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ABSTRACT 

  

CARBON BASED ELECTRODES: FROM DETECTION OF BIOLOGICALLY 

SIGNIFICANT COMPOUNDS TO APPLICATION IN NEURODEGENERATIVE 

DISEASES 

 

By 

Romana Jarošová 

 

 Carbon is a truly remarkable element that is essential to life on Earth, and its unique 

properties have made it an indispensable component in an astonishingly diverse array 

of applications. Whether serving as a fuel source or as a key component in electronic devices, 

carbon's ability to exist in different forms, each with their distinct physical and chemical properties, 

contributes to its widespread and continued use. Electrode production is one of the areas where 

carbon found its significant use.  

This thesis represents a unique combination of fundamental and applied electrochemistry 

using carbon-based electrodes. It explores a wide range of topics, from evaluating electrode 

microstructure as a critical factor affecting its electroanalytical behavior, to the use of carbon-

based electrodes in Alzheimer's disease (AD) research.  

 The first part of this Thesis focuses on the electrochemical performance of carbon-based 

electrodes with distinct microstructures. Specifically, this section discusses two novel electrode 

materials: boron-doped diamond and nitrogen-incorporated tetrahedral amorphous carbon. 

The microstructure of each electrode was investigated, and the role of electrode microstructure 

in determining biologically significant compounds was explored, with a particular focus 

on tyrosine, tryptophan, pyocyanin, and isatin. This section of the Thesis provides valuable 

insights into the electrochemical behavior of carbon-based electrodes, and highlights the 

importance of electrode microstructure in the detection of biologically relevant molecules. 

In contrast, the second part of this Thesis delves into the application of carbon-based 

electrodes in neuroscience research. Carbon electrodes have been essential in advancing 

our understanding of the central nervous system, with carbon-fiber microelectrodes (CFME) 

becoming the gold standard for single-unit recording in neuroscience research. This section 
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identifies several critical challenges related to the detection of neurochemically significant 

compounds, which were addressed using fast scan cyclic voltammetry at CFME. This resulted 

in the development of two novel methods for the detection and quantification of neurologically 

relevant compounds, namely oxytocin and glutamate. Furthermore, the CFME was used in a study 

investigating the potential role of dopamine in AD, where a possible link between cognitive 

decline and alterations in dopamine levels in an AD zebrafish animal model was described. 

This section of the Thesis provides valuable insights into the practical application of carbon-based 

electrodes in neuroscience research, showcasing their potential in identifying and quantifying 

neurochemically important compounds.  
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ABSTRAKT 

  

UHLÍKOVÉ ELEKTRODY: OD DETEKCE BIOLOGICKY VÝZNAMNÝCH LÁTEK PO 

APLIKACI V NEURODEGENERATIVNÍCH CHOROBÁCH 

 

Romana Jarošová 

 

Uhlík je pozoruhodný prvek, který je nezbytný pro život na Zemi, a jeho jedinečné 

vlastnosti ho činí nezbytnou součástí ohromně rozmanitého spektra aplikací. Bez ohledu na to, 

zda slouží jako zdroj paliva nebo jako klíčová součást elektronických zařízení, schopnost uhlíku 

existovat v různých formách, každá s vlastními fyzikálními a chemickými vlastnostmi, přispívá 

k jeho rozsáhlému využití. Jednou z významných oblastí, kde uhlík nachází své uplatnění, 

je výroba elektrod.  

V této disertační práci byly propojeny světy základní a aplikované elektrochemie, 

kde uhlíkové elektrody hrají základní roli. Práce pokrývá širší spektrum; od zhodnocení 

mikrostruktury uhlíkových elektrod, jež je kritickým faktorem ovlivňující elektroanalytické 

chování elektrod, až po využití uhlíkových elektrod pro výzkum spojený s Alzheimerovou 

chorobou.  

První část této disertační práce se zaměřuje na porovnání rozdílných strukturálních 

a elektroanalytických vlastností uhlíkových elektrod, s akcentem na borem dopovaný diamant 

a dusíkem modifikovaný amorfní tetraedrický uhlík. Zmíněné elektrodové materiály byly použity 

pro detekci biologicky významných látek, konkrétně tyrosinu, tryptofanu, pyocyaninu a isatinu.  

Tato část práce poskytuje cenné poznatky o elektroanalytickém chování uhlíkových elektrod, 

přičemž zdůrazňuje důležitost mikrostruktury elektrod při volbě vhodného elektrodového 

materiálu k detekci konkrétních molekul. 

Ve druhé části byly uhlíkové elektrody použity pro výzkum v oblasti neurovědy. Uhlíkové 

elektrody jsou klíčovým prvkem při studiu centrálního nervového systému s využitím 

elektrochemie, přičemž uhlíkové vláknové mikroelektrody se staly zlatým standardem v této 

oblasti. V této disertační práci byly identifikovány specifické problémy související s detekcí 

neurochemicky významných sloučenin, které byly následně řešeny s využitím uhlíkových 

vláknových mikroelektrod. Výsledkem tohoto úsilí byl vývoj dvou nových metod pro stanovení 
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a kvantifikaci oxytocinu a glutamátu v mozku Dánia pruhovaného. Konečně, uhlíkové vláknové 

mikroelektrody byly použity pro studium zkoumající potenciální roli dopaminu v Alzheimerově 

chorobě, načež byl popsán možný vztah mezi kognitivním úpadkem a změnami hladin dopaminu 

v mozku. Tato část disertační práce poskytuje cenné poznatky o praktickém využití uhlíkových 

elektrod v neurovědcích výzkumech, ukazuje jejich potenciál při identifikaci a kvantifikaci 

neurochemicky důležitých sloučenin. 
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CHAPTER 1. INTRODUCTION 

 The presented Thesis is based on the following six first author manuscripts which are 

attached as Appendix part I – VII.  

 

1. Jarošová, R.; Rutherford, J.; Swain, G. M. Evaluation of a Nitrogen-Incorporated Tetrahedral 

Amorphous Carbon Thin Film for the Detection of Tryptophan and Tyrosine Using Flow 

Injection Analysis with Amperometric Detection. Analyst 2016, 141 (21), 6031–6041. 1 

2. Jarošová, R.; Sanchez, S.; Haubold, L.; Swain, G. M. Isatin Analysis Using Flow Injection 

Analysis with Amperometric Detection – Comparison of Tetrahedral Amorphous Carbon 

and Diamond Electrode Performance. Electroanalysis 2017, 29 (9), 2147–2154. 2 

3. Jarosova, R.;  Irikura, K.; Rocha-Filho, R.; Swain, G. Detection of Pyocyanin with a Boron‐

Doped Diamond Electrode Using Flow Injection Analysis with Amperometric Detection 

and Square Wave Voltammetry. Electroanalysis 2021, 34, 1–12.3 

4. Jarosova, R.; Douglass, A. D.; Johnson, M. A. Optimized Sawhorse Waveform 

for the Measurement of Oxytocin Release in Zebrafish. Anal. Chem. 2022, 94 (6), 2942-

2949.4 

5. Jarosova, R.; Kaplan, S. V.; Field, T. M.; Givens, R. S.; Senadheera, S. N.; Johnson, M. A. 

In Situ Electrochemical Monitoring of Caged Compound Photochemistry: An Internal 

Actinometer for Substrate Release. Anal. Chem. 2021, 93 (5), 2776-2784. 5 

6. Jarosova, R.;* Niyangoda, S. S.; Hettiarachchi, P.; Johnson, M. A. Impaired Dopamine 

Release and Latent Learning in Alzheimer’s Disease Model Zebrafish. ACS Chem. Neurosci. 

2022, 13 (19), 2924–2931.6  

 

Carbon-based electrodes have emerged as a versatile and promising platform for a wide 

range of applications, including electroanalysis, electrosynthesis, electrochemical storage 

and conversion. Carbon electrodes have gained wide popularity, owing to their low cost, chemical 

inertness, high mechanical strength, rich surface chemistry, and a compatibility with a wide variety 

of solvents and electrolytes. In order to achieve optimal utilization of carbon electrodes, a full 

understanding and precise control of various parameters that govern their electrochemical behavior 

is necessary. These parameters include the kinetics of heterogeneous electron transfer processes, 

the capacitance of the electrodes, and the adsorption processes that occur on their surfaces. 

The first part of this Thesis is focused on comparing two superior electrode materials: 

boron-doped diamond (BDD) electrode, and nitrogen-incorporated tetrahedral amorphous carbon  
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(ta-C:N) electrode. BDD electrode is a well-known material with excellent attributes, such as low 

background current, wide working potential window, weak molecular adsorption, and excellent 

microstructural stability. ta-C:N, often called “diamond-like” material, is a new type of electrode 

material, that has been gaining attention in the scientific world for its superlative properties 

comparable to BDD. One of the main reasons for its popularity is the fact that ta-C:N can be grown 

at a much lower temperature, allowing for a wider variety of substrate materials.  

Carbon microstructure has a significant impact on the electrode's performance, particularly 

in electrochemical sensing. Therefore, in this Thesis, the microstructure of carbon-based electrodes 

was discussed, and its effect on the determination of biologically significant compounds (tyrosine, 

tryptophan, isatin, and pyocyanin) was investigated. The three manuscripts presented in Appendix 

I-III are primarily focused on BDD and ta-C:N, with the goal of highlighting its superior 

electrochemical performance. These studies aim to demonstrate the advantages of ta-C:N 

and BDD over glassy carbon (GC) electrode. 1–3  

Carbon electrodes have also played a crucial role in advancing our understanding 

of the central nervous system. In particular, carbon-fiber microelectrodes (CFMEs) have become 

the gold standard for single-unit recording in neuroscience research. In the second part of this 

Thesis, several crucial problems related to a detection of neurochemically important compounds 

were identified, and subsequently addressed using fast scan cyclic voltammetry (FSCV) at CFME. 

First, a manuscript focused on method development is presented (Appendix IV),4 describing 

the development of a FSCV method for the detection of neuropeptide oxytocin at CFME. 

