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Abstract

The research presented in this thesis started off as a PhD project with the aim to develop
and characterise an in vitro biosensor appropriate for in vivo detection and monitoring of gamma-
(y)-aminobutyric acid (GABA). The ambition was simultaneous monitoring of GABA and L-
glutamate. It was also hoped that simultaneous D-serine monitoring would be performed using a
newly developed and validated sensor for this co-agonist of the glutamatergic N-methyl D-
aspartate (NMDA) receptor. The development of a GABase-based biosensor was found to be too
large an undertaking and consequently, the research plan converted to refinement of an L-
glutamate biosensor. Some development work (pH and temperature studies) was also performed

on the D-serine biosensor.

Gamma-(y)-aminobutyric acid is the major inhibitory neurotransmitter but has yet to
receive wide examination in the scientific community. In contrast, L-glutamate, the major
excitatory, neurotransmitter has not only experienced vast amounts of research but is also present
in the public eye unlike GABA. As neurotransmitters are chemicals producing electrical
stimulation in the brain, electrochemical techniques offer a unique insight into their operation and

reactions.

The development of a first generation GABA biosensor used an underlying L-glutamate
biosensor as GABA is the precursor to L-glutamate. An appropriate enzyme unit activity for the
GABase solution was the first barrier to be overcome. After this, the position of the GABase in
the composite design was investigated. This experimentation didn’t garner any results that
suggested a response would be produced. The active surface was examined to ensure that the
production of hydrogen peroxide would be detected. An alternate reaction scheme was also
investigated which didn’t produce any response either. This suggested the enzyme solution was,
at least in part, at fault. Further exploration and refinement of the enzyme solution could potentially

alleviate the issues encountered during this development work.

The characterisation of the L-glutamate biosensor then became the priority. The optimal

composite design was found to be:
Pt/Irc — PoPD — (Sty — GluOx(100 U/mL) - BSA:GA(1.0:0.1 %) — PEI(1%))15

X



After the optimal design was found and had appropriate sensitivity (90.4 +2.0 nA-cm 2uM 1)
comparable to previously reported sensors, the in vitro characterisation was performed. This
consisted of ensuring the biosensor would remain operational after implantation in the extracellular
fluid i.e. under the chemical and physical parameters present in the brain. The shelf-life was found
to be several weeks (28 days) and there was no recorded loss in sensitivity after repeated
calibrations, or exposure to ex vivo rodent brain tissue. The sensor performed as desired under all
physiologically relevant pH and temperature ranges. The interference was mitigated with the use
of poly-ortho-phenylenediamine (PoPD) (interferent species were typically < 5% of the basal
glutamate (10 uM) glutamate response) and reliable detection of L-glutamate was still observed.
Preliminary in vivo characterisation performed in freely moving animals suggested the suitability
of this sensor design for in vivo use. Expected signal changes were observed and a stable baseline
over 16 days. Future work will include further in vivo characterisation and validation of this
biosensor. Tentatively, the dual monitoring of L-glutamate and D-serine would be examined

because of their co-agonist role at the NMDA receptor.
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'CHAPTER ONE

Introduction



Chapter 1 — Introduction

1.1 Introduction

The brain is, with little to no argument, our most complex organ. It sits as the head of the
central nervous system (CNS) tasked with enabling nerve cells (neurons) to communicate with
each other [1]. This communication occurs in the synaptic cleft, a region between these neighbour
neurons. The presynaptic neuron will release neurotransmitters into the cleft in order to
communicate with the postsynaptic neuron (Scheme 1.1). These neurotransmitters carry, boost and
modulate signals between the neurons. Numerous in classifications, the scope of this body of work
only delves into excitatory and inhibitory neurotransmitters (Section 1.3). This use of a
combination of electrical and chemical impulses has allowed electrochemistry to take a strong
foothold in the frontiers of understanding the normal operation and malfunction of this vital organ.
Recent decades of research have greatly enhanced our collective knowledge but major questions

still remain unanswered.

Astrocyte

GABAergic

Gin presynapse

=D
Glu

2-0G
=

TCA cycle
Succinate

SSADH -} GABAT
SSA <— GABA

Scheme 1.1: Schematic depicting GABAergic synaptic cleft where the neurotransmitter is released

via chemical transmission of a nerve impulse. [2]
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This project started off with a challenging aim, to develop and characterise an in vitro
biosensor for the detection and monitoring of gamma-(y)-aminobutyric acid (GABA) (see Figure
1.1) appropriate for in vivo application. This was to be followed up by the simultaneous in vivo
monitoring of GABA and L-glutamate (Glu) (see Figure 1.2). GABA being the major inhibitory
neurotransmitter and Glu being the major excitatory neurotransmitter. While apparently
straightforward in aim, the logistics and implementation were not due to neither GABA nor Glu
being electroactive, and the availability of appropriate biological recognition elements for GABA.
This meant that indirect means of detection needed to be used. This is where first generation
biosensor technology came into play i.e. using an enzymatic system that produces hydrogen
peroxide (H20O»), which is electroactive and thus can be detected or monitored electrochemically
(discussed further in Section 3.1). Biosensors improve spatial and temporal resolution which is
needed to garner vital information on the sub-second neurotransmitter profile. GABA and Glu
have been implicated in various neurodegenerative diseases and conditions (discussed further in

Section 4.1 & Section 5.1, respectively).

O

HNM
" OH

Figure 1.1: Structure of GABA

O @

HO OH
NH5

Figure 1.2: Structure of Glu

Constant potential amperometry (CPA) and cyclic voltammetry (CV), electrochemical

techniques, were performed throughout this project (discussed in detail in 2.3). Electrochemistry



offers a unique insight into neurochemistry due to the interlinking of chemistry and electricity, the
dialects of the brain. Excitatory neurotransmitters (chemistry) are used to stimulate an electric
potential (electricity) that travels down the post-synaptic neuron while inhibitory neurotransmitters

diminish this electric potential.

Despite the prolific sensor development for many biologically important analytes, very
little work has been published on GABA monitoring. This may be due to the lack of awareness in
the public’s discourse (discussed further in Section 4.1). The development of a GABA biosensor,
enabling continuous and uninterrupted monitoring of GABA may provide much needed
understanding on the progression or development of the associated diseases and conditions or
indeed, provide pharmacological assistance in treating such. The further development of a Glu

biosensor may enhance the knowledge of the same.

1.2 Methodology

The primary aim of this research was to develop a biosensor capable of detecting and
monitoring GABA, which even with the extensive work into neurochemical biosensors has
remained greatly under studied. A vast number of methodologies exist in the realm of
neurochemical monitoring aiming to enhance the understanding of the great complexity that is
neurochemical processes. Previously employed techniques that have contributed to answering
some of the questions regarding the fundamental understanding of our most complex organ have

come from: microdialysis, spectroscopy, histology, fMRI and, electrochemistry to name but a few.

Briefly, CV and CPA, techniques involve the use of two to three electrodes, a working
electrode i.e. an indicator electrode, a reference electrode and an auxiliary electrode. The working
electrode is modified with a biological recognition component. In this body of work enzymes were
used; specifically glutamate oxidase to generate hydrogen peroxide (H20O>). This is important as
the oxidation potential of H>O; is well established and will be used to generate the observed current

(see Section 2.6).

The extracellular fluid (ECF) is a very tightly regulated environment and from which, we
get the physical and chemical parameters a biosensor needs to operate within to be viable for

neurochemical analysis (discussed in Section 2.1). The physical parameters to operate in are

4



physiologically relevant temperature and pH. The chemical parameters include appropriate limit

of detection, adequate interferent rejection and, stabile oxygen dependence (see section 5.1).

1.3 Gamma-(y)-aminobutyric Acid & L-Glutamate In Vivo

Neurotransmitters are endogenous chemicals and function as messengers enabling
communication between neurons throughout the body (see Scheme 1.1) [3]. They are vital in every
aspect of mammalian life from development, normal brain function, muscle movement, organ
functions, down to neurological disorders. The communication occurs in the synaptic cleft i.e. the
space between the presynaptic and postsynaptic neuron. Neurotransmitters cross this synaptic cleft

to reply, amplify and modulate the signals between these neighbouring neurons.

This communication between neighbouring neurons can be inhibitory, excitatory or,
modulatory in nature. The nature of the communication is determined by the receptors the
transmitters act upon at the surface of the post-synaptic neuron. Inhibitory neurotransmitters, such
as GABA, decrease the probability that the post-synaptic neuron will produce an action potential.
An action potential is when the membrane potential rapidly rises and falls [4]. This depolarisation
causes the neighbouring neuron to depolarise (see Scheme 1.2A), whereas excitatory
neurotransmitters, such as glutamate, increase this probability. Both of these effects are due to the
transmitters influence on trans-membrane ion flow (see Scheme 1.2). This depolarisation causes
the neighbouring neuron to depolarise (see Scheme 1.2A). Synapses with excitatory effects are

referred to as Type 1 and inhibitory effects as Type 2 [5].
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Scheme 1.2: Schematic showing the principles of neurotransmission and neuromodulation. (A)
Depicts the reaction of inhibitory and excitatory neurotransmitters on the action potential. (B)
Depicts neuromodulars released by a single neuron act on groups of neurons. (C)
Neurotransmission at a synaptic level. Inhibitory neurotransmitters activate the anion channels and

excitatory neurotransmitters active the cation channels. [6]

GABA is the major inhibitory neurotransmitter, acting on approximately one third of
synapses [7, 8] but surprisingly hasn’t received anywhere near the same interest from the scientific
community, with very little research having been performed to elucidate its exact mechanisms with
[9-15] comprising a majority of it. It is known to have a significant effect on sleep, mood and act
as the excitatory neurotransmitter in immature mammalian brain development [16-19].
Dysregulation has been linked to epilepsy, Huntington’s, depression, anxiety and schizophrenia

[20-24] to name but a few. Unfortunately, the lack of a suitable biological recognition unit has



hindered the development of a biosensor for neurochemical monitoring of GABA in the past. This
body of work aims to aid in this discussion through the development of a first generation biosensor

with the use of the enzyme GABase (see section 4.1 for further discussion).

Glutamate is the major excitatory neurotransmitter, acting on 60 — 70 % of synapses [25]
and as such, a lot of research has been performed to elucidate its exact mechanisms [26-31]. It has
been shown to play a significant role in development, plasticity, learning and memory, and sensory
and motor systems [32]. Dysregulation of glutamate has been linked to epilepsy, stroke and both
neurodegenerative and psychiatric diseases [33-36] to only mention a few. While various
biosensors capable of monitoring glutamate exist, the majority of these have been applied in
anaesthetised animals. As such, worked also focused on further refining a biosensor design
developed by Prof. Lowry’s research group for monitoring glutamate in freely-moving animals.
Progressing this, the design was characterised to ensure operation in the harsh extracellular fluid
i.e. under the physical and chemical constraints present (see Section 5.1 for further discussion) in

the brain.

In summary, Chapter 2 gives a detailed account of the theory relevant to the studies
undertaken in this body of work. Chapter 3 provides an in-depth description of the experimental
techniques, equipment and parameters utilised throughout. The aim to develop an in vitro
biosensor capable of monitoring GABA is discussed in Chapter 4. Chapter 5 serves to lay out the
refinement and characterisation of an in vitro biosensor optimised for neurochemical glutamate
monitoring and preliminary in vivo characterisation of this biosensor. The overall conclusions for

this body of work are presented in Chapter 6.
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2.1 Biosensors

A biosensor can be defined as a device in which biological recognition units are utilised in
conjunction with a transducer to detect the presence of analytes [1] (see Scheme 2.1). The original
biosensor was developed by Clark and Lyons in 1962 [2]. The initial design focused on detecting
glucose. However, the use of biosensors for biomedical applications spread like wildfire soon after,
owing to: the ability to modify the biological recognition unit, the uninterrupted analysis of data
and the spatial and temporal resolution achieved to elucidate many biological functions and
mechanisms. Biosensors for neurochemical monitoring probes are typically in the micro-meter
(um) diameter range, as this results in minimal tissue damage. Relying on electric current also
imparts very high temporal resolution [3]. Therefore, the reliability and cheaply available
architecture have enabled biosensors to become integral to many areas of modern life and have
been designed for a large degree of medical applications: to detect protein cancer biomarkers [4],
implantable pacemaker devices [5], monitor blood levels of compounds like glucose [6],

neurochemical monitoring [7] and non-invasive measuring [8].

Biomolecular
recognition

Signal processor

Display

— wwwm — [:z]

Complex medium
containing target
analyte, such as:
cell, food,
environmental,
human samples.

-
o
>
2
80
&
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* Bioreceptors: nucleic acids, cells, antibodies, enzymes, lectins.
« Electrical interfaces: electrodes, nanoparticles.

Scheme 2.1: Schematic of general biosensors, where the analyte is bound to the biological

recognition unit, measured by the transducer and processed by the detector [9].

Biosensors with enzyme-modified electrodes can be divided into three large groups or
families; first, second and third generation. Biosensors are classified into these families based on
the overarching sequence of interactions between the analyte and electrode surface (see Scheme

2.2).
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Scheme 2.2: Schematic representation of three generations of glucose biosensor [10].

The first generation of biosensors are concerned with monitoring either the consumption
of oxygen [11] or production of hydrogen peroxide (see Scheme 2.2) [12]. First generation
biosensors are the most commonly used due to their relative simplicity. For this architecture, the
most conventional enzymes immobilised on the electrode surface possess a redox group in order
to allow a redox state change to occur during the course of the biochemical reaction. These types
of enzymes are classified as oxidases and the nicotinamide adenine dinucleotide (NAD™)
dependent dehydrogenases. These enzymes (like glucose oxidase) will oxidise their substrate thus
being converted to an inactive reduced state along with a reduction of the flavin adenine
dinucleotide (FAD) redox centre to FADH». Continuing, the restoration of FAD from FADH,
using dissolved molecular oxygen, typically returning these enzymes to their active state, produces
hydrogen peroxide. To end the sequence, hydrogen peroxide is oxidised by an applied potential,
which in turn causes an electrical signal [13]. The biochemical reaction can be overseen via the
reduction of oxygen (co-substrate) or the oxidation of hydrogen peroxide (product). Designs which
monitor the reducing oxygen at the electrode may be the easiest to craft but they are impaired by

limited diffusion resulting in slow responses, low accuracy and poor reproducibility. The partial
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pressure of molecular oxygen is also difficult to regulate, causing varying amounts to be present
in the biosensor’s immediate environment [14]. While the design monitoring the oxidation of
hydrogen peroxide eliminates these setbacks, the high oxidation potential (= +700 mV) will also
oxidise other electroactive species with lower oxidation potentials. However, this has been
lessened with the use of selectively permeable membranes like cellulose acetate and Nafion® in

recent times [14].

Second generation biosensors utilise mediators; a molecule capable of shuttling electrons
from the redox centre of the enzyme to the active surface of the electrode, in place of dissolved
oxygen for hydrogen peroxide production [14] (See Scheme 2.2). Several factors are needed for a
compound to perform as a good mediator. They need to be nontoxic, maintain stability in both
redox states, readily react with the reduced state enzyme, be relatively insoluble in aqueous
environments and provide good electrochemical properties, such as a low detection potential [15].
Mediators are used because direct electron transfer would typically have kinetically slow electron
transfer resolution due to the FAD redox centre being deeply submerged within a protein layer
[15]. In this architecture, the oxidised state of the mediator restores the FAD, where dissolved
molecular oxygen would have in the previous design, and in turn, is itself reduced. Finishing this
process, the mediator in its reduced state is returned to its oxidised state on the surface of the
electrode resulting in the measurable electric signal. In some cases, the mediator is found in the
electrolyte solution to ease mass transport between the enzyme’s active site and the electrode
surface. Second generation biosensors removed several of the limitations of the first generation,
such as the problems related to the partial pressure of molecular oxygen and the limited diffusion
rates. Additionally, as the mediator is returned at relatively low potentials [16], the interference
experienced from the high oxidation potential of hydrogen peroxide is no longer an issue. As with
most improvements, second generation biosensors also come with their own set of drawbacks. The
mediators over time can seep from the electrode surface, making it particularly difficult to design

a second generation biosensor suitable for extended in vivo monitoring.

Third generation biosensors encompass two architectures; directly coupled enzyme
electrodes, which involve equipping an electrode with an enzyme by means of co-immobilising
the enzyme and mediator on the electrode surface or, in the neighbouring matrix, like an

electroconductive polymer [14] (See Scheme 2.2). These designs have been achieved through
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methods such as layer-by-layer deposition of polyelectrolytes, producing hydrogels and confining
the enzyme and mediator at the electrode surface via electropolymerisation [17]. Mediators
immobilised in this way allow quick transfer of electrons between the enzyme active site and the
electrode because of their behaviour as a non-diffusion redox relay station further resulting in a
higher current density [13]. A few designs have enabled connection of the enzyme and electrode
surface, expanding the performance of the electron transfer. The enzyme being in the immediate
vicinity of the mediator has greatly reduced the distance needed to be travelled by the electron(s),
giving a much faster response time. Improving on the second generation biosensor’s seeping of
the mediator, the immobilised mediator in the third generation biosensor has to some extent
eliminated this issue. However, there are very few successful third generation systems due to the

systems only working for a small groups of enzymes [18].

Evidently, each generation of biosensor was intended to improve on its predecessor in
terms of efficiency and selectivity. This has led to advancements in response time, minimising
interference and increased intensity of analyte signal. Unfortunately, these improvements have had
little effect on overcoming the characteristic shortcomings of the transducers, such as: redox
species required to increase current production, no real-time detection i.e. inherent latency and,
sensitivity to sample matrix effects [19-22]. Recent application of nanomaterials, in particular gold
nanoparticles and carbon nanotubes, have been seen to develop biosensors with increased

selectivity and signal-to-noise ratios, as well as lower detection limits [13].

2.2 Methods of Immobilisation

As mentioned previously, there is a requirement for the enzyme to be immobilised on the
transducer. Immobilisation is the technique employed to fasten the biological recognition unit to
the solid support of the electrode, in a matrix, or retained by a membrane [23]. Immobilisation can
improve the performance of a biosensor in the following ways: the stability, sensitivity, response
time, as well as operational and storage stability, providing greater reproducibility [24]. A large
number of techniques have been developed in order to immobilise with each technique influencing

the enzyme and its properties [25]. The five main methods of immobilisation are:

Adsorption:
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Substances such as alumina, charcoal and silica gel are capable of adsorbing enzymes on the
electrode surface. This technique occurs in two forms. The first form, physical adsorption or
physisorption, customarily involves the formation of weak van der Waals bonds or more
infrequently hydrogen bonds or electrostatic forces. The second form, chemical adsorption or
chemisorption, is much stronger than physisorption due to the formation of covalent bonds. This
immobilisation can prevent denaturation or deactivation of the enzyme, allowing the catalytic
properties of the enzyme to remain intact [26]. A major drawback of such immobilisation is derived
from the fact that the enzyme is only adsorbed on the surface with an innate reversible nature of
the binding equilibrium, giving it susceptibility to seeping due to minor physical changes in the

sample, i.e. pH or temperature or even the substrate itself.
Microencapsulation:

This technique for immobilisation involves “trapping” an inert biomaterial on the transducer [27].
This technique has many advantages such as its close connection of the biomaterial and transducer,
it being adaptable and very reliable, and allows the option of using electroconductive molecules to
bond the biological recognition unit. As the enzyme is maintained in its natural environment, this
affords many enhancements over other methods of immobilisation; it retains a high degree of
specificity along with a protection against physical changes such as temperature, pH and substrate
concentration. This natural environment will also limit contamination and biodegradation. The
difficulties which arise due to the biomaterial on the electrode are the presence of low and high
molecular weight substances that may hinder the detection of the analyte and an associated
possible diminishing of response time [27]. Each different membrane used to microencapsulate
the enzyme will confer specific properties. For example, cellulose acetate excludes proteins and
interfering species [28] and Nafion® produces a structure with hydrophilic channels in a

hydrophobic matrix as well as repelling anionic interferents [29].
Entrapment:

This is the most utilised technique in modern times. Entrapment is a process in which the biological
recognition unit is “trapped” in a conducting polymeric gel matrix grown on the electrode [30].
One of the benefits of growing these polymers, such as poly-ortho-phenylenediamine (PoPD) (see
Figure 2.1) is their ability to be controlled by cycling or stepping the electrode potential. Moreover,

this method is simplistic and often results in high enzyme activity. It also enables multiple enzymes
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to be immobilised in the matrix in the same layer or via the growth of layers with different enzymes
on top of one another. Entrapment as a method provides great stability, permitting ideal conditions
for in vivo measurements. For example, the thin, insulating, self-sealed PoPD permselective
membrane is derived from deposition of ortho-phenylenediamine, affording an interference-

rejection layer from other species [3]. The layers of PoPD have been estimated to be as thin as 10-

30 nm [31].
H
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Figure 2.1: Structure of PPD.

There are many other examples of organic polymers capable of immobilisation in this fashion,
such as: polyethylenimine (PEI) [32] (see Figure 2.2), polystyrene (Sty) [33] (see Figure 2.3) and
poly methyl methacrylate (MMA) [34] (see Figure 2.4). While giving many advantages,
entrapment in these matrices produce large diffusional barriers retarding reaction and elongating
response time. Pore size distribution tends to be very broad and this has been associated with

continuous loss in enzyme activity through the pores.
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Figure 2.2: Structure of PEL
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Figure 2.3: Structure of Sty.

Figure 2.4: Structure of MMA.
Cross-Linking:

Enzymes are commonly very labile and thus a method of stabilisation will need to be employed -
this is where cross-linking is involved [35]. This stabilisation occurs via the binding of the
biomolecule’s non-active sites to a solid support, the transducer, with use of bifunctional agents
like glutaraldehyde (GA) [36] (see Figure 2.5). Cross-linking is very harsh on the enzyme, limits
the diffusion of the substrate and has poor rigidity. For these reasons, cross-linking is more often
applied alongside another method. A very effective coupling for this method is with entrapment,
such as in the instance of GA and PEI coupled immobilisation. The carbonyl groups of GA

covalently cross-link the amino groups of PEI in order to stabilise the immobilised biomolecule

[37].

Figure 2.5: Structure of GA.
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Covalent bonding:

This technique is the irreversible binding of an enzyme to the transducer with the use of
hydrophobic linkers [38]. The non-active nucleophilic groups present in the amino acids of the
enzyme are used to form the covalent bond to the transducer, as to not subvert the biological
function of the enzyme. This can often have adverse effects on the enzyme activity, so the reaction
must be carried out under specific working conditions, like low temperature, neutral pH and low
ionic strength [39]. For the most part, this technique is undertaken in two steps. The first is
depositing some useful compound on the otherwise inert electrode and, the second is bonding the
enzyme to the newly activated electrode surface. The exact mechanism occurring will be dictated
by the type of electrode used. Many of the covalent bonds are not entirely stable in use, with 60%
loss in activity observed regularly [38]. Immobilisation by means of covalent bonding has

demonstrated promise in improving the lifetime of a biosensor [40].

