Charles University

Faculty of Science

Study programme: Analytical chemistry

Mgr. Romana JaroSova, Ph.D.

CARBON-BASED ELECTRODES: FROM DETECTION OF BIOLOGICALLY
SIGNIFICANT COMPOUNDS TO APPLICATION
IN NEURODEGENERATIVE DISEASES

UHLIKOVE ELEKTRODY: OD DETEKCE BIOLOGICKY VYZNAMNYCH LATEK PO
APLIKACI V NEURODEGENERATIVNICH CHOROBACH

Doctoral Thesis

Supervisor: Prof. RNDr. Jifi Zima, CSc.
Consultants: Prof. RNDr. Jiri Barek, CSc.
RNDr. Hana Dejmkovéa, Ph.D.

Prague, 2023



I declare that all the results used and published in this doctoral Thesis have been
obtained by my own experimental work and that all the ideas taken from work of others
are properly referred to in the text and the literature survey. I am aware that the prospective use
of the results, published in this Thesis, outside the Charles University is possible only
with a written agreement of the university.

I also declare that neither this Thesis nor its significant part has been submitted in any form

for another degree or diploma at any university or other institution of tertiary education.

Lawrence, Kansas, USA Mgr. Romana JaroSova, Ph.D.

February 28™, 2023



This dissertation is based on experiments carried out in the period from 2014 till 2022
at Charles University, Faculty of Science, Department of Analytical Chemistry, UNESCO
Laboratory of Environmental Electrochemistry. The research fellowship in the laboratory
of Prof. Greg M. Swain at the University of Michigan, Faculty of Natural Science, Department
of Chemistry, East Lansing, Michigan, USA, was a significant part of the thesis. Finally, some
experiments were carried out under the mentorship of Prof. Michael Johnson, at the University

of Kansas, Lawrence, Kansas.



ACKNOWLEDGEMENTS

Where would I be, and what would I be without you?

I remember sitting in a library during my second year as a graduate student, and stumbling
upon a quotation from an old dissertation thesis: "Where would I be, and what would I be without
you?" At the time, I found it slightly pathetic, as the thesis was dedicated to the author's wife.
Little did I know that several years later, I would be writing my own acknowledgments and using
the same "pathetic" sentence, thinking about where I would be and what I would do without YOU.

YOU - Professor Jifi Zima. You have been my academic advisor, my mentor, the person
I could email at 2 a.m., telling you all about my concerns, self-doubts, or just having random
questions. You would always respond at 6 a.m., providing academic advice, and adding a joke
or a couple of warming words when you saw that I needed them. Without you, I would have
probably given up on this PhD journey. Looking back at my time in your lab, I may not have done
anything extraordinary, but [ always felt an unspoken support from you, and I knew that you were
there, ready to be my rock. This thesis would never exist without you, Professor Zima, so thank
you for all the bigger or smaller things you have ever done for me.

YOU, Professor Jifi Barek. Although you have never been my direct mentor, you have
dramatically changed my life. Thank you, Professor Barek, for the biggest opportunity of my life.
I would not be where I am today without the chance you gave me.

I do not have to go far from Lab No. 112 when thinking about all those people who have
directed me through my graduate school life. Dr. Hana Dejmkova is certainly one of the most
important people. Of course, there are many great mentors, but Hanka has also become my dear
friend, and I will always be thankful for her academic pieces of advice, as well as our friendship.

There are so many people in the Chemistry building who deserve to be acknowledged here!
Veronika Skalicka, Vasek Skalicky, Viktor and Marie Datkova - you all have helped me more than
you can even think, shared my happy moments, or listened to my problems, and I will always
remember those days with you all.

Lastly, I would like to thank my mom, dad, sister, husband, and all the people who have
helped me reach this point.

Thank you.



I would like to express my gratitude for the generous financial support provided by the
Ministry of Education, Youth and Sports of the Czech Republic, Specific University Research,
and Grant Agency of the Czech Republic (project P206/12/G151).



ABSTRACT

CARBON BASED ELECTRODES: FROM DETECTION OF BIOLOGICALLY
SIGNIFICANT COMPOUNDS TO APPLICATION IN NEURODEGENERATIVE
DISEASES

By

Romana JaroSova

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.



ABSTRAKT

UHLIKOVE ELEKTRODY: OD DETEKCE BIOLOGICKY VYZNAMNYCH LATEK PO
APLIKACI V NEURODEGENERATIVNICH CHOROBACH

Romana JaroSova

Uhlik je pozoruhodny prvek, ktery je nezbytny pro Zivot na Zemi, a jeho jedinené
vlastnosti ho ¢ini nezbytnou soucasti ohromné rozmanitého spektra aplikaci. Bez ohledu na to,
zda slouZi jako zdroj paliva nebo jako kli€ova soucast elektronickych zafizeni, schopnost uhliku
existovat v riiznych formach, kazdé s vlastnimi fyzikalnimi a chemickymi vlastnostmi, pfispiva
k jeho rozsadhlému vyuziti. Jednou z vyznamnych oblasti, kde uhlik nachédzi své uplatnéni,
je vyroba elektrod.

V této disertacni praci byly propojeny svéty zékladni a aplikované elektrochemie,
kde uhlikové elektrody hraji zdkladni roli. Prace pokryva SirSi spektrum; od zhodnoceni
mikrostruktury uhlikovych elektrod, jez je kritickym faktorem ovliviiujici elektroanalytické
chovani elektrod, az po vyuziti uhlikovych elektrod pro vyzkum spojeny s Alzheimerovou
chorobou.

Prvni ¢éast této disertacni prace se zameéfuje na porovnani rozdilnych strukturdlnich
a elektroanalytickych vlastnosti uhlikovych elektrod, s akcentem na borem dopovany diamant
a dusikem modifikovany amorfni tetraedricky uhlik. Zminéné elektrodové materidly byly pouzity
pro detekci biologicky vyznamnych latek, konkrétné tyrosinu, tryptofanu, pyocyaninu a isatinu.
Tato ¢ast prace poskytuje cenné poznatky o elektroanalytickém chovéni uhlikovych elektrod,
pfi¢emz zdiraziiuje dileZitost mikrostruktury elektrod pifi volbé vhodného elektrodového
materialu k detekci konkrétnich molekul.

Ve druhé¢ ¢asti byly uhlikové elektrody pouZzity pro vyzkum v oblasti neurovédy. Uhlikové
elektrody jsou kliCovym prvkem pifi studiu centrdlniho nervového systému s vyuzitim
elektrochemie, pfi¢emz uhlikové vlaknové mikroelektrody se staly zlatym standardem v této
oblasti. V této disertani praci byly identifikovany specifické problémy souvisejici s detekci
neurochemicky vyznamnych sloucenin, které byly nésledné feSeny s vyuZitim uhlikovych
vldknovych mikroelektrod. Vysledkem tohoto usili byl vyvoj dvou novych metod pro stanoveni
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a kvantifikaci oxytocinu a glutamatu v mozku Dénia pruhovaného. Konecné, uhlikové vlaknové
mikroelektrody byly pouzity pro studium zkoumajici potencialni roli dopaminu v Alzheimerové
chorobé¢, nacez byl popsan mozny vztah mezi kognitivnim ipadkem a zménami hladin dopaminu
v mozku. Tato ¢ast disertacni prace poskytuje cenné poznatky o praktickém vyuziti uhlikovych
elektrod v neurovédcich vyzkumech, ukazuje jejich potencial pii identifikaci a kvantifikaci

neurochemicky dilezitych sloucenin.
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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 [ — VII.

1. Jarosova, 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.

2. JaroSova, 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.

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.

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,

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.

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.

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. '

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),* 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.’ Finally, CFMEs
were employed in a unique study investigating the potential role of dopamine in Alzheimer's
disease. Inthe 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).°
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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.”!!

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 sp? carbon electrode microstructure and surface chemistry
significantly impact the heterogeneous electron transfer rate constant for certain redox systems
(e.g. Fe(CN)s*), often by orders of magnitude. However, this is not the case for all systems, such
as Ru(NH3)s"**2, indicating that the effect is highly dependent on the specific system being
studied.!? 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. 13718
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2.1. Glassy Carbon

Glassy carbon and graphite are the two most common representatives of sp>-bonded
carbon materials. Both materials are composed of carbon atoms that have both ¢ and m 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).

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)."’

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, efc. 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. 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. >>** Additionally,

the capacitance of the edge plane sites is greater than that of the basal plane sites.
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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. %2326

It is important to highlight that glassy carbon possesses electrons in both ¢ and & orbitals,
resulting in a relatively small band gap between the valence and conduction gaps and a high density
of electronic states. The existence of m 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.?>?*"3! 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.

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 ¢ 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
toa 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 10%° to 10?! cm™. 32 The large band gap
of diamond allows for optical transparency, which is particularly beneficial for transmission

spectroelectrochemical measurements. 3338

Boron doped diamond has become a popular choice for carbon electrode materials. 3374
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. +***¥ In contrast to GC, BDD
is morphologically and microstructurally stable, even at potentials higher than +1.4 V.

Additionally, due to the absence of m 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 sp?, and sp>-bonded carbon. The ternary phase

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

Sp 3 Diamond-like

sputtered a-C

graphitic C

Figure 1.2. Amorphous carbon ternary phase diagram. The corners represent graphite, diamond
and hydrocarbons. (Reprinted with a permission obtained from Elsevier).*’
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and sp>-bonded carbon and hydrogen content.**° The amorphous carbon electrodes used in this
Thesis contain a high percentage of tetrahedrally bonded sp? carbon, typically ranging from 40%
to 85%. In ta-C films, sp® hybridized atoms form a random network with neighboring atoms,
connected by strong ¢ bonds. Interdispersed among these sp> carbon regions are sp® carbon
domains that link them. These sp” sites form m 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 sp*>-bonded carbon sites, the ordering of sp sites, and the level of hydrogen content. The atomic
structure of ta-C has been previously described by Robertson et al.>! In this structure, each carbon
atom possesses four sp’ orbitals, which provide four strong ¢ bonds to neighboring atoms.
In contrast, when a carbon atom is in the sp? configuration, it forms three trigonal sp? orbitals that
generate three strong ¢ bonds in a plane, while the fourth electron is located in a p orbital that
creates a weaker m 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. >2°
Finally, nitrogen incorporation affects the sp?/sp® ratio, providing a direct means to fine-tune
the material properties through adjustments to sp® and sp® 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 sp>-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. 3¢-%! 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.
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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.®> ® The development of methods for detection of neurotransmitters in vivo
is acritical tool for studying and understanding the complex mechanism that govern
neurotransmission.

The traditional method of measuring neurotransmitter release involves microdialysis,®¢ %%
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.*%*"7> Additionally, the technique has been also used to study the effects of drugs
on neurotransmitter release.’!

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.”>’® 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.””"”° Finally, the hormone was linked
to stress regulation and anxiety reduction.’”-3°

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),’®*!"® neurodevelopmental disorders (e.g. autism spectrum disorder),3* 58

8990 and addiction.”’ However, the dynamics

and investigated for its role in substance abuse
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.”® 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.”® 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.”

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

1s 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. *7%

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

99-101 102-104

signaling has been linked to depression, anxiety, and schizophrenia.!®'” 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.’

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, 108110

Chemically, dopamine belongs to the catecholamine family of neurotransmitters, along
with norepinephrine and epinephrine. It is synthesized from the amino acid tyrosine, through

aseries 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

113-117 118

as Huntington’s disease,’"!'"!!2 Parkinson’s disease, and schizophrenia.

Despite

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

9

of cognitive and motor symptoms in Alzheimer’s disease remains unclear,''® 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.!?*"'?2 Despites of this unquestionable innovation, Adams used conventional cyclic
voltammetry with scan rates typically from 0.1 to 1 V s™!, 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,'” amethod 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, 12124126

As mentioned, FSCV is amethod 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.'?’

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.!?® 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 aresult, 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.'?* 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.
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For the typical dopamine waveform, 10 Hz frequency is commonly used, and the cycle is therefore
repeated every 100 ms.

A +1.3V
400 V/s
'04 V P e LA T »
8.5 ms 100 ms

B o NH, e .o O NH,
e
-

HO O
Dopamine

Dopamine o-quinone

Figure 3.1. (A) FSCV waveform for dopamine. (B) Dopamine is oxidized to form dopamine-
o-quinone and reduced back to dopamine.

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. 1** As a result, the background current is

2000
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Figure 3.2. FSCV detection of dopamine. (A) Background current with (red) and without (black)
10 uM dopamine. (B) Background-subtracted FSCV voltammogram for 10 uM dopamine.
A waveform from —0.4 to 1.3 V with scan rate of 400 V s at 10 Hz was applied to a 7 um carbon-
fiber microelectrode. Reprinted with permission from Royal Society of Chemistry.'**

27



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

current vs time

0.4V +14 nA
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+1.3V
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Os time 20 s

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 uM 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 (/ vs. ¢ trace). FSCV can be used for a real time measurement,

however, a manual background subtraction is required to display the redox currents properly.'*!

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 pm.!32°134
Due to their small surface area, they generate only small faradaic current, typically smaller
than 20 nA. and can be therefore used in atwo-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,'>>"37 however, carbon based microelectrodes became
the most commonly used electrode material used for FSCV applications.* 672124138141

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

used the electrode for adetermination of neurotransmitters (dopamine, norepinephrine,

Carbon-fiber

/

Glass sheath

Figure 3.4. SEM image of acarbon-fiber microelectrode. Obtained from Johnson lab,
University of Kansas.
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and serotonin) using normal pulse voltammetry.'*? CFMEs are popular for several reasons:
1) biological compatibility with the cellular environment, ii) well characterized electrochemistry,
ii1) low cost, iv) small size, (v) easy in-house fabrication. Typical size of CFMEs is between
5-10 um in diameter.'*® In this study, however, the 7 um (diameter) carbon fiber was used,
and the length of the electrode was kept between 50-150 pum. 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-VL.

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.!**" %’ 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.!3%1%

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

157159 and zebrafish.'®*1¢2 Each animal model has its unique

and rats), primates, Drosophila,
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 amodel 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.!®> 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, %1% including fins,'¢” heart tissue,'®*17° retina,'!”! and even the
spinal cord. 727173

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),!”®
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 ofneurons and consequential cognitive decline. Recent research has
demonstrated the effectiveness of okadaic acid (OKA) treatment in developing a robust
zebrafish model of AD.!®!

OKA, a polyether fatty acid extracted from marine sponges, has gained widespread use
in studies focused on neurotoxicity propagation across various animal models. 1”77 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 Ap. !80-184
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 AB-fragments and p-tau protein,'®

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-I1I)

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,' isatin, > and pyocyanin, *
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 pm. 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.

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: 1pm
for BDD and 0.1 um for ta-C:N. Figure adapted from Appendix IIL.’

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™!, is intense and appears above a wider scattering signal. The second peak, which is less
intense and wider, is observed at approximately 950 cm™!. 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™ and a sharp peak at around 1300 cm™!. The latter peak corresponds
to the first-order diamond phonon, which is down-shifted from its expected position of 1332 cm™!
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 10" boron atoms cm™. This shift is accompanied
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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.°

by increased scattering intensity at around 500 and 1225 cm™'. Additionally, significant scattering
intensity is observed around 500 cm™!, alongside the first-order Si phonon, and around 1200 cm™.
The broad scattering at 500 cm! 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™ 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™ in the spectrum, which
is attributed to the presence of non-diamond sp?-bonded carbon impurities located at the interface

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

35



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™. Two peaks are of particular interest in the spectra, corresponding to the sp> carbon
fraction and sp? domains, respectively. The line positions are approximately at 1358 cm™ (D band)
and 1550 cm™ (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 sp? carbon atoms in the rings. In ta-C:N films, sp? 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 sp?
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.!®¢ Typically, an increase
in the nitrogen flow rate leads to a more asymmetric and broader shape of the Raman band
as aresult of increased bond-angle and bond-length disorder. Another characteristic feature
is the increasing ratio of the peak intensity (/p/Is), as well as the decrease of the G band position
and the line width of the G peak with increasing nitrogen content.'®” Nitrogen increases the number
of sp? sites and causes the clustering of existing sp? sites in the ta-C:N films, leading to a reduced

bond gap through graphitization.'®"~'%
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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.
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Figure 4.3. Plots of the (A) mean background current and (B) noise for GC (m), BDD (e)
and ta-C:N (A) electrodes as a function of applied potential. Carrier solution = 0.2 mol L
phosphate buffer (pH 7.4). Flow rate = 1 mL min™'. Figure adapted from Appendix III.’
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Figure 4.4. Hydrodynamic voltammograms for 100 pmol L' (A) tyrosine and (B) tryptophan
in 0.2 mol L' phosphate buffer (pH 7.4) at GC (m), BDD (e) and ta-C:N (A) electrodes.
Flow rate = 1 mL min!. Injection volume = 25 pL. Figure adapted from Appendix II1.°

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 pA 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 Ei.
Specifically, the Ei» 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 Ei» 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 Ei» value for the latter. The kinetics of tyrosine at the ta-C:N
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electrode fall between those of the GC and BDD electrodes, based on the E1/» 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 E;/ 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 sp> carbon bonding,
which is responsible for fewer surface carbon-oxygen functional groups and no extended
ni-electron system, both of which drive molecular adsorption on sp? carbon electrodes. The ta-C:N
electrode, despite having ~37% sp> 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 (R? > 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.

Concentration S| Minimum detectable
Analyte Electrode range oPe R? [a] concentration
(mA mol'L)
(umol L) (mol' L) [b]

GC 0.1-100 17.7+ 1.0 0.9991 (2.51+0.17) x 107
Tryptophan BDD 0.08 -100 16.7+ 0.6 0.9989 (8.26 £0.72) x 108
ta-C:N 0.08 - 100 124+1.2 0.9989 (8.97 £0.89) x 108
GC 0.1-100 18.6£0.8 0.9997 (2.06 £0.19) x 107
Tyrosine BDD 0.1 -100 109+£1.3 0.9997 (9.52+£0.41) x 108
ta-C:N 0.1-100 83+0.2 0.9996 (1.20+£0.11) x 107

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 II1.3
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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, * 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,’® sexual

t,192 8

behavior,'”! social attachmen maternity care,’® etc. Furthermore, in the mammalian brain,

oxytocin is known to influence the release of a variety of neurotransmitters, including serotonin,'*?
dopamine,'** and GABA.!”> 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. °® 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.
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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 1V.*
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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.*

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.'*® 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 uM 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?
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isneeded 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 uM 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.*
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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 pM oxytocin was injected every 40 s, with a total
of 10 injections (Figure 4.8 A). 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.
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Figure 4.8. Electrode stability. Electrode fouling resistance was determined by injecting 3 uM
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,
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The calibration dependences were obtained in the concentration range from 0.4 to 10 uM
under the optimized waveform parameters. The limit of quantification, obtained at S/N = 10,
was 0.34 = 0.02 pM. Importantly, a high degree of linearity (R?> = 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.

Figure 4.9. Epifluorescence image of a whole brain from an adult OX7-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

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
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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 1V.*

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 forthe 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 um over

~0.5 s, a method that had previously been employed to evoke adenosine release in brain tissue.
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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.® 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.
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Figure 4.11. Reaction mechanism of uncaging p-hydroxyphenacyl-based compounds.
Figure adapted from Appendix V.
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A previously published study has demonstrated that 4HPAA can be measured using
FSCV." 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 uM up to at least 1000 uM, 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
aconcern, 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 tothe amount of4HPAA 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

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.’
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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 uM 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 uM of 4HPAA and 22.2 + 1.0 uM 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.
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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 uM 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.’

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.
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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.®

First, the latent learning paradigm was used to investigate the effect of OKA on zebrafish
memory and cognitive function.'’ the detailed information about the latent learning maze used
in this learning paradigm, as well as the learning protocol,'® 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. '9-201

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.
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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. ¥ Given that OKA is a potent
and selective inhibitor of PP1 and PP2A activity,2%? these results are consistent with previous

research that showed OKA-induced impairments in rodents.
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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.

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.
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An example of behavioral oriented results can be described as freezing (immobility).

203 and anxiety-related

Previous research has linked freezing with aversive or painful events,
behavior in zebrafish. 198204205 Figyre 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
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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.°

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.

55



vy

o
W
*

Ej_ =1[2i1|:1|e
1~ 0.2} -
X
1]
£
<
1, 0.1

0
Naive Vehicle OKA Naive Vehicle OKA

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 V1.

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

112,208 209

release levels. DA release in the dorsal striatum and nucleus accumbens in rodents

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.
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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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We report on the analytical performance of a tetrahedral amorphous carbon {ta-C:N) thin-film electrode
in flow injection analysis with amperometric detection. Two model redox analytes were used to evaluate
the electrode response because of their positive detection potentials and propensity (e, reaction
products) to adsorb and foul sp? carbon electrodes: tyrosine and tryptophan. ta-C:N electrodes are
attractive for electroanalytical applications because they possesses many of the excellent properties of
boron-doped nanocrystalline diamond (BDD) and they can be deposited at or near room temperature,
The results show that the ta-C:N electrade exhibits lower background current and noise than glassy
carbon (GC). The electrode was stable microstructurally at the positive potentials used for detection,
~11V, of these two aminc acids and it exhibited superior analytical detection figures of merit as com-
pared to GC and as good or superior to BDD. The linear dynamic range for both analytes at ta-C:N was
from 0.1 to 100 pmol L™ the sensitivity was 8-12 mA L mol™, the short-term response variability was
1-2%, and the minimum detectable concentration was 89.7 + 0.9 nM (18.3 g L™ or 0.46 ng) for trypto-
phan and 120 + 11 nM (217 ug L ' or 0.54 ng) for tyrosine. The analytical detection figures of merit for
these amino acids at GC and BDD are also presented for comparison as is characterization data for the
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1. Introduction

Liquid chromatography (LC) and flow injection analysis (FIA)
with electrochemical detection are versatile techniques used
for the determination of easily oxidizable or reducible
analytes." ® Major contributions have been made by Lunte and
colleagues over the years on coupling novel electrochemical
detection strategies to LC,® CE° and microchip-CE.”
Detection [imits for oxidizable analytes are generally sub-
picomole but are often higher for reducible analytes hecause
of interference by dissolved oxygen. There are three methods
of electrochemical detection used: amperometric, coulometric
and voltammetric."* The most popular of these heing ampero-
metric detection in a cross-tlow thin-layer electrochemical cell.
Typically, single electrodes are used in these measurements
but as Lunte ei al. have elegantly described, there are situ-
ations where dual electrodes” or combinations of voltammetric
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chemical composition and microstructure of the ta-C:N film.

and amperometric detection” are useful. Series, parallel-
adjacent and parallel-opposed are the most common dual-
electrode configurations® Each of these configurations has
been shown to improve the selectivity and extend the versatility
* That said, in practice, the
detector performance can vary widely with the analyte type,
the mobile phase or carrier solution composition, and the
electrode material.