In Appendix V, a novel method for the quantification of non-electroactive neurotransmitter 

glutamate, combining the use of electrochemistry and photolysis, is introduced.5 Finally, CFMEs 

were employed in a unique study investigating the potential role of dopamine in Alzheimer's 

disease. In the last study of this Thesis, a possible correlation between cognitive decline 

and alterations in dopamine levels in AD zebrafish animal model was investigated (Appendix VI).6 
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CHAPTER 2. CARBON ELECTRODES 

 Carbon is an essential element for life on Earth, and is one of the most abundant elements 

in the universe. It is found in various forms, including diamond, graphite, and various organic 

compounds. From a material standpoint, carbon is a fascinating element due to its ability to form 

a variety of microstructurally unique allotropes. These allotropes include graphite, glassy carbon,  

single and polycrystalline diamond, and diamond-like carbon, each with its own distinctive 

properties.  

 Carbon-based materials are widely employed as electrodes in various electrochemical 

applications such as electroanalysis, electrosynthesis, and electrochemical storage 

and conversion.7–11 This can be attributed to several factors, including their low cost, 

high mechanical strength, wide working potential window, rich surface chemistry, chemical 

inertness, and compatibility with a variety of solvents and electrolytes.  

 To achieve optimal utilization of carbon electrodes, a comprehensive understanding 

of the factors influencing their surface processes, such as surface capacitance, heterogeneous 

electron transfer-kinetics, and adsorption is essential. Previously published studies have 

demonstrated that variations in sp2 carbon electrode microstructure and surface chemistry 

significantly impact the heterogeneous electron transfer rate constant for certain redox systems 

(e.g. Fe(CN)6
-3/-4), often by orders of magnitude. However, this is not the case for all systems, such 

as Ru(NH3)6
+3/+2, indicating that the effect is highly dependent on the specific system being 

studied.12 This finding highlights the importance of careful control and manipulation of carbon 

electrode surface properties in order to optimize performance in electrochemical applications. 

Further research into the relation between electrode surface properties and specific redox systems 

is necessary to fully understand the underlying mechanisms and develop a comprehensive 

understanding of carbon electrode behavior. 13–18 
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2.1. Glassy Carbon  

Glassy carbon and graphite are the two most common representatives of sp2-bonded 

carbon materials. Both materials are composed of carbon atoms that have both σ and π bonds. 

Graphite exhibits the highest degree of microstructural order among carbon materials, featuring 

layers on planar polycyclic aromatic sheets arranged in a hexagonal lattice (Figure 1.1A). 19 

Graphitic carbon consists of two distinct surface regions: the basal plane and edge plane. 

The edge plane sites, which are located at the boundaries between adjacent layers, are highly 

reactive to adsorption and electron transfer processes. In fact, the carbon atoms at these sites can 

easily react with oxygen and water, resulting in the formation of a variety of surface oxygen 

functional groups, including phenols, carbonyls, carboxylic acid, esters, etc. The basal plan, which 

refers to the layer plane surface, lacks functional groups, and has a low density of electronic states. 

Consequently, the basal plane supports weak molecular adsorption and sluggish electron-transfer 

kinetics. 20–22 On the other hand, the edge plane is characterized by significantly faster electron 

transfer kinetics for many redox probes when compared to the basal plane. 23,24 Additionally, 

the capacitance of the edge plane sites is greater than that of the basal plane sites.  

Figure 1.1. Structure of various carbon materials: (A) graphite, (B) glassy carbon (C) diamond 

and (D) tetrahedral amorphous carbon. (Reprinted with a permission obtained from the Springer 

Nature).19 

 

A B 

C D 



18 

 

Glassy carbon, in contrast, exhibits a disordered arrangement of graphitic carbon domains, 

which are intertwined in a random manner to form a ribbon-like structure with nanometer-scale 

dimensions (Figure 1.1B). The microstructural characteristics of GC are attributed 

to the production process involving pyrolysis of polymer precursors and subsequent heat 

treatment, which can influence the degree of microstructural order. The resulting ribbon-like 

network of entangled graphitic carbon domains provides a high ratio of exposed edge plane sites 

on the surface of glassy carbon. 19,25,26  

It is important to highlight that glassy carbon possesses electrons in both σ and π orbitals, 

resulting in a relatively small band gap between the valence and conduction gaps and a high density 

of electronic states. The existence of π orbitals can give rise to several undesired characteristics, 

including high background current, structural modifications at high positive potentials, 

or molecular adsorption. Due to the molecular adsorption, the GC surface is prone to surface 

deactivation and/or fouling. Achieving optimal performance from a GC electrode requires careful 

pre-treatment to prepare the surface, microstructure, and chemistry for electrochemical use. 

One approach to reveal a fresh and active surface on the electrode is to mechanically polish 

the surface with alumina powder. However, each polishing procedure uncovers a new underlying 

surface that may have distinct properties, which can lead to changes in the electrochemical activity 

of the GC electrode.20,23,27–31 Additionally, the roughness of the electrode surface can influence 

the electrochemical area, and this may vary with each polishing procedure. As such, it is necessary 

to carefully consider and understand the unique properties of glassy carbon to effectively utilize 

it in various scientific applications. 23 

2.2. Boron-Doped Diamond  

Diamond is a distinct type of carbon allotrope that represents the opposite 

end of the spectrum (Figure 1.1.C). Diamond possesses a four-fold, sp3 hybridized carbon lattice 

composed solely of σ bonds. Diamond is a renowned electrical insulator, with a large band gap 

of 5.5 eV and a low density of electronic states. Its low electrical conductivity can be attributed 

to a small number of free charge carriers and limited thermal activation of electron 

in the conduction band at ambient temperature. In order to enhance the electrical conductivity 

of diamond, p- or n- type dopants can be introduced during the growth process. Boron 

is a frequently used dopant for diamond. It serves as an electron acceptor and creates an impurity 
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band situated approximately 0.35 eV above the valence band edge. The usual doping levels 

for diamond films used in electrochemistry vary from 1020 to 1021 cm-3. 32 The large band gap 

of diamond allows for optical transparency, which is particularly beneficial for transmission 

spectroelectrochemical measurements. 33–38  

Boron doped diamond has become a popular choice for carbon electrode materials. 3,39–42 

BDD electrodes offer exceptional electrochemical properties, including a wide potential window, 

low background current and noise, and rapid kinetics of electron transfer processes for many redox 

analytes. The fundamental electrochemical properties of BDD  electrodes have been thoroughly 

reviewed in numerous publications dating back to the early 1990s. 43–48 In contrast to GC, BDD 

is morphologically and microstructurally stable, even at potentials higher than +1.4 V. 

Additionally, due to the absence of  π bonds, BDD exhibits limited molecular adsorption, and does 

not require any extensive surface pre-treatment. 

2.3. Nitrogen-Incorporated Tetrahedral Amorphous Carbon  

Tetrahedral amorphous carbon (ta-C) is a diamond-like allotrope of carbon. 

Its microstructure consists of randomly arranged sp2, and sp3-bonded carbon. The ternary phase 

diagram (Figure 1.2.) displays the position of ta-C reflecting the relationship between the sp2, 

Figure 1.2. Amorphous carbon ternary phase diagram. The corners represent graphite, diamond 

and hydrocarbons. (Reprinted with a permission obtained from Elsevier).47 
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and sp3-bonded carbon and hydrogen content.49,50 The amorphous carbon electrodes used in this 

Thesis contain a high percentage of tetrahedrally bonded sp3 carbon, typically ranging from 40% 

to 85%. In ta-C films, sp3 hybridized atoms form a random network with neighboring atoms, 

connected by strong σ bonds. Interdispersed among these sp3 carbon regions are sp2 carbon 

domains that link them. These sp2 sites form π states, which are responsible for controlling 

the electrical and optical properties of the material. 

The structural and electronic properties of ta-C are primarily determined by the fraction 

of sp3-bonded carbon sites, the ordering of sp2 sites, and the level of hydrogen content. The atomic 

structure of ta-C has been previously described by Robertson et al.51 In this structure, each carbon 

atom possesses four sp3 orbitals, which provide four strong σ bonds to neighboring atoms. 

In contrast, when a carbon atom is in the sp2 configuration, it forms three trigonal sp2 orbitals that 

generate three strong σ bonds in a plane, while the fourth electron is located in a p orbital that 

creates a weaker π bond with an adjacent atom. The incorporation of hydrogen in ta-C materials 

is generally low.  

Drawing an analogy with diamond, it is possible to dope ta-C material through 

the incorporation of impurities. Among the various n-type dopants employed for this purpose, 

nitrogen stands out as one of the most commonly used. The incorporation of nitrogen has 

a profound impact on both the electronic and optical properties of the material. While pure ta-C 

exhibits weak p-type semiconductor characteristics, nitrogen doping effectively enhances 

the material's electrical conductivity, leading to a notable improvement in its performance. 52–55 

Finally, nitrogen incorporation affects the sp2/sp3 ratio, providing a direct means to fine-tune 

the material properties through adjustments to sp2 and sp3 content. In the first part of this Thesis, 

the focus is pointed at nitrogen incorporated tetrahedral amorphous carbon (ta-C:N) with 30 sccm 

nitrogen content. 

As a result of the significant proportion of sp3-bonded carbon in this material, ta-C:N 

is frequently compared to diamond, as it boasts of some of diamond’s favorable properties, 

including hardness, chemical inertness, elastic modulus, and optical transparency. Furthermore, 

previous studies found that ta-C:N also possesses exceptional electrochemical behaviors similar 

to those of BDD. 56–61 While there is an ongoing debate and comparison focused on the properties 

of both electrode materials, ta-C:N electrodes offer an important advantage when compared 

to BDD as they can be grown at much lower temperatures (25 – 100 °C) while BDD requires 
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temperatures over 600 °C. This fact opens up new possibilities to a wider range of substrate 

materials, such as plastics. Furthermore, the deposition of electrodes using ta-C:N is considerably 

more cost-effective, and the process of applying thin films is notably faster compared to the use 

of BDD. 

