THESIS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

Development of Electrochemical Biosensors
for Neurochemical Applications

Jenny Bergman

UNIVERSITY OF GOTHENBURG

Department of Chemistry and Molecular Biology
University of Gothenburg
Gothenburg, Sweden
2018



Development of Electrochemical Biosensors
for Neurochemical Applications

JENNY BERGMAN

Department of Chemistry and Molecular Biology
University of Gothenburg

SE-412 96 Goteborg

Sweden

Cover illustration: Schematic of biosensor detection of
vesicular release of non-electroactive neurotransmitters.

© Jenny Bergman, 2018

ISBN 978-91-629-0398-5 (PRINT)

ISBN 978-91-629-0399-2 (PDF)

Available online at: http://hdl.handle.net/2077/54578

Printed in Gothenburg, Sweden 2018
Printed by BrandFactory



“Life is like a box of chocolates. You never know
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ABSTRACT

The brain consists of billions of cells, including nerve cells, which have
the ability of transforming an incoming electrical signal in to a chemical
output by the release of neurotransmitters through a process called
exocytosis. Malfunction in neuronal communication has been linked to
several conditions including Parkinson’s disease, schizophrenia, ADHD
and autism why a better understanding of neuronal communication is of
great importance contributing to increased knowledge about these
conditions. For studying neuronal activity with single exocytosis events
that occur on sub-millisecond to milliseconds time scale, analytical
methods with high temporal resolution is the key. In my research, I have
focused on developing miniaturized enzyme-based electrochemical
biosensors for the detection of glucose and the neurotransmitters
acetylcholine and glutamate. A biosensor is a sensor combining a
biological component, here an enzyme, with a transducer part, here an
electrode. In this thesis, biosensors based on a carbon fiber
microelectrode modified with gold nanoparticles and enzyme have been
developed with the aim to improve the temporal resolution of these
probes compared to existing technology. By limiting the biosensor
surface enzyme coverage close to a monolayer, millisecond time
resolution was obtained. With this approach of biosensor design, we were
able to detect vesicular release of acetylcholine from an artificial cell
mimicking exocytosis as described in paper I, and glutamate release from
mouse brain slice which is shown in paper IV. Also, a glucose biosensor
able of co-detecting glucose and dopamine with millisecond time
resolution has been fabricated as described in paper III. In paper II an
analytical method for characterizing the interaction of the enzyme-gold
nanoparticle interface was developed.






SAMMANFATTNING PA SVENSKA

Den miénskliga hjdrnan dr en av de mest komplexa strukturer som finns
och bestar av miljarder av celler som kommunicerar med varandra.
Genom denna kommunikation skapas minnen, kénslor och tankar, dvs.
mycket av det som kénnetecknas som personlighet. I hjdrnan finns bl.a.
nervceller, celler som kan omvandla en inkommande elektrisk signal till
en utgdende kemisk signal. Den kemiska signalen utgdrs av
signalsubstanser som overfors mellan nervcellerna pd mindre &n en
tusendels sekund. Ménga sjukdomar som drabbar hjirnan s& som
Parkinsons sjukdom, depression och schizofreni, men &dven
neuropsykiatriska funktionsvarianter som autism och ADHD, forknippas
med avvikelser i signaldverforingen av signalsubstanser. Att avsloja
detaljerade mekanismer bakom den kemiska kommunikationen mellan
hjdrnans nervceller ger en bittre forstdelse for hur sjukdomar
uppkommer, vilket i sin tur kan leda till béttre behandlingsmetoder eller
t.o.m. bot for flera av dessa sjukdomar.

For att kunna studera overforingen av signalsubstanser nir nervcellerna
kommunicerar behdvs en metod och analytisk teknik som har tillricklig
uppldsning i tid (us) och rum (mm-pm). I min forskning har jag tillverkat
biologiskt baserade sensorer med en diameter motsvarande ett hérstrd.
Sensorerna bestdr av kol, nanopartiklar av guld och ett enzym som
reagerar med signalsubstansen som ska bestimmas. Med hjilp av
elektrokemi, en metod baserad pd molekylers olika mdjlighet att ta emot
eller ge ifrdn sig negativa laddningar, elektroner, kan olika typer av
signalsubstanser detekteras och kvantifieras i hjarnan.

I den hédr avhandlingen presenteras resultat frdn mdétningar av
signalsubstanserna acetylkolin och glutamat frdn en konstgjord cell
respektive hjarnvdvnad frdn mus med en tidsuppldsning av tusendelar av
en sekund. Acetylkolin och glutamat &r tva viktiga signalsubstanser att
studera da acetylkolin skickar signalerna frn hjérnan till musklerna och
glutamat dr hjdrnans gaspedal. En analytisk metod for att karaktirisera
ytan pd den hér typen av biosensorer samt en biosensor for att méta
glukos, hjarnans huvudsakliga energikdlla presenteras  ocksa.
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1 INTRODUCTION

Mental illnesses and neurodegenerative disorders are common health
problems causing enormous human suffering and huge economic costs all
over the world. Common conditions such as depression, schizophrenia,
ADHD, autism, Alzheimer’s disease, and Parkinson’s disease are all
related to malfunctions of the chemistry in the brain. Therefore, it is of
great importance to study the mechanism of the chemistry in both the
healthy brain as well as in the malfunctioning one. A lot of effort has
been spent over several decades trying to reveal the mystery of our brain
function and to find treatments and cures for brain related diseases, drug
addiction and neuropsychiatric disorders. Many pieces of the puzzle have
been found, generating treatments for disorders like depression,
schizophrenia, Parkinson’s disease and ADHD. Still there are many more

pieces to be found and put together.

The human brain, probably the most complex structure there is, consists
of hundreds of billions of cells in communication with each other. In
chapter 2, I will introduce some functions of the brain as well as some

common signaling molecules, so-called neurotransmitters.

During my Ph.D. studies, I have been working on developing new tools
for studying some of the chemistry in the brain, mainly the
neurotransmitters glutamate and acetylcholine, but also glucose the
primary energy source of the brain. My main focus has been on
developing miniaturized electrochemical biosensors with high temporal
resolution with the purpose of studying neurotransmission in real time. I
have also developed methods for characterizing these sensors in order to

better understand the mechanism behind their function enabling further
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optimization of their performance. The method I have been using is
mainly electrochemistry with microelectrodes as will be described in
chapter 4. The molecules studied in this thesis, glucose, acetylcholine and
glutamate are all molecules important in brain chemistry and are so-called
non-electroactive molecules, meaning that they cannot directly be
detected at an electrode using electrochemistry. When recording
neurochemical activity during neurotransmission, electrochemistry is a
commonly used analytical method due to the high temporal resolution
offered and the ability of miniaturization. The introduction of biosensors,
where a biological component, here an enzyme, coupled to a transducer
part, the electrode, has enabled electrochemical detection of non-
electroactive molecules. The microelectrode is modified with an enzyme
using the molecule of interest as a substrate converting it into a detectable
product. The function and design of biosensors will be discussed in
chapter 5, while other analytical methods commonly used for studying

neurochemistry will be briefly discussed in chapter 3.

In summary, this thesis will give an introduction to brain function with
the focus on the chemical communication between neurons, a review
about common analytical methods for studying neurochemistry, and a
more extensive discussion about analytical electrochemistry and

biosensors.
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2 THE BRAIN

The brain is the center of our life actions and interactions; our personality
and emotions, regulation of our movements and it processes all the
information received from our sensory organs e.g. vision, smell, taste and
pain. The brain and the spinal cord makeup the central nervous system,
CNS, and is made up of billions of cells including different types of glial
cells and nerve cells. All information received by the brain is processed
through neurotransmission, the communication between nerve cells
through exocytosis, where an electrical signal is converted to a chemical
signal by the release of neurotransmitters. In this section, neurons and one
type of glial cell, astrocytes, will be introduced as well as exocytosis and
brain metabolism. Also, common neurotransmitters, their role in the

brain, and the connections to diseases and malfunction will be discussed.



Development of Electrochemical Biosensors for Neurochemical Applications

2.1 NERVE CELLS

The nerve cell is constituted by a cell body, soma, containing the nucleus
and organelles as seen in figure 2.1.1. From the cell body several
outgrowths, axons and dendrites, serve as subcellular structures that
connects to other nerve cells and form complex neuronal networks. These
processes are in general divided into two sub groups, the axon, which is
the signaling part, and the dendrites that act as the receiving part, even
though other connections e.g. dendrite-soma and axon-axon are also

present in the network.

- Dendrites

[ Nucleus
o

-

Cellbody

Axon

Myelin sheath

—> Synaptic terminal

Figure 2.1.1 Schematic picture of a nerve cell with its sub-cellular

Structures.
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The axon and dendrites form connections with other cells through a
structure known as the synapse where the membranes of the cells are only
separated by a nanometer sized cleft. Nerve cells communicate with each
other through the release of chemical messengers, so called
neurotransmitters, through a process called exocytosis. In order to trigger
a nerve cell to undergo exocytosis it is first stimulated by an electrical
nerve signal. In more detail, the membrane surrounding the cell consists
of a lipid bilayer also containing proteins and carbohydrates. The proteins
are present as membrane bound or trans-membrane proteins, e.g.
receptors, ion pumps and ion channels, and also as glycoproteins.
Between the intracellular and extracellular space there is a voltage
difference across the cell plasma membrane. This charge difference is due
to an uneven distribution of ions, with more positive charge on the
outside relative to the inside, resulting in voltage across the membrane.
This voltage is called the resting membrane potential and is estimated to
around -70 mV. The concentration difference of ions is mainly
maintained through the Na’/K" pump, an ATP-mediated active transport
mechanism pumping 3 Na' ions out of the cell for every 2 K" ions in, and
passive diffusion of mainly K' through the membrane. The membrane can
be depolarized by a stimulus that increases the membrane potential, often
through an influx of sodium ions. This depolarization triggers voltage
gated ion channels to open. When the membrane potential is positive
enough it causes voltage gated sodium channels to open, thereby further
depolarizing the membrane leading to even more sodium ion channels to
open. This influx of ions causes a sharp rise in membrane potential, a rise
referred to as the action potential. The axon is electrically shielded by
myelin allowing rapid propagation of the action potential from the soma

to the synaptic terminal. After firing the action potential, the cell returns
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to its initial membrane potential and has a resting period, the refractive
period where no action potential can take place. In the synapse, the action
potential opens up voltage gated calcium channels, causing an influx of
calcium ions. This causes neurotransmitter filled vesicles to fuse with the
plasma membrane, releasing their contents into the synaptic cleft, a
process called exocytosis. The neurotransmitters diffuse across the
synaptic cleft and bind to specific receptors at the postsynaptic cell
membrane. The binding of the neurotransmitter can trigger the receiving
cell to fire an action potential thus passing the signal on to the next cell.
After the signal has been transferred, the neurotransmitter detaches from
the receptors and is removed from the synapse, partly by reuptake by the
signaling cell, mainly by specific transporters but also through nearby

cells, or it is degraded by enzymatic reactions.'”
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2.2 ASTROCYTES

Another important cell type in the brain is the astrocytes. These are a type
of glial cells more than five times as abundant as neurons’ in the CNS and
they are distributed throughout the whole CNS. Although, astrocytes
express ion channels such as potassium and sodium channels and can
react to elevated inward currents, they cannot fire action potentials as
neurons do. Astrocytes respond to stimulation by increasing intracellular
calcium concentrations and this acts as a stimulus for increasing
intercellular communication with mainly other astrocytes, but also with
neurons. Astrocytes release neurotransmitters, e.g. glutamate and GABA,
to communicate with neurons and thus play a direct role in synaptic
transmission. Astrocytes have multiple interactions with blood vessels as
well as neurons and they can regulate the blood flow in relation to
synaptic activity. Astrocytes play an important role in the connection
between blood vessels and neurons by taking up glucose from the blood
and providing energy-related metabolites to neurons. The principal
storage site of glycogen in the CNS occurs in astrocyte granules and the
largest accumulation of astrocytic glycogen takes place in areas of high
neuronal activity. The astrocyte glycogen can be broken down to lactate

34
and transferred to neurons as an energy source.



Development of Electrochemical Biosensors for Neurochemical Applications

2.3 EXOCYTOSIS

Secretory vesicles are cellular organelles with a lipid bilayer structure that
are loaded with signaling molecules, neurotransmitters. There are
different types of vesicles, the smallest, clear synaptic vesicle is about 50
nm in diameter and a large vesicle containing a dense core consisting of
proteins can be up to 250 nm in diameter."”> When the vesicle approaches
the cell membrane, proteins in the vesicle membrane interact with
proteins in the cell membrane to dock the vesicle to the cell membrane.
The vesicles and cell membrane form a pore, connecting the inside of the
vesicle with the exterior of the cell. The pore can expand and when large
enough, the vesicle content can diffuse into the synaptic cleft, as shown in
figure 2.3.1. This release can occur in several ways, the fusion pore can
close again before releasing all of the content, referred to as partial release
or open and closed.®® The so-called full release refers to an event when
the fusion pore completely collapses into the membrane releasing all of
its content. There is also a third process —kiss-and-run exocytosis” in
which the cell membrane and the vesicle form an initial fusion pore that
rapidly closes and thus only a very small fraction of the neurotransmitters
are released.® This “kiss-and-run exocytosis” can further be extended to a
process where the fusion pore open and closes multiple times in rapid
succession, “flickering”, as has been observed to occur during release
from small synaptic vesicles in dopamine neurons.'” These exocytotic
events are very rapid, occurring on the sub millisecond to millisecond
time scale. Exocytosis is a very important feature of the neuron and a
process brain function relies on for forming memories, emotions,

learning, cognition etc.
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Pre-synaptic cell

Vesicle
~N
_> —_
Ca?* channel

1

]
Synapse Neurotransmitter

Receptor

— — —

Plasma membrane
Post-synaptic cell

Figure 2.3.1 Overview of the exocytosis process at the synapse between two
nerve cells showing how the vesicle at the axon terminal of the signaling cell
docks, fuses and releases neurotransmitters through a fusion pore into the

synapse, where the molecules diffuse to bind to the specific receptors of the

receiving cell.
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24 NEUROTRANSMITTERS

Neurotransmitters are the chemical messengers released from neurons
during communication with other cells. Neurotransmitters can give an
excitatory or inhibitory effect sending a start or stop message to receiving
cells depending on the type of neurotransmitter, and also on the
postsynaptic receptor that neurotransmitters bind to. The excitatory signal
increases the probability of the receiving cell firing an action potential
while the inhibitory signal decreases that probability. Some
neurotransmitters are thought to be mainly inhibitory, e.g. GABA or
mainly excitatory, e.g. glutamate. A molecule is generally considered to
be a neurotransmitter if the following criteria are met. First, the molecule
must be present in the neuron. Second, the molecule must be released
from the presynaptic neuron as a response to a presynaptic electrical
signal. Last, there must be a specific receptor for that molecule at the
postsynaptic neuron. The classification of neurotransmitters varies
depending on different aspects such as chemical structure, size and
actions. Neurotransmitters can be classified according to size, as small
molecule neurotransmitters, e.g. catecholamines and amino acids, and as
large peptide neurotransmitters (Endorphins, Somatostatin) as proposed
by Purves et al.' In table 2.4.1 some small neurotransmitters are classified

according to chemical structure.