Carbon electrodes have been routinely used for electro-
chemical detection for over five decades now. These include
glassy carbon, pyrolytic graphite and polyerystalline diamond.
Glassy carbon (GC) is attractive for electroanalysis because of
its chemical inertness, wide working potential window (at least
compared to many metals), good activity for a wide range of
redox analytes, and renewable surface.” Boron-doped diamond
(BDD) is another type of carbon electrode that performs well
in electrochemical detection often providing superior detec-
tion figures of merit compared with GC.'""™"* The basic electro-
chemical properties of BDD have been reviewed extensively in
publications dating back to the 1990s."*° In addition, BDD
can function as an optically transparent electrode for
transmission spectroelectrochemical measurements in the
UV/Vis'®?? and mid-IR*" regions of the electromagnetic spec-

of electrochemical detection.
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trum. The use of this carbon electrode makes possible novel
dual detection (electrochemical and spectroscopic) strategies
for complex analytes.

Another type of carbon electrode that shows promise in
electroanalysis is nitrogen-incorporated tetrahedral
amorphous carbon (ta-C:N}J.”>** Thin-film ta-C:N is diamond-
like and consists of a mixture of sp” and sp*-bonded carbon.
The hardness, optical properties and electronic structure can
be tailored from graphite to diamond by controlling the ratio
of non-diamond (sp?} to diamond (sp®} carbon atom bonding
as well as the hydrogen content in the film. Depending on the
deposition method, tz-C films can have high hardness
(~70 GPa}, a wide bandgap (~3.5 eV} and a high proportion of
sp®-bonded carbon (~80% max.}.”*** There is always some
residual sp”-bonded carbon in te-C.*>® This is important
because this carbon “impurity” increases the =n states in
the bandgap and thus influences the electronic properties of
the material ?*?%273%31 In other words, increasing the sp®
carbon content in ta-C films has the tendency to increase the
electrical conductivity. The sp® hybridized atoms form a
random network in which neighboring atoms are connected
by strong o bonds.** An sp® site forms tetrahedral ¢ bonds
with four adjacent atoms. This gives the material its
“diamond” character.** An sp® site forms trigonal ¢ bonds
with three neighboring atoms in a plane and a weaker = bond
normal to the plane.

The electronic properties of the thin-film ta-C can also be
altered by impurity incorporation. Nitrogen is a common
impurity incorporated during the film deposition. The
addition of N, by adding N, gas flow to the deposition
chamber, can have at least two effects. First, adding the
element dopes the film making it an n-type
semiconduector.”®™ Second, adding the element can increase
the amount of sp’-bonded carbon in the film, which adds
n electronic states in the bandgap.”>™’ Hence, nitrogen
incorporation also alters the electronic properties of ta-C
(ie., increases the electrical conductivity).

We recently reported on some of the basic electrochemical
properties of ta-C:N thin-film electrodes,”® and on the appli-
cation of this electrode in flow injection analysis with ampero-
metric detection for norepinephrine.”® The use of ta-C
electrodes in electroanalyis is an underexplored area of
research. There have been a few recent studies reported®*™*°
but the original papers were from Miller and co-workers back
in the 1990s.*>*? ta-C films are formed hy filtered cathodic
vacuum are or laser arc plasma deposition. The ta-C:N electro-
des investigated so far by our group have consisted of 40-60%
sp® carbon.”* Bven with this level of sp® carbon, the films
exhibit electrochemical properties more closely resembling
those of BDD rather than GC:*>**% excellent microstructural
stability, low background current and noise, weak molecular
adsorption and good activity for several redox systems without
conventional pretreatment. The electrochemical behavior of
the ta-C:N films bear some similarities to the nanocarbon
films reported on extensively by Niwa and co-workers.*™*® One
advantage of ta-C:N over BDD is that it can be deposited at or
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near room temperature on a wider variety of substrate
materials.

Two other advantages of ta-C:N electrodes, as compared to
GC, are the stability of the surface chemistry and micro-
structure over time at the positive potentials required for the
detection of difficult to oxidize analytes, and the fact that they
ean be used without conventional pretreatment because of a
resistance to fouling. The latter is time consuming and ean
add to the electrode response variability if not performed
carefully. The microstructural stability of ta-C:N at positive
potentials should lead to lower and more stable background
current and noise, as compared to GC.** At high potentials,
the GC surface will undergo oxidation and microstructural
alterations that will trend toward reduce signal-to-noise ratios
over time. In this paper, we report on an evaluation of the ta-
C:N electrode performance at high potentials for the detection
of two amino acids: tryptophan and tyrosine. These analytes
require potentials of 1 V, or greater, for detection and generally
have a propensity (i.e., reaction products) to adsorb on and
foul sp” carbon electrodes. Flow injection analysis (FIA) with
amperometric detection in a cross-flow, thin-layer cell was
used to evaluate the electrode performance in terms of the
detection figures of merit. Comparison detection figures of
merit are presented for BDD and GC. Given the fact that ta-C:N
films possess a mixed sp®/sp® carbon microstructure, an
important question is, does the film behave electrochemically
move like GC or BDD?

2. Experimental

2.1. Reagents

Stock solutions (0.1 mmol L™} of tryptophan {CAS no. 73-22-3,
>98%, Sigma Aldrich, USA} and tyrosine {CAS no. 60-18-4,
>98%, Sigma Aldrich, USA) were prepared by dissolving the
exact amount of the analyte in 0.2 mol L™ phosphate buffer
pH 7.4. The solutions used for generating the calibration
eurves were prepared by serial dilution of the stock solutions.
The carrier solution was the same phosphate buffer
prepared with 0.2 mol L™ K,HPO, and 0.2 mol L' KH,PO,.
The resulting buffer pH was 7.4. Both salts were high purity
(>98% pure, Sigma Aldrich, USA). All aqueous solutions were
prepared using ultrapure water (~18 M ohm em} from the
MilliQ plus system {Millipore, USA). Stock solutions were
stored in glass vessels in the dark at 5 °C when not in use.

2.2. Electrode preparation

Glassy carbon electrode. The glassy carbon (GC) working
electrode (GC-20, Tokai Ltd} was pretreated prior to use by a
three-step procedure. This involved polishing with successively
smaller grades of alumina powder (1.0, 0.3 and 0.05 pm
diameter). The powder was slurried with ultrapure water and
the polishing was performed by hand on separate felt polish-
ing pads. After each polishing step, the electrode was rinsed
copiously with ultrapure water and then ultrasonically cleaned
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for 10-20 minutes in ultrapure water to remove the polishing
debris.

Nitrogen-incorporated tetrahedral amorphous carbon elec-
trode. The ta-C:N film was grown on a boron-doped Si (111)
substrate  (Virginia Semiconductor, Fredericksburg, VA;
~107% . em) using Laser-Arc physical vapor deposition system
at the Fraunhofer Center for Coatings and Diamond
Technologies, Michigan State University. The technology is
based on laser-controlled, high-current cathodic vacuum arc
deposition.”®*’ In the process, a pulsed-laser beam is rastered
across a rotating high purity graphite target that serves as the
cathode. Each laser pulse generates a small localized plasma
that delivers free charge carriers for the arc discharge. The arc
discharge lasts only 125 ps before the laser triggers a new, stag-
gered plasma across the graphite cathode. This deposition
method produces highly ionized C atoms and small carbon
clusters that are accelerated toward the substrate (grounded
anode}. This process produces hard (30-60 GPa} and dense ta:
C films. The substrate-target distance was approximately
30 cm. The arc evaporation is associated with the emission of
macro particles originating from the cathode surface.*® The
particles can be incorporated into the growing film. The nitro-
gen-incorporated films were deposited in the presence of
N, gas at a flow rate of 30 sccm (ta-C:N) with a pulse rate of
350 Hz and a peak arc current of 1200 A. The substrate temp-
erature during the deposition was below 100 °C. This contrasts
with the 700-800 °C substrate temperature during typical CvD
diamond growth. The film growth rate was approximately
2-3 pm h™% The film (ML15122201) tested electrochemically
had a nominal thickness of ea. 200 nm, as determined by a
Dektak profilometer, with an electrical resistivity between
0.01-0.04 ohm cm (room temperature). The film had a
Young’s modulus (YM} of 270 GPa, which is reflective of an
sp® carbon content of ~37%. The sp® content tracks the YM
according to the following relationship, ~sp*% = YM/800.

A second ta-C:N film (ML1306301), also grown with 30
scem of N, flow, was used for XPS analysis. Survey seans were
performed to determine the O/C and N/C atomic ratios, depth
profiling was performed to determine the nitrogen level with
depth in the film and deconvolution of the C 1s peak was
performed to estimate the sp*/sp” carbon ratio.

Boron-doped diamond electrode. The boron-doped nano-
crystalline diamond (BDD) film (GMS040716 and GMS041416)
was deposited on a boron-doped Si (111} substrate (~10"° ochm
cm) by microwave-assisted chemical vapor deposition.
A 1.5 kW reactor from Seki Technotron was used for the
diamond growth. A 1% CHyH, source gas was used with
10 ppm of B;H. added for boron doping. The microwave
power was 800 W and the system pressure was 35 torr. These
conditions produced a diamond film that was ~2-3 pm thick
with a doping level in the low 10*' cm™ range, based on
Raman spectroscopic analysis," " and an electrical resistivity
of 0.01 ohm cm. At the end of the deposition, the CH, and
B,H, flows were stopped. The specimen was then cooled in the
presence of atomic hydrogen (plasma remained ignited with
only H} by slowly low lowering the power and pressure over a
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30 min period to reduce the substrate temperature to the
400 °C range. This post-growth cooling is essential for main-
taining a hydrogen surface termination and prohibiting
surface reconstruetion from sp* to sp hybridization.

As a final cleaning step, all electrodes were pretreated by a
20 min immersion in ultrapure isopropanol daily.*>** The iso-
propanol was purified by distillation and storage over activated
earbon. This ultraclean solvent cleans the surface and activates
the electrode by dissolving adventitious contaminants.

2.3. Material characterization

The boron-doped diamond and te-C:N film morphology was
examined using a field-emission scanning electron microscope
{JSM-7500F, JEOL, Ltd, Tokyo, Japan} at the Center for
Advanced Microscopy, Michigan State University. Images of
the ta-C:N films have been presented elsewhere.”*** An accele-
rating voltage of 10-15 kV was used with secondary electron
images generated. Raman spectroscopy was performed using a
Renishaw inVia Reflex spectrometer. The instrument consisted
of a confocal microscope connected to a continuous wave,
diode-pumped solid-state laser with a fundamental emission
at 532 nm. The sample was positioned under the laser light
using a motorized stage. The stage position was controlled and
spectral  data  acquired with commercial  software
{WiREInterface). This software allows for control over the laser
power, exposure time, spectral range covered, and stage posi-
tioning for mapping a sample. The parameters used were a
laser power of 10 mW at the sample and an integration time of
10 s. Each spectrum was generated from an average of 5 spec-
tral acquisitions at each point. A Leica (100x/0.85) objective
lens was used for focusing the excitation light and collecting
the scattered radiation. A 1800 lines per mm holographic
grating was used.

The XPS was performed courtesy of Kratos Analytical Ltd
using the Axis Supra™ instrument. The surface science station
was equipped with XPS and an Ar" gas cluster ion source for
depth profiling. The ion source was operated at 4 KV for the
depth profiling of the ta-C:N film. X rays were generated from
an Al/Mg Ka X-ray source and emitted photoelectrons were
analyzed using a hemispherical analyzer. The X-ray power was
600 W and seans were acquired over a 700 pm x 300 pm area.
The pass energy was 160 eV and the aequisition time was 120 s
per survey scan. The samples were analyzed as received after
evacuation to the base pressure of ~167'" Torr. A combined
Gaussian/Lorentzian lineshape was used to deconvolute the
C 1s and N 1s core level peaks. The low binding energy side of
the C 1s peak was fit first by adjusting the height and
half-width. Once that was done, additional components were
added based on knowledge of the different types of carbon-
oxygen functional groups and their respective binding energy
shifts from the base peak. Some survey scans, from which the
sp*/sp® carbon ratio was determined, were recorded using a
Perkin Elmer Phi 5600 ESCA system with a Mg Ka X-ray source
at a take-off angle of 45°,

Fitting of the C 1s core level peak was used to determine
the sp® carbon atom content in the film according to literature
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Fig. 1 Diagram of the thin-layer, cross-flow flow cell for the FIA
measurements.

procedures.”® The peak was fit to the two main components,

284.6 eV for sp” carbon (graphite) and 285.4 eV for sp® carbon
(diamond). Since the sensitivity factor for the XPS core-level
spectra depends only on atomic factors and is independent of
the chemical state of the atoms, it should be the same for the
two peaks.” The sp’ carbon content was then estimated as the
ratio of the sp’ carbon peak area to the total C 1s peak area.

2.4. Flow injection apparatus

The flow injection analysis system consisted of Alltech HPLC
pump (Model 3012, Grace) and a six-port injection valve Model
7125 (Rheodyne) with 25 pL injection loop, connected to the
home-made, thin-layer flow cell. The flow cell was a cross-flow
design as shown in Fig. 1. This is similar to the design used in
prior work.**7 The electrochemical flow cell consisted of a
two-piece Kel-f body with the top piece having entrance and
exit ports for the carrier solution and a port for the no-leak
Ag/AgCl reference electrode (Dionex). A stainless tube on the
exit port served as the auxiliary electrode. The working elec-
trode was placed between the bottom and top piece of the cell
with a thin rubber gasket defining the flow channel. Electrical
contact was made using a thin piece of copper foil placed
against the back side of the electrode (conducting Si sub-
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strate). The area of the working electrode was defined by a rec-
tangular channel (1.05 % 0.1 x 0.1 ¢cm) cut out of the rubber
{neoprene) gasket. This gives rise to a cell volume of ~10 pL
assuming no compression of the gasket when the cell is
tightened. Electrical noise was reduced by placing the cell
inside a Faraday cage that was electrically grounded. All
measurements were made using a Model 832A electrochemical
work station (CH Instruments, USA).

3. Results and discussion

Raman and EELs data for ta-C:N films similar to the one used
herein have been reported previously.®* Fig. 2A shows an XPS
survey scan for a ta-C:N film deposited with 30 sccm N, Three
major peaks are present for C 1s (285.0 eV), N 1s (395.0 eV)
and O 1s (532.6 eV). The O/C atomic ratio was 0.162 and the
N/C atomic ratio was 0.094 in this particular film. These deter-
minations are based on known sensitivity factors for C, O and
N. This film was exposed to the atmosphere for a lengthy
period of time prior to the analysis so this is the reason for the
relatively high O/C ratio. We have not studied this yet but it is
likely that the ta-C:N films will pick up oxygen over time when
exposed to the atmosphere. A shown below, this oxygen exists
in the near surface region of the film and not the bulk. The
C 1s spectrum is asymmetrically shaped with broadening on
the high energy side of the peak due to the presence of C-O
and C-N functional groups. The C 1s peak was fit to four com-
ponents: 284.66 eV (65.55% area), 285.91 eV (24.75% area),
287.46 eV (6.44% area) and 288.65 eV (3.26% area). The
284,66 eV pealk is assumed to be associated with sp* bonded
carbon (e.g., graphite) and the 285.91 eV peak is assumed to
be associated with sp® bonded carbon (e.g. diamond).>*"° The
sp® carbon was estimated to be 25%. This is lower than the
38% content determined from the Young’s modulus. The XPS
method for estimating the Sp3 carbon content is most accurate
when there is little C 1s peak area from higher binding energy
components arising from surface functional groups (ie.,
carbon-oxygen). For this film, about 10% of the total C 1s
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Fig. 2 XPS (A) survey spectrum for a ta-C:N thin film deposited in the presence of 30 sccm N3 on a Si substrate and (B) depth profiling data for C 1s,
O 1s, N 1s and Si 2p through the film. Ar* sputtering at 4 kV was used for the profiling.
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peak area was associated with these functional groups.
Therefore, we suppose that the 25% sp” carbon content is an
underestimate and it is probably closer to the 38% value.

The N 1s peak was deconvoluted and fit to three com-
ponents with the following areas: 398.56 (39.11%), 399.91
(52.73%) and 401.41 (8.16%). This result suggests that the N in
the film exists in three different chemical environments.
According to Rodil et al.*® the peaks are assigned to N bonded
to sp? carbon (398.56 eV), CN triple bonds (399.91 eV) and
N-sp” carbon (401.41 eV). By way of comparison, the peak at
398.6 eV has been assigned to pyridinic-like N and the peak at
401.8 eV to graphitic N in nitrogen-doped carbon nanotubes.*

Fig. 2B shows XPS depth profiles recorded for the ta-C:N
film using 4 kV Ar™ sputtering. The sputter depth is apparent
but this particular film appears to be thicker than most others
deposited under these conditions, ca. 200 nm. The C atomic
concentration is constant with depth at about 93%. The Si con-
centration begins to increase once the substrate is reached.
The N atomic concentration is constant at ~6% through the
film. The O atomic concentration is less than 1% through the
film. These results indicate that the nitrogen content is
relatively constant with depth in the ta-C:N film. The 6%
atomic concentration corresponds to ~60 000 ppm (6 at% -
10000 ppm) or 2.6 x 10** atoms N cm .

Fig. 3 shows visible Raman microprobe spectra for one of
the BDD films used in the work. Both BDD films were
deposited using the same conditions and therefore exhibited
identical Raman spectral features. Similar spectra were
acquired in the five quadrants probed on this film reflective of
a uniform microstructure across the substrate surface.
Multiple peaks are seen in the spectrum at 519, 1137, 1215,
1321 and 1510 cm '. These spectral features are consistent
with the film being heavily boron daped.” **°® Far heavily
boron-doped films, the first-order diamond phonon line shifts
from 1332 em™ ' to lower wavenumbers with increasing horon
concentration. This shift is typically accompanied by increases
in scattering intensity at cz. 500 and ca. 1225 em L*® 74 In
these spectra, the diamond phonon peak is shifted down to
1321 em™". The 519 ecm ' peak (Si phonon mode) is actually
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Fig. 3 Raman spectra recorded at different quadrants on a boron-
doped nanocrystalline diamond (GMS040716) thin-film electrode
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superimposed on broad scattering intensity centered at
ca. 500 em™". The presence of the Si substrate peak is consistent
with a thin diamond film. The broad scattering at 500 cm™'
dominates the spectrum at all positions. Given that this inten-
sity increases with boron doping level, this peak has been
assigned to the vibrational modes of boron dimers®" * and
pairs or clusters.®* The 1215 cm™"' peak has been assigned to
defects in the diamond lattice brought about by the high
boron doping, possibly boron-carbon complexes.’>*® The
1137 em™" peak has been assigned to polymeric sp* carbon
species in the grain boundaries.®® Finally, the 1510 em™' peak
is caused by some non-diamond carbon that becomes more
prominent with increasing boron concentration.”%°

Ideally, an electrode used for electrochemical detection
should exhibit low background current and noise (standard
deviation of the mean background current), and the back-
ground current should quickly stabilize after application of the
detection potential.®®®” In order to obtain this information,
0.1 mol L ' phosphate buffer pH 7.4 was used as the carrier
solution and different potentials from 1.0 to 1.4 V vs. Ag/AgCl
were applied to the working electrode for 30 min periods.
Fig. 4 shows the background current and noise (mean values)
recorded for GC, BDD and ta-C:N electrodes. The data were
obtained at the end of a 60 min measurement period.
Importantly, this is the potential range where tryptophan and
tyrosine are detected. It can be seen in Fig. 4A that the back-
ground current (notice the scale is pA) for GC starts to become
significantly higher than that for BDD or te-C:N. This is
especially noticeable at 1.4 V, a potential at which an 8x differ-
ence exists. A similar trend is seen for the noise as a function
of potential. In Fig. 4B, it can be seen that the noise for GC
becomes significantly larger than BDD and ta-C:N starting at
1.2 V. This difference grows at 1.3 and 1.4 V. At 1.4 V, the noise
for GC is 2.5x larger than BDD and ta-C:N. The BDD and ta-C:
N electrodes exhibit comparable responses in terms of back-
ground current and noise at these positive potentials, and they
are stable with time. This is different from the trend expected
for GC. At these positive potentials, the background current
and noise are expected to progressively increase with time
leading to reduced signalto-noise ratios.”® This is just one
example showing that the electrode properties of ta-C:N are
more like those of BDD rather than GC.

