were
then plotted against substrate concentration and fitted to the Michaelis-Menten equation to
estimate Vmax and Kw. keat was calculated by normalizing Vmax to the total enzyme concentration,
providing a comprehensive assessment of catalytic efficiency under the specified conditions

(Appendix K).

4.3 Results and Discussion

4.3.1 Preliminary Characterization of MABO Kinetic Parameters

A comprehensive evaluation of MABO’s potential as a GABA oxidase was conducted
through detailed kinetic characterization, employing Michaelis-Menten analysis to quantify its
catalytic properties with both its native substrate, methyl-GABA, and the target substrate, GABA.
Given the role of dissolved O: as an uncontrolled co-substrate in these reactions, the kinetic
constants reported here represent apparent values [45]. As depicted in Figure 4.3, MABO
demonstrated a high turnover frequency (kcat) for both substrates, achieving optimal performance
at pH 9.8—a condition that aligns well with the activity profile of many redox enzymes. However,
MABO’s apparent Ky for GABA, particularly at physiological pH, was significantly elevated,
indicating a limited substrate binding affinity that constrains its applicability in electroenzymatic
sensing. This elevated apparent Ky underscored the need for enzyme optimization to enhance

GABA affinity for biosensing applications at physiologically relevant conditions.
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Figure 4.3 Preliminary Michaelis-Menten characterization of MABOQO’s catalytic activity for

methyl-GABA and GABA at pH 9.8 (pink) and pH 7.4 (green).

pH Substrate Keat (s Kwv (mM)
74 methyl-GABA 11.2+0.56 3.05+0.23
’ GABA 1.8 +0.08 3100 + 160
93 methyl-GABA 402+23 6.74 £ 0.45
’ GABA 15+ 0.82 1690 + 95
methyl-GABA 1230 0.250
5 BR GABA 878 6.66

Table 4.1 At pH 9.8, MABO exhibited high turnover for methyl-GABA and moderate turnover
for GABA, comparable to glutamate oxidase with glutamate substrate at pH 7.4 (keat = 40 57!, Km
~ 200 pM) [46]. However, MABO’s binding affinity for GABA was low, with high apparent Ky

values at both pH 9.8 and physiological pH 7.4, indicating a need for further optimization.
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Effective in vivo neurochemical sensing requires enzymes that operate efficiently at the
physiological pH of brain extracellular fluid (pH 7.4). At this pH, the apparent Km of MABO for
GABA considerably exceeds the preferred threshold for practical electroenzymatic applications,
ideally below 200 puM to achieve sensitive detection. This limitation highlights the central aim of
this work: to refine MABO’s substrate affinity through targeted engineering, thereby enhancing
both the enzyme and sensor’s performance in neurochemical sensing under physiological
conditions. Through a strategic, directed evolution campaign, the goal was to generate a GABA
oxidase variant with improved binding affinity, ultimately yielding an enzyme with significantly
enhanced potential for real-time, in vivo monitoring of GABA dynamics.

In comparison to the literature, our findings revealed substantial discrepancies in kinetic
parameters. Chiribau et al. [34] reported a kear= 1230 s and Ky = 250 uM for methyl-GABA as
well as kear = 878 571 and Km = 6.66 mM for GABA (both at pH 9.8). In contrast, our experimentally
derived parameters yielded notably lower turnover rates and higher Ky values. This deviation may
stem from several factors. Firstly, the absorbance versus time data exhibited very steep initial
slopes, suggesting rapid reaction kinetics in early stages. However, this behavior might not have
been fully captured through traditional Michaelis-Menten analysis. Furthermore, the complexity
of MABO’s reaction mechanism—relying on O. and water as additional reactants—Ilikely
exacerbates the limitations of the Michaelis-Menten model when applied to this multi-substrate
system [47]. Since co-substrate concentrations were not rigorously controlled, the derived
parameters represent apparent values that may differ substantially from those obtained under ideal

controlled conditions.
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4.3.2 Assay Condition Optimization

The assay development and optimization procedures were based on the comprehensive
work of Sadler et al. This detailed protocol was instrumental in determining varying levels of
GABA oxidation activity across diverse mutant MABO libraries. The previously published work
provided a simple and sensitive method for screening enzyme activity, greatly facilitating this
work and validating this method for future studies in mapping structure-activity relationships in
oxidase enzymes.

The method of Sadler et al. for the detection of oxidase activity in vivo relied on various
non-fluorescent ‘dihydro’ dyes that become fluorescent in the presence of reactive oxygen species
(ROS). Their work included the identification of suitable ROS probes, such as
dihydrorhodamine123 (DHR), 2°,7° - dichlorodihydrofluorescein diacetate (H.DCFDA), and
carboxy-2’,7’-dichlorodihydrofluorescein diacetate (C-H.DCFDA). It should be noted that the
latter two acetylated molecules require deacetylation by endogenous esterases prior to oxidation
and eventual fluorescence. In their work, C-HoDCFDA was identified as the most effective probe,
because it displayed higher fluorescence in positive populations compared to negative ones. This
work incorporated carboxy-DCFDA, a very similar molecule that only differs by the omission of

the “dihydro” group, using the same justification (Fig. 4.4).
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Figure 4.4 Fluorescence of carboxy-DCFDA stained E. coli that have been transformed with
mutant MABO libraries. The positive population (green) was induced with 100 uM IPTG and the
negative population (black) was not induced. Both samples were incubated with 1 M GABA for

30 minutes and quenched with 10 mM ascorbic acid prior to data collection.

The optimized assay conditions included a 3-hour induction period at 37 °C, which resulted
in a high proportion of cells exhibiting positive fluorescence. The linear range of the assay was
extended by using higher concentrations (250 uM) of carboxy-DCFDA, allowing for the faster
detection of mutants prior to system saturation. Additionally, the assay’s time sensitivity was

addressed by incorporating ROS scavenging agents, with ascorbic acid identified as an effective
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quencher, enabling sample analysis up to an hour after quenching without changes in fluorescence.
The freeze-thaw step, essential for probe uptake, was also a critical part of the protocol, ensuring

reproducibility by perforating the cell membrane to enable dye penetration.

4.3.3 Screening and Identification of Improved Site Directed Enzyme Variants

A significant benefit of the flow cytometric assay for analyzing oxidase activity, compared
to the solid phase assay, is its ability to rapidly analyze large numbers of variants (up to 10,000
cells per second with the Sony SH800S instrument). This feature is especially valuable in directed
evolution projects, where screening extensive variant libraries is essential to effectively navigate
the complex sequence spaces. Coupling flow cytometry with fluorescence-activated cell sorting
(FACS) allowed for the isolation of cells exhibiting high fluorescence. MABO variants with higher
GABA turnover frequency showed increased fluorescence under the assay conditions, so FACS
was used to isolate improved variants.

To validate the efficacy of our approach, a site-directed mutagenesis library of 20 variants
was constructed according to previously established protocols (4.2.4) and subsequently screened
for activity using the flow cytometric assay, with 1 M GABA as the substrate. Non-induced cells
containing the native protein encoding sequence served as a negative control, while induced cells
with the native sequence provided a positive control. Cells from the library exhibiting elevated
fluorescence were sorted into a functionally enriched sub-library (4.2.7) and sequenced to identify
promising variants.

Through this process, alanine-58 emerged as a focal point of interest due to its strategic
position near both the aromatic cage and the electron mediator, the FAD isoalloxazine ring. This

unique positioning places alanine-58 in close proximity to essential residues that facilitate

74



substrate binding and catalysis, suggesting it plays a key role in regulating access to the enzyme’s
active site. As illustrated in Figure 4.2, the active site of MABO is configured so that the amine
groups of both methyl-GABA and GABA align with the isoalloxazine nitrogen—a precise
orientation necessary for effective electron transfer during catalysis. Recognizing the importance
of this spatial arrangement for catalytic function, we hypothesized that the hydrophobic pocket
adjacent to alanine-58 contributes significantly to the enzyme’s inherent catalytic preference for
methyl-GABA over GABA. This insight guided further mutagenesis efforts to enhance GABA
affinity and turnover.

To assess whether the observed distribution of genotypes in the site-directed mutagenesis
experiment deviated significantly from a random distribution, a chi-squared goodness-of-fit test
was performed. The null hypothesis proposed that each of the 20 potential genotypes resulting
from the site-directed mutagenesis had an equal likelihood of being represented among the
sequenced colonies. Under this assumption, each genotype would be expected to appear in
approximately 1.5 out of the 30 sequenced colonies. However, sequencing results showed that 22
of the 30 colonies expressed the A58Y mutation, 8 expressed the A58G mutation, and the
remaining 18 possible variants were entirely absent. This distribution of observed frequencies,
compared to the expected frequency of 1.5 per genotype under the null hypothesis, highlights the
non-random enrichment of specific variants, further validating the functional importance of
mutations at alanine-58 in optimizing GABA oxidase activity. The degrees of freedom for the chi-
squared (y?) test were calculated based on the number of possible genotypes. Since there are 20
canonical amino acids, there are 20 possible genotypes that could result from the mutagenesis of
alanine-58, leading to 19 degrees of freedom. A y? statistic of 335.34 was calculated with 19

degrees of freedom, yielding a p-value of approximately 1.085 x 10-3°. This p-value is far below
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any conventional threshold for significance, so the null hypothesis is convincingly rejected, which
supports the conclusion that the observed distribution of genotypes is not due to random chance.
Instead, the results strongly suggested that the A5S8Y and A58G mutants were preferentially
selected during the FACS process because of their enhanced catalytic activity for GABA oxidation.
This indicated that the flow cytometer effectively filtered out background noise, allowing for a
clear distinction between true signal and spurious fluctuations, thereby isolating the most
functionally improved variants.

Figure 4.5 provides a visual representation of key Km values obtained for wild type and
mutant forms of the enzyme at pH 7.4. Panel A illustrates the substantial reductions in Kv achieved
with A58Y (568 mM) and A58G (160 mM) compared to the wild type (3100 mM), highlighting
alanine-58 as a critical locus for enhancing catalysis for GABA oxidation. The corresponding Keat
values for A58Y (10.2+0.35s") and A58G (5.7 +0.42 s™!) also improved by an order of magnitude
and half an order of magnitude, respectively, under the same environmental conditions. These
mutations not only address affinity improvements (aligning with the engineering goal of reducing
Kwm), but also modestly improve turnover frequency (increasing kca). Encouraged by these findings,
further combinatorial saturation mutagenesis was conducted on residues 57, 58, and 59. A sample
of these results is shown in Panel B, where it became evident that none of the additional mutations

surpassed the GABA affinity achieved by the A58Y or A58G mutations alone.
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Figure 4.5 Ky values are presented as bar graphs for each variant: wild type (3100 mM), A58Y
(568 mM), and A58G (160 mM). This significant enhancement in GABA affinity (based on lower
Kwm values) underscores the potential of alanine-58 as a critical binding site. Combinatorial active
site saturation (CASS) was performed across residues 57, 58, and 59. None of these selected
mutants surpassed the GABA affinity of A58Y or A58G. These findings suggested that the A58

site represents a local fitness peak in the enzyme's binding landscape for GABA.

77



While these findings suggested potential for further exploration around the alanine-58
residue, such as investigating adjacent positions 56 and 60, the pursuit of a local fitness peak
around this specific site did not guarantee the identification of the global maximum for GABA
oxidation activity. Consequently, a more extensive approach through random mutagenesis was
prioritized to obtain a broader and more comprehensive understanding of the protein structure-
function relationship, potentially uncovering variants with significantly enhanced GABA oxidase

activity across the entire enzyme fitness landscape.