 

 

  

 

 

 

 

 

 

 

  



22 

 

CHAPTER 3. UTILIZATION OF CARBON-BASED ELECTRODES IN 

NEUROSCIENCE 

The study of the central nervous system has been a fascinating field for researchers 

for centuries. One of the key components of the nervous system is the neurotransmitter, a chemical 

messenger that is released by neurons to communicate with other neurons or with other types 

of cells. Neurotransmitters (e.g. dopamine, norepinephrine, serotonin) play a crucial role 

in regulating a wide range of brain functions, including movement, perception, cognition, 

and emotion.62–65 The development of methods for detection of neurotransmitters in vivo 

is a critical tool for studying and understanding the complex mechanism that govern 

neurotransmission.  

The traditional method of measuring neurotransmitter release involves microdialysis,66–68 

an invasive technique that requires significant sample processing, and is not particularly suitable 

for real-time measurements. Conversely, in vivo electrochemical detection of neurotransmitters 

provides an opportunity for a non-invasive, real-time technique that allows for the detection 

and quantification of neurotransmitter release in living organisms, organs, and tissues.  

In vivo and ex vivo electrochemical detection of neurotransmitters has been used to study a broad 

spectrum of cerebral activities, including the regulation of mood, addiction, and neurodegenerative 

disorders.6,69–72 Additionally, the technique has been also used to study the effects of drugs 

on neurotransmitter release.71  

The detection of neurotransmitters using electrochemical methods is not without 

its challenges. One of the major limitations is the fact that neurotransmitters are present in very 

low concentrations. Further, the release and uptake of neurotransmitters occur on a millisecond 

time scale, and their concentration in extracellular fluid changes rapidly, which excludes most 

of the conventional electrochemical techniques for the possible detection of neurotransmitters 

in real time. In addition, the presence of other compounds in the extracellular fluid can interfere 

with the targeted signal. There is also a risk of tissue damage when electrodes are implanted 

in the tissue, which can affect the accuracy and reliability of the data obtained. Therefore, 

the method for in vivo detection of neurotransmitters requires a sub-second temporal resolution, 

excellent selectivity, and good sensitivity.  
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In the second part of this thesis, the application of carbon-based electrodes, specifically 

carbon-fiber microelectrodes (CFME), in neuroscience research is discussed. Specific challenges 

are identified under the description of the key molecules in the following chapter.  

3.1. Molecules of Interests: Unravelling the Challenges 

3.1.1. Oxytocin 

Oxytocin is a neuropeptide essential in various physiological and psychological processes 

in humans and other mammals. It is best known for its role facilitating childbirth  

and lactation.73–76 Studies have shown that oxytocin can influence a variety of behaviors 

and emotions. For example, oxytocin can enhance emotional processing, increase feelings of trust 

and generosity, as well as reduce negative social behaviors. Additionally, oxytocin has been linked 

to maternal behavior, bonding between parents and infants.77–79 Finally, the hormone was linked 

to stress regulation and anxiety reduction.77,80  

Given the effects on social behavior and emotions, oxytocin has been investigated 

as a potential therapeutic agent for various psychiatric disorders (e.g. post-traumatic stress 

disorder, depression),76,81–83 neurodevelopmental disorders (e.g. autism spectrum disorder),84–88 

and investigated for its role in substance abuse 89,90 and addiction.91–95 However, the dynamics 

of oxytocin release in living tissue is not fully understood yet. Therefore, there is a significant 

knowledge gap in understanding and revealing its specific function, as well as its relationship with 

other neurotransmitters.   

The electrochemical behavior of oxytocin have been previously investigated using large 

scale GC, BDD, and platinum electrodes.96 The mechanism of the oxytocin redox reaction 

proposed one electron oxidation on the tyrosine moiety, with a proton loss at the hydroxyl group 

of the phenol group.96 The suggested reaction forms a radical susceptible to further nucleophilic 

attack. The resulting polymerization leads to an adsorption of the reaction product on the electrode 

surface, fouling the electrode, and consequently leading to a decreased electrode sensitivity.96  

In vivo based electrochemical methods do not provide possibilities for traditionally used 

electrode surface cleaning protocols (e.g., polishing and/or chemical cleaning). Hence, there 

is a critical need for a development of an in vivo (ex vivo) method for sensitive detection of 

oxytocin. This challenge is addressed in Appendix IV. 
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3.1.2. Glutamate  

Glutamate is an amino acid and one of the most abundant excitatory neurotransmitters 

in the brain. It plays a crucial role in many functions of the brain, including learning, memory, 

and synaptic plasticity. In addition, glutamate is also involved in various physiological processes, 

such as metabolism, protein synthesis, and cell proliferation. 97,98 

Dysregulation of glutamate signaling has been implicated in several psychiatric disorders. 

For example, excessive glutamate release can lead to excitotoxicity, a process in which high levels 

of glutamate cause damage to neurons and can contribute to the development of neurodegenerative 

disorders, such as Alzheimer’s and Parkinson’s disease.  On the other hand, decreased glutamate 

signaling has been linked to depression,99–101 anxiety,102–104 and schizophrenia.105–107 However, the 

precise role of glutamate in these disorders still not fully understood. 

Additionally, there is a complex relationship between glutamate and dopamine in the brain. 

Dopamine neurons in the brain receive input from glutamate neurons, and the release of dopamine 

is regulated by glutamate signaling. Specifically, glutamate signaling can either enhance or inhibit 

the release of dopamine. Importantly, there are several different types of glutamate receptors, each 

with their own unique functions and effects on neural activity. This diversity makes it challenging 

to understand the specific effects of glutamate on different brain circuits and behaviors. 

In addition, it is practically impossible to use traditional methods (tissue perfusion) 

for investigation of glutamate neural function since glutamate is neurotoxic at high concentrations.  

To address this knowledge gap, it is crucial to develop a method that would enable for an analysis 

of glutamate neuronal function. This need is addressed in Appendix V, which describes a newly 

developed method for in situ delivery of glutamate in the living zebrafish brain.5 

3.1.3. Dopamine 

 Dopamine is a neurotransmitter that is vital in many brain and body functions. It is involved 

in a broad variety of processes, including motivation, reward, mood regulation, movement, or 

attention. 108–110  

Chemically, dopamine belongs to the catecholamine family of neurotransmitters, along 

with norepinephrine and epinephrine. It is synthesized from the amino acid tyrosine, through 

a series of enzymatic reactions involving tyrosine hydroxylase, aromatic amino acid 

decarboxylase, and dopamine beta-hydroxylase. Dopamine is stored in vesicles in dopaminergic 
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neurons, and released into the synaptic cleft upon depolarization, where it interacts 

with postsynaptic receptors. 

 The intricate relationship between dopamine synthesis, storage, release, and uptake has 

a significant impact on both cognitive and motor function in a range of neurological disorders such 

as Huntington’s disease,71,111,112 Parkinson’s disease, 113–117 and schizophrenia.118 Despite 

extensive research, the exact contribution of dopamine dysregulation in the manifestation 

of cognitive and motor symptoms in Alzheimer’s disease remains unclear,119 creating an important 

gap in knowledge that needs to be addressed. Understanding the link between dopamine and AD, 

researchers might be able to develop more effective treatments to slow or prevent the progression 

of this debilitating condition. 

In this thesis, the possible link between dopamine and AD was investigated. Additionally, 

the correlation between dopamine and cognitive decline commonly observed in AD patients was 

discussed (Appendix VI).6  
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3.2. Fast-scan Cyclic Voltammetry for Rapid Electrochemical Detection 

The utilization of electrochemical methods for a detection of electroactive compounds 

in brain was pioneered by Ralph N. Adams in 1973. Using cyclic voltammetry (CV) with a carbon 

paste electrode, Adams attempted to detect neurotransmitters and their metabolites in rat  

brains.120–122 Despites of this unquestionable innovation, Adams used conventional cyclic 

voltammetry with scan rates typically from 0.1 to 1 V s-1, therefore lacking the temporal resolution 

required for the detection of sub second dynamics of neurotransmitter release. However, his work 

has led to the invention of FSCV,123 a method that has been since successfully used 

for the monitoring of a broad variety of electroactive compounds in the brain (and other tissues) 

in real time.112,124–126  

As mentioned, FSCV is a method based on the conventional CV. In both, FSCV 

and conventional CV, the potential of the working electrode is increased linearly from the holding 

potential to the switching potential and then back to the holding potential. Such a waveform 

is specifically chosen based on the analyte of interest. The resulting cyclic voltammogram (plot 

of current versus the applied potential) provides valuable information that can be used to identify 

and quantify the target analyte.127  

The main issue accompanying the detection of neurotransmitters in the brain is the fast rate 

of the neurotransmitters’ release and reuptake, typically on a sub-second scale.128 This is easily 

overcome by the utilization of the FSCV. In comparison with conventional CV, FSCV utilizes 

scan rates on the order of 100 to 1000V/s. As a result, this allows for high frequency 

measurements, and the technique is therefore characterized by sub-second temporal resolution 

needed for the detection of neurotransmitters signaling in the brain.129 Additionally, the waveform 

parameters, i.e. the holding potential, the switching potential, the scan rate, and the frequency, are 

essential in determining the driving force behind the electrochemical reactions occurring at the 

electrode surface. Modifying these parameters can improve sensitivity, selectivity, and temporal 

resolution for a particular analyte.  

The typical waveform traditionally used for the detection of dopamine is shown 

in Figure 3.1., where the potential applied to the working electrode is scanned from -0.4 V 

to +1.3 V and back to -0.4 V, with a scan rate of 400 V/s. During the forward sweep, dopamine 

is oxidized to dopamine-o-quinone, and reduced back to dopamine on the backward sweep. 



27 

 

For the typical dopamine waveform, 10 Hz frequency is commonly used, and the cycle is therefore 

repeated every 100 ms. 

 

As mentioned above, FSCV requires an enormously high scan rate in order to capture 

the neurotransmitters’ release. Such a fast scan rate produces a large non-faradaic (i.e. background) 

current, that increases linearly with the used scan rate. 130 As a result, the background current is 

Figure 3.2. FSCV detection of dopamine. (A) Background current with (red) and without (black) 

10 μM dopamine. (B) Background-subtracted FSCV voltammogram for 10 μM dopamine. 