In order to determine the optimum detection potential for
tyrosine and tryptophan, hydrodynamic voltammograms were
recorded over a potential range from +0.5 to 1.3 V at all three
electrodes. Fig. 5 shows resulting hydrodynamic voltammo-
grams for 100 umol L * (A) tyrosine and (B) tryptophan in
0.2 mol L™" phosphate buffer (pH 7.4) at GC, BDD and ta-C:N
electrodes. Steady-state currents of ce. 1.2 pA are seen for both
analytes at all three electrodes. There are differences in the
rate of electron transfer for tyrosine (Fig. 5A) at the three elec-
trodes as evidenced by the differences in Ey;. The Ey;, at GC is
~300 mV less positive than at BDD. The £,;, at tg-C:N falls in
between these two values. These results indicate that the
oxidation reaction kinetics for this amino acid are the most
sluggish at BDD and the most rapid at GC. The microstructure

2076, 141, 60316041 | 6035

80



Charles University on 11/8/2020 1:47:09 AM.

Published on 07 September 2016, Downloaded by

View Article Online

Analyst

Paper

16 - m GC H
12' e BDD ]
< | 4 taCN |
® gl _
£ . ]

O
4+ =
L a
o & ] : » A -

1 n 1 L " L 1

25+ m GC "

[ e BDD 1

20 -

< A ta-CN |
c n

2 15 F 3

2 | |

20l 2

5 " & .

o1 & ¢ B ]

1 " n 1 n | " 1

1 1
1.0 1.1 1.2 1.3 14
Potential (V vs. Ag/AgCI (3M KCI))

1
1.0 1.1 1.2 1.3 1.4
Potential (V vs. Ag/AgCI (3M KCI))

Fig. 4 Plots of the (A} mean background current and (B) noise for GC (m), BDD (@) and ta-C:N (A) electrodes a function of applied potential from
+1.0 to 1.4 V. Carrier solution = 0.2 mol L * phosphate buffer {(pH 7.4). Flow rate = 1 mL min .

= | - | = 1 = | * 3.0 L | r — &= 1 ¢
16 —m—GC &k - —m—GC L
—e— A g ]
+ —e—BDD antiigeee | 24 —e—BDD U
Z12f —A—taCN 4" & 1 T [ —A—ta-CN / 1
< m .‘/ / —18 | .F... il
Bos| / £ J 1 8 anfilan |
5 | A | S12t ‘.;l o
mA g - /}“ 1
04 / / ./ - 06 L .‘ i
| | ' Py | . '{{
/a’ o L 4
a9
00 i ?‘f‘l“f 1 L 1 " 1 A- ] DO C "?‘- | 1 1 1 1 |B i
04 06 08 10 12 14 04 06 08 10 12 14

Potential (V vs. Ag/AgCI (3M KCI))

Potential (V vs. Ag/AGCI (3M KCI))

Fig. 5 Hydrodynamic voltammograms for 100 pmol L * (A) tyrosine and (B) tryptophan in 0.2 mol L * phosphate buffer (pH 7.4) at GC (l), BDD (®)
and ta-C:N (A) electrodes. Flow rate = 1 mL min". Injection volume = 25 pL.

of the carban electrode clearly has an impact on the oxidation
response for this amino acid. In contrast, nearly identical £y,
values of ~0.8 V are seen for tryptophan at the three electrodes
(Fig. 5B). This indicates similar oxidation reaction kinetics for
this amino acid regardless of the carbon electrode type and
microstructure. The increase in current at 1.1 V for GC is due
to a combination of surface oxidation and the onset of water
oxidation. BDD and ta-C:N have less current from surface
oxidation and higher overpotentials for water oxidation.**

Fig. 6 shows the short-term response reproducibility for 30
injections of 100 pmol L™ tryptophan at (A) GC, (B) BDD and
(C) ta-C:N electrodes. Similar data were obtained for tyrosine
at the three electrodes (data not shown). The optimum detec-
tion potentials, selected based on the maximum signalto-
I.mml . ih

background, kg, ratios were 0.90, 1.00 and 1.05 V for

the three electrodes, respectively. Good reproducibility is seen
for all three electrodes over this short-term period of sample
injection. Table 1 presents quantitative data for the reproduci-
bility ( peak height) at the three electrodes. Excellent reproduci-
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bility is seen at all three electrodes with relative standard
deviations in the 1-2.5% range. All three electrodes provide
reproducible responses for both amino acids with no significant
differences between them. No evidence for any electrode fouling
was observed at any of the electrodes under these conditions.
This is particularly surprising for GC.

Fig. 7 shows replicate injections (3x} of different con-
centrations of (A) tryptophan and (B) tyrosine at a ta-C:N elec-
trode. The concentrations injected ranged from 1 to 0.1 umol L™
in 0.2 mol L™" phosphate buffer (pH 7.4). Reproducible signals
are seen at each concentration and the peak height increases
proportionally with the concentration injected. The signal-to-
noise ratio at the lowest concentration injected, 0.1 pmol L',
is ~4 and ~3 for tryptophan and tyrosine, respectively.

Fig. 8 shows log-log plots of the detector responses for (A)
tyrosine and (B) tryptophan at all three electrodes. Good line-
arity is seen for both analytes at all three. Over the con-
centration range from 0.1 to 100 pmol L7, linear regression
correlation coefficients are high ranging from 0.9989 to
0.9997. Clearly, the linear dynamic range for all three
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Fig. 6 Short-term (~40 min) response reproducibility over 30 injections of 100 umol L

* tryptophan in 0.2 mol L * phosphate buffer (pH 7.4) for {A)

GC, (B) BDD and {C) ta-C:N electrodes. Flow rate = 1 mL min . Injection volume = 25 pulL.

Table 1 Optimum detection potentials and short-term response repro-
ducibility (30 injections) for tryptophan and tyrosine detection at GC,
BDD and ta-C:N electrodes

Tretection Reproducibility

Analyte Electrode Potential [V] [RSD %]
Tryptophan GC 0.95 1.81

BDD 1.05 za1

ta-C:N 1.00 1.23
Tyrosine GC 0.90 2.14

BDD 1.20 2.48

ta-C:N 1.10 0.92

electrodes is at least 4 orders of magnitude. Similar current
magnitudes and slopes are seen for both analytes at the three
electrodes. Table 2 provides a summary of the linear dynamic
range, regression analysis correlation coefficient, sensitivity
and minimum concentration detectable (signal-to-noise >3)
for each of the analytes at the three electrodes. Tt can be seen
that the slopes of the response curves are slightly higher for
both analytes at GC, ~18 mA L mol™". Slightly lower slopes
were observed for BDD and ta-C:N, but nominally by less than
a factor of 2. This difference may be due to some adsorption
on GC, which likely does not occur on BDD or ta-C:N.** The
minimum concentration detectable {(Cpn) with GC was

This journal is © Tne Roval Saciety of Chemistry 2016

2.5 %10 " mol L' (51.1 pg L' or 1.3 ng) for tryptophan and
2.1 x 107 mol L' (37.3 pg L' or 0.93 ng) for tyrosine.
Crmin values were 2-3x lower for tryptophan at both ta-C:N and
BDD. Cyin for tryptophan with BDD and te-C:N was (avg.) 8.3 *
107" mol L™ (16.9 pg L™ or 0.42 ng) and 9.0 ¥ 107* mol L™’
(18.4 pg L' or 0.46 ng), respectively. Cpn, values were also
2-3x lower for tyrosine at both BDD and ta-C:N. Cpy, for
tyrosine with BDD and ta-C:N was 9.5 % 10 ® mol L*
(17.2 ug L', 0.43 ng) and 1.2 x 1077 mol L™" (21.7 pg L,
0.54 ng), respet.tnely.

4. Discussion

ta-C:N thin-film electrodes are of interest for electroanalysis
for several reasons. First, these electrodes possess many of the
excellent attributes of BDD electrodes and they can be
deposited near room temperature. The number of potential
substrate materials is therefore greater given the milder depo-
sition conditions. Even with an Spa carbon content on the
order of 37%, the ta-C:N electrode exhibits properties more
closely aligned with BDD than with GC. These include low
background current, wide working potential window and weak
molecular adsorption.” The present FIA-EC data further
confirm this. The background current magnitude and noise,
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L™ phosphate buffer (pH 7.4) for injected concentrations from 0.1 to

100 pmol L™ at GC (W), BDD (®) and ta-C:N electrodes (A). Flow rate = 1 mL min™". Injection volume = 25 pL.

Table 2 The parameters of the calibration dependences for the detection of tryptophan and tyrosine at GC, BDD and ta-C:N electrodes

Concentration

Minimum concentration

Analyte Electrode range (pmol L ) Slope (mA mol ' L) B* detectable? (Cppin, mol L )
Tryptophan GC 0.1-100 17.7 + 1.0 0.9991 (2.51+0.17) % 10 *

BDD 0.08-100 16.7 1 0.6 0.998% (826 + 0.72) x 107°

ta-C:N 0.08-100 124112 0.9989 (8.97 £ 0.89) x 107°
Tyrosine GaC 0.1-100 18.6 + 0.8 0.9997 (2.06 + 0.19) x 1077

BDD 0.1-100 10.9+1.3 0.5997 (952 + 0.41) % 107

ta-C:N 0.1-100 83202 0.9996 (120 £ 0.11) % 1077

“Lincar regression correlation coelficient. ® Minimum concentration detectable at §/N = 3. Trata are reporied as mean + std. dev. (1 = 3 cleetrodes

of each Lype).

especially at potentials positive of 1.0 V, are lower for ta-C:N
than for GC and are comparable to BDD.*® What we did not
investigate in this work is the stability of the background
current and noise at the three electrodes over longer periods of
time at the positive detection potentials. Based on prior
results,”® a progressive increase in the background current and
noise for GC with time at potentials positive of 1.2 V is
expected while the current and noise should be stable with
time (multiple hours) for BDD and ta-C:N.

6038 | Analyst, 2018, 141 6031-6041

Second, good electrochemical activity is seen for the ta-C:N
electrode without the time-consuming pretreatment that is
typically necessary to activate GC.2***% The te-C:N and BDD
electrodes used in this work were only pretreated by soaking in
ultrapure isopropanol. In contrast, GC was pretreated by mech-
anical polishing plus the isopropanol soak. Additonally, the
ta-C:N electrode had been used for many measurements prior
to these so it had an extensive past history. Even so, the elec-
trode exhibited an active response for these two amino acids
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similar to what is only achieved at freshly activated GC. Using
these electrodes in FIA-EC analysis means less frequent elec-
trode removal for pretreatment, recalibration and revalidation.
The hydrodynamie voltammograms reveal that the electrode
kinetics for tyrosine are most rapid at GC and slowest at BDD
based on the more positive Ey, at the latter. The kinetics at
ta-C:N fall in between these two electrodes based on the . It
is clear the kinetics for this electroactive amino acid are sensi-
tive to the microstructure of the carbon electrode. In contrast,
similar electrode kinetics are observed for tryptophan at all
three electrodes based on the similarity of the E,, values. This
level of electrode activity for GC would not have been possible
without pretreatment. BDD and ta-C:N electrodes typically
exhibit good electrochemical activity without conventional
pretreatment. Maintenance of the high activity results because
the electrodes are less susceptible to molecular adsorption
than is GC because of the sp® carbon bonding. These electro-
des have no extended n-electron system and fewer surface
carbon-oxygen functional groups; both of which drive mole-
cular adsorption on sp® carbon electrodes. Even with the
~37% sp’ carbon content, ta-C:N electrode resembles BDD in
terms of weak molecular adsorption® and resistance to
fouling based on the results presented herein.

Tryptophan and tyrosine are electroactive amino acids that
can be oxidatively detected sp* carbon and metal
electrodes.®®** There are also examples of using BDD films
and nanowires for the detection of tyrosine and
tryptophan,” " tyrosine derivatives®>*" and peptide and
proteins containing these amino acids.®™*! There is published
work showing that the simultaneous voltammetric detection of
tryptophan and tyrosine at BDD and BDD nanowires is poss-
ible with detection limits in the low micromolar range.”””®
Selective detection is possible given the slight different redox
potentials of the two amino acids. The oxidation potentials for
these amino acids strongly depend on the electrochemical
conditions namely the pH and carbon electrode material. It is
generally easier to oxidize tryptophan than tyrosine, and
Ep* for both shifts negative with increasing solution pH. The
electrooxidation of both compounds proceeds initially by a
one or two-electron transfer reaction to produce reactive inter-
mediates that can undergo further reaction to form polymeric
films that can passivate the electrode.”®’%"*7* No evidence
was observed for any fouling of the ta-C:N or BDD electrodes,
as expected. More interesting is the fact that no fouling was
observed for GC at least under the conditions employed in this
work.

Overall, the detection figures of merit for ta-C:N are
superior to GC and as good as BDD. The linear dynamic range
for both tryptophan and tyrosine was at least 4 orders of mag-
nitude (R* > 0.998} at all three electrodes. The short-term
response reproducibility for both analytes at ta-C:N was 1-3%
RSD over 30 injections {about 50 min of total analysis time).
The nominal sensitivity for both tryptophan and tyrosine at
GC was slightly larger than the sensitivity at BDD and ta-C:N.
This could be due to the fact that there is some adsorption of
both amino acids on GC. No adsorption is expected on BDD or

This journal is © The Royal Society of Chemistry 2016
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ta-C:N, although this was not explicitly studied. The minimum
concentration detectable (Cy,,) for both amino acids are 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 arise
from the lower noise at the detection potential. The same
holds true for tyrosine at BDD compared to GC.

There is little published data on the FIA-EC or LC-EC detec-
tion of these two amino acids at BDD and none for ta-C:N elec-
trodes. Ivandini et al®® reported on the FIA-EC and LC-EC
detection of the peptide, leucine-enkephalinamide, and its
metabolites, including tyrosine, using a BDD electrode. The
linear dynamic range for tyrosine was from 0.06 to 30 pmol
L™ with a limit of detection (S/N = 3} of 3 nM. In another
recent paper describing the HPLC-EC analysis of multiple
bioanalytes using a BDD electrode,®” the authors report mass
limits of detection (S/N = 3} of 0.06 ng for tryptophan and
1.6 ng for tyrosine. Our Cpy, values are slightly higher for
tryptophan at BDD (0.42 ng) and ta-C:N (0.45 ng). The authors
reported mass limits of detection (S/N = 3} of 1.6 ng for
tyrosine. Our Cp;, values are lower for both BDD (0.43 ng} and
ta-C:N (0.54 ng).

5. Conclusicns

Overall, the results indicate that the te-C:N electrode functions
well in the amperometric detection of tryptophan and tyrosine.
The electrochemical properties of ta-C:N resemble those of
BDD more so than those of GC. The following conclusions can
be reached based on the results presented.

1. At potentials positive of 1.0 V where tryptophan and tyro-
sine are oxidatively detected, the ta-C:N electrode exhibits low
and stable background current and noise that are significantly
lower as compared to GC. Like BDD, the lower background
eurrent and noise result from the microstructural stability and
low reactivity of the ta-C:N electrode.

2. The oxidation potential of tyrosine is slightly more
positive of the oxidation potential of tryptophan at all three
electrodes. The E,, for tyrosine is sensitive to the carbon
electrode type and microstructure with the most positive value
seen at BDD (~1.0 V) and the least positive seen at GC
{~0.70 V). The E,, at ta-C:N (~0.82 V) falls in between. In con-
trast Ey, for tyrosine at all three electrodes is similar (~0.75 V).

3. The ta-C:N electrode is suitable for the detection of
electroactive amino acids that require positive potentials for
detection. The active ta-C:N electrode response is obtained
without the time consuming surface pretreatment that is
necessary to activate GC.

4. The linear dynamic range for both tyrosine and trypto-
phan all three electrodes is at least 4 orders of magnitude
from 0.1-100 pmol L™ (R* > 0.998). The short-term response
reproducibility of both amino acids at all three electrodes is
1-3% RSD.

5. Lower minimum detectable concentrations are found for
tryptophan (0.42 and 0.45 ng) and tyrosine (0.43 and 0.54 ng)
at ta-C:N and BDD electrodes, respectively, as compared to GC

Analyst, 2016, 141, 6031-6041 | 6039
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(1.3 and 0.93 ng}. The lower detection limits result from the
lower background current and noise of the tz-C:N and BDD
electrodes.
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Abstract: Isatin is an endogenous indole compound in
humans and rodents that has a wide range of biological
activity. In rat models, isatin concentrations have been
shown to increase in the heart, brain, blood plasma, and
urine with stress. Studies on patients suffering from
Parkinson’s disease have indicated a correlation between
progress of the disease and urinary output of the
molecule. Isatin is electrochemically active and can there-
fore be detected with electrochemical techniques. In this
work, we compared the performance of a nitrogen-
incorporated tetrahedral amorphous carbon (ta-C:N) and
a boron-doped nanocrystalline diamond thin-film elec-
trode for the oxidative detection of this biomolecule using

Keywords: Isatin - boron-doped diamond electrodes -
amperometric detection

1 Introduction

Indoles are heterocyclic organic compounds that have
diverse and wide-ranging biological activity and proper-
ties. Some of these properties include anti-inflammatory,
antibacterial, anticonvulsant, and antioxidant properties
[1,2]. They are made up of a two-ring (bicyclic) structure
containing a six-carbon (benzene) ring fused to a five
membered nitrogen-containing ring (pyrrole). Isatin (Fig-
ure 1 below) is an indole found endogenously in humans
and rodents [3-5]. It is a modulator of different biochem-
ical processes and a neurochemical regulator in the brain.
Isatin has been detected in blood, urine, and tissue
samples in mammals. Highest concentrations in the brain
are found in the hippocampus and cerebellum [6]. In the
rat, highest concentrations are in the vas deferens and
seminal vesicles with levels in the heart somewhat higher
than in the brain [6]. Isatin is also shown to have
prominent behavioral and metabolic effects. Of these,
isatin can act as an inhibitor of monoamine oxidase
(MAQ) B [5-9]. Monoamine oxidase (MAQ) B inhibitors
have been used as antidepressants in symptom relief
treatment for patients with Parkinson’s disease. It can also
act as an inhibitor of atrial natriuretic peptide (ANP)
receptor binding and ANP-stimulated guanylate cyclase
activity [10,11]. Notably, isatin concentrations in urine
samples of patients with Parkinson’s disease have been
shown to increase with the severity of the disease [12,13].
Isatin could also serve as an indicator of stress and
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flow injection analysis with amperometric detection. The
measurements were performed in 0.1 phosphate buffer
pH 7.2. The ta-C:N electrode, like boron-doped nano-
crystalline diamond, exhibits some excellent properties for
electroanalytical measurements including (i) low back-
ground current and noise, (ii) microstructural stability at
positive detection potentials, and (iii) good activity for a
wide range of biocanalytes without conventional surface
pretreatment. The results reveal that both electrodes
exhibit a linear dynamic range from 100 to 0.1 pmol L. !, a
short-term response variability 3-4 % RSD (30 injec-
tions), a sensitivity of 18 mA M?, and a limit of detection
(S/N=3) 0f 1.010 "molL * (14 ngmL * or 2.5 fmol).

tetrahedral amorphous carbon electrodes - flow injection analysis and

anxiety. In rat models, isatin concentrations have been
shown to increase with stress in the heart, brain, blood
and urine [14,15]. The detection of isatin therefore is
potentially important for assessing stress levels in humans
and rodents, and diagnosing the progress of maladies like
Parkinson’s disease.

Isatin is electrochemically active, which means it can
be detected voltammetrically or amperometrically. There
is limited literature reporting on the electrochemical
detection of this biomolecule. One key paper by Diculescu
et al. reported on the electrochemistry is isatin using
cyelic, square wave, and differential pulse voltammetry
with a glassy carbon electrode [16]. Xu et al. reported on
HPLC-EC analysis of isatin and other monoamine neuro-
transmitters [17]. The authors used a palladium hexacya-
noferrate-modified glassy carbon electrode for detection.
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gue 128 4, Czech Republic
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Fig. 1. Chemieal structurs of Eatin.

The analytical method was applizd to the fosasuratisnt of
izatitt in Patkinsonian rats A detection litnit of 25x
18 *mall ' (M 3 was found. Bawnann st al. used
HPLC-ESI-IM5 to athalyzs the metabolistn of non-labelad
and radiolabeled isatin [L8]. Elsctrocherical oxidation
was used to predict metabolites found in tissues. Thers
has also been work reporting on the detection of isatin in
serutn, uring and tissus saroples using gas chrotoatogr aphy
with mass spectrometty [19,20]. HPLC with UV absorp-
tion detection has also been reported for isatin analysis
[21]. Sotatmer et al. developed and applisd a fluorescence-
bagzd shEymatic assay to quantify isatin in hlood sataplas
[22]. The key snzytne is isatin hydrolase. A detection Lt
of 3x10 * molL ' (S 2 was reported and the method
was applied to a 3wl plate format.