10
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Table 2.4.1 Classification of small neurotransmitter molecules according to
their chemical structure. *biogenic amines

Chemical group

Examples

Amino acids

Glutamate, GABA, Aspartate, Glycine

Purines ATP, Adenosine

Catecholamines™ Dopamine, Norepinephrine, Epinephrine
Indoleamine* Serotonin

Imidazoleamine* Histamine

Others Acetylcholine

11
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2.4.1 DOPAMINE

Dopamine is likely the most well-known neurotransmitter. It was
discovered as a neurotransmitter by Arvid Carlsson'' in the 1950s, a
discovery for which he was rewarded the Nobel Prize in year 2000.
Dopamine generally functions as an inhibitory neurotransmitter and plays
an important role in the brain due to its involvement in many different
signaling pathways e.g. reward motivated behavior and motor control.
Both excessively high levels of dopamine as well as very low levels in the
brain cause serious impact to various brain functions and have been
related to different brain diseases and disorders such as Parkinson’s
disease, schizophrenia, attention deficit hyperactivity (ADHD), and
addiction. Parkinson’s disease is related to degeneration of dopamine
neurons leading to low levels of dopamine. This causes the characteristic
uncontrollable muscle tremors in the disease. L-DOPA, a precursor of
dopamine can be used to initially treat the illness by elevating the
dopamine levels in the brain. The reward system is involved in
development of drug abuse and addiction by increasing the levels of
extracellular dopamine levels responsible for the strong feelings of joy

and satisfaction.'>*

12
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2.4.2 SEROTONIN

Serotonin is mainly an excitatory neurotransmitter and the molecule was
isolated and characterized in 1948 by Irvine Page and Maurice Rapport."
Brodie and Shore proposed the role of serotonin as a neurotransmitter in
1957.'° Most of the serotonin of the body is not located in the brain but in
enterochromaffin cells in the gastrointestinal tract contributing to

1718 The function of serotonin in the brain are

gastrointestinal reflexes.
very diverse and are related to the regulation of appetite, body
temperature, sleep cycles and sexual behavior. It is also involved in mood
and is thought to be a part of happiness and well-being. Serotonin plays a
big role in psychological disorders such as depression, mania and anxiety
conditions that are associated with the distribution of serotonin in the

. 1920
brain.

The family of drugs called selective serotonin reuptake
inhibitors increases the available serotonin in the synapses by blocking
the reuptake improving the symptoms of the earlier mentioned

. 21
disorders.

13
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2.4.3 GABA

Gamma aminobutyric acid, GABA, has an amino acid structure and was
found to act in the CNS in the 1950s.2** In mammals, GABA is found in
high concentrations in the brain and is the main inhibitory acting
neurotransmitter decreasing the probability of neurons to fire an action
potential by affecting ion channels and causing membrane
hyperpolarization.” Disturbance in GABAergic inhibition can result in
seizures and is why epilepsy treatment often is targeted against GABA
activity.”® Disorders of GABAergic function in the CNS are also related

to diseases such as anxiety disorders, spasticity and schizophrenia.””**

14
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2.4.4 NOREPINEPHRINE

Norepinephrine, also known as noradrenaline is a molecule not only
functioning as a neurotransmitter but also as a hormone. It belongs to the
group of catecholamines, where dopamine is a direct precursor to this
molecule. It was discovered as a neurotransmitter in the 1940s by UIf
Svante Euler®® for which he was awarded a part of the Nobel prize 1970.
When acting as a hormone it is released into the bloodstream from the
adrenal glands. It then acts on the body’s ability to respond to stress by
making the body ready for action by increasing heart rate, blood pressure,
blood supply to the muscles and release of glucose from energy storage.
In the brain norepinephrine increases functions needed to deal with
stressful situations e.g. alertness, sharper memory, excitement and
anxiety.”>*> Norepinephrine can be thought of as the gas pedal of the
nervous system affecting the whole body both as a hormone and a
neurotransmitter. Health problems related to chronic stress such as high
blood pressure, sleeplessness and gastrointestinal problems are all related
to the effect of sustained release of norepinephrine. The noradrenergic
system has also been linked to depression® and cognitive disorders such

as Alzheimer’s disease.>*

15
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2.4.5 EPINEPHRINE

Epinephrine or adrenaline is derived from norepinephrine and is also a
catecholamine acting both as a hormone and neurotransmitter. Its role as a
neurotransmitter was discovered late, in the 1970’5,35 even though the
molecule itself had been known of since the late 19th century.’ It is
involved in the “fight or flight response” to stressful situations with
similar actions as those for norepinephrine described above. Epinephrine
is responsible for the feeling of fear during the response to a stressful
situation.”” These emotionally stressful events have been found to be
connected to long-term memory in humans inducing memory strength to
be proportional to memory importance. It has also a major impact on
heart rate, blood vessel dilation, and air passage and this is why it is
extensively used as a drug to treat cardiac arrest, asthma, and

anaphylactic shock.”®
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2.4.6 GLUTAMATE

Glutamate is an amino acid synthesized in neurons, this is important since
it cannot cross the blood-brain barrier and thus cannot be utilized from
food intake. Glutamate is often referred to as the most important
neurotransmitter for normal brain function including cognition, memory
and learning, and has been known as an excitatory neurotransmitter since
the 1950’s.”” It has been estimated that over 50 percent of all synapses in
the brain release glutamate. In the central nervous system, nearly all
excitatory neurons are glutamatergic.*’ Elevated levels of extracellular
glutamate in the brain are neuro-toxic and are released to a toxic level
during neural injury such as cerebral ischemia (stroke) and brain trauma.
The concentration of glutamate in the synaptic vesicle is estimated to be
around 100 mM, and about 0.5 to 45 uM in the healthy brain extracellular
fluid depending on the measurement method used, where the higher
concentrations have been determined with electrochemical micro-sensors
and the lower range with microdialysis.*’ The ECF concentration of
glutamate has also been shown to vary between brain regions.
Neurodegeneration in motor neuron diseases, Huntington’s disease,
Parkinson’s disease, and Alzheimer’s disease have all been connected to

malfunction of the glutamatergic system.40
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2.4.7 ACETYLCHOLINE

Acetylcholine, ACh, was the first neurotransmitter to be discovered and
was identified in 1914 by Henry Dale.*” Later, Otto Loewi® confirmed
the action of ACh as a neurotransmitter and both of them were rewarded
the Nobel Prize in 1936. ACh acts both in the CNS and in the PNS
(Peripheral Nervous System). ACh is released in the neuromuscular
junction transferring the signal from the neurons to the muscle causing
the muscle to contract” ACh acts as both inhibitory and excitatory
depending on the target receptor. At nicotinic receptors,44 ACh is
excitatory, but it is inhibitory where the receptors are muscarinic.*’ In the
CNS, ACh is involved in temperature and blood pressure regulation,
learning and memory, motor coordination and controlling the stages of

46

sleep.” ACh plays an important role in several illnesses such as

. . 47 . . . .
Huntington’s disease’’, Alzheimer’s disease* and schizophrenia.*’
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2.5 BRAIN METABOLISM

There are several other molecules important for normal brain function
even though they do not function as neurotransmitters. Glucose is the
primary source of energy for the brain and tight regulation of glucose
metabolism is crucial for normal brain function. The glucose is oxidized
through glycolysis to form ATP. Oxidative phosphorylation and ATP
production are tightly coupled to the rapid changes in energy demanded
by functioning synapses to keep a desired level of neuronal activity. The
brain is the part of the body that consumes the most glucose,
approximately 20 % of all available glucose derived energy goes to the
brain, around 5.6 mg glucose per 100 g brain tissue per minute
corresponding to about 1 mM glucose in the ECF, even though the brain
itself only makes up about 2 % of the body weight.50 The majority of the
energy demand in the brain comes from neuronal communication e.g.
generation of action potentials, maintenance of ion gradients and
providing energy and precursors for biosynthesis of neurotransmitters.
Excitatory neurotransmission is a process with very high energy demands
so the main site of ATP synthesis in the brain is in the neurons. Inhibitory
neurotransmission is less energy demanding than excitatory transmission
because of the differences in activity of ion channels.”' Consistently it has
been reported that the inhibitory neurotransmitter GABA uptake into
astrocytes does not cause an activation of glycolysis but the uptake of the
excitatory glutamate does.”” In vivo studies have shown an increase in
extracellular lactate accompanied by increases in oxygen and glucose
consumption during excitatory neuronal activity.”’> Since neuroactive
substances such as glutamate cannot cross the blood brain barrier they

must be synthesized in the brain and glucose is the primary carbon source
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for that as well. The astrocytes provide neurons with energy from glucose

and glycogen that is stored in astrocyte granules as described previously.

Studying brain metabolism and neuronal communication is of great
importance in order to understand brain function and what role it plays
during abnormal brain functions due to neurodegenerative diseases™ with
the ultimate goal of enabling treatments and hopefully even cures for
these malfunction and diseases in the brain. In the next chapter, some

common methods for studying neurochemistry will be introduced.
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3 ANALYTICAL METHODS

In this chapter, techniques for studying neurochemistry will be briefly
described and their pros and cons will be discussed with regard to their
possible applications. Before choosing an analytical method for an
experiment, careful considerations must be taken regarding the purpose of
the experiment and what parameters that are desired to analyze. For
instance, analyzing the total content of neurotransmitters in the ECF of
the brain requires a technique very different from what is needed for
studying exocytosis from a single cell. In the first case a very complex
matrix is present requiring the need of separation of analytes before
detection, also the expected concentrations are very low why a method
with high sensitivity is necessary. In the other case, single cells can be in
a fairly simple matrix and exocytosis occurs in sub-milliseconds why a
technique with high temporal resolution is required but selectivity is often
not as big of an issue. The best results are often obtained when several
analytical techniques are used simultaneously, either in sequence or at the
same time to be complementary. Considering the first example of
detecting neurotransmitters in ECF a common approach is to insert a
microdialysis probe in to the brain to collect molecules from the ECF
followed by separation, e.g. HPLC or capillary electrophoresis, and
finally detected by, for instance, electrochemistry, fluorescence or mass

54-55
spectrometry.
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3.1 IN VIVO MICRODIALYSIS

In vivo microdialysis has been used since the late 1960s and is a widely
used technique for studying the effect of drugs in animal brain model and
has the advantage of providing samples during a long time while the
animal can be awoken and freely moving. By making such measurements
it is possible to correlate the chemical dynamics of the surroundings of
the probe to behavior, drug effect and disease progress. Microdialysis has
the ability to sample the chemical environment in tissue with both high
sensitivity as well as selectivity especially when coupled to separations
such as HPLC and capillary electrophoresis.”® In microdialysis, a probe
with a semi-permeable dialysis membrane passing a perfusion liquid is
used to recover small molecules from the extra cellular space in the brain.
The microdialysis probe is inserted into the brain and an artificial
extracellular solution is slowly and continuously infused through the
probe until equilibrium is achieved between the inside of the probe and
the extracellular space. The molecules will diffuse down their
concentration gradient into the probe and after some time the perfusion
solution inside the probe will contain a representation of the chemicals
found in the extracellular space.”” Microdialysis has the benefit of being
able to sample larger neuroactive molecules such as proteins and peptides
making it possible to, for example, study amyloid-p3, a protein associated
with the progression of Alzheimer’s disease.”® The microdialysis probe
dimensions are usually around 200-400 um in diameter with a 0.5-4 mm
sampling length leading to both poor spatial resolution as well as a risk of
causing substantial damage to the brain tissue leading to a local
inflammation which itself can affect the local brain ECF chemistry.”” One

approach for minimizing the dimensions of the sampling probe is the use
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of two fused silica capillaries using low-flow push-pull perfusion where
one capillary “pulls” the sample and the other capillary “pushes” fluid to
the sample region to maintain fluid balance in the sampling region. The
micro-fabricated push-pull probe has been made as small as 85 um wide
substantially increasing the spatial resolution.”” One drawback with the
microdialysis technique is the poor temporal resolution that even with
direct coupling to capillary electrophoresis for separation, the temporal
information achieved will still be in a few seconds. Using push-pull
probes have been increasing spatial resolution as described but at the cost
of temporal resolution due to the low perfusion flow rate required leading
to sampling times in the order of tens of minutes.” Direct coupling of the
push-pull probe with nL samples to capillary electrophoresis with
fluorescence detection has thus been able to push the temporal resolution
down to the same time limits as conventional microdialysis. In summary,
in vivo microdialysis is approaching the spatial resolution that can be
obtained with electrochemical sensors but can still not compete with
regard to temporal resolution, instead the strength of the method relies on
the ability to simultaneously detect many analytes with high sensitivity

and selectivity.”
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3.2 SEPARATION TECHNIQUES

When analyzing complex matrices like blood, urine and other body fluids
a separation of the present species is often needed before analysis, both
for quantitative as well as for qualitative analysis. Chromatographic
techniques are based on the passing of a liquid (mobile phase) where the
analytes are present through a column (stationary phase). The column can
consist of different materials and the separation can be based on various
properties, e.g. size exclusion columns separating analytes regarding to
molecular size, ion-exchange columns separating regarding electrostatic
interactions with the stationary phase, but all separation basically depends
on different affinity of molecules to the stationary phase in the column
used. The mobile phase can often be tuned to increase separation
selectivity by affecting the analyte or stationary phase properties. For
instance, changing the pH of the mobile phase can change the charge of
both the molecules in the mobile phase as well as in the stationary phase
affecting the electrostatic interactions between the analytes and the
stationary phase. The most widely used techniques in separations are
high-pressure liquid chromatography, HPLC, and gas chromatography,
GC, where HPLC is dominating over GC for biomolecules. HPLC uses
high pressure to push the mobile phase through the stationary phase. One
commonly used method is reverse-phase chromatography where the
mobile phase is polar and the stationary phase is hydrophobic.®’ There are
several other variants of liquid chromatography e.g. normal-phase
chromatography that uses a hydrophobic mobile phase together with a
polar stationary phase and HILIC based on a hydrophilic stationary phase
combined with a polar mobile phase separating species regarding their

62-63

polarity. HPLC requires a column for separation and a detector for
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quantification. Commonly used detection techniques for coupling to
HPLC are, UV/VIS, fluorescence, mass spectrometry, MS, and
electrochemistry.* Fluorescence and UV/VIS is based on the analytes
being fluorescent or absorbing light in the ultra violet/visible light spectra
respectively while electrochemistry depends on the electroactivity of the
analytes and for MS the analytes mass to charge ratio is detected. MS,

fluorescence and electrochemistry will be discussed later in this section.