A waveform from −0.4 to 1.3 V with scan rate of 400 V s-1 at 10 Hz was applied to a 7 μm carbon-

fiber microelectrode. Reprinted with permission from Royal Society of Chemistry.124  

A B 

Figure 3.1. (A) FSCV waveform for dopamine. (B) Dopamine is oxidized to form dopamine-

o-quinone and reduced back to dopamine. 
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about 10-100 larger than the measured faradaic current arising from the redox reaction of the target 

analyte. It is therefore challenging to observe and further evaluate the faradaic current correctly. 

Nevertheless, the background current for FSCV becomes stable over a short period of continuous 

cycling, and can be digitally subtracted. The background subtraction is shown in Figure 3.2. 

3.2.2. Color Plots 

Unlike in the conventional cyclic voltammetry, the typical fast scan cyclic voltammetry 

experiment lasts about 15 to 30 seconds and produces many voltammograms. Considering 

the typical high frequency data acquisition at 10 Hz, hundreds of voltammograms are collected. 

It is therefore impossible to evaluate each individual voltammogram separately. Hence, color plots 

are used to visualize the large amount of data. the typical cyclic voltammogram for dopamine 

recorded on CFME is shown in Figure 3.3. On the color plot, the x-axis represents the time 

(duration of the data collection), and y-axis voltage. Current is represented by different colors. 

An individual voltammogram at a specific time can be extracted by taking a vertical swipe 

of the color plot. In order to track the analyte over time, a horizonal swipe should be extracted 

Figure 3.3. FSCV color plot used for data visualization. The x and y axes represent time 

and voltage applied, and color gradient represents current responses. This plot was generated 

by injection of 1 µM dopamine at 5 s, the injection was stopped at 10 s. the DA waveform (-0.4 V 

to +1.3 V and back to -0.4 V at 10 Hz was applied with a scan rate 400 V/s. 
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to receive a current vs. time profile (I vs. t trace). FSCV can be used for a real time measurement, 

however, a manual background subtraction is required to display the redox currents properly.131  

3.3. Carbon-Fiber Microelectrodes   

Conventional electrodes (often called macroelectrodes) described in the first part of this 

Thesis are not suitable for FSCV applications due to their size. They produce significant charging 

current, poor spatial resolution, and significantly damage tissue upon their insertion. 

Microelectrodes have the ability to overcome all of the mentioned barriers. Microelectrodes 

are generally defined electrodes with at least one characteristic dimension less than 25 µm.132–134 

Due to their small surface area, they generate only small faradaic current, typically smaller 

than 20 nA. and can be therefore used in a two-electrode arrangement. Furthermore, because 

of their small size, carbon-based implants are associated with reduced tissue damage during 

implantation, compared to larger implants. A broad variety of materials have been used 

for a fabrication of microelectrodes,135–137 however, carbon based microelectrodes became 

the most commonly used electrode material used for FSCV applications.4–6,72,124,138–141  

Carbon-fiber microelectrodes were first introduced by Ponchon et al. in 1979.  The team 

used the electrode for a determination of neurotransmitters (dopamine, norepinephrine, 

Figure 3.4. SEM image of a carbon-fiber microelectrode. Obtained from Johnson lab, 

University of Kansas.   
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and serotonin) using normal pulse voltammetry.142 CFMEs are popular for several reasons:  

i) biological compatibility with the cellular environment, ii) well characterized electrochemistry, 

iii) low cost, iv) small size, (v) easy in-house fabrication. Typical size of CFMEs is between  

5-10 μm in diameter.143 In this study, however, the 7 μm (diameter) carbon fiber was used, 

and the length of the electrode was kept between 50-150 μm. A scanning electron microscope 

(SEM) image of CFME is shown in Figure 3.4. Detailed information about the CFMEs fabrication 

process is provided under the Methods sections in Appendix IV-VI.  

3.4. Animal Models in Neuroscience  

Animal models have been used in neuroscience research for many years to study 

the structure and function of the nervous system. They are used to provide insight into the cellular 

and molecular mechanisms underlying brain function, as well as the pathophysiology 

of neurodegenerative diseases.144–149 These models are also critical in the discovery of new drugs 

and therapies, as they allow researchers to study the effects of various compounds and procedures 

on living organisms.150–156  

However, despite the extensive research and effort behind the utilization of animal models 

in neuroscience, using animal models to understand human condition is not fully reliable, mainly 

due to the difference in biological processes between animal models and humans, Moreover, many 

brain diseases affecting people do not naturally occur in animals, and modeling might not have 

the same underlying pathology.  

There are numerous animal models used in neuroscience research, including rodents (mice 

and rats), primates, Drosophila,157–159 and zebrafish.160–162 Each animal model has its unique 

advantages and disadvantages, depending on the research question being investigated. 

Additionally, when selecting a proper model organism for neuroscience research, a broad variety 

of factors must be considered; the husbandry cost, genetic ancestry proximity, throughput, as well 

as moral issues. For example, fruit flies can provide a low cost and high throughput option, 

however, it is not particularly useful in studies including higher cognitive functions, such 

as language and memory. On the other side, non-human primates are the exact opposite; while 

they are excellent models for cognitive related research, their use is extremely expensive, provide 

only low throughput, and raise serious ethical concerns. In this Thesis, zebrafish (living zebrafish 

and zebrafish living brain, respectively) was used.  
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3.4.1. Zebrafish  

 Zebrafish (Danio rerio) are small, tropical freshwater fish that belong to the family 

Cyprinidae (Figure 3.5.). They are native to the southeastern Himalayan and are widely used 

as a model organism in scientific research. Over the last decades, zebrafish have become 

an important model organism in many different areas of research, including developmental 

biology, genetics, toxicology, neuroscience, and cancer biology.  

One of the key advantages of using zebrafish as a model organism is their genetic similarity 

to humans. Zebrafish share many of the same genes with humans (~70 %), including genes 

that are associated with diseases like cancer and heart diseases.163 Additionally, zebrafish have 

a similar immune system to humans, making them a useful model for studying the immune 

response to pathogens and potential therapies for immune-related diseases. Another important 

characteristic of zebrafish is their ability to regenerate tissue. Unlike humans, zebrafish can 

regenerate damage or lost tissue,164–166 including fins,167 heart tissue,168–170 retina,171 and even the 

spinal cord. 172–175 

From the practical point of view, zebrafish are appreciated for several reasons: zebrafish 

are easy to breed and produce a large number of offspring (generally 100 – 200 per breeding),176 

providing the opportunity for high throughput analyses. Furthermore, housing and maintenance 

is cheap and does not require extensive housing space. Finally, the transparency of zebrafish 

embryos and larvae allows researchers to directly observe neural development and activity in real 

time.  

  

Figure 3.5. Image of adult female zebrafish.  
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3.4.1.1. Zebrafish as an Animal Model for Alzheimer’s Disease 

 Alzheimer's disease (AD) is a degenerative neurological disorder that progresses over time 

and impacts millions of individuals globally. It is characterized by the accumulation of abnormal 

protein aggregates in the brain, including amyloid beta plagues and tau tangles. These aggregates 

lead to the loss of neurons and consequential cognitive decline. Recent research has 

demonstrated the effectiveness of okadaic acid (OKA) treatment in developing a robust  

zebrafish model of AD.161  

OKA, a polyether fatty acid extracted from marine sponges, has gained widespread use 

in studies focused on neurotoxicity propagation across various animal models. 177–179 Specifically, 

OKA has been shown to selectively inhibit protein phosphatases PP1 and PP2A. By blocking 

PP2A in particular, along with activating several major phosphorylating pathways, OKA trigger 

the hyperphosphorylation of tau protein, ultimately leading to the formation of tau aggregates. 

Moreover, although the exact mechanism is not yet fully understood, OKA is believed 

to contribute to neurodegeneration via oxidative stress and the deposition of Aβ. 180–184 

Recent studies have shown that the use of OKA in zebrafish can successfully replicate many 

of the pathophysiological conditions characteristic of AD. In fact, zebrafish treated with OKA 

have proven to be a robust model for studying the molecular mechanisms underlying 

the pathophysiology of AD, as well as for drug discovery targeting this condition. This approach 

offers a cost-effective and time-efficient way to study AD, as the newly developed OKA-induced 

AD zebrafish model captures changes in both Aβ-fragments and p-tau protein,185 reflecting 

the hallmarks of this disease. 

In the final manuscript of this thesis, the OKA-induced AD zebrafish model was used 

to investigate the possible role of dopamine in AD. In addition, the OKA impact on behavioral 

changes in adult zebrafish was described.  
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CHAPTER 4. RESULTS AND DISCUSSION 

This chapter provides a summary of the seven scientific publications referenced at the start 

of this Theses. All of these manuscripts can be found in the Appendix section. 

4.1. Boron Doped Diamond and Nitrogen Incorporated Tetrahedral Amorphous Carbon 

Electrodes: A Critical Comparison of the Electrode’s Electroanalytical Performance 

(Appendix I-III) 

 The aim of the three enclosed manuscripts is to present a critical evaluation of the analytical 

performance of BDD and ta-C:N electrodes. To achieve this goal, a method for the determination 

of biologically significant compounds, namely tyrosine and tryptophan,1 isatin, 2 and pyocyanin, 3 

was developed using flow injection analysis (FIA) with amperometric detection at BDD  

and ta-C:N electrodes. The biological importance of each analyte is described in the respective 

manuscript. The analytical figures of merit for all analytes were determined and used for a direct 

comparison of the electrochemical performance of both electrodes. Additionally, as BDD  

and ta-C:N are new electrode materials, their results were compared with the historically popular 

GC electrode. The analytical performance of the electrodes was assessed, and the results presented 

in this chapter provide valuable insights into the applicability of BDD and ta-C:N electrodes 

in electrochemical sensing applications.  

 This chapter provides an overview of the results observed in the three manuscripts 

presented. The first manuscript provides a direct comparison between BDD, ta-C:N and GC, while 

the second publication is focused specifically on ta-C:N, and the third on BDD electrode, 

respectively. To avoid repetitive information, the following text is primarily focused 

on the comparison of the three electrode materials, with the utilization of tyrosine and tryptophan.  