Owrerall thets has been litndted work using elsctro.
chemical dstection for the analysis of isatin, Thersfors,
the objective of the project was to investipats the
detaction of isatin in stahdard solutions using o
injection analyas with ataperometric detection. Teo new
catbon elactrodes were cotopated: boron-doped hato-
crystalline diamond and nitrogen-incorporated tetrahedral
amarphous carbon, These two catbon slectrodes exhibit
somme sicellent properties and offsr good sensitivity,
reproducibility and stability for analytes such as amino
acids [23], serotonin [24] and phartnaceutic als [25]. Botot-
doped diamond has been used sxtensively and ressarched
for two decades how, atd i3 well knewn for it excellent
proparties such as a low stabls back ground cutrent, a wids
working potential window, weak molecular absorption
and tesistance to electrods fouling, and good micro-
structural stahility during the imposition of high currents
and potentials [26-28]. Howevet, this carbon material
requires high temperatures for prowth (70800 °C),
which lirnits the types of substrates that can be coated. In
contrast, ta-CI electrodes have many of thess propatrties
and can be deposited at or near room temperature (<
LK ).

wivivie beetroanal wisibey-ve hode
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2 Experimental Meth ols

FIA Spsters and Electrochemical Detection Cell. A home-
built flow injection analysis (FLAY systetn was used in the
tneasuraments [23-25]. The carrier solution flow was
regulated with an Alltech IModel 33 HPLC pump
(Grace). Samples were manually injected into the carrier
solution for transport to the flow cell using a six-pott
injection valve (Model 7125 (Rheodynedy with a 25-pL
injection loop. A Modsl LP-21 pulse dampener was placed
i saries between the putmp and the injecton valve to
reduce putnp noise (How Quctuations). The entire system
was electtically grounded and the slectrochemical detec-
tioh oell was housad in a prounded Faraday cage to reducs
alectrical noiza, The hotne-tnade, cross-flow alectrochatn-
ical detection cell was constructed with two pieces of Kel-
f [23-25). The top piece contained the sntrance and exit
ports for the carriet solution and a port for the no-leak
A s pT] pird teference electrode (ETO72-1, eDd ). The
it port was fitted with a short piece of stainless stesl
tubitig (~& ¢t it lenpthy that served as the countet
glectrode. The bottom pisce suppotted the borof-doped
dianond and to-CN working electrodes. Electrical con-
tact was made to thess slectrodes with a thin pisce of
clean copper foil placed apainst the backside of the
slectrode (conducting 51 substrate). The backside of the 5i
substrate was first lightly sanded with fine 5C paper,
wiped clean with isopropanol and a cotton awab, and
coatad with cathon from a graphite penc priot to tfoaking
chmic comtact with the copper foi. A Glon thick
naoptens fubbet gaskst separated the swface of the
wotking slecttodes from the top pisce of the cell A
tectanpular groove (1lanxdlemx3dland was man-
ually cut out of the tubber (heoprened gasket to define
the flow channel. Assuming no compression of the gasket
when the two pieces of the cell are clatnped togther, the
cell volume is estimated to be ~10 pL. No siperiments
ware patformed to actually measure this volutne,

Priot to the initial uss, the boron-doped diatnobd or
the to- TN thin-filin electrods surface was cleansd with
ultrapure isopropatol (23nin soaky and drisd with N,
The isopropanol was purifisd by storape over activated
catbon for one week followed by distillation. The two
pieces of Kel-f and the soft neoprens rubber gaskst were
also cleansd with the ultrapure isopropanol and dried
with I, When in use, the working electrods surface was
cleaned while roounted in the fow cell by flowing through
a atnall volutne of ultt apurs isopropatol.

Potentials were controlled and currents measured
usitg a Model 8234 slectrochernical workstation (CH
Inatrutnents, USAy The catrier solution was 01 moll !
phosphate buffer (pH 7.2} prepared with a mixture of
G2moll ' sodium phosphate monobage (NatLPO,, IT.
Eaker) and 32moll ' sodium phosphate dibasic (Ma,
HP,, Jade Scientifich. A stock solution (3.1 ol L '3 of
isatin (Signa Aldrichy was prepared by dissolving the
exact amount of the analyte in @2moll ' phosphate
buffer pH 7.2, The solutions used for penerating the
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calibration curves were prepared by serial dilution ol the
stock solution. All aquecous solutions were prepared using
ultrapure water (~18 Mohm-cm) from a Barnstead E-
Pure system (distilled, deionized and passed over acti-
vated carbon). The stock isatin solution was stored in a
glass vessel in the reflrigerator when not in use. The
electrolvte solution was purged with N, for ~15 min prior
to a mecasurcment and blankected with the gas during a
measurement to minimize the contribution of dissolved
OXygen.

Nitrogen-incorporated tetrahedral amorphous carbon
thin-film electrode. The 1a-C:N [ilm was grown on a
boron-doped Si (111) substrate (Virginia Semiconductor,
Fredericksburg, VA; ~10 °Q-cm) using a Laser-Arc
physical vapor deposition system at the Fraunhofer Center
for Coatings and Diamond Technologies (MSU). The
method is based on laser-controlled, high-current cathodic
vacuum arc deposition [29,30]. In the process, a pulsed-
laser beam is rastered across a rotating high-purity graph-
ite target that serves as the cathode. Each laser pulse
generates a small localized plasma that delivers free
charge carriers for the discharge. The arc discharge lasts
only 125 ps before the laser triggers a ncw, staggered
plasma across the graphite cathode. This discharge con-
sists of ionized C atoms and small carbon atom clusters
that are accelerated toward the substrate (grounded). This
process produces hard (30-60 GPa) and dense la-C [ilms.
The substrate-target distance is approximately 30 cm. The
conducting Si substrate is rotated during the deposition to
promote uniform film depoesition. The arc evaporation is
associated with the emission of particulates of carbon
originating from the graphite drum {ie., cathode surlace)
|31]. These particulates can be incorporated into the
growing film and will enhance the film roughness. The
nitrogen-incorporated film was deposited in the presence
of N, gas at a flow rate of 30 scem (ta-C:N), a pulse rate of
350 Hz and a peak arc current of 1200 A. Increased levels
of added N, in the chamber lead to increased nitrogen
incorporation into the films and increased clectrical
conductivity [32-35]. The substrate temperature during
the deposition was below 100 °C. This contrasts with the
~800°C substrate temperature during a typical CVD
diamond growth. The film growth ratc was approximatcly
2-3 um/h. The film used in this work had a nominal
thickness in the 200-300 nm range, as detcrmined by a
contact profilometer (Dektak), and an electrical resistivity
between 0.01-0.04 ohm-cm {room temperature). The [ilm
exhibited a Young’s modulus (YM) of 270 GPa, which is
reflective of an sp® carbon content of ~37 %. The sp’
content gencrally tracks the YM according to the follow-
ing relationship, ~ % sp® = YM/800.

Boron-doped diamond thin-film electrode. The boron-
doped nanocrystalline diamond (BDD) thin film was
deposited on a boron-doped Si (111) substrate (~
10~* ohm-cm) by microwave-assisted chemical vapor dep-
osition (CVD). A 1.5kW reactor from Seki Technotron
was used for the diamond growth. A 1% CH./H, source
gas was cmployed with 10 ppm of B,Hy added for boron
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doping. The microwave power was 800 W and the system
pressurc was 35 torr. The apparcnt substrate temperature
during the deposition was ca. 825 °C, as measured with a
disappearing lilament optical pyrometer. These deposition
conditions produced a diamond film that was ~2—4 pm
thick with a doping level in the low 10* ¢cm™ range, based
on Raman spectroscopic analysis [36-38], and an electrical
resistivity of <0.01 ohm-cm. At the end of the deposition,
the CH, and B,H flows were stopped. The specimen was
then cooled in the presence of atomic hydrogen (H,
plasma) by slowly lowering the power and pressure over a
30-min period to reduce the substrate to an estimated
temperature below 400°C. This post-growth cooling is
essential [or maintaining a hydrogen surlace termination
and minimizing surfacc reconstruction from an sp® to sp’
hybridization. The XPS oxygen-to-carbon atomic ratio
alter this post-treatment is typically <0.03.

3 Results

Cyclic Voliammelry Siudies. Figure 2A shows that both
the oxidation and reduction peaks increase in magnitude
proportionally with the scan rate. Plots of i, vs. scan raie’”
shown in Figure 2B reveal that both redox reactions are
dilfusion controlled based on the response linearily (R*>
0.998). The currents for the oxidation peak at 1.0 V are
larger than those for the reduction peak at —0.63 V. This
is due to the fact that the oxidation peak is superimposed
on a rising background current due to the onset of water
oxidation. No background correction was used when
measuring the peak magnitude. For a glassy carbon
electrode, it has been reported that the oxidation peak
current decreases with scan number at a given scan rate,
which has been attributed to surface adsorption of isatin
oxidation reaction product(s) [16]. For diamond and ta-
CN clectrodes (latter data not shown), no such peak
current decrease was observed so the adsorption of
reaction product(s) (i.e., fouling) appears minimal. The
clectrochemical response of isatin involves the two redox
processes at diamond similar to that reported for glassy
carbon [16]. The two redox reactions are distinet as isatin
can be both oxidized and reduced. The following redox
rcactions have been reported for glassy carbon and we
presume the same reactions are occurring at both
diamond and ta-C:N [16]:

OH
N
Sle /1H (1)
. H,0 2 i
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H
N
o
o
OH

H
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o
H
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Flow Injection Analysis Measurements. Figure 3A and
B show plots of the mean background current, determined
from the last 3 min of a 30-min recording, and the noise
(standard deviation about the mean for the 5-min current
data} for the nanocrystallme diamond and ta-C:N electro-
des as a funchon of the applied potenhal from 0.1t0 13V
vs AgiAgCl. These data were obtained in the thin-layer
flow cell with a flowing carrier solution of 0.1 molL™
phosphate buffer, pH 7.2. One of the advantages of both
ta-C:IN and diamond electrodes for the measurement of
analytes that require positive potentials for detection is
fheir microstmctural stability [23-25]. Normally, sp* car-
bon electrodes experience oxidation processes at positive
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potentials that lead to surface roughening and micro-
structural alterations. These structural changes generally
cause Increasing and dnfting background currents and
noise with time. ta-C:N and diameond electrodes are not
plagued by thesse problems [23-25]. Recall that the
oxidation potential for 1satn in this buffer 18 ~1.0'V. The
background currents for both electrodes stabilized quickly
after application of the potential. This rapid stabilization
time is a characteristic feature of ta-C:N and diamond
thin-film electrodes. Data are presented for single electro-
des of each type so no statistical analysis was performed.
In fact, the behavior of these two electrodes is very
consistent with data reported for other te-C:N and
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Fig. 4. Hydrodynamic voltammograms for 100 pmolL ' isatin in 0.1 molL ' phosphate buwifer (pH 72} at a (A} boron-doped
nanocrystalline diamond and (B} ta-C:N thin-film electrode. Flow rate — 1 mLmin . Injection volume — 25 pL. Data are presented as

mean + std.dev. (n—3 injections at cach potential}.

diamond thin-film electrodes deposited under identical
conditions [23-25]. The magnitude of the background
current for both electrodes increases with the potential.
At the most positive potentials the nominal background
current for the diamond electrode is slightly lower than
that for the te-C:N electrode. The difference in back-
ground current between the two electrodes starts at 0.9 V.
The noise also increases with the potential. The values (1-
4nA) are similar for both electrodes up to 0.9V at which
potential the values for ta-C:N exceed those for diamond.
There is a substantial difference at the most positive
potentials as the noise at 1.2 V' is 2.5 x greaterand at 1.4V
is 6 greater for ta-CN. The signalto-background and
signal-to-noise ratios are important in analytical measure-
ments as the smaller these wvalues are, the lower the
minimum concentration or mass detectable is.

Figure 4 shows hydrodynamic woltammograms for
100 pmol L' isatin in 0.1 molL™' phosphate buffer
(pH 7.2} at (A) boron-doped nanoerystalline diamond and
(B) ta-CN thinfilm electrodes. The flow rate was
1mLmin™' and the injection volume was 25 pl. [satin is
oxidized at a positive potential so good microstruetural
stability of the two electrodes is imperative for this
measurement. A half-wave, En, potential of 092V i
seen for both electrodes indicating that isatin oxidation
occurs with similar kinetics at both electrodes Steady-
state ecurrents are seen between 1.0 to 1.2V for both
electrodes, consistent with the oxidation peak potential in
the cyclic voltammetric data (see Figure 2). The steady-
state current for the diamond electrode is slightly larger,
2.0 pA, than the value for the ta-CN electrode, 1.3 nA.
We believe this disparity in values is likely due to a
difference in the channel height of the thin-layer gasket
for the two electrodes. The gasket is compressible and its
thickness depends on how tight the cell is manually
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tightened by the user. Therefore, there can be some
variability with user. Most often when comparing these
two electrode materials in FIA-BC studies; however,
simnilar imiting currents are observed for the same analyte
molecule [23-25]. At potentials from 1.0-12V, the
oxidation current for isatin is limited by mass transport of
the analyte to the electrode surface.

Figure 5 presents short-term reproducibility data for
thirty 25-pL injections of 100 pmolL ™" isatin in 0.1 melL™!
phosphate buffer (pH 7.2) at the {A) boron-doped nano-
erystalline diamond and (B) te¢-C:N thin-film electrodes
The detection potential for both electrodes was 1.1 'V (see
Fgure 4). Unlike the hydrodynamie voltammetric data in
Figure 4, the peak currents are similar for both electrodes
in this set of data, consistent with comparable tightness of
the flow cell The results demonstrate that the ta-C:N
electrode provides as good short-term response reproduci-
bility as does the diamond electrode. The relative standard
deviation of the peak height wag 3.2 % for diamond and
4.2 % for ta-C:N.

Figure 6 shows response curves for the two electrodes
to different injected concentrations of isatin. Replicate
measurements were made (n=3) at each concentration.
The response curves for both electrodes are essentially the
same with good linearity over this narrow range of
concentrations. In fact, good linearity was observed for
both electrades over three orders of magnitude (>
0.990) from 100 to 0.1 pM. The lowest injected concen-
tration that could be detected was 0.1 pmal ™" (S/N = 3).
Table 1 summarizes the detection figures of merit for the
twa electrodes As can be seen, the detection figures of
merit are nearly identical for the two electrode materials.
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Fig. 6. Injected concentrations of isatin from 1 to 0.1 pmolL™! in 0.1 molL™ phosphate buffer (pH 7.2) at a (A) boron-doped

nanoctystalline diamond and (B) t¢-C:N thin-film electrode. Three injections of each concentration were made. Flow rate =1 mLmin ™.

Table 1. Detection figures of merit for isatin using a boron-doped
nanocrystalline diamond (BDD) and a ta-C:N thin-film electrode.

Detection figure of merit BDD ta-C:IN
Sensitivity (mA M7 19.7 181
Linear dynamic range (pmol L™1) 10001 100-0.1
Response variability (RS1, %) A 42
Limit of detection (SN =3) (mol L")  LOx107 1.0x1077

Limit of detection (SN =3) (ngmL"") 14 14
Limit of detection ($/N=3) (fmel) 2.3 25

4 Discussion

One goal of this work was to evaluate the properties of
nitrogen-incorporated tetrahedral amorphous carbon elec-
trodes, specifically ones grown with 30scemN; in the
source gas, and te compare these properties with these of
the more well-studied boren-deped nanccrystalline dia-
mond. Recall prior work revealed that some of the basic
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electrochemical properties of these two electrodes are
very similar including (i) low and stable background
current, (if) good activity for redox systems without time-
consuming conventional surface pretreatment, (iif) weak
melecular adsorption and (iv) microstructural stability at
positive potentials [26-28]. A major advantage of the ta-
C:N electrode is the fact that it can be deposited at or
neatr room temperature as compared to diamond, which is
typically deposited at 700-800°C. The lower temperature
makes pessible the depoesition of this material on a wide
variety of substrates, such as flexible polymers.

Even though the te-C:N electrode consists of a mixed
spsp’ bonded carbon microstructure, the electrochemical
properties more resemble those of dlamond rather than
glassy carbon [23-25, 39—41]. The surface chemistry of the
ta-C:N electrode grown with 30 scemN; consists of some
surface oxygen and nitrogen. XPS survey scans of the
elemental compesition in the top 10nm or so reveal an

Hectroanalysis 2017, 29, 21472154 2152
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atomic oxygen-to-carbon ratio in the 0.10-0.16 range and
a nitrogen-to-carbon ratio of ~0.09. The surface nitrogen
concentration is slightly higher than the concentration in
the bulk as XPS depth profiles reveal a uniform nitrogen
concentration with depth of ~6 at. % for a film grown
with 30 sccm N, in the source gas. This corresponds to a
nitrogen concentration of 60,000 ppm or ~3x 10" cm °.
Oxygen is only present in the near-surface region. Careful
examination of the line shapes of the Cls and N1s peaks
reveals that for the latter, the chemical environment
around the nitrogen is uniform with depth. In contrast,
there is more sp” carbon at the surface than in the bulk
based on slight changes in the Cls peak shape with depth,
specifically the intensity at 284.4 eV (sp’ graphite) and
285.1 eV (sp® diamond) [42,43]. In the surface region, the
ratio of sp’ to sp® bonded carbon is ca. 30 %. In the bulk,
the ratio is greater closer to 40 %. This is based on the
measured Young’s modulus (YM) of 270 GPa for the film
used in this work, which is indicative of an sp’ carbon
content of ~37 %. The sp® content generally tracks the
YM according to the following relationship, ~% sp® =
YM/800. The sp*-bonded carbon content increases with
increasing nitrogen incorporation with the electrical
conductivity following the same trend [32-35,39]. Decon-
volution of the N1s peak from the near-surface region and
the bulk suggests nitrogen in three different chemical
states: (i) 398.6 eV (39%) pyridinic-O, (i) 399.9 eV
(53 %) pyrrolic and (iii) 401.4 eV (8 %) quarternary N
within an extended aromatic structure [44].

The FIA-EC data presented herein for isatin, and prior
data such as for tryptophan and tyrosine and other
analytes [23-25], all reveal that the ta-C:N electrode
compares quite favorably with the nanocrystalline dia-
mond electrode in terms of the detection figures of merit
they provide for analytes that require positive potentials
for detection. At these positive potentials, good micro-
structural stability is a must as surface oxidation, micro-
structural alterations and carbon corrosion would all lead
to increasing background current and noise during the
measurement. Both ta-C:N and nanocrystalline diamond
exhibit excellent microstructural stability at these detec-
tion potentials.

A second goal of this work was the initial testing of a
simple, sensitive and reproducible measurement assay for
isatin. Ultimately, the goal is to use the assay to measure
isatin in biological fluids and tissues. The initial results
reported herein suggest that an electrochemical-based
assay using ta-C:N or diamond electrodes affords simplic-
ity, sensitivity and reproducibility for the detection of
isatin at physiologically-relevant concentrations. Cyclic
voltammetric results indicated that the molecule can be
oxidized at ca. 1.0V or reduced at —0.7 V via diffusion-
controlled reactions on both diamond and ta-C:N electro-
des. There is no evidence of adsorption on either electrode
or any electrode fouling over time. The oxidation and
reduction potentials are essentially the same for both
electrodes indicating that both possess equivalent activity.
By comparison, one report showed an oxidation potential
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of 1.0V and a less negative reduction potential at —0.5 V
for isatin at glassy carbon in a similar pH 7 electrolyte
[16]. In another paper, it was reported that oxidation of
isatin at glassy carbon occurs more positive than 1.2 Vin a
neutral electrolyte with no well resolved peak [17].

The FIA results presented herein demonstrate that the
ta-C:N electrode performs as well as the diamond
electrode for the detection of isatin in terms of sensitivity,
reproducibility, linear dynamic range and limit of detec-
tion. Both electrodes have background currents that
stabilize quickly at the positive detection potential after
detector turn on. The background current and noise
pexceed those for diamond. Well defined hydrodynamic
voltammograms are observed with limiting currents for
isatin oxidation at 1.0-1.2V for both electrodes. The
short-term response reproducibility is excellent for both
electrodes over 30 injections with variabilities of less than
5 % RSD. Importantly, the detection figures of merit are
obtainable without conventional pretreatment as no
polishing or anodic/cathodic polarization is required for
optimum electrode performance. The linear dynamic
range is from 100 to 0.1 pmolL ' (R*>0.998) and the
experimentally-determined limit of detection for both
electrodes is 0.10 pmolL ' (2.5 fmol or 14 ngmL ') at a
signal-to-noise ratio of 3. The linear dynamic range of (0.1
to 100 pmol L. * covers the physiological relevant concen-
tration range in tissues and body fluids of 0.1 to
10 pmol L. . While the current detection figures of merit
are adequate for measuring physiological levels of isatin,
improvements can be achieved by reducing the volume in
the detector cell. Future work will involve testing a new
flow cell design and combining electrochemical detection
with HPLC for use in the analysis of isatin in biological
fluids and tissues.

5 Conclusions

The analytical performance of a ta-C:N and a boron-
doped nanocrystalline diamond thin-film electrode was
compared for the detection of isatin using flow injection
analysis with amperometric detection. The following are
the key findings from the work:

1. Both electrodes exhibit a diffusion-controlled oxida-
tion peak for isatin at 1.0 V and a diffusion-controlled
reduction peak at —0.7V in 0.1 molL ' phosphate
buffer pH 7.2. No evidence for electrode fouling was
observed.

2. The background current and noise for both electrodes
up to ca. 09 V are comparable. At more positive
potentials, the background current and noise are
slightly greater for ta-C:N.

3. Both electrodes exhibit similar hydrodynamic voltam-
metric i-F curves with an E;, of 0.92 V and a limiting
current from 1.0-1.2 V.

4. Both electrodes exhibit excellent short-term response
reproducibility with variabilities less than 5% RSD
over 30 consecutive injections (100 pmolL ).
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5.The linear dynamic range for both electrodes is 100 to
0.1 pmol L ' (R?:>0.998) and the limit of detection (S/
N=3) is similar at 010pmolL ! (2.5fmol or
14 ngmL *). This dynamic range and limit of detection
is adequate for typical levels of isatin found in bio-
logical fluids.
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Abstract: We report on the analytical performance of
boron-doped diamond thin-film electrodes for the detec-
tion of the virulence factor, pyocyanin (PYO). The results
reported herein confirm the utility of diamond electrodes
for the sensitive and reproducible detection of pyocyanin
in a 0.1 molL ! phosphate buffer (pH 7.4) when using
amperometric detection coupled with flow injection
analysis (FIA) or square wave voltammetry (SWV).
Pyocyanin was reductively detected by hydrodynamic
voltammetry in FIA at an E;; of —031V vs. Ag/Ag(Cl
(3molL ' KCI). The detection figures of merit were a

linear dynamic range from 100 to 0.08 umolL !, a
response reproducibility of 1.3 % (RSD), and a limit of
detection of 0.09 pmolL ! (S/N=3). A comparable linear
dynamic range, response reproducibility and limit of
detection were observed in preliminary square wave
voltammetry measurements. Importantly, these detection
figures of merit were obtained using boron-doped dia-
mond electrodes that received no conventional pretreat-
ment. Some comparison data are presented for nitrogen-
incorporated tetrahedral amorphous carbon (ta-C:N) and
glassy carbon (GC) electrodes.