Another method for separation is capillary electrophoresis where usually
a fused-silica capillary with very small dimensions commonly in the
range of a few um to 100 wm in inner diameter without stationary phase
or a pseudo-stationary phase is used and the liquid inside the capillary is
driven by electrophoresis. Briefly, in capillary electrophoresis a high
voltage supply is applied over the capillary connected through two buffers
containing an electrolyte solution creating an electric field. The analytes
will travel based on their size to charge ratio in the generated
electroosmotic flow.” Capillary electrophoresis has the advantages over
HPLC of the separation being performed over much smaller time scales
and requiring very small volumes of the sample and has been used for
studying biogenic amines in the fruit fly brain and even the contents of a

1.56-67 Also, the electroosmotic flow will create a non-laminar

single cel
flow decreasing band-broadening of the peaks and thus increasing the
resolution. HPLC on the other hand, is more robust and easier to handle
since for example even very small changes in pH of the mobile phase will
have a great impact in capillary electrophoresis and there are many factors
affecting the pH e.g. temperature. In addition, the high voltage and the
small dimensions used during capillary electrophoresis possess a

challenge.
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3.3 MASS SPECTROMETRY

Mass spectrometry, MS, is an analytical technique where the analytes are
analyzed and identified by their mass to charge ratio. Analytes must be
ionized via some mechanism, e.g. electrospray ionization in order to be
separated by their mass to charge ratio in a mass analyzer e.g. time-of-
flight (ToF) and quadrupole. The resulting mass spectrum is a plot of
signal versus mass to charge ratio and the peaks obtained are
characteristic for unique chemical compounds and their fragments and
can be used for identification of the species analyzed. MS is often the
method of choice for detection of analytes after separation with e.g.
capillary electrophoresis68 or HPLC® due to the excellent selectivity,
sensitivity and ability to detect a large number of analytes in a complex
matrix. MS is also used for high throughput analysis e.g. proteomics.”®”"
Especially when coupled to separation techniques, MS offers excellent
selectivity and can detect and identify a large number of molecules in a
complex matrix. MS can also be used for chemical imaging as will be

discussed in imaging techniques in section 3.5.
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3.4 ELECTROPHYSIOLOGY

Electrophysiology studies the electric properties of cells, tissue and whole
organs. Widely wused techniques in routine medicine are
electrocardiography (ECG) and electroencephalography (EEG) where the
electrical activity of the heart and the brain respectively can be studied. In
neurochemistry when recordings at the single cell level is the aim, an
electrophysiological technique called patch clamp is often used. Bert
Sakmann and Erwin Neher invented the patch clamp technique in the late
1970s and early 1980s for which they were rewarded the Nobel Prize in
1991. With patch clamp, electrophysiological properties of cell
membranes and the current flowing through ion channels in the cell
plasma membrane can be studied. Briefly, a micropipette containing a
conductive electrolyte is placed in connection to the cell, here, different
approaches are possible, e.g. the “cell attached” configuration where a
tight seal between the pipette and the outside of the membrane is created
without rupturing of the membrane. Another example is the “whole cell
mode” where the membrane seal around the micropipette tip, a so-called
“gigaseal” creates a direct connection with the cell through the membrane
without rupturing it. For the experiment either voltage clamp or current
clamp can be used depending on the cell properties of interest to study.
Voltage clamp is the best choice for recording firing activity while
current clamp 1is best-suited for recording potentials like resting
membrane potential and synaptic potentials. In voltage clamp, the
membrane voltage is controlled and the current, the result of ions flowing
across the cell membrane through ion channels as well as the capacitive
current can be measured.” As described earlier in the section of neurons

many ion channels are sensitive to membrane potential changes and can
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thus be studied by “clamping” the cell membrane at different potentials.
In current clamp, the changes in voltage are measured while the current is
controlled, a mode that can be used to determine if the synaptic potential
is depolarizing or hyperpolarizing as well as if the depolarizing potential
is excitatory or not.”* By measuring the capacitance over time exocytotic
and endocytotic process can be monitored due to the fact that the
capacitance is proportional to membrane surface area. Capacitance
measurements have been able to distinguish between “full-release” and
“kiss-and-run” exocytosis as it is a technique with high temporal

resolution.”
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3.5 IMAGING TECHNIQUES

Optical methods for imaging biological samples are widely used in
neurochemical research. Fluorescence microscopy is a very common
technique due to its high selectivity and sensitivity. It is based on the
fluorescent properties of the species of interest. The fluorescence of the
species can be studied with several different microscopy techniques e.g.
confocal microscopy, total internal reflection microscopy, TIRF,”® and
stimulated emission depletion microscopy, STED.”” Fluorescence is
emission of light occurring nanoseconds after the absorption of light. The
difference between the exciting and emitting wavelengths is the critical
property and what makes fluorescence such a powerful tool for studying
small components with high temporal resolution such as visualizing the

dynamics of exocytosis and endocytosis in real time.”*™

Very few
biomolecules are natively fluorescent why the molecules of interest or
their surroundings need to be fluorescently labeled with a fluorescent
molecule, a fluorophore. The fluorophores properties can be very
sensitive regarding their environment and some fluorescent sensors can
change their spectra when bound to certain molecules e.g. calcium- and
hydrogen ions, sensitivity to electrical fields is also occurring. pH
sensitive fluorophores®' ™ have been used for imaging of vesicle fusion
taking advantage of the pH difference in the vesicle where pH = 5.5 and
the surrounding physiological pH = 7.4. The strength of fluorescence
microscopy lies in the relatively high temporal resolution combined with
high sensitivity and selectivity while the main drawback of the technique
is the need for fluorescently labeling the species of interest, where the

fluorophore itself could interfere with the properties of the biological

system.
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Another way of imaging cellular structures is the use of electron
microscopy such as scanning electron microscopy, SEM and transmission
electron microscopy, TEM.*® Electron microscopy is a technique based
on a beam of electrons as the source of illumination instead of photons as
in optical microscopy. The wavelength of electrons is in the magnitude of
100,000 times shorter than of visible light photons giving the electron
microscope a resolution many times higher compared to a light
microscope. A TEM microscope can achieve a resolution of 0.5 A where
the maximum resolution of a light microscope is limited by diffraction
and about 200 nm. In combination with fast Cryo-fixation techniques,
Cryo-TEM, it is possible to capture sub-second “snap-shots” of biological
processes,* but it is not possible to image living organisms or cells and
thus no continuous temporal information can be obtained. The main
advantage of TEM is obviously its high resolution making it possible to
view the structure of organelles in single cells e.g. number of vesicles
present in a synapse and their size. Again, the strength of combining
different methods in analytical chemistry was shown when TEM imaging
was combined with super high-resolution mass spectrometry imaging,
NanoSIMS, to show the distribution profile of dopamine across individual
vesicles.*® Mass spectrometry can also be used for imaging, a powerful
technique for visualizing chemical species in biological samples such as
tissue and single cells with high spatial resolution. Secondary ion mass
spectrometry, SIMS,Y is a technique for sensitive surface analysis that
can provide chemical information with spatial resolution down to 50 nm
and allow detection of intact lipids, lipid fragments, metabolites and
elements. Another imaging mass spectrometry technique frequently used
for biological samples is matrix-assisted laser desorption/ionization,
MALDL¥ suitable to analyze large molecules such as DNA, proteins and

peptides. The images are constructed by plotting signal intensity versus
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the relative position of the sample data providing high spatial resolution
where the chemical distribution in the sample can be visualized,

providing e.g. spatial peptide and protein profiling.*
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3.6 ELECTROCHEMISTRY

Amperometry has been widely used in neurochemistry analysis both
invivo and in cell models due to its ability of very high temporal
resolution. Microelectrodes have made it possible to detect single
exocytotic events from single cells, e.g. PC12 cells, mast cells and
chromaffin cells giving new insights in how exocytosis occurs and factors
affecting it, e.g. regulation of vesicle pore formation and membrane

dynamics.””’

In a typical single PC12 cell experiment an inverted optical
microscope is used and a microelectrode is placed in close proximity to
the cell surface. By stimulating the cell, the release of dopamine through
exocytosis will occur. The released dopamine will hit the electrode
surface and will then immediately be oxidized giving rise to an anodic
current spike that can be recorded and analyzed providing information
about the kinetics of the spike relating to fusion pore dynamics as well as
how many molecules where released. The development of microelectrode
arrays has enabled both high temporal resolution as well as spatial
information of single cell exocytosis revealing individual release events
originating from multiple locations at the cell.”*** Amperometry is also
widely used as a detection method in separations e.g. HPLC and capillary
electrophoresis, where a very low detection limit can be reached.” The
main drawback of amperometry is the lack of selectivity. Everything in
the solution that can be oxidized/reduced at the electrode in the potential
window used will be, not only the molecule of interest. This issue is
overcome by using it when less complex matrices are present or
following separation of the molecules. The development of
electrochemical cytometry,6'7’ %97 has enabled the quantification of the

total neurotransmitter content in single vesicles isolated from cells. The
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method is based on the adsorption of isolated vesicles from cells like
chromaffin cells and PC12 cells that contain electroactive
neurotransmitters. When the vesicles adsorb to the polarized electrode
surface, the vesicles will rupture due to the electric field created and all of
the vesicle content will rapidly be oxidized at the electrode surface
creating a current spike that can be detected and analyzed. Pushing the
size of microelectrodes down to nm size has enabled quantification of

vesicle content inside living cells with electrochemical cytometry.”

The fundamentals of electrochemistry including amperometry and how to
evaluate amperometric data will be discussed more in detail in the

analytical electrochemistry section in this thesis.
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4 ANALYTICAL ELECTROCHEMISTRY

In this chapter, the general concept of analytical electrochemistry and the
techniques most relevant for this thesis are introduced. The convention
used is that oxidation, anodic current, is defined as positive and reduction,
cathodic current as negative. Further, increasing potential is shown as
positive in the voltammograms later in this section. Throughout this
section, the disk-shaped electrode is used as an example when discussing
the methods and principles. There are several other electrode geometries
such as cylindrical, band and spherical those are not discussed here but

follow the same fundamental principles.

Analytical electrochemistry takes advantage of a molecules ability to
undergo oxidation or reduction at an electrode surface. There are several
different analytical electrochemical techniques but the ones treated in this
thesis all rely on measuring the current when either holding the electrode
at a fixed potential or when altering the potential over time.
Electrochemical measurements of chemical systems can provide
information about the system studied e.g. thermodynamics of the reaction,
the identity of a molecule of interest or the concentration of that molecule
in a sample. In electrochemical systems, transport of charge between
chemical phases, e.g. a solid and a liquid, and how different factors and
processes affect this charge transport is evaluated. The systems studied
with the electroanalytical techniques discussed in this thesis rely on the
interface between the electrode and the surrounding solution (electrolyte)
and the events occurring when an electric potential is applied and current

passes through the system.
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4.1 ELECTROCHEMICAL KINETICS

When a molecule undergoes reduction or oxidation at an electrode
surface, the molecule is either accepting or donating electrons from the
electrode, respectively. This leads to charge transport through the
electrode by movement of electrons, which is detected as a current. In the
surrounding electrolyte, the movement of ions carries the charge. A
molecule in its oxidized form may accept electrons, ¢, from an electrode
and become reduced. If the reduced molecule is then oxidized again a

reversible charge transfer reaction has taken place, see equation 4.7.1

ke
Ox + ne- =Red 4.1.1
kq

Ox is the oxidized and Red is the reduced state of a molecule; n is the
number of electrons exchanged in the redox reaction k. and k, are the
reaction rate constants for the reduction and oxidation process and has the
unit s'. The rate, v, in which the reactions take place, is described as
following for the two reactions always occurring simultaneously, where

C..cand C,, is the concentration of the reduced and oxidized species.

on = kACRed 412

URed = kcct)x 413
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By combining these equations, (4.1.2, 4.1.3) the net conversion rate, v,,,,,

of the oxidized species to the reduced one can be written as

Unet = kACRed - kCCOx 41 4

When the net flux of all molecular species (and electrons) is zero since an
equal anodic current balances the cathodic current in the system, the
system is at equilibrium, K,,, and the concentration ratio between Ox and

Red is constant yielding the following expression for K,

ka _ Cox _ g 415

kc CRed

The reaction (4./.1) has one oxidation path and one reduction path and
the reaction proceeds at a rate, v, and v, respectively (4.1.2, 4.1.3).
Consider the reduction reaction, the reaction rate, v,,4, iS proportional to
the electrode surface concentration of the oxidized specie Ox and by
expressing the concentration of Ox at a distance x, from the electrode
surface area, A, and at time t as Cy, (x, t), where the surface
concentration of Ox is zero so Cy,, (0, t), the rate constant k. can be

related to the cathodic current, i, of the reaction (4.1.6).
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Upea = kcCox(0,t) = nlﬁ 4.1.6

The same expression for the reaction rate, v,,, is valid for the anodic

component of the total current i, (4.1.7)

Vox = kaCrea(0,t) = nlﬁ 4.1.7

F is the Faraday constant, the charge of one mole of electrons, and A is
the electrode area in cm”. The reaction rate is also dependent on the
electrode area, A, and in order to be able to compare processes taking
place at electrodes with varying surface areas, the rate of the reaction has
to be normalized for the area of the electrode, this is referred to as current

density, j, current per electrode area, (A cm™).

Combining equation (4.1.6, 4.1.7) an equation (4./.8) describing the net
current of the reaction with respect to the cathodic (i,) and anodic (i,)
current components at the surface of the electrode is obtained and can be

written as follows

i = iA - iC = nFAl_kACRed(O, t) - kccox(o, t)J 4.1.8
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In order for a non-spontaneous chemical reaction to take place energy
must be added in order to decrease the energy barrier for transferring the
reactant into the product. In electrochemistry, the electric potential energy
drives the reaction and the energy required for an oxidation/reaction to
take place is related to the formal potential, E°’, of the species involved in
the redox reaction. E”’, relates to the standard Gibbs free energy change

AGY’ as

AGY = —nFEY” 419

The relationship between the concentrations of the species Ox and Red

and free energy is given in the following equation

AG = AGY + RTInSox 4.1.10

CRed

Where R is the ideal gas constant and 7 is the temperature.

The Arrhenius equation (4.1.11) correlates the rate constant k, of a
reaction to Gibbs free energy, where AG? is the standard free energy of

activation and A’ is the frequency factor.

k = A'e~AGY/RT 4.1.11
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An important general theory for describing electrode kinetics is the
transition state theory also known as the activated complex theory where
the assumption that the reaction proceeds through a defined transition
state or activated complex before being transferred into the product, as

shown in figure 4.1.1.

Activated complex

Standard free energy

Reaction coordinate

Figure 4.1.1 Free energy changes during a reaction. The activated complex
is the configuration of maximum free energy during the reaction.

(Redrawn)99

When the electrode potential is equal to the potential at equilibrium,
known as the formal potential, E°’, the anodic and cathodic activation
energies AG’,, and AG",c have the same magnitude and thus the same
activation energy. By changing the potential from E’’ to E the relative

energy of the electrons on the electrode changes by —F(E — E%') and by
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doing this for an oxidation process where E has a more positive value
compared to E°’ the activation barrier for oxidation AG*, will become less
than AG?,, by a fraction of the total energy change as described in figure
4.1.2. This fraction is called /-a, where the transfer coefficient, .,
describes the symmetry of the energy barrier of activation. In a reversible
redox system, often referred to as a Nernstian system, the transfer
coefficient, a., is equal to 0.5 indicating that the system is symmetric with
respect to the activation barriers for the reactions. In practice, this means
that the redox system is reversible; this will be described in the later

section about cyclic voltammetry.

atE $ anF(E-E°)
AGH AN@ S X nF(E-E”)
(1-a)nF(E-E?)

at E"

S Y - ..
Red Reaction Coordinate Ox + e Red Reaction Coordinate Ox + e

Figure 4.1.2 Effects of a potential change on the standard free energies of

activation for a reversible redox system. The figure to the right is a

magnification of the boxed area in the left figure. (Redrawn)®”

The activation barrier for the anodic and cathodic reaction can then be
described in terms of the transfer coefficient, the activation energy at the
formal potential and the potential difference between formal potential and

applied potential as follows
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AGE = AGY, — (1 — a)nF(E — E*) 4.1.12

AG} = AGE, + anF(E — E*) 4.1.13

Inserting equation (4./.12) and (4.1.13) into the Arrhenius equation

(4.1.11) gives the rate constant for each reaction.

kA = AAe(_AGgA/RT)eKl_a)f(E_EO’)] 4.1.14
ke = Age(TAGC/RT) gl-afE-£")] 4.1.15
(f is defined as nF/RT)

When the electrode interface and the solution is at equilibrium so
C'or = Cress E = E” and k, = k, thus at E°’ the anodic and cathodic rate
constants have the same value, which is called the standard rate constant
k°. The rate constants for the anodic and cathodic reaction k, and k, are

related to the standard rate constant according to the following equations

k, = kPe(-®)f(E-E®) 4.1.16

ke = kOe~af(E-E®) 4.1.17
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Inserting the expressions for k, (4.1.16) and k. (4.1.17) into equation 4./.8
gives the complete current-potential characteristic equation and the total

current i of the reaction at equilibrium can be described as

i = FAK®[Co,(0,8)e~% E=E®) — Cpoi(0,8)eA=OfE-ED] 4118

Earlier the activation barriers for the redox process (4.1.12, 4.1.13) and

the potential difference between the formal potential and applied potential
(E—E 0’) were described. This can be written in terms of

overpotential, 1, as

n=E— E, 4.1.19

Using this expression of overpotential, 1, and inserting it in to equation
4.1.18 the following expression, often referred to as the Butler-Volmner

equation is obtained

i = FAK®[Cpx(0,)e=% ) — Cp by (0,1)e 1=/ M)] 4.1.20
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The Butler-Volmner equation describes how the current depends on the
applied potential considering both the reduction and oxidation processes
occurring at the electrode and is very useful for dealing with
electrochemical reactions in practice. As described earlier, the net current
at equilibrium is zero, but there is still Faradaic activity often expressed
as exchange current, iy, equal in magnitude to either i. or i,. The exchange
current, i,, is proportional to the standard rate constant k” and when
C'or = Cra = C, the total expression for the current-potential

characteristics can be written as
ip = FAK°C 4.121

The total current i from the redox reaction at the electrode surface when
applying an overpotential can be expressed by combining expression

4.1.20 and 4.1.21 yielding the current-overpotential equation below

i =i, M e—afn _ w e(l—a)ﬁl] 4.1.22
Cox CRed

For the case when i, is equal to i- and thus the net current i is zero and the
oxidation and reduction process has the same rates we get the following

expression describing the equilibrium
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nFAk®Cy,(0,t)e™ M = FAkCpoq(0,t)e1=®/M 4.1.23

Since the nFAk® component in expression 4.1.23 cancel out we can

simplify the equation to

efn = Lox(0O 4124
CRed (O,f)

The expression above (4.1.24) can be related to the Nernst equation

(4.1.25) by taking the logarithm.