The morphological comparison of both electrodes is shown in Figure 4.1. The SEM images 

illustrate that the BDD diamond film consists of numerous small, faceted crystallites with lateral 

dimensions of several hundred nanometers. The film is deposited uniformly over the Si substrate 

with a thickness of 2-3 μm. On the other hand, the ta-C:N film has a nodular morphology, 

with some larger carbon clusters measuring approximately 50 nm in diameter, and deposited 

continuously over the silicone substrate at a thickness of 200-400 nm. EDS analysis (not shown 

here) identified two bright features on the ta-C:N film, which were revealed to be adventitious 

Si particles picked up during handling and use of the film prior to obtaining the micrograph. 
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The roughness of the ta-C:N films is significantly lower, 10-100 times, than the surface roughness 

of the diamond film. 

Afterwards, the film microstructure was investigated using Raman imaging spectroscopy. 

Figure 4.2 displays a representative spectra (Fig 4.2A) and a series of 40 spectra (Fig 4.2B) that 

were recorded along a several micrometer-long line profile. Each spectrum shown in the line 

profile is the average of three spectra recorded at each location on the specimen. 

In the single spectrum, there are two discernible peaks. The first peak, which is located 

at 510 cm-1, is intense and appears above a wider scattering signal. The second peak, which is less 

intense and wider, is observed at approximately 950 cm-1. These peaks are attributed to the silicone 

substrate's first- and second-order phonon modes. Additionally, there is a broad peak that 

is observed around 1200 cm-1 and a sharp peak at around 1300 cm-1. The latter peak corresponds 

to the first-order diamond phonon, which is down-shifted from its expected position of 1332 cm-1 

seen in bulk, single-crystal diamond. The reduced peak intensity, peak broadening, and downward 

shift of the first-order line are all characteristic features of heavily boron-doped diamond films 

when compared to bulk diamond. 

 The shift of the first-order diamond phonon line towards lower wavenumbers is observed 

when the boron-doping level exceeds 1019 boron atoms cm-3. This shift is accompanied 

1µm 0.1µm 

Figure 4.1. SEM micrographs of (A) BDD and B) ta-C:N thin-film electrodes, both deposited 

on conducting Si substrates. Note the difference in scale bars on the two micrographs: 1µm 

for BDD and 0.1 µm for ta-C:N. Figure adapted from Appendix III.3 
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by increased scattering intensity at around 500 and 1225 cm-1. Additionally, significant scattering 

intensity is observed around 500 cm-1, alongside the first-order Si phonon, and around 1200 cm-1. 

The broad scattering at 500 cm-1 that tends to increase with boron doping level is believed to arise 

from the vibrational modes of boron dimers and pairs or clusters. The broad peak around  

1200 cm-1 is assigned to defects in the diamond lattice caused by high boron doping, possibly 

boron-carbon complexes. 

 Finally, a weak scattering intensity is observed near 1510 cm-1 in the spectrum, which 

is attributed to the presence of non-diamond sp2-bonded carbon impurities located at the interface 

between the diamond and Si substrate, and/or in some of the grain boundaries. This non-diamond 

Figure 4.2. Raman spectrum for a (A) BDD and (C) ta-C:N thin-film electrode and multiple 

spectra for (B) BDD and (D) ta-C:N recorded along a line profile in the center region of the film. 

The spectra were recorded using an excitation wavelength of 532 nm, 10 mW of power 

at the sample, and a 3-s integration time for each spectrum. In the line profile, 300 average spectra 

are presented over a linear distance of a few micrometers. Figure adapted from Appendix III.3 
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carbon arises from the disruptions in the diamond lattice caused by the high incorporation of boron 

atoms. 

The Raman spectra for BDD and ta-C:N film electrodes are shown in Figure 4.2B and C. 

The Raman spectrum is characterized by an asymmetrical band centered at approximately 

1520 cm-1. Two peaks are of particular interest in the spectra, corresponding to the sp3 carbon 

fraction and sp2 domains, respectively. The line positions are approximately at 1358 cm-1 (D band) 

and 1550 cm-1 (G band). The D band can be attributed to the disorder of the graphitic material, 

while the G band is attributed to the first-order phonon of graphite produced due to the stretching 

of sp2 carbon atoms in the rings. In ta-C:N films, sp2 sites typically exist as chains rather than 

aromatic rings. However, the incorporation of nitrogen in the films adjusts several carbon bonding 

configurations, resulting in a variety of structures as well as the promotion of the formation of sp2 

sites in the film. As a result, the peak position and shape of the Raman spectra change for ta-C:N 

films deposited with varying levels of incorporated nitrogen.186 Typically, an increase 

in the nitrogen flow rate leads to a more asymmetric and broader shape of the Raman band 

as a result of increased bond-angle and bond-length disorder. Another characteristic feature  

is the increasing ratio of the peak intensity (ID/IG), as well as the decrease of the G band position 

and the line width of the G peak with increasing nitrogen content.187 Nitrogen increases the number 

of sp2 sites and causes the clustering of existing sp2 sites in the ta-C:N films, leading to a reduced 

bond gap through graphitization.187–190  
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As mentioned earlier, low background current is one of the crucial electrode properties. 

An optimal electrode should exhibit a low background current and noise. Additionally, 

the background current should stabilize quickly upon the application of the detection potential. 

The data presented in Figure 4.3A confirms that ta-C:N electrodes exhibit lower background 

current and noise, particularly at potentials greater than 1.0 V, as compared to GC, and are 

comparable to BDD electrodes. It is important to note that this potential range corresponds 

to the detection range for the tryptophan and tyrosine. A very important trend is seen in this figure; 

the background current for GC significantly surpasses those for BDD and ta-C:N, especially 

at 1.4 V when an eight-fold difference is observed. Similarly, Figure 4.3B shows that the noise 

for BDD and ta-C:N are comparable, and considerably smaller than that for GC. At the higher 

potential (at 1.3 V and higher), the noise for BDD and ta-C:N is two times smaller than that for GC. 

It can be concluded that the background current and noise of BDD and ta-C:N electrodes are 

comparable even at high positive potentials and remain stable over time. This contracts with GC, 

where the background current and noise are expected to progressively increase with time, leading 

to lower signal-to-noise rations. Thus, these findings provide evidence that the electrochemical 

properties of ta-C:N resemble those of BDD rather than GC. 

 

Figure 4.3. Plots of the (A) mean background current and (B) noise for GC (■), BDD (●)  

and ta-C:N (▲) electrodes as a function of applied potential. Carrier solution = 0.2 mol L-1 

phosphate buffer (pH 7.4). Flow rate = 1 mL min-1. Figure adapted from Appendix III.3 
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 Following this, hydrodynamic voltammograms were conducted at the three electrodes 

to determine the optimal detection potential for both analytes and compare the kinetics of electron 

transfer. The results, as shown in Figure 4.4, indicated that both analytes had a steady-state current 

of approximately 1.2 μA at all three electrodes. However, there were differences in the rate 

of electron transfer for tyrosine among the electrodes, as evidenced by the variations in E1/2. 

Specifically, the E1/2 at GC was approximately 300 mV less positive than that at BDD, while 

the E1/2 at ta-C:N fell between these two values. This suggests that the oxidation reaction kinetics 

for tyrosine were the slowest at BDD and the fastest at GC, and that the microstructure 

of the carbon electrode had an impact on the oxidation response for this amino acid. In contrast, 

nearly identical E1/2 values of about 0.8 V were observed for tryptophan at all three electrodes, 

indicating similar oxidation reaction kinetics for this amino acid irrespective of the carbon 

electrode type and microstructure. Furthermore, the increase in current at 1.1 V for GC was due 

to surface oxidation and the initiation of water oxidation, whereas BDD and ta-C:N had less 

current from surface oxidation and higher overpotentials for water oxidation. 

 The hydrodynamic voltammetric study presented in this work indicates that the oxidation 

kinetics of tyrosine are fastest at the GC electrode, whereas they are slowest at the BDD electrode, 

as evidenced by the more positive E1/2 value for the latter. The kinetics of tyrosine at the ta-C:N 
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Figure 4.4. Hydrodynamic voltammograms for 100 mmol L-1 (A) tyrosine and (B) tryptophan  

in 0.2 mol L-1 phosphate buffer (pH 7.4) at GC (■), BDD (●) and ta-C:N (▲) electrodes. 

Flow rate = 1 mL min-1. Injection volume = 25 μL. Figure adapted from Appendix III.3 
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electrode fall between those of the GC and BDD electrodes, based on the E1/2 value. These findings 

suggest that the microstructure of the carbon electrode plays a significant role in the kinetics of this 

electroactive amino acid. In contrast, the kinetics of tryptophan are comparable at all three 

electrodes, as evidenced by the similar E1/2 values. It is worth noting that achieving the same level 

of electrode activity for GC requires pretreatment, which is not necessary for BDD and ta-C:N 

electrodes. The latter electrodes have weaker molecular adsorption due to sp3 carbon bonding, 

which is responsible for fewer surface carbon-oxygen functional groups and no extended  

π-electron system, both of which drive molecular adsorption on sp2 carbon electrodes. The ta-C:N 

electrode, despite having ~37% sp3 carbon content, is similar to BDD in terms of resistance 

to fouling and weak molecular adsorption, as demonstrated in this study. 

 Finally, the short-term electrode response reproducibility was investigated, followed 

by a construction of calibration curves (plots not shown). The determined figures of merit are sown 

in Table 4.1. The results indicate that ta-C:N has better detection performance than GC,  

and are comparable to BDD. The linear dynamic range for both tyrosine and tryptophan is more 

than 4 orders of magnitude with high correlation coefficients (R2 > 0.998) at all three electrodes. 

The short-term response reproducibility for both analytes at ta-C:N was excellent with 1-3% 

relative standard deviation over 30 injections (about 50 minutes of total analysis time). 

Although the nominal sensitivity for both amino acids was slightly larger at GC than at BDD 

and ta-C:N, this could be attributed to some adsorption of both amino acids on GC. In contrast, 

no adsorption is expected on BDD or ta-C:N, although this was not explicitly examined. 