Each method of immobilisation has its own strengths and weaknesses, leading to a large
degree of specialisation for each unique biosensor developed [24]. It is often more of an art form

to design the optimum method given a particular biological recognition unit and transducer.

2.3 Electroanalysis

Electroanalysis refers to methods of chemical analysis involving the use of electrodes
which make electrical contact with an analyte solution. Various electrical parameters of the
solution can be measured and which parameter is measured defines the technique. The major
methods include: amperometry, voltammetry, potentiometry, conductivity, electrogravimetry and,
coulometry [41]. This body of work contains experimental data using amperometry and

voltammetry techniques.

Amperometry measures electric current while applying a constant potential. Amperometric
testing involves measuring the current that flows, due to the analyte being oxidised or reduced (see
Equation 2.1), between an indicator electrode (i.e. working electrode) and a second electrode (i.e.
auxiliary electrode) in reference to a third electrode (i.e. reference electrode) (see Figure2. 6). The
measured current is correlated to the concentration of the analyte in the solution. A plot of current

versus analyte concentration can be generated from these results. Amperometry techniques
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include: constant potential amperometry (CPA), chronoamperometry and pulsed Amperometric

detection (PAD). [42].

Voltammetry measures current while applying a varied potential. In essence, the set up
operates much like amperometry apart from the varying potential (see Figure 2.7). Voltammetry
deviates among each other based on the regularly varied potential, which include: cyclic
voltammetry (CV), fast cyclic voltammetry (FCV), linear sweep voltammetry (LSV), staircase
voltammetry (SCV), normal pulse voltammetry (NPV), differential pulse voltammetry (DPV) and
differential normal pulse amperometry (DNPV) [43].
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Figure 2.6: Schematic of a typical constant potential amperometry (CPA) set-up [44].

20



Potentiostat

W.E. 4 L

A 0D

§

I

L} o —

T

Figure 2.7: Schematic of a typical cyclic voltammetry (CV) set-up [45]. Where W.E. represents
the working electrode, R.E. is the reference electrode and C.E. is the counter electrode or

auxiliary electrode.

In both amperometry and voltammetry techniques, the species of interest is involved in a

redox reaction according to:
O+ne —R (Equation 2.1)

where O represents the oxidised species, ne” presents the number of electrons transferred and R

represents the reduced species.

The Nernst equation [46] (Equation 2.2) must be used to ascertain the concentration of

the species of interest and, is as follows:

Eey=E + %ln% (Equation 2.2)
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where E” represents the standard electrode potential, R represents the gas constant, T represents
the temperature, n represents the number of electrons transferred, F is the Faraday constant, [O]
is the concentration of the oxidised species and, [R] is the concentration of the reduced species

[46].

2.4 Mass Transport and Interfacial Region

The overall rate of an electrochemical cell reaction is controlled by two factors: the rate of
the electron transfer at the working electrode surface and the rate of the analyte’s diffusion from
the bulk solution to the active surface of the electrode. Mass transfer refers to the processes
responsible for the movement of analyte through the system or electrochemical cell. This may

occur via three processes: migration, convection and diffusion.

Migration only affects charged species and causes movement of hydrated cations and
anions under the influence of an applied potential. In the context of constant potential
amperometry, migration’s effect is negligible due to the addition of a large excess of the
electrolyte. ~ Convection is the transfer of mass through mechanical motion by thermal effects
or forced agitation by stirring or other methods. Often a steady-state system is coupled with

stirring.

Diffusion is the process of moving an analyte from a region of high concentration to one
of a low concentration. The simplest process of diffusion was developed by A. Fick in the 19
century and condensed into Fick’s two laws (see Equation 2.3 and 2.4), which state: the molar flux
due to diffusion is proportional to the concentration gradient, and the rate of change of
concentration at a point in space is proportional to the second derivative of concentration with

space.

Fick’s first law defines diffusion as:
oc .
J=-D o (Equation 2.3)

.. . b . .
Where J represents the flux of the species in question, —; represents the concentration gradient in

the direction of x and D represents the diffusion coefficient.
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Fick’s second law is concerned with the variation of concentration due to the effect of
time. It is defined as:

Sc 8%c .
s P sz (Equation 2.4)

At the surface of microelectrodes where the currents are small and the analyte does not deplete,
conditions found during a constant potential amperometry calibration, the concentration gradient

equals zero or in other words is constant with time, i.e. a steady-state current is achieved.

Fick’s second law was adapted to describe the case for planar electrodes, such as disk
geometry, and is referred to as Cottrell’s equation [47] (Equation 2.5). Cottrell’s equation is
given by:

nFADY 2¢cy,

I =nFAJ = 2

(Equation 2.5)

where I represents current, n represents the number of electrons transferred, A represents the area
of the planar electrode, J represents the flux, D represents the diffusion coefficient, c. represents

the concentration of the analyte in the bulk and, t represents the time. This can be simplified to:
I=kt™1/? (Equation 2.6)
where k is just the collection of constants.

The influence of the applied potential occurs in an area between the electrode and bulk
solution called the interfacial region. This region is an inherent phenomenon of applying charge to
a solution with unique properties such as, charge separation between the electrode and bulk
solution with one layer acquiring an excessive positive charge while the other layer acquires a
counter charge of the same magnitude and opposite sign [48] (i.e. the double layer) which affect
diffusion and thus, diffusion coefficient. For this reason, it is vital to minimise the interfacial
region. The charge separation in this region is the cause of the capacitance current i.e. the

background current.
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2.5 Microelectrodes

Microelectrodes have been around since the 1920°s [49]. There use in electrophysiology
enables the recording of neural signals or the electrical stimulation of nervous tissue [50, 51].
There construction typically comprise of insulated inert metal wires, with high Young modulus,
such as: tungsten, stainless steel or, platinum-iridium alloy with an exposed conductive tip [52].
The most common geometries of the exposed conductive tips are disks, cylinders, ring and line.
This work predominantly used disk geometries with platinum-iridium alloy metal, unless expressly
stated otherwise. Cottrell’s equation deviation (Equation 2.7) can give the steady-state current in

the limiting region for a disk via:

nFADY/ 2 ¢y,

1= = 2nnFDcx (Equation 2.7)

where r represents the radius, and all over variables follow the representation of Equation 2.5.

2.6 Enzyme Kinetics

Many sophisticated mathematical models have been used to detail the kinetics of enzymes
in membranes in use with biosensors with thick and/or conducting layers [3]. Established models
like that described by Paul V. Bernhardt [53] and R. Baronas et al [54] are beneficial in terms of
optimising biosensors incorporating these thick and/or conducting layers due to an advanced
insight into the enzymes activities. The pioneers of such research into enzyme kinetics were
Leonor Michaelis and Maud Menten, who conducted a fundamental experimental approach
undertaken in 1913 [55], in which they demonstrated that the rate of an enzyme-catalysed reaction
is proportional to the concentration of the enzyme-substrate complex described by their own
Michaelis-Menten equation [56]. This model of enzyme kinetics holds true for biosensors
incorporating thin layers [57]. The origin of the concept of enzyme saturation came from Adrian
Brown with derivation of the equations for enzyme kinetics from Victor Henri [58]. Chemical
reactions and enzyme-catalysed reactions are differentiated from one another via Brown’s concept
of enzyme saturation: when an enzyme-catalysed reaction reaches its maximum velocity, it is no

longer dependent on the concentration of its substrate.
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The Michaelis-Menten model is aptly described for a system where a substrate (S) binds
reversibly to an enzyme (E), forming an enzyme-substrate complex (ES) and a following
irreversible reaction producing the product (P) and regenerating the free enzyme (E). Such a

system can be presented as:
E+S <=ES ->E+P (Equation 2.8)
The Michaelis-Menten equation for the system detailed above is given by

_ Vmax [S]

V= KutIs]

(Equation 2.9)

Where; v represents the initial rate observed at total substrate concentration [S], Ve denotes
maximum velocity of enzyme turnover (this is the limiting rate) and K is the concentration at half

Vmax [64] .

Arguably the most proficient derivation of this Michaelis-Menten equation originates in
1925 by renowned scientists of their day, George Briggs and J. B. Haldane [59]. A form of it is
given by:

E+5S =——= ES : E+P (Equation 2.10)

where, kon symbolises the association rate constant of the binding of the substrate to the enzyme,
kotr 1s the reverse of this, the dissociation and ke is the rate constant of the irreversible generation
of the product and return of the free enzyme. The dissociation binding constant (Kp) of the enzyme-

substrate is by definition:

Ky = t—ff (Equation 2.11)

In order to progress this derivation, the rate constants are defined, allowing differential rate

equations of each chemical species to be defined;

For the substrate:

% = —KonlE][S] + kog[ES] (Equation 2.12)

For the free enzyme:
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%= —Kkon[E1[S] + (Kofr + Kear) [ES]

For the enzyme-substrate complex:

dis] = KonlET[S] — (kogr + Kear)[ES]

Finally, for the product:

d[P]
dr = kcat[ES]

(Equation 2.13)

(Equation 2.14)

(Equation 2.15)

In the vast majority of systems, the rate equation for ES can be described with a steady-state

approximation. This means that the substrate is readily binding to the available sites of the enzyme

at the start of the reaction due to low substrate concentration and, the ES concentration will remain

relatively constant until a substantial amount of the substrate is consumed. This is observed in the

linear relationship found on a graph of substrate concentration vs. the rate of the reaction. This is

the first of the implicit assumptions in the Michaelis-Menten model of enzyme kinetics [55]. A

consequence of this being that the linear region of the graph, in which the product is formed

linearly with time, is used to compute the reaction velocities. In terms of biosensors, this can be

referred to as the biosensor operating range of concentration [60]. Considering only the initial

reaction velocities, [ES] can be assumed constant;

d[ES] _
at

0

= KkonlE1[S] = (Kofr + kcat)[ES]

(Equation 2.16)

(Equation 2.17)

Now, to calculate the rate equation of the product, the concentration of ES must be established.

This is achieved through configuration of the equation above, with the understanding that the free

enzyme is simply

[E] = [E7] - [ES]

(Equation 2.18)

With E7 being the total enzyme concentration. Making these adjustments gives

Kon([E7] = [ESDIS] = (Kofr + Kcar) [ES]

kon[ET] [S]— kon[ES][S] = (Kofr + Kca) [ES]

Kon[ET][S] = (Kofr + kead) [ES] + kon[ES][S]
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(Equation 2.20)

(Equation 2.21)



Thus, [ES] can be calculated via

— Kon[ET][S] — [ET][S] .
[ES] = Gt keaor+ konlS] - (Folthsat) (Equation 2.22)

So, the initial rate observed at total substrate concentration is

= — KeatlBrllS] :
v = Keg|ES] = Forrt kear (Equation 2.23)
Kon
Redefining some of the terms in the Briggs and Haldane derivation, yields the Michaelis-Menten
equation. As Vi denotes the maximum velocity of enzyme turnover, it is the same as keat[ £S]
when the enzyme-substrate complex concentration is equal to the total concentration of the

enzyme. Ky can be used to represent the rate constants, thus:

koff+ Kcat

Vinax = kcat[ET] 5 KM = K

(Equation 2.24)

— Vmax[S] .
Sv= Ko +[5] (Equation 2.25)

It should be noted that [S] here represents the free substrate concentration. However, this is usually
assumed to be close to the total concentration of the substrate. This is the second of the implicit
assumptions, known as the free ligand approximation. This approximation relies on the Ky of a
system being much larger than the total enzyme concentration. When this isn’t the case, such as a
very high-affinity substrate, the Morrison equation [61] must be implemented instead. Michaelis
and Menten postulated that the reasoning behind the Ky value always being larger than the Kp
value results from the substrate binding and dissociation occurring a lot quicker than the product
forming, kear << Kofr, this being the third and final implicit assumption, the rapid equilibrium
assumption. The Briggs and Haldane derivation didn’t include an assumption towards the relative
keat and kofr, meaning the Michaelis-Menten kinetics are a special specific case of this derivation.

Van Slyke and Cullen details the inverse of these conditions [62].

The Michaelis-Menten equation is accompanied by a quintessential graph (see Figure

2.10), with distinct regions as described above.
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Figure 2.10: A graph of substrate concentration vs. the rate of reaction depicting the function

predicted by the Michaelis-Menten equation with the kinetic parameters Vax and K.

From the origin of the plot, the linear region is present. In this region, the reaction rate is
proportional to the substrate concentration, as is the current produced. This is because the rate
determining step is the electron-transfer event. The slope (m) of this region will yield the

sensitivity, given by:

m = Jmex (Equation 2.26)
Km

Once enough of the substrate is consumed, Viax 1s actualised, or the plot plateaus as all active sites
of the enzyme are being used. Once this has been achieved, the concentration of the substrate will
no longer have an effect on the reaction velocity as the enzyme is overwhelmed, unable to catalyse
the reaction to a higher degree, and the system is said to be under diffusion-control [63]. This is

also referred to as maximum enzyme turnover rate [55]. Here, the maximum current is received.

An insight into the enzyme-substrate affinity comes from the Kjs value. More readily bound
substrates to the enzyme active sites will yield lower Ky, values. Thus, the efficiency of a process

can be followed through this value. It will also dictate the limiting current.
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Chapter Three — Experimental

3.1 Reagents and solutions

All reagents were supplied by Sigma-Aldrich Ireland Ltd. (Dublin), unless otherwise
stated. General chemicals included (y)-Aminobutyric acid (99%), L-glutamic acid (monosodium
salt, 99%), NADP (disodium salt, > 97%) dopamine (hydrochloride), 5-hydroxytryptamine (5-
HT), L-glutathione (oxidised form), dehydroascorbic acid (DHAA), uric acid (UA, potassium salt),
3.,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), 5-hydroxyindoleacetic acid
(5-HIAA), L-tyrosine, L-cysteine, L-tryptophan and ascorbic acid (AA). Specific reagents used in
biosensor manufacture were the immobiliser styrene (Sty, 99%), the enzymes GABase (GAB,
lyophilized powder, from Pseudomonas fluorescens), L-glutamate oxidase (GluOx, EC 1.4.3.11,
recombinant E. coli, 2B Scientific Ltd., Oxford, UK), the cross-linking agent glutaraldehyde (GA,
Grade 1, 25%), and the stabilisers bovine serum albumin (BSA, fraction V from bovine plasma)
and polyethylenimine (PEI, 80% ethoxylated). Poly (ortho-phenylenediamine) (PoPD, 1,2-
diaminobenzene, > 99%) was used to create a thin self-sealing permselective underlayer (see

Biosensor fabrication).

All solutions were prepared in Milli-Q® water (18.2 MQ cm). In-vitro experiments were
performed in phosphate buffered saline (PBS, 1000 mL stock), pH 7.4 (137 mM NacCl, 2.7 mM
KCI and 10 mM phosphate buffer solution, prepared from commercial tablets), except for pH
studies where adjustments were made using either NaH2POs or NaOH and, addition of L-
glutameric acid, a-ketoglutarate and NADP to the bulk (see Section 4.2 for details). Solutions used
in biosensor manufacture (o-PD monomer, 300 mM in N»-saturated PBS; GAB 5 U/mL, GAB 50
U/mL, GAB 100 U/mL in 75 mM phosphate buffer, pH 7.2, containing 25% (v/v) glycerol; GluOx,
100 U/mL in 0.02 M potassium phosphate buffer, pH 7.4; BSA, 1%; GA, 0.1%; PEI, 1%) and,
calibration (GABA, 0.1 M) and (L-glutamic acid, 0.1 M) were prepared fresh on the day of use.
Interferent solutions were prepared as required, and depending on stability either used fresh (e.g.

AA) or stored frozen (—80 °C) between use.
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3.2 Biosensor Fabrication

Pt/Ir disc (Pt/Irp) and cylinder (Pt/Irc) electrodes were constructed using 5 cm lengths of
Teflon®-coated Pt/Ir (90%/10%) wire (127-um bare diameter, 203-um coated diameter, Science
Products GmbH, Hotheimer Stra3e 63, D-65719 Hofheim, Germany). Using a new scalpel blade
a section of the Teflon® insulation was striped back under a stereo microscope (Olympus SZ51,
Mason Technology Ltd., Dublin), exposing approximately 2 mm of wire which was then soldered
into a gold clip (In vitro - Fine Science Tools GmbH, 69115 Heidelberg, Germany; In vivo -
Plastics One, Roanoke, VA, USA). This provides both electrical contact and rigidity to allow
connection to the potentiostat. The active surface was then created by carefully cutting the opposite
end of the wire to create a disc surface. Cylinder electrodes were prepared by subsequently
removing a 1 mm or 4 mm portion of the insulation. A macroelectrode platinum (Ptp) with a 1.6
mm diameter were also utilised (MF2013 - BASi® Research Products, 2701 Kent Avenue, West
Lafayette, USA). These electrodes were polished prior to each use, starting with 15-um coarse
diamond polish for approx. 20 minutes, then a 3-um fine diamond polish for approx. 20 minutes,
and finally finished with a 1-um very fine diamond polish for approx. 20 minutes. Electrodes were

subsequently rinsed with purified water.

Various chemical layers were then used to modify this surface in order to facilitate enzyme
immobilisation, interference rejection, etc. The first of these was PoPD which was
electrochemically grown from a solution of 0-PD monomer (300 mM in N, saturated PBS)
following a previously reported procedure [1, 2]. This layer was allowed to dry for a minimum of
3 h at room temperature (ca. 21 °C) before proceeding with the sequential layering of the other
reagents using a dip-adsorption method [3]. Briefly, the Pt/PoPD electrodes were first dipped into
the immobiliser Sty (ca. 0.5 s), and then consecutively dipped (ca. 0.5 s each) into GluOx (100
U/mL), GAB (5 U/mL, 50 U/mL, 100 U/mL), a BSA:GA (1.0:0.1%) mixed solution, and PEI
(1%), with 4 min drying between each GluOx/GAB/BSA:GA/PEI or differing sequential (see
Section 4.2 for further details) coatings. Further drying and/or layering was performed in order to
optimise the design in terms of sensitivity and ease of construction (see Section 4.2 (GAB) &

Section 5.2 (Glu)). All sensors were stored overnight at 4 °C before being calibrated [3, 4].
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3.3 Calibrations, stability and biocompatibility

GABA (0-10 uM, 0-60 uM, 0-10 mM) and L-Glutamate (0—10 mM) calibrations were
performed using constant potential amperometry (CPA) in a standard three-electrode glass cell
containing 15 mL of air-equilibrated PBS at room temperature (21-23 °C), unless otherwise stated.
Reference and auxiliary electrodes were a saturated calomel electrode (SCE) and Pt wire
respectively. A potential of +700 mV (vs. SCE) was used for monitoring H>O» oxidation [1].
Sensors were allowed to settle for ca. 3 h before commencing calibrations. These were performed
by injecting aliquots of the analyte into the buffer solution every 4 min (arbitrarily chosen). Each
injection was followed by immediate stirring/mixing (ca. 5 s), with the current change measured
immediately prior to the next injection. A GABA cyclic voltammetry (CV) investigation was
performed under similar conditions. Scan rate was set to 50 mV/s for 10 scans. Potential window

was setto -0.25 -1 V.

Interferent testing typically commenced with AA (the principal endogenous interferent 35,
6]) and differed from GABA and glutamate calibrations in that the injection of aliquots of the
respective chemicals was generally performed every 10 min with stirring/mixing lasting ca. 10 s.

A similar protocol was followed for interferent testing in the presence of glutamate (100 uM).

The oxygen-dependence study was performed in PBS which was de-aerated by vigorously
purging with N> for at least 30 min before commencing recording. Thereafter a N> cloud was
maintained above the solution. An aliquot of L-glutamate was introduced into the cell to produce
the desired concentration (10, 100, 200 or 500 M), followed by the addition of standard aliquots
(313 uL, +319 uL, etc.) of a saturated O> solution (100%, 1200 uM), yielding 25 uM O
increments over the range 0—200 M every 4 min, with a brief stirring/mixing period (ca. 5 s) after

each addition.

Temperature controlled experiments were performed in a jacketed cell (ALS Ltd, 1J
Cambria Scientific Ltd, Llanelli, UK), attached to a thermostatically controlled circulating water
bath (Julabo Corio CD-BC4, Fisher Scientific, Dublin, Ireland). The temperature of the PBS was
continuously recorded throughout the calibration using a commercial T-type thermocouple (AD
Instruments Ltd., Oxford, UK) connected to a temperature pod (ADInstruments Ltd.) and interface
system (eDAQ eCorder®, Green-Leaf Scientific, Dublin, Ireland). If required, adjustments were

made to the bath temperature controller to maintain the desired temperature in the cell.
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Stability/shelf-life was determined by comparing the response of the same and different
batches of biosensors stored dry at 4 °C between calibrations performed on days 1, 14 and 28. For
biocompatibility testing sensors were carefully placed in moist brain tissue and stored at 4 °C

between calibrations on days 1 and 14.

3.4 Instrumentation, software and data analysis

A custom designed low-noise potentiostat (Biostat IV, ACM Instruments, Cumbria, UK)
was used for all electrochemical experiments. Data acquisition was performed with a Dell
notebook PC (in vitro) or Apple iMac® (in vivo), a PowerLab® 8/30 (ADInstruments Ltd) or eDAQ
e-corder (Green-Leaf Scientific) interface system, and LabChart® for Windows (Version 6,
ADInstruments Ltd.), eChem (v2.1.16, eDaq Ltd., Sydney, Australia) or eDAQ Chart (Version
5.5.23, eDAQ Pty Ltd., NSW 2112, Australia). GraphPad Prism (Version 8.2.0; GraphPad
Software Inc., CA, USA) was used for all data analysis and graphical presentations. Data is
expressed as mean + SEM, where n denotes the number of sensors. All signals were baseline
subtracted and calibration curves were analysed to calculate the enzyme kinetic parameters Vmax
and Kwu using either Michaelis-Menten or Michaelis-Menten Hill-type equations [1, 7], as
determined by the best non-linear regression fit. The linear range was defined by Kwm/2 [8, 9] and
sensitivity (Linear Region Slope, LRS) was determined using linear regression analysis. Biosensor
efficiency (BE%) normalises the biosensor response with respect to H,O» sensitivity and was
calculated as LRS x 100/Slope(H202). It reflects the major enzyme parameters determining the
biosensor response to glutamate (i.e. loading of active enzyme and enzyme affinity) independent
of H20: sensitivity [8, 10]. KmO2 and [O2]90% were calculated based on previously defined criteria
[9, 10]. Statistical significance tests were performed using t-tests (two-tailed paired or unpaired
where appropriate) or one-way ANOVA (with Tukey's post-hoc analysis). Values of P <0.05 were

considered to indicate statistical significance.