E=E" + Fljp Lox

*
nF CRred

4125

Where R is the ideal gas constant 7 is the temperature, n is the number of
electrons involved in the reaction and F is Faraday’s constant. The
Nernst equation (4.1.25) is also directly related to the Gibbs free energy
(4.1.9, 4.1.10) of the reaction describing that a spontaneous reaction is

associated with a positive value of E.

In summary, electrochemical reactions follow the thermodynamic

principles of general chemical reactions where the activation energy
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barrier is reduced by the electric potential energy in this case. The formal
potential, E’’, defines the potential energy point above which the
activation barrier of the reaction is overcome, but in reality, an
overpotential, 1, is used to drive the reaction during electrochemical

measurements.”
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4.2 MASS TRANSPORT AND DIFFUSION

Diffusion can be described as a movement of species in three dimensions
due to random walk or concentration differences in their surrounding
environment. The diffusive flux is related to the difference in
concentration where the species move from high concentration regions to
low concentration regions as described by Fick’s first law of diffusion (in

one dimension) as follows

— _ple
J= D2 42.1

J is diffusive flux, D is the diffusion coefficient, ¢ is the concentration
and x is position. Diffusion will cause the concentration to change over
time and Fick’s second law of diffusion (in one dimension) describes this

as

dp 0%
5 =Pz 422

where @ here is the concentration at time ¢ at location x and the other
constants as described for Fick’s first law (4.2.1). In electrochemistry,
when the overpotential is large, the assumption is made that the
concentration of the oxidized species during a reduction process equals

zero at the electrode surface (the same is of course valid for an oxidation
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process where the reduced species equals zero at sufficient positive
overpotential). When molecules start to be reduced at the electrode
surface due to the applied potential a concentration gradient is formed
from the electrode surface to the bulk solution, where all molecules are in
the oxidized phase and diffusion towards the electrode due to the
chemical gradient is created. A schematic image describing a

concentration gradient is shown in figure 4.2.1.

v

| — equilibrium

concentration
gradient

Figure 4.2.1 Molecules travel through a concentration gradient from

higher concentrations to lower and with time reach equilibrium where the

molecules are evenly distributed in a volume.

A potential gradient is also formed at the electrode surface, which induces
the movement of charged species in solution under the influence of the
electric field, called migration where both processes are involved in

supplying more molecules from the bulk solution to the electrode.

48



Jenny Bergman

Convection, natural or forced by stirring the bulk solution will influence
the mass transport of molecules to the electrode surface. In order to
simplify the system, the convection component can be eliminated by
avoiding stirring the solution and/or minimizing vibrations in the system.
By using a supporting electrolyte at a much higher concentration than the
electroactive species, the migrational component can also be neglected.
This leaves us with only the diffusional component for transporting
species to the electrode. The species diffusion profile depends on time
scale as well as the size and shape of the electrode surface. At a disk-
shaped macro electrode (mm) surface the diffusion of electroactive
species occurs in one dimension as linear diffusion. When the electrode
dimension is small (um), as for microelectrodes, the transport of
molecules to the electrode surface by diffusion occurs in two dimensions
as radial diffusion”'” and this is described in figure 4.2.2. This
difference in diffusion profiles between macro- and microelectrodes plays
an important role in electrochemistry and will be described later when

different electrochemical techniques are discussed.
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Figure 4.2.2 Illustration of different diffusion profiles between disk shaped
macro- and microelectrodes where linear diffusion occurs at macro

electrodes (mm) and radial diffusion at microelectrodes (um).

50



Jenny Bergman

4.3 ELECTRICAL DOUBLE LAYER

A surface, e.g. a platinum electrode, in contact with a solution containing
ions possesses a surface charge independent of an application of a
potential. Between the surface and the solution an interface called a
double layer will form consisting of ions and molecules arranging
themselves in a special manner towards the surface. Closest to the
electrode surface molecules with the same electrical charge, co-ions, will
be repelled and molecules with opposite charge, counter-ions, of the
surface charge will specifically adsorb to the surface due to electrostatic
interactions. The surface potential will then be dominated by the
properties of the counter-ions. This layer also consists of solvent
molecules in this case water, orienting themselves so that their dipole
charge is attracted to the charge of the surface creating the so-called inner
Helmholtz plane, IHP. Outside the IHP there are solvated ions that can
approach the surface but only to a certain distance. The center of these
solvated ions closest to the inner plane is called the outer Helmholtz
plane, OHP and is nonspecifically adsorbed. The solution outside the
center of these solvated ions and extending in to the bulk solution is
referred to as the diffuse layer. This arrangement of ions and molecules
creates an excess charge density in the diffuse layer with the total charge
density outside the surface being the same as at the surface. The total
thickness of the diffuse layer depends on the total ionic concentration of
the electrolyte solution where the layer thickness decreases with

increasing ionic concentration.'”'

The electrical double layer plays a role
in electrochemical processes due to its ability to act as a capacitor and
depends on applied potential, electrolyte concentration and electrode

surface material. When a potential is applied to the electrode,
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reorientation of charged species in the double layer occurs and this
charging of the double layer gives rise to a non-faradaic current, the so-
called charging current. The rate of electrode processes may also be
affected by the double layer structure. Molecules of interest to study can,
unless they are specifically adsorbed at the electrode surface, only reach
the OHP where the potential the molecule is exposed to is less than the
potential between the electrode and electrolyte solution. The decrease in
potential the molecule experiences compared to the electrode potential is
referred to as the potential drop across the double layer. A schematic

overview of the double layer is shown in figure 4.3.1.

i S s S e e AR SR e e e e
@ |
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&

IHP OHP Diffuse layer Bulk solution

Figure 4.3.1 The electrical double layer describing the solution interface at
a negatively charged electrode surface, where solvated cations at the inner
Helmholtz plane (IHP) are specifically adsorbed and nonspecifically
adsorbed in the outer Helmholtz plane (OHP). The potential profile across
the double layer illustrates the potential drop from the distance of the

electrode surface and into the bulk solution.
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4.4 ELECTRODES

The working electrode, WE, can basically consist of any conductive
material but should not itself take part in the reactions studied. Commonly
used materials are carbon, e.g. graphite, glassy carbon, carbon nanotubes
and different metals, e.g. Pt, Au, Ag and alloys. It is also common to
make a WE consisting of several electrode materials as described in my
papers where I used carbon as a substrate modified with gold
nanoparticles. The common approach of attaching nanomaterials onto an
existing electrode is a way of increasing the surface area of the electrode
without actually changing the geometric area, this is especially important
when using microelectrodes in vivo, where the experimental approach
requires the electrode to be made as small as possible to eliminate tissue
damage, whereas a larger surface area of the electrode is desirable, as it
will lead to larger currents detected for the same concentration of analyte
as will be described in a later section. The material of the WE affects its
properties in regard to some analytes. Platinum for instance, is the most
suitable material for detection of hydrogen peroxide due to the ability of
adsorbing the oxygen molecules. The reference electrode, RE, sets the
chemical potential against which the WE is measured and is necessary to
assure that the potential applied to the working electrode is stable and of
the desired magnitude. All redox potentials are reported in relation to the
standard hydrogen electrode (SHE, E = 0.000 V) where the following
reaction takes place at a platinum electrode (with all species at unit

activity).

2H* 4+ 2¢e”~ = H, 44.1
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The two most commonly used RE in practice are the saturated calomel
(4.4.2), (SCE, E = 0241 V vs. SHE) and the silver-silver chloride
electrode (Ag/AgCl, E = 0.197 V vs. SHE in saturated KCl) (4.4.3) with

the following reactions

Hg,Cly + 2e~ = 2Hgs + 2CL° 442

The Ag/AgCl electrode consists of a container with a chloride ion
electrolyte, usually saturated potassium chloride, in which a chlorinated
silver wire is inserted. The container has a membrane keeping the silver
wire shielded but allowing its solution to be in contact with the solution in
the electrochemical cell. The RE is a redox electrode and the Nernst
equation (4.1.25) gives the electrode potential that depends on the
chloride ion activity and the solubility of the metal salt keeping the
activity of the metal ion stable. The electrode is thus affected by

concentration of chloride ions inside as well as the temperature.

Ohm’s law (4.4.4) tells that voltage is proportional to current multiplied

with resistance.

o)
Il

iR 444
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Sometimes a miniaturized RE is desired and a so-called pseudo reference
electrode can be used. Usually a chlorinated silver wire is used in an
electrolyte containing chloride ions mimicking the “real” Ag/AgCl RE.
When using this pseudo RE a calibration must be performed either by
measuring its potential against a known RE or by performing cyclic
voltammetry with a well-defined redox couple, e.g. ferrocene methanol,
comparing the measured formal potential with the formally known one.
This is often used with microelectrodes that have dimensions in the um
range in a two-electrode set-up. When using a macro electrode with a
large surface area, a third electrode is often introduced, the counter
electrode, CE, also called the auxiliary electrode. It should consist of an
inert material, such as Pt, Au or carbon and should preferentially have a
surface area larger than the WE since the current will flow between the
WE and the CE in order to close the electrical circuit. The WE-CE circuit
allows current to flow through the system without passing through the
RE. If the area of the CE is much larger than the WE area, the WE always
become the limiting factor and the current observed is all due to processes

at the WE.
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4.5 ELECTROCHEMICAL METHODS

In this section, the experimental methods I have used will be introduced.
All methods rely on measuring the resulting current when applying an
either constant or with time altering potential, so called voltammetric
methods. There are other electrochemical methods used for analytical
electrochemistry as well, such as chronocoulometry and electrochemical

impedance spectroscopy that will not be included here.
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4.5.1 CHRONOAMPEROMETRY

In chronoamperometry, for the case of a reduction process, the working
electrode is first held at a potential E,, sufficiently separated from the
formal potential E’’ of the system where no electrochemical reaction
occurs and all species are in their oxidized form. At a certain time, #,, the
potential is changed to E;, an overpotential, 1, as described in section 3.1,
at which the reaction that occurs is so fast that the electrode surface
concentration of the oxidized species is close to zero as described for the
mass-transfer-limited region. The result is a sharp rise in current followed
by an exponential decay gradually approaching a steady-state current with
time as can be seen in figure 4.5.1. The sharp rise in current is due to the
instantaneous reaction taking place at the electrode surface, reducing all
molecules present at the surface resulting in a steep concentration
gradient together with the charge created by the buildup of the electrical
double layer close to the surface. This concentration gradient produces a
continuous flux of analyte towards the electrode surface and all of these
arriving molecules will immediately be reduced when reaching the

electrode.
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Figure 4.5.1 The cathodic current response of a reduction reaction due to a

potential step from E,to E, (inset).

The flux of analyte as well as the resulting current is proportional to the
concentration gradient at the surface of the electrode. The concentration
gradient from the electrode to the bulk solution is caused by the
consumption of analyte at the electrode surface due to the reduction
process and is called the depletion layer. This continued flux of analyte
towards the electrode causes the depletion layer to get thicker and the
surface concentration will decline with time, seen as a time dependent
declining slope of the observed faradaic current due to a reduction of
mass transport of analyte towards the electrode. This faradaic current

observed after the initial step is described by the Cottrell equation (4.5.1)
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relating the current to the bulk concentration of the analyte as well as to

the electrode surface area and the analyte diffusion coefficient.

1/2 ;%
i(t) = 24— c 45.1

l/2¢2

Here, n is the number of electrons transferred per molecule reduced, F is
the Faraday constant, A is the electrode geometric area, D is the analyte
diffusion coefficient, C" is the concentration of the oxidized species in the

bulk solution and ¢ is time after the potential step.

When using a microelectrode, mass transport occurs in two dimensions
compared to the one-dimensional transport for macro electrodes,
complicating the relationship between current, area, concentration and
diffusion coefficient since the current density at a microelectrode is not
evenly distributed over the surface but have a larger density at the outer
regions of the disk referred to as the edge effect. In 1981 Aoki and
Osteryoung'” suggested a solution to this problem which Shoup and
Szabo'” later developed the Shoup-Szabo equation (4.5.2-4.5.5)
describing the current response over all time units within an error of 0.6%
by taking into account the radial diffusion profile of the microelectrode

by introducing a scaled time factor t proportional to ¢.

4nFADC*

i = 22 e 452

nr
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-1/2

(7) = 0.7854 + 0.88627~1/2 + 0.2146¢ 078237 453
f
7= % 454
iss = 4nFDC*r 455

The Shoup-Szabo equation describes the expansion of the depletion layer
as a function of time ¢ in response to a potential step. The current decay
depends on the electrode radius r and diffusion coefficient, D as described
in equation 4.5.2. The equation makes it possible to obtain information in
two regimes, both the initial non-steady-state and the later steady-state
providing information about the same parameters as the Cottrell equation
(4.5.1) determines for macro electrodes with the difference that here 2
parameters can be obtained simultaneously, r or D together with n or C in

a single experiment.