4.3.4 Screening and Identification of Improved Random Enzyme Variants

While site-directed mutagenesis provided valuable insights, it inherently focused on a
limited portion of the enzyme’s evolutionary potential. Concentrating on specific residues, such as
alanine-58, narrowed the exploration to a small, predefined area within a vast and complex fitness
landscape. This targeted approach uncovered a local fitness peak, offering modest improvements
in GABA oxidase activity, but it restricted our ability to identify more significant enhancements
that might arise from broader structural changes. The enzyme’s performance could be influenced
by interactions occurring far from the active site or through subtle modifications across multiple
regions that site-directed mutagenesis might miss [48]. To overcome these limitations and fully
explore the enzyme’s evolutionary landscape, random mutagenesis was employed. This technique
introduced mutations throughout the entire sequence, enabling a more comprehensive examination
of the protein’s structure-function relationship. By allowing a more stochastic and expansive
exploration, random mutagenesis increased the likelihood of discovering variants with
significantly enhanced GABA oxidase activity, potentially revealing global fitness peaks that
remain hidden within unexplored regions of the protein’s sequence space.
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Random mutagenesis libraries were generated and prepared as described (4.2.5), and
subsequently screened using the same flow cytometric assay as that discussed above for the site-
directed mutagenesis approach. To ensure the selection of mutants with improved affinity for
GABA, the substrate concentration was gradually reduced in subsequent generations, favoring
variants with lower Ku values for GABA oxidation. The screening process mirrored the approach
used for the site-directed mutagenesis library: non-induced cells containing the native protein
encoding sequence served as the negative control, while induced cells with the native sequence
functioned as the positive control. Cells from the library exhibiting fluorescence at or above the
99" percentile were sorted into a functionally enriched sub-library (4.2.7). These enriched sub-
libraries then served as templates for generating subsequent rounds of random mutants, further

refining the search for optimized enzyme variants.
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Figure 4.6 Iteratively selecting the top 1% of variants from each generation caused the

fluorescence of the positive population to consistently shift to the right. After four mutation and

selection cycles, there was a discernible improvement in the enzyme’s catalytic efficiency for

GABA oxidation. The concentration of the GABA substrate in the FACS assay decreased in

sequential generations: 1 M, 800 mM, 650 mM, 500 mM.

While catalytic efficiency is conventionally defined as kca/Kwm, the primary objective of
this study was to reduce Kwm, given that the native enzyme exhibited a reasonable turnover
frequency (kcar) despite its poor substrate affinity for GABA. For the affinity optimized double
mutant A58G-1393T, keat was determined to be 2.2 +0.36 s7!, a value similar to the native enzyme
under similar conditions. However, it is worth noting that this is a reduction when compared to the
mutants isolated from site directed mutagenesis (AS8G and A58Y). These results suggested that
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the improvements achieved through both site-directed and random mutagenesis efforts were
predominantly driven by enhanced substrate affinity rather than changes in turnover frequency.
This outcome aligns with the inherent biochemical principle that improving substrate binding
affinity is often more accessible than modulating turnover frequency, particularly when the starting
enzyme exhibits weak affinity for the target substrate. Collectively, these findings underscore the
efficacy of targeted mutagenesis strategies in tailoring enzyme functionality, with a specific

emphasis on optimizing substrate affinity to meet physiological and analytical requirements.
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Figure 4.7 The above semilog Michaelis-Menten plots illustrate the evolution of kinetic
parameters across key GABA oxidase variants, including the native enzyme, A58G, A58Y, and
the double mutant A58G-1393T, derived from the 4 round of random mutagenesis. The x-axis
represents substrate concentration on a logarithmic scale. The y-axis is plotted as a

nondimensionalized reaction rate for a more straightforward comparison.
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Figure 4.8 The superimposition of the plots shown in figure 4.7 indicates a clear, progressive

leftward shift across generations. This is representative of an iterative reduction in Ky (the x value

that corresponds to v/Vmax = 0.5 for each curve) that spans multiple orders of magnitude. Notably,

the A58G-I393T double mutant exhibits the most significant improvement in affinity, indicating

the efficacy of combining site directed and random mutagenesis strategies.

Enzyme Variant
Keat (s™)

K (mM)
Vomax (M/s)

Table 4.2 Summary of GABA oxidase kinetic parameters across key variants assayed at
physiological pH (7.4). Varying concentrations of GABA were tested as the substrate and the

reported uncertainties correspond to standard error computations.
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Despite undergoing four rounds of random mutagenesis, the optimized A58G-I393T
variant retained only two functionally impactful amino acid substitutions, while numerous silent
mutations accumulated across cycles. Although these silent mutations did not alter the amino acid
sequence, their presence reflects the inherent randomness of mutational processes and underscores
the fidelity of this directed evolution experiment to natural evolutionary mechanisms. The iterative
screening process effectively eliminated variants harboring mutations that reduced catalytic
performance while selectively retaining only mutations with neutral impacts or those that
contributed to improved function.

The recurrent identification of the AS8G mutation, initially targeted during site-directed
mutagenesis, reinforces the critical importance of alanine-58 for GABA affinity and catalysis,
suggesting that this residue is indeed a pivotal site within the enzyme’s active configuration. The
subsequent discovery of the [393T mutation highlights the power of random mutagenesis to reveal
synergistic modifications that, when combined with A58G, yield superior GABA affinity. This
selective combination of mutations underscores the advantage of integrating site-directed and
random mutagenesis approaches to identify variants with markedly enhanced substrate affinity,
with the final AS8G-I393T variant achieving a Ky of 95 + 43 mM. Together, these findings
illustrate that directed evolution, even through multiple cycles, reliably captures both the diversity
and selectivity observed in natural evolution, ultimately yielding an enzyme variant that is better
suited for biosensing applications, such as those discussed in Chapter 5. As it stands, further rounds
of mutagenesis will be required to refine the kinetics of GABA oxidase, advancing its performance
to a level where sensors utilizing this enzyme can reliably detect GABA concentrations at the

lower end of the physiological range.
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4.4 Conclusions

In conclusion, the combined approaches of site-directed and random mutagenesis have
effectively advanced the understanding and optimization of GABA oxidase activity. Site-directed
mutagenesis provided valuable insights into specific residues, such as alanine-58, that play a
crucial role in enzyme function. However, random mutagenesis enabled a broader investigation of
the enzyme’s fitness landscape [49]. Through iterative selection and screening, significant
improvements were made in the enzyme’s catalytic efficiency, particularly by reducing the Km for
GABA, which was a critical limitation of the native enzyme.

The observed shift in fluorescence across successive generations of random mutants
underscored the success of this strategy in identifying variants with enhanced GABA oxidation
activity. Notably, AS58G-I393T exhibited significantly improved GABA oxidase activity
compared to the wild-type enzyme. These alterations contributed to the observed improvements in
catalytic efficiency, particularly in reducing the Km for GABA oxidation.

The ability to detect and sort variants with improved function directly within a prokaryotic
system highlights the robustness of the assay employed. The iterative FACS-based selection
process enriched for enzyme variants with superior catalytic properties, effectively demonstrating
the utility of this approach in directed evolution studies. The work presented here not only
demonstrates the successful application of a flow cytometric assay for the enrichment of high-
performing GABA oxidase variants but also lays the groundwork for future studies focused on
refining and optimizing enzymes for various biotechnological applications.

These findings underscore the potential for further refinement of enzyme activity through
both targeted and broad-based mutagenesis techniques. The successful identification of a novel,

high-activity GABA oxidase variant illustrates the power of random mutagenesis in uncovering
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unexpected and valuable enzyme characteristics. This research provides a strong foundation for
future efforts to engineer enzymes with tailored properties, particularly for applications in
biosensing and other critical areas of biotechnology. By leveraging these mutagenesis strategies,
the potential for optimizing enzyme function across a wide range of substrates is significantly

expanded, opening new avenues for research, development, and application.
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Chapter S : A Microelectrode Array Microprobe for Electroenzymatic GABA
Sensing with an Engineered GABA Oxidase and an On-Probe Iridium Oxide

Reference Electrode

ABSTRACT

The integration of an on-probe iridium oxide (IrOx) reference electrode on a
microelectrode array (MEA) microprobe with electroenzymatic y-aminobutyric acid (GABA)
sensing sites based on an engineered GABA oxidase enables selective monitoring of GABA levels
in vivo with response times on the order of ~1 s. Precise detection and quantitation of GABA is
critical for studying inhibitory pathways in the central nervous system, with implications for
epilepsy, anxiety, and addiction disorders. A post-fabrication electrochemical deposition process
allows for the direct integration of an IrOx reference electrode (RE) onto the same MEA as the
GABA-sensing working electrode (WE), enhancing stability and reducing noise compared to
external Ag/AgCl REs, which are prone to instability and can induce inflammatory responses in
vivo. The engineered GABA oxidase, immobilized on the MEA, facilitates the electroenzymatic
oxidation of GABA, generating hydrogen peroxide as a byproduct, which in turn is electrooxidized
thereby generating a current signal detectable using constant potential amperometry (CPA). This
IrOx-referenced GABA sensor demonstrates a sensitivity of 247 + 41 nA/mM-cm? and limit of
detection of 80 + 21 uM. The rms noise of 0.00048 nA was similar to that of implantable
microelectrode array dopamine sensing devices. Furthermore, permselective films on the WE
inhibit interference from common electroactive species while the engineered GABA oxidase is

selective for GABA, thereby providing a highly selective tool for GABA measurement in the
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physiological milieu. The on-probe [rOx RE and high selectivity make this GABA sensor suitable
for neurochemical studies in vivo, supporting the development of targeted therapies and

interventions in neuropsychiatric disorders.

5.1 Introduction

v-Aminobutyric acid (GABA) serves as the principal inhibitory neurotransmitter within the
mammalian central nervous system (CNS) [1, 2], playing an indispensable role in regulating
neuronal excitability, balancing excitatory input, and maintaining network stability. Disruptions in
GABAergic signaling pathways are closely associated with a range of CNS disorders [3], including
epilepsy, anxiety disorders, depression, and substance addiction [4]. Monitoring fluctuations in
GABA levels within specific brain regions could thus provide critical insights into the
pathophysiology of these conditions [5], ultimately aiding in the development of therapeutic
interventions. However, existing electrochemical detection methods present substantial challenges
inhibiting the sensitive and selective detection of GABA in vivo, primarily due to GABA’s non-
electroactive nature [6]. Among the electrochemical techniques available for neurotransmitter
sensing, fast-scan cyclic voltammetry (FSCV) and constant potential amperometry (CPA) have
proven highly effective for monitoring electroactive neurotransmitters like dopamine [7]. However,
use of FSCV requires application to electroactive analytes. In contrast, CPA is both a simpler and
potentially faster technique, suitable for continuous real-time monitoring. However, CPA-based
neurotransmitter sensors require the application of permselective polymer coatings to exclude
electroactive interfering species [8-13] and the electrochemical coupling of an analyte-specific

enzyme (e.g., an oxidase) to the electrode for detection of non-electroactive analytes like GABA.
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Existing multi-step GABA sensors rely on enzymatic conversion of GABA into secondary
metabolites, such as succinic semialdehyde or glutamate, which are subsequently detected via
electrochemical oxidation [14]. However, these approaches are inherently limited by the presence
of pre-existing physiological concentrations of these metabolites in the extracellular environment,
which compromises accuracy and prevents reliable detection of transient GABA fluctuations [6].
These considerations have motivated the development of an enzyme-based, electrochemical
GABA sensor to enable effective monitoring of GABA dynamics in the brain [15]. Among
potential enzymes, methylaminobutyrate oxidase (MABO) emerged as a promising foundation for
sensor development due to its structural and functional compatibility with GABA oxidation. The
native form of MABO exhibits moderate catalytic activity toward GABA, as detailed in earlier
studies [16]. However, directed evolution was employed to enhance its substrate specificity and
affinity for GABA [17], resulting in an optimized variant with significantly improved performance
metrics (Chapter 4). This engineered MABO, hereafter referred to as GABAOx, was adapted for
integration into the electrochemical sensor platform described in this chapter.

The reaction catalyzed by GABAOx forms the basis of the electroenzymatic GABA sensor,
where the production of hydrogen peroxide (H202) enables downstream electrooxidation at the
underlying electrode.