3.5 Surgical procedures

Male Wistar rats (data from 10 animals, typically 250-350 g; Charles River Laboratories

International, Inc., UK) were anesthetised with Isoflurane (4% in air for induction, 1.5-3% for
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maintenance; Bioresource Unit (BRU), Maynooth University) using a Univentor 400 Anaesthetic
Unit (AgnTho's AB, Sweden). Once surgical anaesthesia was established the animals were placed
in a stereotaxic frame and the biosensors implanted following a previously reported method [11,
12]. The level of anaesthesia was checked regularly (pedal withdrawal reflex). Coordinates for
striatum and prefrontal cortex, with the skull levelled between bregma and lambda, were AP + 1.0,
M/L + 2.5 and D/V =5 and AP + 3.2, M/L + 0.8 and D/V —4.2 respectively. A reference electrode
(8T Ag, 200-um diameter; Advent Research Materials, Suffolk, UK) was implanted in the cortex
and an auxiliary electrode (8T Ag wire) wrapped around a stainless steel support screw (Fine
Science Tools GmbH) placed in the skull. All electrode connectors (gold clips) were placed in a
six pin multi-channel electrode pedestal (MS363, Plastics One, Roanoke, VA, USA), which was
secured to the skull using dental acrylate (Dentalon Plus, AgnTho's AB) and four support screws.
Saline (0.9%) and analgesic (Buprecare®; BRU, Maynooth University) were administered
immediately following surgery. Animals were then allowed to recover for several hours in a
thermostatically controlled cage (Thermacage MkII, Datesand Ltd, Manchester, UK), and assessed
for good health according to published guidelines [13], regularly throughout the day of surgery,
and subsequently at the beginning of every day. All in vivo work was carried out with approval
from Maynooth University Research Ethics Committee (BSRESC-2017-019), and under license
(B100/2205 and HPRA AEI19124/PO19) in accordance with the European Communities
Regulations 2002 (Irish Statutory Instrument 566/2002 — Amendment of Cruelty to Animals Act
1876), and Part 5 of the European Union (Protection of Animals Used for Scientific Purposes)
Regulations 2012 (S.I. No. 543 of 2012).

3.6 Experimental Conditions In Vivo

For experiments, animals were singly housed in Raturn® sampling cage systems (BASI,
West Lafayette, IN, USA) which allowed free movement of the animal during recording (see
Figure 3.1). All experiments were performed in the animal's home bowl in a temperature-
controlled experimental facility with a 12 h light/dark cycle (lights on at 07:00) with access ad
libitum to food and water. The implanted sensors in each animal were connected directly to the
potentiostat in the late afternoon via the six pin electrode pedestal using a flexible screened six
core cable (363-363 6TCM, Plastics One). The potential (+700 mV) was then applied and each

animal was given at least 12 hours before experiments were started to allow them to become
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reaccustomed to being tethered. A low-pass digital filter (50 Hz cut-off) was used to eliminate
mains AC noise and all data was recorded at either 4 or 40 Hz depending on the experiment.
Movement was registered using a PIR detector (Gardscan QX PIR, Gardiner Technology,
Queensway, Rochdale, OL11 1TQ, UK) modified in-house with a microprocessor to enable
enhancement of the resolution of the sensor thereby registering more movement. Restraint stress
was carried out using a form of wrap restraint which involved using a hand towel to immobilise

the animal in the home bowl for a period of 5 min.
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Potentiostat -

4 Electrode Pedestz
 inDental Cement

BASi Raturn® =

Figure 3.1: Picture showing an implanted tethered animal housed in its home bowl
(Raturn® sampling cage system) and connected to the potentiostat (Biostat IV) and data

acquisition interface system (PowerLab® 8/30).
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4.1 Introduction

Initially synthesised in 1883, gamma-aminobutyric acid (GABA) was identified as purely a
metabolic product of plants and microbes. It wasn’t until nearly 70 years later that GABA was found to be
an integral part of the mammalian central nervous system (CNS) [1]. A mere nine years following this
discovery, GABA was first seen at an inhibitory synapse of crayfish/lobster muscle fibres stimulating the
inhibitor nerve [2]. While some research has gone into understanding GABA in terms of its chemistry and
function as a neurotransmitter (previously discussed in Section 1.3), it hasn’t received anywhere as much
investigation in the scientific community as melatonin which may be one of the reasons it’s not largely
known in the public’s eye. There does however seem to be a shift in the public’s perception of GABA, such
as adding it to food [3]. However, research has confirmed it to be the major inhibitory
neurotransmitter acting on approximately one third of all neurosynapses of mature mammalians
[4, 5]. GABA basal concentration has been previously reported at levels up to 0.5 uM [6, 7], but
not at all, or only in trace amounts, in peripheral nerve tissue such as sciatica nerve, splenic nerve,
and sympathetic nerve, or in any other peripheral tissue such as the liver, spleen and heart [8]. The
importance of this vital biosynthesised chemical and its associated mechanisms has been linked to
sleep [9], mood [10], pain perception [11] and overall health. Dysregulation of GABA has been
linked to temporal lobe epilepsy [12, 13], Parkinson’s disease [14], Huntington’s disease [15] and
an array of psychiatric diseases such as depression , anxiety disorders [ 16-18], alcohol use disorder,
spastic diseases and idiopathic hypersomnia [18], and schizophrenia [19, 20]. A further insight to
GABA and its mechanisms could enhance treatments of these various illnesses, or possibly assist

in the development of new pain management regimens.

Interestingly, GABA acts primarily as an excitatory neurotransmitter in the immature
mammalian brain development [21-24]. Prior to the formation of synaptic contacts, GABA
synthesised by neurons assumes the role of both autocrine and paracrine signalling mediators [25].
During this stage of development GABA is responsible for the growth of progenitor cells [26, 27],
the migration [28], differentiation [29, 30], the elongation of neurites [31], the formation of

synapses [32], and the growth of embryonic and neural stem cells [33].

With such importance on this neurotransmitter, various methods have been employed to
detect and monitor it, for instance; colorimetric [34], on-line sensor in a flow cell [35], an acoustic
biosensor [36], carbon film electrode [37], microdialysis [38, 39], and amperometric biosensors

[40]. There have been several publications with the use of immunosensors (i.e. biosensors using
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antibodies as the biological recognition unit) to detect GABA [41-43]. The development of
immunosensors offer potential but they all suffer for a lack of temporal response, on the order of
seconds and sometimes minutes when sub-second responses are required for real-time
neurochemical insight of neurotransmitters. The biggest challenge facing the development of an
accurate and timely method of detection and monitoring of GABA is the lack of a direct in vivo
detection method and consequently, a lack in temporal and spatial resolution for its function as a
neurotransmitter. The table below illustrates the limitations of previously release work for

neurochemical monitoring of a neurotransmitter.

Table 4.1: Detailing the research efforts of various groups to develop a sensor capable of

monitoring GABA and highlighting the shortcomings for in vivo monitoring.

Limit of Temporal In Vivo
Author Year Technique
Detection Resolution Application
F. Mazzei, et. al 1996 Amperometric biosensor 20 uM 2 min Not viable
O. Niwa, et. al 1998 On-line sensor in flow cell 0.1 uM Approx. 7 min Not viable
A.Zhou & J. L .
2004 Acoustic biosensor 38 uM N/A Not viable
Muthuswamy
N. Sekioka, et. al 2008 Electron cyclotron resonance 30 nM 2 min Not viable
I. Kagen, et. al 2008 Gas chromatography 0.2 nM 28 min Not viable
A. Jinnarak & S. Colorimetric method based on
2016 =560 uM 1 min Not viable
Teerasong silver nanoparticles

GABase and Glutamate Oxidase working in tandem, suggests a potential elimination of
these limitations. This body of work details the aim of producing a first generation biosensor i.e.

involves the consumption of O> or production of H,O,. While there has been previous reports of
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GABA oxidase isolation from Prof. Mastumoto’s research group (Department of Applied Biology,
Kanagawa Institute of Technology, Japan) [44], it is not commercially available. Additionally, Dr.
Hitoshi Kusakabe (Enzyme-Sensor Co. Ltd.), an enzyme expert and the person who originally
isolated glutamate oxidase, has little faith in the currently published works regarding GABA
oxidase isolation (personal communication with Prof. Lowry). In his view it has neither the
stability nor specific activity required for biosensor development. He also found that with other
potential sources it could not be found in sufficient quantities. Due to this, a triple enzyme system
was utilised. GABase, a commercially available dual enzyme was employed for the initial steps in

the system. The reaction scheme was as follows:

GAB
GABA + a-ketoglutarate M L-glutamate + succinic semialdehyde (1)

After this reaction has taken place, an underlying glutamate biosensor is capable of converting the

glutamate produced into hydrogen peroxide, which can be oxidised to produce an output signal.

Gluo
L-glutamate + O> + H> O - a-ketoglutarate + NH3 + H>O> (2)

+ 700 mV vs.SCE
HO; ———— > 0> + 2H+ + 2¢ (3)

An alternative method also exists following equation (1):

ALDH5A1
Succinic semialdehyde + NADP" + H)O — succinate + NADPH  (4)

+ 700 mV vs. SCE
NADPH —————— NADP" + 2H" + 2¢ (5)

This development of a first generation biosensor for neurochemical monitoring of GABA

relies on earlier work targeting glutamate [45, 46] and further development in Chapter 5.
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4.2 Results and Discussion

This section details the different steps involved in the design and development of the
GABase-based biosensor. The aim was to find an optimal design which maximised the biosensor’s

sensitivity.

4.2.1 Unit Activity

The unit activity of an enzyme solution has been shown to have a significant effect on the
operation of a biosensor [47]. This was the first issue to be addressed in the development of a
biosensor capable of monitoring GABA. In order to tackle this issue, an arbitrary biosensor design
needed to be selected. The design was based on previously published work by Prof. Lowry’s
research group targeting glutamate [45, 46], various other neurochemicals [47-51] and further
refinement of a glutamate biosensor (detailed development presented in Section 5.2.1). The design

chosen was:
Pt/Irp (90:10) - Sty-[Glu (100 U/mL —GAB (Figure 1) -BSA (1.0%):GA(0.1%) —PEI (1%)]:5

All other component concentrations remain as stated above, unless stated otherwise (this
denotation is laid out in Section 3.2) and the unit activity of the GAB solution was varied (see
Figure 4.1). Glutamate was required in the bulk in order to facilitate the production of glutamate
to generate the signal (see reaction scheme (/-3) in Section 4.1). No signal output from the altered
unit activities was observed (see Figure 4.2). No significant difference was observed across the
varied unit activity (P = 0.1935 for 5 U/mL vs. 50 U/mL, P=0.0511 for 5 U/mL vs. 100 U/mL, P
= 0.9738 for 50 U/mL vs. 100 U/mL, one-way ANOVA). Negative values can be attributed to
baseline drift or random noise [49, 52] and applies to all figures going forward. It was concluded
that perhaps the order of the GAB in the underlying Glu biosensor was hindering the operation of
the biosensor. The unit activity was to be investigated again once an appropriate order of GAB in

the sequence was determined.
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Unit Activity

0.2
-0~ 5U/mL

- 50 U/mL
—— 100 U/mL

I I I
0 5 10

[GABA]/ 1M

Figure 4.1: The mean current-concentration profiles for GABA [0-10 uM] calibrations carried out
in PBS (pH 7.4, containing glutamate [10 uM]) using the design Sty-(GluOx-GAB-BSA:GA-
PEI)1s, where the concentration of GABase was varied (5 U/mL, 50 U/mL, 100 U/mL). CPA was
carried out at +700 mV vs. SCE.

Comparison at 5 uM [GABA]
0.0-
B 5 U/mL
B 50 U/mL
-0.1- Bl 100 U/mL
<
=
-0.2-
I ns I ns I
0.3 | ns J

Figure 4.2: A comparison of the signal generated at 5 uM [GABA] for Figure 1. Ordinary one-

way ANOVA with multiply comparisons was performed. No significant difference was found, P
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=0.1935 for 5 U/mL vs. 50 U/mL, P =0.0511 for 5 U/mL vs. 100 U/mL, P =0.9738 for 50
U/mL vs. 100 U/mL, one-way ANOVA.

4.2.2 GABase Position in Biosensor Design

The ordering of components in a composite design format have been seen to have an effect
on the output of a biosensor [47, 49]. As no obvious unit activity of the GAB solution was found
to have an observable reaction (see Figure 4.2), an arbitrary unit activity needed to be elected. 100
U/mL was chosen as this is the same unit activity of the Glu solution. The unit activity of the GAB
solution was maintained at 100 U/mL, unless stated otherwise. The results shown in Figure 4.3
found that there was again no signal generated from altering the position of GAB. A comparison
at 5 uM [GABA] using an ordinary one-way Anova analysis with multiply comparisons was also
performed (see Figure 4.4). No significant difference was present (P = 0.4025 for Red vs. Green,
P =0.5890 for Red vs. Blue, P = 0.9191 for Red vs. Purple, P = 0.9991 for Green vs. Blue, P =
0.1389 for Green vs. Purple, P = 0.2990 for Blue vs. Purple, one-way ANOVA).

Order in Sequence

-o- Sty-(GAB-GluOx-BSA:GA-PEI) 5
- Sty-(GluOx-GAB-BSA:GA-PEI) 5

-4 Sty-(GluOx-BSA:GA-GAB-PEI)45
-+ Sty-(GluOx-BSA:GA-PEI-GAB)45

1/ nA

-0.4-

I T T
0 5 10

[GABA] / uM

Figure 4.3: The mean current-concentration profiles for GABA [0-10 4M] calibrations carried out

in PBS (pH 7.4, containing glutamate [10 xM]) using the design Sty-(GluOx-BSA:GA-PEI);s.
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Where the position of GABase in this sequence of components was varied. CPA was carried out

at +700 mV vs. SCE.

Comparison at 5 uM [GABA]

Bm Sty-(GAB-GIuOx-BSA:GA-PEI) 5
B Sty-(GluOx-GAB-BSA:GA-PEI) 5
17 B Sty-(GluOx-BSA:GA-GAB-PEI)5
B Sty-(GluOx-BSA:GA-PEI-GAB),5

I/nA

-0.2

-0.3- I ns I ns I ns I

Figure 4.4: A comparison of the signal generated at 5 uM [GABA] for Figure 3. Ordinary one-
way Anova with multiply comparisons was performed. No significant difference was found. P =
0.4025 for Red vs. Green, P =0.5890 for Red vs. Blue, P =0.9191 for Red vs. Purple, P =0.9991
for Green vs. Blue, P = 0.1389 for Green vs. Purple, P = 0.2990 for Blue vs. Purple, one-way
ANOVA

4.2.3 Post Glutamate Biosensor Layering

Another possible reason for the lack of a response may have been due to GAB being
incorporated into the biosensor. It could be a case of over-loading the active surface which could
hinder the analyte’s ability to reach it. In order to investigate this hypothesis following the

construction of the glutamate biosensor the GABase was then layered as per the design below:
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Pt/Irp - Sty — (GluOx-BSA:GA-PEI)15s-GABx

Where, X is the number of layers of GABase. Experiments were performed using 5, 10 or 15
layers of GABase (see Figure 4.5). Unfortunately, the post-layering of GABase proved to have

no discernible impact on the biosensor’s ability to detect GABA.

Layering

-o- Sty-(GluOx-BSA:GA-PEI);5-GAB;
- Sty-(GlUOX-BSAIGA-PE])ls-GAB]0
—h— Sty-(GlUOX-BSAIGA-PE[)]5-GAB15

I T T
0 5 10

[GABA]/ 1M

Figure 4.5: The mean current-concentration profiles for GABA [0-10 x#M] calibrations carried out
in PBS (pH 7.4, containing glutamate [10 uM]) using the design Sty-(GluOx-GAB-BSA:GA-
PEI)15-GABx. Where the number of layers of GABase is varied (5, 10 or 15). CPA was carried out
at +700 mV vs. SCE.

5.2.4 Active Surface Response

Over-loading of the triple enzyme on the active surface could still be the potential problem.
To investigate this complication further, various experiments were performed. Firstly, an aliquot
of glutamate was added to a GABA calibration method (see Figure 4.6) and the concentration of
GABA for the calibration was expanded slightly to ensure no signal output. The design used to

investigate this was:

P/Irp - Sty-(GluOx-GAB-BSA:GA-PEI)s

52



Secondly, the concentration of the GABA calibration was significantly increased to ensure
that the parameters previously operated under weren’t too restrictive (see Figure 4.7). The same
design detailed above was used for this investigation. Thirdly, the geometry could potentially
affect the ability of H20O» to reach the active surface. To eliminate this, the same biosensor design

was deposited on a 4 mm cylinder (see Figure 4.8). The design used for this was:
Pt/Irc 4 mm — Sty-(GluOx-GAB-BSA:GA-PEI)is

From these various experiments, a few insights were garnered. Any produced H>O> can
reach the active surface and be oxidised. The concentration of GABA during calibrations was not
the problem as even outside any physiologically relevant concentrations there was still no
response. The area of the active surface also was not the issue as responses are seen on both discs
and 4 mm cylinders where H>O> produced from the glutamate-glutamate oxidase reaction

generates a signal output.

Glutamate Aliquot
1.5 I\i
1.0
§ 0.5-
]
0.0_ .o ‘l I .................................... .. .....
-0.5-
I 1 1 1
0 20 40 60
[GABA]/ 1M

Figure 4.6: The mean current-concentration profiles for GABA [0-60 uM] calibrations carried out
in PBS (pH 7.4, containing 1 mM a-ketoglutarate) using the design Sty-(GluOx-BSA:GA-PEI)is.
Where the green data point presents an aliquot of 300 M glutamate. CPA was carried out at +700
mV vs. SCE.
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High Concentration GABA

0.04-
—e Sty-(GluOx-BSA:GA-PEI);5-GAB;,
& Sty-(GluOx-GAB-BSA:GA-PEI), 5
0-00_ o o [ll—————e——e—e—e—e—eoototootsosooooo ) ¢ s oo o0 e e e e s e
<
=
.
-0.04
-0.08-
1 1 1 1
0 5 10 15
[GABA]/ mM

Figure 4.7: The mean current-concentration profiles for GABA [0-10 mM] calibrations carried
out in PBS (pH 7.4, containing 100 mM a-ketoglutarate) using the design Sty-(GluOx-BSA:GA-
PEI);s. CPA was carried out at +700 mV vs. SCE.

4 mm Pt/Ir Cylinder

T T T
Baseline L-Glutamate GABA

Figure 4.8: The current-analyte profile for glutamate [0.1 mM] and GABA [0.1 mM] carried out
in PBS (pH 7.4) using the design Sty-(GluOx-GAB-BSA:GA-PEI)i5 on a 4 mm Pt/Ir cylinder
active surface. CPA carried out at + 700 mV vs. SCE.
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4.2.5 Alternative Detection Method

Previously published work by another research group demonstrated a response for GABA
using a macroelectrode while using CV [35]. No previous augmentations had generated a GABA
signal so a new starting point was to try and replicate these results. A platinum macroelectrode

with a diameter of 1 mm, was used with the design:
Ptp 1 mm - Sty-(GluOx-GAB-BSA:GA-PEIl)s

The scan rate was set at 50 mV/s for 10 scans. The eight scan is taken as the result (see Figure
4.9). The first scans were of PBS. The second scans were PBS containing an aliquot of 36.1 mM
a-ketoglutarate. The third scans were PBS containing aliquots of 36.1 mM a-ketoglutarate and 9.1

mM GABA. Unlike the published work, no reaction was observed here.

As mentioned in Section 4.1, an alternative reaction scheme exists potentially producing a
signal proportional to the concentration of GABA present. The reaction scheme (see /, 4, 5). This
would remove the need for GluOx in the biosensor design. This would however, mean it is no
longer classified as a first generation biosensor. The design used a Pt/Irp as before with the

deposited design being:
Pt/Irp - Sty-(GAB-BSA:GA-PEI);s

As glutamate has been removed a-ketoglutarate must be added to the bulk. In this case 1 mM of
a-ketoglutarate was added to ensure sufficient concentrations would be present if required (see
Figure 4.10). One of the genes (ALDHS5A1) present in the succinic semialdehyde dehydrogenase
enzyme, which makes up GABase, breaks down succinic semialdehyde producing NADPH [53].
NADPH is electroactive, has been utilised in biosensors before [54-56] and can be oxidised at the
electrode surface (at 700 mV/s vs. SCE) to regenerate NADP" which theoretically means no
additionally NADP" is required when present in sufficient concentrations. For the experiments

reported here, it was present in excess, at 5 mM.

Both the alternative technique and alternative reaction scheme again produced no signal
output. As such, no further exploration into the development of a first generation biosensor was

conducted.
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Cyclic Voltammetry using a Macroelectrode

— A.PBS

— B. A+ a-ketoglutarate
— C.B+GABA

I/ mA
N
1

I T T T
-0.5 0.0 0.5 1.0

Potential (V)

Figure 4.9: Cyclic voltammograms of a Sty-(GluOx-GAB-BSA:GA-PEI):5s of a Pt electrode (d =
1 mm) in (A) PBS, (B) PBS containing 36.1 mM a-ketoglutarate and, (C) PBS containing 36.1
mM a-ketoglutarate and 9.1 mM GABA. The scan rate was 50 mV/s vs. SCE.
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Figure 4.10: The mean current-concentration profiles for GABA [0-60 4M] calibrations carried
out in PBS (pH 7.4, containing 1 mM a-ketoglutarate) using the design Sty-(BSA:GA-PEI):s. CPA

was carried out at +700 mV vs. SCE.