In general, amperometry is the term used when a constant potential is
applied between the WE and the RE and is the term that will be used for
this case during this thesis. When electroactive species in the solution
encounter the WE they will be oxidized/reduced and the electrons flowing
give rise to a current. After the steady-state current has been reached, by
varying the concentration of analyte, the related fluctuations in current
can be recorded. In Faraday’s law of electrolysis, transferred electric

charge is linearly related to the number of moles of analyte as follows
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Q = nFN 45.6

N is the number of moles of analyte detected, n is the number of moles of
electrons transferred per mole of molecule reacted, F' is the Faraday
constant and Q is the charge. The definition of charge is electric current
passed per time unit. From an electrochemical reaction, the resulting
current passed through an electrode over a certain time at a fixed potential
can be integrated and used to quantify the analyte from the reaction using
Faraday’s law (4.5.6). To be able to apply this experimentally, the
contribution of non-faradaic current must be subtracted and the fraction of

analyte not detected at the electrode must be minimized.
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4.5.2 SWEEP VOLTAMMETRY

In sweep voltammetry, the electrode potential is varied linearly over time
between two potentials E; and E,, and the resulting current is measured.
Unlike amperometry when a constant potential is applied, sweep methods
can provide information about the molecule studied such as reversibility,
reaction kinetics as well as concentration of the molecule in the bulk
solution can be determined. Also, the molecule in the process can be
identified in some cases. In cyclic voltammetry, CV, the scan starts at a
potential E, sufficiently separated from the formal potential E’’ of the
system where no faradaic current is observed. The potential is then swept
past E°’ of the molecule studied to an overpotential E, where the faradaic
current is diffusion controlled, the scan direction is then reversed and the
potential is swept back to the initial value E; creating a triangular
waveform. For a disk-shaped macro electrode, the resulting
voltammogram displays a so-called “duck-shaped” current versus
potential plot, as displayed in figure 4.5.2.b. When the potential is
increased the current rises to a maximum peak current after which
depletion starts to occur, lowering the current until it reaches a steady
state. The maximum anodic peak current is caused by the oxidation of the
species in the solution and the following decay is caused by depletion of
the reactants in the diffusion layer due to the electrode consuming
(oxidizing) the analyte in a higher reaction rate than the diffusion can
supply new analyte to the electrode. If the molecule studied can undergo a
reversible reaction, the backward sweep will result in a voltammogram
with the same shape but in the opposite direction with a minimum peak
eventually reaching the same initial current at E; as before the first part of
the scan. The minimum cathodic peak current occurring in the reversed

scan is due to oxidized species still present in the diffusion double layer at
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the electrode surface. The decay of the current is due to consumption of
oxidized species by the electrode reaction as well as diffusional transport
away from the electrode. An ideal voltammogram for a reversible
reaction with fast electron transfer at a disk-shaped macro electrode and
the waveform applied are shown in figure 4.5.2.b. In an ideal reversible
reaction, the anodic and cathodic peak currents are separated by a
constant potential, AE. This potential is independent of scan rate and can

be used as

AE = E% — E€ = Sn—g my 457

where 59 mV is valid at 25 °C for an ideal reversible system. The peak
separation, AE, is dependent on kinetics and can be used for determining
the number of electrons transferred and also for identifying if the redox
couple shows a Nernstian behavior as described earlier (4.1.25). From the
positions of E,"and E,* on the potential axis, the formal potential £’ of
the reversible redox process can be identified (4.5.8), since it is centered

between the two peaks as shown in figure 4.5.2.b.

a C
E3+Ef§

EY = 458
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The peak current i,, is related to the scan rate, v, where the current
increases with the square root of v, (V s™). The peak current is also
directly proportional to the concentration of the electroactive species as

shown in the Randles-Sevéik equation

i, = 269000n3/2AD/2C*y/? 459

269,000 is a constant valid at 25 °C. From this equation, the electrode
area, diffusion coefficient or analyte concentration can be determined
from the observed peak current if the other parameters are known. When
a potential is changed over time, besides the faradaic current a non-
faradaic current also arises, the charging current, originating from
charging the electrical double layer as described in section 4.3. The
magnitude of the double layer capacitance depends on the applied
potential, the electrolyte concentration and is also directly proportional to
the scan rate. As described earlier, in the case of microelectrodes, the
diffusional flux occurs in two dimensions and thus the voltammograms
from a microelectrode CV differs in shape from the macro electrode one
as seen in figure 4.5.2.c. Due to the radial diffusion and the “edge-effect”
described earlier, the analyte flux per electrode area is rapid enough to
keep up with the consumption rate of analyte at the electrode surface. The
observed current in the voltammogram is therefore a steady state current,
and does not display a peak as described for the macro electrode.'” Thus,
the steady state current at a microelectrode does not depend on the scan
rate, for scan rates typically below 1 V s"'. The steady state current is

however directly proportional to the analyte bulk concentration, the
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diffusion coefficient and the electrode radii as described earlier in

equation 4.5.5.

Voltammetry can be used to study the properties of the WE such as
electrode kinetics and electrode surface area by using well defined redox
couples like ferrocene methanol. These molecules are so called reversible
redox couples meaning they can firstly undergo oxidation on the forward
potential sweep from E; to E, and then be reduced on the backward sweep
from E, back to E; producing the same amount of maximum current in

both directions (in the case of a macro electrode) and ideally having their
Ep separated by 579 mV as determined by the Nernst equation (4.1.25). In

reality though, AEp is usually around 70 to 100 mV. These stable redox
couples can also be used for studying the status of the RE by performing a
CV where the E,, can be evaluated towards the theoretical value. The
identification of molecules with CV is based on different molecules
showing different characteristic voltammograms regarding E,,, Ep

separation and reversibility.
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Figure 4.5.2 a) the potential waveform applied for performing cyclic
voltammetry. b) the resulting voltammogram from a macro electrode. c) the

resulting voltammogram from a microelectrode.

A further development of CV is a method called fast scan cyclic
voltammetry, FSCV, where the potential is scanned between E; and E,
with a scan rate of hundreds of volts per second compared to the
conventional scan rates of 10-200 mV s™' used in ordinary CV. The fast
scan rate enables FSCV to combine the advantages of identification of
analytes as obtained with CV with the high temporal resolution provided
by amperometry. The combination of microelectrodes and FSCV have
made it possible to perform dynamic measurements of neurotransmitters

in vivo both in the brain of mammals'™

as well as in the fruit fly,
drosophila melanogaster."”""" The main challenge with FSCV is the
large charging currents resulting from the fast altering of the potential

making background subtraction a must.
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4.5.3 STRIPPING ANALYSIS

Stripping analysis is a method based on dissolving (stripping) material
previously electrodeposited onto the surface of an electrode using a
voltammetric technique. Usually the technique is used for metal ion
analysis and is performed in the same solution by first electrodepositing
the metal ions by cathodic deposition followed by a linear potential sweep
referred to as anodic stripping voltammetry. This method can also be used
for electrodes with previously adsorbed or deposited materials without the
pre-electrolysis step and is then called adsorptive stripping voltammetry.”
This technique was used in paper II where gold nanoparticles were
deposited onto a glassy carbon electrode and then stripped off from their
carbon support with the resulting charge used for quantification of the

nanoparticles together with the previously determined gold surface area.
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5 BIOSENSORS

A biosensor consists of a bio-recognition part and a transducer part, e.g.
an enzyme immobilized on an electrode surface, respectively. There are
other bio-recognition elements e.g. antibodies that can be used but this
chapter will only describe enzyme-based biosensors. Clark and Lyons
developed the first enzyme-based biosensor for monitoring glucose in
1962.'% Ever since, there has been a tremendous increase and variety of
enzyme based electrochemical biosensors for different applications such
as the food industry, pharmacology, environmental studies, medicine and

chemistry.'?'"

In this chapter, enzyme-based biosensors will be
introduced including the function of enzymes, design and characterization

of biosensors, as well as some history.
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5.1 ENZYMES

The enzyme, the bio-recognition part of the biosensor, is a protein with
catalytic function that specifically binds to one molecule, the substrate,
and converts it to another molecule, the product. Enzymes increase the
rate of the substrate-to-product reaction by lowering the activation
energy. First, the substrate binds to the active site of the enzyme; second,
an enzyme-substrate complex transition state is formed and by lowering

the energy of the transition state the product is produced (5.1.1).

E+S =ES - P+E 5.1.1

Where E is the enzyme, S is the substrate, ES is the enzyme-substrate

complex and P is the product formed.

The rate of the reaction depends on the substrate concentration, where the
reaction rate increases with increasing substrate concentration until a
constant rate of production formation is reached, the V. of the reaction.
Saturation occurs at V,,,, since all the enzyme active sites are occupied
with substrate forming the ES-complex. Hence, increasing substrate
concentration cannot increase the reaction rate since all the binding sites
are already occupied. The Michaelis-Menten constant, K, is the substrate
concentration needed for the enzyme to react at half of its maximum
reaction rate as shown in figure 5.1.1. K,, is usually specific for a certain
enzyme with a given substrate and is a measurement of the substrate

affinity to the enzyme; a small K,, is an indication of high affinity. The
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number of substrate molecules one active site can handle per second is
referred to as the turn over number, k., a rate constant determining the

reaction rate from the ES-complex to the product as

cat

k
ES — E+P 5.1.2

k.4 1s related to V., as

Vnax £ KeatlEtotl 5.1.3

where [E;o¢] is the total enzyme concentration. The catalytic efficiency of
an enzyme, how efficient an enzyme is on converting substrate to
product, can be described by k.. /K. The Michaelis-Menten equation
(5.1.4) describes the rate of an enzyme reaction by relating the rate, v, to

substrate concentration, [S].

p = Ymaxls] 5.1.4
Km+ [S]

By using the equations above (5./.1/-5.1.4), information about the

enzymatic function of a biosensor can be evaluated with the respect to the
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earlier mentioned parameters such as reaction rate, substrate saturation
concentration, etc. A Michaelis-Menten curve relating substrate

concentration to reaction rate is shown in figure 5.1.1.

A

VMAX

VMAX

Reaction rate V

Ky

>
Substrate concentration [S]

Figure 5.1.1 Michaelis-Menten saturation curve describing the reaction

rate related to substrate concentration of an enzymatic reaction.

In general, enzymes are very specific, able to convert only one single
substrate into product. By incorporating enzymes into sensing devices, a
high selectivity for the substrate molecule is obtained. The activity of an
enzyme depends strongly on its tertiary structure. The tertiary structure of
a protein can be described in terms of how it folds in three-dimensions.
The substrate will bind to the enzyme binding site by different
interactions between the enzyme and substrate, e.g.
hydrophobic/hydrophilic, electrostatic, and structural interactions,
inducing the specificity for the substrate over other, very similar

114
molecules.
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5.2 ELECTROCHEMICAL BIOSENSORS

Most enzyme-based biosensors use a class of enzymes called

> and the most frequently employed subclass is the

oxidoreductase"'
oxidases. In the presence of oxygen and its substrate the oxidase enzyme
produces its product together with hydrogen peroxide. Hydrogen peroxide
is an electroactive molecule able to undergo oxidation or reduction at an
electrode surface if a sufficient potential is applied, generating 2 electrons

per molecule of hydrogen peroxide in both cases.

Oxidation: Hy0, - 0, + 2H% + 2e~ 5.2.1

Reduction: H,0,+ 2H* + 2e~ - 2H,0 5.22

The glucose sensor that is based on glucose oxidase (GOx) will be used
here as an example describing the action of an oxidase enzyme. When
glucose binds to glucose oxidase, the first step is the production of
gluconolactone (5.2.3) that occurs simultaneously with the reduction of
the enzyme co-factor FAD to FADH,. FAD is then regenerated from
FADH, using dissolved oxygen as electron acceptor producing hydrogen

peroxide as shown in figure 5.2.1.

glucose + H,0 + 0, — gluconolactone + H,0, 5.2.3
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FAD
H,0, glucose

GOx

FADH, glucolactone

o,

Figure 5.2.1 Schematic overview showing the glucose oxidase with co-

enzyme FAD/FADH, reaction during the enzymatic production of

glucolactone and hydrogen peroxide from glucose and oxygen.

Enzymatic biosensors can be divided into three different groups

116-118

depending on their function as described in figure 5.2.2.
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Figure 5.2.2 Schematic overview of the three generations of enzymatic
biosensors. The 1° generation is based on the detection of enzymatic product,
here hydrogen peroxide. The 2 generation uses a mediator as the electron
acceptor instead of the natural co-factor oxygen. The 3 generation depends
on direct electron transfer between the enzyme and electrode where the

electrode itself act as the electron acceptor.

The oldest and simplest is the so-called 1* generation biosensor, which is
based on the detection of the electroactive enzymatic product. For the 1*
generation glucose sensor, the enzymatic product, hydrogen peroxide, can
be either oxidized or reduced at the electrode surface when a high
overpotential is applied generating a current that can be related to
substrate concentration. The 1% generation biosensor is dependent on the

dissolved oxygen concentration that is the natural electron acceptor for

75



Development of Electrochemical Biosensors for Neurochemical Applications

the enzyme. The development of the 2! generation biosensor was
initiated to overcome the oxygen dependence by incorporating a
mediator; a molecule that would act as the electron acceptor for the
enzyme instead of oxygen but also to lower the overpotential needed
which will reduce possible interferences. The mediator molecule acts
between the enzyme and the electrode, as shown in figure 5.2.2,
transferring the electrons directly to the electrode without involving
oxygen and thus making the enzyme oxygen independent. The mediator
chosen should react rapidly with the enzyme and it must be soluble
enough to diffuse between the enzyme active site and the electrode but
not so soluble that it will diffuse into the bulk solution. The mediator
should also not react with oxygen, should lower the over potential needed
and of course should be non-toxic to the enzyme. The so-called 3™
generation biosensors use an enzyme electron shuttle where the oxidation
of the cofactor and the resulting electrons is consumed by the electrode
directly instead of the natural electron acceptor, oxygen, or a mediator as
in the case of the 2" generation biosensors. When direct electron transfer
can be obtained, the overpotential needed is low and the enzymatic
reaction is not oxygen dependent. For direct electron transfer the function
of the sensor depends strongly on enzyme orientation when immobilized
onto the electrode for the ability of the electrons being favoured to

transfer to the electrode.
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5.3 BIOSENSOR DESIGN

All electrochemical enzymatic biosensors rely on an electrode somehow
connected to an enzyme. The performance of the sensor is highly
dependent of the enzyme function and in order to retain as much
enzymatic activity as possible it is crucial that the enzyme is able to keep
its tertiary structure. The sensor performance is also affected by the
substrate access to the active site of the enzyme in order to be converted
to product. Several approaches have been investigated to optimize the
performance of biosensors based on enzyme conformation upon
immobilization onto an electrode. When immobilizing enzymes on a flat
surface they tend to flatten out losing some of their tertiary structure and
thereby some of the enzymatic activity as illustrated in figure 5.3.1. High
curvature surfaces can be provided by different nanostructures such as
nanoparticles and nanotubes and these have been shown to be beneficial

to retaining the enzymatic activity of immobilized enzymes.'"’

— s ,:‘mﬁ" u"\: “W e

Figure 5.3.1 Illustration of how high curvature support enables retained

enzyme tertiary structure upon immobilization.

In order to optimize enzyme activity upon immobilization, modification
of electrode surfaces with different nanostructures to serve as enzyme
support has become a common approach for constructing biosensors. The

nanostructures can consist of different metals, e.g. gold, carbon, platinum
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and alloys, and shapes such as wires, cubes and spheres. The methods for
metal nanostructured modification of the electrode vary e.g.
electrodeposition from a metal ionic solution, drop-casting or
incorporated in polymers. Another nanostructured material that has been
widely used to create biosensors is carbon nanotubes (CNT). lijima

120

discovered carbon nanotubes in 1991'?° and Davis et al.'*! and Balavoine

122
1.

eta initiated the work of incorporating proteins in to CNTs. Since this

early work, CNTs have been incorporated into various electrochemical

. 123-124
biosensors.

In addition to retaining enzyme tertiary structure and
activity, incorporation of nanostructures for enzyme immobilization also
increases the electrode surface area due to the high surface to volume
ratio of nanoparticles allowing higher enzyme loading and thereby
increased sensitivity. Nanostructures are also important for detection of
the oxidase enzymatic product, hydrogen peroxide, where platinum is the
most beneficial material,'” but also CNTs and other metals are widely
used. There are different approaches for immobilizing the enzyme onto
the electrode surface, e.g. physical adsorption due to electrostatic
interactions, cross-linking with chemicals such as glutaraldehyde and
bovine serum albumin or incorporation of enzyme in a polymer film.'*%"'**
Desired properties of any kind of electrochemical sensor for application
in biological systems are selectivity, sensitivity, stability, size, and high
temporal resolution. Depending on the application of the biosensor, the
most important properties may vary. When using a non-modified
electrode for detection of electroactive molecules the main challenges are
selectivity and stability, since an electrode surface has no selectivity
itself, any electroactive molecule present within the potential window
used will be oxidized/reduced and give rise to a signal. Stability can also

be an issue since adsorbing species easily can foul the electrode surface,

and the sensor will lose part of its sensitivity. In an in vivo measurement
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when a long-time recording is desired, the most important properties of a
sensor are selectivity since it is a complex matrix, sensitivity due to the
low concentrations present, and stability to avoid fouling of the electrode
and thereby a decrease in sensitivity. In order to minimize tissue damage
when working in vivo a sensor should also have small dimensions. Single
cell analysis provides a less complex matrix compared to in vivo analysis
and thereby less interfering species reducing the need of selectivity. Also,
the concentration of neurotransmitters in a vesicle is much higher
compared to the background levels in the brain. Vesicle concentration can
be more then 100 times higher compared to brain ECF, mM vs. uM,

. 97, 129
respectively.””