GABA + H20 + Oz — NHj3 + H202 + Succinic Semialdehyde

The resulting current signal directly correlates with the concentration of GABA in the
surrounding microenvironment. This electroenzymatic approach was implemented using silicon-
based platinum microelectrode array (MEA) microprobes, leveraging advanced micro-electro-
mechanical-systems (MEMS) fabrication technology to create a robust platform for

neurotransmitter sensing. MEAs have been widely used for neurotransmitter detection due to their
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precise microfabrication capabilities, compatibility with enzyme immobilization techniques, and
proven performance in vivo [18-20]. This electroenzymatic approach has been extensively
validated for the detection of non-electroactive analytes, including glucose [21], lactate [22],
glutamate [9], and choline [10], providing a robust precedent for the detection of GABA using the
engineered MABO variant.

To achieve high selectivity in the complex chemical milieu of brain extracellular fluid
(ECF), the MEA-based electrochemical sensors are further modified with permselective polymer
coatings. Nafion, a perfluorinated sulfonate polymer with anionic properties, was applied to
selectively repel negatively charged interferents [23-25] such as ascorbic acid (AA) and uric acid
(UA), which are present in high concentrations in the ECF and would otherwise interfere with the
sensor response. m-PPD was electrodeposited onto the sensor surface as a thin film to act as a size-
exclusion filter, selectively impeding the access of electroactive molecules larger than H-O: (Fig.
5.1). Permselective coatings like m-PPD play a critical role in ensuring sensor selectivity by
rejecting interfering species [26] while facilitating the efficient transport of the target analyte’s
electroactive byproducts. In this work, m-PPD was chosen for its demonstrated efficacy in
electroenzymatic sensor applications [27-29], particularly for rejecting interferents such as
dopamine (DA) and ascorbic acid (AA), which are prevalent in brain extracellular fluid at
physiologically relevant concentrations.

The use of m-PPD also allowed for the deposition of thinner secondary coatings, such as
Nafion, without compromising the rejection of interfering species. Previous studies have shown
that this combination improves H20: sensitivity by reducing diffusion resistance [9]. Compared to
overoxidized polypyrrole (OPP) [30], another commonly employed permselective film, m-PPD

offers superior transport properties, enhancing sensor sensitivity and response time. These
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attributes make m-PPD an optimal choice for the GABA sensor, aligning with the platform's dual

objectives of high selectivity and sensitivity.

GABA

Platinum
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o6V Semialdehyde

vs. IrOx
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Figure 5.1 Cross-sectional schematic of the GABA sensing working electrode surface. The
permselective Nafion and m-PPD coatings ensure that only the H,O» electroactive byproduct of

GABA oxidation reaches the platinum working electrode surface.
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An iridium oxide (IrOx) reference electrode (RE) was integrated directly onto the MEA
probe to address the limitations inherent in conventional Ag/AgCl REs, which are prone to
instability [31] and can provoke inflammatory responses in tissue [32]. IrOx offers numerous
advantages as a quasi-reference electrode material [33-35], including excellent stability,
mechanical robustness, and biocompatibility. Although the steady-state potential of [rOx displays
modest pH dependence [36], the small dynamic range of physiological pH (7.15-7.4 in brain ECF)
ensures a nearly invariant reference potential under test conditions. By replacing the external
Ag/AgCl RE with an integrated IrOx electrode, the electrochemical performance of MEA-based
sensors is significantly enhanced, with improvements in baseline stability and reduced noise
(Chapter 2).

The present study describes the adaptation of the MEA-based neurotransmitter detection
platform to selective GABA detection using GABA oxidase as the biorecognition element. The
aim of this work is to establish an implantable GABA sensor with high sensitivity, selectivity, and
stability suitable for the real-time monitoring of GABA transients in vivo. The design leverages
the advantages of the IrOx reference electrode and advanced permselective polymer coatings to
address the complex demands of neurotransmitter sensing in vivo. This GABA sensor represents
a significant step forward in neurochemical sensing technologies, offering a new tool for
investigating inhibitory neurotransmission and its role in CNS disorders. Through the combination
of MEMS-fabricated MEAs, enzyme-based detection, and IrOx reference integration, this platform
paves the way for further advancements for the in vivo analysis of complex neurotransmitter

systems.
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5.2 Materials and Methods

5.2.1 Reagents and Equipment

Nafion (5 wt% solution in lower aliphatic alcohols/H>O mix), m-phenylenediamine (99%),
3-hydroxytyramine (dopamine, DA), L-3,4-dihydroxyphenylalanine (L-DOPA), 3.4-
dihydroxyphenylacetic acid (DOPAC), L -ascorbic acid (AA), uric acid (UA), iridium
tetrachloride hydrate, anhydrous oxalic acid (99%), hydrogen peroxide (30 wt% solution in water),
anhydrous potassium carbonate, and y-aminobutyric acid (GABA) were purchased from Sigma
(Milwaukee, WI, USA). Solutions of all neurotransmitters, metabolites, and interferents were
formulated in phosphate buffered saline (PBS). PBS buffer consisted of 50 mM dibasic sodium
phosphate with 100 mM sodium chloride adjusted to pH 7.4 with concentrated HC1. A Millipore
Milli-Q Water System was used to generate ultrapure water for the preparation of all solutions
used. Enzyme kinetics and absorbance-based measurements were performed using the MAK166
Fluorometric Hydrogen Peroxide Assay Kit (Sigma Aldrich, St. Louis, MO, USA) in a Tecan
Infinite M1000 plate reader (Tecan Group Ltd., Ménnedorf, Switzerland). Electrochemical
preparations and calibration measurements were performed using a Versatile Multichannel
Potentiostat equipped with the ‘p’ low current option and low current N’Stat box (VMP3, Bio-
Logic USA LLC, Knoxville, TN, USA). GABA oxidase and its variants were purified as per the

protocols in Appendix L.

5.2.2 Microelectrode Array Fabrication and Polymer Modification

Microelectrode arrays (MEAs) were fabricated on silicon probes in the UCLA

Nanofabrication Laboratory (NanoLab) using MEMS technologies. The fabrication and array
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details are described in previous work [20]. The probe shafts were 150 pm thick, 140 um wide,
and 9 mm long with four 6000 um? (40 um X 150 um) Pt microelectrode sites arranged in pairs at
the tip (Fig. 5.2). Each site was cleaned in 0.1 M H>SOy4 solution by cycling the potential between
-0.2 V and 1.5 V (vs. Ag/AgCl) at least 10X at a scan rate of 50 mV/s and rinsing in PBS.
Subsequently, the microelectrodes were modified as needed to serve as working electrodes (WEs),

reference electrodes (REs), or counter electrodes (CEs).

Figure 5.2 (a) A MEA probe with a 9 mm shank. (b) Four Pt microelectrode sites at the tip of a
probe, each 6000 um? in area. The dark site on the upper left was modified previously with

electrodeposited IrOx to give an on-probe RE.

Iridium oxide (IrOx) was electrodeposited to prepare REs following the method of
Yamanaka [37]. Briefly, a 20 mL aqueous solution of 4.5 mM iridium tetrachloride was stirred for
30 min followed by the addition of 200 pL of hydrogen peroxide and stirring for an additional 10
min. Oxalic acid dihydrate was then added to reach a concentration of 55.5 mM and stirred for
another 10 min. Potassium carbonate was added in small aliquots until the solution reached a pH
of 10.5. The resulting solution was allowed to sit quiescently for at least 48 h before

electrodeposition, during which time the color shifted from yellow to purple. IrOx was deposited
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anodically on an electrode site by cycling between 0.0 V and 0.6 V versus Ag/AgCl at a scan rate
of 50 mV/s for 100 cycles resulting in a total charge transfer of ~1 C/cm?. An image of the Pt
microelectrode after electrodeposition of IrOx is shown in Fig. 5.2b.

After RE creation, an m-PPD film was electrodeposited on designated WEs from a 5 mM
m-phenylenediamine solution in PBS by holding the voltage constant at 0.85 V vs. Ag/AgCl until
the total charge transferred reached 7.2 x 10”7 Coulombs. Given the total of four microelectrode
sites available, up to three could be used as WEs for redundant measurements. Nafion was
deposited on all sites by dip-coating the probe tips into a 2% Nafion solution (diluted from 5%
stock in 4:1 [PA:water solution) and immediately annealing at 115 °C for 20 minutes. The sensors
were sealed in a container with desiccant and stored dry at 4 °C prior to further modification. A
schematic of the final cross-sectional structures of the WE, RE, and CE sites is provided as Fig.

5.3.

m-PPD Nafion IrOx

=t 1 —

Working Electrode Ref. Electrode Counter Electrode

Figure 5.3 Representative cross-section of a multielectrode device (not to scale) for GABA

biosensing showing the Pt microelectrode modifications to differentiate the WE, RE, and CE sites.
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5.2.3 Enzyme Immobilization for Selective GABA Detection

Sensors for selective detection of GABA were achieved by immobilizing GABA oxidase
(GABA Ox) onto the modified WEs through a controlled glutaraldehyde (GAH) vapor-mediated
crosslinking protocol (Appendix L), designed to maintain enzymatic activity and stability. A
phosphate-buffered saline (PBS) solution containing GABA Ox and bovine serum albumin (BSA)
was applied to each microelectrode. The MABO enzyme mass fraction (fmago) in the enzyme layer
relative to BSA was varied from 0.02 to 0.95 to optimize the balance between sensitivity and layer
stability. After application, the enzyme layer was exposed to 5% GAH vapor for 1 minute to
covalently crosslink the enzyme’s amine groups to the electrode surface. After crosslinking,
sensors were stored under desiccated conditions at 4 °C for 48 hours to further enhance enzyme
adhesion and to ensure long-term stability. This immobilization strategy yields a robust enzyme

layer suitable for consistent, accurate, and selective GABA detection.

5.3 Sensor Calibration and Testing

The sensors were tested in three-electrode configurations with the VMP3 potentiostat. The
CE consisted of an on-probe, Nafion-coated Pt site. GABA sensor calibration and testing were
conducted in a magnetically stirred 30 mL beaker in a Faraday cage. A potential of 0.6 V was
applied to the GABA sensors relative to the on-probe [rOx REs, which corresponds to ~0.7 V vs.
Ag/AgCl. The sensors were allowed to equilibrate until they achieved a steady-state current. First,
interferents (AA, L-DOPA, DOPAC, EP, NEP, UA, and DA) were injected sequentially to assess
the selectivity of the probes. Next, aliquots of GABA solutions were sequentially injected into the

bulk solution. The steady-state current signals were recorded and plotted as a function of the bulk
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analyte concentration to generate calibration curves. Sensitivities were determined from the slopes
of the linear portions of the curves.

Noise measurement, filtering, and analysis were performed once the sensors achieved a
steady-state, baseline current using the built-in noise analysis tools of the BioLogic EC-lab
software. Noise was analyzed by first applying a Fourier transform to the baseline current data.
Ultralow noise frequency bands were removed using the frequency filter tool. The remaining noise
in the filtered, steady-state, baseline current was quantified using the electrochemical corrosion
tool of the software. This calculated rms noise was used subsequently in limit-of-detection (LOD)
computations. The LOD was defined as the current change corresponding to 3X filtered rms noise.

All sensitivity and LOD uncertainties in this work are reported as standard errors.

5.4 Results and Discussion

5.4.1 Optimization of GABA Oxidase Enzyme Mass Fraction

Initial validation of the GABA sensing platform was conducted using the native enzyme
(MABO, PDB: 7RT0) immobilized on a platinum (Pt) working electrode (WE) within a three-
electrode configuration on a microelectrode array (MEA). The system included an on-probe IrOx
RE and a bare Pt CE, allowing assessment of the electroenzymatic response to GABA using
constant potential amperometry (CPA).

The performance of GABA sensors was evaluated across a range of native MABO enzyme
mass fractions (fmaso) to optimize the balance between sensitivity and enzyme layer stability. By

varying the proportion MABO to bovine serum albumin (BSA), the impact of enzyme
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concentration on sensor performance was assessed. Figure 5.4 illustrates the relationship between
fmaBo and GABA sensitivity, highlighting a peak in performance at fmaso = 0.35.