4.3 Conclusion

The exploration into various designs and parameters in this body of work can be briefly
summarised as a study into unit activity, sequencing order, post-glutamate biosensor layering,
additives to the bulk, active surface response and, alternative methods for the development of a
biosensor capable of monitoring GABA. Unfortunately, there was no true indication present that
any of the varied designs or parameters had the potential to generate a signal for refinement. It is
most likely enzyme overloading causing the lack of signal (discussed in further detail in Section
6.1). It was concluded that efforts would be best spent on the development and characterisation of

the glutamate biosensor.
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CHAPTER FIVE

Design Optimisation and Characterisation of an Amperometric
Glutamate Oxidase-based Composite Biosensor for Neurotransmitter
L-Glutamic Acid
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5.1 Introduction

The amino acid, L-Glutamate, is prevalent throughout the mammalian brain, with an
estimated 60—70% of synapses using it as their neurotransmitter [1]. Consequently, it has been
shown to be vital for normal brain functioning in areas such as development, plasticity, learning
and memory, and sensory and motor systems [2]. Along with D-serine it is a co-agonist of the N-
methyl-D-aspartate (NMDA) receptor [3], abnormal functioning of which has been linked to
disorders such as epilepsy, stroke, and both neurodegenerative and psychiatric diseases [4-7].
Additionally, glutamate toxicity is also associated with neuronal death in ischemia,
hypoglycaemia, and trauma [8]. Notwithstanding such extensive research there is still significant
interest in improving and advancing our understanding of its neurochemical roles and mechanisms
of action. Key to achieving this is the ability to perform rapid (of the order of seconds or less)
highly sensitive measurements in the living brain. While this has proved challenging due to its low
basal concentration, reported to be ca. 10 uM [9-11], several research groups have monitored L-
glutamate levels using a variety of different analytical techniques, including brain microdialysis
[12], capillary electrophoresis [ 13], and optical (e.g. chemiluminometric [14] and fluorescent [15])
sensors. However, depending on the method, limitations associated with temporal and spatial
resolution, stability and biocompatibility, and interference, can hinder their suitability for in situ

neurochemical monitoring.

The use of miniaturised enzyme-modified electrochemical biosensors offers the greatest
potential of mitigating these shortcomings [9, 16, 17]. For glutamate monitoring such devices are
typically first-generation devices operating by detecting electroactive H2O» produced in an

enzymatic (oxidase) reaction; for glutamate/glutamate oxidase (GluOx) the reaction scheme is:

Gluo
L-Glutamate + H>O + O: == 2-oxoglutarate + NH3 + H>O: (1)

+7 mVvs. SCE
HO ——— > 2H" + 0, + 2¢ (2)

As such, they generally have fast response times but the high potential required for H>O»
oxidation can result in interfering signals from a variety of endogenous electroactive species
including ascorbic acid (AA) and dopamine [16]. Second generation biosensors incorporate a low
redox potential mediator [18] as a substitute for molecular O; in order to improve selectivity.

However, these tend to have slow response times and poor stability/sensitivity due to mediator
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leaching, in addition to potential toxicity issues, rendering them unsuitable for neurochemical
monitoring [19]. Fortunately, for first generation biosensors the problem of selectivity has
successfully been addressed through chemical modification of the electrode surface using a variety
of polymeric permselective layers, including poly-ortho-phenylenediamine (PoPD) [20, 21], poly-
meta-phenylenediamine (PmPD) [9, 22], polypyrrole [23], polyaniline [24] and Nafion® [25].

The research presented here builds on earlier biosensor development work targeting
glutamate [10, 26], and involves the determination of the response characteristics of a sensitivity
optimised polymer composite design format successfully applied previously in the development
of devices for superoxide [27], choline [28, 29] and hydrogen peroxide [30, 31]. Functional
considerations relevant to neurochemical monitoring were investigated in vitro, including stability,
permselectivity and oxygen dependence, the effect of physiologically relevant temperature and pH
changes, limit of detection, and response time. Finally, the sensor was employed successfully in
preliminary in vivo experiments, demonstrating its ability to detect chronic real-time changes in

glutamate.
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5.2 Results and Discussion

This section details the refinement and characterisation of a glutamate oxidase (GluOx)
based biosensor. The aim was to; optimise a design which maximised the biosensor’s sensitivity,
selectivity and reproducibility and; characterise the biosensor in the chemical and physiological
constraints present in the brain extracellular fluid to ensure operation in such a harsh

environment.

5.2.1 Biosensors Design

Building on previous glutamate biosensor development work , and more recent validation
of biosensors for monitoring several other neurochemicals [10, 32, 33], the core
constituents/drying periods have been optimised of the composite design to produce a sensitive
biosensor for L-glutamate with a reproducible and efficient construction/assembly process. Each
constituent, and their sequenced layering, is important to producing an appropriately viable sensor.
Initial work focused on using a classic cylinder electrode design as employed successfully by Prof.
Lowry’s research group in the past [10, 31, 33, 34] and several other groups for monitoring a
variety of neurochemicals in vivo [35-37]. Surface modification here involved electrodeposition
of permselective PoPD, followed by dip coating of a styrene layer, and then 10 sequential layers
of GluOx, BSA:GA, and PEI, applied consecutively, with 4 min drying between each complete
coating sequence. The sensor was then left for 60 min at room temperature before applying a
second styrene layer and a further 10 GluOx/BSA:GA/PEI layers as before (see Section 3.2). The
resultant Ptc(PoPD)[(Sty)1(GluOx/BSA:GA/PEl)i0]> biosensor (Design 14, Table 5.1) had
comparable sensitivity (75.1+1.5nA-cm >uM!, n=8, R*=0.9965) to previous designs
developed by Prof. Lowry’s research group (see e.g. 5 and 10, Table 5.1). The applied
GluOx/BSA:GA/PEI layers were key to achieving this response. When used on its own
glutaraldehyde can have a negative effect on enzyme activity due to modification of the enzyme
by covalent bonding. As such, it was combined with BSA which preferentially binds to the
glutaraldehyde reducing its negative influence, primarily by freeing enzyme active sites for

substrate turnover. Additionally, PEI was incorporated to further enhance GluOx immobilisation
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and stabilisation through the formation of polycationic/polyanionic complexes, and by decreasing

the electrostatic repulsion between glutamate and the biosensor components.

Table 5.1: Comparison of Vmax, Km and sensitivies for different biosensors designed for

neurochemical monitoring.

Design Geometry?® / Vmax Km Sensitivity
Dimensions (um)  (pA.cm) (uM) (nA.cm?.uM™)

1 [10] C, 60 x 1000 13+£2 250+ 100 207
2 [38] C, 10 x 300-400 — — 30.6+8.5
3 [39] D, 125 — — 80+ 10
4 [40] D, 1600 — — 85
5 [41] C, 125 x 1000 74+ 6 600 + 100 100+ 5
6 [18] C, 25 x 500 — — 29.9+5.8
7 [42] C,15x333 — — 101 +6
8 [17] C, 50 x 500 173 +£ 62 776 279 +2
9 [43] C,25x 100 122+16 790+ 170 173 £ 62
10 [44] D, 125 77 873 71+1
11 [45] C, 10x 250 50+£6 1140 + 60 135+£2
12 [46] C, 125 x 1000 55+£9 310+5 111 +34
13 [47] C, 50 x 1000 — — 61.0+0.6
14 Ptc(PoPD)[(Sty)i(GluOx/BSA:GA/PEI)10)]2 C, 127 x 1000 109 +2 849 + 47 75.1+1.5
15 Ptc(PoPD)(Sty)(GluOx/BSA:GA/PEI)s C, 127 x 1000 77+ 1 536 +20 82.0+£2.2
16 Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI);s D, 127 139+£2 1069 + 43 90.4+2.0

2 Geometry - Cylinder (C), Disc (D)
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In order to reduce the manufacturing time, this design was further refined by only applying
the initial styrene layer, removing the 60 min drying period, and optimising the total number of
GluOx/BSA:GA/PEI layers at 15. This Ptc(PoPD)(Sty)(GluOx/BSA:GA/PEI);s biosensor (see
Figure 5.1) had increased sensitivity; LRS 82.0+2.2nA-cm2uM' (n=16; t22) =2.107,
p = 0.0468 vs. Design 14; R? = 0.9943, Figure 5.1 B). Vmax and Ku values were 76.8 + 1.0 uAcm >
and 536 + 20 uM (n = 16, Figure 5.1 A) respectively, and compare well with other reported values
(see Table 5.1). The design was also tested using a disc geometry as GluOx-modified Ptp
electrodes (see Figure 5.2) have been reported to have higher sensitivity and less oxygen
dependence compared to their cylinder counterparts [26], in addition to being more suitable for
accessing smaller brain regions. The LRS was significantly increased (90.4 + 2.0 nA-cm >uM !,
n=16; tz0)=2.837, p = 0.0081, R* = 0.9954, Figure 5.1 B) compared to that observed with the
cylinder geometry, as were both the Vmax (139 £2 uAcm % #30)=27.76, p <0.0001) and Kum
values (1069 + 43 uM; ti30) = 11.33, p <0.0001; Figure 5.1 A). A calculated biosensor efficiency,
BE% (see Section 3.4), of 20.4 +1.0% (n = 16) for this Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI);s
biosensor indicates good diffusion-limited conversion of glutamate to H,O> as BE% has an
empirical maximum of ca. 60% [48, 49] given that the diffusion coefficient for glutamate will
always be less than that for H>O», coupled with the fact that a significant fraction of enzyme-
generated H>O; molecules are not oxidised at the electrode because of loss to the bulk solution

[50].
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Figure 5.1: (A) Current-concentration profiles for glutamate calibrations (0—10 mM) for biosensor
designs 14 (blue, n = 8), 15 (red, n = 16) and 16 (green, n = 16), performed using constant potential
amperometry (CPA) at +700 mV (vs. SCE) in PBS (pH 7.4). (B) Linear regression analysis and
comparison (inset) of sensitivities (Linear Region Slope, LRS); *p < 0.05; **p <0.01. (C) Typical
raw data trace for design 16. Arrows indicate injections yielding concentrations of 0.3, 0.4, 0.5,
0.7, 1, 2, 5 and 10 mM glutamate. /nset: Close-up showing initial injections — arrows indicate

concentrations of 0.01, 0.02, 0.03, 0.04, 0.05, 0.07, 0.1 and 0.2 mM.
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Figure 5.2: Schematic of the final design Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI);s first-generation
(H202 detecting) glutamate biosensor showing sequence of modifications made to the electrode

surface using dip-coat layering. Details of reagents are given in Section 3.2.

5.2.2 Interference and Oxygen Dependence

One of the most important sensor characteristics is selectivity. This is particularly so for
neurochemical applications due to the complex chemical matrix of the brain which consists of a
multitude of electroactive species and surface modifying agents such as lipids and proteins, all of
which can affect the performance of the implanted sensor. With respect to the former, the
concentration of these endogenous species can often be greater than the concentration of the
analyte of interest. For example, the basal concentration of L-glutamate has been estimated at ca.
10 uM using a variety of analytical techniques [10, 16, 51], while the most prevalent interferent,
ascorbate (AA) [38, 52], has a concentration of ca. 400 uM [51, 53]. Thus, without appropriate
exclusion strategies the current generated from AA oxidation would completely mask that of
glutamate, as AA is readily oxidised at the biosensor operating potential required for H20O>

oxidation.
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Interference from electroactive species can successfully be addressed by modifying the
electrode surface with a permselective polymer layer. Here, PoPD was chosen due to its
proficiency in eliminating potentially masking signals [21, 28, 50] and its superiority compared to
polymers of other PD isomers [54], its high permeability to H>O; [21, 48], in addition to its ability
to improve biocompatibility [55]. An overlayer of monomeric styrene was used to protect the
PoPD polymer from the immobilising agents used to entrap the glutamate oxidase on the electrode
surface, and to improve binding [56] of the subsequent GluOx/BSA:GA/PEI layers. Figure 5.3 A
compares the response for basal glutamate (ca. 10 uM), with that for AA, the principal interferent,
and the other endogenous strong reducing agents [ 18] L-cysteine [38], uric acid [16] and dopamine
[57], at their physiologically relevant concentrations. A series of other potential interferents [9, 17,
47] including the DA metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic
acid (HVA), 5-hydroxytryptamine (5-HT) and its metabolite 5-hydroxyindoleacetic acid (5-
HIAA), the amino acids L-tyrosine and L-tryptophan, the antioxidant L-glutathione, and
dehydroascorbic acid (DHAA), were also tested (Table 2). All signals recorded were found to be
negligible compared to the current for physiological glutamate with the selectivity ratio [9, 58] for
glutamate:AA calculated at 2326:1 (nA-cm 2-uM™!). In some cases where there was no detection

of the interferent negative values attributable to baseline drift/random noise [9, 28] were observed.

Table 5.2: Response of the Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI);s biosensor to various potential

interferents at physiological levels found in vivo, where known.

[Interferent] Current® % Change
Neurochemical n
M) (nA-cm™?) (vs. 10 uM Glutamate)?

AA 21 500° 31+110 2.1%
L-Cysteine 16 4¢ 41 £33 2.8%
Dopamine 16 0.05° 9+34 0.6%

Uric Acid 15 10¢ ND -

DOPAC 19 20° ND -

HVA 16 10° 38+71 2.6%
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[Interferent] Current® % Change
Neurochemical n
M) (nA-cm™?) (vs. 10 uM Glutamate)?

5-HT 18 0.01° 74 + 34 5.1%

5-HIAA 18 50° 14 £ 60 1.0%
L-Tyrosine 19 10¢ ND -
L-Tryptophan 16 20f 46 + 46 3.2%
L-Glutathione 17 508 57+41 3.9%

DHAA 14 100# 26+ 112 1.8%

a Approximate basal ECF concentration [9, 11].

b[16, 51].
c[38].
d[16).
e[16, 59].
f16].

g ECF concentrations not known, high #M values chosen; ND — No detectable change.

The interference response in the presence of neurotoxic levels of glutamate (100 uM, see Section
5.2.3) was also profiled (see Figure 5.3 B), and again all signals were found to be negligible
(pooled mean response —5.38 + 2.23%) compared to the glutamate signal, which was not affected
by the presence of any of the tested neurochemicals. Generally interference from unwanted
enzymatic reactions is also not a concern for glutamate biosensors as GluOx is considered to be a
very selective enzyme [18]. However, while glutamine has been reported to serve as a substrate
for GluOx [38], no obtained results observed any detectable enzymatic activity for high

micromolar glutamine concentrations, which is in line with other research group’s publications

[10, 38].
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Figure 5.3: (A) Normalised Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI)5 biosensor signal (n = 16) for
brain glutamate (10 xM) compared to the responses observed for the principal endogenous
reducing agents [18] ascorbic acid (AA, n =21), L-cysteine (n = 16), uric acid (UA, n=15) and
dopamine (DA, n = 16) at their physiologically relevant concentrations. (B) Mean (=SEM, n = 4)
biosensor response to two 50 uM glutamate injections followed by sequential injections of a series

of common potential interfering neurochemicals (see Section 5.2.2).
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5.2.3 Oxygen Dependence

Oxygen dependence is another possible form of interference associated with first
generation peroxide detecting biosensors as oxidase enzymes require the use of physiological O>
as a cofactor (see Section 5.1). As such, it is important when characterising their properties for
neurochemical monitoring to ensure that the enzymatic reaction in question can occur
independently across all O concentration ranges found in vivo under normal physiological
conditions. For the mammalian brain this is typically between 40 and 80 uM [O2] [16, 26, 60].
Figure 5.4 A shows the normalised glutamate versus Oz (0-200 M) correlation profile for the
Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI)is biosensor at a fixed glutamate concentration of 10 uM.
Oxygen dependence was quantified as KmO2; small KnmO» values indicate low Oz dependence
because higher O affinity leads to O saturation at lower pO», thereby reducing biosensor
dependency at higher pO; levels. The value of 2.60 + 0.58 uM (n = 7) determined here is similar
to previous estimates for Prof. Lowry’s research group for other composite designs [26, 61], and

suggests negligible O interference (see Figure 5.4).
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Figure 5.4: (A) The effect of changing oxygen levels (0-200 uM) on the averaged normalised
Ptp(PoPD)(Sty) (GluOx/BSA:GA/PEI)1s biosensor signal for 10 uM glutamate (n = 7). Non-linear
regression analysis [61, 62] yielded KmO2 = 2.60 £ 0.58 uM (R? = 0.984). Inset: Pooled data for
10 uM and 100 uM glutamate (see B) used to determine [O2]oo% (ca. 15 uM). (B) Averaged
normalised glutamate-oxygen correlation plots for 100 uM (n =7), 200 uM (n = 7) and 500 uM
(n = 8) glutamate. /nset: Linear regression analysis of KmO> values determined from data in B

(R?=0.997).

However, the turnover of O2 in the polymer/enzyme composite membrane depends on the
rate at which glutamate binds to the enzyme, i.e., on the concentration of glutamate. While
glutamate concentrations under normal physiological conditions are typically 10 uM or lower for

cerebrospinal fluid and brain ECF [11], concentrations are known to increase to high excitotoxic
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micromolar levels (e.g. 100 uM) in acute neurological disorders including neurodegenerative
diseases, stroke and trauma [63]. Additionally, Prof. Lowry’s research group has previously shown
that O, dependence typically becomes more acute at higher concentrations of analyte [26, 62]. As
such, KmO> values over a range of glutamate concentrations were determined for this biosensor.
Unlike previous designs where KmO: increased linearly with glutamate concentration in the range
5-150 uM [26, 61], the value for 100 uM (1.1 + 0.7 uM, n = 7) here was not significantly different
from that at 10 uM (¢12)=1.63, p =0.1295; Figure 5.4 A and B). Concentrations above this
showed increased values in line with previous results; 16.1 +2.3 uM (n=7) and 51.2 + 5.9 uM
(n =28) for 200 uM and 500 uM glutamate respectively (Figure 5.4 B insef). An alternative and
more intuitive quantification of the level of O> dependence is [O2]90%, Which is the concentration
of Oz at which 90% of the air-saturated (200 «M) signal (100%) is observed [26]. Analysis of the
pooled data for both 10 4M and 100 4M glutamate indicates that 90% of the air-saturated signal
can be maintained for the Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI):s biosensor in media where O»
concentrations fall to values as low as 15 uM (Figure 5.4 A inset). This data suggests that
physiological changes in pO> would have negligible impact on the biosensor signal recorded in
brain ECF, and that decreases in pO2 would only be significant if the tissue Oz levels became
severely depleted. This is a characteristic previously observed by Prof. Lowry’s research with other
similar composite biosensors designs for glucose [62], glutamate [61] and choline [29], and by
other groups with devices for glutamate and ATP constructed using thin layers [17, 64]. The
underlying mechanisms are most likely a combination of Oz generation on the Pt surface from the
electrolysis of water and O: regeneration/recycling at the electrode surface (see Section 5.1,

enzyme reaction 2).

5.2.4 pH and Temperature

It is also important to establish the biosensor response characteristics associated with pH
and temperature changes due to their well-documented potential effects on sensitivity. The
dependence of the Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI):s biosensor response to pH (Figure 5.5
A) was examined over the physiologically relevant range of 7.2—7.6 [17, 28]. No significant
difference (F231)=0.6315, p =0.5385, one-way ANOVA) was observed in sensitivity: pH 7.2,
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89.3+43nA-cm >uM ! (n=8); pH 7.4, 89.5+3.8nA-cm >uM ' (n=20); and pH 7.6,
81.9 + 4.0 nA-cm 2xM ! (n = 6).
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Figure 5.5: The effect of changing pH (A) and temperature (B) on the sensitivity (Linear Region
Slope) of the Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI)i5s biosensor over physiologically relevant
ranges; 7.2 to 7.6 and room temperature (RT, 21 °C) to 40 °C respectively. Average current-

concentration responses are shown in Figure 5.
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Figure 5.6: The effect of changing pH (A) and temperature (B) on the current-concentration (linear
region) responses of the Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI);s biosensor. Mean = SEM: pH 7.2
(n=38), 7.4 (n=20), 7.6 (n=6); Temperature - 21 °C (Room Temperature, n = 20), 34 °C (n = 8),

37°C (n=>5),40°C (n=>5).

For temperature, variations between 35.5°C and 38.8 °C, associated with behaviour and
pharmacological interventions, have been reported in freely-moving animals [65]. Figure 5.6 B

shows the effect of changing temperature over the range 21 °C—40 °C on the glutamate response.
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Similar sensitivities (F334) = 1.855, p =0.1559, one-way ANOVA) were observed at each of the
temperatures tested indicating that the biosensor has the ability to accurately measure glutamate
free from temperature induced bias: 21°C, 89.5+3.8nA-cm2uM' (n=20); 34°C,
105+ 6 nA-cm2uM™  (n=8); 37°C, 959+73nA-cm?uM' (n=5); and 40 °C,
99.62 + 8.06 nA-cm 2uM ™! (n=5). Other groups have also reported temperature independence

for chemically modified GluOx-based electrochemical sensors [66].

5.2.5 Limit of Detection, Response Time and Stability

A limit of detection (LOD) of 0.44 + 0.05 uM (n = 4) was determined from three times the
standard deviation of the baseline biosensor signal in background electrolyte divided by the LRS
[48, 49]. The response time, defined as the time taken for the biosensor signal at a fixed
concentration to rise from 10% to 90% of the maximum amplitude (¢10-90%) Was less than the
mixing time (ca. 5 s); the signal change (Figure 5.7) was instantaneous following injection with

t10-90% estimated at 1.67 £ 0.06 s (n = 4) for 10 uM glutamate.

Stability is the study of the longevity of a biosensor [17, 28]. That is, whether the particular
design gives accurate and reliable results over the required timeframe with respect to the intended
application. Typically, a minimum of at least two weeks is needed for chronic in vivo
neurochemical experiments. As the sensitivity of an implanted biosensor can be compromised
immediately following biological implantation due to the presence of surface modifying agents
(e.g. lipids) and electrode poisons (e.g. proteins) [67] we tested the biocompatibility of the
Pto(PoPD)(Sty)(GluOx/BSA:GA/PEI)is sensor by calibrating a batch of sensors before and after
storage for two weeks in moist brain tissue at 4 °C (Figure 5.8 A). A small decrease (¢7)=1.17,
p=02804, n=8) of ca. 10% was observed in the sensitivity measured on Day 14
(70.8 £ 8.4 nA-cm 2uM ') compared to Day 1 (78.9+4.0nA-cm 2uM™'), and compares
favourably with other reports where reduced sensitivities of between 20% and 50% have been
reported following implantation [37].The stability of the biosensor was also investigated by
examining baseline in vivo data for recording periods out to 16 days following implantation (see

Section 5.2.6).
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Current (%)

Figure 5.7: A typical example of the average (n = 4) and SEM (dotted line) normalised current
change (response time, f10-90%) for the Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI)s biosensor in

response to a glutamate injection (10 uM, arrow) performed at room temperature. Blue numerals
indicate mixing time.
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Figure 5.8: (A) The effect of two weeks storage in ex vivo rodent brain tissue at 4 °C on the
Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI);s  biosensor sensitivity (Linear Region Slope;
Mean + SEM, n = 8). (B) Clear - comparison of sensitivities for biosensors stored dry at 4 °C until
one-off calibration on Day 1 (n=15), Day 14 (n =8) and Day 28 (n = 8). Grey - comparison of
sensitivities (n=38) for a batch of biosensors measured following storage between initial
calibration on Day 1, and repeated calibrations on Days 14 and 28. Average current-concentration

responses are shown in Figure 5.9.

