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Abstract

Abstract

Epilepsy is one of the most common and serious brain diseases which affects a
large number of people, provoking diverse lifestyle consequences and limitations. It is
many times hard to treat/control with medication and worldwide efforts have been
undertaken to achieve disease control, which may allow patients to attain an independent
lifestyle. The most common form of acquired epilepsy is temporal lobe epilepsy, since
the temporal lobe is the most epileptogenic region of the human brain, also being one of
the most common and intractable types of epilepsy that usually results from a trauma and
only manifests its symptoms later in life.

The human brain is a highly complex and metabolically active organ, and as such
an advanced and efficient vascular system is needed to meet the energetic demands in
order to preserve the homeostatic balance of the brain. Even though this organ only makes
up 2% of the overall body mass, it requires a high input of metabolic substrates to fulfil
its needs, consuming about 20% of the total oxygen intake. Despite spending such a large
amount of energy, the brain does not possess a way to store nutrients to use when needed.
These necessities are suppressed by the blood supply and accurate and precise adjustment
of cerebral blood flow as a function of activity level — neurovascular coupling.
Compromised neurovascular coupling is associated with several disease states, including
epilepsy.

Molecular oxygen plays a crucial role in maintaining a healthy brain function, and
the mechanisms that control its usage and delivery are vital to preserve normal brain
homeostasis. Besides its critical role in cellular respiration, where it is the terminal
electron receptor of the mitochondrial respiratory chain, it originates reactive oxygen
species that play an important signalling role in the regulation of the cerebral blood flow.
Increased neuronal activity in a specific region of the brain is associated to an increment
in cerebral blood flow as well as a change in oxygen consumption.

Considering this data, research on oximetry techniques, assessing brain pO2 in
vivo and in real time, is of considerable value to comprehend how oxygen affects various
metabolic and disease states, as well as aiming to achieve treatment and therapy

alternatives using the gathered data.
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Carbon Nanotube Modified Carbon Fiber Microelectrodes for In Vivo Oximetry in an Animal Model of
Temporal Lobe Epilepsy

In this project we constructed carbon fibre microelectrodes (CFM) coated with
multi-walled carbon nanotubes (MWCNT) in a Nafion® matrix for in vivo monitoring of
pO2 in the brain. These MWCNT-modified CFM were evaluated for their
electroanalytical performance towards the electroreduction of oxygen and tested for their
ability to adequately monitor dynamic changes in pO2 in vivo in a model of 4-
aminopyridine evoked seizures. Furthermore, we explored the capability of high-
frequency amperometry to concurrently allow the measurement of pO: and
electrophysiological data in the form of local field potential-related currents. The main
goal was to study the changes in brain tissue pO2 during paroxysmal events such as
convulsive seizure in the hippocampus, a structure that is greatly impacted in Temporal
Lobe Epilepsy.

The results support the notion that MWCNT coating has an electrocatalytic effect,
lowering the overpotential needed for electrochemical reduction and monitoring of O2
and increasing sensitivity as compared to bare CFM for working potentials between -0.5
and -0.8 V vs. Ag/AgCl. Regarding the in vivo studies, we found that 4-aminopyridine-
evoked seizures produced biphasic changes in brain tissue pO: that were clearly
correlated with increased neuronal firing observed as an increase in power at frequencies
above 1 Hz.

This study confirms the benefits of MWCNT for oxygen measurements with
CFM, the suitability of these electrodes for in vivo oxygen recording and also shows
results that corroborate other studies with different chemoconvulsants that show the
epileptic dip followed by a hyperoxygenation phase, showing the success and potential

of this approach to acquire new data allowing better control of epileptic seizures.

Keywords: Epilepsy, Electrochemical sensors, Carbon-Fibre Microelectrodes, 4-
aminopyridine, Electrochemistry, Carbon Nanotubes
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Resumo

Resumo

A epilepsia é uma doenca cerebral comum que afeta um nimero elevado de
pessoas, trazendo inumeras alteragdes a qualidade de vida dos pacientes. Diversos estudos
tém sido feitos de forma a encontrar formas de manter a doenga controlada e providenciar
as pessoas afetadas um estilo de vida mais independente, dado que esta ainda é uma
doenca incurdvel e é dificil controlar as convulsGes. A regido do cérebro mais
epileptogénica é o lobo temporal e por isso, a epilepsia do lobo temporal é a forma mais
comum de epilepsia, sendo também uma das mais dificeis de controlar.

Apesar de apenas representar apenas 2% do peso total do corpo, o cérebro humano
requer uma quantidade elevada de substratos metabdlicos para satisfazer as suas
necessidades, consumindo sensivelmente 20% do oxigénio que entra no organismo. E
assim dependente de um sistema vascular eficiente que fornece a energia necessaria para
manter o equilibrio homeostatico do cerebro. Apesar de necessitar de elevadas
guantidades de energia, o cérebro carece de uma forma de reservar nutrientes para quando
sd0 necessérias reservas metabolicas de modo a satisfazer as necessidades energéticas.
Para fazer frente a esta adversidade, o cérebro conta com 0s nutrientes presentes na
corrente sanguinea que tém de ser distribuidos de forma precisa e exata, ajustando o fluxo
cerebral sanguineo consoante o nivel de atividade cerebral- acoplamento neurovascular.

O oxigénio molecular é fundamental ao bom funcionamento do cérebro, e 0s
mecanismos que controlam o seu uso e distribuicdo sédo vitais para preservar o equilibrio
homeostatico do cérebro. Para além do seu papel fulcral na respiracdo celular, onde este
é o recetor de eletrdes final da cadeia respiratéria mitocondrial, o oxigénio também €
ainda necessario para a producdo de espécies reativas de oxigénio que desempenham um
papel importante de sinalizacao na regulagdo do fluxo sanguineo cerebral. O incremento
da atividade neuronal numa regido especifica do cérebro esta associado a um aumento do
fluxo sanguineo bem como a uma altera¢do do consumo de oxigenio.

Deste modo, a investigacdo focada no desenvolvimento de novas técnicas de
oximetria, de maneira a aferir a pO2in vivo em tempo real, tém um potencial para permitir
uma melhor compreensdo de como o oxigénio afeta diversos estados metabodlicos e de
doenga, assim como na procura de um tratamento e alternativas terapéuticas utilizando os

dados adquiridos.
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Carbon Nanotube Modified Carbon Fiber Microelectrodes for In Vivo Oximetry in an Animal Model of
Temporal Lobe Epilepsy

Neste projeto, construimos microeléctrodos de fibra de carbono (CFM) revestidos
com nanotubos de carbono de mdltiplas paredes (MWCNT) numa matriz de Nafion® para
monitorizacao in vivo do pO2 no cérebro. Estes microeléctrodos alterados foram avaliados
quanto a sua performance eletroanalitica relativamente a eletroreducdo do oxigénio e
testados no que toca a sua habilidade de medir corretamente alteracGes dinamicas no pO2
in vivo num modelo de convulsdes provocadas por 4-aminopiridina. Para além disto,
também foi explorada a capacidade da amperometria de alta frequéncia como forma de
medir simultaneamente a pO2 e informagdo eletrofisiologica na forma de correntes do
potencial local de campo. O principal objetivo foi o de estudar as alteracdes no cérebro
ao nivel do pOzdo tecido durante eventos com convulsdes no hipocampo, uma estrutura
altamente afetada pela epilepsia do lobo temporal.

Estes resultados vao de encontro com a nog¢do de que os MWCNT possuem um
efeito eletrocatalitico, diminuindo o potencial excessivo necessario para a detencéo e
monitorizacdo eletroquimica do O2, aumentando a sensibilidade, quando comparados a
CFM sem revestimento, para potenciais de trabalho entre -0,5 e -0,8 V vs. Ag/AgCIl. Em
relagdo aos estudos in vivo, constatdmos que as convulsdes induzidas por 4-aminopiridina
produzem alteracdes bifasicas na pOz do tecido cerebral que foram visivelmente
relacionados com um aumento da atividade neuronal observada no aumento da poténcia
em frequéncias acima dos 1 Hz.

Este estudo confirma os beneficios dos MCNT para efetuar medi¢Ges de oxigénio
in vivo com CFM, demonstrando ainda a aptidao destes elétrodos para efetuar medicoes
de variacbes de oxigénio, assim como resultados que corroboram outros estudos
realizados com outros convulsivantes quimicos que demonstraram a queda inicial na
concentragdo de oxigénio ( “epileptic dip”) seguida de uma fase de hiperoxigenacao,
demonstrando o sucesso e potencial que esta técnica tem para adquirir novos dados com

0 objetivo de poder alcangar um melhor controlo das crises epiléticas.

Palavras-chave: Epilepsia, Sensores eletroquimicos, Microeléctrodos de fibra de
carbono, 4-aminopiridina, Eletroquimica, Nanotubos de Carbono
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Introduction

1. INTRODUCTION

Epilepsy is one of the most prevalent and serious brain diseases, affecting
approximately 1% of people worldwide and having a variety of negative effects on
lifestyle. Treating and controlling epilepsy is a huge obstacle that scientists and physicians
have to overcome, so there are still a wide variety of studies being conducted in order to
give people with epilepsy an improved lifestyle [1]. Temporal lobe epilepsy is the most
prevalent form of epilepsy and also one of the hardest to control since the temporal lobe
is a highly epileptogenic region in the human brain [2—4]. So, it is crucial to further
understand this type of epilepsy and better comprehend biomarkers to achieve a way for
epileptic people to stay independent.

Electrochemical measurements have been widely used to study different
biomarkers that can help predict epileptic seizures such as glucose, lactate, oxygen (O2),
and others. Carbon fibre microelectrodes (CFM) have been used since they are cheap and
easy to produce, being sensible and a reliable way to perform in vivo measurements [5].
However, the electroanalytical performance of CFM can be improved through surface
modification, namely by exploring the electrocatalytic properties of nanomaterials such
as carbon nanotubes [6,7].