At lower enzyme mass fractions (fwaso < 0.35), sensitivity was limited due to insufficient
enzyme coverage on the electrode surface, reducing the conversion of GABA. Conversely, higher
enzyme mass fractions (fwaso > 0.35) also resulted in diminished sensitivity and stability. This
phenomenon aligns with prior studies [9], which have suggested that an optimal balance between
enzyme and crosslinking agent is critical for sensor performance. Specifically, while higher
enzyme mass fractions can theoretically increase catalytic capacity, insufficient BSA at elevated
fmaBo may lead to poor crosslinking due to the relatively low number of lysine residues on the
enzyme [38]. This can result in unstable enzyme layers that are prone to delamination. Additionally,
excessive enzyme concentration could hinder substrate diffusion and reduce accessibility to active
sites [39], negatively impacting reaction efficiency. Based on these observations, fmaso = 0.35 was
identified as the optimal enzyme mass fraction, balancing sufficient enzymatic activity with layer
stability to achieve reliable and sensitive GABA detection. This mass fraction of enzyme was used

as the target level in subsequent studies with the engineered GABA oxidase.
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Figure 5.4 Effect of MABO surface concentration relative to BSA on GABA sensitivity, where
fmaBo was varied from 0.02 to 0.90. Error bars correspond to standard errors for n = 3 at each level
of enzyme mass fraction (fmaso). The enzyme layer thickness was not directly measured but is
inferred to be similar to that achieved in prior work with glutamate oxidase, where coatings were

consistently under 5 um, given the comparable immobilization protocol and substrate properties.

Interestingly, the optimal enzyme mass fraction (fwaso = 0.35) is slightly lower than the
~0.4 value reported for glutamate oxidase-based sensors in previous work [9]. While the overall
trends are comparable, the subtle difference likely reflects the unique surface chemistries and
kinetic properties of MABO relative to glutamate oxidase. These properties, including differences
in the density and availability of surface lysine residues for crosslinking, affect the enzyme layer’s

structural configuration and substrate accessibility.
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This optimization demonstrates the importance of tailoring enzyme mass fractions to the
specific biochemical characteristics of the immobilized enzyme, achieving significant
improvements in sensitivity and layer stability while accounting for enzyme-specific factors.
Sensors prepared at the optimal fmaso exhibited robust performance during repeated calibrations

and extended testing, underscoring the utility of these conditions for practical sensor applications.

5.4.2 Optimized GABA Sensing with Native MABO

The native enzyme-coated sensors were tested at an applied potential of 0.6 V vs. IrOx
(~0.7 V vs. Ag/AgCl), where they demonstrated a linear response to GABA concentrations up to
150 mM (Fig. 5.5b), with a sensitivity of 45 £ 6 nA/(mM-cm?) and a limit of detection (LoD) of
491 + 82 uM (n = 10 WEs). Additionally, the rms noise was calculated to be approximately
0.00048 nA, which is comparable to what was observed in non-enzymatic dopamine probes.
However, this configuration was fundamentally constrained by the native enzyme’s elevated Km
for GABA (3100 = 160 mM), reflecting the enzyme’s higher affinity for its native substrate,
methyl-GABA, rather than GABA itself. As a result, the baseline performance, while indicative
of functional detection capability, did not yet align with the lower GABA concentration ranges
typical of brain extracellular fluid [40]. These preliminary metrics thus provided a crucial reference
point, highlighting the need for strategic enzyme modifications to lower Km (see chapter 4) and
enhance sensor sensitivity under physiological conditions. The following section explores the
protein engineering approaches undertaken to refine this sensor’s performance, aiming to meet the

demands of in vivo applications with improved affinity and detection sensitivity for GABA.
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5.4.3 Enhanced GABA Sensing with Engineered GABA Oxidases

Sensors constructed with engineered GABA oxidase variants, notably the AS8G/I393T
double mutant, exhibited substantial improvements in sensitivity and detection limits compared to
the native enzyme. The optimized sensors achieved a sensitivity of 247 = 41 nA/(mM-cm?) and a
limit of detection of 80 + 21 uM. While this limit of detection remains above the widely accepted
extracellular GABA concentration range of 0.1-10 uM, the evolved enzyme exhibits kinetic
parameters that suggest potential applicability in detecting transient, localized spikes of GABA at
the highest end of the physiological range [41-43], such as those occurring immediately after
synaptic release and spillover. Importantly, this represents a significant advancement over the
inability to detect GABA at all using chronoamperometric approaches. Additionally, the rms noise
for these probes was unchanged when compared to the formulation with the native enzyme. This
performance enhancement underscores the success of our protein engineering approach, which
was focused on reducing the Ky for GABA, thus increasing affinity and catalytic efficiency.
Notably, other variants also demonstrated improved enzyme activity and sensor performance (Fig.

5.5), further supporting the robustness of our directed evolution workflow.

Enzyme Variant

Kt (mM)
Sensitivity (nA/mM-cm?)

Limit of Detection (uM)

Table 5.1 Summary of GABA sensor performance with different enzyme variants. The
corresponding calibration plots are shown in Fig. 5.5. The reported uncertainties correspond to

standard errors with n = §.
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These improvements in the immobilized enzyme's kinetic parameters represent a critical
step toward developing a sensor capable of detecting extracellular GABA fluctuations, even
though the current design remains limited to detecting concentrations at the extreme upper end of
the physiological range. Thus, the optimized MABO-variant sensors provide enhanced fidelity in
capturing GABA dynamics, with response times anticipated to be comparable to the ~1 s
timescales demonstrated in similar electroenzymatic probes developed by our lab. However,
additional rounds of mutagenesis, building upon the work described in Chapter 4, will be necessary
to enhance the performance of these probes to a level suitable for detecting transient extracellular

GABA concentrations.

5.4.5 Calibration Curves
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Figure 5.5 Crude GABA sensing on a representative MEA working electrode site in a three-
electrode configuration using an on-probe IrOx RE and an on-probe bare Pt microelectrode as CE.
Native MABO is immobilized to the electrode surface. The first two GABA injections correspond
to bulk concentration increases to 37 mM, 74 mM, and 148 mM, which are well above relevant

physiological concentrations.
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B) Calibrations plots are made by creating linear regressions (R? = 0.9997) of the steady state
current data (shown in A) versus the bulk GABA concentration. GABA sensing systems of this
on-probe, three-electrode configuration showed an average sensitivity and limit of detection of 45

+ 6 nA/(mM-cm?) and 491 + 82 uM (n = 8 working electrodes), respectively.
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Figure 5.6 Calibration curves showing amperometric response of GABA sensors with various
generations of immobilized GABA oxidase enzymes. R? > 0.995 for all sensors. Steeper slopes
reflect enhanced sensitivity achieved through progressive, favorable enzyme mutations.
Accumulating beneficial mutations was correlated with improved kinetic parameters and thus
increased sensitivity (Table 5.1). The concentrations of the injected GABA solutions vary in order

The superimposition of these calibrations is shown in Fig. 5.7.
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Figure 5.7 Superimposition of calibration curves (Fig. 5.6) showing amperometric response of

GABA sensors. As GABA oxidase accrues favorable mutations, its kinetic parameters improve
(Table 5.1). As a result, the sensitivities of MEA probes made with the immobilized enzyme also
improve. Sensitivity and limit of detection are inversely related; thus, the limit of detection also

improves with increased accumulation of beneficial mutations.

5.4.6 Selectivity Against Common Electroactive Interferents

Selective detection of GABA is critical for biosensors operating in the complex
environment of brain extracellular fluid, where a variety of electroactive species could potentially
interfere with the target signal. In this work, selectivity was quantitatively defined as the ratio of

sensor sensitivity to GABA relative to its sensitivity to each interferent. The GABA microsensors,
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configured in a three-electrode system, exhibited outstanding selectivity against a range of
commonly encountered electroactive interferents, including ascorbic acid (AA), dopamine (DA),
3,4-dihydroxyphenylacetic acid (DOPAC), L-3,4-dihydroxyphenylalanine (L-DOPA), uric acid
(UA), and glutamate, even at concentrations exceeding their physiological levels. The selectivity
ratios for GABA relative to these interferents consistently surpassed 1000:1, confirming the

biosensor’s specificity and robustness for accurate GABA detection in brain extracellular fluid

(Fig. 5.7).
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Figure 5.8 Selectivity profile of the GABA biosensor against common electroactive interferents

2800 3200

in brain extracellular fluid: [1] 125 pM ascorbic acid (AA), [2] 50 uM L-34-
dihydroxyphenylalanine (L-DOPA), [3] 50 uM 3,4-dihydroxyphenylacetic acid (DOPAC), [4]
12.5 uM epinephrine (EP), [5] 12.5 uM norepinephrine (NEP), [6] 50 uM uric acid (UA), and [7]

10 uM dopamine (DA), compared to [8] 400 mM GABA.
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The selectivity of the engineered GABA oxidase was rigorously evaluated against all
canonical amino acids using the MAK 166 fluorometric hydrogen peroxide assay in a 96-well plate
format. Fluorescence intensity was recorded over time with a Tecan Infinite M1000 (Tecan Group
Ltd., Mannedorf, Switzerland) plate reader. The enzyme exhibited robust activity only for GABA
and methyl-GABA, while all other amino acids, including glutamate, showed fluorescence signals
below that of the negative control (a PBS-only solution). This lack of activity for non-target
substrates underscores the enzyme’s high specificity. The representative plot (Fig. 5.8) highlights
the activity curves for GABA and methyl-GABA, showing steep, time-dependent increases in

fluorescence, while all other amino acids remained below the control threshold. These findings

validate the enzyme's suitability for selective GABA detection in complex environments.
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Figure 5.9 Representative fluorescence-based assay results for GABA oxidase activity. Activity

curves for GABA and methyl-GABA show strong, time-dependent increases in fluorescence

intensity. All other canonical amino acids exhibited fluorescence signals below the negative

control. For clarity, only glutamate is shown.
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5.5 Conclusions

This chapter presents the first one-step electroenzymatic sensor for the selective detection
of y-aminobutyric acid (GABA), utilizing an evolved methylaminobutyrate oxidase (MABO)
enzyme to achieve high sensitivity and specificity. GABA, as the principal inhibitory
neurotransmitter in the brain, plays a central role in modulating neural function and is implicated
in numerous neurological and psychiatric disorders, including epilepsy, anxiety, and mood
dysregulation. A sensor capable of monitoring extracellular GABA dynamics provides a powerful
tool for advancing both fundamental neuroscience and clinical diagnostics.

The one-step enzymatic approach introduced here directly catalyzes GABA oxidation,
producing a hydrogen peroxide byproduct that can be quantified electrochemically. This direct
detection mechanism eliminates confounding background signals from secondary metabolites,
providing a robust and precise platform for real-time GABA monitoring.

Previous work successfully improved MABO’s catalytic properties through directed
evolution, enhancing both its substrate affinity and catalytic efficiency for GABA oxidation. In
this chapter, both the native and evolved MABO enzymes were employed in the fabrication of
electroenzymatic GABA sensors to evaluate their functionality. The evolved MABO variant
demonstrated significantly improved performance, including a lower apparent Kwm, enabling
detection of GABA closer to the extracellular concentration range. These findings underscore the
value of protein engineering in adapting enzymes for biosensor applications.

The sensor platform was further enhanced by integrating an on-probe iridium oxide (IrOx)
reference electrode, which replaces the conventional external Ag/AgCl reference electrode. The
IrOx reference electrode provides superior stability and biocompatibility, addressing key

challenges associated with external references, such as excessive noise and inflammatory tissue
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responses. This advancement improves signal fidelity and LOD, supporting reliable operation in
complex neurochemical environments. While the sensor’s response time was not explicitly
measured in this work, it is expected to be comparable to other enzymatic biosensors developed in
our lab, which typically achieve subsecond response times.

Furthermore, these sensor configurations offer significant versatility for both in vivo brain
monitoring and microfluidic platforms. This adaptability broadens their potential utility across
diverse experimental setups, from lab-on-a-chip systems to implanted probes, enabling
comprehensive neurochemical analysis in both clinical and research settings. By combining
cutting-edge enzyme engineering with advanced microelectrode array design, this work establishes
a transformative approach to neurotransmitter sensing based on engineered enzymes, setting a new
standard for GABA detection and demonstrating the far-reaching potential of directed evolution

in biosensor development.
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Chapter 6: Recommendations for Future Work

The advancements presented in this dissertation lay a strong foundation for continued
research into neurochemical sensing technologies. By integrating novel enzyme engineering with
state-of-the-art microelectrode designs, this work contributes meaningfully to the field of
biosensing. However, several avenues for future exploration could further enhance the
functionality, applicability, and impact of the technologies developed here. These
recommendations address integration of sensors with microfluidic platforms, optimization of
sensor performance, extended enzyme engineering campaigns, and the development of

multiplexed sensing devices for simultaneous neurotransmitter monitoring.