Appraisal of shelf-life (Figure 5.8 B), i.e., the time under defined storage conditions during
which the sensor remains viable, involved comparing the sensitivities of batches of biosensors
which were stored dry at 4 °C until one-off calibration on Days 1, 14 and 28. Responses were
similar (F28)=1.317, p=0.2841, one-way ANOVA) for all three days: Day 1,
96.4+3.4nA-cm >uM ! (n=15); Day 14, 105.8 4.6 nA-cm 2>uM™! (n=8); and Day 28,
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97.5+ 5.2 nA-cm 2-uM ™! (n=8). As repeated calibrations can sometimes have a negative effect
on the sensitivity of polymer-enzyme composite biosensors [28, 47] additional examination of the
effect of calibrating the same batch of biosensors over the same time interval was performed
(Figure 5.8 B). Again, no significant difference (F(2,14)= 1.412, p =0.2764, one-way repeated
measures ANOVA, n = 8) in sensitivity was observed: Day 1, 95.6 £ 4.9 nA-cm 2-uM'; Day 14,
104.1 £ 2. nA-cm 2uM'; and Day 28, 104.4 £ 4.2 nA-cm 2uM ..

Overall, these characteristics indicate good stability in terms of biocompatibility, storage
and use, and compare favourably with other glutamate biosensors reported to retain their
sensitivity following implantation [68], and for up to 5 [17, 48] months of storage. The calculated
LOD and response time are also similar to previously reported values for glutamate biosensors
[47], and when considered with the stability data  suggest that the
Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI)s biosensor is ideally suited to performing neurochemical
measurements associated with behavioural and/or pharmacological manipulations. While
BSA:GA mixtures have been used extensively in biosensor designs to increase sensitivity/stability,
it is most likely that the extended characteristics observed here can be attributed to the
incorporation of the polycation PEI, through its ability to facilitate charge counterbalance with the

polyanionic GluOx [61].
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Figure 5.9: Current-concentration (linear region) responses (Mean + SEM) of the
Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI)s biosensor: (A) before (Day 1) and after (Day 14) storage
in ex vivo rodent brain tissue at 4 °C (n = 8); (B) following dry storage at 4 °C until one-off
calibrations of different batches of biosensors on Day 1 (n = 15), Day 14 (n = 8) and Day 28 (n =
8) and; (C) following dry storage of the same batch of biosensors between initial calibration on
Day 1, and repeated calibrations on Days 14 and 28.
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5.2.6 In Vivo Recording

Preliminary in vivo experiments were performed to examine biocompatibility/stability and
to validate the ability of the Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI)is biosensor to detect
extracellular changes in glutamate. Baseline signals were analysed over the same time interval
(08:00-09:00), for recording phases between Day 6 and Day 16, and no significant variation in
current was observed (Figure 5.10 A; Fige1)=0.1741, P =0.9936, one-way ANOVA). A sample
continuous 12 h trace (dark phase) with simultaneously recorded motor activity clearly highlights
periods of activity which are coincident with increases in glutamate (Figure 5.10 B). Such naturally
occurring changes are often associated with behavioural phenomena such as grooming, feeding

and locomotor activity [34, 69].
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Figure 5.10: (A) Average (£SEM, n = 5-11) baseline in vivo data (pooled from 8 freely-moving
animals) for the Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI);s biosensor recorded from striatum using
CPA at +700 mV over an 11 day period. All data taken from the same daily 1-h (08:00-09:00)
period when the animals were mostly inactive and normalised to Day 6, (average = 106 + 3). (B)
A typical example of a continuous real-time in vivo recording from prefrontal cortex over a 12 h
period (dark phase, 19:00 — 07:00). Grey lines represent simultaneously monitored motor activity.

(C) Typical signal change associated with a period of restraint stress (5-min, shaded area).

Similarly, physiological stimulation induced in response to stress (e.g. tail-pinch), has

previously been shown to elicitate neuronal activation with concomittant increases in glutamate
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measured using both microdialysis [70] and biosensors [33, 68]. As such, we examined the effect
of mild stress in the form of a 5 min restraint (see Section 3.6); the signal, recorded from prefrontal
cortex, increased during the procedure with a return to baseline that was dependent on the

activity/behaviour of the animal post stimulus (Figure 5.10 C).

Taken together, these preliminary results support the in vitro data indicating that the
developed biosensor is capable of detecting brain extracellular glutamate, and is suitable for

recording changes for at least three weeks following implantation

5.3 Conclusion

This research work set out to complete the development and in vitro characterisation of a
glutamate oxidase-based microelectrode biosensor capable of in vivo measurements. The optimal
Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI)i5s design achieved a sensitivity comparable to previously
reported sensors, a shelf-life of several weeks, and displayed no loss of sensitivity with repeated
calibrations or exposure to ex vivo rodent brain tissue. Potential interference signal contributions
from physiologically relevant electroactive species were tested for both basal and neurotoxic levels
of glutamate and found to be negligible. Oxygen interference studies suggest that the biosensor
signal should not suffer significantly from oxygen fluctuations in brain ECF under all but extreme
anaerobic conditions. In addition, physiologically relevant pH and temperature changes had
minimal effect on the biosensor performance, which, when taken with a calculated low M
detection limit and rapid response time, suggests that this composite sensor should reliably detect
L-glutamate when used for neurochemical monitoring. These results were supported by
preliminary in vivo experiments performed in freely-moving animals where expected signal
changes were observed for both natural and induced behavioural/neuronal activation, from a

baseline which was stable 16 days following implantation.
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6.1 — Conclusions

This research began with a challenging goal, to develop and characterise a GABase-based
in vitro first generation biosensor capable of monitoring GABA in vivo. Following this, dual
detection and monitoring of GABA and L-glutamate was to be performed because of the
associative nature of GABA as the major inhibitory neurotransmitter and L-glutamate as the major
excitatory neurotransmitter. Unfortunately the development of the GABA biosensor proved to be
too challenging a task to be completed. Focus was thus diverted to the refinement and full in vitro
characterisation of the L-glutamate biosensor. Preliminary in vivo characterisation was then

undertaken.

In developing a GABA biosensor, various parameters were examined. The parameters
included: the unit activity of the enzyme solution; the position of GABase in the underlying L-
glutamate biosensor and post L-glutamate biosensor deposition of the GABase solution; an
investigation into ensuring the active surface was appropriate; and alternative methods of detection
i.e. use of a different reaction scheme and a different electrochemical technique. There was no
indication that any of these composite design changes would produce a signal. Three other
research groups have developed GABase and glutamate oxidase-based biosensors for GABA
monitoring [1-3] shortly after this work had concluded. This suggests there was an underlying
issue never addressed in our development. All three groups’ biosensors operated under the same
reaction equations laid out in Section 4.1 (enzyme reaction 1-3). Multi-electrode set-ups were used,
unlike the work presented here. These groups employed drop-casting of their matrix mixtures of
the enzymes, GABase and GluOx, and the various components, BSA and GA. This work used
individual solutions for each of the enzymes and components while employing dip-coating. The
concentrations of the constituents of their matrices also differed - all matrices used significantly
lower unit activities for the GluOx and GABase, compared to the experimental designs
investigated herein (100 U/mL GluOx, and 5 U/mL, 50 U/mL, 100 U/mL GABase): Hossain et.
al. matrix mixture (0.1 U/uL GluOx; 0.1 U/uL GABase; 0.8% BSA; 0.1% GA); Doughty ef al.
(0.1 U/mL GluOx; 0.1 U/mL GABase; 1% BSA; 0.125% GA); and Burmeister ef al. (0.05 U/uLL
GluOx; 0.0125 GABase; 1% BSA; 0.1%); This could be a potential source preventing any H>O>
production from GABA due to enzyme over-loading (the constant potential remained at +700 mV
vs. SCE as this is ideal for H>O, detection). Also, none of the other groups incorporated PEI in

their final designs.
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Given the comparison to other research groups’ design, it further supports the hypothesis
that enzyme over-loading is, at least in part, responsible for the lack of a signal output. Refinement
of the enzyme solution and concentrations used is needed. The publications suggest it may be
required to derive a multi-electrode set-up using drop-casting of an enzyme matrix for biosensor

fabrication to produce a viable biosensor for GABA monitoring.

A polymer/enzyme composite biosensor for monitoring neurochemical glutamate was
performance optimised in vitro for sensitivity, selectivity and stability. This first generation
Pt/glutamate oxidase-based sensor displayed appropriate sensitivity (90.4 = 2.0 nA-cm 2uM ). It
also has ideal stability/biocompatibility with no significant decrease in response observed for
repeated calibrations, or following storage at 4 °C either dry (28 days) or in ex-vivo rodent brain
tissue (14 days). Potential non-glutamate contributing signals, generated by extracellular levels of
the principal endogenous electroactive interferents, were typically <5% of the basal (10 M)
glutamate response. Changes in molecular oxygen (the natural enzyme mediator) over the normal
brain tissue range of 40 — 80 xM had minimal effect on the glutamate signal for concentrations of
10 and 100 uM (Mean KmO2 =1.86 £ 0.74 uM, [O2]oo% = ca. 15 uM). Additionally, a low uM
calculated limit of detection (0.44 £ 0.05) and rapid response time (ca. 1.67 £ 0.06 s), combined
with no effect of pH and temperature changes over physiologically relevant ranges (7.2—7.6 and
3440 °C respectively), collectively suggest that this composite biosensor should reliably detect
L-glutamate when used for neurochemical monitoring. Preliminary experiments involving
implantation in the striatum of freely moving rats demonstrated stable recording over several
weeks, and reliable detection of physiological changes in glutamate in response to

behavioural/neuronal activation (locomotor activity and restraint stress).

Future in vivo studies will focus on consolidating this conclusion, and identifying the
sources (e.g. neuronal and/or glial) contributing to the recorded glutamate signal. Further
investigation into the inter-related nature of D-serine and L-glutamate as co-agonists for the

NMDA receptor is also planned.
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1. Introduction

The amino acid, -Glutamate, is prevalent throughout the mammalian
brain, with an estimated 60-70% of synapses using it as their neurotransmitter
[1]. Consequently, it has been shown to be vital for normal brain functioning
in areas such as development, plasticity, learning and memory, and sensory
and motor systems [2]. Along with p-serine it is a co-agonist of the N-methyl-
p-aspartate (NMDA) receptor [3], abnormal functioning of which has been
linked to disorders such as epilepsy, stroke, and both neurodegenerative and
psychiatric diseases [4—7]. Additionally, glutamate toxicity is also associated
with neuronal death in ischemia, hypoglycaemia, and trauma [8].
Notwithstanding such extensive research there is still significant interest in
improving and advancing our understanding of its neurochemical roles and
mechanisms of action. Key to achieving this is the ability to perform rapid (of
the order of seconds or less) highly sensitive measurements in the living brain.
While this has proved challenging due to its low basal concentration, reported
to be ca. 10 uM [9-11], several research groups have monitored L-glutamate
levels using a variety of different analytical techniques, including brain
microdialysis [12], capillary electrophoresis [13], and optical (e.g.
chemiluminometric [14] and fluorescent [15]) sensors. However, depending
on the method, limitations associated with temporal and spatial resolution,
stability and biocompatibility, and interference, can hinder their suitability for
in situ neurochemical monitoring.

The use of miniaturised enzyme-modified electrochemical biosensors
offers the greatest potential of mitigating these shortcomings [9,16,17]. For
glutamate monitoring such devices (see Table S1) are typically first-generation
devices operating by detecting electroactive H.02 produced in an enzymatic
(oxidase) reaction; for glutamate/glutamate oxidase (GluOx) the reaction
scheme is:

GluOx

L - Glutamate + H,0 + O -> 2 - oxoglutarate + NH3 + H,0:

(1)

HzOzE+7oo mvvs. sce = 2H++ 02+ 2e- (2)

As such, they generally have fast response times but the high potential
required for H,0: oxidation can result in interfering signals from a variety of
endogenous electroactive species including ascorbic acid and dopamine [16].
Second generation biosensors incorporate a low redox potential mediator [18]
as a substitute for molecular Oz2in order to improve selectivity. However, these
tend to have slow response times and poor stability/sensitivity due to
mediator leaching, in addition to potential toxicity issues, rendering them
unsuitable for neurochemical monitoring [19]. Fortunately, for first generation
biosensors the problem of selectivity has successfully been addressed through
chemical modification of the electrode surface using a variety of polymeric
permselective layers, including poly-ortho-phenylenediamine (PoPD) [20,21],
poly-meta-phenylenediamine (PmPD) [9,22], polypyrrole [23], polyaniline [24]
and Nafion® [25].

The research presented here builds on earlier biosensor development work
targeting glutamate [11,26], and involves the determination of the response
characteristics of a sensitivity optimised polymer composite design format
successfully applied previously in the development of devices for superoxide
[27], choline [28,29] and hydrogen peroxide [30, 31]. Functional
considerations relevant to neurochemical monitoring were investigated in
vitro, including stability, permselectivity and oxygen dependence, the effect of
physiologically relevant temperature and pH changes, limit of detection, and
response time. Finally, the sensor was employed successfully in preliminary in
vivo experiments, demonstrating its ability to detect chronic real-time changes
in glutamate.

2. Materials and methods
2.1. Reagents and solutions

All reagents were supplied by Sigma-Aldrich Ireland Ltd. (Dublin), unless
otherwise stated. General chemicals included L-glutamic acid (monosodium
salt, 99%), dopamine (hydrochloride), 5-hydroxytryptamine (5-HT), -
glutathione (oxidised form), dehydroascorbic acid (DHAA), uric acid (UA,
potassium salt), 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid
(HVA), 5-hydroxyindoleacetic acid (5- HIAA), i-tyrosine, L-cysteine, -
tryptophan and ascorbic acid (AA). Specific reagents used in biosensor
manufacture were the immobiliser styrene (Sty, 99%), the enzyme L-glutamate
oxidase (GluOx, EC 1.4.3.11, recombinant E. coli, 2B Scientific Ltd., Oxford, UK),
the cross- linking agent glutaraldehyde (GA, Grade 1, 25%), and the stabilisers
bovine serum albumin (BSA, fraction V from bovine plasma) and
polyethylenimine (PEI, 80% ethoxylated). Poly(ortho-phenylenediamine)
(PoPD, 1,2-diaminobenzene, > 99%) was used to create a thin self- sealing
permselective underlayer (see Biosensor fabrication).

All solutions were prepared in Milli-Q® water (18.2 MQ cm). In-vitro
experiments were performed in phosphate buffered saline (PBS, 1000 mL
stock), pH 7.4 (137 mM NaCl, 2.7 mM KCl and 10 mM phosphate buffer
solution, prepared from commercial tablets), except for pH studies where
adjustments were made using either NaH2PO4 or NaOH. Solutions used in
biosensor manufacture (0-PD monomer, 300 mM in N»- saturated PBS; GluOx,
100 U/mL in 0.02 M potassium phosphate buffer, pH 7.4; BSA, 1%; GA, 0.1%;
PEI, 1%) and calibration (.-glutamic acid, 0.1 M) were prepared fresh on the
day of use. Interferent solutions were prepared as required, and depending on
stability either used fresh (e.g. AA) or stored frozen (- 80 °C) between use.

2.2. Biosensor fabrication

Pt disc (Pto) and cylinder (Ptc) electrodes were constructed using 5 cm
lengths of Teflon®-coated Pt/Ir (90%/10%) wire (127-um bare diameter, 203-
um coated diameter, Science Products GmbH, Hofheimer StraRRe 63, D-65719
Hofheim, Germany). Using a new scalpel blade a section of the Teflon®
insulation was striped back under a stereo microscope (Olympus SZ51, Mason
Technology Ltd., Dublin), exposing approximately 2 mm of wire which was
then soldered into a gold clip (/n-vitro - Fine Science Tools GmbH, 69115
Heidelberg, Germany; In-vivo - Plastics One, Roanoke, VA, USA). This provides
both electrical contact and rigidity to allow connection to the potentiostat. The
active surface was then created by carefully cutting the opposite end of the
wire to create a disc surface. Cylinder electrodes were prepared by
subsequently removing a 1 mm portion of the insulation. Various chemical
layers were then used to modify this surface in order to facilitate enzyme
immobilisation/stabilisation, interference rejection, etc. The first of these was
PoPD which was electrochemically grown from a solution of 0-PD monomer
(300 mM in N2 saturated PBS) following a previously reported procedure
[21,32]. This layer was allowed to dry for a minimum of 3 h at room
temperature (ca. 21 °C) before proceeding with the sequential layering of the
other reagents using a dip-adsorption method [28]. Briefly, the Pt/PoPD
electrodes were first dipped into the immobiliser Sty (ca. 0.5 s), and then
consecutively dipped (ca. 0.5 s each) into GluOx (100 U/mL), a BSA:GA
(1.0:0.1%) mixed solution, and PEl (1%), with 4 min drying between each
GluOx/BSA:GA/PEI coating. Further drying and/or layering was performed in
order to optimise the design in terms of sensitivity and ease of construction
(see Section 3.1 Biosensor design, and Fig. 1S). All sensors were stored
overnight at 4 °C before being calibrated [27,28].
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2.3. Calibrations, stability and biocompatibility

-Glutamate (0-10 mM) calibrations were performed using constant
potential amperometry (CPA) in a standard three-electrode glass cell
containing 15 mL of air-equilibrated PBS at room temperature (21-23 °C),
unless otherwise stated. Reference and auxiliary electrodes were a saturated
calomel electrode (SCE) and Pt wire respectively. A potential of +700 mV (vs.
SCE) was used for monitoring H20; oxidation [21]. Sensors were allowed to
settle for ca. 3 h before commencing calibrations. These were performed by
injecting aliquots of the analyte into the buffer solution every 4 min (arbitrarily
chosen). Each injection was followed by immediate stirring/mixing (ca. 5 s),
with the current change measured immediately prior to the next injection.
Interferent testing typically commenced with AA (the principal endogenous
interferent [33,34]) and differed from glutamate calibrations in that the
injection of aliquots of the respective chemicals was generally performed
every 10 min with stirring/mixing lasting ca. 10 s. A similar protocol was
followed for interferent testing in the presence of glutamate (100 uM).

The oxygen-dependence study was performed in PBS which was de-
aerated by vigorously purging with N2 for at least 30 min before commencing
recording. Thereafter a N2cloud was maintained above the solution. An aliquot
of (-glutamate was introduced into the cell to produce the desired
concentration (10, 100, 200 or 500 uM), followed by the addition of standard
aliquots (+313 pL, +319 pL, etc) of a saturated Oa solution (100%, 1200 uM),
yielding 25 UM Oz increments over the range 0-200 UM every 4 min, with a
brief stirring/mixing period (ca. 5 s) after each addition. Temperature
controlled experiments were performed in a jacketed cell (ALS Ltd, IJ Cambria
Scientific Ltd, Llanelli, UK), attached to a thermostatically controlled circulating
water bath (Julabo Corio CD-BC4, Fisher Scientific, Dublin, Ireland). The
temperature of the PBS was continuously recorded throughout the calibration
using a commercial T-type thermocouple (AD Instruments Ltd., Oxford, UK)
connected to a temperature pod (ADInstruments Ltd.) and interface system
(eDAQ eCorder®, Green-Leaf Scientific, Dublin, Ireland). If required,
adjustments were made to the bath temperature controller to maintain the
desired temperature in the cell. Stability/shelf-life was determined by
comparing the response of the same and different batches of biosensors
stored dry at 4 °C between calibrations performed on days 1, 14 and 28. For
biocompatibility testing sensors were carefully placed in moist brain tissue and
stored at 4 °C between calibrations on days 1 and 14.

2.4. Biosensor sterilisation

Biosensors were carefully packaged in sealable Tyvek bags (Bemis
Healthcare Packaging, Co. Offaly, Ireland) following construction and
calibration (Day 1). They were then sent to a commercial sterilisation company
(STERIS/Synergy Health, Co. Mayo, Ireland) and subjected to electron beam
irradiation (50 kGy min~1). On return, the sensors were calibrated (Day 8) to
determine the effect, if any, of the sterilisation process on their performance.
2.5. Instrumentation, software and data analysis

A custom designed low-noise potentiostat (Biostat IV, ACM Instruments,
Cumbria, UK) was used for all electrochemical experiments. Data acquisition
was performed with a Dell notebook PC (in-vitro) or Apple iMac® (in-vivo), a
PowerLab® 8/30 (ADInstruments Ltd) or eDAQ e-corder (Green-Leaf Scientific)
interface system, and LabChart® for Windows (Version 6, ADInstruments Ltd.)
or eDAQ Chart (Version 5.5.23, eDAQ Pty Ltd., NSW 2112, Australia). GraphPad
Prism (Version 8.2.0; GraphPad Software Inc., CA, USA) was used for all data
analysis and graphical presentations. Data is expressed as mean * SEM, where
n denotes the number of sensors. All signals were baseline subtracted and
calibration curves were analysed to calculate the enzyme kinetic parameters
Vmax and Kwm using either Michaelis-Menten or Michaelis- Menten Hill-type
equations [21,35], as determined by the best non-linear regression fit. The
linear range was defined by Km/2 [36,37] and sensitivity (Linear Region Slope,
LRS) was determined using linear regression analysis. Biosensor efficiency
(BE%) normalises the biosensor response with respect to H.O; sensitivity and
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was calculated as LRS x 100/Slope(H:0,). It reflects the major enzyme
parameters determining the biosensor response to glutamate (i.e. loading of
active enzyme and enzyme affinity) independent of H.0; sensitivity [36,38].
KmO2 and [O2]s0% were calculated based on previously defined criteria [26,38].
Statistical significance tests were performed using t-tests (two-tailed paired or
unpaired where appropriate) or one-way ANOVA (with Tukey’s post-hoc
analysis). Values of P <0.05 were considered to indicate statistical significance.