Analyte Electrode 

Concentration 

range 

(µmol L-1) 

Slope 

(mA mol-1L) 
R2 [a] 

Minimum detectable 

concentration 

(mol-1 L) [b] 

Tryptophan 

GC 0.1 – 100 17.7 ± 1.0 0.9991 (2.51 ± 0.17) × 10-7 

BDD 0.08 – 100 16.7 ± 0.6 0.9989 (8.26 ± 0.72) × 10-8 

ta-C:N 0.08 – 100 12.4 ± 1.2 0.9989 (8.97 ± 0.89) × 10-8 

Tyrosine 

GC 0.1 – 100 18.6 ± 0.8 0.9997 (2.06 ± 0.19) × 10-7 

BDD 0.1 – 100 10.9 ± 1.3 0.9997 (9.52 ± 0.41) × 10-8 

ta-C:N 0.1 – 100 8.3 ± 0.2 0.9996 (1.20 ± 0.11) × 10-7 

Table 4.1. The parameters of the calibration dependences for the detection of tryptophan and 

tyrosine at GC, BDD and ta-C:N electrodes. 

[a] Linear regression correlation coefficient. [b] Minimum concentration detectable at S/N = 3. 

Data are reported as mean ± std. dev. (n = 3 electrodes). Table adapted from Appendix III.3 
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The minimum detectable concentration for both amino acids was as good or slightly lower  

for ta-C:N than for BDD and GC. The lower detection limits for tryptophan at BDD and ta-C:N 

were due to the lower noise at the detection potential. The same was observed for tyrosine at BDD 

compared to GC. 

In conclusion, these findings suggest that the ta-C:N electrode performs well 

in the amperometric detection of tryptophan and tyrosine. The electrochemical characteristics 

of ta-C:N are similar to those of BDD, as opposed to those of GC.  
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4.4. Optimized Sawhorse Waveform for the Measurement of Oxytocin Release in Zebrafish 

(Appendix IV)  

In this methodically oriented manuscript, 4 a fast scan voltametric waveform for detection 

of oxytocin was developed. Oxytocin is a nonapeptide hormone that serves as an endocrine 

chemical messenger, and affects a wide range of biological processes, including lactation,76 sexual 

behavior,191 social attachment,192 maternity care,78 etc. Furthermore, in the mammalian brain, 

oxytocin is known to influence the release of a variety of neurotransmitters, including serotonin,193 

dopamine,194 and GABA.195 However, the dynamics of oxytocin release on a relevant timescale 

in living tissue is not fully understood yet, and therefore creates a significant knowledge gap  

in its specific function in the neurotransmitter regulation system.  

 Currently, no real-time monitoring method for oxytocin release in the living brain 

is described in the primary literature. Existing methods for detecting oxytocin rely on sampling 

approaches, which have a limited temporal resolution on the order of minutes. Although 

electrochemical methods have the potential to detect oxytocin, electrode fouling is a common issue 

that poses a challenge to its detection. As mentioned in Chapter 3.1, the proposed redox reaction 

of oxytocin (Figure 4.5) leads to the formation of highly reactive radicals. This, in turn, leads 

to polymerization and adsorption on the electrode surface, causing electrode fouling. 96 To address 

this knowledge gap in the function of oxytocin in the neurotransmitter regulation system, 

it is critical to develop a sensitive, real-time detection method for oxytocin in living tissues such 

as the brain. 

 

Figure 4.5. the proposed oxidation mechanism of oxytocin oxidation at the tyrosyl moiety. 

R and R’ represents the remaining parts of oxytocin. Figure adapted from Appendix IV.4 
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In the manuscript presented in Apendix IV, a waveform optimized for the detection 

of oxytocin in zebrafish brain was developed. To address the above discussed electrode fouling, 

a significant effort was devoted to an implementation of a cleaning step into the waveform. 

In order to maximize the faradaic current arising from the oxidation of oxytocin, the following 

parameters were optimized: application frequency, switching potential, accumulation potential, 

and scan rate.4  

At physiological pH, oxytocin carries a positive charge. Therefore, the negatively charged 

electrode surface serves as a preconcentration step where the positively charged peptide 

accumulates. To investigate the impact of waveform frequency changes on oxytocin 

preconcentration, measurements were collected at selected frequencies, while keeping 

the remaining parameters constant at the values used by Calhoun et al.138 The resulting cyclic 

voltammograms and peak oxidation currents are presented in Figure 4.6A and B, respectively. 

The peak oxidation current decreased as the frequency and accumulation time increased, indicating 

that oxytocin preconcentrated at the electrode surface between scans. The negative shift in current 

observed during the holding potential may be due to factors such as the etching of the electrode 

surface and/or changes in the electric double layer from oxytocin adsorption. Further research 
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Figure 4.6. Waveform application frequency effects sensitivity to oxytocin. (A) Representative 

voltammograms for 3 µM oxytocin. (B) Peak oxidation current decreases with an increasing 

frequency (decreasing accumulation time, respectively). One-way ANOVA revealed 

a significant effect of frequency on current (p < 0.05). (n = 3 electrodes). Figure adapted from 

Appendix IV.4 
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is needed to identify specific contributions. However, the highest current was observed 

at a frequency of 3 Hz, providing the maximum time for oxytocin adsorption at the holding 

potential. Finally, a compromise between temporal resolution and sensitivity led to the selection 

of 5 Hz as the optimal waveform frequency. 

In the next step, the effect of switching potential on oxytocin current response 

was investigated in the range of +1.1 to 1.4 V. The obtained cyclic voltammograms revealed 

that the oxidation current increases with an increasing switching potential (data not shown). 

Therefore, the potential of +1.4 V was selected as the optimal switching potential. 

The accumulation (holding) potential is one of the most important key parameters in FSCV 

waveform development. Due to the nature of oxytocin molecules (positively charged), oxytocin 

is adsorbed onto the electrode surface while the potential is held in the negative values. 

The changes in the accumulation potential therefore affect the amount of adsorbed oxytocin, 

and consequently the measured anodic current. The holding potential from 0.0 to -0.6 V was 

investigated in this part of the study (Figure 4.7). As seen in Figure 4.7B, the peak current 

increased with more negative accumulation potential. Therefore, the potential of -0.6 V was 

selected.  
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Figure 4.7. Oxytocin voltammetric response is dependent on the accumulation potential. 

(A) Schematic representation of the waveforms used for investigation of the accumulation 

potential (from 0.0 to -0.6 V) on the oxytocin current response. (B) Representative 

voltammograms for 3 µM oxytocin. (C) Peak oxidation potential increases as the holding potential 

decreases (n = 3 electrodes). One-way ANOVA revealed a significant effect of accumulation 

potential on current (p < 0.05). Figure adapted from Appendix IV.4 
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To test whether the newly developed waveform overcomes the above-mentioned electrode 

fouling, electrode response over time was evaluated by administering repeated injections 

of oxytocin using flow injection analysis. 3 μM oxytocin was injected every 40 s, with a total 

of 10 injections (Figure 4.8A). In order to observe any significant changes in current, the evaluated 

faradaic current was normalized to the first injection (Figure 4.8B). The current vs time record 

for 10 consecutive injections, as well as cyclic voltammograms of the first and last injections 

of oxytocin revealed no significant change in peak current and/or voltammogram shape 

(Figure 4.8B, inset). The RSD for 10 injections was 3.19%, implying that the electrodes exhibited 

considerable stability when utilizing this waveform for detection of oxytocin. In addition, 

no discernible trend, indicating a gradual decline in signal over time, was observed. Hence, it was 

proven that the developed waveform for oxytocin detection did not cause fouling of the CFME 

surface when subjected to multiple oxytocin injections.  

 

Figure 4.8. Electrode stability. Electrode fouling resistance was determined by injecting 3 µM 

oxytocin every 40 seconds for 10 times. (A) Current-time responses to illustrate the stability 

of the response. (B) Normalized current (to the first injection) with SEM error bars. 

the RSD = 3.19%, and there is no significant difference between the first and the last injections. 

Inset: the CVs for the first and last injections. Figure adapted from Appendix IV.4 
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The calibration dependences were obtained in the concentration range from 0.4 to 10 mM 

under the optimized waveform parameters. The limit of quantification, obtained at S/N = 10, 

was 0.34 ± 0.02 µM. Importantly, a high degree of linearity (R2 = 9994) was obtained, which 

indicates that the optimized waveform can be utilized for a quantification of oxytocin release 

at low concentration.  

Finally, the developed FSCV method was used to measure light-evoked oxytocin release 

in living, whole zebrafish brains. The fish used in this experiment were genetically modified 

to express channel rhodopsin and yellow fluorescent protein on oxytonergic neurons. Figure 4.9 

shows an epifluorescence image of CFME in close proximity to oxytocinergic neurons, located 

in the preoptic nucleus of the hypothalamus.  

After placing the electrode, the brain was subjected to a 200 ms pulse of ~480 nm light 

from a xenon lamp source. The current time-trace profile (data not shown) detected a temporary 

increase, which was followed by a sharp decrease. The cyclic voltammogram was similar to those 

acquired by FIA, indicating that the current increase was due to oxytocin release. The average 

concentration of light-stimulated oxytocin release was determined to be 0.40 ± 0.04 nM (n = 3 

separate measurement locations in two brains). 

Interestingly, the plot (Figure 4.10) reveals that the stimulated release was superimposed 

upon transient oxytocin release events, with the current declining below the original baseline level 

 

Figure 4.9. Epifluorescence image of a whole brain from an adult OXT-Gal4; UAS-ChREYFP 

zebrafish (A) and brightfield image of zebrafish brain with approximate field of view (B). 

The white arrows indicate relative orientation. Imaging (A): Nikon E600fn epifluorescence 

microscope Plan Fluor 40X/0.80 NA water immersion objective. Figure adapted 

from Appendix IV.4 
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and dropping to a minimum at arounds 80 s before increasing again. The color plot current signal 

occurring after about 40 s resembled an inverse of the currents obtained at 30 s, which provided 

additional support for the idea that these currents originated from oxytocin. Multiple 

measurements were carried out in two additional brains, and analogous transient oxytocin release 

patterns were observed.   