Keywords: pyocyanin detection - diamond electrodes - ta-C: N clectrodes - flow injection analysis

1 Introduction

Carbon materials (sp’ bonded) have served as important
electrodes in fundamental and applied electrochemistry
for over 50 years [1-9]. Over the years, a variety of carbon
materials have been emploved in electroanalytical meas-
urements, including highly oriented pyrolytic graphite,
glassy carbon, carbon fibers, carbon nanotubes and
graphene. All these materials are sp® hybridized with both
o and n-bonded carbon atoms. Capacitance, molecular
adsorption, and electron-transfer kinetics of these carbons
are largely controlled by the exposed surface micro-
structure (V. e., graphitic edge plane) and surface chemistry
(i.e., carbon-oxygen functional groups) [1-9]. Sp’ carbon
materials with a high fraction of exposed clean graphitic
edge plane generally exhibit the most rapid electron-
transfer kinetics for soluble redox systems [1-9]. In other
words, the active site on these electrodes (highest
capacitance C; strongest adsorption and highest
molecular coverage — I, and largest heterogeneous
electron-transfer rate constant — k) is generally the
exposed edge plane. Recent work, however, has shown
that fast outer-sphere electron-transfer kinetics for ferro-
cene derivatives (k°> 10 cn/s) can be observed on carbon
surfaces prepared under ultraclean conditions [10-12].
Additionally, recent work has provided evidence for
larger than expected heterogeneous electron-transfer rate
constants on low-defect HOPG [13-15]. Carbon electro-
des generally exhibit a wider potential window compared
with metal electrodes, like Au and Pt. Carbon electrodes
are chemically stable, highly conductive, and low in cost
[1,186].

www.electroanalysis.wiley-vch.de

This author’s (GMS) indoctrination to carbon electro-
des occurred in the period from 1984-87 during under-
graduate research work with Professor Wayne Britton. It
was during this time that this author learned about the
importance of carbon electrode surface activation for
achieving high rates of electron transfer with soluble
redox systems, and about controlled surface modification
and its impact on electron transfer. Specifically, the
research involved covalently attaching ferrocenemeth-
ylamine molecules to an oxidized glassy carbon surface.
The linkage was through amide bond formation and the
goal was to use this modified electrode as a pH sensor
based on the shift of the half-wave potential for ferrocene
oxidation as a function of the hydrogen ion concentration
in solution. It was during this time, as well, that this
author became familiar with the carbon electrode re-
search being conducted in the laboratory of Professor Ted
Kuwana, and ultimately decided to conduct graduate
studies with TK at the University of Kansas.
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The idea for using diamond as an analytical electrode
came to this author as a graduate student in the Kuwana
group in about 1989. There was a nice article published in
Chemical and Engineering News by Peter Bachmann and
Russell Messier on the emerging technology of CVD
diamond [17]. At the time, there did not appear to be
much published in the scientific literature on conducting
(i.e., boron-doped) diamond. Impurity-free diamond is
one of Mother Nature’s best electrical insulators. Addi-
tionally, some very interesting work from the Kodak
company in the form of a patent emerged around this
time that further spawned interest in diamond electrodes
[18,19]. Researchers at the company reported on the
effective electrochemical degradation of phenolic waste
from the film making process using diamond anodes
[18,19]. A fortuitous meeting between this author and Dr.
Rajeshuni Ramesham in the Department of Electrical
Engineering at Auburn University in 1991 lead to the first
boron-doped diamond films being prepared and used in
electroanalytical measurements [20]. Since those early
days, and in particular over the past 20 years, electro-
chemical studies of boron-doped diamond (BDD) electro-
des have become commonplace [21-40]. This is because
of the electrode’s excellent properties and the fact that
the materials have become commercially available from
multiple vendors.

In electroanalytical measurements, BDD electrodes
generally provide significant improvements over conven-
tional sp® carbon electrodes (e. g., glassy carbon) in terms
of linear dynamic range, limits of detection, response
precision, and response stability [21-26,40]. BDD exhibits
an extremely wide potential window due to its stability
and lower background current and noise than other
electrodes [21-26,40]. This gives the material an inherent
signal-to-background and signal-to-noise ratio advantage,
as compared to conventional sp® carbon electrodes. Other
properties include (i) microstructural stability at high
potentials, (ii) relatively rapid electron-transfer kinetics
without conventional pretreatment, (iii) low capacitance,
(iv) weak molecular adsorption, and (v)optical trans-
parency in the near-UV/Vis and mid to far IR regions of
the electromagnetic spectrum. BDD electrodes are quite
useful for detecting various species including heavy metal
ions [41,42], chlorinated phenols [43,44], histamine and
serotonin [45,46], redox proteins [47,48], and bisphenols
[49,50]. In fact, BDD electrodes have been successfully

ELECTROANALYSIS

used for the determination of a large number of organic
compounds and biomolecules [40,51], in many instances
after an electrochemical pretreatment of the electrode
[52] or using flow-based systems [53]. A limitation of
diamond materials, however, is the high temperature
(600-800°C) needed for their deposition that limits the
substrate materials to thermally stable Si, Ti, W, and
quartz.

The work reported on herein focused on the detection
of pyocvanin (PYO) in a standard buffer solution using
boron-doped nanocrystalline diamond electrodes com-
bined with flow injection analysis (FIA) and amperomet-
ric detection. The molecular structure and redox reaction
of PYO (5-methylphenazin-1-one) is shown in Figure 1.

PYO is a virulence factor solely produced by the
pathogenic bacterium Pseudomonas aeruginose (PA).
PYO is redox-active toxin that can be directly detected by
electrochemical sensing. It can be reduced via a 2H™/2e”
reversible redox reaction as shown in Figure 1 [54-57].
Polymerization of PYO is avoided by limiting the
positive-going scan in voltametric measurements to 0.2V
vs. Ag/AgCl, as was the case for the work reported on
herein [54].

There has been literature published over the past
decade or so on the electrochemical detection of PYO
either as an indicator of the presence of PA in samples or
as a tool for quantifying its virulence, as reviewed by
Alatraktchi etal. [57] who provided an overview of the
advances in the electrochemical detection of PYO. The
same group reported on the electrochemical detection of
PYO in standard solutions and artificial sputum [58] and
in sputum specimens collected from cystic fibrosis patients
[59], with detection limits in the range of 100-
200 nmolL"". Elkhawaga etal. [60] reported on the
application of an ITO electrode decorated with polyani-
line/gold nanoparticles for rapid and sensitive PYO
detection in supernatants of PA cultures with and without
different electrochemically active interferents, including
vitamin C, uric acid, and glucose. The Goluch group has
been active and somewhat pioneering reporting on the
electrochemical sensing of PYO in clinical isolates [61],
human fluids [62], and wound exudates [63]. Additionally,
the Stevenson group has reported on the application of
ultrathin transparent carbon electrodes for the detection
of PYO [54], PYO and phenazine metabolites in super-
natants from different PA strains [64], and PYO in a

+ 2H++ le =——

N

CH,

Fig. 1. The molecular structure and redox reaction mechanism of pyocyanin (PYQ) (5-methylphenazin-1-one).
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wound fluid simulant to demonstrate the performance of
the electrodes on a flexible sensing platform [65]. Others
have reported on the electrochemical detection of PYO
using carbon fiber and glassy carbon electrodes [55, 56].

BDD electrodes have been used in a limited manner
for the detection of PYO in standard and clinically
relevant samples so far. For example, Buzid etal. [66]
described the rapid and sensitive detection of PYO in PA
culture supernatants using differential pulse voltammetry
(DPV) at a BDD electrode. Buzid et al. [67] also reported
the use of differential pulse voltammetry and a BDD
electrode for the simultaneous detection of 2-heptyl-3-
hydroxy-4-quinolone (PQS), 2-heptyl-4-hydroxyquinoline
(HHQ) and PYO. PQS and its precursor HHQ are two
important signal molecules produced by PA, while PYO
is a toxin involved in virulence and pathogenesis. For
PYO, a linear dynamic range of 2-100 pmolL ! and a
limit of detection of 50 nmolL ' were reported. Previ-
ously, Zhou etal [68] described the use of coated
capillary zone electrophoresis and amperometric detec-
tion with a BDD electrode for the analysis of chemically
synthesized HHQ, PQS, and 2-methyl analogues.

Herein, we present results demonstrating that boron-
doped nanocrystalline diamond electrodes can be used to
measure PYO in a standard buffer solution (pH 7.4),
detected at negative potentials as a reduction current,
from 100 to 0.08 umolL * (R*>0.998), with a sensitivity
of 11.6+£0.2mALmol ', response reproducibility <2 %
RSD, and a limit of detection (signal-to-noise=3) of
0.09 umol L. *. Additionally, the BDD electrodes provide
a low background current and noise, a rapidly stabilizing
background current after detection potential turn-on, and
proved to be relatively insensitive to the presence of
dissolved oxygen. Some limited comparison data for
nitrogen-incorporated tetrahedral amorphous carbon (ta-
C:N) and glassy carbon (GC) electrodes are also
presented. This work is important for the field of electro-
analytical chemistry because it shows the excellent
qualities of diamond electrodes, without any conventional
pretreatment, for the rapid and reproducible detection of
PYO by flow injection analysis.

2 Experimental

Chemicals. The stock solution of PYO (CAS No. 85-66-
5,>98 %, Sigma-Aldrich, USA) was prepared by dissolv-
ing the exact amount of the analyte in a 0.1 molL *
phosphate buffer pH 7.4. The solutions used for generat-
ing the calibration curves were prepared by serial dilution
of this stock solution. The phosphate buffer was prepared
with 0.1 molL ' Na,HPO, and 0.1 molL ' NaH,PO,. Both
salts were high purity (>98% pure, Sigma-Aldrich,
USA). Solution pH adjustments were made with HCI or
NaOH solutions, as required. All aqueous solutions were
prepared using ultrapure water (~18MQcm) from a
MilliQ plus system (Millipore, USA). All the solutions
were stored in glass vessels and refrigerated at ~5°C
when not in use.

www.electroanalysis.wiley-vch.de
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Electrochemical Measurements. For all the square-
wave voltammetric measurements, a model 650B electro-
chemical workstation (CH Instruments, Austin, Texas)
was used. A single-compartment, glass electrochemical
cell was used in a three-electrode measurement config-
uration consisting of a BDD thin-film working electrode
mounted in the bottom of the cell, a carbon rod counter
electrode, and a commercial Ag/AgCl (3molL ' KCI)
reference electrode. All potentials are reported versus
this reference. The working electrode area of 0.2 cm’ was
defined by a Viton o-ring. The square-wave voltametric
measurement parameters were as follows: step potential=
1 mV, pulse amplitude =25 mV, and frequency=15 Hz.

Flow Injection Analysis System. For the FIA system,
an Alltech HPLC pump {(model 301, Grace) was used in
series with a six-port injection valve (model 7125,
Rheodyne) fitted with a 25 uL injection loop. The
amperometric detector was a crossflow design, as de-
scribed previously [69,70]. The flow cell was constructed
with a two-piece Kel-F body. The entrance and exit ports
were incorporated into the top piece, along with a port
for a no-leak Ag/AgCl (3 molL ! KCl) electrode. The
counter electrode was a stainless-steel tube that served as
the exit port. The bottom part of the cell provided the
physical support for the rubber gasket defining the
volume of the flow channel (1.05 cm longx 0.1 cm wide x
0.1 ¢m thick), and importantly a support for the BDD
working electrode. Electrical contact was made by press-
ing a piece of clean copper foil against the back side of
the cleaned, conducting Si substrate of the BDD thin-film
electrode. A model 832 A electrochemical workstation
(CH Instruments) was used for potential control and
current measurement. Upon tightening the flow cell, a
gasket compression of ca. 50% occurs. This yields a
channel height and cell volume on the order of 500 um
and 10 pL, respectively. This type of compressible gasket
is needed with the polycrystalline diamond films in order
to produce a tight seal.

All electrochemical measurements were performed in
an electrically grounded Faraday cage to reduce any
extraneous electrical noise pickup. All measurements
were repeated at least in triplicate, if not mentioned
otherwise. Calibration curves were measured in triplicate
and analyzed using linear regression analysis. All electro-
chemical measurements were carried out at 25°C.

Boron-Doped Diamond Electrodes. The boron-doped
nanocrystalline diamond (BDD) thin-film (GMS040716
and GMS041416) electrodes were deposited on a boron-
doped Si (111) substrate (~10 *Qcm) by microwave-
assisted chemical vapor deposition. A 1.5kW reactor
from Seki Technotron was used for the diamond growth.
A 1% (viv) CH/H, source gas was used with 10 ppm of
B,H; added for boron doping. The microwave power was
800 W, and the system pressure was 35 Torr. These
conditions produced a diamond film that was ~2-3 um
thick with a doping level in the low 10* ¢m °® range, based
on Raman spectroscopic analysis [71-73], and an electrical
resistivity of ~0.01 Qcm. At the end of the deposition, the
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CH, and B,H; flows were stopped. The specimen was
then cooled in the presence of atomic hydrogen (the
plasma remained ignited with only H;) by slowly lowering
the power and pressure over a 30 min period to reduce
the substrate temperature to the 400°C range. This post-
growth cooling is essential for maintaining a hydrogen
surface termination and prohibiting surface reconstruction
from sp*® to sp® hybridization.

As a final cleaning step, all electrodes were pretreated
by a daily 20 min immersion in ultrapure isopropanol [74].
The isopropanol was purified by distillation, and stored
over activated carbon. This ultraclean solvent cleans the
surface and activates the electrode by dissolving adventi-
tious contaminants.

Glassy Carbon Electrode. The glassy carbon (GC)
working electrode (GC-20, Tokai Ltd.) was pretreated
prior to use by a three-step protocol. This involved
polishing with successively smaller grades of alumina
powder (1.0, 0.3 and 0.05 pm diameter). The powder was
slurried with ultrapure water, and the polishing was
performed by hand on separate felt polishing pads. After
each polishing step, the electrode was rinsed copiously
with ultrapure water and then ultrasonically cleaned for
~20 min in ultrapure water to remove polishing debris.

Nitrogen-Incorporated Tetrahedral Amorphous Car-
bon Electrode. The ta-C:N film was grown on a boron-
doped Si (111) substrate (Virginia Semiconductor, Fred-
ericksburg, VA; ~10 * Qcm) using a Laser-Arc physical
vapor deposition system at the Fraunhofer Center for
Coatings and Diamond Technologies, Michigan State
University. The technology is based on laser-controlled,
high-current cathodic vacuum arc deposition [75,76]. In
the process, a pulsed-laser beam is rastered across a
rotating high purity graphite target that is biased
negatively as the cathode. Each laser pulse generates a
small, localized plasma that delivers free charge carriers
for the arc discharge. The arc discharge lasts a brief
period (ps—ms) before the laser triggers a new, staggered
plasma across the graphite cathode. This deposition
method produces highly ionized C atoms and carbon
atom clusters that are accelerated toward the substrate
(grounded anode). This process produces hard (30—
60 GPa) and dense ta:C films. The substrate-target
distance was approximately 30 cm. The arc evaporation is
associated with the emission of macro particles of carbon
originating from the cathode surface [77]. The particles
are incorporated into the growing film, and enhance the
surface roughness. The nitrogen-incorporated films were
deposited in the presence of N, gas at a flow rate of
30 scem (ta-C:N) with a pulse rate of 350 Hz (~3 ms) and
a peak arc current of 1200 A. The substrate temperature
during the deposition was below 100°C. This contrasts
with the 700-800°C substrate temperature during typical
CVD diamond growth. The film growth rate was approx-
imately 2-3 umh ' The film (ML15122201) tested electro-
chemically had a nominal thickness of ca. 200 nm, as
determined by a Dektak profilometer, with an electrical
resistivity between 0.01-0.04 Qcm (room temperature).
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The film had a Young’s modulus (YM) of 270 GPa, which
is reflective of a sp® carbon content of ~37%. The sp’
content approximately tracks the YM according to the
following approximation, sp® % =~ YM/800.

3 Results and Discussion

Figure 2 shows plain view SEM micrographs of (A)
boron-doped nanocrystalline (scale bar 1 pm) and (B) ta-
C:N (scale bar 100 nm), deposited with 30 sccm of N,
thin-film electrodes. As can be seen, the diamond film
consists of small, faceted crystallites that are a few
hundred nanometers in lateral dimension. The diamond
film deposited continuously over the Si substrate at a
thickness of 2-3 pm, under the deposition conditions
used. In contrast, the ta-C:N film has a nodular morphol-
ogy with some of the larger carbon clusters being about
50 nm in diameter. There are two brighter features on this
particular film near the center and center right of the
micrograph. EDS analysis revealed these to be adventi-
tious Si particles. These are normally not present on ta-
C:N films and were picked up during handling and use of
this film prior to obtaining the micrograph. The ta-C:N
film thickness was 200-400 nm and deposited continu-
ously over the Si substrate. The surface roughness of the
ta-C:N films is 10-100 x lower than the surface roughness
of the diamond film.

Figure 3 presents visible Raman spectral data recorded
for a boron-doped nanocrystalline film. The figure
includes (A) a single representative spectrum and (B) a
series of spectra 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. The spectrum in Figure 3A consists of
an intense peak at 510 cm * on top of a broader scattering
signal, and a broader, less intense peak at ca. 950 cm .
These two peaks are assigned to the first- and second-
order phonon modes of the Si substrate. These two
substrate bands are often present when boron-doped
diamond films are relatively thin, less than a few micro-
meters. There is also a broad peak around 1200 ¢cm ! and
a sharp peak near 1300 cm . The latter peak is the first-
order diamond phonon that is down-shifted from the
expected 1332 cm ! position observed for bulk, single
crystal diamond. The downward shift of the first-order
line, the peak broadening, and the reduced peak intensity,
as compared to bulk diamond, is characteristic of heavily
boron-doped diamond films [71-73,78,79]. This shift
starts to happen at boron-doping levels above 10 boron
atoms c¢m ° with the first-order diamond phonon line
shifting from 1332 cm ! toward lower wavenumbers with
increasing boron concentration. This shift is typically
accompanied by increases in scattering intensity at ca. 500
and 1225cm ' [78,79]. In this spectrum, there is also
significant scattering intensity around 500cm !, along
with the first-order Si phonon, and 1200 cm . The broad
scattering at 500 cm ' that tends to increase with boron
doping level, has been assigned to the vibrational modes
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Fig. 2. SEM micrographs ol {A) boron-doped nanocrystalline diamond (BDD) and (B) nitrogen-incorporaled letrahedral amorphous
carbon (1a-C:N) thin-film clectrodes, both deposited on conducting Si substrates. Note the difference in scale bars on the two

micrographs: 1 um for BDD and (.1 pm for ta-C:N.
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Fig. 3. Raman spectrum (A) for a boron-doped nanoerystalline diamond thin-lilm electrode and multiple spectra (B) recorded along a
linc profile in the center region of the film. The spectra were recorded using an cxcitation wavelength of 532 nm, 10 mW of power at
the sample, and a 3-s integration time for cach spectrum. In the line profile, 317 average spectra are presented over a linear distance of

a few micrometers.

ol boron dimers [80-82| and pairs or clusters |83]. The
broad peak around 1200 cm™ peak has been assigned (o
defects in the diamond lattice brought about by the high
boren doping, possibly boron-carbon complexes [78,79].
Finally, there is some weak scattering intensity ncar
1510 cm™ and this is assigned to non-diamond sp*-bonded
carbon impurity located at the interface between the
diamond and Si substrate, and or in some of the grain
boundarics. This non-diamond carbon forms duc to the
disruptions in thc diamond lattice because of the high
boron atom incorporation. Figure 3B shows similar spec-
tral features along the line profile. Similar spectra (not
shown) were recorded at different quadrants of multiple
diamond [ilms indicating uniformity ol the microstructure,
boron-doping level, and optical properties across a film.
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In summary, the boron-doped diamond thin-[film electro-
des used in this work were heavily boron-doped (mid 10%
to low 10°" boron atoms cm™ range), consisted of nano-
meter  dimension  crystallites of diamond, and were
continuous over the substrate surface,

Figure 4 presents a lypical cyclic voltammogram [or
0.1mmol L' PYO in 0.1 molL™ phosphate bulfler,
pH 7.4. Replicate scans arc presented (5x) showing good
stability of the oxidation and reduction peaks. The curves
were recorded at 0.1 Vs™', starting at an initial potential
of 0.2V, and scanning initially in the negative potential
direction. A well resolved reduction peak is observed at
—0.11 V vs. Ag/AgCl, and a corresponding well resolved
oxidation peak is observed at —0.060 V vs. Ag/AgCl. The
AE, is 0,050 V, and the midpoint potential, ~ Ey», value is
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Tig. 4. Cyclic vollametric - curves [or 0.1 mmol 1. pyocyanin
(PYQ) in 0.1 mol L™ phosphatc buffer (pH 7.4) at a boron-doped
nanoerystalline diamond thin-film electrode. Scan rale=0.1 Vs,
Replicate scans arc shown (5 x).