2.6. Surgical procedures

Male Wistar rats (data from 10 animals, typically 250-350 g; Charles River
Laboratories International, Inc., UK) were anesthetised with Isoflurane (4% in
air for induction, 1.5-3% for maintenance; Bioresource Unit (BRU), Maynooth
University) using a Univentor 400 Anaesthetic Unit (AgnTho’s AB, Sweden).
Once surgical anaesthesia was established the animals were placed in a
stereotaxic frame and the biosensors implanted following a previously
reported method [39,40]. The level of anaesthesia was checked regularly
(pedal withdrawal reflex). Coordinates for striatum and prefrontal cortex, with
the skull levelled between bregma and lambda, were AP + 1.0, M/L + 2.5 and
D/V - 5 and AP + 3.2, M/L £ 0.8 and D/V - 4.2 respectively. A reference
electrode (8T Ag, 200-um diameter; Advent Research Materials, Suffolk, UK)
was implanted in the cortex and an auxiliary electrode (8T Ag wire) wrapped
around a stainless steel support screw (Fine Science Tools GmbH) placed in the
skull. All electrode connectors (gold clips) were placed in a six pin multi-
channel electrode pedestal (MS363, Plastics One, Roanoke, VA, USA), which
was secured to the skull using dental acrylate (Dentalon Plus, AgnTho’s AB)
and four support screws. Saline (0.9%) and analgesic (Buprecare®; BRU,
Maynooth University) were administered immediately following surgery.
Animals were then allowed to recover for several hours in a thermostatically
controlled cage (Thermacage MKII, Datesand Ltd, Manchester, UK), and
assessed for good health according to published guidelines [41], regularly
throughout the day of surgery, and subsequently at the beginning of every day.
All in-vivo work was carried out with approval from Maynooth University
Research Ethics Committee (BSRESC-2017-019), and under license (B100/2205
and HPRA AE19124/P019) in accordance with the European Communities
Regulations 2002 (Irish Statutory Instrument 566/2002 — Amendment of
Cruelty to Animals Act 1876), and Part 5 of the European Union (Protection of
Animals Used for Scientific Purposes) Regulations 2012 (S.I. No. 543 of 2012).

2.7. Experimental conditions in-vivo

For experiments, animals were singly housed in Raturn® sampling cage
systems (BASi, West Lafayette, IN, USA; Fig. 2S) which allowed free movement
of the animal during recording. All experiments were performed in the
animal’s home bowl in a temperature-controlled experimental facility with a
12 h light/dark cycle (lights on at 07:00) with access ad libitum to food and
water. The implanted sensors in each animal were connected directly to the
potentiostat in the late afternoon via the six pin electrode pedestal using a
flexible screened six core cable (363-363 6TCM, Plastics One). The potential
(+700 mV) was then applied and each animal was given at least 12 hours
before experiments were started to allow them to become reaccustomed to
being tethered. A low-pass digital filter (50 Hz cut-off) was used to eliminate
mains AC noise and all data was recorded at either 4 or 40 Hz depending on
the experiment. Movement was registered using a PIR detector (Gardscan QX
PIR, Gardiner Technology, Queensway, Rochdale, OL11 1TQ, UK) modified in-
house with a microprocessor to enable enhancement of the resolution of the
sensor thereby registering more movement. Restraint stress was carried out
using a form of wrap restraint which involved using a hand towel to immobilise
the animal in the home bowl for a period of 5 min. 3. Results and discussion
3.1. Biosensor design

Building on previous glutamate biosensor development work [11,42, 43],
and more recent validation of biosensors for monitoring several other
neurochemicals  [27,29,31,43], we have optimised the core
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constituents/drying periods of our composite design to produce a sensitive
biosensor for i-glutamate with a reproducible and efficient
construction/assembly process. Each constituent, and their sequenced
layering, is important to producing an appropriately viable sensor. Initial work
focused on using a classic cylinder electrode design as employed successfully
by ourselves [11,31,39,43] and several other groups for monitoring a variety
of neurochemicals in vivo [44-46]. Surface modification here involved
electrodeposition of permselective PoPD, followed by dip coating of a styrene
layer, and then 10 sequential layers of GluOx, BSA:GA, and PEl, applied
consecutively, with 4 min drying between each complete coating sequence.
The sensor was then left for 60 min at room temperature before applying a
second styrene layer and a further 10 GluOx/BSA:GA/PEI layers as before (see
Section 2.2, Biosensor fabrication). The resultant Ptc(PoPD)[(Sty):1(GluOx/BSA:
GA/PEl)10]2 biosensor (Design 14, Table S1) had comparable sensitivity

(75.1£ 1.5 nAcm 2uM-%, n = 8, R? = 0.9965) to our previous designs (see e.g.
5 and 10, Table S1). The applied GluOx/BSA:GA/PEI layers were key to
achieving this response. When used on its own glutaraldehyde can have a
negative effect on enzyme activity due to modification of the enzyme by
covalent bonding. As such, it was combined with BSA which preferentially
binds to the glutaraldehyde reducing its negative influence, primarily by
freeing enzyme active sites for substrate turnover. Additionally, PEI was
incorporated to further enhance GluOx immobilisation and stabilisation
through the formation of polycationic/polyanionic complexes, and by
decreasing the electrostatic repulsion between glutamate and the biosensor
components.

In order to reduce the manufacturing time, this design was further refined
by only applying the initial styrene layer, removing the 60 min drying period,
and optimising the total number of GluOx/BSA:GA/PEI layers at 15. This
Ptc(PoPD)(Sty)(GluOx/BSA:GA/PEIl)1s biosensor (Fig. 1) had increased

sensitivity; LRS 82.0 + 2.2 nA cm™2yM~* (n = 16; tp2 = 2.107, p = 0.0468 vs.

Design 14; R? = 0.9943, Fig. 1B). Vmaxand Kw values were 76.8 + 1.0 pA cm~?

and 536 = 20 uM (n = 16, Fig. 1A) respectively, and compare well with other
reported values (see Table S1). The design was also tested using a disc
geometry as GluOx- modified Ptp electrodes have been reported to have higher
sensitivity and less oxygen dependence compared to their cylinder
counterparts [26], in addition to being more suitable for accessing smaller

brain regions. The LRS was significantly increased (90.4 £ 2.0 nAcm™2yM~%, n

= 16; tz0 = 2.837, p = 0.0081, R? = 0.9954, Fig. 1B) compared to that observed

with the cylinder geometry, as were both the Vivax (139 + 2 YA cm™?; t(30) =
27.76, p < 0.0001) and Km values (1069 + 43 pM; t(30) = 11.33, p < 0.0001; Fig.
1A). A calculated biosensor efficiency, BE% (see Instrumentation, software and
data  analysis), of 204 + 10% (n = 16) for this
Pto(PoPD)(Sty)(GluOx/BSA:GA/PEl)1s biosensor indicates good diffusion-
limited conversion of glutamate to H.02 as BE% has an empirical maximum of
ca. 60% [36,38] given that the diffusion coefficient for glutamate will always
be less than that for H.0,, coupled with the fact that a significant fraction of
enzyme-generated H.02 molecules are not oxidised at the electrode because
of loss to the bulk solution [47]. 3.2. Interference studies

One of the most important sensor characteristics is selectivity. This is
particularly so for neurochemical applications due to the complex chemical
matrix of the brain which consists of a multitude of electroactive species and
surface modifying agents such as lipids and proteins,
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Fig. 1. (A) Current-concentration profiles for glutamate calibrations (0-10 mM) for
biosensor designs 14 (blue, n = 8), 15 (red, n = 16) and 16 (green, n = 16), performed using
constant potential amperometry (CPA) at +700 mV (vs. SCE) in PBS (pH 7.4). (B) Linear
regression analysis and comparison (inset) of sensitivities (Linear Region Slope, LRS); *p <
0.05; **p < 0.01. (C) Typical raw data trace for design 16. Arrows indicate injections
yielding concentrations of 0.3, 0.4, 0.5, 0.7, 1, 2, 5 and 10 mM glutamate. Inset: Close-up
showing initial injections — arrows indicate concentrations of 0.01, 0.02, 0.03, 0.04, 0.05,
0.07, 0.1 and 0.2 mM. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

all of which can affect the performance of the implanted sensor. With respect
to the former, the concentration of these endogenous species can often be
greater than the concentration of the analyte of interest. For example, the
basal concentration of t-glutamate has been estimated at ca. 10 UM using a
variety of analytical techniques [10,11,16], while the most prevalent
interferent, ascorbate (AA) [33,34], has a concentration of ca. 400 uM [48,49].
Thus, without appropriate exclusion strategies the current generated from AA
oxidation would completely mask that of glutamate, as AA is readily oxidised
at the biosensor operating potential required for H,02 oxidation.
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Interference from electroactive species can successfully be addressed by
modifying the electrode surface with a permselective polymer layer. Here,
PoPD was chosen due to its proficiency in eliminating potentially masking
signals [21,28,47] and its superiority compared to polymers of other PD
isomers [32], its high permeability to H20[21,36], in addition to its ability to
improve biocompatibility [50]. An overlayer of monomeric styrene was used
to protect the PoPD polymer from the immobilising agents used to entrap the
glutamate oxidase on the electrode surface, and to improve binding [51] of the
subsequent GluOx/BSA: GA/PEI layers. Fig. 2A compares the response for basal
glutamate (ca. 10 uM), with that for AA, the principal interferent, and the
other endogenous strong reducing agents [18] L-cysteine [34], uric acid [16]
and dopamine [52], at their physiologically relevant concentrations. A series of
other potential interferents [9,17,53] including the DA metabolites 3,4-
dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), 5-
hydroxytryptamine (5-HT) and its metabolite 5-hydroxyindoleacetic acid (5-
HIAA), the amino acids L-tyrosine and i-tryptophan, the antioxidant -
glutathione, and dehydroascorbic acid (DHAA), were also tested (Table 1). All
signals recorded were found to be negligible compared to the current for
physiological glutamate with the selectivity ratio [9,54] for glutamate:AA
calculated at 2326:1 (nA cm™ 2 uM-1). In some cases where there was no
detection of the interferent negative values attributable to baseline
drift/random noise [9,28] were observed.

The interference response in the presence of neurotoxic levels of
glutamate (100 UM, see Section 3.3 Oxygen dependence) was also profiled (see
Fig. 2B), and again all signals were found to be negligible (pooled mean
response - 5.38 + 2.23%) compared to the glutamate signal, which was not
affected by the presence of any of the tested neurochemicals. Generally
interference from unwanted enzymatic reactions is also not a concern for
glutamate biosensors as GluOx is considered to be a very selective enzyme
[18]. However, while glutamine has been reported to serve as a substrate for
GluOx [34], we and others [11,34] have not observed any detectable enzymatic
activity for high micromolar glutamine concentrations.

3.3. Oxygen dependence

Oxygen dependence is another possible form of interference associated
with first generation peroxide detecting biosensors as oxidase

Table 1
Response of the Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEIl);s biosensor to various potential
interferents at physiological levels found in vivo, where known.

Neurochemical n [Interferent] Current® (nA. % Change (vs. 10 uM
(M) cm?) Glutamate)®
AA 21 500" 31+110 2.1%
L-Cysteine 16 4 41 +33 2.8%
Dopamine 16 0.05° 9+34ND 0.6%
Uric Acid 15 ND -
104 200
DOPAC HVA 19 38471 -
5-HT 16 100 2.6%
. b 7434
5-HIAA 1-Tyrosine 18  0.01 145 60 5.1%
L-Tryptophan 18 506 . 1.0%
. ND

L-Glutathione 19 10e 20¢ -
DHAA 6 46+ 46 3.2%

17 ¢ 57+41 3.9%

14 100° 26+112 1.8%
3 Approximate basal ECF concentration
[9,10].
b [16,48]. <[34]. 4[16]. ¢[16,55]. [16].

8 ECF concentrations not known, high UM values chosen; ND — No detectable change.
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Fig. 2. (A) Normalised Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI);s biosensor signal (n = 16) for
brain glutamate (10 pM) compared to the responses observed for the principal
endogenous reducing agents [18] ascorbic acid (AA, n = 21), L.-cysteine (n = 16), uric acid
(UA, n = 15) and dopamine (DA, n = 16) at their physiologically relevant concentrations.
(B) Mean (+SEM, n = 4) biosensor response to two 50 UM glutamate injections followed
by sequential injections of a series of common potential interfering neurochemicals (see
Section 3.2).

enzymes require the use of physiological O as a cofactor (see Introduction). As
such, it is important when characterising their properties for neurochemical
monitoring to ensure that the enzymatic reaction in question can occur
independently across all O, concentration ranges found in-vivo under normal
physiological conditions. For the mammalian brain this is typically between 40
and 80 puM 0 [16,26,56]. Fig. 3A shows the normalised glutamate versus Oz
(0-200 pM) correlation profile for the Pto(PoPD)(Sty)(GluOx/BSA:GA/PEI)s
biosensor at a fixed glutamate concentration of 10 uM. Oxygen dependence
was quantified as KmO2; small KmO2 values indicate low O, dependence because
higher O affinity leads to O saturation at lower pO,, thereby reducing
biosensor dependency at higher pO: levels. The value of 2.60 + 0.58 uM (n = 7)
determined here is similar to our previous estimates for other composite
designs [26,37], and suggests negligible Oz interference (see Fig. 3).

However, the turnover of Ozin the polymer/enzyme composite membrane
depends on the rate at which glutamate binds to the enzyme, i.e., on the
concentration of glutamate. While glutamate concentrations under normal
physiological conditions are typically 10 uM or lower for
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Fig. 3. (A) The effect of changing oxygen levels (0-200 uM) on the averaged normalised
Ptp(PoPD)(Sty) (GluOx/BSA:GA/PEI);s biosensor signal for 10 UM glutamate (n = 7). Non-

linear regression analysis [37,58] yielded KyO, = 2.60 £ 0.58 UM (R? = 0.984). Inset: Pooled
data for 10 uM and 100 uM glutamate (see B) used to determine [O,]goy (ca. 15 pM). (B)
Averaged normalised glutamate-oxygen correlation plots for 100 UM (n = 7), 200 uM (n =
7) and 500 uM (n = 8) glutamate. Inset: Linear regression analysis of KyO, values

determined from data in B (R?= 0.997).

cerebrospinal fluid and brain ECF [10], concentrations are known to increase
to high excitotoxic micromolar levels (e.g. 100 uM) in acute neurological
disorders including neurodegenerative diseases, stroke and trauma [57].
Additionally, we have previously shown that O, dependence typically becomes
more acute at higher concentrations of analyte [26,58]. As such, we
determined KvmO2 values over a range of glutamate concentrations for this
biosensor. Unlike previous designs where KumO: increased linearly with
glutamate concentration in the range 5-150 uM [26,37], the value for 100 uM
(1.1 £ 0.7 uM, n = 7) here was not significantly different from that at 10 uM
(tun = 1.63, p = 0.1295; Fig. 3A and B). Concentrations above this showed
increased values in line with previous results; 16.1+ 2.3 uM (n=7) and 51.2 +
5.9 uM (n = 8) for 200 uM and 500 uM glutamate respectively (Fig. 3B inset).
An alternative and more intuitive quantification of the level of O, dependence
is [O2]s0%, Which is the concentration of Oz at which 90% of the air-saturated
(200 uM) signal (100%) is observed [26]. Analysis of the pooled data for both
10 uM and 100 pM glutamate indicates that 90% of the air-saturated signal
can be maintained for the Ptp(PoPD)(Sty) (GluOx/BSA:GA/PEIl)ss biosensor in
media where O; concentrations fall to values as low as 15 uM (Fig. 3A inset).
This data suggests that physiological changes in pO: would have negligible
impact on the biosensor signal recorded in brain ECF, and that decreases in
pO2would only be significant if the tissue Oz levels became severely depleted.
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This is a characteristic we have observed previously with other similar
composite biosensors designs for glucose [58], glutamate [37] and choline
[29], and by other groups with devices for glutamate and ATP constructed
using thin layers [17,59]. The underlying mechanisms are most likely a
combination of Oz generation on the Pt surface from the electrolysis of water
and O: regeneration/recycling at the electrode surface (see Introduction,
enzyme reaction 2).

3.4. pH and temperature

It is also important to establish the biosensor response characteristics
associated with pH and temperature changes due to their well documented
potential  effects on  sensitivity. The dependence of the
Pto(PoPD)(Sty)(GluOx/BSA:GA/PEIl)1s biosensor response to pH (Fig. 4A) was
examined over the physiologically relevant range of
7.2-7.6 [17,28]. No significant difference (F(231 = 0.6315, p = 0.5385, one-way
ANOVA) was observed in sensitivity: pH 7.2, 89.3 £ 4.3 nAcm 2uM-*(n = 8);
pH 7.4, 89.5 + 3.8 nA cm~2uM-*(n = 20); and pH
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Fig. 4. The effect of changing pH (A) and temperature (B) on the sensitivity (Linear Region
Slope) of the Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEIl);s biosensor over physiologically relevant
ranges; 7.2 to 7.6 and room temperature (RT, 21 °C) to 40 °C respectively. Average current-
concentration responses are shown in Fig. 3S.

7.6,81.9+4.0nAcm 2uM-*(n=6).
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For temperature, variations between 35.5 °C and 38.8 °C, associated with
behaviour and pharmacological interventions, have been reported in freely-
moving animals [60]. Fig. 4B shows the effect of changing temperature over
the range 21 °C—40 °C on the glutamate response. Similar sensitivities (F(334) =
1.855, p = 0.1559, one-way ANOVA) were observed at each of the
temperatures tested indicating that the biosensor has the ability to accurately
measure glutamate free from temperature induced bias: 21 °C, 89.5 + 3.8 nA
cm 2uM-1(n =20); 34°C, 105+ 6 nAcm 2uM-*(n = 8); 37 °C, 95.9 + 7.3 nA
cm~2puM~1(n =5); and 40 °C, 99.62 + 8.06 nA cm~2puM~1(n = 5). Other groups
have also reported temperature independence for chemically modified GluOx-
based electrochemical sensors [61].

3.5. Limit of detection, response time and stability

A limit of detection (LOD) of 0.44 + 0.05 UM (n = 4) was determined from
three times the standard deviation of the baseline biosensor signal in
background electrolyte divided by the LRS [36,38]. The response time, defined
as the time taken for the biosensor signal at a fixed concentration to rise from
10% to 90% of the maximum amplitude (ti0-90%) was less than the mixing time
(ca. 5 s); the signal change (Fig. 5S) was instantaneous following injection with
t10-90% estimated at 1.67 £ 0.06 s (n = 4) for 10 uM glutamate.

Stability is the study of the longevity of a biosensor [17,28]. That is,
whether the particular design gives accurate and reliable results over the
required timeframe with respect to the intended application. Typically, a
minimum of at least two weeks is needed for chronic in vivo neurochemical
experiments. As the sensitivity of an implanted biosensor can be compromised
immediately following biological implantation due to the presence of surface
modifying agents (e.g. lipids) and electrode poisons (e.g. proteins) [62] we
tested the biocompatibility of the Pto(PoPD)(Sty)(GluOx/BSA:GA/PEI)1s sensor
by calibrating a batch of sensors before and after storage for two weeks in
moist brain tissue at 4 °C (Fig. 5A). A small decrease (t(»= 1.17, p = 0.2804, n =
8) of ca. 10% was observed in the sensitivity measured on Day 14 (70.8 + 8.4

nA cm”2 M~ ) compared to Day 1 (78.9 £ 4.0 nA cm™2yM~?), and compares
favourably with other reports where reduced sensitivities of between 20% and
50% have been reported following implantation [46]. We also investigated the
stability of the biosensor by examining baseline in vivo data for recording
periods out to 16 days following implantation (see Section 3.6).

Appraisal of shelf-life (Fig. 5B), i.e., the time under defined storage
conditions during which the sensor remains viable, involved comparing the
sensitivities of batches of biosensors which were stored dry at 4 °C until one-
off calibration on Days 1, 14 and 28. Responses were similar (F2,28)= 1.317, p =
0.2841, one-way ANOVA) for all three days: Day 1,

96.4 £3.4nAcm 2uM~*(n = 15); Day 14, 105.8 £ 4.6 nA cm™2uM-*(n = 8); and
Day 28, 97.5 £ 5.2 nA cm™ 2 UM~ ! (n = 8). As repeated calibrations can
sometimes have a negative effect on the sensitivity of polymer-enzyme
composite biosensors [28,53] we additionally examined the effect of
calibrating the same batch of biosensors over the same time interval (Fig. 5B).
Again, no significant difference (F2,14= 1.412, p = 0.2764, one-way repeated
measures ANOVA, n = 8) in sensitivity was observed: Day 1, 95.6 + 4.9 nA cm™

2uM-%; Day 14, 104.1 £ 2.9 nA cm™?yM~%; and Day 28, 104.4 £ 4.2 nA cm™?

uM-1, Finally, the effect of sterilisation (Fig. 5C) on biosensor performance was

investigated using freshly prepared biosensors which were calibrated (Day 1,

97.7 £ 5.9 nA cm~ 2 yM"?) prior to being sent for commercial electron beam

irradiation at 50 kGy min~1. The post-sterilisation sensitivity (Day 8, 92.8 + 8.9

nA cm™ 2 yM- ) was not significantly different from the pre-calibration value
(t7=0.5883, p =0.5748, n = 8).

Overall, these characteristics indicate good stability in terms of
biocompatibility, storage and use, and compare favourably with other
glutamate biosensors reported to retain their sensitivity following
implantation [63], and for up to 5 [17,36] months of storage. The absence
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Fig. 5. (A) The effect of two weeks storage in ex-vivo rodent brain tissue at 4 °C on the
Ptp(PoPD)(Sty)(GluOx/BSA:GA/PEI);s biosensor sensitivity (Linear Region Slope; Mean +
SEM, n = 8). (B) Clear - comparison of sensitivities for biosensors stored dry at 4 °C until
one-off calibration on Day 1 (n = 15), Day 14 (n = 8) and Day 28 (n = 8). Grey - comparison
of sensitivities (n = 8) for a batch of biosensors measured following storage between initial
calibration on Day 1, and repeated calibrations on Days 14 and 28. (C) The effect of
electron beam irradiation at 50 kGy min- L. Average current-concentration responses are
shown in Fig. 4S.

of enzyme inactivation from the electron beam sterilisation process opens the
possibility of potentially extending applications to areas such as medical
monitoring. The calculated LOD and response time are also similar to
previously reported values for glutamate biosensors [53], and when
considered with the stability data suggest that the Pto(PoPD)(Sty)
(GluOx/BSA:GA/PEI)1s biosensor is ideally suited to performing neurochemical
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measurements associated with behavioural and/or pharmacological
manipulations. While BSA:GA mixtures have been used extensively in
biosensor designs to increase sensitivity/stability, it is most likely that the
extended characteristics observed here can be attributed to the incorporation
of the polycation PEI, through its ability to facilitate charge counterbalance
with the polyanionic GluOx [37].

3.6. In-vivo recording

Preliminary in vivo experiments were performed to examine
biocompatibility/stability and to validate the ability of the Pto(PoPD)
(Sty)(GluOx/BSA:GA/PEl)1s biosensor to detect extracellular changes in
glutamate. Baseline signals were analysed over the same time interval (08:00—
09:00), for recording phases between Day 6 and Day 16, and no significant
variation in current was observed (Fig. 6A; Fge1= 0.1741, p = 0.9936, one-way
ANOVA). A sample continuous 12 h trace (dark phase) with simultaneously
recorded motor activity clearly highlights periods of activity which are
coincident with increases in glutamate (Fig. 6B). Such naturally occurring
changes are often associated with behavioural phenomena such as grooming,
feeding and locomotor activity [39,40].