The main goal of this project was to design and evaluate multi-wall carbon
nanotube (MWCNT) modified CFM for in vivo electrochemical monitoring of O2—
oximetry - during chemoconvulsant induced epileptic seizures in the hippocampus.
Furthermore, by performing high frequency amperometry coupled to signal processing,
we aim to concurrently monitor Oz and electrophysiological data in the form of local field
potential-related currents, using a single probe [3,8]. Monitoring changes in tissue O2
which result from neurometabolic and neurovascular responses during seizures can help
us better understand the neuropathology of epilepsy. By further combining
electrophysiological data, one may hope to further understand the intricate interplay

between aberrant brain activity and the metabolic/cerebrovascular response in epilepsy.
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Carbon Nanotube Modified Carbon Fiber Microelectrodes for In Vivo Oximetry in an Animal Model of
Temporal Lobe Epilepsy

1.1. Epilepsy

According to the International League Against Epilepsy (ILAE) and the
international Bureau for Epilepsy (IBE), epilepsy is defined as a disorder of the brain
characterized by an enduring predisposition to develop epileptic seizures and by the
associated neurobiological, psychological, cognitive, and social repercussions [9]. The
definition of epilepsy requires the occurrence of at least one epileptic seizure, described
as a transient occurrence of signs and/or symptoms because of abnormal excessive or
synchronous neuronal activity in the brain [9]. The process of developing epilepsy is
defined as epileptogenesis [10].

Difficulties in harmonizing the diagnosis of epilepsy due to the lack of criteria
prompted the ILAE task force to recently rectify the definition of epilepsy as a disease of
the brain described by any of the following conditions [11]:

1. Occurrence of at least two unprovoked (or reflex) seizures more than 24 hours

apart.

2. Occurrence of one unprovoked (or reflex) seizure, coupled with a probability

of additional seizures equivalent to the general recurrence risk (at least 60%)
following two unprovoked seizures, happening on the course of the 10
following years.

3. Detection of an epilepsy syndrome.

Additionally, epilepsy is considered treated for individuals with age-dependent
epilepsy syndrome who have past the applicable age as well as in subjects who have
remained seizure-free for the last 10 years, without seizure medicine for the last 5 years
[11].

Epilepsy is one of the most prevalent serious brain diseases, with an incidence of
approximately 1% worldwide, and it has significant social, psychological, and physical
repercussions [1]. Risk factors vary with age and geographical location, and whereas
epilepsy associated with head trauma, tumours and central nervous system infections can
develop at any age, for people with more than 60 years, cerebrovascular disease is the

most common risk factor [12].
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Introduction

Epilepsy is characterized by the sudden changes that occur in brain dynamics,
leading to abnormal synchronization of extended brain networks, that are called seizures.
These are generated in a process called ictogenesis and are distinguished by a transient
impairment of sensation, thinking and motor control [1]. Due to their unpredictable
nature, seizures impose restrictions in several domains such as lifestyle, career,
relationship, besides other limitations the disease brings [1,13]. People with epilepsy
experience decreased quality of life and require a change in their daily habits. Many
become incapable of performing several tasks they did before, requiring assistance, and
may experience progressive worsening of their condition [13]. Additionally, epilepsy is
a stigmatizing condition, leading to discrimination and less employment opportunities
[13].

The most common form of epilepsy in adults is temporal lobe epilepsy (TLE),
since the temporal lobe is the most epileptogenic region of the human brain. TLE is
particularly disabling, due to its unpredictability, linked to a poor response to antiepileptic
drugs (AED) that frequently results in an indication for resection surgery [2—4]. This type
of disease is a group of disorders that involves the dysregulation of hippocampal function
caused by neuronal hyperexcitability and usually starts from epileptogenic events such as
febrile seizures during early childhood, brain trauma, perinatal injury, congenital brain
malformation, brain tumours infections on the central nervous system, or status
epilepticus (SE) followed by a latent period in which the hippocampus develops atrophy,

triggering spontaneous seizures [3,4,14].

1.1.1. Treatment

Several studies have aimed to better understand the neuromolecular mechanisms
of epilepsy in the hope of developing effective treatments. The main path used to treat
and suppress seizures without rectifying the underlying neuropathological process are
AED and people with epilepsy frequently require a lifelong supply of AEDs [15].

The majority of antiepileptic drugs possess more than one mechanism of action
[16]. The following classification of AED is based on their mechanisms:

1. Blockage of voltage-dependent sodium or calcium channels, preventing

sustained repetitive firing in individual neurons. These AED show effectiveness against
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generalized tonic-clonic and partial seizures. This group has several examples such as
carbamazepine, oxcarbazepine, gabapentin, lamotrigine, topiramate, phenobarbital,
phenytoin, valproate [16].

2. Enhancement of the inhibitory events mediated by GABA: benzodiazepines,
gabapentin, phenobarbital, tiagabine, topiramate, vigabatrin, and valproate [16].

3. Blockage of T-type calcium channels, which is active against absence seizures.
This group consists of a single drug, ethosuximide [16].

4. Reduction of events mediated by excitatory amino acids (like glutamate). There
are currently three antiepileptics that meet these requirements: felbamate, phenobarbital,
and topiramate [16].

In about 30-40% cases of patients with epilepsy, AED and other types of treatment
are not capable of keeping seizures under control [17]. This type of epilepsy is called
refractory epilepsy [17]. Refractory epilepsy can evolve over time, holding risks for
structural brain and nervous system damage, comorbidities (osteoporosis, fractures),
increased mortality (from suicide, accidents, sudden death, pneumonia, and other
diseases), as well as psychological (depression, anxiety), educational, social (stigma,
driving), and vocational repercussions [17]. In 2010 the ILAE published a definition of
refractory epilepsy to help improve patient care and research, considering two levels
disposed in hierarchy [17,18]. The first level considers the outcome in response to
therapeutic interventions (seizure freedom, treatment, failure, or undetermined) while the
second level classifies the drug responsiveness (Drug resistant, drug responsive or
undefined) [17,18].

Since there is a therapeutic failure in about 30-40% of patients, intensive research
for new antiepileptic drugs has been developed, bringing nine new and licenced
treatments to patients that poorly responded to conventional therapy, including felbamate,
gabapentin, lamotrigine, levetiracetam, oxcarbazepine, tiagabine, topiramate, vigabatrin,
and zonisamide [16]. Other therapeutic options include surgery, brain stimulation and
dietary intervention [15].

With the focus of achieving seizure control and improving the quality of life of
patients with refractory epilepsy, physicians perform surgical treatments of epilepsy

[19]. When it is possible to clearly identify a seizure-onset zone, resection of the involved
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area of the brain might benefit patients [19]. These procedures can imply the resection of
the medial structures of the temporal lobe, including hippocampus, amygdala, and
entorhinal cortex [20]. Resections implemented on the cortex are guided by imaging
results and intracranial electroencephalography [20].

Neurostimulation is an emerging treatment for neurological diseases that is
currently in use [21]. It uses electrical pulses directly to or in the neighbourhood of the
nervous tissue, regulating a pathological substrate to achieve a symptomatic or curative
therapeutic effect [21]. Electrically stimulating the tenth cranial nerve or vagus nerve
stimulation are forms of extracranial stimulation that were developed in the eighties and
are available for routine treatments in epilepsy centres [21]. This technique is
recommended in patients with refractory epilepsy that are not suited for surgery or who
have had lack of results from treatment [21]. As for intracerebral neurostimulation, it
requires access to the intracranial nervous system since electrodes are placed into
intracerebral targets for deep brain stimulation or inserted over the cortical convexity for
cortical stimulation [21]. This technique is still under development [21].

As for the dietary intervention, ketogenic diet (comprising very low
carbohydrate combined with high fat content) and other related diets have been shown to
have some efficacy in seizure reduction [17]. It was developed in 1921 with the objective
of mimicking the anticonvulsant effects of fasting, which was previously known to
suppress seizures and was widely used before the appearance of AED [22]. The ketogenic
diet was used only used as a last resort until the 1990s, when it resurfaced as an important
way to treat epilepsy in particular in children refractory seizures [22] According to
studies, at least half of all patients treated with this diet show a 50% or greater reduction
of seizure frequency [22]. Recent studies show that a ketogenic diet can sometimes be
discontinued without losing the control of seizures, suggesting that it can be both

anticonvulsant and antiepileptogenic [22].

1.2. Neurovascular and metabolic events associated with seizures

The human brain is one of the most sophisticated and metabolically active organs
of the body and as such is supplied by a complex vascular system that is able to fulfil the
energetic needs and supply energy substrates and nutrients, remove unwanted proteins

and metabolites, facilitate neuroimmune trafficking, and maintain the homeostatic
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balance of the brain [23]. Even though the brain only accounts for 2% of the total body
mass, it is responsible for a high intake of metabolic substrates, consuming 20% of O2
and 25% of glucose, and receiving approximately 15% of the cardiac output [24,25].
Furthermore, the brain lack a robust energy reservoir such as muscle [26]. Consequently,
energy substrates including Oz, and glucose are supplied via a tightly regulated processes
which allows accurate delivery to reach the brain area as a function of activity, at the right
time and in the required amount [26,27]. The interruption of the blood supply to the brain
for more than a few minutes leads to irreversible brain damage and also death [26].
Furthermore, even if the blood flow is only reduced and is not capable to match the energy
demands of the tissue, more subtle brain modifications take place, possibly leading to
chronic brain injury in more vulnerable areas that are often linked to cognitive impairment
[26].

These precise energetic needs demand a precise supply that is obtained with the
adjustment of local cerebral blood flow as a function of activity level, which is called
neurovascular coupling [24]. Another key concept is neurometabolic coupling which is
the activity-dependent balancing of glucose and O utilization by neural cells [24]. As
previously stated, glucose is the major energy source for the brain, although different
studies have shown that the brain is also capable to use other alternatives such as lactate
or ketone bodies during development or to fulfil any gap when glucose is limited [25].