To stimulate oxytocin release, the CFME was mechanically moved laterally ~5 µm over 

~0.5 s, a method that had previously been employed to evoke adenosine release in brain tissue. 

Figure 4.10. Stimulated and spontaneous OXT release in adult zebrafish brains. A and C, current 

time plots of light (A) and mechanically induced (C) OXT release. Inset, CVs of OXT confirm 

the identity of OXT. Stimulated release is short term and is superimposed over longer term OXT 

transient concentration changes. B and D, respective color plots of light- and mechanically evoked 

OXT release. Figure adapted from Appendix IV.4  
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A sharp increase in current was observed, indicating the occurrence of oxytocin release.  

Files were also collected in the absence of stimulation, and transient changes in oxytocin release 

were observed over the course of seconds.  While acknowledging the possibility that mechanical 

stimulation may induce the release of other electroactive compounds, it should be mentioned that 

sub-population oxytonergic neurons located in hypothalamus are known to be mechanosensitive. 

Therefore, it can be presumed that oxytocin is likely to co-occur with other tyrosine -containing 

peptides.  

Release of oxytocin from terminals that project to different brain regions, as well 

as somatodendritic release from oxytocinergic cell bodies and dendrites, is a well-established 

phenomenon in various species. The recorded current in zebrafish, given its location in the brain, 

could potentially originate from somatodendritic release or from axonal projections over short 

distances. It is crucial to investigate whether the observed transients result from the manipulation 

of the tissue (e.g., use of light for imaging) or occur spontaneously. 

 In conclusion, a novel waveform was developed in this study to optimize the measurement 

of oxytocin, a nonapeptide that plays a crucial role in various biological functions but presents 

measurement challenges due to fouling of the carbon-fiber electrode surface. Furthermore, 

oxytocin was successfully measured in zebrafish genetically modified to express channel 

rhodopsin and yellow fluorescent protein specifically in oxytocinergic neurons. The findings 

of this study demonstrate the ability to measure both stimulated and spontaneous oxytocin release. 

Future research should aim to validate this method in more complex species, such as rodents. 
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4.5. In situ Electrochemical Monitoring of Caged Compound Photochemistry: An Internal 

Actinometer for Substrate Release (Appendix V) 

Caged compounds are a class of molecules that can liberate a biologically active substrate 

by releasing a protective substrate upon exposure to light of sufficient energy and duration. 

A key challenge associated with this approach is the difficulty in quantifying the degree 

of photoactivation as in tissues or opaque solutions as the light reaching the desired location is 

obstructed. To overcome this challenge, an in-situ electrochemical method that leverages FSCV 

at CFME to determine the amount of caged molecule photorelease was developed.5 Using this 

approach, a precise delivery of a specific compound is possible, with a high spatial, and temporal 

resolution. This work represents a significant breakthrough in electrochemical monitoring of caged 

compound photochemistry in brain tissue, which could potentially facilitate analysis of neuronal 

function.  

In this work, a p-hydroxyphenacyl cage (pHP) was used as a protective cage for glutamate. 

The pHp class of cages provides high quantum yields and rapid release on a nanosecond timescale. 

Moreover, they can be converted into biologically benign 4-hydroxyphenylacet acid (4HPAA) 

via a deep-seated rearrangement of the caging chromophore (Figure 4.11). 4HPAA can be easily 

detected using FSCV, and distinguished from other biologically active compounds, 

such as monoamine neurotransmitters. Therefore, this approach provides an excellent candidate 

for targeted drug delivery with minimal side effects.  

  

Figure 4.11. Reaction mechanism of uncaging p-hydroxyphenacyl-based compounds. 

Figure adapted from Appendix V.5 
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 A previously published study has demonstrated that 4HPAA can be measured using 

FSCV.196 This study aimed to show that pHP based compounds could be used to measure 

the formation of 4HPAA. The goal of this part of the manuscript was to demonstrate 

that the resulting bioactive molecule (glutamate) can be quantified by liberating 4HPAA 

from the caged compound. A cyclic voltammogram of 4HPAA obtained by flow injection analysis 

and FSCV showed two well-resolved peaks, indicating the occurrence of two electrochemical 

processes. The first peak was around +1.23 V on the forward scan, while the second peak occurred 

at +1.12 V on the back scan. The electrochemical response to 4HPAA evaluated from the primary 

peak (at +1.23 V) was found to be linear from 10 µM up to at least 1000 µM, demonstrating 

the feasibility of quantifying the amount of photo-released 4HPAA. 

It is important to note that the electroactivity of the caged form of the compound was 

a concern, as it could complicate the interpretation of the electrochemical data. 

Despite this concern, it was still possible to distinguish between the two voltammograms. 

Cyclic voltammograms of 4HPAA and caged glutamate were obtained, and it was found 

that the oxidation peak of the 4HPAA did not interfere with any response correlated to caged 

glutamate oxidation. When subtracting the two cyclic voltammograms, a measurable signal 

proportional to the amount of 4HPAA formed by photo-uncaging can be derived. 

This demonstrates that the cyclic voltammograms for the two species are qualitatively different 

and result in characteristic voltammograms upon subtraction.  

Next, the artificial light artifact complication was addressed. It has been found that current 

generated by photons hitting the CFME surface produced a voltammogram similar to those 

of 4HPAA. To address this issue, the effect of subtracting the signal produced by photo activation 

of caged compound from the overall electrochemical signal was investigated. It was found 

that a large photo-induced current was observed even in the absence of caged glutamate 

and increases linearly with increasing exposure time up to 600 ms. The carried-out studies (more 

details in chapter Removing the artifactual light signal from the 4HPAA signal of Appendix V.) 

suggested that the light artifact can be removed from the overall electrochemical signal, and the 

remaining currents can be used to monitor the formation of 4HPAA.  

Up to this point, the study demonstrated the possibility of quantifying 4HPAA in a solution 

via the isolation of currents generated by photolysis. However, to achieve accurate quantification 

of 4HPAA, it is crucial to account for other electrochemically active species that may be present. 
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To address this issue, a microliter reaction vessel was developed (Figure 2, Appendix V), 

which enables a direct comparison between oxidation current that occur during photoreaction 

(using FSCV) and the actual concentration of 4HPAA release via photoreaction (determined using 

HPLC).  

The change in concentration of 4HPAA under different UV exposure times was determined 

by combining FSCV and HPLC. First, a light intensity independent curve was generated. 

The photo uncaging of caged glutamate was measured with FSCV as a function of exposure time. 

Subsequently, the sample solution was moved to HPLC-UV. In addition, the artificial light artefact 

was removed by the above discussed method. Two linear plots were constructed, which plotted 

current and 4HPAA concentration against exposure time. Combining these graphs yielded a third 

plot that directly related current to 4HPAA concentration. The direct quantification of 4HPAA, 

coupled with the knowledge that 0.95 molecule of 4HPAA are released for every molecule 

of glutamate, enabled the quantification of glutamate generated by photoactivation of caged 

glutamate. This method represented a more direct means of quantifying the release, biologically 

active glutamate, than actinometry. 

Finally, an experiment in a living zebrafish brain was performed to validate the newly 

developed method for in situ electrochemical detection of photoreleased 4HPAA. Following 

the brain dissection, the CFME and optic fiber were positioned in the telencephalon in close 

0.5 mm 2.0 mm 

A 

 

B 

Figure 4.12. The placement of the carbon-fiber working electrode and optic fiber  

in the telencephalon of zebrafish brain. Figure adapted from Appendix V.5 
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proximity (Figure 4.12). 1000 ms light pulses were applied to measure the current responsible 

for the above discussed light artifact. Then, the brain was perfused with 1000 µM pHp-glutamate 

in aCSF, and light (1000 ms in duration) was applied. A characteristic cyclic voltammogram 

reflecting the oxidation of 4HPAA (Figure 4.13A) proves the successful uncaging process in whole 

living zebrafish brain. In addition, the photo-released current vs. time plot showed a significant 

increase in current at the time of light exposure (Figure 4.13B). This increase in current can 

be attributed to the appearance of photo-released 4HPAA. After subtracting the photo-induced 

current, the resulting current was determined to be 1.23 ± 0.06 nA. This current corresponds 

to the formation of 21.1 ± 0.9 μM of 4HPAA and 22.2 ± 1.0 μM of glutamate. Lower signal 

was obtained for experiments carried out in whole brain, indicating a lower uncaging power 

of the system in opaque brain tissue. Nonetheless, this method provides proof-of-concept 

for in situ monitoring of caged compound photochemistry. 

The uncaging capacity of this method is powerful enough to release an amount of glutamate 

that exceeds its estimated extracellular concentration range. Furthermore, the amount of photo-

released glutamate can be controlled by adjusting the length of uncaging time and light intensity.  

A B 

 -0.4 V 

+1.3 V 

 -0.4 V 

0 s 

Figure 4.13. Representative data of 4HPAA detection in zebrafish whole brain after  

pHp-glutamate photo uncaging. (A) Color plot and (B) corresponding cyclic voltammogram are 

shown. 1000 µM of pHP-glutamate in aCSF was perfused through the brain for 30 minutes. 

Direction of the potential sweep is indicated by arrows.  Duration of light exposure: 1000 ms. 

Figure adapted from Appendix V.5   
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In conclusion, a new method for quantifying the degree of caged compound photolysis 

in situ with FSCV was developed.  This method is independent of the light source and depends 

only on the electroactivity of the photo-released cage. While further validation in higher species 

is needed, this method is expected to have broad applicability, particularly in cases where 

quantitation of photons is difficult. In future studies, adapting this method for in vivo application 

with a combined electrode, light-guide, and caged compound delivery method will be crucial 

for maximizing its utility. 
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4.6. Impaired Dopamine Release and Latent Learning in Alzheimer’s Disease Model 

Zebrafish (Appendix VI) 

 The aim of this publication is to describe the impact of OKA on adult zebrafish behavior 

and neurochemistry, and to investigate the possible role of dopamine in Alzheimer's disease (AD). 