Similarily, physiological stimulation induced in response to stress (e.
g. tail-pinch), has previously been shown to elicitate neuronal activation with
concomittant increases in glutamate measured using both microdialysis [64]
and biosensors [43,63]. As such, we examined the effect of mild stress in the
form of a 5 min restraint (see Experimental conditions in-vivo); the signal,
recorded from prefrontal cortex, increased during the procedure with a return
to baseline that was dependent on the activity/behaviour of the animal post
stimulus (Fig. 6C). Taken together, these preliminary results support the in
vitro data indicating that the developed biosensor is capable of detecting brain
extracellular glutamate, and is suitable for recording changes for at least three
weeks following implantation. Future in vivo work will involve further
behavioural experiments and targeted pharmacological studies to characterise
and validate signal integrety.

4. Conclusions

This research work set out to complete the development and in vitro
characterisation of a glutamate oxidase-based microelectrode biosensor
capable of in vivo measurements. The optimal Ptp(PoPD)(Sty)(GluOx/
BSA:GA/PEI)1s design achieved a sensitivity comparable to previously reported
sensors, a shelf-life of several weeks, and displayed no loss of sensitivity with
repeated calibrations, exposure to ex-vivo rodent brain tissue, or electron
beam sterilisation. Potential interference signal contributions from
physiologically relevant electroactive species were tested for both basal and
neurotoxic levels of glutamate and found to be negligible. Oxygen interference
studies suggest that the biosensor signal should not suffer significantly from
oxygen fluctuations in brain ECF under all but extreme anaerobic conditions.
In addition, physiologically relevant pH and temperature changes had minimal
effect on the biosensor performance, which, when taken with a calculated low
UM detection limit and rapid response time, suggests that this composite
sensor should reliably detect (-glutamate when used for neurochemical
monitoring. These results were supported by preliminary in vivo experiments
performed in freely-moving animals where expected signal changes were
observed for both natural and induced behavioural/ neuronal activation, from
a baseline which was stable 16 days following implantation. Future in vivo
studies will focus on consolidating this conclusion, and identifying the sources
(e.g. neuronal and/or glial) contributing to the recorded glutamate signal.
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Appendix 2: Characterisation of a microelectrochemical biosensor for real-time
detection of brain extracellular D-serine

It has been proposed that D-serine released by glia exhibits a regulatory role as a
necessary co-agonist for the glutamate activation of the N-methyl-D-aspartate (NMDA)
receptor [1]. Thereby, requiring D-serine and L-glutamate in the activation of the NMDA
receptor. D-Serine not only promotes neural signalling but synaptic plasticity as well [2].
Specialised glial cells known as astrocytes ensheath the NMDA receptors, and it is here that D-
serine is stored [3]. Thusly, a widely agreed upon expanded model for glutamate synapses was
established in which glutamate released from the presynaptic neuron interacts with both the
postsynaptic neuron and more interestingly, on the ensheathing astrocyte [4]. This results in
the metabotropic glutamate receptors being activated and a following degradation of
phosphatidylinositol 4,5-bisphosphate (PIP2) by phospholipase C (PLC). The NMDA receptor
on the postsynaptic neuron can open through the dual binding of L-glutamate and D-serine. The
compelling nature of this model comes from the potential activation mechanism of the D-serine

synthesis required for NMDA neurotransmission [5] (see Figure 1).
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Figure 1: Glutamatergic regulation of serine racemase via reversal of PIP» inhibition [5].
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Some research was undertaken regarding the development and characterisation of a D-
serine biosensor due to the intrinsic related nature with L-glutamate. Dual monitoring of L-
glutamate and D-serine in vivo could potentially elucidate the pathway and progress of the
various diseases related to dysregulation of the NMDA receptor. Contributions were made to

the pH and temperature studies (see Figure 2).
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Figure 2: The effect of changing temperature and pH (insef) on the sensitivity (LRS) of the
Ptp-MMA-((DAAO-4)s-30)3-GA biosensor. No significant difference in sensitivity was
observed for temperature (P = 0.5634, one-way ANOVA) or pH (P = 0.0753, one way
ANOVA). D-Serine calibrations (0-10 mM) performed at +700 mV vs. SCE in PBS (pH 7.4).

The paper following is in preparation for submission to Analytical Chemistry, aiming

to be submitted before the end of the year.
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Abstract

A modified development protocol and concomitant characterisation of a first generation
biosensor for the detection of brain extracellular D-serine is reported. Functional parameters
important for neurochemical monitoring, including sensor sensitivity, O: interference,
selectivity, shelf-life and biocompatibility were examined. Construction and development
involved the enzyme D-amino acid oxidase (DAAO), utilising a dip-coating immobilisation
method employing a new extended drying approach. The resultant Pt-based polymer enzyme
composite sensor achieved high sensitivity to D-serine (0.76 = 0.04 nA.mm™. uM™') and a low
uM limit of detection (0.33 £ 0.02 uM). The in-vitro response time was within the solution
stirring time, suggesting potential sub-second in-vivo response characteristics. Oxygen
interference studies demonstrated a 1% reduction in current at 50 pM Oz when compared to
atmospheric Oz levels (200 uM), indicating that the sensor can be used for reliable
neurochemical monitoring of D-serine, free from changes in current associated with
physiological O fluctuations. Potential interference signals generated by the principal
electroactive analytes present in the brain were minimised by using a permselective layer of
poly(o-phenylenediamine), and although several D-amino acids are possible substrates for
DAAQO, their physiologically relevant signals were small relative to that for D-serine.
Additionally, changing both temperature and pH over possible in vivo ranges (34 - 40 °C and
7.2 - 7.6 respectively) resulted in no significant effect on performance. Finally, the biosensor
was implanted in the striatum of freely moving rats and used to monitor physiological changes

in D-serine over a two-week period.

Keywords: D-Serine; D-Amino acid oxidase; Microbiosensor; Amperometry; In-vivo

monitoring
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1. Introduction

D-serine, the predominant D-amino acid found in the central nervous system [1, 2], is a
gliotransmitter that modulates neurotransmission at glutamatergic synapses and has a low
micromolar in-vivo concentration of ca. 2-6 uM [3-5]. It is an endogenous co-agonist of the
glycine modulatory site of the glutamatergic N-methyl D-aspartate (NMDA) receptor [5, 6],
modulating both neuronal transmission and synaptic plasticity [7-9]. The continuous
measurement of D-serine is highly desirable in order to better understand its role in normal and
pathophysiological processes. This is particularly so for psychiatric and neurodegenerative
disorders: decreased D-serine levels have been observed in CSF samples from schizophrenic
patients [10, 11]; administration of D-serine, in combination with neuroleptics or newer
antipsychotic drugs, improves positive, negative and cognitive symptoms[11, 12]; while
excessive levels of D-serine have been associated with neurodegenerative diseases [13-15]
however, some research findings has hypothesised decreased D-serine levels in Alzheimer’s
disease [16, 17]. Furthermore, recent findings show the potential importance of plasma D-
serine as a promising biomarker for the antidepressant response to ketamine [18].

To date, several analytical techniques have been employed for the neurochemical detection
of D-serine including chromatography[19, 20], capillary electrophoresis [21], microdialysis
[22] and electrochemical biosensors [2, 3, 23-26]. Microdialysis suffers from several
drawbacks including low temporal resolution and slow response times, however, the use of
enzyme-based biosensors offers an alternative option for the real-time neurochemical
monitoring of this enantiomer. Several, D-serine biosensors incorporating the enzyme D-amino
acid oxidase (DAAO) have been reported in the literature for use in various applications [27].
These biosensors rely on a two-step reaction scheme in order to detect D-serine. The first
involves the DAAO converting D-serine into its corresponding a-ketoacid (hydroxypyruvate),
yielding ammonia and the reduced enzymatic flavin adenine dinucleotide (FADH>).
Subsequently, an oxidative half-reaction with molecular oxygen occurs to regenerate FAD

which produces equimolar amounts of H2Ox:
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D-Serine &, Hydroxypyruvate + NH; + H,O,

FAD FADH,

N

0,
The H»0O: is then oxidised at the electrode surface and the resultant current corresponds to

the D-serine concentration:

Pt (+700 mV)
H202 —_—> 2H+ + 02 + 2e”

We have previously reported the development and characterisation of Pt-based
microelectrochemical biosensors designed for neurochemical monitoring of analytes such as
glucose, H>O», choline and glutamate based on novel polymer enzyme composite designs|[28-
32] . Performance and operational characteristics including sensitivity, selectivity, response
time, stability, and limit of detection were extensively studied for each biosensor and their
target analyte. The newly developed D-serine sensor reported herein utilises past knowledge
from previous manufacturing designs to facilitate immobilisation of DAAO onto a Pt surface,
using poly(o-phenylenediamine) for interference rejection, and stabilising agents methyl
methacrylate (MMA) and glutaraldehyde (GA) [3, 30, 33] to enhance the biosensor’s overall
performance. The resultant optimised composite design builds on previously published
literature [3, 34], incorporating a novel extended drying time which significantly increases
sensitivity. We also present a detailed characterisation study which suggests ideal suitability

for in-vivo neurochemical monitoring of D-serine.

2. Experimental Section
2.1 Chemicals and Solutions

The o-phenylenediamine (o-PD, 1,2-diaminobenzene, > 98 %), methyl methacrylate
(MMA, 99 %), glutaraldehyde (GA, Grade 1, 25 %), bovine serum albumin (BSA, fraction V
from bovine plasma), phosphate buffered saline (PBS) tablets, and D-serine (> 97 %) were
obtained from Sigma-Aldrich Ireland Ltd (Dublin). Compounds used in the interference study
were all purchased from Sigma-Aldrich Ireland Ltd: ascorbic acid (AA), dopamine (DA), 5-
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hydroxytryptamine, 3,4-dihydroxyphenylacetic, homovanillic acid, L-tyrosine, L-cysteine, L-
tryptophan, L-glutathione, uric acid (potassium salt), 5-hydroxyindoleacetic acid, D-aspartic
acid, D-alanine, D-leucine and D-proline. The D-amino acid oxidase (DAAO; from porcine
kidney, EC.1.4.3.3) was purchased from BBI Solutions, Crumlin, NP11 3EF, UK. A unit
activity of 1200 U/mL (specific activity of 8,333 U/g protein) dissolved in PBS (pH 8.5) was
used throughout.

In-vitro electrochemical experiments were performed in a 10 mM PBS solution, pH 7.4;
2.7mM KCl and 137 mM NaOH prepared from commercial tablets. Fresh solutions of D-serine
(100 mM), o-PD monomer (300 mM in N;-saturated PBS), glutaraldehyde (1%), and BSA
(1%) were prepared before use. Interferent solutions were prepared as required, and depending

on stability used fresh (e.g. DA and AA) or stored frozen (-80 °C) between use.

2.2 Biosensor Preparation

Cylinder and disc electrodes were manufactured from Teflon-coated platinum/iridium (Pt/Ir
90%/10%) wire (127-um bare diameter, 203-um coated diameter, Science Products GmbH,
Hofheimer Stral3e63, D-65719 Hoftheim, Germany). The electrodes were ca. 6 cm in length
with 3 mm of the Teflon® insulation removed from the wire. This was subsequently soldered
into a gold clip (/n-vitro - Fine Science Tools GmbH, 69115 Heidelberg, Germany; In-vivo -
Plastics One, Roanoke, VA, USA) which provided both an electrical connection to the
potentiostat and rigidity. Both cylinder and disc electrodes were used: the opposite end of the
wire to the gold clip served as the active electrode surface and a fresh disc was cut at this end;
cylinder electrodes were prepared by subsequently removing a 0.5 mm portion of the
insulation. Poly(o-phenylenediamine) (PPD) was electrochemically deposited from o-PD to
produce a thin self-sealing insulating polymer on the Pt surface [35], and the electrodes were
then stored at room temperature for a minimum of 3 hours before modification.

A dip-adsorption method was used to coat each electrode with the various biosensor
constituents applying a previously reported layering procedure [30, 33]. In brief, the electrodes
(both cylinder (Ptcyiy or disc (Ptp) geometries)were dipped for ca. 0.5 seconds into the
immobiliser methyl methacrylate (MMA). They were then consecutively dipped 15 times into
DAAO (1200 U/mL) and given a 4 min drying time between each dip sequence, and an
extended drying time of 30 minutes after every 5 layers of enzyme (see Fig. 1). This process
was repeated 3 times before addition of the final layer of glutaraldehyde (1%) (MMA-((DAAO-

4)5-30)3-GA). The composite blank electrode was manufactured using the same dipping
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process, except that the enzyme (DAAO) was substituted with the protein BSA (1%). All

sensor modifications were allowed to dry overnight at 4 °C before being calibrated.

2.3 Biosensor Calibrations

The working electrodes (4 biosensors at a time) were calibrated in a standard three-
electrode glass electrochemical cell containing 20 mL PBS (pH 7.4) at room temperature (21-
23 °C), unless otherwise stated. A saturated calomel electrode (SCE) was used as the reference,
and a Pt wire as the auxiliary electrode. A fixed potential of +700 mV (vs. SCE) was applied
to the working electrodes which were given time to stabilise under the influence of the applied
potential until the capacitance current had reached a steady baseline (ca. 3 hours). D-Serine
calibrations (0-10 mM) were then performed by the addition of aliquots of analyte every 4
minutes. After each addition, followed a period of stirring/mixing (ca. 10 s), the current
response for each concentration step was measured immediately before the addition of the next
aliquot. Temperature controlled experiments were performed in a jacketed cell (ALS Ltd, 1J
Cambria Scientific Ltd, Llanelli, UK) which was attached to a water bath (Julabo Corio CD-
BC4, Fisher Scientific, Dublin, Ireland). The temperature was continuously recorded
throughout the calibration using a T-type implantable thermocouple (ADInstruments Ltd.,
Oxford, UK) connected to a temperature pod (ADInstruments Ltd).

2.4 Oxygen Dependence

For this study, the PBS was de-aerated by vigorously purging the solution with N> for a
minimum of 30 minutes before commencing recording. A N> atmosphere was then maintained
over the solution while the biosensors settled. A 100 uM D-serine aliquot was introduced into
the cell followed by 25 uM aliquots of Oz (0-200 uM) every 3 minutes, with a brief stirring
period (10 s) after each addition.

2.5 Stability and Biocompatibility

The storage stability (shelf-life) was investigated by calibrating the same batch of
biosensors on day 1 and day 14 following dry storage at 4 °C. For biocompatibility testing,
sensors were carefully placed in moist brain tissue and stored in the fridge at 4 °C between

calibrations on days 1 and 14.
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2.6 Instrumentation and Software

Constant potential amperometry (CPA) was performed in all electrochemical experiments
using either a custom designed low noise potentistat (Biostat IV, ACM Instruments, Cumbria,
UK), or eDAQ QuadStat (Green Leaf Scientific, Dublin, Ireland). Data acquisition was carried
out with a notebook PC (in-vitro) or Mac® (in-vivo), a PowerLab® 8/30 (ADInstruments Ltd)
or eDAQ e-corder (Green-Leaf Scientific) interface system, and LabChart® for Windows
(Version 6, ADInstruments Ltd.) or eDAQ Chart (Version 5.5.23, eDAQ Pty Ltd., NSW 2112,

Australia).

2.7 Data Analysis

The graphical presentation and analysis of data was performed using GraphPad Prism 7
(GraphPad Software, Inc., CA, USA). Michaelis-Menten non-linear regression analysis was
used to calculate the enzyme kinetic parameters Vmaxapp and Kwmapp [29]. Sensitivity, here
defined as the Linear Region Slope (LRS), was determined from linear regression analysis of
the biosensor signal between 0-100 uM. All data is presented as mean current density (J,
nA.mm2) + SEM where n denotes the number of electrodes, unless otherwise stated. The
calculated area for the Ptp and Ptc biosensors is 0.0127mm? and 0.212mm? respectively. All
experimental signals were background subtracted. Statistical significance tests were performed
using t-tests (two-tailed paired or unpaired where appropriate) or one-way ANOVA (with
Bonferroni post-hoc analysis). Values of P < 0.05 were considered to indicate statistical

significance.

2.8 Surgical Procedures

Male Wistar rats (3, 250-350 g; Charles River Laboratories International, Inc., UK) were
anesthetised using the volatile agent Isoflurane (4% in air for induction, 1.5-3% for
maintenance; Bioresource Unit (BRU), Maynooth University) using a Univentor 400
Anaesthetic Unit (AgnTho’s AB, Sweden). Once surgical anaesthesia was established the
animals were placed in a stereotaxic frame and the biosensors, along with their composite blank
electrodes (ca. 1 mm apart), were implanted following a previously reported method [36], with

the level of anaesthesia checked regularly (pedal withdrawal reflex). Coordinates for striatum
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with the skull levelled between bregma and lambda were: AP + 1.0, M/L £ 2.5 and D/V -5. A
reference electrode (8T Ag, 200-um diameter; Advent Research Materials, Suffolk, UK) was
implanted in the cortex while the auxiliary electrode (8T Ag wire) was wrapped around one of
the 4 support screws (Fine Science Tools GmbH, 69115 Heidelberg, Germany) used to fix the
sensors/electrodes to the skull along with dental acrylate (Dentalon Plus, AgnTho’s AB).
Immediately following surgery all animals were administered saline and analgesic (buprecare;
BRU, Maynooth University), and given time (several hours) to recover in a thermostatically
controlled cage (Thermacage MKII, Datesand Ltd, Manchester, UK). They were assessed for
good health according to published guidelines [37, 38] immediately following recovery from

anaesthesia and at the beginning of every day.

Acute non-recovery experiments were performed using a similar surgical protocol. The
reference electrode was placed in the cortex and the auxiliary electrode (soldered to a support
screw) was positioned to the rear of the cannula. The biosensor and the corresponding
composite blank were glued to a guide cannula (BASi®, West Lafayette, IN, USA) pre-surgery,
attached to a stereotaxic micromanipulator and lowered slowly into the striatum to the desired

coordinates (as above). A small amount of dental acrylate was applied for support.

All animal work was carried out with approval from Maynooth University Research Ethics
Committee (BSRESC-2017-019), and under license (HPRA AE19124/PO19) in accordance
with Part 5 of the European Union (Protection of Animals Used for Scientific Purposes)

Regulations 2012 (S.1. No. 543 of 2012).

2.9 Experimental Conditions in-vivo

Animals were given at least forty-eight hours to recover from surgery. Experimental periods
involved 96 hours (4 days/nights) of continuous recording where the animals were singly
housed in Raturn® sampling cage systems (BASi, West Lafayette, IN, USA) in a temperature
controlled facility with a 12 hour light/dark cycle (lights on at 07:00) with access ad libitum to
food and water. The animals were then disconnected from the instrumentation and housed
(buddy-bowl) with at least one other familiar animal for a minimum of 76 hours (3 days/nights).
The sensors were connected directly to the potentiostat via a six pin Teflon socket (MS363,
Plastics One, Roanoke, VA, USA) using a flexible screened six core cable (363-363 6TCM,

Plastics One). This arrangement allowed free movement during recording and had minimal
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effect on behaviour as all animals were habituated to the system for at least one week before
surgery. After application of the potential (+700 mV vs. SCE) each animal was given a further
24 hour before commencing experiments to ensure the background currents for the sensors had
stabilised. A sampling rate of 4 Hz was used for all recordings with a low-pass digital filter (50

Hz cut-off) applied to eliminate mains AC noise.

In acute experiments signals were allowed to reach a stable baseline (~ 2 hour post-
implantation) following application of the potential and before initiating the microinjections.
The infusion probe (BASi®, West Lafayette, IN, USA) was connected by PTFE (or PEEK
check + details, e.g. PlasticsOne?) tubing to a 50 pL pre-filled gas-tight syringe mounted in a
programmable syringe drive (Legato 130, AgnTho’s AB, Sweden), and the solution pushed
through until it was visible at the end of the cannula. The latter was then inserted into the
implanted guide and a 800 nL microinjection of 200 mM D-serine was performed. A low pass
digital filter (50 Hz cut-off) was applied and a sampling rate of 200 Hz was used for all

recordings.

3. Results and Discussion

3.1 Optimising Biosensor Design

Several first generation biosensors have been developed for D-serine detection. These have
utilised various transducers, geometries and immobilisation methods in their fabrication. Some
utilise the recombinant rhodotorula gracilis D-amino acid oxidase (RgDAAO) as their
biological recognition element [2, 23-25, 39]. This is overexpressed in Escherichia coli which
is purified to homogeneity. D-amino acid oxidase sourced from porcine kidney (pkDAAO) has
also been used [2, 3, 26]. However, biosensors that incorporate the RgDAAO enzyme tend to
record increased sensitivity when compared to those using pkDAAOQO. This is summarised in

Table 1.

Table 1. Comparison of sensitivity data for D-serine biosensors incorporating the enzymes

RgDAAO and pkDAAO
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Source Geometry (um)? Composition Sensitivity

(nA.cmZmM™1)
RgDAAO
Vasylieva et al. [39] Cylindrical(25x 100) Pt/PPD/DAAO-PEGDE 183+48 (n=19)
Pernot et al. [2] Cylindrical(25x 150) Pt/PPD/DAAO-BSA-Gly/GA/Naf 75 £28 (n=25)
Polcari et al. [23] Disc (25) Pt/PPD/DAAO-BSA-Gly/GA 279 +£21 (n=13)
Campos-Beltran et al. [25] Rectangular (333 x 15)  Pt/PPD/BSA/GA/DAAO 86.1£83 (n=12)
pkDAAO
Zain et al. [3] Cylindrical (125x 1000)  Pt/PPD/Naf/GA/DAAO 48+ 4 (n=4)
Zain et al. [3] Disc (125) Pt/PPD/Nat/GA/DAAO 61+£7(n=4)
Design 3° Cylindrical(127x 500) Pt-MMA-((DAAO-4)5-30)3-GA 60 £ 2 (n=47)
Design 4° Disc (127) Pt-MMA-((DAAO-4)s5-30);-GA 76 £4 (n=41)

“Diametre x Height "This study - See Experimental (Biosensor Preparation)

The biosensor reported herein incorporates the pkDAAO enzyme and builds on previously
published work [3, 34]. However, several advancements were implemented in this newly
developed design protocol, the inclusion of an initial immobilisation layer of MMA to facilitate
the entrapment of the enzyme layers with the number absorbed significantly increased and
decreasing the GA concentration utilised to 1% incorporated only as a final layer to crosslink
the previous enzyme layers. These advancements and the inclusion of an extended 30 minute
drying time results in improved LRS sensitivity and the optimisation of the kinetic parameters
compared to previously published work [3, 34].