The release of neurotransmitters, exocytosis, occurs on
the sub-millisecond time scale making high temporal resolution the key
parameter for single cell analysis of vesicular neurotransmitter release as
well as for real-time resolution of cell signalling in vivo. So, in order to be
able to electrochemically probe exocytosis of non-electroactive
neurotransmitters from single cells and real-time resolution of cell
signalling in vivo a sensor with the size of tens of microns and with a
temporal resolution of milliseconds is needed. With a thin coverage,
preferably monolayer coverage of enzyme on an electrode modified with
gold nanoparticles a biosensor fast enough to detect exocytosis from an
artificial cell was constructed as described in paper 1. Other biosensors for
in vivo analysis have often put on several layers of enzyme and as well as
a protective film such as Nafion® or a size exclusion membrane to meet

. . . - 130-132
the requirements needed for in vivo analysis.

The layers of coatings
affect the temporal performance of the sensor since the diffusion of
molecules towards the electrode surface is slower compared to monolayer
coverage. On the other hand, more enzyme present produces more

detectable product, thus an increase in sensitivity is achieved. So
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basically, there is a trade-off between sensitivity and temporal

resolution.'*

All sensors constructed during my Ph.D. have been of the 1% generation
biosensor type with immobilization of an oxidase enzyme, or for the case
of acetylcholine detection, a combination of two enzymes, onto an AuNP
coated carbon electrode where the detection has been based on the
reduction of the enzymatic product hydrogen peroxide. A schematic

overview of the sensor is shown in figure 5.3.2.

™ —

3, EV] 5 Enzyme
Au — Au Adsorption

Figure 5.3.2 Schematic overview the fabrication process of a biosensor

based on an electrode coated with AuNPs covered with a monolayer of

enzyme.

The reduction of hydrogen peroxide for detection instead of oxidation
was chosen based on possible interferences of common electroactive

species present in the brain such as dopamine, ascorbic acid,
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norepinephrine etc. all of them being oxidized at lower potentials than
what is required for hydrogen peroxide oxidation. The main interference
when reducing hydrogen peroxide is the presence of dissolved oxygen in
the surrounding solution being reduced at the reduction potential used.
The oxygen will give rise to a background current but the fluctuations of
oxygen levels will not occur on the same rapid timescale that exocytosis
do.”* The 1% generation oxidase based biosensor is dependent on oxygen
as an electron acceptor as described earlier and since the oxygen closest
to the electrode will be depleted due to its reduction on the electrode
surface the limiting factor of the enzyme activity might be the oxygen
supply. In the biosensors constructed for glucose, glutamate, and
acetylcholine all rely on the use of oxidase enzymes, glucose oxidase,
glutamate oxidase, and in the case of acetylcholine co-immobilization of
acetylcholine esterase and choline oxidase. The detection of these

analytes is described in paper III, IV and I, respectively.
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6 SUMMARY OF PAPERS

I have spent my Ph.D. education developing new electrochemical tools
for studying the non-electroactive neurotransmitters glutamate and
acetylcholine as well as glucose the primary energy source of the brain.
My main focus has been the fabrication of miniaturized electrochemical
biosensors with sufficient temporal resolution for studying real time in
vivo neurotransmission in the brain. Hand in hand with successful sensor
fabrication goes a thorough optimization of the performance of the
sensor. This is done by tuning different parameters, which is why I have
also developed methods for characterizing the surface interactions
between enzyme and electrode for these types of sensors in order to better

understand the mechanisms behind their function.

In paper I, the development of a micrometer sized electrochemical
biosensor for detection of acetylcholine is described. This is achieved by
immobilizing a sequential two-enzyme system, acetylcholine esterase and
choline oxidase, on a gold nanoparticle carbon fiber electrode. The
analyte of interest, acetylcholine, cannot directly be converted to an
electroactive molecule by the enzyme acetylcholine esterase but the
product formed, choline, can be converted in to hydrogen peroxide by
choline oxidase why a two-sequential enzyme system is required. The
optimal conditions for creating a AuNP structured surface on a 33 pm
carbon fiber were investigated, leading to an average AuNP diameter of
20 nm and a surface coverage of about 30 %. The sensor was carefully
characterized regarding the ratio between the two enzymes, revealing an
optimum ratio of 1:10."°° The biosensor was characterized regarding

response towards different concentrations of analyte and possible
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interferences occurring in vivo by using a flow analysis system. The so-
called 1¥ generation biosensor, relying on the oxidation of the enzymatic
product, hydrogen peroxide, has most commonly been constructed from
platinum electrodes. Oxidation of hydrogen peroxide requires an
overpotential to be applied at the electrode, typically +700 mV
(vs. Ag/AgCl). At this potential naturally occurring electroactive
neurotransmitters such as dopamine and other abundant species in the
brain e.g. ascorbic acid will also be oxidized, giving rise to a current
interfering with the signal of the enzymatically generated hydrogen
peroxide. In order to reduce these interferences without additional
modification of the electrode surface we chose to base the sensor
response on the reduction of the enzymatic product hydrogen peroxide.
The temporal resolution of the sensor was tested with an artificial cell
model mimicking exocytosis from a single cell and the sensor was found
to be able to detect acetylcholine and dopamine at the same sensor with
millisecond response time. The key factor for high temporal resolution of
the sensor turned out to be keeping the enzymes close to monolayer
coverage of the nanoparticles on the electrode. Discovering that enzyme
monolayer formation was the key for high temporal resolution of the

biosensor lead to the idea for paper II.

In paper II, I developed a new analytical method where the number of
enzymes immobilized onto a gold nanoparticle coated electrode where
counted simultaneously with the determination of the number and size of
the gold nanoparticles. The method is based on electrochemical
adsorption anodic stripping to determine size and number of earlier
electrodeposited gold nanoparticles onto a glassy carbon electrode where
fluorescently labeled glucose oxidase had been immobilized. The

resulting solution from the anodic stripping procedure contains
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fluorescently labeled glucose oxidase that was analyzed using fluorimetry
to determine the enzyme concentration. This concentration was then
related to size and number of gold nanoparticles, enabling the
determination of the average number of enzymes per gold nanoparticle
for a single electrode. Earlier, the size and number of gold nanoparticles
where determined by SEM and enzyme concentration determined by
dissolving fluorescently labeled enzymes in KCN. This new method
determines the same parameters but in a much faster, cheaper and non-

toxic way and correlates enzyme coverage to a single electrode.

In paper III, I continued the work of developing biosensors with high
temporal resolution by investigating the temporal resolution of a one-
enzyme system. The enzyme of choice to study was glucose oxidase since
glucose is the primary fuel source for the neurons and thus crucial for
normal brain function. Furthermore, very few studies have been aimed at
revealing possible very rapid fluctuations in glucose levels. The sensor
also has the ability to co-detect dopamine at the same electrode surface
making it possible to study local brain glucose metabolism during
neuronal dopamine activity. The sensor response time was tested by
applying a “puff” of solution from a micropipette placed in close
approximate (30 pum) to the sensor surface. By altering the potential
applied between +0.5 V and -0.5 V (vs. Ag/AgCl) when the sensor was
exposed to a “puff” of solution containing both dopamine and glucose,
the two analytes could be oxidized and reduced, respectively and the
temporal resolution for each analyte could be compared. The sensor was
characterized regarding response towards different glucose concentrations
and commonly occurring interferences occurring in vivo by the use of

chronoamperometry. The one-enzyme system sensor with glucose
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oxidase immobilized on to AuNPs at a carbon fiber electrode had as fast

kinetics as that of dopamine detection.

In paper IV a glutamate sensor was developed based on the same
principle as the acetylcholine and glucose sensor with immobilization of
glutamate oxidase on to AuNPs covering a carbon fiber electrode.
Bioconjugate assay of immobilized glutamate oxidase onto AuNP where
performed for characterization regarding what concentration of enzyme is
needed during the immobilization process to achieve a thin enzyme
coverage at the surface of AuNP at the electrode surface. The glutamate
sensor was characterized regarding its response towards different
glutamate  concentrations and  possible interferences  with
chronoamperometry revealing results well in agreement with previously
published glutamate sensors regarding sensitivity and linear range of
detection. The glutamate biosensor was then tested ex vivo in mouse brain
slice and was able to detect spontaneous release of glutamate with

millisecond time resolution.
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7 CONCLUSIONS AND FUTURE OUTLOOK

An in depth understanding of the process of neurotransmission is vital in
order to reveal the mechanisms behind brain malfunctions such as
neurodegenerative diseases and neuropsychiatric disorders. In this thesis,
biosensors with the ability to detect non-electroactive neurotransmitters
with millisecond time resolution have been fabricated for the first time.
The key for any biosensor development is the thoroughly analytical work
of sensor design and fabrication followed by a careful characterization of
the sensor performance. The strength of combining methods and
knowledge from different scientific fields has been proven during the
fabrication of the biosensors where electrochemistry and bioconjugates
have been joined together. The two-sequential enzyme system (AChE and
ChO) for acetylcholine detection, as used in paper I, was investigated to
find the optimal ratio between the enzymes regarding sensor activity as
well as enzyme coverage. The CFME used have been modified with
AuNPs, optimized with respect to size and electrode coverage. The high
temporal resolution of the biosensors was attributed to the monolayer
enzyme coverage of the AuNPs. The overall goal has been to enable
detection of real time neurotransmission in vivo. In paper IV we reached
a break through when we were able to detect exocytotic spikes from
glutamate transmission in mouse brain slice. Enabling temporal resolution
of non-electroactive neurotransmitters with electrochemical biosensors
will be a very valuable tool especially regarding glutamate detection that
is of great interest to study due to its excitatory effect in the brain and its

connection to excitotoxicity.
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Even though sensors with millisecond time resolution for detection in
biological tissue have been successfully fabricated here, there is a lot left
to do regarding performance optimization. Since the enzyme coverage
must be kept as close to monolayer as possible to achieve the high
temporal resolution and the sensor dimensions must be kept small,
relatively few enzymes will be incorporated into the sensor why it is of
great importance to maximize enzyme activity upon immobilization.
Several approaches can be used for enhancing enzyme activity upon
immobilization onto the electrode. It has been shown that immobilizing
the enzyme in the presence of its substrate is beneficial for maintaining
enzyme tertiary structure and thus activity,'” a simple approach well
worth trying. It is not only kinetics and substrate affinity that differs
between enzymes they also have different physical properties where one
is the tendency of spreading out upon immobilization. Therefore, it would
be valuable to investigate how AuNP curvature affects enzyme loading
and activity for different enzymes as well as hydrogen peroxide detection.
This can be evaluated by the analytical method introduced in paper II
where the number of enzymes immobilized onto an AuNP covered
electrode was directly related to the number and size of the AuNPs. The
immobilization of enzymes has been based on physical adsorption where
the interactions behind have not yet been studied. Possible interactions
could be e.g. electrostatic interactions between the net negatively charged
enzyme (at neutral pH) and the positively charged AuNPs and covalent
thiol bonds formed between the gold and the cysteine residues of the
enzyme, most probably a combination of several different interactions.
This non-specific adsorption of the enzymes to the AuNPs will lead to
random orientation of the enzymes when immobilized to the electrode
and since orientation of enzyme can affect substrate access to the active

site and thereby sensor performance it is important to control enzyme
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orientation as well. Common approaches to control enzyme orientation
are the introduction of cross-linkers a molecule linking the enzyme to the
AuNP through covalent bonds. Tuning the electrostatic interactions
between the AuNP and the enzyme can also be an approach for achieving
a more favorable enzyme orientation upon immobilization. Electrostatic
interactions can be tuned by changing the pH thus altering the charge
distribution of the enzyme due to the different pl of different amino acids.
This can also be achieved by using an applied potential during
immobilization whereby the charge of the electrode can be altered. Even
though the thickness of the enzyme layer should be kept as close to
monolayer as possible it is still important to increase enzyme loading for
enhanced sensitivity of the sensor. Increasing the amount of AuNPs while
decreasing their size but avoiding the creation of a gold film may enhance
enzyme loading and thus sensitivity. There are also other nanomaterials
possible to use for enzyme immobilization, e.g. carbon nanotubes and
other metals such as Pt and alloys yet to be investigated regarding their
interactions and performance in this enzyme monolayer biosensor. With
the ultimate goal of enabling the use of these sensors in vivo new
challenges will be introduced e.g. increased recording times and thus an
increased risk of sensor fouling leading to decreased sensitivity. Often,
protective films and membranes have been incorporated into biosensors
to protect the sensor from fouling, but since our sensor relies on the
monolayer enzyme coverage, the approach of introducing a protective
film must be evaluated regarding its potential influence on temporal

resolution.

In conclusion, the electrochemical enzyme-based biosensors fabricated
and characterized in this work are the first with sufficient temporal

resolution to enable detection of single exocytotic release events of non-
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electroactive neurotransmitters. This is demonstrated by detection of
release from an artificial cell as well as from cells in tissue. Hopefully the
development of these sensors will enable real time detection of
neurotransmission from glutamate and acetylcholine neurons in vivo with

the goal of revealing new insights regarding their function in the brain.

90



ACKNOWLEDGEMENTS

I started this journey in 2009 and during that time there has been a lot of
times to be remembered, some of pure joy and some of frustration. I have
spent weekends, early mornings and late nights in the chemistry building
investing “blood sweat and tears” all for the curiosity of how chemistry,
especially electrochemistry and neurochemistry is actually working out. I
have found out that the more you know the more you realize there is left to
learn. Achieving a Ph.D. is not the end of the learning process it is just the
beginning. There are several people who helped and supported me during this

period and whom I would like to acknowledge;

To my supervisor Ann-Sofie Cans, thank you for taking me on board as a
student when I almost had lost hope of being able to finish a Ph.D. and for
always being encouraging and enthusiastic. Your never-ending excitement

about science is truly inspiring.

To my co-supervisor Andrew Ewing, thank you for always being supportive,
“pushy” when needed, believing in me and always welcoming me to take
part in your group. Your excitement and curiosity about science and your

visions of what is possible is such an inspiration.

To my examiners, Stefan Hulth and Margareta Wedborg, thank you so

much for your support and guiding whenever needed.

To all the co-authors of the papers, Jackie, Mike, Joakim, Lisa, Yuanmo,
Devesh and Karolina, thank you for all scientific discussions and fruitful co-
operation. I have enjoyed working with you and I have learned a lot from

you.

91



Development of Electrochemical Biosensors for Neurochemical Applications

To Lisa, I cannot thank you enough, your support, especially during this last
year have been absolutely invaluable, always encouraging, always ready for
scientific discussion and helping me to keep focus. Thank you for taking part
in finalizing the glucose project and for helping me with my thesis and of

course, being such a good friend.

To Johan, you have been extremely important to me. Thank you so much for
all your help with MATLAB (computer says no), all scientific discussions,
especially regarding electrochemistry and all practical support during the
years. I haven’t made it without your help! I have also really appreciated
your company during all the lunches, fika times and traveling. Wish you the
best of luck with your thesis! (I always thought you would defend 29" of
May)

To Anna, Carina and Maria thank you for your friendship and company.
Thank you, Carina and Anna, for always being the best roomies when

traveling.

To Joakim, thank you for patiently explaining electronics to me over and
over again, all interesting discussions about science as well as life and for

always be willing to have fika.

To Mike, you are such an inspiration with your knowledge, drive and
positive attitude. Thank you for always being patient and answering all my

questions.

To Jackie, thank you for introducing me to the biosensors and teaching me

eating manners in US. I really appreciated your company and support.

To my partners in crime, Jeanette and Karin thank you for sharing the

teaching duties and for being great friends.

92



To my office mates Sandra and Kristin, thank you for always being willing

to listen and for fun chat times in the office.

To all friends and colleagues in the analytical center group including Cans,
Fletcher and Ewing group past and present group members, Carina, Johan,
Niklas, Maja, Ingela, Kelly, Nick, Maria, Lin, Jorg, Jun, John, Peter, Per,
Kelly, Marwa, Tina, Lorenz, Asa, Kubra, Raphael, Melissa, Hoda, Neda,
Soodi, Masoumeh, Amir, Ibrahim, Sanna, Anna, Xianchan, Jackie, Lisa,
Mike, Nhu, Lin, Mary, Sara, Mai, Johan, Jelena, Wolfgang, Elias,
Mohaddeseh, Pieter, Alex, Daixin, Wyanying, Chuoyi, Xian, Yasmine,
Dimitri thank you for all interesting scientific discussions during group

meetings and for enjoyable lunches and fika.