—0.085 V vs. Ag/AgCl. The reversible 2H*/2¢™ reduction
and oxidation rcaction (sce Figure 1) proceeds on dia-
mond in a diffusion-controlled manner as there was no
evidence lor any surlace adsorption [534-57|. This was
evidenced by the [act thal the reduction peak current
varied linearly with the scan rate'. There was also no
evidence ol residual electroactive PYO on the electrode
surface aller running some cyclic vollametric scans in the
presence of the molecule and then repeating the scans
after replacement of the solution with fresh cleetrolyte
devoid of the molecule.
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Flow Injection Analysis. Inilial measurements were
performed to assess Lthe background current and noise for
the BDD clectrode over the potential range used for
PYO detection as a reduction current. Figure SA shows
plots of the mean background current measured over the
last 5 min of a 30 min potential step to cach designated
potential, The figure also includes data for a tg-C:N thin-
film and GC, for comparison. Data arc presented for a
single electrode of each type. It should be noted that in
these measurements, the background current for the
BDD and a-C:N electrodes stabilized within 2-5 min at
cach potential while a much longer time was required
(10-30 min) for GC. This is because ol the redox actlive
functional group formation, surtacc oxidation, and asso-
ciatcd microstructural changes that take placc on GC over
a wide potential range. As can be scen, the background
currents arc similar for all three clectrodes at potentials
between 0 and —0.3 V. More negative ol —0.3V, the
current [or GC increases more than the currents for BDD
and ta-C: N, Al these negative potentials, where PYO is
deteeted as a reduction current, the background current
for GC is ca. 4x greater than for BDD and ca. 3x greater
than for ta-C:N. This additional current for GC likely
arises from two sources: the reduction of redox-active
surface carbon oxygen lunclional groups (quinone—
hydroquinone) at this pH, which the BDD and ta-C:N
surlaces are largely devoid of, and the onset of the
reduction of dissolved oxygen as the carrier solution was
not deaerated. The BDD and la-C:N electrodes exhibil
morc sluggish oxygen reduction rcaction kinctics, so the
onsct current is at potentials more ncgative of —0.6'V.
The lower background current and reduced sensitivity to

A GC
&
5+ w® ta-CN B—
= BDD
41 ]
<
L n
]
Z2l * |
A
&
1+t u 4
]
ol # S |

0 01 -02 -03 -04 -05 -06
Potential (V vs. Ag/AgCl)

Fig. 5. Plots of the (A) mean background current and (B) noise as a function of applied potential for representative BDD, ta-C: N and
GC electrodes recorded amperometrically in the thin-layer Mow cell. The measurements were perfotmed in a naturally aerated carrier

solution of a 0.1 molL™" phosphate butfer (pH 7.4) at a flow rate of 1.0 mLmin

~'. The geometric arca for all three electrodes exposed

in the flow cell was (.11 em? The current recorded at these negative potentials is plotted as a positive value.
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dissolved oxygen are two advantages of BDD electrodes
in electroanalytical measurements at negative potentials.

Figure 5B presents plots of the noise (ie, time-
dependent fluctuations of the background current) for the
three electrodes as a function of the applied potential.
These values were determined from the standard devia-
tion around the mean of the background current recorded
over the last Smin of the potential step. At potentials
positive of 03V, the noise for all three electrodes is
similar at ca. 03 nA. At potentials between 03 and

0.6 V, the noise for GC is 1.5-3x higher than the noise
for BDD and ta-C:N, similar to the background current
differences. Interesting though, at 0.6 V, the noise for
BDD or ta-C:N exceeds that for GC in this set of
measurements. This is not typically what is observed
though. Generally, the background current and noise data
at these negative applied potentials trend as previously
reported data at more positive potentials [69,70]. The
background current and noise are lowest for BDD,
followed by ta-C:N, and then GC.

Figure 6A presents a representative hydrodynamic
voltammogram for PYO reduction at a BDD electrode
with more negative potentials going to the right. Error
bars are presented with the data markers, which represent
the mean and standard deviation of three successive
injections of the analyte at each potential. A sigmoidal-
shaped curve is seen with an £ value of 0310V. The
current magnitude at each potential was quite reprodu-
cible at this BDD electrode as evidenced by the small
error bars. Figure 6B presents a comparison hydrodynam-
ic voltammogram for a ta-C:N electrode. The £y, value
for ta-C ;N is similar to that for BDD at 0320 V. In fact,
the E.p values for different ta-C:N and GC electrodes
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(n 3 of each) were similar with values in the range of

0320 to 0360V (data not shown). These results
demonstrate that the electrode reaction kinetics for the
redox-active PYO are essentially the same at all three
carbon electrodes, regardless of their differences in
carbon bonding, microstructure, and surface chemistry.
This Ey, for BDD is shifted negative from the midpoint
potential of the cyclic voltammogram presented in Fig-
ure 4 due to differences in the absolute potential of the
different Ag/ApCl reference electrodes used in the two
measurements.

Figure 7 presents the electrode response for repeated
injections {31 total in this example) of 100 pmolL * PYO
in a 0.1 molL. * phosphate buffer (pH 7.4), at a detection
potential of 045V. At this potential (see Figure 6),
PYO is reduced at a diffusion-limited rate. As can be
seen, reproducible peak heights were recorded for the
different injections. The response variability was 1.3 %
(RSD). By way of comparison, the response variability for
30 injections of the same analyte concentration at ta-C:N
and GC electrodes was 1.3 and 3.7% (RSD), respectively
(data not shown). In fact, the response reproducibility for
all three electrodes in this measurement was quite good.
Excellent response reproducibility is a typical trait of
BDD electrodes even without any conventional pretreat-
ment; a characteristic that often distinguishes them from
other traditional carbon electrodes in electroanalytical
measurements.

Figure 8 shows (A) the responses for replicate injec-
tions of PYO as a function of the injected concentration
from 1 down to 0.08 pmolL * and (B) an associated log-
log response curve showing the mean current as a
function of the injected concentration over the full

Current (pA)
o
[«2]

0 m m ®m |

01 02 03 -04 05 08
Potential (V vs. Ag/AgClI)

Fig. 6. Hydrodynamic voltammograms for 100 pmol L-! pyocyanin (PYO) in a 0.1 mol L~ phosphate buffer (pH 7.4) at a (A) BDD and
(B) ta-C: N thin-film electrode. Flow rate =1 mLmin~". Injection volume =25 L. Data are presented as mean +standard deviation for
the BDD and ta-C: N electrodes (n =3 injections at each potential). Cathodic current is presented as a positive value.
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Fig. 7. TFIA records of 31 repeat injections of 100 pmolL~! pyocyanin (PYQ) in a 0.1 molL~! phosphate buffer (pH 7.4) at a BDD
electrode. Detection potential = —0.45 V. Flow rate=1 mL min~. Injection volume =25 pL.

T A
1
T 0L
£
ot
-
v
.
= 5|
(&]

3000 3400 3800

Time (seconds)

2200 2600

] B j ]
<
e gl g
o
5
o
-y
S 8t 6 ]
G J
4200 q 6 B 4

Log Concentration (M)

Fig. 8. (A) Detector response for pyocyanin (PYO) at different injected concentrations in a naturally aerated 0.1 molL™ phosphate
buffer (pH 7.4} at a BDD thin-film electrode. (B) Associated log-log response curve showing the mean peak current as a function of
the injected concentration over the full dynamic range. Data are presented as mean £standard deviation (n=3 injections at each
potential). Error bars are within the size of the data marker. Flow rate =1 mLmin". Injection volume =25 L. Injected concentrations
were 1 (1), 0.8 (2), 0.6 (3), 0.4 (4), 0.2 (5), 0.1 (6) and 0.08 (7) pmol L7\,

dynamic range from 100 to 008 pmolL ' Again, the
triplicate response reproducibility was quite good for the
BDD electrode, and a concentration dependent response
is seen in terms of the increasing peak height with
increasing concentration. The experimentally determined
minimum concentration detectable was found to be
009 pmolL * (8N 3). The upper limit of the linear
dynamic range is 100 pmol L. * under these conditions. At
higher concentrations, the response curve starts to roll off
toward unchanging current with injected concentration.

wrvrve electr oanalysis.wiley-vch.de
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In addition to the rapid, reproducible, and sensitive
measurement of PYO using FIA coupled with ampero-
metric detection and a BDD electrode, the analyte can be
detected with square wave voltammetry (SWV), as well.
Figure 9 presents preliminary SWV measurements in a
quiescent solution outside the flow cell. The measure-
ments were made in a naturally aerated 0.1 molL *
phosphate buffer {pH7.4) using PYO concentrations
ranging from 0.02 to 1 pmolL *. By way of comparison,
we have previously reported on the response of inkjet-
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Fig. 9. (A) Square wave voltammograms for different concentrations of pyocyanin (PYQ) in a naturally aerated 0.1 molL-! phosphate
buffer (pH 7.4) at a BDD electrode. Curves for concentrations ranging from 0.02 to 1 pmolL~" are presented. Step potential =1 mV.
Pulse amplitude =25 mV. Frequency =15 Hz. (B} Associated log-log response curve showing the mean peak current as a function of
the pyocyanin concentration in a 0.1 molL. ™ phosphate buffer (pH 7.4) over the concentration range from 100 to 0.02 umol L%, The
peak current measured at —0.18V is plotted versus the concentration. Data are presented as mean+standard deviation (n=3
njections at each potential). Error bars are within the size of the data marker.

printed carbon electrodes for PYO detection (reduction
current) in a 0.1 molT. * phosphate buffer and a wound
fluid simulant, both at pH 7.2 [84]. The inkjet-printed
carbon nanotube electrodes and electrical contacts were
stable with unchanging physical and electrochemical
propetties in the wound fluid simulant over a 7-8-day
period of continuous immersion at 37°C. The detection
figures of merit for PYO in the simulant at 37 °C by SWV
were: linear dynamic range 0.10 to 100 pmol L. * (R?

0.9992), limit of detection 0.10umol L* (S/N 3),
sensitivity 35.6+08mA -Lmol %, and response repro-
ducibility <4 % RSD. Improved detection figures of merit
were observed using BDD. Figure 9A shows a well
defined reduction peak at 018V and a peak current
that increases with increasing PYO concentration. Fig-
ure 9B presents a log-log plot of the mean peak current
versus the PYO concentration. Excellent linearity is seen
over the concentration range of multiple orders of
magnitude. Above 20 pmolL %, there is the start of some

roll-off in the response curve. The data for the BDD
electrode reveal excellent response linearity from 20 to
0.02 pmolL * with a linear regression correlation coeffi-
cient of R*>0.990. The response variability measured for
100pumolL * PYO using multiple BDD electrades was
4.3 % (RSD).

Table 1 presents a summary of the detection figures of
merit for PYO at BDD electrodes as determined by FIA
with amperometric detection and SWV in quiescent
solution. The FIA data were recorded at a detection
potential of 0.45 V, where the reduction reaction is mass
transport limited (see Figure 6). For the square wave
voltametric measurements, the detection figures of merit
were determined from the peak current measured at the
teduction peak potential, E, ;. Comparable detection
figures of merit were found for BDD using both
techniques. Importantly, these detection figures of merit
are observed for the BDD electrodes without any conven-
tional pretreatment.

Table 1. Detection figures of merit for pyoeyanin (PYO) at BDD electrodes as determined by FIA with amperometric detection and SWV ina

naturally aerated 0.1 mol L™ phosphate buffer (pH 7.4).

Detection figure of merit HA-EC SWV
Detection potential (V vs. Ag/AeCl (3M K —0.45 —0.18V (Eprea)
Response variability (RSD, %) 13 43

Linear dynamic range (umol L) 100-0.08 20002
Sensitivity (mA Lmol™) 116402 791403

Limit of detection (umol L") (SN =3) 0.09 0.02
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4 Conclusions

The results reported herein confirm the utility of BDD
electrodes for the sensitive and reproducible detection of
PYO in a 0.1moll ' phosphate buffer (pH 7.4) using
amperometric detection coupled with FIA. The data are
consistent with the other limited data in the scientific
literature for BDD electrodes [66-68]. BDD electrodes
generally exhibit lower background current and noise than
traditional carbon electrodes, like GC, and diamond-like
carbon electrodes, such as ta-C:N. PYO was reductively
detected by hydrodynamic voltammetry at an FEy; of
—031V vs. Ag/AgCl for BDD. Similar E;, values were
observed for ta-C:N and GC electrodes. This indicates that
the redox reaction is insensitive to the carbon bonding,
electrode microstructure and surface chemistry of the differ-
ent carbon electrodes. For detection of analytes at negative
potentials, BDD is useful because of its low sensitivity to
dissolved oxygen reduction. The detection figures of merit
for PYO with BDD electrodes in FIA-EC are impressive
with a linear dynamic range from 100 to 0.08 umolL %, a
response reproducibility of 13% (RSD), and a limit of
detection of 0.09 umolL. * (S/N=3). Comparable detection
figures of merit were observed in preliminary SWV
measurements. Importantly, these detection figures of merit
were obtained at BDD electrodes receiving no conventional
pretreatment. Finally, the current for BDD electrodes
rapidly stabilizes after potential application in the ampero-
metric detection mode.
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ABSTRACT: Oxytocin is a nonapeptide hormoene involved in numercus physiological functions. Real-time electrochemical
measurements of oxytocin in living tissue are challenging due to electrode fouling and the large potentials needed to oxidize the
tyrosine residue. Here, we used fast-scan cyclic voltammetry at carbon-fiber microelectrodes and flow injection analysis to optimize a
waveform for the measurement of oxytocin. This optimized waveform employed an accumulation potential of —0.6 V, multiple scan
rates, and a 3 ms holding potential at a positive, oxidizing potential of +1.4 V before linearly scanning the potential back to —0.6 V
(versus Ag/AgCl). We obtained a Limit of quantitation of 0.34 + 0.02 pM, and cur electrodes did not foul upon multiple injections.
Moreover, to demonstrate the utility of our method, we measured the release of oxytocin, evoked by light application and
mechanical perturbation, in whole brains frem genetically engineered adult zebrafish that express channelrhodopsin-2 selectively on
oxytocinergic neurons. Collectively, this work expands the toolkit for the measurement of peptides in living tissue preparations.

O xytocin is a nonapeptide hormone that acts as an
endocrine chemical messenger, playing roles in numer-
ous functions, including parturition,' lactation,” pair-bonding,”
maternal care,” sexual behavior,” sacial attachment,® and the
relief of fear and anxjety.ﬁ In the mammalian brain, oxytocin is
synthesized mainly in the hypothalamic periventricular nucleus
(PVN) and the magnocellular hypothalamic supraoptic
nucleus {(SON).**~'° Ouxytocin influences the release of
multiple neurotransmitters, including dopamine,’’ serotonin,'
and GABA'" through its interactions with receptors in several
brain regions, including the thalamus, hypothalamus, brain-
stem, basal ganglia, limbic system, and select cortical areas,
Thus, given its specific functions in regulating neurotransmitter
systems, understanding the dynamics of oxytocin release on
relevant timescales and with suflicient sensitivity in living brain
tissue is a critical need.

Current methods of measuring oxytocin in living brain
described in the primary literature are limited mostly to
sampling approaches, including microdialysis"® and push—pull
perfusion,'” used in conjunction with select detection schemes,
such as radioimmunoassay (RIA),'® derivatization and
fluorescence detection,'” and mass spectrometry“g’“) While

@ 2022 American Chemical Society
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these sampling methods have the advantage of analyzing a
wide variety of molecule types, the temporal resclution is
limited by the amcunt of material collected, and usually is on
the order of minutes.” Another detection method employed
molecularly imprinted polymers (MIPs) with quartz crystal
microbalance (QCM);*! however, the utility of this method
for the measurement of oxytocin in microdialysate samples has
not yet been demonstrated.

Electrochemical methods represent a potentially fruitful
avenue for measuring oxytocin with a subsccond timescale
resolution. However, the electrochemical measurement of
oxytocin can be challenging. Although the tyrosine residue in
oxytocin is electroactive, it has been previously reported that
the oxidation of tyrosine-containing neuropeptides tends to

Received: November 9, 2021
Accepted: January 21, 2022
Published: February 2, 2022

https://doi 0rg/10.1021/acs analchem.1c04879
Angl. Chemn, 2022, 94, 2942-2949



Analytical Chemistry

pubs.acs.org/ac

foul the electrode surface due to adsorption of oxidized or
pnlzfmerized protein molecules, causing low reproducibil-
ity.":"'j Additionally, there is a need for a higher oxidation
pntential in comparison with traditiona]ly detected molecules
{e.g, catecholamines), which leads to additional problems with
interferents.”” To overcome these limitations, Schmidt et al.*
designed a modified sawhorse waveform {(MSW), consisting of
two distinct scan rates in each anodic and cathodic sweep, and
a short holding period at the switching potential. This
approach, termed multiple scan rate voltammetry (MSRV),
not (m]y mitigates electrode fmJIing but also improves chemical
resolution in the detection of tyrosine-containing peptides.”>**

Despite growing interest, many functional aspects of
oxytocin in the brain have not yet been fully described due
largely to the lack of analytical tools that allow its quantitative
measurement in intact tissue on fast {subsecond) timescales.
Here, we adapted MSRV to measure oxytocin through the
oxidation of the tyrosine residue. Qur results show that we can
quantitatively measure oxytocin in a flow cell with good limits
of detection and subsecond temporal resolution. Furthermore,
we demonstrated the feasibility of our method by measuring
the light-evoked release of oxytocin in live, intact whole brains
ElClltEIy harvested fr[)m Zebraﬁsh engineered to EXPFESS
channelthodopsin on oxytocin-containing neurons. In this
model, exposure of oxytocinergic neurons to light of the proper
wavelength can induce the release of oxytocin. Additionally, we
demonstrated that the release of oxytocin may be induced by
mechanical stimulation of the brain tissue.

B EXPERIMENTAL SECTION

Chemicals. All chemicals were purchased from Sigma-
Aldrich (St. Louis, MO) and used as received. A stock solution
of 20 M oxytocin (CAS no. 50-56-6, >97.0%) was prepared
by dissolving the appropriate amount of analyte in artificial
cerebrospinal fluid (aCSF; 126 mM NaCl, 2.5 mM KCI,
1.2 mM NaH,PO,, 24 mM CaCl,, 1.2 mM MgCl,, 25 mM
NaHCO;, and 20 mM HEPES, adjusted to pH 7.4 with 10 M
NaOH}. The solutions used for generating the calibration
curves were prepared by serial dilution on the stock solution.
The stock solution was stored at 5 °C in the dark and used
within 48 h of preparation. All solutions were made using
ultrapure water {(~18 M cm).

Microelectrode Fabrication. Carbon-fiber working elec-
trodes were constructed following the previously published
procedure.”® Briefly, a 7 um diameter carbon fiber (Good-
fellow Cambridge Ltd, Huntingdon, U.K.} was aspirated into a
glass capillary tube (1.2 mm outer diameter, 0.68 mm inner
diameter, A-M system, Inc,, Carlsborg, WA) and fixed in the
position by sealing the glass capillary around the fiber using a
heated coil puller (PE-22, Narishige Int, East Meadow, NY).
Next, the exposed carbon fiber was trimmed to approximately
40 gm from the end of pulled glass capillary, and an epoxy seal
was created (EPON resin 815C, EPIKURE 3234 curing agent,
Miller-Stephenson, Danbury, CT). The microelectrode was
further cured at 100 °C for 1 h and cleaned by soaking in
ultrapure isopropanol for 30 min. To ensure electrical
connection between the carbon fiber and electrode holder,
all electrodes were backfilled by ionic solution {0.5 M
potassium acetate) and a silver wire was inserted.

Electrochemical Data Acquisition In Vitro. All in vitro
experiments were carried out in a homemade flow injection
cell, housed within a custom-built faraday cage. A Chem
Clamp potentiostat {Dagan, Minneapolis, MN) modified to

2043

109

enhance the range of available gain settings was used. TarHeel
CV software (M.L.A.V. Heien and R.M. Wightman, University
of North Carolina, Chapel Hill, NC) with data acquisition PCI
6711 multifunction 1/O board (National Instruments, Austin,
TX) was used to collect and analyze all data. The modified
sawhorse waveform (MSW)** was originally used and
further optimized. Specifically, the waveform started at a
holding potential of —0.2 V and scanned to +0.6 at 100 V/s.
Then, the potential was ramped to +1.2 V at 400 V/s and held
for 3 ms. Finally, the potential was scanned back to —0.2 V ata
scan rate of 100 V/s, at a frequency of 10 Hz.

Animals. Zebrafish embryos Danio rerio, transgenic line
Tg(oxt:Gal4-VP16; uas:chr2-eyfp) were raised until adulthood
(~90 days). The fish were housed in the Shankel Structural
Biology Center, University of Kansas, in 3 L tanks (20 fish per
3 L system rack tank) and connected to a recirculation
filtration system. All tanks were maintained under constant
chemical, biological, and mechanical filtration, as well as a UV
sterilizing unit to ensure adequate conditions. The following
quality parameters of the reverse osmosis purified system water
were controlled and adjusted using Multiparameter Monitoring
and Control Instrument 5200A (YSI, Yellow Springs, OH):
conductivity (~700 uS/cm), pH (7.2), and temperature
(28 °C). The fish were fed twice a day and maintained on a
14:10 h light/dark cycle. All protocols and procedures
involving zebrafish were approved by the Animal Care and
Use Committee of the University of Kansas.

Electrochemical Detection of Oxytocin in Zebrafish
Whole Brain. All zebrafish were euthanized by hypothermic
shock followed by decapitation. Immediately following
euthanasia, whole brains were harvested using previously
described methods™ and transferred to a superfusion chamber.
The viability of the brain was ensured by a continuous flow of
oxygenated and heated (28 °C} aCSF. Prior to any experiment,
the brain was equilibrated in the chamber for 40 min. The
carbon-fiber microelectrode was positioned into the preoptic
area of the hypothalamus where epifluorescence imaging
showed dense oxytocinergic innervation. Oxytocin in zebrafish
is also known as isotocin and differs slightly in amino acid
composition compared to mammalian mqrtocin.z7

For the optogenetics activation of cells, ADD created the
UAS line using the HI134R variant of ChR2, which was
originally described.™ The peak excitation is ~460 nm, which
may vary slightly depending on where it is expressed and pH.
ChR2 is expressed only in oxytocinergic neurons, which has
previously been verified.”” Ambient light generally contains
insufficient blue light to activate cells expressing this ChR2
variant. However, experiments were performed in the dark as a
precaution. For stimulated release measurements, light from a
xenon source (~480 nm) was applied for 200 ms and the
oxidation current was used against a calibration to determine
concentration.