During seizures, excessive neuronal activity imposes above normal energy
demands, altering brain homeostasis significantly [24]. This is associated with profound
neurometabolic and neurovascular changes [24,28]. The increasing neuronal activity
originates transient hypoxia due to an augmented energetic need, which is closely
followed by a robust increase in cerebral blood flow and hyperaemia, that is, a surplus of
blood supply [24,27]. As the seizures advance, the hyperaemia declines while the
metabolic rate remains high, draining the cerebral energy sources, which precipitates
intracellular acidosis [24]. These seizures may also disrupt the blood-brain barrier and
negatively impact cerebral auto-regulation mechanisms [24]. Considering this,
monitoring Oz and/or glucose is of interest, more so when combined with monitoring of

brain tissue electrical activity [3,28,29].
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Early studies using a wide range of animal models and employing imaging
techniques such as autoradiography and later in humans using PET, SPECT, fMRI have
shown evidence of a dramatic increase in cerebral blood flow and metabolism in the
epileptic focus or epileptogenic zone, the area of the cerebral cortex where the epileptic
seizures start, or the site with most ictal activity, while a seizure is initiated and propagates
[30,31]. Adding to this, preictal hemodynamic events such as the increase in neuronal
activity result in an increase in cerebral metabolic rate of Oz and glucose, raising the
cerebral blood flow [31-33]. Studies performed in animals and humans, using several
imaging techniques have shown that the increase in cerebral blood flow to meet the
increment in metabolism results in an increase in blood oxygenation, which can precede
seizures from 20 minutes to a few seconds, exhibiting promise as a technique to recognize
seizure onsets [30-32].

Studies performed in the bicuculline model (described in section 1.4.1) have
shown a disturbance on neurovascular coupling [33]. By measuring alterations in oxy-,
deoxy- and total haemoglobin (HbO, HbR and HbT), through near-infrared spectroscopy
(NIRS) it was noticed that in the period that precedes the spike, an increment in HbO and
HbT was perceptible, that may result from vasodilatation and a decrease in HbR,
indicating a reduction in metabolic demand, meaning that there is a deactivation of the
neuronal structure before an epileptic spike [34]. This period is swiftly followed by a
swing back, decreasing HbO and Hbt and increasing HbR, a stage known as the “initial
dip”, in which a drop in local tissue Oz before the outbreak of the spike is observed [34].

Succeeding the spike, there is an inverse response in order to restore homoeostasis [33].

1.2.1. Neurometabolic markers in epilepsy

Normal brain function requires continuous energetic supply, and as such,
neurometabolic dysfunction is a key pathophysiologic aspect of the epileptic brain [34].

In the aftermath of an epileptogenic insult, several factors, including environment,
treatment attempts and others, can alter the outcome of the disease [35]. An effort has
been made to identify and measure reliable biomarkers and surrogate disease markers of
epileptogenesis, which hold the potential to aid clinicians in identifying patients at high

risk of developing epilepsy following a brain insult (febrile seizures, status epilepticus,
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head trauma, or brain inflammation) [35]. In vitro and in vivo models have been used for
several decades in order to study the molecular and cellular mechanisms behind the
occurrence of spontaneous recurrent seizures [35]. However, the pathogenic mechanisms
that generate the epileptic conditions, particularly after precipitating events are still not
well understood [35]. In this context, monitoring neurometabolic markers including Oz,
glucose, and lactate, hold great promise [35].

Molecular Oz plays a key role in maintaining a healthy brain function and the
mechanisms that monitor the delivery and usage of Oz are essential to preserve normal
brain homeostasis, physiology, and energy metabolism [36]. Pathophysiological issues
can be an outcome of any shortcoming in cerebral tissue partial pressure of Oz (pO2)
levels, leading to the increased production of reactive Oz species, inducing oxidative
stress [36]. The present knowledge of the connection between neuronal activity and Oz
metabolism still has many gaps and there are possibly several mechanisms and regulatory
pathways yet to be unveiled [37]. Hypoxia is one of the key regulatory mechanisms on
the brain, being neurons and the neuronal functions highly sensitive to hypoxia and the
interruption of Oz supply can induce severe damage to the brain within a short time and
also secondary effects affecting protein function and gene expression [37]. As we can
observe by the data gathered, it is now understood that increasing the neuronal activity in
a specific region of the brain is linked to an increase in blood flow, associated to
respective Oz changes [38].

Acknowledging this, studies in oximetry methods, evaluating cerebral pO2 in vivo
and in real time are of great relevance to understand how Oz influences various metabolic
and disease states and to try to achieve treatment and therapy options with the data
acquired [36].

Early studies performed in 1936 measuring Oz saturation in arterial blood found a
slight decrease in patients with epilepsy, although this hypoxemia was not found to be
exclusive to epilepsy [39]. Despite the lack of mechanistic explanation for their
observation, this study highlights the early interest in understanding how changes in O2
supply might be associated with seizures and epilepsy.

More recent clinical and pre-clinical studies have focused on local changes in

brain tissue Oz based on the concept of neurovascular coupling [40,41]. By monitoring
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pO2, studies have revealed that epileptiform activity produces a biphasic response in
tissue pOz2 during ictal events [3]. The initial phase is characterized by a decrease in pO2
as a result of increased cerebral metabolic rate for Oz, which has been classified has the
epileptic dip and has been shown in studies to have a predictive value, as it may precede
the occurrence of an epileptic seizure [3,42]. The following phase consists of a persistent
increase in tissue pO2 has a result of a diffuse increase in cerebral blood flow (called
hyperaemia) and metabolic changes [3].

Besides O2 other relevant neurometabolic markers in the context of epilepsy and
seizures activities include glucose and lactate. Studies using FDG-PET imaging
performed in a rat model of epilepsy induced by pilocarpine (described in section 1.4.1.2)
showed a considerable increase in glucose metabolism in the hippocampus and entorhinal
cortex during status epilepticus and hypometabolism in the limbic structure and thalamus
during the first stages of epileptogenesis [43,44]. One other study performed using both
kainic acid and pilocarpine models of epilepsy demonstrated a sharp spike in brain
glucose metabolism after acute seizures, showing increased metabolic activity, especially
in the hippocampus [43,45].

Besides these 2 canonical energy substrates, interest has increased regarding
lactate. Despite being classified during decades as a metabolic waste product of glucose
metabolism in anaerobic tissues, several studies have shown that neurons can use lactate
as a metabolic substrate in aerobic conditions [46]. Lactate is a main source of fuel for
the brain metabolism and provided locally from aerobic glycolysis or from peripheral
circulation [47]. It is produced around the brain, especially in cells with few mitochondria,
like the astrocytes [47]. Studies using kainate in mice have shown that lactate
concentrations were significantly higher in the kainate-injected hippocampus than the
control ones that were injected with saline [48]. With these results we can see that lactate
levels are increased in the hippocampus when using a chemoconvulsant, making it a good
biomarker to study epilepsy [48,49].

In the present work we will focus on monitoring pO2 in brain tissue in vivo,

coupled to monitoring the electrical activity of neuronal cells.
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1.3. Monitoring brain tissue pO>

Several disorders result in important changes in brain tissue pO: levels, including
traumatic brain injury, stroke, and seizures, most of which are accompanied by hypoxia
[49]. Epilepsy, in particular, places an above average demand on the autoregulatory
mechanisms of the brain since the normal neuronal metabolism of Oz tremendously
increases after both interictal and ictal events [49]. Additionally, high levels of O2 in
tissues can lead to O toxicity and neuropsychiatric disorders [49]. For this reason,
monitoring Oz levels is of vital significance [49].

There are presently several approaches towards measurement of pOz in brain
tissue. Quantitative measurements of pOz in vivo have been collected using both invasive
and non-invasive methods such as (i) fiber-optic fluorescence, (ii) near-infrared
spectroscopy (iii), positron emission tomography (PET), (iv) nuclear magnetic resonance
(NMR), and (V) electron para-magnetic resonance (EPR) [50].

Fast absolute measurements of pO: can be achieved using O2-dependent
quenching phosphorescence, an optical method with excellent specificity, high
sensitivity, and simple implementation, used for Oz sensing in biological systems [51].
With the development of phosphorescent probes that are water-soluble and nontoxic, the
O2 concentrations can be investigated in greater detail [51].

Near-infrared spectroscopy (NIRS) is particularly well suited for capturing
haemodynamic signals in both clinical and pre-clinical studies by taking advantage of the
absorbing properties of living tissues in the near-infrared range [33]. Nuclear magnetic
resonance (NMR)-based oximetry has also been utilized effectively in vivo to
quantitatively examine pOz2, having potential for usage in clinical settings [52].

Tissue oxygenation in can also be determined in vivo using Electron Paramagnetic
resonance (EPR), a technique that can detect and characterize molecules that have
unpaired electrons, an allows assessment of different biological parameters including
tissue pO2in vivo in real time [52]. Minimally invasive procedures are required to insert
the paramagnetic substance in the target region and the succeeding measurements are
non-invasive [53]. This technique presents high sensitivity, good accuracy,

reproducibility, and allows repetitive measurements, responding to variations usually in
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less than 1 minute [36]. The method is suitable for use on awake, restrained animals as
well as on anesthetized animals [53].

In recent times, studies have been developed in order to investigate the changes
in brain tissue pO2 by inducing stimulus, increasing neuronal activity, mainly because of
modern non-invasive brain imaging techniques like positron emission tomography (PET)
and functional magnetic resonance imaging (fMRI) [54]. To gather intel, these techniques
rely on neurometabolic, and neurovascular coupling and the signals associated, in search
for a superior knowledge on brain tissue oxygenation [54].

To fulfil the metabolic needs of the brain, Oz is transported by the haemoglobin
molecule [54]. The magnetic properties of endogenous haemoglobin are used in BOLD
fMRI to gather the changes in activity in the function of the brain, lacking the need for
exogenous tracers that are used in PET, being this technique based on the differing
magnetic properties of oxyhaemoglobin and deoxyhaemoglobin, allowing to know or
estimate the values of the cerebral blood flow, cerebral blood volume and the cerebral
metabolic rate of O2 consumption [54].