6.1 Integration of Dopamine Sensors with Microfluidic Platforms

While the integration of dopamine sensors into a blood-brain barrier (BBB) lab-on-a-chip
microfluidic platform was a key objective, this work remains incomplete. The successful
implementation of such a system would provide an invaluable tool for modeling neurochemical
dynamics under controlled conditions [1]. To advance this effort, future studies should focus on
optimizing the microfluidic chip design to accommodate the dopamine sensor while maintaining
the physiological relevance of the BBB model [2]. Particular attention should be paid to stabilizing
sensor performance under fluidic conditions, as flow and shear forces can significantly impact
signal stability and sensitivity [3]. Additionally, validating the platform with biologically relevant

experiments—such as dopaminergic neuron depolarization studies—would demonstrate its utility
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for translational research [4]. These efforts could greatly enhance the capacity to study drug

delivery, neurotoxicity, and disease-related neurochemical imbalances in vitro.

6.2 Optimization of GABA Oxidase Crosslinking

Although the GABA sensor developed in this dissertation represents a pioneering
achievement, further improvements in its functionality could be achieved through targeted
optimization. One particularly promising avenue involves revisiting the crosslinking method used
for enzyme immobilization. Glutaraldehyde (GAH) vapor was chosen for this work due to its
simplicity and established efficacy. However, alternative crosslinkers, such as
bis(sulfosuccinimidyl) suberate (BS3), may offer distinct advantages. BS3 is a homobifunctional
amine-reactive crosslinker that operates via N-hydroxysuccinimide (NHS) ester chemistry [5],
enabling the formation of covalent bonds between primary amine groups on adjacent proteins. Its
longer spacer arm (11.4 A compared to the 5 A of GAH) reduces enzyme crowding [6], potentially
allowing greater access to active sites and enhancing the stability of immobilized enzyme layers
[7-9].

BS3 has been used successfully in related electroenzymatic sensors [10], where it was
shown to improve substrate access and reduce diffusion barriers, ultimately enhancing sensitivity
[11] and response time. Implementing BS3 in the immobilization process for the GABA sensor
would involve systematically optimizing conditions such as BS3 concentration, enzyme-to-BSA
ratio, and layer thickness. These experiments could provide valuable insights into the interplay

between crosslinker chemistry and sensor performance, potentially yielding significant
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improvements in the sensitivities and limits of detection in GABA detection. BS3 is commercially

available and can be obtained from Thermo Fisher Scientific (Waltham, MA, USA).

6.3 Extending GABA Oxidase Enzyme Engineering

While the evolved GABA oxidase variants described in this dissertation represent
significant progress, further directed evolution campaigns are likely to yield even greater
improvements. The final limit of detection (LOD) achieved with this sensor was approximately 63
uM, which, while sufficient for many applications, falls short of the ~1 pM LOD achieved with
our lab’s glutamate sensors. Achieving similar sensitivity for GABA would greatly enhance the
sensor’s utility for in vivo applications.

Given the success of mutagenesis in improving GABA affinity at alanine-58, additional
rounds of combinatorial active site saturation mutagenesis at amino acid residues surrounding this
locus offers a logical path forward [12-14]. While residues 57 and 59 showed minimal individual
improvements, it is possible that permutations of residues 56 and 60 unlock higher order of
magnitude improvements in catalytic efficiency. Moreover, expanding random mutagenesis
campaigns could help identify unexpected beneficial mutations elsewhere in the enzyme fitness
landscape. Adjustments to the random mutagenesis protocol itself, such as altering the ratios of
dNTPs [15] or using polymerases with distinct error biases [16], could diversify the mutation

landscape, potentially uncovering novel variants with superior activity.
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6.4 Development of Multiplexed Neurotransmitter Sensors

The capacity to monitor multiple neurotransmitters simultaneously would represent a
transformative advancement in neurochemical sensing. By applying microcontact printing
techniques [17-19], previously used in our lab [20], GABA oxidase could be selectively
immobilized onto specific microelectrode sites alongside other enzymes, such as glutamate
oxidase. This would enable the construction of multiplexed probes capable of simultaneously
monitoring GABA and glutamate dynamics. Such a capability would be particularly valuable for
investigating the excitation/inhibition (E/I) balance in the central nervous system, where GABA
and glutamate play pivotal and opposing roles [21]. Simultaneous, real-time monitoring of these
neurotransmitters would provide a high level of precision into pathways implicated in epilepsy,

schizophrenia, and neurodegenerative diseases.

6.5 In Vivo Applications and Broader Utility

Finally, transitioning the GABA sensor from in vitro characterization to in vivo
applications represents a critical direction for future work. Validation in animal models would
provide important insights into sensor performance in complex biological environments [22],
including issues related to biocompatibility [23], fouling [24], and long-term stability [25].
Moreover, adapting the sensor for integration with non-invasive diagnostic platforms, such as
microdialysis systems [26], could expand its clinical utility for monitoring neurochemical
imbalances associated with conditions like epilepsy and anxiety disorders. These applications
would not only enhance the translational relevance of the work but also broaden its impact beyond

basic neuroscience research.
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6.6 Conclusion

The recommendations outlined here build on the successes achieved in this dissertation
while addressing areas for further refinement and exploration. From improving enzyme
immobilization strategies and advancing protein engineering to developing multiplexed sensing
platforms and in vivo applications, these future directions hold significant potential for advancing
the field of neurochemical biosensing. By pursuing these opportunities, researchers can continue
to push the boundaries of what is achievable with electroenzymatic sensors, fostering new

discoveries in neuroscience and clinical diagnostics.
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Appendix A: Microprobe Fabrication

A.1 Materials

Silicon wafers were ordered from Silicon Valley Microelectronics (Santa Clara, CA) with
the following parameters: 100 mm diameter, p-type boron doped, orientation <1 0 0>, 150 pm
thickness. All microfabrication was conducted in the UCLA Nanofabrication Laboratory

(NanoLab).

A.2 Microfabrication Process Traveler

Process \ Step \ Name \ Description \ Remarks
I. Field oxide formation process
1 Label Label wafer on the back | Use diamond pen
unpolished side
Remove organic Use wafer carrier
) Piranha bath contaminants: Refresh solution with
H2SO4:H202 = 17:1 250mL H202 if hasn’t
T=70°C; time=10 min | been used that day
3 Rinse Time = 2min Use rinse cycle in PFC
Cleaning Steps hood
Remove native oxide:
4 HF bath 5sin HF:DI=1:10 or 1s | Caution very corrosive
in BOE
. ) Gentle water stream
5 Rinse Time =2 mins, Don’t use spin dryer
afterwards N> blow dry (wafers will break)
Keep everything clean
(gloves/mask on)
Thermally grow 1um * High temperature (use
. Si02 caution)
Furnace 6 Oxide Wet recipe * Use quartz boat. Load
furnace (WET1100.001) wafers ASAP
T=1100°C, time=2.5hr | Measure the SiO» thickness
center/top/bottom/left/right,
average it
7 Nanospec Measure SiO; thickness Measure
center/top/bottom/left/right,

124




(Silicon dioxide on
silicon)

average it and compare
with step #6

Cleaning

Steps

Piranha bath

Remove organic
contaminants:
H>SO4:H2O02 = 17:1
T=70°C; time=10min

Use wafer carrier

» Refresh solution with
250mL H»O; if hasn’t
been used that day

Rinse

Time = 2 mins

Use rinse cycle in PFC
Hood, need to train PFC
sink

II. Electrode sites, channels, and bonding pads

formation

10

Dehydration
bake

T=150°C
Time > 5 min

Drive off moisture, and
improve PR adhesion.
Before the dehydration
bake, use acetone clean the
previously stored wafers
and use DI water to rinse
first.

Lithography
I

11

HDMS coat

Improve PR adhesion
Time > 5 min

HMDS:
hexamethyldisilazane

* Toxic (operate
underneath hood)

* Do not place wafer in
the middle of metal
container.

* Handle dips

down and will break wafer
when putting cover on.
Check the HDMS inside
make sure it’s saturated

12

Photoresist
spin coat

PR: AZ5214-EIR
Thickness: ~1.6um
1000 RPM

Ramp = 1000
Time = 20sec

Clean wafer chuck with
acetone

* Make sure PR covers at
least 2/3 of the wafer
surface prior to spin
volume is about 1.5
volume of the dropper

To programming the
parameters:

Press step button + number
button (1-9) to select the
step to program.

Select speed/ramp to set
the speed = 1000 rpm
Ramp = 1000

Select step terminate button

to set the time to be 20 sec
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Load the wafer and press
vacuum button to turn on
the vacuum.

After covering wafer with
PR, step on the start button
on the ground using your
foot.

Press vacuum button to
turn off vacuum and collect
wafer.

T=100°C
13 Time = 1 min. (critical) | Make sure wafer is flat on
Soft bake Place at the cerfter of ) hotplate
hotplate
Karl Suss alignment: If power varies, use this
14 Soft contact formula to correct exposure
Exposure Expose for 9.5 sec time:
(when power = 8 t (sec) = 18 x (8 / actual
mW/cm?) power in mW/cm?)
15 Remove exposed PR Swishing back and forth
Development | DIW:AZ400K=5:1 Cover the beaker with
Developer ~19 sec. aluminum foil
Make sure wafer is fully
developed.
16 DO NOT hardbake after
Microscope | Inspection this step (for better liftoff
results)
If the line is very thick, that
usually means overdevelop
Remove 100A PR for the
17 | Remove Tegal (~2 mins) whole wafer t(.) prevent
~100A PR Or Technics metal f‘rom b cing washed
off during lift-off.
Better to inspect again.
Old CHA (evaporated * Deposit metal within 3
18 Metal metal deposition) days after Lithography I
deposition Cr/Pt =200 A/1000A * Total deposition time:
Deposition rate: 1 A/sec | ~3hrs
Metal * Use 3 beakers of
Deposition acetone in series to
19 . Sonicate in acetone (in clean cach wafer,
Lift-off * Keep wafers wet by

2L beaker)

rinsing with acetone
* Rinse with DIW and dry
with N»
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20 . . Check for broken leads,
Microscope | Inspection . .
chipped sites
I11. Insulation layer deposition
* Sonicate with acetone and
blow dry wafer with N»
STS PECVD: 7500 A prior to placing in
21 EESZD Recipe: HFSIOST machine
Time: ~30min * Check deposition rate
first (~10 min), then
measure the thickness
Measure SiO; thickness | Use measured value
Oxide/Nitride | 22 Nanospec (Silicon dioxide on subtracts field oxide
Deposition silicon) thickness to calculate
Goal: 7500 A deposited thickness
STS PECVD: 7500 A
23 P.E(.:VD Recipe: HFSINST
nitride . .
Time: ~50min
Nanospec Measure
24 Si3N4 thickness For previous oxide
Nanospec (silicon nitride on thickness, type in average
silicon dioxide) from step #22
Goal: 7500 A
IV. Open electrodes/soldering pads
25 bDael?e ydration %_HIIZOZ g min Drive off moisture
26 HDMS coat Irpprove PR adhesion
Time > 5 min
* Clean wafer chuck with
PR: AZ5214-EIR acetone
. Thickness: ~1.6pm » Make sure PR covers
27 E;Etigim 2500 RPM at least 2/?? of the Wafer
Ramp = 1000 surface prior to spin
Lithography Time = 30sec To program the spin
I . . coating please see step 12.
T=100°C, time = 1 min.
28 (critical) Make sure wafer is flat on
Soft bake Place at the center of hotplate
hotplate
If power varies, use this
Karl Suss alignment: fp@ula to correct exposure
29 Soft contact, expose for tme:
Exposure ’ t (sec) = 18x (8 / actual

18 sec (when power = 8
mW/cm?)

power in mW/cm?)
Make sure four alignment
marks are all matched
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30 Remove exposed PR
Development | DIW:AZ400K = 5:1 Swishing back and forth
~19 sec.