To model AD, zebrafish were treated with OKA, and their behavioral and neurochemical changes 

were evaluated.6 

First, the latent learning paradigm was used to investigate the effect of OKA on zebrafish 

memory and cognitive function.197 the detailed information about the latent learning maze used 

in this learning paradigm, as well as the learning protocol,198 are described in Appendix VI. 

Figure 4.14 shows the representative heatmaps monitoring the movement of individual zebrafish 

(for chemically naive, vehicle and OKA-treated zebrafish). The analysis of the heatmaps revealed 

that OKA treated fish tend to spend the majority of their time in the blind-ended tunnel, close 

to the start box. This can be attributed to a lower motivation to shoal, and/or lower interest 

to explore the maze, possibly arising from anxiety. Next, the effect of the OKA treatment 

on zebrafish learning was examined. It was found that the treatment caused learning impairment 

in zebrafish. These results were in agreement with previously published literature reporting 

that OKA treatment induces learning and memory impairment in rats. 199–201  

Figure 4.14. the maze for latent learning (A). Heatmaps of zebrafish activity in the maze 

on the probe trial. (B) Chemically naive, (C) vehicle treated, and (D) okadaic acid treated fish. 

All fish were trained to the left tunnel. A heatmap of the location of the fish over 10 min trial. 

The colors represent the duration of time the fish spent in each pixel. Red indicates the longest 

time, while blue represents the shortest time. Figure adapted from Appendix VI.6  
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Next, the effect of OKA treatment on zebrafish learning was analyzed in this study 

(Figure 4.15). The correct tunnel, i.e. the tunnel that was opened during the training session was 

chosen by 86% of chemically naive and 92% of vehicle-treated fish (details about the fish training 

provided in Appendix VI, Experimental section), while OKA treated fish tended to choose 

the incorrect tunnel (56%). These findings support the hypothesis that OKA induced learning 

impairment in zebrafish. Numerous studies have reported that OKA treatment in rodents causes 

deficit in learning and memory. The ultimate mechanism for the cognitive decline in AD pathology 

had been identified as the inhibition of protein phosphatase 2A. 180 Given that OKA is a potent 

and selective inhibitor of PP1 and PP2A activity,202 these results are consistent with previous 

research that showed OKA-induced impairments in rodents. 

 A series of behavioral tests was further carried out, and the following behavioral 

parameters were evaluated: latency to leave the start box, time to reach the goal box, swimming 

velocity, moved distance, and freezing. A detailed description of the performed test and analyzed 

behavioral patterns are provided in Appendix VI.  

Figure 4.15. The percentage of individual fish choosing the correct and incorrect tunnel the first time 

they encounter this choice point when they come out of the start box during the probe trial. The fish 

treated with OKA tend to choose the incorrect tunnel compared to the naive and vehicle treated fish. 

Sample size n = 14 fish for each treatment condition. Figure adapted from Appendix VI.6  
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An example of behavioral oriented results can be described as freezing (immobility). 

Previous research has linked freezing with aversive or painful events,203 and anxiety-related 

behavior in zebrafish. 198,204,205 Figure 4.16 shows the freezing response of each group throughout 

the probe trial, confirming that OKA-treated fish displayed significantly higher immobility values 

than chemically naive and vehicle-treated fish. It is speculated that this increased freezing 

may be related to fear or fear-induce anxiety, potentially affected by dopaminergic impairment. 

Although the role of dopamine in fear and anxiety is often overlooked, recent evidence suggests 

that it may have greater significance in inducing anxious states, and is one of the most potent 

neurotransmitters modulating the underlying mechanism of fear and anxiety.206,207  

The second part of the study focused on the correlation between dopamine release 

and behavioral deficits. Electrically stimulated DA release in live brain harvested from zebrafish 

was measured using FSCV at CFME. The study found that zebrafish treated with OKA had 

significantly less dopamine release (one-way ANOVA with Tukey post-hoc analysis, p < 0.05, 

n = 14) than chemically naive and vehicle-treated fish (Figure 4.17). To investigate the possible 

effect of sex, the results were further analyzed by sex. However, no correlation was found 

between treatment condition and/or sex on evoked dopamine release. 
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Figure 4.16. Duration of time freezing during the probe trial is affected by the treatment 

condition. Fish treated with the OKA showed significant immobility as compared 

with the chemically naive and vehicle treated zebrafish (one way ANOVA with Tukey post-hoc 

test, p < 0.05, n = 14). *p < 0.05. Mean ± SEM are depicted in the chart. N = 14 fish for each 

treatment condition. Figure adapted from Appendix VI.6   
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Taken collectively, it has been found that OKA treatment causes major cognitive decline 

in adult zebrafish. Additionally, the observed deficiencies were accompanied by a decrease in  DA 

release levels. DA release in the dorsal striatum 112,208 and nucleus accumbens in rodents 209 play 

essential roles in motor control and learning. Hence, it was concluded that dopamine release plays 

a role in locomotion and cognitive impairment in this AD model organism.  

The study demonstrates the benefits of using zebrafish as a model organism for detecting 

neurochemical and behavioral changes in models of Alzheimer's disease (AD) and other 

neurological conditions. These benefits include improved efficiency in behavioral experiments 

compared to rodents, lower costs, and ease of neurochemical measurements. Thus, the research 

represents a promising advance towards the accurate detection of such changes using zebrafish 

models. Furthermore, this approach will be useful in future evaluations of therapeutic compounds 

with higher throughput for behavioral and neurochemical analyses. 

  

Figure 4.17. Effect of OKA treatment on evoked dopamine release. (A) OKA treatment has 

a significant effect on evoked dopamine release in zebrafish whole brains (p < 0.05, t-test, n = 14). 

(B) There was no significant difference in the DA release in male vs female zebrafish in each 

treatment group (p < 0.05, 2-way ANOVA, n = 7). p < 0.05. Mean ± SEM are depicted in the 

chart. Sample size n = 14 for each treatment condition. Figure adapted from Appendix VI.6  
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CHAPTER 5. CONCLUSION 

 In this Thesis, the utilization of carbon-based electrodes was discussed.  

The first part of this Thesis investigates the use of carbon-based electrodes and their 

electrochemical performance in detection of biologically significant compounds. The focus 

is on the microstructure-analyte relationship of two novel carbon materials, BDD and ta-C:N, and 

their comparison with GC. The electrode performance was compared via a development 

of electrochemical methods (FIA with ameprometric detection) for determination of tyrosine, 

tryptophan, isatin, and pyocyanin.  

The results show that both BDD and ta-C:N electrodes exhibit lower and stable background 

current and noise at high positive potentials when compared with GC, owing to their 

microstructural stability and low reactivity. Additionally, both electrodes are suitable for detecting 

electroactive compounds that require high positive potentials. The active ta-C:N and BDD 

electrode response is obtained without the time-consuming surface pretreatment that is necessary 

for GC activation. Furthermore, both BDD and ta-C:N exhibit good short-term response 

reproducibility for all analytes used (less than 5% RSD). Finally, when comparing the figures 

of merit for detection of tyrosine and tryptophan, BDD and ta-C:N provided significantly lower 

minimum detectable concentrations for both analytes than GC, due to their lower background 

current and noise. In conclusion, these findings suggest that BDD and ta-C:N electrodes hold 

promise for detecting biologically significant compounds and offer advantages over GC. 

In addition, the importance of a proper electrode material selection for a specific analyte of interest 

was highlighted.  

 

The second part of this Thesis was focused on a utilization of carbon-based electrodes 

in neuroscience.  

 First, a novel FSCV waveform for a detection of oxytocin was introduced. For ages, 

oxytocin was a challenge molecule to detect in real time. In this study, a method for detecting 

this neuropeptide with sub-second temporal resolution was developed. The focus of the research 

was to optimize individual parameters of the applied FSCV waveform, such as application 

frequency, accumulation potential, switching potential, and scan rate. The resulting waveform was 

able to prevent electrode fouling, which occurs due to the polymerization of the product  

of the redox reaction on the electrode surface. The calculated figures of merit showed 
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that the newly developed method is also highly sensitive. Moreover, the method was used to detect 

oxytocin in a living zebrafish brain and demonstrated the ability to measure both stimulated 

and spontaneous oxytocin release. 

 

In the next study, the CFME was employed to develop a novel approach for quantification 

of glutamate. Glutamate, unlike other commonly occurring neurotransmitters, can be neurotoxic 

at high concentrations, thus hindering its use in perfusion methods for studying its neural functions. 

Moreover, glutamate is not electrochemically active and, therefore, cannot be detected on bare 

electrodes without additional surface modification. 

To overcome these challenges, a unique concept that combined electrochemistry and light 

activation was introduced. The use of caged glutamate, a complex that enabled a precise delivery 

of glutamate to the telencephalon of zebrafish brain, was the key innovation in this work. 

Upon activation of the caged glutamate by light, an electroactive byproduct (4HPAA) was 

released, which could be measured using FSCV at the CFME electrode and used for quantification 

of photoreleased glutamate. 

Importantly, it has been demonstrated that 4HPAA can be easily detected and quantified 

in the telencephalon of whole zebrafish brain. Therefore, the feasibility of photo-delivering 

biologically active compounds in living tissues has been demonstrated by this work. This novel 

approach provided excellent spatial and temporal resolution, allowing for the precise delivery 

of a neurotoxic compound. Overall, this approach provides an innovative and powerful tool 

for investigating the functions of glutamate in the nervous system, which may ultimately lead  

to a better understanding of neurological disorders associated with glutamate dysregulation.  

 

In the final study presented in this Thesis, the CFME was utilized to investigate 

the correlation between dopamine and Alzheimer's disease. The study involved treating zebrafish 

with OKA to simulate the symptoms typical of AD patients, and conducting behavioral 

and electrochemical analyses. The results showed that OKA treatment caused significant cognitive 

decline, deficits in learning and locomotion, and a notable decrease in stimulated dopamine 

release. This research represents a promising step towards improved understanding of AD 

and provides an important tool for future evaluations of potential therapeutic interventions on both 

behavioral and neurochemical levels.  
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