In vivo imaging techniques are a powerful non-invasive tool in neurochemical
research due to their nature that allows three-dimensional visualization of neural activity
across broad spatial scales, from the molecular level to the intact brain [55]. Magnetic
resonance image (MRI) is one of the most versatile clinical and research tools, allowing
high-resolution images of the brain over long periods of time to be obtained [43]. It has
been used to detect structural, functional, and metabolic alterations in the intact brain
[43]. Diffusion Tensor Imaging (DTI) is one imaging tool that provides a high tissue
contrast based on microstructural characteristics of water diffusion [35].

Polarographic microelectrodes were used to produce the majority of the existing
data on brain tissue pO2 [56]. Under the influence of a negative polarizing voltage, Oz is
reduced at the surface of a noble metal in polarography [56]. The polarographic electrode
typically comprises of a nearby or built-in reference electrode and a membrane-covered
cathode where Oz is reduced [56].

In vivo electrochemical sensing has been contributing with a new understanding
in analytical neurochemistry, due to its excellent spatial and temporal resolution.
Electroactive species such as Oz can undergo redox reactions at the surface of the
implanted microelectrodes, producing current or potential signals that reveal quantitative
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and qualitative characteristics of the analyte. Some important examples of techniques that
are used to study these alterations are Fast-scan cyclic voltammetry, amperometry and
galvanic redox potentiometry [57]. Amperometric measures coupled to small or ultra-
small probes offer both high temporal and spatial resolutions [58].

1.3.1. Electrochemical sensors

Using implantable microelectrodes to perform in vivo electrochemical sensing is
a propelling strength in analytical neurochemistry [8]. Since the neurochemical networks
have a high complexity, these measures impose demanding standards on electrochemical
sensors, including selectivity, sensitivity, high spatiotemporal resolution and minimized
disturbance on brain function [8]. In aqueous solution at neutral pH, the electrochemical
detection of Oz is based on its full 4-electron reduction to water.

0, + 4e~ + 4H* > 2H,0 (E°=1.23V vs. RHE)

This reaction can occur at the surface if an electrode given the suitable working
potential is applied [50]. The first Oz electrode was designed by Leland Clark in 1950 and
received it’s invertors name [60]. The Clark electrode consists of a platinum cathode were
O2 is reduced and an Ag anode, separated from the measurement media by a gas-
permeable membrane [59]. Although platinum is undoubtably an optimal electrode
surface for the Oz reduction reaction [60,61], its high price can render the production and
routine use of disposable microelectrodes difficult. The Oz reduction reaction is less
favourable on carbon surfaces, however, the electroanalytical properties of carbon such
as glassy carbon or carbon fibres can be improved through the use of nanomaterials such
as carbon single and multiwall nanotubes [62].

Sensors are commonly produced of carbon-based materials due to their great
electrical conductivity, adaptable nanostructures, and strong biocompatibility [63].
Carbon Nanotubes (CNT) are allotropes of carbon that present great benefits due to their
low cost, extensible synthesis, and chemical stability and can be either single- or multi-
walled (SWCNT and MWCNT, respectively) [63]. Since their first reports in 1991

(single-walled) and 1993 (multi-walled), several experiments have been conducted in
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order to better understand and take advantage of the characteristics of these materials,
developing several methods to synthesize them [63,64]. Carbon nanotubes present several
exceptional physical proprieties such as tensile strength and electrical and thermal
conductivity, whilst possessing low density and resistivity, surpassing cutting-edge bulk
materials [64,65]. Nevertheless, after several decades of study these still lack the
capability to replace several materials since science has yet been unable to transfer the
superior nanoscale proprieties of CNT into macroscopic materials, forcing researchers to
develop techniques to extrapolate these advantages to macroscopic materials such as
carbon fibres [64].

Carbon nanotubes have been used to fabricate electrochemical sensors and
biosensors due to their unique proprieties stated above, offering these sensors a handful
of advantages such as high surface-to-volume ratio, promoting electron transferring
reactions, increasing sensitivity, and reducing surface fouling, enhancing electrocatalytic
activity [6,66]. An obstacle presented while using CFM is that they are unable to achieve
certain levels of surface area, meaning very weak electronic signals that require very
sensitive instrumental detection [66]. In order to face this adversity, CNT are used and
deposited on the surface of the carbon fibre to obtain an improved surface area, whilst not
changing the size of the electrode [66]. The deposition of CNT was previously attempted
on a single carbon microelectrode before through dipping the CFM into a CNT
suspension, aided by dispersing agents [66,67]. Suspensions of CNT in Nafion® have also
been used to deposit these nanotubes on the electrode by dip coating and by
electrochemical deposition [66]. Summing up, CNTs bring to the table several favourable
proprieties that are required for high performance biosensors, such as CFMs which are

used in this study.

1.3.2. Concurrent measurement of electrochemical and
electrophysiologial activity in brain tissue

Neurons communicate using electrical and chemical signals and, in the last few
decades, neurophysiology has made significant advances by introducing a variety of

methods in extracellular electrophysiology and voltammetric neurochemistry [8].
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To better understand how endogenous neurochemicals may modulate brain
activity, simultaneous acquisition of in vivo electrophysiological and neurochemical
information is fundamental [8]. Several strategies have been used in order to
simultaneously record electrophysiological and electrochemical signals in brain tissue,
including the use of 2 separate sensors for each modality placed in close proximity or a
single sensor alternating between recording modes [29]. The seminal work of Zhang et
al. showed that using a seamless electrochemical method —amperometry — one can extract
both electrochemical and local field potential information. Indeed, amperometric signals
obtained with a high frequency of acquisition can be separated in a low frequency
component (<1Hz) which reflects the electrochemical signal resulting from electron
transfer phenomena that occur at the electrode surface (redox reactions) while the high
frequency component (>1Hz) rather resemble local field potential in several aspects, such
as: coherent spectral fluctuations; clear characterization of different brain states and
exhibits identical hippocampal theta depth profile [8]. These studies revealed that both
local field potential (electrophysiological information) and neurochemical information
can be obtained at the same time from electrochemical sensors alone. This work was
initially performed using a choline-oxidase based biosensor using a platinum
microelectrode array (MEA) as support but has since been replicated and confirmed using
a similar Pt-MEA configured for dual glucose and lactate biosensor [28] and bare Pt-
MEA for Oz measurements [3], as well as Pt/Ir wire-based choline biosensor [68]. To
date, and to the best of our knowledge, this has not been attempted using CFM or carbon-
nanotube-modified CFM.

1.4. Pre-clinical Epilepsy Models

To study epilepsy a variety of models have been established, since the full
comprehension of the mechanisms behind epileptogenesis and seizure generation in the
temporal lobe epilepsy and other forms of epilepsy cannot be achieved solely from
clinical studies with humans [69]. A great portion of the knowledge that has helped
understand epileptic disorders comes from appropriate animal models [70]. There are
several animal models that are used to provide a greater comprehension, which are

summarized in the following sections.
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1.4.1. Chemoconvulsants

Certain models use a systemic administration of chemoconvulsants to induce an
initial precipitating injury (status epilepticus), leading to the appearance of recurrent
seizures originating from limbic structures [71]. In order to generate rodents with
spontaneous recurrent seizures, chemoconvulsants such as 4-aminopyridine, pilocarpine,
and kainic acid have been used [71,72]. There are several types of chemoconvulsants

models in use.
1.4.1.1. 4-Aminopyridine model

4-Aminopyridine (4-AP) was developed in the 1960’s as an avicide (Avitrol®)
[73]. 4-AP is a known vasoconstrictor and selectively blocks voltage-gated potassium
channels, increases calcium influx, prolongs the action potential and, as a result, enhances
interneuronal and neuromuscular synaptic transmission [73]. It can also enhance the
release of acetylcholine and studies have reported that this leads to dopamine transmission
in rat striatum [73]. 4-AP has been extensively used as an in vivo model of epilepsy for
the last three decades since it intensifies neuronal activity and provides scientists with the
ability to mimic the encephalographic activity recorded in patients with partial epilepsy
[34,72-75].

This model presents advantages to the current project since it has been used for
similar studies as described in [42], in which ictal discharges had been induced by a local
injection of 4-AP with the results of the experiments not being affected by its proprieties
[42]. Also, this model has produced results for the detection of antiepileptic proprieties

across substances with different mechanisms of action [76].
1.4.1.2. Pilocarpine Model

Muscarinic receptors influence the brain by taking part in processes like memory,
learning, movement control, temperature control and in the modulation of signalling by
other neurotransmitters [77]. Pilocarpine is a muscarinic agonist that is frequently used to
induce seizures in animal rodent models for the study of epilepsy, since it produces a
phenotype that resembles to human TLE [77]. It is highly isomorphic since it reproduces
a large variety of characteristics present in the TLE. Pilocarpine administration induces
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an elevation in glutamate levels in the hippocampus, followed by the appearance of
seizures. The ensuing imbalance between excitatory and inhibitory transmission
generates status epilepticus (SE) characterized by tonic-clonic generalized seizures. After
several hours, the animal enters a seizure-free latent period followed by spontaneous
recurrent seizures that characterize the chronic epileptic condition [2]. The main
advantage of the pilocarpine model is its reliability, since it is possible to observe rats
injected with pilocarpine developing spontaneous seizures, independent of the duration

of the SE, requiring fewer injections [71].

1.4.1.3. Kainic Acid\Kainate model

This model presents high reproducibility in a wide variety of species using
systemic, intrahippocampal or intra-amygdaloid administrations [78]. Kainic acid (KA)
is a cyclic analog of L-glutamate and an agonist of ionotropic kainic acid receptors [78].
KA induces a prolonged excitatory response, reproducing the phenomenon observed in
TLE since KA-induced seizures produce patterns of activity-induced neuronal cell loss
and astrogliosis that closely resemble the neuropathology (“hippocampal sclerosis” or
“Ammon’s horn sclerosis”) characteristic of TLE in humans [78]. The way that kainate
affects inhibition is still unclear [79]. Nevertheless, some studies show that there is a
direct depression of GABA release, mediated by a metabotropic action of kainate receptor
activation [79]. Another possibility, kainate can also act indirectly by depolarizing
interneurons and triggering spontaneous GABA release [79]. It is presumed that kainate
depolarizes interneurons through the same dendritic receptors that contribute to kainate
receptor mediated synaptic currents [79].