31 Microscope | Tnspection Make sure wafer is fully

developed.

37 T =150°C, 5min. Place | * Do not post bake

Hard bake at center of before inspection
hotplate * Let cool before storing
* Use g-tips to apply
grease in circles over
entire surface of carrier
wafer
» Make sure wafer
backside is clean of
Apply moist cooling grease
) grease on 500um Si » Stick wafer onto carrier
33 Si wafer . . :
carrier wafer carrier . wafer tightly by plaglng
Bake more than 3min onto wafer and rotating
@ 80°C on hotplate until flats are aligned
Use Kimwipe absorbed
with acetone to remove the
photoresist along the edge
Nitride/Oxide of the wafer, otherwise the
PR may get burnt and stick
Etch
on the sucker.
* Remove 1.5 um of
AOE (recipe: nitride and oxide
OXIDAPIC) insulation layer
34 | Nitride and Etch time: ~4 min. (this | * Do not run the etching
oxide etch etch time may be longer | more than 2 min for
or shorter depending on | each time
the status of the AOE) | Perform O; clean first with
thick dummy wafer
* Voltmeter: check if
resistance between test

35 metal electrodes is zero.

Inspection Voltmeter or Nanospec | * Nanospec: check if
thickness of oxide <field
oxide thickness (oxide
thickness<10,000A)

36 Matrix stripper (Matrix | Make sure to keep wafer
Cleaning PR strip Asher 105) stuck to carrier wafer until
Steps “3 min strip” recipe after this step

37 | Release Slide wafer off Clean wafer backside and

carrier carefully carrier wafer with acetone

V. Define probe outline
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38 bDael?e ydration %_HIIZOZ g min Drive off moisture
* Clean chuck with
PR: AZ4620 acetone
) Thickness: ~7pum * Make sure PR covers
39 frl)li?lt(;g;ilSt 3000RPM, at least 2/3 of wafer
Ramp: 1000, surface
Time: 30sec To program the spin
coating please see step 12.
T=100°C, 1°30”.
40 Soft bake (critical) Make sure wafer is flat on
(prebake) Place at center of hotplate
hotplate
Karl Suss alignment: If . thi
Lithography Soft contact, exposure POWET VAries, use this
. ] formula to correct exposure
111 41 time: 18 sec (power: time:
Exposure 8mW/cm?). After the N
t (sec) = 18x (8/actual
exposure relax the : 5
) : power in mW/cm?)
wafer in ambient
temperature for 5 mins.
Remove exposed PR
DIW:AZ400K = 4:1
47 4-10 mins. For post development,
Development | Depending on the rinse with DI water for 2
situation higher ratio min. Blow dry with N
like 3:1 or 2:1 could be
used
43 . . Make sure wafer is fully
Microscope | Inspection
developed
44 Hard bake 120°C for 5 mins
* Use g-tips to apply
grease in circles over
entire surface of carrier
. . wafer
. Apply moist coollng » Make sure wafer
45 Si wafer grease on 500pm thick .
. : X : backside is clean of
Si Wafer carrier Si carrier wafer arease
]%‘Lcrl;-ugh Bake 3 min. @ 75°C * Stick yvafer onto ca@ier
wafer tightly by placing
onto wafer and rotating
until flats are aligned
AOE (recipe: * Remove all nitride and
46 | Nitride/oxide | OXIDAPIC) oxide from exposed
etch Etch time: ~7-8 min. areas

(This etch time may be

* Do not run the etching
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longer or shorter
depending on the status
of the AOE)

more than 2 mins for
each time

FDRIE (deep reactive
ion etch):
Recipe FN-DY

* Do not run DRIE for
more than 5 minutes at

47 Si etch ~20 min. total etch time | a time (could overheat
through (this etch time may be the wafer)
longer or shorter * O, plasma clean for 30
depending on the status | min BEFORE use
of the FDRIE)
Do not release wafer from
carrier until etch through of
silicon is confirmed.
Should be able to see
48 . . cooling grease through the
Inspection Microscope outlines for silicon etch
through.
Also use nanospec to check
the gap between probes,
should be less than 100 A
49 | Release Slide wafer off . :
. Clean carrier with acetone
carrier carefully
Stripping PR PR stripper sink (ALEG Rinse with DI water for 2
50 . 355) )
PR strip min.

T=75°C, at least 30
min.

Blow dry with N; after
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Appendix B: Preparation of Dopamine Sensors

B.1 Materials

Nafion (5 wt% solution in lower aliphatic alcohols/H>O mix), m-phenylenediamine (99%), dibasic
sodium phosphate, sodium chloride, sodium hydroxide pellets, hydrochloric acid (37%), and
sulfuric acid (99.999%) were purchased from Aldrich Chemical Co. (Milwaukee, WI, USA). PBS
buffer consisted of 50 mM dibasic sodium phosphate with 100 mM sodium chloride adjusted to
pH 7.4 with concentrated HCI. A Millipore Milli-Q Water System was used to generate ultrapure
water for the preparation of all solutions used. Electrochemical preparations and calibration
measurements were performed using a Versatile Multichannel Potentiostat equipped with the ‘p’
low current option and low current N’ Stat box (VMP3, Bio- Logic USA LLC, Knoxville, TN,
USA). For experiments in which an external reference electrode was necessary, Ag/AgCl glass-
bodied reference electrodes with 3 M NacCl electrolyte and a 0.5 mm diameter platinum (Pt) wire

auxiliary electrode were purchased from BASi (West Lafayette, IN).

B.2 Procedure

B.2.1 Probe Assembly

1. Detach each probe off of wafer (press on corner w/ fine forceps) and check for broken leads,
chipped site and poor insulation layer under microscope.

2. Cut 4 insulated Pt wires per probe and strip one end ~5 mm and another end ~1 cm.

3. Solder (@ 510 °C) wires on soldering pads of the microprobe. Liberally apply rosin

soldering flux to the soldering pads and position Pt wires with 5 mm stripped ends close to
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the surface. Solder Pt wires to the soldering pad surface. The ideal shape should be that of
a relatively uniform droplet that envelops the tip of the Pt wire.

4. Sonicate the soldered microprobe in isopropyl alcohol for approximately 5 minutes. Rinse
with DI water and blow dry with gas. Repeat this step again with a fresh beaker of isopropyl
alcohol.

5. Insulate the soldering pad connection with epoxy resin on the front of the microprobe.
Repeat this step until no wire or solder is exposed. Wait for about 20 mins.

6. Label probe with tape

B.2.2 Acid Cleaning

A clean scan in 0.1 M H>SOg4 (diluted with DI water; Cyclic voltammetry: -0.2 V to 1.5 V, 50

mV/s, 10 cycles) was done to remove any surface impurities.

B.2.3 Bare Sensor Testing

1. Make a 10 mM H>O; (diluted with DI) dilution solution.
2. A bare sensor test in 10 mL PBS (0.7 V vs Ag/AgCl) was done to check sensor response
to 20 pM H2O:> (inject 20 pL of 10 mM H»02). Good sensors should give an increase in

current of ~2 nA.

B.2.4 PPD Deposition and Nafion Coating

1. Prepare 5 mM PPD in 1X PBS (5.4 mg PPD powder + 10 mL 1x PBS) in 15 mL falcon
tube. Vortex for 1 minute. Insert the MEA tips into the bulk solution and connect to the

potentiostat.
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. Electrodeposit PPD: Apply 0.85 V vs Ag/AgCl until charge, Q (nA*h) reaches 0.2.

Remove the probe tips from the solution.

. Prepare 0.2 M NaOH. Insert the MEA tips into the bulk solution and connect to the

potentiostat.
. Overoxidize PPD: Apply 1.042 V vs Ag/AgCl for 20 minutes.

. Dip-coat in 2% Nafion and bake the sensor at 115 °C for 20 minutes.
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Appendix C: Iridium Oxide Reference Electrode Fabrication

If it is desired to incorporate an integrated iridium oxide reference electrode, then the following

protocol should be inserted between B.2.3 and B.2.4.

C.1 Materials

Iridium tetrachloride hydrate, anhydrous oxalic acid (99%), hydrogen peroxide (30 wt% solution
in water), chloroplatinic acid hydrate, and anhydrous potassium carbonate were purchased from
Aldrich Chemical Co. (Milwaukee, WI, USA). Electrochemical preparations and calibration
measurements were performed using a Versatile Multichannel Potentiostat equipped with the ‘p’
low current option and low current N’ Stat box (VMP3, Bio- Logic USA LLC, Knoxville, TN,
USA). For experiments in which an external reference electrode was necessary, Ag/AgCl glass-
bodied reference electrodes with 3 M NacCl electrolyte and a 0.5 mm diameter platinum (Pt) wire

auxiliary electrode were purchased from BASi (West Lafayette, IN).

C.2 Procedure

C.2.1 Pt Grass Electrodeposition

1. Prepare Pt Grass solution with 25 mM HPtCls and 15 mM formic acid.

2. Electrodeposit Pt Grass at constant potential (-0.1 V vs Ag/AgCl) for 600 s.

C.2.2 Iridium Oxide Electrodeposition

1. Dissolve 15 mg of iridium tetrachloride in 10 mL of water then stir solution for 30 min.
Purge the IrCl4 bottle then store in container with desiccant in 4°C.

2. Add 0.1 mL of aqueous 30% hydrogen peroxide solution then stir for 10 min.
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. Add 50 mg of oxalic acid dihydrate to solution and stir for 10 min.

. Adjust pH of solution to 10.5 by adding small portions of anhydrous potassium carbonate.
. Allow the resulting solution to sit quiescently for 48 h before electrodeposition. After this
process, the solution should change to a deep purple color.

Cycle 100 times between 0.0 V and 0.6 V at 50 mV/s. Do not use a stir bar. Film should
be a purple or blue color when inspected under the microscope.

. Place ~200 uL of PBS in microcentrifuge tube. Insert probe such that only shaft is
submerged in PBS. Do not let head touch PBS. Hold probe in place and seal top with putty.
*Sensor should be stored in this manner ~2 days prior to further sensor modifications (i.e.

for electroenzymatic sensors).
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Appendix D: Cloning of Wild Type MABO Plasmid

D.1 Materials

Purchase MABO gene fragment (sequence below). Optimize for expression in E. coli by adding

6-7 histidine residues (CAT) and a TAA stop codon at the C terminus of the sequence prior to

purchasing.
10 20 30 40 50
MGRIGILGAG LAGLAAATKL AEAGENVTVF EARNRPGGRV WSETLDTPKG
60 70 80 90 100
SYVIERGAEF VLDGYTSMRR LLSQFGLSLV DTGMSYYVRE PGDTTGITCD
110 120 130 140 150
DIIRTGREAL ELASGSGLQG TAEELLAKLP DEPELVDALR ARIEISTAVS
160 170 180 190 200
ASEVTARSLQ HIASFEPKPS WRVAGGNQRL PDAMAAALGS AVRYGETVRA
210 220 230 240 250
VENISDGGVL VTTDTDTSVF DTVVWVALPLA VIRDSQLNLP TTEARDAALK
260 270 280 290 300
HVLQGHAAKL HLPLETQPAT SAVMSVEGRY WTWTATDESG AVAPVLNAFM
310 320 330 340 350
GSPSAITRAN LKQRPAEWVA KARALRTDLA IPQDAAALTT VWSEDQLAGG
360 370 380 390 400
AYAAHAPGVT AAGTALLEKP VGDVFWAGEY SEPEFVGLME GAIRSGERAA
410 420
GRVMQRLETK SGNSDSERSK A

The pET28a vector was generously provided by the lab of Professor Yi Tang. Plasmid DNA was
recovered using the ZymoClean DNA Recovery Kit. A NEBuilder HiFi DNA Assembly Kit was
used for all cloning and assembly workflows. Cloning product plasmids were transformed into
chemically competent NEB SoluBL21 E. coli cells. LB agar plates treated with 50 pg/mL
kanamycin were used for selecting colonies, and SOC medium was utilized for recovery of

transformed cells.