The design Pt-MMA-((DAAO-4)s5-30)3-GA was first tried on a 0.5 mm cylinder (Design 1)
but was also tested on a disc electrode (Design 2), whose geometry can be more favourable for
accessing smaller brain regions (see Fig. 2A). The kinetic parameters for the disc
geometry(Vmaxapp, 730.6 £ 15 nA.mm2; Kmapp, 632 £ 47 uM, n = 41) significantly improved
compared to the 0.5 mm cylinder (Vmaxapp, 473 £ 9 nA.mm™2, P < 0.0001; Knmapp, 453 £ 35 uM,
P <0.0001, n =47) in line with previous observations [3]. Sensitivity was also improved (P =
0.0004): disc, 0.76 + 0.04 nA.mm™2.uM"! (n = 41); cylinder, 0.6 £ 0.02 nA.mm2.uM"! (n =47).
It is clear from these results that enzymatic sensitivities towards D-serine reflected in the

increased Vmaxapp and Kmapp values are dependent on the immobilisation protocol and electrode
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geometry with the Ptp exhibiting increased Vmaxapp and Kmapp values compared to the Ptc. This
disc design with optimised drying time also shows enhanced response characteristics when
compared with other D-serine biosensors utilising the pkDAAO enzyme (see Table 1), but has
still, on average, lower sensitivity than that observed for biosensors incorporating purified
RgDAAO. However, increased sensitivity is not necessarily a positive when designing
oxidase-based biosensors for neurochemical monitoring as oxygen dependence can become a
limiting factor [40]. As such, we further characterised the Pt-MMA-((DAAO-4)5-30)3-GA
design in terms of its operational characteristics under in-vitro conditions mimicking the
physiological environment in order to determine its potential suitability for monitoring in the

living brain.

Table 2. Comparison of Vmaxapp, Kmapp and sensitivity (Linear Region Slope, LRS) for the D-

serine biosensor designs incorporating an extended drying period.

Design n VMAXapp Kwmapp LRS
(nA.mm?) (uM) (mA.mm2.uM")
I Ptc-MMA-(DAAO-4)s-30);-GA 47 473 +9 453 + 35 0.60 = 0.02
2 Pto-MMA-(DAAO-4)5-30);-GA 41 731+15 63247 0.76 + 0.04

3.2 Oxygen Dependence

The enzyme DAAO requires Oz to complete its catalytic cycle regenerating FAD (see /.
Introduction). This gives rise to a potential interference problem associated with first
generation biosensors designed to be applied in biological tissues; the possibility that changes
in local O2 may interfere with the substrate response [28]. As such, it is important to
characterise O> dependence. This was achieved using a fixed concentration of D-serine (100
uM) well in excess of basal levels so as to cover the range of potential changes that might be
observed in-vivo. The concentration of O, was incrementally varied between 0 (N2 saturation)
and 200 uM (air saturation, see Fig. 3A). Addition of 25 pM resulted in an increase in D-serine

current from 0 to 78.3 = 5.6 % (n = 6) of the maximum current (Jmax, 100 uM) response for
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air-saturated PBS, with 98.3 £ 6.1 % achieved at 50 uM. As brain O levels have been reported
between 40-80 uM [41-43], and given that low substrate concentrations tend to display lower
biosensor dependence [28], these results indicate that the Ptp-MMA-((DAAO-4)s5-30)3-GA
biosensor has minimal interference from Oz over physiological concentrations with a Km[Oz2]
value of 7.7 £ 1.98 uM, suggesting its suitability for use in-vivo. Other groups have reported
similar results, with D-serine detection at physiological levels not dependent on O> except

potentially during pathological states such as ischemia [2].

3.3 Interference Studies

The brain is an anatomically complex environment containing several electroactive
interferents which could potentially undermine the specificity of the biosensor. One such
interferent is ascorbic acid (AA) [44]. With estimated basal concentrations reported at ca. 400
uM [45] this interferent alone could potentially mask the low micromolar D-serine signal. The
electropolymerisation of a poly(o-phenylenediamine) layer has previously been utilised in
glucose[29, 46], H2O: [31] and glutamate [32, 47, 48] biosensors for its ability to effectively
eliminate the AA signal through a saturation and self-blocking process [29, 49], while still
facilitating high permeability to surface generated H.O> [50-52]. Inclusion of a PPD layer in
the manufacturing process resulted in only small current responses being detected at the Ptp-
MMA-((DAAO-4)5-30)3-GA biosensor for AA; Fig. 3B (inset) shows sensitivity as a function
of AA concentration highlighting the significant interference rejection.

Other potential interferents tested included the neurotransmitters dopamine (DA) and 5-
hydroxytryptamine (5-HT), their metabolites 3,4-dihydroxyphenylacetic acid (DOPAC),
homovanillic acid (HVA) and 5-hydroxyindoleacetic acid (5-HIAA), the amino acids L-
tyrosine, L-cysteine, L-tryptophan, the antioxidant L-glutathione, the purine metabolite uric
acid (UA) Table 3 shows the average current recorded after administration of physiologically
relevant concentrations of each analyte. Small negative currents attributed to baseline drift were
recorded for some interferents. With the exception of L-cysteine, all signals recorded were
small (< 5 %) compared to the current (6.36 + 0.6 nA.mm™, n = 41) for basal D-serine levels
(5 uM). However, the extracellular concentration of cysteine in the brain is reported to be in
the nanomolar to low micromolar range [53], so therefore its contribution may be negligible
in-vivo. Also, such signals would be further reduced in-vivo through co-implantation of a
composite blank sensor (Ptp-MMA-((BSA)s-30)3-GA) and differential signal analysis,

improving the selectivity of the biosensor.
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The enzyme pkDAAO catalyses the stereospecific deamination of D-amino acids into their
corresponding o-imino acids which are then hydrolysed spontaneously to a-oxo-acids and
ammonia [54]. While D-serine is the predominant D-amino acid found in the CNS with a low
micromolar concentration (ca. 5 pM), others are also present [55]. D-alanine has a good affinity
for DAAO but its concentration is less than 3% of that of D-serine. D-aspartate on the other
hand is a poor substrate for DAAO while present at approximately 10% of the D-serine level.
Both were tested for potential interference along with the other most abundant D-amino acids,
D-leucine and D-proline [55]. All exhibited small pA changes for physiologically relevant
concentrations (see Fig. 3B) which were non-significant compared to that for D-serine (P <
0.0001). As expected, D-alanine produced the largest response but was still < 5% of the D-
serine signal at physiological concentrations. As expected when we tested the Ptp-MMA-
((DAAO-4)s-30)3-GA biosensor at an equimolar concentration (5 uM) the D-amino acids
recorded signal responses of 5.53 £ 0.79 nA.mm™ (n = 8, D-alanine), 3.79 + 0.47 nA.mm™ (n
= 7, D-proline), 4.03 + 0.47 nA.mm™? (n = 8, D-leucine) and 0.59 + 0.28 nA.mm™ (n = 7, D-
aspartate) with these results emphasising the fact that the enzyme D-amino acid oxidase is not
selective to D-serine but can be utilised for the detection of many D-amino acids, however, for
neurochemical monitoring this developed biosensor is selective to D-serine due to the
significantly higher ECF concentration of this specific D-amino acid.

Overall, this data compares favourably with other published D-serine biosensors developed
utilising pkDAAO [3], and suggests that the Ptp-MMA-((DAAO-4)5-30)3-GA biosensor
should be selective for D-serine when used for neurochemical monitoring. As many biosensors
designed for neurochemical monitoring incorporate a sentinel or blank electrode [2, 25, 56, 57]
to increase interference rejection, we propose the co-implantation of a composite blank sensor
(Ptp-MMA-((BSA-4)s-30)3-GA; see section 2.8 surgical procedures) and differential signal
analysis to improve permselectivity and mitigate any potential interference from species such
as L-cysteine and DOPAC. The role of this sentinel blank will be further characterised and

investigated in a future in-vivo study.
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Table 3. Current response of the Ptp-MMA-((DAAO-4)5-30)3-GA biosensor to potential

interferent molecules found in-vivo.

n [Interferent] Current® % Change
(uM) (nA.mm?) (vs. 5 uM D-Serine)
D-Aspartate 7 =~0.5% 0.06 £0.03 0.9%
D-Alanine 8 =~0.15% 0.17+0.03 2.7%
D-Proline 6 ~0.05% 0.04 + 0.005 0.6%
D-Leucine 6 =0.05% 0.05 £+ 0.003 0.8%
AA 20 500 0.24 + 0.94 3.8%
Dopamine 13 0.05° - 0%
DOPAC 9 20° 0.23 +0.62 3.6%
HVA 13 10° - 0%
5-HT 13 0.01° - 0%
5-HIAA 10 50° - 0%
Uric Acid 13 50° - 0%
L-Glutathione 13 504 - 0%
L-Cysteine 16 4¢ 0.40 +0.45 6.3%
L-Tryptophan 10 204 - 0%
L-Tyrosine 9 204 - 0%
Glycine 8 10* - 0%
L-Serine 8 10? - 0%

21551, °[58], © [59], ¢ High uM values chosen as ECF concentrations not known ¢ Small

negative currents attributable to baseline drift were recorded for some neurochemicals.

3.4 Temperature and pH

All calibrations reported so far were performed at room temperature (21-23 °C) and at pH
7.4. However, changes in temperature could potentially modify the catalytic activity of the
immobilised enzyme and thus alter biosensor performance [60]. For this reason, the effect of

changing temperature on the kinetic parameters of the biosensor was investigated, especially
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as brain temperature fluctuations have been observed during behaviour, and after
pharmacological manipulations in freely-moving animals [61-63]. Generally, under normal
conditions the temperature range in-vivo is typically between 35.5 and 38.8 °C. However,
during certain circumstances this range can be altered, such as during pentobarbital anaesthesia
(33 °C) and after psychomotor stimulant administration (40 °C) [64]. Fig. 4 shows the effect
on D-serine sensitivity of temperature changes over the range 34 — 40 °C. Almost identical
sensitivities (P = 0.5634, one-way ANOVA) were recorded at each of the temperatures: RT,
0.76 + 0.04 nA.mm2.uM™! (n=11); 34 °C, 0.81 = 0.01 nA.mm2.uM"! (n=7); 37 °C, 0.80 +
0.02 nA.mm>2.uM" (n = 9); and 40 °C, 0.80 = 0.01 nA.mm>2.uM"! (n = 8). These results
highlight the ability to detect changes in D-serine in-vivo without influence from temperature
variations, similar to previously published biosensors [65, 66].

Biosensors developed for in-vivo use are also typically calibrated over a range of
physiologically relevant pH values (typically 6.8 to 8) to ensure that performance is not
compromised by potential pH changes [42, 67]. As pH is tightly regulated in-vivo, a range
between 7.2 and 7.6 was tested (see Fig. 4, inset). No significant difference was observed (P =
0.0752, one-way ANOVA) in sensitivity: pH 7.2, 0.62 + 0.01 nA.mm>.uM"! (n =4); pH 7.4,
0.76 = 0.04 nA.mm>2.uM"! (n=11); and pH 7.6, 0.77 £ 0.02 nA.mm>2.uM"! (n = 5).

3.5 Response time and Limit of Detection

Other performance parameters considered were response time and limit of detection (LOD).
The former is defined as the time taken for the response to increase from 10 to 90 % (t10-90%)
of the maximum current for a fixed concentration. While it is difficult to separate this parameter
from the mixing time in a classical electrochemical cell, the calculated value of 9.86 + 0.46 s
(n=7) is within the stirring time (ca. 10 s). Similar in-vitro response times have been reported
for other Pt-based biosensors [31, 33, 65, 67, 68] , and typically, such devices tend to display
faster response times (e.g. 1 s or less) in-vivo [42, 57, 66, 69, 70]. The LOD, or lowest
concentration reliably detected by the biosensor, was calculated using the widely accepted
criterion of three times the standard deviation of the baseline [59, 71-73]. The calculated value
0f0.33 £0.02 uM (n = 18) suggests that the Ptp-MMA-((DAAO-4)s-30)3-GA biosensor should
be capable of monitoring physiological changes in D-serine from its estimated basal

concentration of ca. 5 uM.
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3.6 Biofouling and Stability

It is also important to consider and characterise any potential changes that could result from
long-term application in the target medium which might compromise the functional
characteristics of the device [74]. As the objective here is real-time neurochemical monitoring,
we tested the biosensor under conditions mimicking those found in the brain, which consists
of surfactants, electrode poisons, and a tissue matrix that can hinder mass transport [58, 75].
Biofouling Studies where thus performed by storing a batch of biosensors in moist brain tissue at
4 °C for 14 days following calibration on day 1. A 4 % decrease in sensitivity was recorded on
day 14 (0.52 £ 0.005 nA.mm>.uM!, n = 6) compared to day 1 (0.54 + 0.03 nA.mm>.uM", n
= 6, P = 0.72), indicating excellent biocompatibility characteristics. Usually following
implantation a decrease in sensitivity of between 20 and 50 % is observed [76, 77], after which
signals tend to stabilise for up to 14 days [69, 70]. The results presented here suggest that this
D-serine biosensor may function beyond this period.

Finally, it is important to consider the shelf-life which can also provide a good indication
of stability [65]. This characteristic was tested by calibrating a batch of biosensors on day 1,
and then recalibrating following 14 days dry storage at 4 °C. No intervening days were tested
as previous research has highlighted the potential detrimental effect of repeated calibrations on
biosensor sensitivity [65]. Both day 1 (0.52 + 0.02 nA.mm2.uM!, n = 5) and day 14 (0.51 +
0.013 nA.mm2uM', n = 5, P = 0.88) were found to have similar average sensitivities

supporting the biocompatibility data.

3.7 In-vivo Recording

We performed preliminary application experiments investigating the in-vivo
biocompatibility/stability properties of the Ptp-MMA-((DAAO-4)s-30);-GA biosensor by
implanting in the striatum of freely moving animals and examining changes in the baseline
current over several days (see Fig. 5A). Animals were given at least 48 hours recovery from
surgery (Day 0) before connection, and then following the application of the applied potential
sensors were given a minimum of 12 hours to stabilise in order to eliminate non-faradaic
contributions. Each baseline value was calculated at the same time period (08:00-09:00), prior
to any experimental procedures. No significant variation (P = 0.9312, one-way ANOVA) in

baseline current was observed over a 13 day period for the implanted biosensors (n = 7
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biosensors/3 animals). These results confirm that the developed biosensor is suitable for
recording D-serine changes for at least two weeks following implantation. This newly
developed biosensor (Ptp-MMA-((DAAO-4)s-30)3-GA) shows a marked improvement in
operational stability as our previous pkDAAO-based biosensor showed a decrease in sensitivity
following 3 days of continuous use [3]. Figure SA (inset) shows a typical example of the effects
of a 800 nL microinjection of 200 uM D-serine on the Ptp-MMA-((DAAO-4)5-30)3-GA
biosensor and Ptp-MMA-((BSA-4)5-30)3-GA composite blank implanted in the striatum. The
Ptp-MMA-((DAAO-4)s-30);-GA shows a 100% increase in current after the local
administration of 200 uM D-serine, while no change was observed at the blank (Ptp-MMA -
((BSA-4)5-30)3-GA), confirming this change in current is as a result of changes in D-serine
concentration.

Fig. 5B shows typical in-vivo traces for both the biosensor (Ptp-MMA-((DAAO-4)s-30)3-
GA) and a composite blank electrode (Ptp-MMA-((BSA-4)s5-30)3-GA) recorded over a 6 hour
period during the light phase between 10:00-16:00. It also shows the differential D-serine signal
(purple trace, Fig. 5B), which using in vitro calibrations, would suggest an approximate basal
ECF concentration of 10 uM. This is in good agreement with values estimated by other groups
using biosensors (2.3 uM-frontal cortex and 2.8 uM- hippocampus [5]) and microdialysis (5.8
uM-mPFC and 7.3 puM-striatum [4]). Generally, during a 24 hour period in-vivo signals
recorded from freely moving animals exhibit changes from baseline levels varying from rapid
short changes, to more prolonged ones lasting one or more hours [78]. These changes are often
associated with physiological phenomena including activity (e.g. feeding, and grooming) and
sleep [78],[79]. Such changes are clearly visible in the D-serine signal (D-serine - Blank) over
the 6 hour period highlighted. Future work will involve further in-vivo characterisation
experiments to investigate sensitivity, selectivity and the dynamic relationship between
substrate and blank signals. The latter have been predominantly monitored in anaesthetised
animals where general CNS depression results in clean signals devoid of the physiological
changes observed in the awake animal. Additionally, such recordings tend to be performed
over relatively short time periods (e.g. minutes), typically during a pharmacological

manipulation involving pressure ejections, see e.g.[57, 77, 80] .
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4. Conclusions

A sensitive, selective and stable biosensor for neurochemical monitoring of D-serine was
successfully developed and characterised in-vitro. The incorporation of MMA as the
immobiliser facilitated the entrapment of the DAAO enzyme onto the active surface of the
electrode using a dip-coating approach, while inclusion of the cross-linker GA enabled
optimisation of the Vmaxapp, Kmapp and sensitivity. The introduction of an extended drying
period and disc geometry improved these parameters further compared to previous designs [3,
34]. The biosensor performed well following storage at 4 °C for 14 days (dry) or in ex-vivo
brain tissue, with no significant decrease observed in sensitivity. The inclusion of a poly(o-
phenylenediamine) layer, and the proposed co-implantation of a composite blank electrode in-
vivo, successfully rejects a range of potential electroactive interferents, with the biosensor also
displaying oxygen independence over physiologically relevant concentrations, and negligible
signal contributions from other endogenous DAAO substrates. Furthermore, temperature and
pH changes had minimal effect on sensitivity. When considered with the calculated low uM
detection limit and rapid response time, these characteristics suggest that the developed
composite biosensor is suitable for detecting neurochemical levels of D-serine. Preliminary in-

vivo experiments performed over a two-week period support this conclusion
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Figures
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Fig. 1: Schematic of the electrode (disc geometry) and dip-coat layering involved in the
manufacture and development of the D-serine biosensor: Layer 1 - Poly(o-phenylenediamine)
(PPD, 300 mM); Layer 2 - Methyl methacrylate (MMA); Layer 3 - D-amino acid oxidase
(DAAO, 1200 U/mL); and Layer 4 - Glutaraldehyde (GA, 1%).
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Fig. 2: (A) Current-concentration profiles for D-serine calibrations (0-10 mM) performed using
biosensor Designs 1 (orange, cylinder, n =47) and 2 (purple, disc, n =41), in PBS (pH 7.4) at
room temperature using CPA at +700 mV vs. SCE. Inset: Comparison of cylinder vs. disc
sensitivities, **** P = (.0004. (B) Typical raw data trace for design 2. Arrows indicate point
of injection yielding concentrations of 5, 10, 20, 50, 100, 200, 500, 1000, 2000, 5000, 10000

uM of D-serine.
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Fig. 3: Ptp-MMA-((DAAO-4)5-30)3-GA biosensor Design 4 - (A) Normalised Jmax D-serine
(100 uM) response vs. oxygen concentration. (B) Comparison of sensitivity to D-serine (5 pM)
with that for in-vivo concentrations of the most abundant amino acids found in the brain (P <
0.0001); D-aspartate (0.5 uM , n = 7), D-alanine (0.15 pM, n = 8), D-proline (0.05 puM, n = 6)
and D-leucine (0.05 uM, n = 6). Inset: Sensitivity as a function of concentration for ascorbic
acid (AA) showing interference rejection and saturation characteristics at physiological levels.
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Fig. 4: The effect of changing temperature and pH (inset) on the sensitivity (LRS) of the Ptp-
MMA-((DAAO-4)5-30)3-GA biosensor. No significant difference in sensitivity was observed
for temperature (P =0.5634, one-way ANOVA) or pH (P =0.0753, one way ANOVA)D-Serine
calibrations (0-10 mM) performed at +700 mV vs. SCE in PBS (pH 7.4).
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Fig. 5: (A) Average (= SEM, n = 7) baseline in-vivo data for the Ptp-MMA-((DAAO-4)5-30)3-
GA biosensor recorded in rat striatum (3 animals) using CPA at +700 mV over 13 days. All
data taken daily between 08:00-09:00. Inset: Typical example of the effects of a 800 nL
microinjection of 200 uM D-serine on the Ptp-MMA-((DAAO-4)5-30)3-GA biosensor (red
trace). Arrow represents the point of delivery of microinjection with current normalised with
baseline set to 100%. (B) Typical 6 hour in-vivo trace (10:00-16:00) for both the biosensor
(pink trace) and its composite blank Ptp-MMA-((BSA)s-30)3-GA electrode (grey trace). The
lower purple trace shows the differential signal (D-Serine — Blank).
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Appendix 3: Conferences and Postgraduate Modules

Training Courses:

* LAST Ireland Training course (Category A, B, C, D) on the use of animals in scientific
procedures in accordance with best international and national practices — General Module (Day
1) and Species Specific Module (Day 2) — 14th/15th February 2019.

* Attended Institute of Animal Technology (IAT, Ireland Branch) Symposium 2019 (22nd May),
Trinity College Dublin

Conferences:

RSC 6th Analytical Biosciences Early Career Researcher Meeting, University of Cambridge,
UK, 28"-29" March 2019:

* K.P. Bermingham, M.M. Doran, F.B. Bolger, J.P. Lowry. Characterisation of a biosensor for
the real-time eurochemical Monitoring of L-Glutamate. Poster Presentation.

XXV International Symposium on Bioelectrochemistry and Bioenergetics, University of
Limerick, 26th-30th May 2019:

* K.P. Bermingham, M.M. Doran, F.B. Bolger, J.P. Lowry. Characterisation of a biosensor for
the real-time neurochemical monitoring of L-Glutamate. Poster Presentation.

* M.M. Doran, K.P. Bermingham, K.W. Pierce, M.D. Tricklebank, J.P. Lowry. The In-vivo

validation of a D-Serine biosensor. Poster Presentation.

MU Structured PhD/MSc Programme — Modules Completed:

e Module CH801 — Core Skills and Research Techniques in Chemistry

e Module CH803 — Teaching Skills in Chemistry

e Module BI673T — LAST Ireland Animal Handling Course, Rodent Module
e Module GST2 — Finding Information for your Research

e Module GST10 — Innovation and Research Commercialisation

e Module GST1 — Professional Development and Employability
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