This model allows the study of ictogenesis and epileptogenesis and provides a
better knowledge about TLE and has also contributed to the development of more
efficient therapeutic drugs, remaining a widely used animal model on the study of TLE
[78].
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1.4.1.4. Other Examples

1.4.1.4.1. GABA inhibitors

There are several other chemoconvulsants that act as gamma-aminobutyric acid
(GABA) inhibitors on the brain of several animal models such as bicuculline that has
been utilized for studies in the mammalian central nervous system [80]; Pentylenetetrazol
that acts as a GABA-A receptor agonist, suppressing the function of inhibitory synapses,
increasing neuronal activity [81]; Picrotoxin that also acts as a GABA-A channel blocker,
experimented in animal models of guinea pigs and others, being employed to analyse the
mechanisms of convulsant activity by blocking calcium channels on epileptic activity
[82].

1.4.1.4.2. Penicillin

Previous studies also used penicillin in feline models, by intramuscular injection of
a large dose, showing a large resemblance to human generalized epilepsy characterized
by absence attacks [83]. These previous conclusions suggested that postsynaptic
inhibition might play an important role in the mechanism of some forms of generalized

epileptic discharge [84].

1.4.2. Electrical Stimulation

This type of animal model consists in studying seizures induced by electrical
stimulation which provides great advantage since it allows to reproduce epileptogenic
features in the intact brain with low mortality and high reproducibility [71]. The most
studied model in electrical stimulation is kindling [71], a seizure-induced plasticity
phenomenon that manifests by electrical stimulation in specific brain regions and causes
a progressive intensification of seizure susceptibility [69]. This model results in the
emergence of spontaneous seizures and causes a permanent epileptic state [69].

Kindling can target a specific region of the brain and the parameters are easily
manipulated by the experimenter [78]. However, this method is time-consuming since

each animal needs to undergo repetitive electrical stimulation sessions [78].
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1.5. Objective

Taking into consideration the state of the art that was presented, the main objective
of the present work is the design and evaluation of the analytical properties of MWCNT-
modified CFM for in vivo monitoring of pO2 in the brain of anesthetized rodents upon 4-
AP evoked seizures. The specific objectives include:

1) Construction and surface modification of CFM coated with MWCNT in a

Nafion matrix;

2) Evaluation of the electrocatalytic effect of MWCNT on the Oz reduction

reaction;

3) Validation of MWCNT-CFM as an analytical tool for in vivo oximetry;

4) Concurrent monitoring of pO2 and local field potential related currents in a 4-

AP model of seizures.
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2. MATERIALS AND METHODS

2.1. Reagents and solutions

All chemicals were of analytical grade and supplied by Merck, unless otherwise
stated. Argon and Oz were provided by Air Liquide, Portugal. The carbon fibre
microelectrodes were tested in 0.05 M phosphate buffer saline (PBS) at pH 7.4 with the
following composition: 200mM NaCl, 10mM NaH2PO4 and 40mM NazHPOs, prepared
with ultra-pure Milli-Q deionized water (>18 MQ cm) (Millipore Company, Bedford,
MA, USA). For the electrochemical active surface area measures, Ru"'(NHz)s 5mM in
KCI 0,5M was used. For modification of CFM surface with CNT, multiwall CNT
(MWCNT, Nano-lab, USA) were suspended in a 0.5% Nafion® (prepared by dilution of
the 5% Nafion® solution in isopropanol) to a final concentration of 10 mg/mL. For the
in vivo tests, 4-AP was obtained from Tocris Bioscience. Saturated Oz solution for
calibration of CFM was prepared by bubbling pure Oz gas into PBS for at least 20 min.

At room temperature, the final concentration of Oz under these conditions is 1.3 mM [85].

2.2. Carbon Fibre Microelectrodes
2.2.1. Fabrication and general evaluation

The CFM used were produced as described previously [86]. Briefly, a single carbon
fibre (33 um of diameter, Textron Lowell, MA, USA) was inserted into a borosilicate
glass capillary (1,6mm i.d x 2mm o.d.) (Harvard Apparatus, Holliston, MA, USA) filled
with acetone. Acetone is used to clear some impurities that the capillary may have and to
minimize the electrostatic attraction between the capillary and the fibre. After the
evaporation of the acetone, the capillary was pulled in a vertical puller (Harvard
Apparatus Ltd.).

The protruding carbon fibre was cut to a length between 150 and 250 pum, using
tweezers and an optical microscope (Olympus, U.S.A). Conductive silver paint (RS, UK)
was inserted through the open end of the capillary to the shank, followed by a previously
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laminated cooper wire that was sealed to the capillary with cyanoacrylate adhesive [87].

A schematic representation of the CFM is presented in Figure 1.

Cooper wire

o

Conductive

silver paint Pulled glass
capillary
Carbon Fiber
33 um

Figure 1. Schematic representation of a carbon fibre microelectrode.

Each CFM was tested for general recording properties by fast cyclic voltammetry
(FCV) in PBS 0.05M, pH 7.4, between -0.4 and 1.6 V vs. Ag/AgCl, at a scan rate of 400
V s71. As shown in the cyclic voltammogram in Figure 2, CFM with good recording

properties displayed sharp transition at reversion potential.

40 -

20

Current (pA)
o

-20 4

-40

T T T T
0,000 0,002 0,004 0,006 0,008 0,010

Time (s)

Figure 2. Representative voltammogram of a CFM with good recording properties.
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2.2.2. Carbon Fibre Microelectrode Surface Modification

Carbon fibre microelectrodes were modified by deposition of MWCNT. To this
purpose, each CFM was dipped in a 10 mg ml! suspension of MWCNT prepared in a
0,5% Nafion® solution. The suspension was placed in an ultrasound bath for 30 minutes
to guarantee the dispersion of the MWCNT. The CFM tip was dipped in the suspension

and stirred slowly for about 30 seconds and then dried at 170°C for 5 minutes [6].
2.2.3. Electrochemical Methods

The electroanalytical properties of the MWCNT-modified CMF were evaluated
through a series of electrochemical tests, which are described in detail bellow. For all

methods, a 2-electrode electrochemical cell was used, comprised of a CFM as a working

electrode and an Ag/AgCl (3M NaCl) reference electrode (RE-5B, BAS Inc., IN, USA).

2.2.3.1. Electroactive Surface Area

In order to determine the change in electroactive surface area induced by
modification of the CFM surface with MWCNT, we explored the reversible redox
reaction of hexamineruthenium (III). Cyclic voltammograms were obtained in a 5 mM
solution of Ru™(NH3)s in KC1 0.1M. The potential was varied between -0,6V and 0,4V,
at a scan rate varying between 25 and 200 mV s 1. For each scan rate, anodic and cathodic
peak currents (/pa and /lpe, respectively) were measured and used to determine the

electroactive surface area of the CFM from the Randles-Sevcik equation (Eq. 1)
I, = 268600 n?/3AVDC\v (1)

where I, represents the anodic or cathodic peak current, n is the number of electrons
involved in the redox reaction (in this case n=1), A is the electroactive surface area, D is
the diffusion coefficient (9,10 X 107° cm? 57!, [88]), C is the concentration and v is the

scan rate. This was performed in bare and MWCNT-modified CFM.
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2.2.3.2. Cyclic Voltammetry

In order to determine whether MWCNT modification of the CFM induced a
change in the Oz reduction potential, cyclic voltammetry (CV) was performed. This
method consists of cycling of the potential applied at the working electrode immersed in
an unstirred solution while measuring the resulting current [46]. In the present study
cyclic voltammograms were obtained in PBS with a scan rate of 0,05 V s, between -1,0
and 1,0V vs. Ag/AgCI. This was performed in bare and MWCNT-modified CFM.

2.2.3.3. Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful frequency domain
technique that can provide us a powerful insight in physical phenomena occurring at the
electrochemical interface [91]. It has been reported that electrode impedance has a direct
impact on electrochemical performance for molecular sensing [91]. There are models of
equivalent circuits that can assign individual circuit elements to physical proprieties of
the electrochemical system [89].

In our impedance studies, our main goal will be to obtain an a1 value, studying the
EIS, being this value attributed to roughness, giving us information about how the surface
of the electrode has been altered from the coating performed on the electrode. Studying
this value will give us the information whether the coating changed the surface the
electrode or if it doesn’t bring any difference.

To accomplish this goal, we proceeded to the impedance studies before and after
coating. These recordings were made in Nz-flushed PBS lite (pH=7.4) at room
temperature, applying a sinusoidal wave of amplitude 0.01V between 100 kHz and 0.1
Hz. Relevant parameters were determined by fitting the experimental data to an

equivalent circuit.
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2.2.3.4. Sensitivity

Sensitivity is defined by IUPAC as the slope of the calibration curve, and it gives
us the information of the sensor’s capacity to measure in small analyte concentration
alteration [90].

CFM were calibrated for Oz using constant potential amperometry. Calibrations
were performed in 0.05 M PBS pH 7.4 at room temperature (20°C). O2 was removed by
bubbling N> gas and then maintaining the needle above the surface in order to decrease
the Oz back-diffusion to the calibration medium. Calibrations were performed in a range
of -1.0V to -0.2V vs. Ag/AgCl by adding 200 pL aliquots of a 1.0 mM Oz saturated
solution to 20 mL Argon-purged PBS, at room temperature (20 °C). (Figure 3)

Figure 3. Scheme of the calibration experiment (1-Needle bubbling the N,gas; 2-
Electrode (CFM); 3-Reference electrode)

To check the effect the coating brought to our electrodes, we then proceeded with
the same experiments as stated before. Both bare and modified CFMs were calibrated for
O2 using constant potential amperometry using a FAST16 mKII in a 2-electrode

configuration, using an Ag/AgCl/NaCl (3M) reference electrode.