136



D.2 Procedure

D.2.1 PCR Amplification of the Native MABO Gene Fragment

1. Design and purchase primers (MABO-F & MABO-R) to anchor both ends of the MABO
gene sequence
2. PCR amplify MABO gene fragment and vector backbone separately.
A. 50 pL Q5 PCR amplification of the MABO gene fragment
i. 38 uL water, 10 pL Q5 buffer, 1 uL NTP, 0.5 uL Q5 polymerase, 0.25 pL
of MABO-F primer, 0.25 uL of MABO-R primer, 1 pL of working stock
DNA fragment

ii. Choice of PCR Recipe:

a. Q5PCR
Step Temperature Time

Initial Denaturation 98°C 1 minute
98°C 15 seconds
32 Cycles 60°C 30 seconds
72°C 45 seconds

Final Extension 72°C 5 minutes

Hold 12°C 0

b. QS5 Touchdown PCR: Same recipe as Q5 PCR except the annealing
temperature starts at 68°C and drops by 1°C every cycle for 10
cycles, [98°C for 15s, 60°C for 30s, 72°C for 45s] x 24, 72°C for 5

mins, 12°C for stability until sample is removed

3. 50 uL Q5 PCR Amplification of the backbone
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A. 37 uL H20, 10 pL QS5 reaction buffer, 1 uL 50x dNTP mix, 0.25 pL
MABO-BB F primer, 0.25 pL. of MABO-BB R primer, 0.5 pL. Q5 polymerase, 1
uL template DNA

B. Vector backbone (unmutated) Amplification with Q5 Touchdown PCR

Step Temperature Time
Initial Denaturation 95°C 3 minutes
95°C 20 seconds
14 Cycles 65°C - 1°Cl/cycle 30 seconds
68°C 90 seconds
95°C 20 seconds
64°C 30 seconds
25 Cycles
68°C 90 seconds
Final Extension 68°C 5 minutes
Hold 4-10°C )

D.2.2 Gel Electrophoresis to Verify PCR Efficiency

This step is optional because the resolution is low.
1. Add 8 uL DNA dye to the PCR product tube.
2. Load into agarose gel.
3. Run the gel at 150 V and 400 mA for 8 minutes.
4. Use Image Lab software to validate that the gel has run sufficiently long.
5. Place gel block on the transilluminator. Excise the DNA fragment corresponding to
approximately 1.5 kbp from the agarose gel using a razor blade, scalpel or other device and

transfer it into a 1.5 mL microcentrifuge tube
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D.2.3 ZymoClean DNA Recovery

1. Add 3 volumes of Agarose Dissolving Buffer (ADB) to each volume of agarose excised
from the gel (e.g. for 100 pL of agarose gel slice add 300 pL of ADB)

2. Incubate at 37-55°C for 5-10 minutes until the gel slice is completely dissolved

3. Transfer the melted agarose solution to a Zymo-Spin Column in a Collection Tube.
Centrifuge for 30-60 seconds. Discard the flow-through.

4. Add 200 pL of DNA Wash Buffer to the column and centrifuge for 30 seconds. Discard
the flow-through. Repeat the wash step.

5. Add > 6 pL (10-20 pL is typically good) DNA Elution Buffer or water directly to the
column matrix. Place column into a 1.5 mL tube and centrifuge for 30-60 seconds to elute

DNA

D.2.4 NEBuilder HiFi DNA Assembly Protocol for Cloning into pET28a Vector

1. Prepare DNA Fragment
A. Ensure that all DNA fragments, including the pET28a vector backbone and the
insert(s), have overlapping regions of 15-20 base pairs at their ends.
B. Use PCR or restriction enzyme digestion to prepare the fragments. Confirm
fragment integrity via gel electrophoresis.

2. Quantify DNA concentrations of the vector and insert fragments using a NanoDrop or plate
reader (spectrophotometry). Aim for a molar ratio of 1:2 (vector:insert) to achieve optimal
assembly.

3. Prepare the reaction mixture: 0.03-0.2 pmol pET28a vector backbone, 2X as many moles
of the insert as compared with the vector backbone, 10 pL of 2X NEBuilder HiFi DNA

Assembly Master Mix, and 20 pL of nuclease-free water.
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Appendix E: Transformation of Wild Type MABO Plasmid

1.

Add 2-5 pL of the assembled product to 50-100 pL of chemically competent SoluBL21
cells.

Perform a heat shock at 42°C for 30 seconds.

Recover cells in SOC medium for 1 hour at 37°C with agitation.

Plate 100200 pL of the transformed cells on LB agar plates containing 50 pg/mL
kanamycin to select for MABO-pET28a transformants.

Incubate the plates at 37°C overnight.

Pick colonies and inoculate in 3 mL LB Kan overnight. Extract the plasmids using a Zyppy
Plasmid Miniprep Kit.

Send in plasmids for Sanger sequencing via Laragen Inc. (Culver City, CA) to verify
genetic fidelity in comparison with the intended MABO gene sequence.

Prepare frozen stock of ideal transformants by mixing equal parts of overnight cell culture

and 40% glycerol (v/v). Store in cryovial at -80°C.
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Appendix F: Site Directed Mutagenesis Library Generation

F.1 Materials

Site-directed mutagenesis was performed using the NEB QS5 Site-Directed Mutagenesis Kit,
following the manufacturer's protocol. This kit provides all necessary reagents for high-fidelity
PCR amplification and efficient mutagenesis, ensuring precise introduction of targeted mutations
into the MABO construct. Forward and reverse primers were designed surrounding the locus of

alanine-58.

F.2 Procedure

F.2.1 Site Directed Library Exponential Amplification (PCR)

1. Assemble 12.5 uL Q5 Hot Start High-Fidelity 2x Master Mix, 0.25 pL forward primer (10
uM), 0.25 uL reverse primer (10 uM), 1 puL template DNA (1-25 ng/uL), 11 pL nuclease-
free water

2. Mix reagents completely and transfer to a thermocycler

Step Temperature Time
Initial Denaturation 98°C 30 seconds
98°C 10 seconds
25 Cycles 50-72°C 10-30 seconds
72°C 20-30 seconds
Final Extension 72°C 2 minutes
Hold 4-10°C
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3. Kinase, Ligase, and Dpn I (KLD) Treatment
A. Assemble 1 pL PCR product, 5 uL 2x KLD reaction buffer, 1 pL 10x KLD
enzyme mix, 3 uL nuclease-free water

B. Mix well by pipetting. Incubate at room temperature for 5 minutes.

F.2.2 Transformation into NEB 5a Cloning Cells

1. Thaw a tube of NEB 5-alpha competent E. coli cells on ice

2. Add 5 pL of the KLD mix to the tube of thawed cells. Carefully flick the tube 4-5 times to
mix. Do not vortex

3. Place the mixture on ice for 30 minutes

4. Heat shock at 42°C for 30 seconds

5. Place on ice for 5 minutes

6. Pipette 950 pL of room temperature SOC into the mixture

7. Incubate at 37°C for 60 minutes with shaking (250 rpm)

8. Mix the cells thoroughly by flicking the tube and inverting, then spread 50-100 uL onto a
selection plate and incubate overnight at 37°C. It may be necessary (particularly for simple
substitution experiments) to make a 10- to 40-fold dilution of the transformation mix in
SOC prior to plating, to avoid a lawn of colonies

9. Inoculate a single transformant colony into 3 mL of LB liquid media supplemented with
50 mg/L kanamycin. Incubate at 37° C (250 rpm) for 12-14 hours.

10. Miniprep the plasmids. Send 8-10 pL for sequencing and store the remainder at -20°C.
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F.2.3 Transformation of Mutants into NEB SoluBL21 Expression Cells

1. Inoculate 3 mL LB Kan with frozen stock from F.2.2. Culture overnight. Miniprep using
the Zyppy Plasmid Miniprep Kit.

2. Thaw one vial of chemically competent SoluBL21 cells on ice for a few minutes.

3. Transfer 25 pL of cells into two sterile microcentrifuge tubes.

4. Add 1-10 ng (approx. 1-2 uL) of plasmid DNA to the SoluBL21 cells.

5. Mix cells and DNA well, and incubate on ice for 15 minutes.

6. Heat shock the transformation mix at 42°C for 45 seconds.

7. Add 0.25 puL room temperature SOC medium and incubate at 37°C for 1 hour in a shaking
air incubator.

8. Plate the entire contents of the transformation reaction on an LB plate with appropriate
antibiotic selection. Incubate overnight at 37°C.

9. Inoculate mutant E. coli transformants. Use a red pipette tip to place a single colony from
the LB plate into 1 mL of LB Kan. Incubate at 37°C (250 rpm) for 12-14 hours.

10. Prepare of Frozen Stocks by mixing equal parts of overnight LB Kan culture with 40%

(v/v) glycerol solution in a cryovial. Store at -80°C.
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Appendix G: Random Mutagenesis Library Generation

G.1 Materials

Random mutagenesis was conducted using NEB Taq DNA Polymerase with Standard Taq Buffer,
the Deoxynucleotide (ANTP) Solution Set, and the NEBuilder HiFi DNA Assembly Kit. These
reagents enabled error-prone PCR to introduce random mutations into the MABO gene, followed

by efficient cloning of the mutated fragments into the pET28a vector.

G.2 Procedure

G.2.1 Tag PCR Amplification of Random MABO Mutants

1. Design and purchase primers (MABO-Gib F & MABO-Gib R) to anchor both ends of the
MABO gene sequence. These primers will need to be different than those used in Appendix
D due to the lower annealing temperature of the Tag polymerase.

2. Prepare mutagenic ANTP mixture: 10 pL 50X dNTP mix, 4 uL. 100 mM dCTP, and 4 pL
100 mM dTTP.

3. Prepare the PCR reaction mixture: 33.7 uL H>O, 5 pL 10X Tagq polymerase reaction buffer,
1.8 uL mutagenic ANTP mix, 1.5 uL MABO-Gib F primer, 1.5 pL of MABO-Gib R primer,
0.5 uL Taq polymerase, 5 pL 55 mM MgCl, 0.5 pL 10 ng template plasmid, 0.5 pL 10

mM MnCl, (added last, immediately before thermocycling).
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Step Temperature Time
Initial Denaturation 95°C 3 minutes
95°C 20 seconds
14 Cycles 65°C - 1°C/cycle 30 seconds
68°C 90 seconds
95°C 20 seconds
64°C 30 seconds
25 Cycles
68°C 90 seconds
Final Extension 68°C 5 minutes
Hold 4-10°C )

G.2.2 Q5 PCR Amplification of the Backbone

1. Prepare the PCR reaction mixture: 37 uL. H>O, 10 pL QS5 reaction buffer, 1 L 50X dNTP
mix, 0.25 uL MABO-BB F primer, 0.25 pL. of MABO-BB R primer, 0.5 uL Q5 polymerase,

1 pL template DNA

Step Temperature Time
Initial Denaturation 95°C 3 minutes
95°C 20 seconds
14 Cycles 65°C - 1°C/cycle 30 seconds
68°C 90 seconds
95°C 20 seconds
64°C 30 seconds
25 Cycles
68°C 90 seconds
Final Extension 68°C 5 minutes
Hold 4-10°C )
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G.2.3 Gibson Assembly and Transformation of Random Mutagenesis Products

1. Quantify DNA concentrations of the vector and insert fragments using a NanoDrop or plate
reader (spectrophotometry). Aim for a molar ratio of 1:2 (vector:insert) to achieve optimal
assembly.

2. Prepare the reaction mixture. In a PCR tube, combine the following components:

A. pET28a Vector Backbone: Add ~0.03—0.2 pmol

B. Insert random MABO mutant fragments: Add twice as many moles of the insert as
compared with the vector backbone.

C. 2x NEBuilder HiFi DNA Assembly Master Mix: Add 10 pL.

D. Nuclease-Free Water: Adjust the reaction volume to a total of 20 pL.

3. Mix the reaction mixture by gently pipetting up and down to ensure thorough mixing.
Avoid introducing bubbles.

4. Incubate the reaction mixture in a thermocycler or heating block. Incubate at 50°C for 15—
60 minutes.

5. Transform according to the same protocol as in Appendix E.
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Appendix H: Preparation of Flow Cytometry Assay Stocks

1.