To all the people at floor 4 and 5 thank you for providing a nice working

environment and all delicious cakes during the years.

To my friends, especially Caroline and Sara, thank you for always being

there.
To Katarina and Jennie, thank you for helping me defeat the monster.

To my family. Pappa, tack for att du alltid har trott pd mig och for att du
hallit mig séllskap under alla mina sena promenader hem. Lill-Strumpan,
tack for att du &r vérldens finaste syster. Mamma, tack for all hjilp med

barnen och stottning under aren.

Erik, mitt livs kérlek, jag hade aldrig klarat det hér utan dig. Tack for att du
ar du. Jag alskar dig.

Till mina fantastiska gossar, Albin, Edvin, Melker och Ture, ni &r det bista

1 mitt liv. <3

93



Development of Electrochemical Biosensors for Neurochemical Applications

94



REFERENCES

10.

11.

12.

Purves D, A. G., Fitzpatrick D, et al.; , Neuroscience. 2nd edition.
2nd ed.; Sunderland (MA): Sinauer Associates; 2001.: 2001.

Sherwood, L.; Klandorf, H.; Yancey, P., Animal physiology: from
genes to organisms. Cengage Learning: 2012.

Sofroniew, M. V.; Vinters, H. V., Astrocytes: biology and
pathology. Acta Neuropathologica 2010, 119 (1), 7-35.

Meeks, J. P.; Mennerick, S., Feeding hungry neurons: astrocytes
deliver food for thought. Neuron 2003, 37 (2), 187-9.

Nurrish, S., Dense core vesicle release: controlling the where as well
as the when. Genetics 2014, 196 (3), 601-604.

Dunevall, J.; Majdi, S.; Larsson, A.; Ewing, A., Vesicle impact
electrochemical cytometry compared to amperometric exocytosis
measurements. Current Opinion in Electrochemistry 2017.

Li, X.; Dunevall, J.; Ewing, A. G., Quantitative chemical
measurements of vesicular transmitters with electrochemical
cytometry. Acc. Chem. Res. 2016, 49 (10), 2347-2354.

Phan, N. T.; Li, X.; Ewing, A. G., Measuring synaptic vesicles using
cellular electrochemistry and nanoscale molecular imaging. Nature
Reviews Chemistry 2017, 1 (6), s41570-017-0048.

Ren, L.; Mellander, L. J.; Keighron, J.; Cans, A.-S.; Kurczy, M. E.;
Svir, I.; Oleinick, A.; Amatore, C.; Ewing, A. G., The evidence for
open and closed exocytosis as the primary release mechanism.
Quarterly Reviews of Biophysics 2016, 49.

Staal, R. G. W.; Mosharov, E. V_; Sulzer, D., Dopamine neurons
release transmitter via a flickering fusion pore. Nature Neuroscience

2004, 7, 341.

Carlsson, A., Thirty years of dopamine research. Advances in
neurology 1993, 60, 1-10.

Bjorklund, A.; Dunnett, S. B., Dopamine neuron systems in the
brain: an update. Trends Neurosci 2007, 30 (5), 194-202.

95



Development of Electrochemical Biosensors for Neurochemical Applications

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Iversen, S. D.; Iversen, L. L., Dopamine: 50 years in perspective.
Trends in Neurosciences 2007, 30 (5), 188-193.

Wise, R. A., Dopamine, learning and motivation. Nature Reviews
Neuroscience 2004, 5, 483.

Rapport, M. M.; Green, A. A.; Page, I. H., Crystalline Serotonin.
Science 1948, 108 (2804), 329.

Brodie, B. B.; Shore, P. A., A concept for a role of serotonin and
norepinephrine as chemical mediators in the brain. Ann N Y Acad Sci
1957, 66 (3), 631-42.

Camilleri, M., Serotonin in the Gastrointestinal Tract. Current
opinion in endocrinology, diabetes, and obesity 2009, 16 (1), 53-59.

Spohn, S. N.; Mawe, G. M., Non-conventional features of peripheral
serotonin signalling — the gut and beyond. Nature Reviews
Gastroenterology &Amp,; Hepatology 2017, 14,412.

Albert, P. R.; Benkelfat, C., The neurobiology of depression—
revisiting the serotonin hypothesis. II. Genetic, epigenetic and
clinical studies(). Philosophical Transactions of the Royal Society B:
Biological Sciences 2013, 368 (1615), 20120535.

Marazziti, D., Understanding the role of serotonin in psychiatric
diseases. F'1000Research 2017, 6, 180.

Walker, F. R., A critical review of the mechanism of action for the
selective serotonin reuptake inhibitors: Do these drugs possess anti-
inflammatory properties and how relevant is this in the treatment of
depression? Neuropharmacology 2013, 67 (Supplement C), 304-317.

Awapara, J.; Landua, A. J.; Fuerst, R.; Seale, B., Free gamma-
aminobutyric acid in brain. J. Biol. Chem. 1950, 187 (1), 35-9.

Roberts, E.; Frankel, S., gamma-Aminobutyric acid in brain: its
formation from glutamic acid. J. Biol. Chem. 1950, 187 (1), 55-63.

Udenfriend, S., Identification of gamma-aminobutyric acid in brain
by the isotope derivative method. J. Biol. Chem. 1950, 187 (1), 65-9.

Farrant, M.; Nusser, Z., Variations on an inhibitory theme: phasic

and tonic activation of GABAA receptors. Nature Reviews
Neuroscience 2005, 6, 215.

96



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Shetty, A. K.; Upadhya, D., GABA-ergic cell therapy for epilepsy:
Advances, limitations and challenges. Neuroscience and
biobehavioral reviews 2016, 62, 35-47.

Ting Wong, C. G.; Bottiglieri, T.; Snead, O. C., GABA, y-
hydroxybutyric acid, and neurological disease. Annals of Neurology
2003, 54 (S6), S3-S12.

Kim, Y. S.; Yoon, B.-E., Altered GABAergic Signaling in Brain
Disease at Various Stages of Life. Experimental Neurobiology 2017,
26 (3), 122-131.

Euler, U. S. v., A Specific Sympathomimetic Ergone in Adrenergic
Nerve Fibres (Sympathin) and its Relations to Adrenaline and Nor-
Adrenaline. Acta Physiologica Scandinavica 1946, 12 (1), 73-97.

Lapiz, M. D. S.; Morilak, D. A., Noradrenergic modulation of
cognitive function in rat medial prefrontal cortex as measured by
attentional set shifting capability. Neuroscience 2006, 137 (3), 1039-
1049.

Gazarini, L.; Jark Stern, C. A.; Carobrez, A. P.; Bertoglio, L. J.,
Enhanced noradrenergic activity potentiates fear memory
consolidation and reconsolidation by differentially recruiting al-and
B-adrenergic receptors. Learning and Memory 2013, 20 (4), 210-
219.

Sara, S. J., The locus coeruleus and noradrenergic modulation of
cognition. Nature Reviews Neuroscience 2009, 10 (3), 211-223.

Harley, C. W., Norepinephrine and serotonin axonal dynamics and
clinical depression: A commentary on the interaction between
serotonergic and noradrenergic axons during axonal regeneration.
Experimental Neurology 2003, 184 (1), 24-26.

Robertson, I. H., A noradrenergic theory of cognitive reserve:
Implications for Alzheimer's disease. Neurobiology of Aging 2013,
34 (1), 298-308.

Ho, T.; Fuxe, K.; Goldstein, M.; Johansson, O.,
Immunohistochemical evidence for the existence of adrenaline

neurons in the rat brain. Brain Research 1974, 66 (2), 235-251.

Sneader, W., The discovery and synthesis of epinephrine. Drug news
& perspectives 2001, 14 (8), 491-4.

97



Development of Electrochemical Biosensors for Neurochemical Applications

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Mefford, I. N., Epinephrine in mammalian brain. Progress in Neuro-
Psychopharmacology and Biological Psychiatry 1988, 12 (4), 365-
388.

Kemp, S. F.; Lockey, R. F.; Simons, F. E. R., Epinephrine: The Drug
of Choice for Anaphylaxis--A Statement of the World Allergy
Organization. World Allergy Organization Journal 2008, I (2), S18.

Watkins, J. C.; Jane, D. E., The glutamate story. British Journal of
Pharmacology 2006, 147 (S1), S100-S108.

Meldrum, B. S., Glutamate as a neurotransmitter in the brain: review
of physiology and pathology. J Nutr 2000, 130 (4S Suppl), 1007s-
15s.

van der Zeyden, M.; Oldenziel, W. H.; Rea, K.; Cremers, T. L;
Westerink, B. H., Microdialysis of GABA and glutamate: Analysis,
interpretation and comparison with microsensors. Pharmacology
Biochemistry and Behavior 2008, 90 (2), 135-147.

Tansey, E. M., Henry Dale and the discovery of acetylcholine.
Comptes Rendus Biologies 2006, 329 (5), 419-425.

McCoy, A. N.; Tan, Y. S., Otto Loewi (1873-1961): Dreamer and
Nobel laureate. Singapore Medical Journal 2014, 55 (1), 3-4.

Hurst, R.; Rollema, H.; Bertrand, D., Nicotinic acetylcholine
receptors: From basic science to therapeutics. Pharmacology &
Therapeutics 2013, 137 (1), 22-54.

Eglen, R. M., Muscarinic receptor subtypes in neuronal and non-
neuronal cholinergic function. Autonomic and Autacoid
Pharmacology 2006, 26 (3), 219-233.

Picciotto, Marina R.; Higley, Michael J.; Mineur, Yann S.,
Acetylcholine as a Neuromodulator: Cholinergic Signaling Shapes
Nervous System Function and Behavior. Neuron 2012, 76 (1), 116-
129.

Parievsky, A.; Cepeda, C.; Levine, M., Alterations of Synaptic
Function in Huntington's Disease. In Handbook of Behavioral
Neuroscience, Elsevier: 2017; Vol. 24, pp 907-927.

Lombardo, S.; Maskos, U., Role of the nicotinic acetylcholine

receptor in Alzheimer's disease pathology and treatment.
Neuropharmacology 2015, 96, 255-262.

98



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Higley, M. J.; Picciotto, M. R., Neuromodulation by acetylcholine:
examples from schizophrenia and depression. Current opinion in
neurobiology 2014, 29, 88-95.

Mergenthaler, P.; Lindauer, U.; Dienel, G. A.; Meisel, A., Sugar for
the brain: the role of glucose in physiological and pathological brain
function. Trends in Neurosciences 2013, 36 (10), 587-597.

Attwell, D.; Laughlin, S. B., An energy budget for signaling in the
grey matter of the brain. J Cereb Blood Flow Metab 2001, 21 (10),
1133-45.

Chatton, J.-Y.; Pellerin, L.; Magistretti, P. J., GABA uptake into
astrocytes is not associated with significant metabolic cost:
Implications for brain imaging of inhibitory transmission.
Proceedings of the National Academy of Sciences 2003, 100 (21),
12456-12461.

Caesar, K.; Hashemi, P.; Douhou, A.; Bonvento, G.; Boutelle, M.
G.; Walls, A. B.; Lauritzen, M., Glutamate receptor-dependent
increments in lactate, glucose and oxygen metabolism evoked in rat
cerebellum in vivo. The Journal of Physiology 2008, 586 (Pt 5),
1337-1349.

Kennedy, R. T., Emerging trends in in vivo neurochemical
monitoring by microdialysis. Curr. Opin. Chem. Biol. 2013, 17 (5),
860-867.

Nandi, P.; Lunte, S. M., Recent trends in microdialysis sampling
integrated with conventional and microanalytical systems for
monitoring biological events: a review. Anal. Chim. Acta 2009, 651
(1), 1-14.

Guihen, E.; O'Connor, W. T., Current separation and detection
methods in microdialysis the drive towards sensitivity and speed.
Electrophoresis 2009, 30 (12), 2062-75.

de Macedo, C. E. A_; Cuadra, G.; Gobaille, S.; de Moraes Mello, L.
E. A., Brain Microdialysis. In Rodent Model as Tools in Ethical
Biomedical Research, Springer: 2016; pp 217-233.

Bero, A. W.; Yan, P.; Roh, J. H.; Cirrito, J. R.; Stewart, F. R.;
Raichle, M. E.; Lee, J.-M.; Holtzman, D. M., Neuronal activity
regulates the regional vulnerability to amyloid-p deposition. Nature
Neuroscience 2011, 14, 750.

99



Development of Electrochemical Biosensors for Neurochemical Applications

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Kottegoda, S.; Shaik, I.; Shippy, S. A., Demonstration of low flow
push—pull perfusion. Journal of Neuroscience Methods 2002, 121
(1), 93-101.

Slaney, T. R.; Nie, J.; Hershey, N. D.; Thwar, P. K.; Linderman, J.;
Burns, M. A.; Kennedy, R. T., Push—Pull Perfusion Sampling with

Segmented Flow for High Temporal and Spatial Resolution in Vivo
Chemical Monitoring. Anal. Chem. 2011, 83 (13), 5207-5213.

Singh, R., HPLC method development and validation-an overview.
Journal of Pharmaceutical Education and Research 2013, 4 (1), 26.

Alpert, A. J., Hydrophilic-interaction chromatography for the
separation of peptides, nucleic acids and other polar compounds. J.
Chromatogr. A 1990, 499 (Supplement C), 177-196.

Hemstrém, P.; Irgum, K., Hydrophilic interaction chromatography.
J. Sep. Sci. 2006, 29 (12), 1784-1821.

Swartz, M., HPLC detectors: a brief review. Journal of Liquid
Chromatography & Related Technologies 2010, 33 (9-12), 1130-
1150.

Harstad, R. K.; Johnson, A. C.; Weisenberger, M. M.; Bowser, M.
T., Capillary Electrophoresis. Anal. Chem. 2016, 88 (1), 299-319.

Fang, H.; Vickrey, T. L.; Venton, B. J., Analysis of biogenic amines
in a single Drosophila larva brain by capillary electrophoresis with
fast-scan cyclic voltammetry detection. Anal. Chem. 2011, 83 (6),
2258-2264.

Gilman, S. D.; Ewing, A. G., Analysis of single cells by capillary
electrophoresis with on-column derivatization and laser-induced
fluorescence detection. Anal. Chem. 1995, 67 (1), 58-64.

Zhang, W.; Hankemeier, T.; Ramautar, R., Next-generation capillary
electrophoresis—mass spectrometry approaches in metabolomics.
Curr. Opin. Biotechnol. 2017, 43 (Supplement C), 1-7.

Pitt, J. J., Principles and Applications of Liquid Chromatography-
Mass Spectrometry in Clinical Biochemistry. The Clinical
Biochemist Reviews 2009, 30 (1), 19-34.

Aebersold, R.; Mann, M., Mass-spectrometric exploration of
proteome structure and function. Nature 2016, 537 (7620), 347-355.

100



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Choi, D.-S.; Kim, D.-K.; Kim, Y.-K.; Gho, Y. S., Proteomics of
extracellular vesicles: Exosomes and ectosomes. Mass Spectrom.
Rev. 2015, 34 (4), 474-490.

Sakmann, B.; Neher, E., Patch clamp techniques for studying ionic
channels in excitable membranes. Annual review of physiology 1984,
46 (1), 455-472.

Zhao, Y.; Inayat, S.; Dikin, D.; Singer, J.; Ruoff, R.; Troy, J., Patch
clamp technique: review of the current state of the art and potential
contributions from nanoengineering. Proceedings of the Institution
of Mechanical Engineers, Part N: Journal of Nanomaterials,
Nanoengineering and Nanosystems 2008, 222 (1), 1-11.