2.2.3.5. Instrumentation

Electrochemical experiments involving cyclic voltammetry and impedance
spectroscopy were performed using a Multi PalmSens4 Potentiostat (PalmSens, The

Netherlands) controlled by MultiTrace v.5.8 software (PalmSens, The Netherlands).
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Calibrations and in vivo recording of pO: were performed using a FASTI16mkII

potentiostat system (Quanteon, LLC., USA).

2.3. Animal Procedures

The suitability of modified CFM to monitor changes in brain tissue pO2 was
evaluated in vivo in the brain of an anesthetized rat with isoflurane. Using stereotaxic
surgical procedures, the CFM-MWCNT/NAF mounted in an array with a micropipette
was placed in the motor cortex of the rat (AP=-0,2; ML=1,0; DV=1,5 mm). Changes in
pO:2 were elicited by local puff application of KCI (70 mM) at a distance of 200 pm from
the CFM-MWCNT/NAF recording tip.

If this experiment was successful, studies will proceed to verify pO2 variations on
the hippocampus, after the injection of 4-aminopyridine.

For in vivo experiments, we used the CFM-MWCNT/NAF as the working
electrode, and pseudo-reference produced by anodization of the exposed tip of a Teflon-
coated Ag wire (200 um o.d., Science Products, Germany) in 1 M HCI saturated with
NaCl, which, when in contact with cerebrospinal fluid in the brain containing chloride
ions, develops a Ag/AgCl half-cell.

The experiments in this project were all performed in accordance with the
European Community Council Directive for the Care and Use of Laboratory Animals
(2010/63/EU) and were approved by the local institutional animal care committee. For
this study, 3 adults male Wistar rats (8-12 weeks, weight around 250 and 350g) were
used. Previous to the experiments, these animals were handled and cared at the animal
house facilities of the Centre for Neurosciences and Cell Biology (Coimbra), being
maintained in a 12:12 light: dark cycle, having food and water available ad libitum [6,91].

Afterwards, the rats were anesthetized with urethane (1.25-1.50 g/kg, i.p) and
posteriorly placed in a stereotaxic frame (Stoelting Co., USA), being the body
temperature maintained at 37°C using a delta phase isothermal pad (BrainTree Scientific,
MA, USA). A craniotomy was performed aiming to expose the area of interest of the
brain and, after removing the dura mater, the CFM/micropipette array was lowered into
the rat hippocampus, using previously determined coordinates with the aid of a hydraulic

micromanipulator (Narishige International Limited, UK) [6,91]. The specific coordinates
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used in each experiment are indicated in each experiment result display on the next
chapter.

For each experiment, a new reference of Ag/AgCI reference electrode (200 um
diameter) was prepared using a silver wire (GoodFellow, UK) in a HCI (1 M) solution
saturated with NaCl and by applying a voltage of 1.5 V for 10 min [6,91]. To place this
reference, a small hole was drilled into the skull of the rat far from the recording areas,
being this reference inserted afterwards through the skull opening into the brain [6,91].

After the stabilization of the baseline current, KCI and 4-AP were locally pressure
ejected into the brain from the glass micropipette using a Picospritzer 111 (Parker Hannifin
Corp., General Value, Fairfield, NJ, USA), adjacent to the CFM sites. During these
experiments, the skull and exposed brain surface of the animal are regularly sprinkled
with saline to avoid the drying of the brain surface [6,91]. After the experiment was

concluded, the animal was euthanized

2.4. Data Analysis

The data treatment and the graphics obtained and shown were obtained using
Graphpad Prism 8 (GraphPad Software, U.S.A), Origin 2016 (OriginLab Corporation,
U.S.A), PSTrace 5 (PalmSens BV,nHouten, The Netherlands) and EIS spectrum analyser
[92]. To analyse the data obtained, we used FAST Analysis version 6.0.
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3. RESULTS

In this chapter are gathered the results that were acquired from the studies
performed on the CFMs, the effect of the coating and the in vivo experiments.

3.1. Electroactive Surface Area

In order to determine the electroactive surface area of bare CFM and MWCNT-
modified CFM (CFM-MWCNT/NAF), we obtained cyclic voltammograms in a solution

of Ru"(NHs)s at different scan rates. As can be observed in Fig. 4 there are a well-defined

1

symmetrical oxidation and reduction peaks, starting at 25 mV s~

[/ pA

-1.2 T T T T T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4

E /V vs. Ag/AgCI

Figure 4. Reversible redox reaction of Ru"(NH3)s in 0.1 M KCI at increasing scan rates
(from 25 mV s in black to 200 mV s™! in purple) for a CFM-MWCNT/Naf.
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From the voltamograms obtained at 50 V s, we determined the average ratio between
anodic and cathodic current peaks (/pa/Ipc) as well as the average half-width potential (E1/2)

for the reversible reaction.

Table I — Average values of Iro/Ipc and E1/2 calculated for the CFM and
CFM-MWCNT/NAF from cyclic voltammograms obtained at 50 mV s! in 5 mM
Ru™(NH3)s in 0.1M KCl.

DESIGN (N:6) |PA/|PC El/z JAYA
CFM ‘ -0.92 +0.01 -0.203 + 0.002

CFM-MWCNT/NAF ‘ -0.93 +0.03 -0.207 + 0.002

As we can see, for both designs the ratio between peak currents is close to the theoretical
value of 1 for a totally reversible reaction [93] . Additionally, we observed a very modest
anodic shift in the Ei2 value for the CFM-MWCNT/NAF relative to CFM, suggesting a
catalytic effect of the MWCNT.

For each electrode tested, the anodic and cathodic peak currents were determined

12 Data was fitted to a linear

for each scan rate and /, was plotted as a function of v
regression in order to determine the slope. A representative plot is presented in Fig 5. As
we can see, the anodic (blue) and cathodic (red) peak currents increased linearly with the
square root of the scan rate, indicating that the process is diffusion controlled [87]. Using
the Randles-Sevcik equation, the EAS was determined for CFM and CFM-MWCNT/Naf.
Despite previous results in other studies showing significant increase in EAS after

coating, our results showed no significant change (paired t-student test, P=0.36) as shown

in Fig. 6.
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Figure 5. Representative plot of Ip vs. vi/2with the respective equation for the linear fit

of each data set.
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Figure 6. Electrochemical Active Surface determined for CNT and CFM-MWCNT/Naf
(N=9). Data represent average + SEM value for ESA.
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3.2. Electrochemical Impedance Spectroscopy

To evaluate the effect of MWCNT- modification on the interface properties of
CFM we obtained electrochemical impedance spectrograms from a single CFM before
(CFM) and after (CFM-MWCNT/NAF) modification. These were obtained in
deoxygenated 0.05M PBS Lite (pH=7.4), applying a 10mV sinusoidal amplitude wave
between 100kHz and 0.1 at the open circuit potential (OCP) (vs. Ag/AgCl).

As can be observed from the Bode plots presented in Fig. 7, we observed an
increase in the impedance measured at 1 kHz from 3.4 to 3.8 kQ following coating with
MWCNT, being these values still low and fit for in vivo recordings, since less energy is
required to deliver current to the tissue with a low impedance, ensuring a higher
efficiency, decreasing noise in our recordings [50,87]. The same is evident from the
Nyquist plots presented in Fig. 8.

By fitting the experimental data from each microelectrode to the equivalent circuit
presented in Fig. 9C, we obtained the values for oa of 0,78 (CFM) and 0,75 (CFM-
MWCNT/NAF). The theoretical value for a smooth surface is o = 1, so we can conclude
that coating MWCNT alters the surface of the microelectrode, confirming that the
nanotubes adhere to the carbon fibre [71]. The equivalent circuit used consists in a cell
resistance (R1), combined with a constant phase element (CPEL), parallel with a series
combination of a charge transfer resistance and a Warburg impedance element,
accounting for mass transfer limitations imposed by diffusion that can appear at lower
frequencies, combining with another constant phase element (CPE2) and cell resistance
(R3).
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Figure 7. Impedance—frequency (Bode) plots obtained from the same CFM before (top)

and after (bottom) coating with MWCNT/Naf. The filled blue squares represent

impedance values (|Z|) values while black squares represent phase shift. The red square

highlights the |Z| value at 1 kHz.
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Figure 8. Nyquist plot plots obtained from the same CFM before (black) and after (red)
coating with MWCNT.
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experimental data for a CFM and CFM-MWCNT/NAF, respectively. The red line

shows fitting to the electrical equivalent circuit shown in (B). (B) Equivalent electrical

circuits used to fit the impedance spectra.
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3.3. Electrocatalytic effect of MWCNT on Oxygen Reduction
Reaction

In order to investigate the putative catalytic effect of MWCNT-modification on
the Oz reduction reaction, we obtained cyclic voltammograms in PBS for a CFM before
and after coating. As can be observed in Fig. 10, both CFM and CFM-MWCNT/NAF
displayed a similar profile in the absence of Oz (dashed lined). Both types of
microelectrodes responded to the presence of Oz in solution, with a robust reduction
current observed. By fitting the cathodic wave to a sigmoidal function, we determined the
value of Ei2 for each microelectrode and that coating of CFM with MWCNT resulted in
an anodic shift in the reduction potential from -0,592 V for the CFM to -0,535 V CFM-
MWCNT/NAF. This confirmed the electrocatalytic effect of MWCNT on the O2

reduction reaction.