10.

Start an overnight culture (using previously made frozen stocks as seed culture) of a library
that is to be screened with flow cytometry.

Inoculate 3 mL of fresh LB Kan culture with 100 pL of an overnight LB Kan culture.
Prepare several extra culture tubes under the same conditions to a create controls for OD
measurements.

Take periodic measurements until the controls hit an OD of 0.6. Place 900 pL of fresh LB
Kan into a cuvette, mix with 100 uL of an OD control, and the resulting OD reading will
be a 10X dilution of the actual samples.

Add 3 puL of 0.IM IPTG to each culture. Incubate at 37°C for 2.5-4 hours.

Split cultures into 1.5 mL samples, spin down at maximum speed (30 seconds to 1 minute)
and 4°C, remove supernatant, store at -80°C overnight.

Thaw cell pellets of transformant libraries and resuspend in 1 mL of 100 mM pH 6.2
potassium phosphate buffer containing 100 mM KCl, 3 mM MgCl,, and 1% (v/v) 1-butanol
to an ODsoo of 1.

Add 25 uL 2°,7’-dichlorodihydrofluorescein diacetate C-H,DCFDA (as a 10 mM solution
in DMSO) to a final concentration of 250 uM and incubate the cells at 37°C & 180 rpm
(5.1 cm orbit diameter) for 1 hour.

Harvest the cells by centrifugation (9500 X g, 5 minutes, 4°C) and discard the supernatant
Resuspend the cell pellets in 50 mM potassium phosphate buffer containing 100 mM KCl
and 3 mM MgCl, at pH 7.5.

Add the target amine substrate (100 L of 1M m-GABA or 200 pL of 5SM GABA) to

initiate the reaction. Catalase from bovine liver can be added during substrate addition (to

147



a final concentration of 0.01 mg/mL) to scavenge H>O> in the extracellular media
(minimizing crosstalk between cells).

11. After 30 minutes, the reaction quenched with the addition of 100 uL ascorbic acid (as a
100 mM solution in Milli-Q water) to a final concentration of 10 mM.

12. Run the samples on the cytometer.
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Appendix I: Purification via Immobilized Metal Ion Affinity Chromatography

1.1 Materials

Protein purification was performed using Bio-Rad Bio-Scale Mini Profinity IMAC Cartridges.
These cartridges facilitated the efficient purification of His-tagged MABO, which enabled
downstream kinetic and analyses. An FPLC system was not used. The cartridge was connected to

a 50 mL syringe with a Luer lock fitting.

1.2 Procedure

1. For E. coli cultures expressing medium to high levels of histidine-tagged proteins, 200 mL
of culture will yield sufficient material for a 1 mL cartridge purification, and 1000 mL of
culture will yield sufficient material for a 5 mL cartridge purification run

2. Preparation of E. coli Lysates

A. Harvest cell pellet by centrifugation at 8000 X g for 10 minutes at 4°C

B. Determine weight of pellet and resuspend in 10 volumes native lysis/wash buffer 1
(200 mL of culture typically yields 0.8 g of paste, and results in 8 mL of lysate)

C. Sonicate the lysate (on ice) 4 times at 1 min intervals

D. Centrifugate the lysate at 12000 X g for 20 minutes at 4°C

E. Remove the supernatant, and filter through a 0.2 uM filter immediately before
applying to the cartridge

3. Preparing a Cartridge, and Subsequent Purification

A. Equilibrate the cartridge with 5 column volumes (CV) of equilibration/wash buffer

1 at 10 mL/min
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Load the sample lysate at 10 mL/min

Wash the cartridge with 6 CV of wash buffer 1 at 10 mL/min

Wash the cartridge with 6 CV of wash buffer 2 at 10 mL/min

Elute the purified protein with 10 CV of elution buffer at 10 mL/min

Prior to quantitation of the protein concentration, the purified protein should be

exchanged into a non-imidazole buffer (imidazole can absorb at 280 nm)

4. Regeneration, Cleaning, Sanitation, and Storage

A.

B.

C.

D.

E.

Rinse the cartridge with 2 CV water at 5 mL/min

Wash the cartridge with 5 CV 500 mM NaCl, 50 mM Tris, pH 8.0 at 5 mL/min
Wash the cartridge with 5 CV 500 mM NacCl, 100 mM NaOAc, pH 4.5 at SmL/min
Rinse the cartridge with 2 CV water at 5 mL/min

Store the cartridge in 20% EtOH at 4°C

5. Stripping and Recharging

A.

In situations where it is desired to run different proteins over the same cartridge, a
complete sanitation, stripping, and recharging is recommended between sample
runs.

Clean the cartridge with 10 CV 1M NaOH

. Rinse the cartridge with 10 CV water

Strip metal ions with 5 CV of 0.1M EDTA
Recharge the cartridge with 5 CV of 0.1M NiSO4, pH 4.5
Rinse the cartridge with 10 CV water

Store the cartridge in 20% ethanol
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Appendix J: Bradford Protein Assay for Concentration Quantitation

J.1 Materials

Protein concentration quantification was performed using the Coomassie (Bradford) Protein Assay
Reagent, which contains Coomassie G-250 dye, methanol, phosphoric acid, and solubilizing

agents in water. The assay was calibrated using a BSA standard at a concentration of 2 mg/mL.

J.2 Procedure

1. Preparation of BSA Dilution Standards

Vial Volume of Volume and Source Final BSA
Diluent of BSA Concentration

A 0 uL 300 pL of stock 2000 pg/mL
B 125 uL 375 uL of stock 1500 pug/mL
C 325 uL 325 pL of stock 1000 pg/mL
D 175 uL 175 uL of vial B 750 ug/mL
E 325 uL 325 uL of vial C 500 pg/mL
F 325 uL 325 uL of vial E 250 pg/mL
G 325 uL 325 uL of vial F 125 pg/mL
H 400 pL 100 pL of vial G 25 ug/mL
I 400 pL 0 pL 0 pg/mL

2. Pipette 5 puL of each standard or unknown sample into the appropriate wells of a 96 well
plate. A black plate with a clear bottom should be used.

3. Add 250 pL of the Coomassie Reagent to each well and mix with plate shaker for 30
seconds.

4. Remove plate from shaker. For the most consistent results, incubate plate for 10 minutes
at room temperature.

5. Measure the absorbance at or near 595 nm with a plate reader
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6. Subtract the average 595 nm measurement for the blank replicates from the 595 nm
measurements of all other individual standard and unknown sample replicates

7. Prepare a standard curve by plotting the average blank-corrected 595 nm measurement for
each BSA standard vs. its concentration in pg/mL. Use the standard curve to determine the
protein concentration of each unknown sample.

8. Note: If using curve-fitting algorithms associated with a microplate reader, a four-
parameter (quadratic) or best-fit curve will provide more accurate results than a purely
linear fit. If plotting results by hand, a point-to-point curve is preferable to a linear fit to

the standard points.
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Appendix K: Fluorometric Kinetic Parameter Characterization

K.1 Materials

Kinetic parameter characterization was performed using the Fluorometric Hydrogen Peroxide
Assay Kit (Sigma-Aldrich, Catalog Number MAK166). This kit provided all necessary reagents,
including the Infra-red Peroxidase Substrate (Catalog Number MAK166A), Hydrogen Peroxide,
3% (0.88 M) solution (Catalog Number MAK166B), Assay Buffer (Catalog Number MAK166C),

Horseradish Peroxidase (Catalog Number MAK166D), and DMSO (Catalog Number MAK166E).

K.2 Procedure

1. Allow all reagents to come to room temperature before use.

2. Infra-red Peroxidase Substrate: Reconstitute vial with 250 mL of DMSO to prepare the
Infra-red Peroxidase Substrate stock solution. Mix well by pipetting. Aliquot and store at
—20 °C, protected from light. Stock solution should be used promptly upon preparation or
thawing. Remaining stock solution should be immediately frozen.

3. Horseradish Peroxidase: Reconstitute with 1 mL of Assay Buffer to prepare a 20 units/mL
stock solution. Mix well by pipetting. Divide into single-use aliquots and store at —20 °C,
protected from light. Stock solution should be used promptly upon preparation or thawing.
Remaining stock solution should be immediately frozen.

4. Hydrogen Peroxidase Assay for Calibration Curve
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A. Add 22.7 pL of 3% H2O: solution to 977 puL of Assay Buffer to prepare a 20 mM
H>0, stock solution. Add 1 pL of the 20 mM stock solution to 1,999 uL of Assay
Buffer to get a 10 uM working solution.

B. Further dilute the 10 uM working solution to prepare 10, 3, 1, 0.3, 0.1, 0.03, 0.01,
and 0 uM standards. Add 50 pL of the prepared standards to the appropriate wells
in a 96 well plate. Add up to 50 pL of sample to wells. Bring samples to a final
volume of 50 uL with Assay Buffer

C. Prepare the Master Mix according to the scheme in the MAK 166 technical bulletin:
50 pL Infra-red Peroxidase Substrate Stock, 200 puL of 20 units/mL Peroxidase
Stock, 4.75 mL Assay Buffer.

D. Add 50 pL of the Master Mix to each of the wells (samples, standards, and
controls). Mix well and incubate the plate at room temperature for 1-30 minutes.
Protect the plate from light during the incubation.

E. Measure the fluorescence intensity at (Aex = 640/ Aem = 680 nm) using a Tecan
Infinite M1000 plate reader. The background blank for the assay is the value
obtained for the 0 (blank) Hydrogen Peroxide standard. Correct for the background
by subtracting the blank value from all readings. The hydrogen peroxide
concentrations for the samples in the following assay can be determined from this
standard curve.

5. MABO in vitro Kinetic Assay

A. Prepare the Master Mix according to the scheme in the MAK 166 technical bulletin:

50 pL Infra-red Peroxidase Substrate Stock, 200 pL Peroxidase Stock 20 units/mL,

4.75 mL Assay Buffer. Add 50 uL of the Master Mix to each of the wells. Add
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MABO enzyme. Calculate the final enzyme concentration based upon the dilution
factor.

. Prepare MABO substrate stock solutions.

. Pipette 50 pL of the substrate stock solutions into the wells containing the Master
Mix. It is recommended to use a multichannel pipette for this time sensitive process
to guarantee that the plate reader simultaneously captures the initial rate data for all
the wells.

. Measure the fluorescence intensity at (Aex = 640/ Aem = 680 nm) using a Tecan
Infinite M1000 plate reader.

. Convert the data in obtained into enzymatic H>O> product concentrations using the

previously obtained calibration curve.
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Appendix L: Preparation of GABA Sensors

L.1. Materials

The materials required for the fabrication of GABA sensors are identical to those listed in
Appendix B for dopamine sensors. However, in addition to those materials, this procedure requires
GABA oxidase as well as a crosslinker, specifically 5% glutaraldehyde vapor. The enzyme,
isolated and quantified as described in Appendices 1 and J, is essential for the selective
electroenzymatic detection of GABA. The crosslinker was purchased from Aldrich Chemical Co.

(Milwaukee, WI, USA).

L.2 Procedure

1. Preliminary sensor preparation: follow all electrode processing steps as detailed for
dopamine sensors in Appendix B.

2. Prepare the enzyme solution: Mix MABO enzyme (targeting a mass fraction of
approximately 0.35 relative to BSA) with a BSA solution (10 mg/mL in PBS) to achieve
the desired proportion.

3. Apply enzyme layer using a microsyringe to manually spread the enzyme solution evenly
over the surface of the platinum working electrode (WE). 20-30 passes may be necessary
for sufficient coverage.

4. Monitor the process under a microscope.

5. Crosslink the enzyme layer by expose the enzyme-coated electrode to 5% saturated
glutaraldehyde vapor for 1 minute to facilitate covalent crosslinking of the enzyme to the

electrode surface.
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6. Store the sensor in a desiccated container at 4 °C for at least 48 hours to ensure full adhesion

and stability of the enzyme layer.
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