Perkins, K. L., Cell-attached voltage-clamp and current-clamp
recording and stimulation techniques in brain slices. Journal of
neuroscience methods 2006, 154 (1), 1-18.

Elhamdani, A.; Azizi, F.; Artalejo, C. R., Double patch clamp
reveals that transient fusion (kiss-and-run) is a major mechanism of
secretion in calf adrenal chromaffin cells: high calcium shifts the
mechanism from kiss-and-run to complete fusion. J. Neurosci. 2006,
26 (11),3030-3036.

Wang, Y.; Wu, Q.; Hu, M.; Liu, B.; Chai, Z.; Huang, R.; Wang, Y.;
Xu, H.; Zhou, L.; Zheng, L.; Wang, C.; Zhou, Z., Ligand- and
voltage-gated Ca2+ channels differentially regulate the mode of
vesicular neuropeptide release in mammalian sensory neurons.
Science Signaling 2017, 10 (484).

Alonso, C., An Overview of Stimulated Emission Depletion (STED)
Microscopy and Applications. Journal of Biomolecular Techniques :
JBT 2013, 24 (Suppl), S4-S4.

Keighron, J. D.; Ewing, A. G.; Cans, A.-S., Analytical tools to
monitor exocytosis: a focus on new fluorescent probes and methods.
Analyst 2012, 137 (8), 1755-1763.

Horiguchi, K.; Yoshikawa, S.; Saito, A.; Haddad, S.; Ohta, T.;
Miyake, K.; Yamanishi, Y.; Karasuyama, H., Real-time imaging of
mast cell degranulation in vitro and in vivo. Biochem. Biophys. Res.
Commun. 2016, 479 (3), 517-522.

Li, W.-h., Probes for monitoring regulated exocytosis. Cell calcium
2017.

101



Development of Electrochemical Biosensors for Neurochemical Applications

81. Miesenbock, G.; De Angelis, D. A.; Rothman, J. E., Visualizing
secretion and synaptic transmission with pH-sensitive green
fluorescent proteins. Nature 1998, 394, 192.

82. Prosser, D. C.; Wrasman, K.; Woodard, T. K.; O’Donnell, A. F.;
Wendland, B., Applications of pHluorin for quantitative, kinetic and
high-throughput analysis of endocytosis in budding yeast. Journal of
Visualized Experiments 2016, 2016 (116).

83. Zhang, L.; Bellve, K.; Fogarty, K.; Kobertz, W. R., Fluorescent
Visualization of Cellular Proton Fluxes. Cell Chemical Biology
2016, 23 (12), 1449-1457.

84. Watanabe, S., Flash-and-freeze: Coordinating optogenetic
stimulation with rapid freezing to visualize membrane dynamics at
synapses with millisecond resolution. Frontiers in Synaptic
Neuroscience 2016, 8 (AUG).

85. Winey, M.; Meehl, J. B.; O'Toole, E. T.; Giddings, T. H.,
Conventional transmission electron microscopy. Molecular Biology
of the Cell 2014, 25 (3), 319-323.

86. Lovrié, J.; Dunevall, J.; Larsson, A.; Ren, L.; Andersson, S.;
Meibom, A.; Malmberg, P.; Kurczy, M. E.; Ewing, A. G., Nano
Secondary Ion Mass Spectrometry Imaging of Dopamine
Distribution Across Nanometer Vesicles. ACS Nano 2017, 11 (4),
3446-3455.

87. Winograd, N., The Development of Secondary Ion Mass
Spectrometry (SIMS) for Imaging. In The Encyclopedia of Mass
Spectrometry, Elsevier: Boston, 2016; pp 103-112.

88. Aichler, M.; Walch, A., MALDI Imaging mass spectrometry: current
frontiers and perspectives in pathology research and practice. Lab.
Invest. 2015, 95, 422.

89. Hanrieder, J.; Malmberg, P.; Ewing, A. G., Spatial neuroproteomics
using imaging mass spectrometry. Biochimica et Biophysica Acta
(BBA)-Proteins and Proteomics 2015, 1854 (7), 718-731.

90. Bucher, E. S.; Wightman, R. M., Electrochemical Analysis of
Neurotransmitters. Annual review of analytical chemistry (Palo Alto,

Calif.) 2015, 8, 239-261.

91. Mosharov, E. V.; Sulzer, D., Analysis of exocytotic events recorded
by amperometry. Nature methods 2005, 2 (9), 651-658.

102



92.

93.

94.

95.

96.

97.

98.

99.

100.

Wang, J.; Trouillon, R.; Dunevall, J.; Ewing, A. G., Spatial
resolution of single-cell exocytosis by microwell-based individually
addressable thin film ultramicroelectrode arrays. Anal. Chem. 2014,
86 (9), 4515-4520.

Wigstrom, J.; Dunevall, J.; Najafinobar, N.; Lovrié, J.; Wang, J.;
Ewing, A. G.; Cans, A.-S., Lithographic Microfabrication of a 16-
Electrode Array on a Probe Tip for High Spatial Resolution
Electrochemical Localization of Exocytosis. Anal. Chem. 2016, 88
(4), 2080-2087.

Zhang, B.; Adams, K. L.; Luber, S. J.; Eves, D. J.; Heien, M. L.;
Ewing, A. G., Spatially and temporally resolved single-cell
exocytosis utilizing individually addressable carbon microelectrode
arrays. Anal. Chem. 2008, 80 (5), 1394-1400.

Ferry, B.; Gifu, E.-P.; Sandu, I.; Denoroy, L.; Parrot, S., Analysis of
microdialysate monoamines, including noradrenaline, dopamine and
serotonin, using capillary ultra-high performance liquid
chromatography and electrochemical detection. J. Chromatogr. B
2014, 951, 52-57.

Omiatek, D. M.; Bressler, A. J.; Cans, A.-S.; Andrews, A. M.;
Heien, M. L.; Ewing, A. G., The real catecholamine content of
secretory vesicles in the CNS revealed by electrochemical
cytometry. Scientific reports 2013, 3.

Dunevall, J.; Fathali, H.; Najafinobar, N.; Lovric, J.; Wigstrom, J.;
Cans, A.-S.; Ewing, A. G., Characterizing the Catecholamine
Content of Single Mammalian Vesicles by Collision—Adsorption
Events at an Electrode. JACS 2015, 137 (13), 4344-4346.

Li, X.; Majdi, S.; Dunevall, J.; Fathali, H.; Ewing, A. G.,
Quantitative Measurement of Transmitters in Individual Vesicles in
the Cytoplasm of Single Cells with Nanotip Electrodes. Angewandte
Chemie - International Edition 2015, 54 (41), 11978-11982.

Bard, A. J.; Faulkner, L. R., Electrochemical Methods:
Fundamentals and Applications. Wiley: 2000.

Daniele, S.; Bragato, C., From Macroelectrodes to Microelectrodes:
Theory and Electrode Properties. In Environmental Analysis by
Electrochemical Sensors and Biosensors: Fundamentals, Moretto, L.
M.; Kalcher, K., Eds. Springer New York: New York, NY, 2014; pp
373-401.

103



Development of Electrochemical Biosensors for Neurochemical Applications

101. Hiemenz, P. C.; Rajagopalan, R., Principles of Colloid and Surface
Chemistry, Third Edition, Revised and Expanded. Taylor & Francis:
1997.

102. Aoki, K.; Osteryoung, J., Diffusion-controlled current at the

stationary finite disk electrode: Theory. Journal of Electroanalytical
Chemistry and Interfacial Electrochemistry 1981, 122 (Supplement
C), 19-35.

103. Shoup, D.; Szabo, A., Chronoamperometric current at finite disk
electrodes. Journal of Electroanalytical Chemistry and Interfacial
Electrochemistry 1982, 140 (2), 237-245.

104. Smith, S. K.; Lee, C. A.; Dausch, M. E.; Horman, B. M.; Patisaul, H.
B.; McCarty, G. S.; Sombers, L. A., Simultaneous Voltammetric
Measurements of Glucose and Dopamine Demonstrate the Coupling
of Glucose Availability with Increased Metabolic Demand in the Rat
Striatum. ACS Chemical Neuroscience 2017, 8 (2), 272-280.

105. Berglund, E.; Keighron, J.; Ewing, E., In Vivo Voltammetry In The
Fruit Fly Brain: Methylphenidate, Cocaine And Uptake At The
Dopamine Transporter.

106. Makos, M. A.; Kim, Y.-C.; Han, K.-A.; Heien, M. L.; Ewing, A. G.,
In vivo electrochemical measurements of exogenously applied
dopamine in Drosophila melanogaster. Anal. Chem. 2009, 81 (5),
1848-1854.

107. Pyakurel, P.; Privman Champaloux, E.; Venton, B. J., Fast-Scan
Cyclic Voltammetry (FSCV) Detection of Endogenous Octopamine
in Drosophila melanogaster Ventral Nerve Cord. ACS chemical
neuroscience 2016, 7 (8), 1112-1119.

108. Clark, L. C.; Lyons, C., Electrode Systems for Continous Monitoring
in cardiovascular surgery cardivascular surgery. Ann. N.Y. Acad. Sci.
1962, 102 (1), 29-45.

109. Dale, N.; Hatz, S.; Tian, F.; Llaudet, E., Listening to the brain:
microelectrode biosensors for neurochemicals. Trends Biotechnol.
2005, 23 (8), 420-8.

110. Monosik, R.; Stredansky, M.; Tkac, J.; Sturdik, E., Application of
Enzyme Biosensors in Analysis of Food and Beverages. Food

Analytical Methods 2012, 5 (1), 40-53.

111. Prodromidis, M. I.; Karayannis, M. 1., Enzyme based amperometric
biosensors for food analysis. Electroanalysis 2002, 14 (4), 241.

104



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Rocchitta, G.; Spanu, A.; Babudieri, S.; Latte, G.; Madeddu, G.;
Galleri, G.; Nuvoli, S.; Bagella, P.; Demartis, M. L.; Fiore, V.;
Manetti, R.; Serra, P. A., Enzyme Biosensors for Biomedical
Applications: Strategies for Safeguarding Analytical Performances
in Biological Fluids. Sensors (Basel) 2016, 16 (6).

Verma, N.; Bhardwaj, A., Biosensor Technology for Pesticides—A
review. Appl. Biochem. Biotechnol. 2015, 175 (6), 3093-3119.

Cornish-Bowden, A., Fundamentals of Enzyme Kinetics. Elsevier:
2014.

Wilson, G. S.; Hu, Y., Enzyme-based biosensors for in vivo
measurements. Chem. Rev. 2000, 100 (7), 2693-2704.

Zhang, X.; Ju, H.; Wang, J., Electrochemical sensors, biosensors
and their biomedical applications. Academic Press: 2011.

Bollella, P.; Gorton, L.; Ludwig, R.; Antiochia, R., A Third
Generation Glucose Biosensor Based on Cellobiose Dehydrogenase
Immobilized on a Glassy Carbon Electrode Decorated with
Electrodeposited Gold Nanoparticles: Characterization and
Application in Human Saliva. Sensors 2017, 17 (8), 1912.

Ferapontova, E. E.; Shleev, S.; Ruzgas, T.; Stoica, L.; Christenson,
A.; Tkac, J.; Yaropolov, A. 1.; Gorton, L., Direct Electrochemistry of
Proteins and Enzymes. 2005, 7, 517-598.

Gagner, J. E.; Lopez, M. D.; Dordick, J. S.; Siegel, R. W., Effect of
gold nanoparticle morphology on adsorbed protein structure and
function. Biomaterials 2011, 32 (29), 7241-7252.

Iijima, S., Helical microtubules of graphitic carbon. nature 1991,
354 (6348), 56-58.

Davis, J. J.; Green, M. L. H.; Allen O. Hill, H.; Leung, Y. C.; Sadler,
P.J.; Sloan, J.; Xavier, A. V.; Chi Tsang, S., The immobilisation of

proteins in carbon nanotubes. Inorg. Chim. Acta 1998, 272 (1), 261-

266.

Balavoine, F.; Schultz, P.; Richard, C.; Mallouh, V.; Ebbesen, T. W_;
Mioskowski, C., Helical Crystallization of Proteins on Carbon
Nanotubes: A First Step towards the Development of New
Biosensors. Angew. Chem. Int. Ed. 1999, 38 (13-14), 1912-1915.

105



Development of Electrochemical Biosensors for Neurochemical Applications

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Rivas, G. A.; Rubianes, M. D.; Rodriguez, M. C.; Ferreyra, N. F.;
Luque, G. L.; Pedano, M. L.; Miscoria, S. A.; Parrado, C., Carbon
nanotubes for electrochemical biosensing. Talanta 2007, 74 (3), 291-
307.

Wang, J., Carbon-Nanotube Based Electrochemical Biosensors: A
Review. Electroanalysis 2005, 17 (1), 7-14.

Katsounaros, 1.; Schneider, W. B.; Meier, J. C.; Benedikt, U.;
Biedermann, P. U.; Auer, A. A.; Mayrhofer, K. J., Hydrogen
peroxide electrochemistry on platinum: towards understanding the
oxygen reduction reaction mechanism. PCCP 2012, /4 (20), 7384-
7391.

Bhardwaj, T., A Review on Immobilization Techniques of
Biosensors. International Journal of Engineering 2014, 3 (5).

Homaei, A. A.; Sariri, R.; Vianello, F.; Stevanato, R., Enzyme
immobilization: an update. J Chem Biol 2013, 6 (4), 185-205.

Jesionowski, T.; Zdarta, J.; Krajewska, B., Enzyme immobilization
by adsorption: a review. Adsorption 2014, 20 (5-6), 801-821.

Perry, M.; Li, Q.; Kennedy, R. T., Review of recent advances in
analytical techniques for the determination of neurotransmitters.
Anal. Chim. Acta 2009, 653 (1), 1-22.

Burmeister, J. J.; Gerhardt, G. A., Self-Referencing Ceramic-Based
Multisite Microelectrodes for the Detection and Elimination of
Interferences from the Measurement ofl-Glutamate and Other
Analytes. Anal. Chem. 2001, 73 (5), 1037-1042.

Vasylieva, N.; Maucler, C.; Meiller, A.; Viscogliosi, H.; Lieutaud,
T.; Barbier, D.; Marinesco, S., Immobilization method to preserve
enzyme specificity in biosensors: consequences for brain glutamate
detection. Anal. Chem. 2013, 85 (4), 2507-15.

Miao, Z.; Wang, P.; Zhong, A.; Yang, M.; Xu, Q.; Hao, S.; Hu, X.,
Development of a glucose biosensor based on electrodeposited gold
nanoparticles-polyvinylpyrrolidone-polyaniline nanocomposites. J.
Electroanal. Chem. 2015, 756, 153-160.

Burmeister, J. J.; Pomerleau, F.; Huettl, P.; Gash, C. R.; Werner, C.
E.; Bruno, J. P.; Gerhardt, G. A., Ceramic-based multisite
microelectrode arrays for simultaneous measures of choline and
acetylcholine in CNS. Biosens. Bioelectron. 2008, 23 (9), 1382-9.

106



134.

135.

136.

Solis Jr, E.; Cameron-Burr, K. T.; Kiyatkin, E. A., Rapid
Physiological Fluctuations in Nucleus Accumbens Oxygen Levels
Induced by Arousing Stimuli: Relationships with Changes in Brain
Glucose and Metabolic Neural Activation. Frontiers in Integrative
Neuroscience 2017, 11, 9.

Ozyilmaz, G.; Tukel, S. S., Simultaneous co-immobilization of
glucose oxidase and catalase in their substrates. Applied
Biochemistry and Microbiology 2007, 43 (1), 29-35.

Keighron, Jacqueline D ; Akesson, Sebastian ; Cans, Ann-Sofie
Coimmobilization of acetylcholinesterase and choline oxidase on
gold nanoparticles: stoichiometry, activity, and reaction efficiency.
Langmuir. 2014, 30 (38), pp.11348-55

107