1 —— CFM
0.024 —— CFM-MWCNT/Naf -4

0.00 +

-0.02

I/ uA

-0.04

-0.06

-0.08 ~

-0.10 H

-1.0 -0.5 0.0 0.5 1.0
E /V vs. Ag/AgCI

Figure 10. Cyclic voltammogram for CFM (black) and CFM-MWCNT/Naf (red)
obtained between -1.0 and +1.0 V vs. Ag/AgCl, at a scan rate of 50 m V s”'. Dashed
lines represent voltammograms obtained in N2 -purged PBS while solid lines were

obtained in PBS containing 0,27 mM Oz [50].
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So as to determine the optimal working potential for amperometric monitoring of
O2 in vivo, CFM and CFM-MWCNT/NAF were calibrated for O2 at different working
potentials, ranging from -0.2 to -1.0 V. vs. Ag/AgCI. Additionally, to determine the effect
of the Nafion® matrix used to deposit the MWCNT on the CFM surface, we repeated this
with CFM coated only with Nafion® 0.5% (CFM-Naf). The sensitivity was determined
from the slope of each calibration curve obtained and normalized for the maximal slope
obtained for -1.0 V vs. Ag/AgCl. As can be observed in Fig. 11, we found that CFM-
MWCNT/NAF displayed a significant increase in sensitivity as compared to CFM for
working potentials between -0.5 and -0.8 V vs. Ag/AgCl, while for CFM-Naf only for -

0.8 V was there a tendency for increased sensitivity compared to CFM.
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Figure 11. Comparison of the normalized slope obtained from calibration of CFM
(black), CFM-MWCNT/NAF (red) and CFM-Naf (blue) at different working potentials
ranging from -0.2 to -1.0 V vs. Ag/AgCl. Values represent average + SEM. * P<0.05
for CFM-MWCNT/NAF vs. CFM, paired t-Student test.
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At first look, we are tempted to choose the highest value that this sensitivity boost
is noticed which is -0.8V, but previous studies and experiments performed to measure
tissue O2 have been recorded at -0.6V [49,50,87]. In addition, increasing the potential
even more means an increase in baseline current and noise [87]. Furthermore, we expect
low values of tissue Oz and the variations that we are expecting are in the uM range [87].
With this in mind, we chose -0.6V vs Ag/AgCl as the optimal applied potential.

The Oz reduction reaction can follow one of 2 pathways: direct 4-electron reduction
to H20 or a 2-step-2-electron reduction in which H20: is an intermediate species

(Equations 1-3)

(1) 0,+4H* +4e~ - 2H,0, E° =123V
(2) 0,4+ 2H* +2e” - 2H,0,, E°=0,67V

(3) H,0,+ 2H* + 2¢~ - 2H,0, E°=1,76V

The voltammograms shown above only display one reduction step, meaning that
the Oz reduction reaction occurring at the surface of the CFM is most likely to be the one-
step 4-electron reduction reaction to H20 [50]. On the other hand, from Fig. 11 it appears
quite evident that for the CFM-MWCNT/NAF, a 2-step-2-electrode reaction is most like
for the Oz reduction reaction.

In Figure 12, we show a representative calibration recording and the respective
calibration curve (inset) of a CFM-MWCNT/NAF at the aforementioned optimal working
potential. A linear profile can be observed for the concentration range of 0-50 uM and we
obtained a mean value for sensitivity of 0.243+ 0.060 nA uM~* (N=16).

From the calibration curve were also determined de limit of detection (LOD) using

the following expression:

LOD = 3 x SD/m

which the SD represents the standard deviation of the baseline and m stands for the slope
of the calibration curve [87]. We found a mean LOD value of 2.963 + 0.18 uM (N=16)

36 [2022]



Results

8-. Y =0.118 (X) + 0.81
1 R?*=0.998
< 6+
C r
=4
2_
O T T v T 1 ——
0 20 40 60 80 20s

[0,]/ uM

Figure 12. Representative amperometric recording of a calibration of a
CFM-MWCNT/NAF at a working potential of -0,6V vs. Ag/AgCl. The arrows indicate
the moment of addition of Oz to the N2-purged buffer (PBS, pH 7.4). Each addition
consisted of 0,2 mL of a saturated O2 solution, corresponding to incremental increases

in O2 of 13 uM for each addition. Inset is the respective calibration curve.
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3.4. Suitability for in vivo monitoring of oxygen concentration
dynamics in the rodent brain

In order to validate the suitability of CFM-MWCNT/NAF to monitor rapid
changes in brain tissue Oz associated with changes in neural activity, we performed an in
vivo experiment in the brain of an anesthetized wistar rat using a model of local cortical
depolarization evoked by high K*. To this purpose, the CFM-MWCNT/NAF was first

coupled to a micropipette in an array, as shown in Fig. 13.

!

300um

Figure 13. Schematic representation of the array composed by the CFM-MWCNT/Naf
(left) and the micropipette (right).

The array comprised of a CFM-MWCNT/NAF, and the micropipette filled with a
KCI solution (70 mM) was lowered into the rat cortex (AP=-0,2; ML=1,0; DV=1,5 mm).
Once a stable background current was obtained, changes in Oz were evoked by local
depolarization as a result of puff application of KCI (50 nL). This was repeated 4 times
(Fig. 14A). For each KCI application we observed a biphasic change in O2: an initial
consumption phase resulted in an average decrease of 2.7 = 0.34 uM from baseline was
followed by a transient increase in Oz of 18.3 £ 2.8 uM, which corresponds to the
hyperaemic phase in which local vasodilation leads to increase Oz supply to tissue in
response to increase activity — neurovascular coupling. With these results we can see that
the CFM-MWCNT/NAF produced are recording rapid changes in brain tissue O:2
concentration as expected since previous literature also reports that the KCI induced
depolarizations are accompanied by a slight significant increase in tissue pO2, being
noticeable in some experiments a small initial decrease in Oz levels. This Oz is demanded

by the brain to repolarize the tissue, increasing blood flow [94,95].
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Figure 14. (A) In vivo recording of changes in [O2] in the rat cortex evoked by a puff
application of KCl 70 mM (red arrow) (There were 4 applications performed being
them of 100, 100, 150 and 150 nL respectively) and (B) shows the detailed view of the

individual response marked with a red box in (A). The calibration curve of the
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MWCNT-CFM before the experiment is represented in (C) and in inset is the respective

calibration curve.

3.5. In vivo monitoring of oxygen concentration dynamics during
4-AP evoked seizures

In order to evaluate the changes in brain tissue Oz associated with seizure activity,
we monitored Oz in the dentate gyrus (DG) of the hippocampus and evoked a seizure by
local application of 4-AP. To this purpose, an array comprising a CFM-MWCNT/NAF,
and a micropipette filled in 4-AP (25 mM) was lowered into the brain of anesthetized
wistar rats. Once a stable background current was obtained, a seizure was evoked by local
application of 4-AP. We performed 3 individual experiments on 3 different animals,
which are now described in detail. In all cases, the amperometric current was recorded at
an acquisition frequency of 40 Hz, to allow the monitoring of both electrochemical

(<1Hz) data and local field potential related currents (>1 Hz) [8].
3.5.1. Experiment 1

In this first experiment, the CFM-MWCNT/NAF was placed in the DG (AP=-4.2;
ML=2.4; DV=-3.5 mm) and 4-AP was administered during the period shown by the grey-
filled box in Fig. 15A. As can be observed, following 4-AP administration, the Oz
concentration dropped rapidly. Following approximately 250 s of 4-AP, a sharp transient
decrease in O2 was observed, that coincided with increase in power observed in the
spectrogram. This profile was repeated two more times following which increased power
was accompanied by two bi-phasic changes in Oz, with an increase above baseline
following the initial consumption phase. This surplus in Oz in brain tissue is typically the
result of hyperaemia — an increase in cerebral blood flow in response to a stimulus that
results in flux of nutrients beyond tissue demand.

In Fig. 15B we can observe a more detailed view of the region highlighted with a
red box in Fig. 15B. The top recording shows the low frequency component (a), the
middle panel the high frequency component (b) and the bottom panel the corresponding

power spectrogram. It is interesting to observed that 1) for all events, the decay in Oz
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precedes the observed change in the local field potential related current; ii) the profile of

the ictal events changes between the mono phasic and the bi-phasic Oz signals.
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Figure 15. Experiment 1 - Fast sampling (40Hz) amperometric recording of Oz using a
CFM-MWCNT/NAF placed in the hippocampal DG region upon 4-AP induction of
seizure. (A) Top panel shows the raw signal (grey) and the low pass FFT filter (0.5Hz)
(blue) while the bottom panel shows the power spectrum analysis of the high-frequency
component. Grey box indicates moment of 4-AP application. Red arrows show ictal
events accompanied by changes in pO2. (B) Highlight of the boxed area in A: a) low

frequency component (Oz); b) high frequency component, and c) power spectrogram.
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Dashed vertical lines indicate moment of change in O2. The insets in panel b are

blowouts of the boxed areas in the high frequency component.

As observed before with the KCI administrations, we can notice a biphasic change
in response to the 4-aminopyridin application on the last 2 spikes recorded, having a
consumption of Oz in the first place of about 1.68 + 0.23 uM, followed by an increase
around 4.92 + 0.16 pM, ending on a return to the baseline. As for the other 3 previous
spikes we can perceive a consume of about 2.97 + 0.26 uM. Also, we can see that there
is a small reduction in Oz concentration, comparing before and after the chemoconvulsant
addition of about 3.39 pM. Next, we can see a detailed view of the individual spikes

separately in figure 16:

3.5.2. Experiment 2

In a second experiment, the CFM-MWCNT/NAF was placed in the dentate gyrus
(AP=-3.7; ML=1.9; DV=-2.3 mm). 4-amynopyridine was administered in a large quantity
to promote the SE, resulting in seizure activity as shown in Fig. 16 A. As compared to
experiment 1 where only sparse ictal discharges were observed, in experiment 2 we
observed longer bursting periods, clearly evident by the repetitive increase in power
observed in the power spectrogram in Fig. 16 A, panel c. We can also clearly observe the
theta waves that are characteristic of an epileptic episode in which the onset of SE is
preceded by a period of theta wave synchronization, accompanied by a prolonged period
of increased power in all frequencies [3,8,96]. We also observed from the second burst
onward the appearance of hypersynchrony waves at the beginning of the burst and then
become diffuse.

From the second burst onward, we observed that the onset of the burst was
accompanied by a sharp decrease in Oz, highlighted with red asterisks in Fig 16B. During
the burst, Oz tended to stabilize and during the inter-burst period, an increase in Oz was
observed (green asterisks) followed by a slow decrease until the sharp decrease in Oz was
observed at the beginning of the subsequent burst. This is more clearly observed in Figure
17.
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Figure 16. Experiment 2 - (A) Top panel (a) shows the raw signal recorded at 40 Hz in
grey and in blue the 0.5 Hz low pass filter. Panel b shows and amplified view of the low
frequency component of the signal and panel c is the respective power spectrogram.
Arrows indicate moment of 4-AP application. (B) Highlight of boxed area in A. In panel
a, the blue trace represents the low frequency component (Oz), while black trace

represents the 400-point moving average of the low frequency component, to highlight
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slower changes in pO2. Panel b shows the high frequency component and panel c the

respective power spectrogram.