Microscopy. Epifluorescence images were obtained with a
Nikon E600FN Epifluorescence microscope using a Fluor
40X/0.80 NA water immersion objective. Images were
collected and analyzed with Metamorph software {Molecular
Devices, San Jose, CA).

Statistics and Graphics. All data are presented as mean +
standard error of the mean (SEM) unless mentioned
otherwise. Statistical differences were determined using one-
way ANOVA with a Bonferonni post hoc test. Significance was
designated at p < 0.05. All statistical analysis and graphical

depictions were carried out using OriginPro Software, version

httpsy//dolorg/10.1021 facs.analchem. 1c04879
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2021 (OriginLab Corp,, Northampton, MA} and Microsoft
Excel.

H RESULTS AND DISCUSSION

The electrochemistry of oxytocin has been previously studied
using carbon macroelectrodes.” The oxidation of oxytocin
occurs at the tyrosine moiety, the only electroactive amino acid
presented in the oxytocin structure. The proposed mechanism
involves one-electron oxidation and loss of anproton at the
hydroxyl group of the phenol group (Figure 1).*" The resulting

)

OH
o eH o

0, 0

R HH R HH

Figure 1. Proposed oxidation mechanism of oxytocin oxidation at the
tyrosyl moiety. R and R’ represent the remaining parts of oxytocin.

radical is highly reactive and susceptible to further nucleophilic
attack, leading to polymerization and formation of a complex
mixture of substances. Such polymerization results in
subsequent adsorption of the reaction products on the
electrode surface, leading to electrode fouling and a significant
reduction of the clectrode sensitivity.”*> Traditionally, the
FSCV waveform for the detection of electrochemically active
analytes has employed a simple triangular shape (ranging from
a holding potential of —0.4 V to a switching potential of 1.3V
and back at a scan rate of 400 V/s and frequency of 10 Hg,
Figure 2A). However, using this waveform for the detection of
peptides results in passivation of the electrode surface and loss
of faradaic signal, as illustrated by the color plot (Figure 2A)
and cyclic voltammograms at selected time points (Figure 2B).

To address this issue, Schmidt et al, introduced a modified
sawhorse waveform that incorporated multiple scan rate steps
that mitigate fouling upon oxidation of met-enkephalin, a
pentapeptide that also possesses a tyrosine residue. This
waveform incorporated a linear scan from —0.2 to +0.6 V at a
rate of 100 V/s and then to +1.2 V at 400 V/s. After a 3 ms
holding time, the potential was linearly decreased to —0.2 V at
100 V/5.** Oxidation of the hydroxyl group was observed
during the scan from +0.6 to +1.2 V. The higher scan rate
increases the faradaic current measured, while holding the
electrode at a potential above +1.1 V decreases the adsorption
of tyrosine, thereby decreasing fouling.**

Oxytocin Waveform Optimization. Key waveform
parameters were optimized to maximize the faradaic current
resulting from the oxidation of oxytocin. The investigated
parameters include waveform application frequency, upper
limit of the potential window, switching potential, and scan
rate. Because oxytocin possesses tyrosine, the previously
published modified sawhorse waveform'* was used as an
initial starting point and further modified.

Waveform Frequency. Oxytocin possesses a positive
charge at a physiological pH; thus, the negative holding
potential between scans serves as a preconcentration step in
which the positively charged peptide accumulates at the
negatively charged electrode surface. Because changes in the
waveform frequency alter the duration of this preconcentration
step, we collected measurements at selected frequencies, with
the remainmg;arameters held constant at the values used by
Calhoun et al.*

Figure 3A,B shows CVs resulting from this change in
frequencies and the peak oxidation currents, respectively.
Oxidation current decreased with increasing frequency and
accumulation time {indicated in red at the top of Figure 3B),
suggesting that oxytocin is preconcentrating at the electrode
surface between scans. The negative shift in current that occurs
while holding potential constant may be caused by a

A

4.5 nA
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B 2 1] 4
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Figure 2. Oxytocin fouls the carbon-fiber microelectrode surface when the traditional FSCV waveform is used (holding potential —0.4 V, switching
potential +1.3 V, scan rate 400 V/s, frequency 10 Hz). (A) Color plot representing the change in current as a function of time and applied
potential. Oxytocin is injected at approximately 5.5 5, and the injection port is closed approximately at 13 5. (B) Voltammetric response for oxytocin
is unstable over time. Representative CVs are shown for t = 5.6, 8.8, and 12.5 5. The oxidation peaks are labeled on the Cvs.
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decreases with increasing frequency (decreasing accumulation time, respectively). One-way ANOVA revealed a significant effect of frequency on
current {p < 0.05, n = 3 electrodes).
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oxytocin, A high switching potential (+1.4 V) is required for a well-defined oxidation peak. (C) Peak anodic potential increases as the switching
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Figure 5. Oxytocin voltammetric response is dependent on the accumulation potential. (A) Schematic representation of the waveforms used for the
investigation of the accumulation potential (from 0.0 to —0.6 V) on the oxytocin current response. (B) Representative voltammograms for 3 uM
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).

combination of factors, including etching of the electrode
surface and changes in the electric double layer from
adsorption of oxytocin. More work is needed to elucidate
particular contributions. The lowest frequency of 3 Hz resulted
in the highest current as the maximum time was available for
the adsorption at the holding potential. However, as a
compromise between temporal resolution and sensitivity,
5 Hz was chosen as the optimal waveform frequency.

2945

Switching Potential. The effect of switching potential on
oxytocin current response was studied by obtaining CVs with
selected switching potentials ranging from +1.1 to +1.4 V
(Figure 4A). The representative CVs in Figure 4B reveal that
the higher switching potentials of +1.3 and +1.4 V yielded well-
defined oxidation peaks, while +1.1 and +1.2 V did not. In
addition, the anodic peak current increased significantly with
increasing switching potential, demonstrating higher sensitivity

https://doi.org/10.1021/acs.analchem.1c04879
Anal. Chern. 2022, 94, 23422949
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Figure 7. Electrode stability. Electrode fouling resistance was determined by injecting 3 #M oxytocin 10 times every 40 s. (A) Current—time
responses for a single electrode to illustrate the stability of the response. {B) Normalized current (to the first injection) with SEM error bars {n = 3
electrodes). RSD =3.19 %, and there is no significant difference between the first and last injections. Inset: CVs for the first and last injections.

to oxytocin (p < 0.05 n = 3 electrodes). Therefore, the
potential of +1.4 V was chosen as an optimal switching
potential and further used for any consequent waveform
optimization steps.

Accumulation Potential. The adsorption of oxytocin
molecules, which are positively charged at a physiological pH,
to the electrode surface occurs due to the negative holding
potential. It is, therefore, a key waveform parameter due to its
significant role in the preconcentration process. The amount of
adsorbed analyte and, consequently, the measured current,
should be affected by changes in the holding potential. To
optimize this parameter, we obtained CVs using selected
holding potentials ranging from 0.0 to —0.6 V (Figure 5A).
More negative holding potentials resulted in significant
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increases of peak current. The maximum oxidation signal was
observed at —0.6 V; therefore, we chose this value for
subsequent measurements.

Scan Rate. The kinetics of the electron transfer reaction
were further investigated. According to the Randles—Sevcik
equation, the faradaic current response increases linearly with
the increasing square root of scan rate for diffusion-controlled
reactions.** To study the nature of the mrytodn‘s interaction
on the surface of the electrode, the scan rate was systematically
varied from 200 to 900 V/s (Figure 6A,B), and the current
response obtained from the resulting CVs was plotted as a
function of the square root of scan rate {Figure GCJD).
The linearity of this plot {R* = 0.9934) suggests that the
current measured is faradaic and diffusion-limited.

httpsy//dolorg/10.1021 facs.analchem. 1c04879
Angl. Chem. 2022, 94, 2942-2949
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transient concentration changes. (C, E) Respective color plots of light- and mechanically evoked oxytocin release.

To determine the optimum scan rate value, both the current current at the rate of 900 V/s. However, at the fastest
response and peak oxidation potential must be taken into investigated scan rate (900 V/s), the oxidation peak occurred
consideration. As mentioned, the response current is increasing near the switching potential, suggesting that oxidation cannot
with increasing scan rate, providing the highest oxidation be fully completed before scanning toward the negative
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potential. As the scan rate decreases, the position of the
oxytocin oxidation peak shifted to the less positive potential
values, with a more defined peak shape. As a trade-off to
providing a well-defined peak while also maximizing the
oxidation current, we chose a scan rate of 600 V/s.

Electrode Stability. To measure oxytocin release con-
sistently, it is necessary for the electrode to provide the same
response over multiple measurements and extended periods of
time. Electrode stability and resistance to fouling were
investjgated by app]ying repeated injections of 3 uM oxytocin
every 40 s by flow injection analysis, with a total of 10
injections (Figure 7A). To visualize any significant changes in
current, the evaluated faradaic current was normalized to the
first injection (Figure 7B). The current vs time record for 10
consecutive injections, as well as CVs of the first and last
injections of oxytocin showed no significant degradation in
peak current and/or change in the shape of the CV {Figure 7B,
inset). The relative standard deviation {RSD) for 10 injections
was 3.19%, indicating that the electrodes have good stabi]ity
when applying this waveform. Furthermore, no trend shuwing
the progressive decrease of the signal over time was observed,
and the newly developed waveform for the detection of
oxytocin did not foul the CFE surface when exposed to
repeated oxytocin injections.

Oxytocin Limit of Quantitation. We generated a
calibration curve for oxytocin using the optimized waveform
by plotting the current response {collected at +1.15 V) and the
analyte concentration ranging from 0.4 to 10 M (Eigure 8).
‘We found that the limit of quantitation, obtained at $/N = 10,
was 034 + 0.02 M. Furthermore, regression ana]ysis
indicated a high degree of linearity (R* = 0.9994}, indicating
that the application of this optimized waveform can be used to
quantitate the release of oxytocin at low concentrations.

Oxytocin Release in Ex Vive Zebrafish Brain. To
demonstrate the utility of our approach, we measured the light-
evoked release of oxytocin in ex vivo whole brains harvested
from transgenic zebrafish expressing fluorescently tagged
channelrhodopsin-2 within oxytocinergic neurons (Tg-
[oxt:Gal4-VP16; uas:chr2-eyfp]).

Figure 9A (left) shows an epifluorescence image of a carbon-
fiber microelectrode placed in the vicinity of oxytocinergic
neurons, located in the preoptic nucleus of the hypothalamus.
The overall orientation of the electrode placement is indicated
in Figure 9A (right). After placing the electrode, we exposed
the brain to a 200 ms pulse of ~480 nm light from a xenon
lamp source. The current—time trace in Figure 9B shows a
temporary increase in current. The current then dropped
sharply. The CV (Figure 9B, top) was sampled at 30 s, and an
averaged set of five background scans obtained at 15 s was
subtracted from the entire set of CVs. The CV in Figure 9B
closely resembles those obtained by flow injection analysis
(e.g, Figure 8), suggesting that the current increase arises from
oxytocin release. The average concentration of light-stimulated
oxytocin release was estimated to be 0.40 = 0.04 nM (n = 3
separate measurement locations in two brains).

Interestingly, in this plot, our stimulated release appears to
be superimposed upon transient oxytocin release events, with
the current decreasing below the initial baseline value, reaching
a minimum at about 80 s, and then increasing. Further
supporting the idea that these currents arise from the presence
of oxytocin, the color plot current signal occurring after about
40 s resembles an inverse of the currents obtained at 30 s. We
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have carried out multiple measurements in two other brains
and have noted similar patterns of transient oxytocin release.

To our knowledge, the electrochemical measurement of
oxytocin release directly from the brains of any organism has
not been published in the peer-reviewed literature. Oxytocin
has been measured in vivo from the paraventricular nucleus of
anesthetized rats by micmdia]ysis sajnp]ing with detection by
liquid chromatography—mass spectrometry.'® Using this
method, it was determined that the basal concentration of
oxytocin in the microdialysates was 5.4 + 1.3 pM and that this
value increased 530% upon stimulation by injection of aCSF
that contains 75 mM K. Possible factors that contribute to the
greater concentration determined by our methods (several
orders of magnitude} include measurement of oxytocin levels
directly at the site of the neurons on faster timescales, low
oxytocin recoveries in the microdialysates, differences in
stimulation regimens, and differences in species.

Next, we attempted stimulation by mechanically moving the
microelectrode laterally ~5 ym over ~0.5 s (Figure 9D,E).
This method of stimulation had been aljp]ied previously to
evoke adenosine release in brain tissue.”> We noted a sharp
increase in current, suggesting that oxytocin release occurred.
‘We also collected files in the absence of stimulation and found
what appeared to be transient changes in oxytocin release that
occurred over the course of seconds, like those superimposed
on stimulated release currents in the dataset shown in Figure
9B,C. While it is possible that other electroactive components
are released due to mechanical stimulation, it is important to
note that a subpopulation of O?mnergic neurons in the
hypothalamus is mechanosensitive. ¢ Thus, we speculate that
oxytocin is likely present along with other tyrosine-containing
peptides.

Stimulated and transient release from terminals that project
to various brain regions as well as release from oxytocinergic
cell bodies and dendrites (somatodendritic release) is known
to occur in multiple species.‘wf}y The current we measured in
zebrafish, given the location in the brain, arises possibly from
somatodendritic release or from short-range axonal projec-
tions. It will be important to determine if the transients arise
from our handling of the tissue (ﬂ.g., application of light for
imaging) or if they occur naturally.

Bl CONCLUSIONS

In this research, we developed a waveform optimized for the
measurement of oxytocin, a nonapeptide that is an important
player in numerous biological functions. However, it is difficult
to measure because it tends to foul the carbon-fiber electrode
surface. We also demonstrated the measurement of oxytocin in
genetically altered zebrafish that express channelrhodopsin and
yellow fluorescent protein selectively in oxytocinergic neurons.
Our findings demonstrate that we can measure stimulated
release as well as spontaneously occurring oxytocin transients.
In the future, it will be important to further validate our
method in more complex species, including rodents.
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Abstract

Caged compounds are molecules that release a protective substrate to free a biologically active
substrate upon treatment with light of sufficient energy and duration. A notable limitation of this
approach is difficulty in determining the degree of photoactivation in tissues or opaque solutions
because light reaching the desired location is obstructed. Here, we have addressed this issue by
developing an in situ electrochemical method in which the amount of caged molecule photo-
release is determined by fast-scan cyclic voltammetry (FSCV) at carbon-fiber microelectrodes.
Using p-hydroxyphenyl glutamate (pIIP-Glu) as our model system, we generated a lincar
calibration curve for oxidation of 4-hydroxyphenylacetic acid (4TIPAA), the group from which the
glutamate molecule leaves, up to a concentration of 1000 pM. Moreover, we are able to correct for
the presence of residual pHP-Glu in solution as well as the light artifact that is produced. A
corrected calibration curve was constructed by photo-activation of pHP-Gluin a 3 ul.
photoreaction vessel and subsequent analysis by high performance liquid chromatography. This
approach has yiclded a linear relationship between 4HPAA concentration and oxidation current,
allowing the determination of released glutamate independent of the amount of light reaching the
chromophore. Moreover, we have successfully validated the newly developed method by i situ
measurement in whole, intact zebrafish brain. This work demonstrates, for the first time, the in sifu
electrochemical monitoring of caged compound photochemistry in brain tissue with FSCV, thus
facilitating analyses of neuronal function.
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The use of light-driven approaches to manipulate biological systems has grown dramatically
over the past decade. One such approach, caged compound photoactivation, allows the
application of biologically active molecules with micrometer spatial and sub-second
temporal resolution. When treated with light of sufficient energy, the photo-removable
protecting group on a caged compound separates from the biologically active form of the
molecule.1* This photochemical delivery method has been used to activate biologically
dormant or 1nactive bio-systems such as neurons and sensory cells in ex vivo and 2 vivo
tissue platforms as well as reactions at the molecular level such as enzymatic reactions and
protein folding. Moreover, the protecting group’s rapid release occurs within ns to us
depending on the protecting group and the substrate’, making this photo-activation process
compatible for probing temporal and spatial parameters by electrophysiological and
electrochemical detection methods. For example, caged substrate photo-activation combines
the photo-release process with patch clamp detection to examine the influence of the amino
acids glutamate and GABA as agonists and antagonists for neuronal function 233813 The
function of dopaminergic neurons and circuits can be explored using recently developed
caged dopamine and its caged receptor antagonists. 1413

A major challenge of this approach, as well as others that employ photo-activation strategies,
is quantitation of photo-released substrate when sample variability is not controlled.
Traditionally, the amount of photo-released substrate has been determined indirectly by
measuring the photon flux impinging on the sample using actinometry methods, e.g.
potassium ferrioxalate solutions!S and the quantum yield (the ratio of yield to photons
absorbed) for substrate release upon exposure to the light source. Knowing the quantum
yield, one can determine the number of moles released when the number of photons
absorbed by the sample 1s known. This approach 1s reliable as long as the photon delivery
system and the substrate photolysis reaction are identical for both the actinometry and
substrate release measurements.

Determination of yields of photo-released substrate in complex biological and tissue
entrainments present additional confounding variables. Such complications arise because
actinometer solutions are homogeneous and contain only the reactive chromophore in
physiological media. Conversely, in actual physiological experiments, there may be several
competing chromophores as well as opaque materials that competitively absorb light or
reflect it away from the caged material. This interference diminishes the amount of light
reaching the caged compound, thereby resulting in an overestimation of substrate release.

A direct, in sitemeasurement of photo-release of the substrate, which is independent of
interferences of the incident light and the nature of the biological sample, would mitigate
many of the inherent complications associated with traditional actinometer methods. We
propose a remedy for quantifying the photoreaction by employing a doubly responsive
photoreaction that couples substrate release with the generation of a separate electroactive
byproduct. This concept parallels the photo-generation of active fluorophores with substrate
release that uses fluorescence intensities to quantify the release.?
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FSCV is a technique of choice for measuring chemicals secreted from individual cells, 1617
in acutely dissociated brain sections,! 2161822 gnd in whole animals.23-28 This method is
compatible with caged compound photo-activation studies because it has good temporal
resolution (sub-second to millisecond), selectivity (a characteristic cyelic voltammogram, or
CV. 1s formed), and spatial resolution (nanometer to micrometer). Here, we report a new
synergistic approach using FSCV to quantify photo-activation of substrate release and caged
compound decomposition simultaneously with an s sifu single probe. The concept requires
that the byproduct of the caging chromophore be electroactive, but preferably not the caged
compound itself. However, as demonstrated here, the starting material signal can be
subtracted to remove it from interfering with the product analyses.

In this work, we use a p-hydroxyphenacyl cage to demonstrate proof of concept for the
electrochemical monitoring of photoactivation. The use of this cage for a wide variety of
substrates has several inherent advantages for FSCV based analyses. The pHP class of caged
compounds offer high quantum yields, nanosecond timescales of release, and deep-seated
rearrangement of the caging chromophore into biologically benign 4-hydroxyphenylacetic
acid (4HPAA, Fig. 1). This molecule can be measured electrochemically and distinguished
from other biologically active compounds such as monoamine neurotransmitters. 2%

The method described here uses a microliter photoreaction vessel to generate a calibration
curve that relates the electrochemical oxidation signal of photo-released 4HPAA measured
by FSCV to the concentration of 4HPAA obtained by HPLC with ultraviolet-visible
detection. We have previously demonstrated the simultaneous, electrochemical quantitation
of 4HPAA versus dopamine by FSCV3? Thus, the method proposed here extends our
capability to include the direct measurement of caged compound degradation in conjunction
with dopamine release.

Experimental

Reagents.

Animals.

Stock solution (0.1 mmol L™1) of 4HPAA (CAS No. 156-38-7, 98%, Sigma-Aldrich, St
Louis, MO) and pHP-Glu (synthesized by the Synthetic Chemical Biology Core of the
Center for the Molecular Analysis of Disease Pathways at The University of Kansas,
Lawrence) were prepared by dissolving the appropriate analyte mass 1n artificial
cerebrospinal fluid (aCSF). The aCSF consisted of 126 mM NaCl, 2.5 mM KCl, 1.2 mM
NaH;PQOy, 2.4 mM CaCl,, 1.2 mM MgCl,, 25 mM NaHCOs, and 20 mM HEPES, adjusted
to a pH of 7.4. Solutions used for generating the calibration curves were prepared by serial
dilution of the stock solution. Stock solution of 4HPAA was refrigerated in glass vials in the
dark when not in use. Stock solution of pHP-Glu was prepared daily. All chemicals for high
performance liquid chromatography (HPLC) were obtained from Sigma-Aldrich (St Louis,
MO). Ultrapure water (~18.2 MOhm-cm) was used to prepare all aqueous solutions,

Adult Danio rerio (zebrafish, AB wild-type strain) were purchased from Zebrafish
International Resource Center (ZIRC, University of Oregon, Eugene, OR) and housed in the
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Shankel Structural Biology Center at the University of Kansas. The animals were housed in
three-liter tanks (15 — 20 fish per three-liter system rack tank) and connected to a
recirculation filtration system. All tanks were maintained under constant chemical,
biological and mechanical filtration, as well as UV sterilizing unit to ensure adequate
conditions. Conductivity (~ 800 uS cm™) and pH (7.2) of the reverse osmosis purified
system water (maintained at 28 °C) was controlled and adjusted by Multiparameter
Monitoring and Control Instrument S200A (YSI, Yellow Springs, OH). Fish were fed twice
a day and kept in a light/dark cycle (16h/8h). All procedures involving zebrafish were
approved by the Animal Care and Use Committee of the University of Kansas.

Uncaging apparatus.