—— 0.5 Hz Low Pass Filter
%| — 400 point moving average

*

)
.

)4
I )‘i“k I : ‘I‘ ) | ‘ |"|’ I / ‘
'l l‘“"("hf T ik

L II‘“ “

5 nAI

I T T T T T T T T T T T T T T T T T T T 1
6100 6160 6220 6280 6340 6400 6460 6520 6580 6640 6700

T/s

Figure 17. Experiment 2 — Detailed view of the low frequency (top) and high-
frequency (bottom) components of burst 3 in experiment 2

3.5.3. Experiment 3

In the third experiment, application of 4-AP resulted in burst-like discharges, as
shown in Figure 18. Similarly, to the previous 2 recording, each discharge was
accompanied by a decrease in pO2 (0.27 + 0.06 uM) followed by a return to the baseline.
No evident hyperoxia was observed in this particular recording. In this experiment it is
also possible to visualize the theta waves that precede a period of SE, followed by a

prolonged period of increased power in all frequencies.

44 [2022]



Results

— Raw Signal
A —— 0.5 Hz Low Pass FFT Filter

- s

T 1
1400 1700 2000 2300 2600 2900 3200

: !

E 20 ;Amp / dB

3 E 1 20
§ ! i - 1 :E »
=3 T e B :
go . = ¥ . T — + = | 100

a
0.3 uM
b
2nAI
[ Amp / dB
N
c E 20
> -
= -
5] 3 = - - : \ -100
T
2700 2800 2900
L

Figure 18. Experiment 3. (A) Top panel (a) shows the raw signal recorded at 40 Hz in
grey and in blue the 0.5 Hz low pass filter. Panel b shows and amplified view of the low
frequency component of the signal and panel c is the respective power spectrogram.
Arrows indicate moment of 4-AP application. (B) Highlight of boxed area in A. In panel
a, the blue trace represents the low frequency component (Oz), while black trace
represents the 400-point moving average of the low frequency component, to highlight
slower changes in pOz2. Panel b shows the high frequency component and panel c the

respective power spectrogram.
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4. DISCUSSION

Our current understanding of brain activity, both in physiology and
pathophysiology, holds to gain from concurrent monitoring of neurochemical and
electrophysiological activity. This has been attempted in different forms, either using an
individual recording electrode for each modality, or a single electrode alternating between
electrochemical and electrophysiological monitoring [29]. The pivotal work by the group
of Nicolelis demonstrated the electrochemical signal recorded at high frequency of
acquisition carried both the neurochemical information in the low frequency component
(< 1Hz) as well as electrophysiological information in the form of local field potential
related currents in the high frequency component (> 1Hz) [8].

Such concurrent monitoring becomes increasing interesting in the context of
epilepsy, since seizures display both aberrant neurophysiological activity and acute or
prolonged changes in neurochemicals including neurotransmitters and neurometabolic
markers such as oxygen, glucose, and lactate [3,25,28,29,35]. Monitoring interstitial
oxygen is of particular interest, since changes in its concentration reflect the balance
between consumption by cells, mainly for energy production, and delivery through
circulation. While the increase in neuronal activity observed during a seizure imposes and
acute increase in energy demand which leads to a rapid consumption of oxygen, local
cerebral blood flow increases in response, resulting in a delayed hyperaemic phase where
oxygen delivery exceeds tissue requirements [3]. Indeed, functional neuroimaging
techniques explore the hemodynamic response as a surrogate signal of neuronal activity
[33,54,55]. Considering this, design of novel tools for concurrent monitoring of brain
tissue oxygen and electrophysiology is of great interest in the context of pre-clinical
epilepsy research and may hold potential for translation to clinical research.

Electrochemical monitoring of oxygen has classically used Pt based electrodes,
which display excellent electroanalytical properties towards the oxygen reduction
reaction [3,8,87]. However, carbon-based electrodes may be an interesting alternative, in
particular due to reduced cost. Carbon fibre microelectrodes can be constructed with small
carbon filaments (as low as 5 um in diameter) which introduce minimal damage when

inserted in brain tissue [97]. The poorer electroanalytical performance of carbon relative
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to platinum for oxygen reduction can be mitigated using carbon nanotubes, which have
been described to enhance sensor performance [6].

In this project, we designed, evaluated and validated CFM modified by coating
with MWCNT in a Nafion® matrix for concurrent monitoring of brain tissue oxygen in
a pre-clinical model of seizures. In particular, individual CFM were coated with MWCNT
by dipping the electrode tip into a suspension of MWCNT (10 mg mL™) in Nafion 0.5 %
followed by drying at 180 °C. Evaluation of the electroactive surface area of the CFM
before and after coating revealed that very little material was deposited on the carbon
fibre surface. A putative strategy to increase CNT load would be to repeat the coating
process two or three more times. Other studies using CFM coated with SWCNT and
MWCNT in 0.5% Nafion using a dipping strategy similar to the one used here used a 100
mg mL"! suspension, which could optimize the adherence of the nanotubes to the carbon
fibre [6,98]. Deposition of MWCNT has been shown to increase the ESA in BSCF-based
electrodes or identical metallic interdigitated electrodes, while also displaying catalytic
activity towards the electrochemical Oz reduction [99,100].

Electrochemical impedance spectroscopy revealed an increment on the impedance
of the coated microelectrodes. Furthermore, fitting of the experimental data to an
equivalent circuit confirmed the presence of deposited MWCNT on the CFM active
surface. Other studies comparing several impedances have shown a noticeable decrease
in impedance, when comparing CFMs with CNT fibres that can be explained by the high
surface area that the CNTs grant [101]. In our studies, this area does not increase with the
coating, which can then originate a different outcome for these results to those suggested
by other investigations.

Most interestingly, we found that even for such a low load of MWCNT, they did
improve the electroanalytical performance of the CFM towards the oxygen reduction
reaction, displayed as a decrease in the overpotential required for O2 monitoring and
increased sensitivity between -0.6 and -0.8 V vs. Ag/AgCl, which has also been described
by others [87,100,102,103].

Adding CNTs to several biosensors and devices is reported in literature to possess
a significative effect in improving the sensitivity of the devices, not only towards oxygen

measures, but also towards ascorbate, dopamine, adenosine, and others [103—106]. As for
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the cyclic voltammetry studies, it was possible to notice the electrocatalytic effect towards
the reduction of Oz that the MWCNTS provide as previous studies report [104]. In CFMs
altered with SWCNT or MWCNT, a negative shift on the oxidation of ascorbate peak
was observed [6]. Furthermore, the electrocatalytic effect that CNT add to
microelectrodes was also displayed in studies of the oxidation of ascorbate [6,98].
Similarly, for the oxidation of dopamine an electrocatalytic effect was noticeable upon
the application of the nanotubes to the electrode [107].

The first in vivo experiment, performed with KCI administration has shown that
the CFM-MWCNT/NAF was capable and suited for the monitorization of rapid changes
on Oz concentrations, which goes in accordance with what was expected for the KCI
depolarization, meaning that these electrodes make a good analytical tool for in vivo
oximetry.

For our experiments with 4-AP, the CFM-MWCNT/Naf were able to record
variations of tissue pO2 and local field potential related currents during seizures in the
hippocampus of anesthetized rats, as was achieved in previous studies [3,8] . Choline and
oxygen variations were possible to be measured simultaneously as local field potentials,
but without using the same type of electrodes present on this study, meaning that CFM-
MWCNT/NAF constitute a good approach to achieve this type of measurements [3,8]. In
these experiments, two different profiles of reaction to the chemoconvulsant stimulus
were obtained, as proved by the spiking profile that was different in one of the
experiments. In addition, and by analysing the STFT, there was a significative difference
in the duration of the seizures for one of the experiments. Additionally, it was possible to
observe the epileptic dip on one of the recordings, which could be justified by several
factors, since different methodologies, anaesthesia, degree of oxygenation, and species
may be responsible for this event [108]. Moreover, the extent of the amplitude of this
initial dip can be influenced by anaesthesia and blood oxygen level, which we did not
monitor [108]. To infer on how this animal model responds to the chemoconvulsant, more
experiments on the subject must be conducted in order to reach a more certain and

statistically valuable conclusion.
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CONCLUSIONS

In this work, we have fabricated in-house CFM, and modified the active surface with

a composite film of Nafion® and MWCNTSs to improve their analytical performance

towards Oz in vivo monitoring in the intact rat brain. The electrochemical characterization

and in vitro evaluation were performed by using electrochemical techniques such cyclic

voltammetry and EIS to assess the ESA and the electrocatalytic effect on oxygen

reduction reaction. The ultimate goal was to monitor oxygen concentration dynamics in

vivo during seizures evoked by local application of 4-AP.

The results support the following conclusions:

Coating CFM with a composite film of Nafion and MWCNT does not change
ESA significantly.

EIS studies indicate that MWCNT slightly increase CFM impedance.

An electrocatalytic effect on the oxygen reduction reaction is observed with
MWCNTSs, being noticeable an anodic shift in the reduction potential.
Coating CFMs with Nafion/MWCNT significantly increases the sensitivity,
when compared to bare CFM for working potentials between -0.5 and -0.8 V
vs. Ag/AgCI.

Modified CFM are capable of recording rapid changes in brain tissue O2
concentration.

Concurrent measurements of pOz and local filed potential-related currents can
be obtained by high sampling amperometry with a single sensor CFM-
MWCNT/Naf.

A key feature of status epilepticus is rhythmic electrical activity with different
spiking profiles accompanied by Oz fluctuations.

A period of theta wave synchronization preceding the onset of SE, followed

by a prolonged period of increased power in all frequencies.
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