The experimental uncaging apparatus was adapted from an approach used previously for
electrophysiology.3! The output from a mercury lamp, directed through a 280 nm cut-off
high-pass filter and gated with a shutter, was delivered to the sample through a fiber optic
cable (PolyMicro Technologies, Inc, Phoenix, AZ). A micromanipulator was used to
position the fiber-optic cable near the carbon-fiber microelectrode.

Fast-scan cyclic voltammetry.

A ChemClamp potentiostat (Dagan, Minneapolis, MN, USA), modified to enhance the range
of available gain settings, was used. Data were collected and analyzed using TarHeel CV
software (R.M. Wightman and M.L.A.V. Heien, University of North Carolina, Chapel Hill,
NC, USA). Carbon-fiber working electrodes were constructed using previously published
methods?® and were trimmed to an exposed length of 40 um. Electrodes were used in a flow
injection analysis apparatus, the microliter reaction vessel, and in whole zebrafish brains.
Flow injection analysis was carried out by directing the solution flow with a six-port sample
injector through a custom designed flow cell. For the detection of 4HPAA, a triangular
waveform was used in which potential (versus Ag/AgCl electrode) was linearly scanned
from —0.4 Vto+1.3 Vto —0.4 V. The potential between scans was held at —0.4 V. The scan
rate was 600V/s and the update rate was 10Hz3"

Electrochemical measurement of pHP-glutamate photo-activation.

A microliter reaction vessel (Fig. 2) was fabricated with 1 mm plastic tubing (Cole Parmer,
Vernon Hills, Illinois) that allowed a 3 pL. volume of aqueous pHP-glutamate solution to be
held in place by surface tension. A 1 mm diameter optical fiber (Polymicro Technologies,
Phoenix, Arizona) was press fitted into the plastic tubing from the bottom of the tubing,
while the pHp-glutamate solution was injected from the top of the tubing. The carbon-fiber
working electrode and an Ag/AgCl reference electrode were micromanipulated into the
solution from the top of the reaction vessel. Once the photo-uncaging occurred and the
photo-released 4HPAA was measured using FSCV, the electrodes were removed, and the
sample was carefully transferred from the reaction vessel to a vial for a further HPLC
analysis. In order to ensure sufficient amount of material for HPLC analysis, three uncaging
samples (£e 3 » 3 ) were consolidated into a vial for an HPLC analysis for each of the
three electrodes. Measurements performed in order to quantify the photoelectric effect were
carried out in solutions in which pHP-Glu was not present.
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Electrochemical detection of pHP-glutamate photo-activation in a zebrafish brain.

Zebrafish were euthanized by hypothermic shock followed by decapitation. Whole brains
were harvested as described previously 32 Briefly, the decapitated zebrafish head was
immobilized in a Petri dish filled with 2% agarose (BioReagent grade, Sigma-Aldrich, St.
Louis, MO, USA) and oxygenated (95% O, and 5% CQO,) aCSF. After removal from the
skull, the fish brain was carefully lifted and transferred to a perfusion chamber. The brain
was kept viable by continuous flow of oxygenated aCSF heated at a physiological
temperature of 28 °C. Prior to any measurement, the fish brain was first kept in the perfusion
chamber for 40 min in order to equilibrate. The carbon-fiber working electrode was
positioned into the ventral telencephalon of the zebrafish with a micropositioner. The 50 um
optic fiber (Polymicro Technologies, Phoenix, Arizona) was further micro-manipulated into
a close proximity of the tip of the carbon-fiber microelectrode. The photoelectric effect was
examined in zebrafish brain perfused by only aCSF (no pHP-glutamate presented). Finally,
the pHp-glutamate (¢ = 1000 pM) in aCSF was perfused through the brain for 30 minutes
and the electrochemical detection of pHP-glutamate (4HPAA, respectively) was carried out.
Both the photoelectric effect and the uncaging of pHP-glutamate in zebrafish brain were
performed using 1000 ms duration of light exposure.

HPLC analysis.

Statistics.

The HPLC system (Shimadzu Scientific Corp) consisted of a CBA-20A system controller, a
DGV-20A3 degassing unit, a LC-20AD high pressure pump, a SIL-20AC autosampler, and
SDP-20 AV UV-VIS detector. An Ascentis® C18 (15 cm % 4.6 mm % 5 pm) column
(Millipore-Sigma, Inc., Burlington, MA) was used. The sample volume injected was 5 uL.
The mobile phase consisted of (A) 99 % H,0, 1 % MeOH and 0.06 % formic acid (B) 99 %
MeOH, 1 % H,0 and 0.06 % formic acid. Analytes were eluted isocratically at A:B = 70:30
(v/v %) at a flow rate of 1 mL min 1. The spectrophotometric detector was set at 220 nm.
The quantification of 4HPAA was performed by generation of external calibration curve.
The calibration curve was constructed from the height of the peak, as a function of 4HPAA
concentration, with a linear dynamic range from 1 to 1000 uM (R2= 0.9996, N = 3).

Statistical analysis and graphical presentation was carried out using OriginPro software,
version 2020b (OriginLab Corp., Northampton, MA). A p-value of 0.05 or less was
considered significant.

RESULTS AND DISCUSSION
Measuring 4HPAA with FSCV.

We have previously shown that 4HPAA can readily be measured by FSCV.3? Thus, we
sought here to demonstrate that the liberation of 4HPAA from p-hydroxyphenacyl-based
caged compounds, such as p-hydroxyphenacy] glutamate, could be used to quantity the
formation of the resulting bioactive molecule. Our approach quantifies glutamate photo-
release by measuring differences between currents produced by the liberation of 4HPAA
after light application and currents present prior to light application. Therefore, it 1s essential
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that the current associated with 4HPAA increase linearly within a useful concentration
range. Fig. 3A shows a CV of 4HPAA (0.1 mM) obtained by flow injection analysis and
FSCV. As described by Shin et al.,3? we observed two well-resolved peaks, suggesting that
two distinet electrochemical processes occur. The first peak occurred at +1.23 'V as the
potential swept toward the most positive value, while the second peak occurred at +1.12 V
as the potential swept toward the most negative value. Fig. 3B shows that the
electrochemical response to 4HPAA, evaluated from peaks at +1.23 V (forward sweep) and
+1.12 V (backward sweep), was linear from 10 uM up to at least 1000 uM ¢higher
concentrations were not investigated). This result indicates that it is possible to quantify the
amount of 4HPAA photo-released even at high concentrations.

Another concern was that the electroactivity of the caged form of the compound would
complicate the interpretation of the electrochemical data because the CV is similar to that of
4HPAA. Despite the similarities, however, it is still possible to distinguish between the two
voltammograms. For example, shown in Fig. 4 are CVs of 4HPAA and pP-Glu, obtained
by flow injection analysis. The red trace 1s the result of subtracting the CV of pHP-Glu from
that of 4HPAA. These CVs are unfolded at the switching potential of +1.3 V so that the
direction of the potential sweep, which occurs from left to right in the figure, is easier to
visualize. The oxidation peak for pHP-Glu appears at a similar position compared to the first
oxidation peak of 4HPAA (about +1.23 V on the forward scan) and a small second pHP-Glu
oxidation peak appears at +1.05 V on the backward scan. As the subtraction of the CVs
reveals, a measurable signal proportional to the amount of 4HPAA formed by photo-
uncaging can be derived by subtracting the two CVs. Even though in an actual uncaging
experiment the concentrations of 4HPAA and pHP-Glu may not be equal due to the
formation of species other than 4HPAA, the measurements in Fig. 4 demonstrate that the
CVs for the two species are qualitatively different and result in a characteristic CV upon
subtraction.

Removing the artifactual light signal from the 4HPAA signal.

Currents produced by photons striking the surface of the carbon-fiber microelectrode
complicate the measurement of the current produced by 4HPAA because the CVs are

similar. Therefore, we explored the effects of subtracting this signal from the overall
electrochemical signal produced by photo-activation of pHP-Glu. Samples of aCSF with
different concentrations of pHP-Glu, ranging from 0 to 1000 uM, were placed in the reaction
vessel described in Fig. 2. The solutions were exposed to light, gated by a shutter, of selected
durations ranging from 200 to 1000 ms. Even in the absence of pHP-Glu, the application of
light procuced a large photo-induced current that gradually decayed (Fig. 5). The current
response appeared to increase in linear fashion with increasing exposure time up to about
600 ms (Fig. 6A). Beyond this time, the current deviated from linearity. Measurements
obtained in the presence of successively increasing concentrations of pHP-Glu resulted in
stepwise increases of measured current for all examined solutions (concentration of pHP-
Glu from 400 to 1000 pM). The curvature similar to that found in the absence of pHP-Glu
was evident in measurements obtained with successively increasing concentrations of pHP-
Glu present n the solution; however, increasing the concentration tended to remove the
curvature, particularly above concentrations of 600 uM.
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The generation of currents upon exposure of electrode surfaces to visible and ultraviolet
light has been documented.3334 Although these currents reach peak values over extended
continuous exposure times, their measurement at carbon-fiber microelectrodes with FSCV
has not been published in the literature, to our knowledge. We found that, in our particular
case, this photo-induced current could be subtracted from the currents produced in the
presence of pHP-Glu to yield current time points that fall into a linear relationship with
increasing time of light exposure (Fig. 6B; linear regression analysis: R% = 0.9998 (1000
LMD, 0.9987 (800 uM), 0.9942 (600 uM), and 0.9690 (400 uM), N=3 clectrodes). The linear
character of these curves suggests 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

Generation of a calibration curve.

Our ability to isolate currents produced by photolysis indicates that quantitation of 4HPAA
in the solution is feasible. However, a critical aspect of this quantitation is the correction for
other electrochemically active species present. Therefore, we designed a microliter reaction
vessel (Fig. 2) that allows direct comparison between oxidation currents that occur during
photoreaction, obtained by FSCV, and the actual concentration of 4HPAA photo-released,
determined by high performance liquid chromatography (HPLC). The reaction vessel was
fabricated with a ~3 cm long segment of plastic tubing that allowed small volumes (~3 L)
of pHP-glutamate solution to be immobilized due to the surface tension of the water. A 1
mm fiber-optic cable was positioned in the tube, but below the solution, so that the entire
solution could be irradiated. After adding the solution, the carbon-fiber and Ag/AgCl
electrodes were inserted, thereby allowing the measurement of photo-uncaging events with
electrochemistry.

We measured how 4HPAA concentration changes at different UV exposure times by
combining FSCV and HPLC analyses. The process of generating a light intensity
independent calibration curve is illustrated in Figs. 7A through 7C. The typical recording of
a photo-uncaging measurement involved the background subtraction of an averaged group of
reference CVs, collected prior to light application, from the entire set of CVs obtained in the
file. This operation removes current contributions from un-photolyzed pHP-Glu and
generates a CV similar to that shown in Fig. 4. The photo-uncaging of pHP-Glu, present in
the vessel at an initial concentration of 1000 uM, was measured with FSCV as a function of
exposure time. After removing the electrodes, the sample solution was analyzed by HPLC.
Currents generated at each time point were also obtained in the absence of pHP-Glu, and
were subtracted from the measurements in which pHP-Glu was present. This operation
removes the artifactual current generated by light application, similar to the subtraction
process in Fig. 6.

From this analysis we constructed two linear graphs that plotted current (Fig. 7A, R? =
0.9985) and 4HPAA concentration (Fig 7B, RZ = 9986) against exposure time. Combining
these graphs provided a third linear plot that directly related current to 4HPAA concentration
(Fig. 7C, R? = 0.9980). By direct quantification of 4HPAA and knowing that 0.95 molecules
of 4HPAA are released for every molecule of glutamate in aqueous solutions at
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physiological pH,3%36
PHP-Glu. Therefore, this method represents a means for quantifying the released,
biologically active glutamate that is more direct than actinometry. Furthermore, knowing the
relative yield and the quantum efficiency for 4HPAA from the photo-release of any pHP
leaving group (whether electroactive or not), one can temporally track the concentration of
the leaving group on a real-time basis in a microliter sized vessel.

we are able to quantify glutamate generated by photoactivation of

Electrochemical detection of pHP-glutamate photo-activation in a zebrafish brain.

‘We next sought to validate our newly developed method for i sifuelectrochemical detection
of photo released 4HPAA in living, whole zebrafish brain, which is opaque. After brain
dissection, the carbon-fiber microelectrode and optic fiber were positioned in telencephalon,
in close proximity to each other (Fig. 8), and the brain was perfused by oxygenated aCSF for
40 minutes. Upon stabilization of the background signal, 1000 ms light pulses were applied
in order to quantify the photoelectric effect in brain tissue responsible for the above
discussed light artifact. A current of 0.52 + 0.04 nA (N = 3) was recorded.

The uncaging of pHP-Glu was photochemically evoked after 30 min of brain perfusion with
1000 uM pHp-glutamate in aCSF. The light was applied with a duration of 1000 ms.
Representative data documenting the successful uncaging process in whole brain and
subsequent detection of 4HPAA are shown in Fig. 8. A cyclic voltammogram sampled from
the color plot at the time of light exposure (5 s) exhibits characteristics reflecting the
oxidation of 4HPAA, including a prominent peak in current on the reverse scan at +1.24 V.
The examination of the photo-released current vs. time plot (Fig. 8, above color plot) shows
a large increase in current at the time of light exposure. The measured current is significantly
higher compared to the one recorded during light artifact measurement (Fig. 9, One-way
ANOVA with Tukey test, p < 0.0001), and, therefore, can be assigned primarily as a
voltammetric response to the appearance of photo-released 4HPAA.

‘We observed a prolonged current in the /- profile. It is possible that this current arises from
adsorption of 4HPAA or another uncaging product to the electrode surface, resulting in
either a faradaic current or alteration of the electrode double layer capacitance. Another
contribution to this current might be slower diffusion of 4HPAA in the brain tissue. More
work is needed to characterize each of these contributions. After subtraction of the photo-
induced current, the resulting current was 1.23 + 0.06 nA (N = 3 different electrodes and
locations), which corresponds to formation of 21.1 + 0.9 UM of 4HPAA (calculated from the
concentration s current plot, Figure 7C) and 22.2 + 1.0 UM glutamate. Significantly lower
signal was obtained for the experiments carried out in whole brain in comparison with the
one performed in the reaction vessel (for the same exposure time of 1000 ms), suggesting
lower uncaging power of the system in an opaque brain tissue. Despite this fact, we have
successfully provided proof-of-concept for our newly developed method for the a1 situ
monitoring of caged compound photochemistry. Importantly, the uncaging capacity is
powerful enough to photo-release an amount of glutamate in excess of its estimated
extracellular concentration range (0.02 to 20 uM).37 Additionally, the amount of the photo-
released glutamate can be tailored based on individual needs, as the released concentration
can be altered by the length of the uncaging time and light intensity.

Anaf Cher. Author manuscript; available in PMC 2022 February 09.

124



1dussnuepy loyiny 1dussnuepy Joyny idussnuepy Joyiny

wduosnuepy Joyiny

Jarosova et al.

Page 9

Finally, to ensure that the recorded signal arises from the oxidation of 4HPAA, we
conducted an experiment in which we applied a pulse of light to the zebrafish brain in the
region where the electrode was located and measured the current response with FSCV. Prior
to adding pHP-Glu, a small artifactual current signal occurred that aligned with the light
application. Upon application of pHP-Glu for 30 min, the magnitude of this light-induced
sighal increased several fold. After washing out the pHP-Glu (and the products of the
uncaging process) for at least 30 min, the signal returned to a level similar to that noted prior
adding pHP-Glu (Fig. 9, one-way ANOVA with Tukey test, p = 0.3462, N = 3 different
locations). These data indicate that the observed current arises from 4HPAA formation and
possibly other electrochemically active species formed from the uncaging process, and not
simply the light artifact

CONCLUSION

Our newly-developed method can be used to quantify the degree of caged compound
photolysis in situ with FSCV, a well-characterized electrochemical method. This approach is
largely independent of the characteristics of the light source because light artifacts are
subtracted out and the electrochemical signal is related directly to the concentration. Thus,
our method depends only upon the electroactivity of the photo-released cage, in this case
4HPAA. Importantly, we have shown that 4HPAA, the product of photo released pHP-
glutamate, can be easily detected and quantified in the telencephalon of zebrafish whole
brain. Thus, our work demonstrates the feasibility of photo delivering biologically active
compounds in living tissues. In future studies, it will be important to validate this method in
higher species such as mice and rats. This point is especially important since the brains in
these species may have a more complex chemical makeup and opacity, resulting in problems
such as increased electrode fouling or impairment of light access. Nevertheless, we expect
this approach to have broad applicability, but it will be particularly well suited for cases that
make quantitation of photons reaching the sample difficult, such as tissues or opaque liquids.
Moreover, this method should also work when using caged compounds other than those
based on pHP that release electroactive photocages, such as coumarins. Ultimately, adapting
this method for i vivo application with a combined electrode, light-guide, and caged
compound delivery method will maximize its utility.
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Figure 1.
Reaction mechanism of uncaging p-hydroxyphenacyl-based compounds.
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Figure 2.
Microliter-scale reaction vessel used to determine degree of photo-uncaging with FSCV.
Left, without light application and right, with light application through the optical fiber.
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(A) Fast-scan cyclic voltammetric /-£ curve lor 100 pM 4HPAA in aCSF measured at

carbon fiber microelectrode in [low injection arrangement. Two oxidation peaks occur at

1.23 V and 1.12 V on the forward and backward sweep. respectively. Direction of the

forward (black) and the reverse (red) potential sweep is indicated by arrows. (B) Response
cutve for 4HPAA in aCSF for injected concentrations from 1000 to 10 uM. Evaluated from
the peak at +1.23 V, obtained on the forward sweep (O) and +1.12 on the backward sweep
(A).N >3, data are presented as mean = sid. dev.
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Flow injection analysis of pHP-Glu and 4HPAA. Solutions of 100 uyM pHP-Glu and 100 uM
4HPAA in aCSF were injected separatcly. Parameters: scan rate, 600 V/s, update rate, 10

CVs/s. holding potential, —0.4 V.
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Figure 5.
Current response measured in a solution containing 0 uM of pHP-Glu and. therefore,

attributed to a light artifact. A representative current vs. time plot (top), color plot (bottomm),
and FSCV (right) are shown, Direction of the potential sweep is indicated by arrows.
Duration of light exposure: 1000 ms.
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Light artifact removal. (A) Plot of the oxidation current versus the duration of light
exposure. (B) Current response after the subtraction of the light artifact. Data are presented
for three measurement at three different carbon-fiber microclectrodes as mean + std. dev.
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Data are reported as mean = std. dev for N =3 separate electrodes.
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Representative data of 4HPAA dctection in zebrafish whole brain after pHp glutamate photo
uncaging. Currcnt vs, time plot with corresponding color plot (A). and CV (B) arc shown.
1000 pM of pHP-Glu 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, The
placement of the carbon-fiber working clectrode and optic fiber in the telencephalon of
zebrafish brain (C and D).
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Representative current vs. time (A) and CV (B) data for light artifact (LA) before the pHp
glutamate administration (black), photoactivation of pHP Glu (red), and the light artifact
recorded after 30 minutes post washout (post washout light artifact, PWLA) with pHp-Glu
free aCSF (blue). Inset: Photoinduced 4HPAA release measured after 30 minutes of pHp Glu
perfusion through the brain was significantly increased in comparison with light artifact (*p
<0.0001. onc way ANOVA, Tukey post hoc test, N = 3). The light artifact recorded after
caged compound washout was significantly different from the 4HPAA measurement (**p <

0.0001), but not significantly different from the signal recorded before the caged compound
administration (p = 0.3462). Duration of light cxposurc: 1000 ms.
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ABSTRACT: Alzheimer’s disease (AD) is a progressive, fatal, neurodegenerative disorder for which
only treatments of limited efficacy are available. Despite early mentions of dementia in the ancient
literature and the first patient diagnosed in 1906, the underlying causes of AD are not well
understood. This study examined the possible role of dopamine, a neurotransmitter that is involved
in cognitive and motor function, in AD. We treated adult zebrafish (Danio rerio) with okadaic acid
(OKA) to model AD and assessed the resulting behavioral and neurochemical changes. We then
employed a latent learning paradigm to assess cognitive and motor function followed by

Okada!c
Acld

neurochemical analysis with fast-scan cyclic voltammetry (FSCV) at carbon fiber microelectrodes

to measure the electrically stimulated dopamine release. The behavioral assay showed that OKA treatment caused fish to have lower
motivation to reach the goal chamber, resulting in impeded learning and decreased locomotor activity compared to controls. Our
voltammetric measurements revealed that the peak dopamine overflow in OKA-treated fish was about one-third of that measured in
controls. These findings highlight the profound neurochemical changes that may occur in AD. Furthermore, they demonstrate that
applying the latent learning paradigm and FSCV to zebrafish is a promising tool for future neurochemical studies and may be useful

for screening drugs for the treatment of AD.

KEYWORDS: zebrafish, Alzheimer’s disease, okadaic acid, dopamine, fast-scan cyclic voltammetry, behavior

B INTRODUCTION

Alzheimer’s disease (AD) is an irreversible and progressive
neurodegenerative disease that accounts for 60—80% of all
dementia cases. A patient with AD may undergo severe
cognitive, mental, and social impairment, including memory
loss that cha]lenges daily life, confusion with place or time, and
poor judgment.* More than 5.5 million Americans and 44
million people worldwide suffer from AD symptoms, and it is
estimated that, by the year 2050, these numbers will triple.
Moreover, the cost of treatment in the United States could rise
as high as $1.1 trillion." ™ Unfortunately, there is still no cure
or highly effective drug treatments for AD." Therefore, the
development of model organisms that can accurately model
AD while providing a way to evaluate potential therapies with
enhanced throughput is critical.

AD pathophysiology can be related to two main hallmarks:
extracellular formation of amyloid plaques and intracellular
aggregation of neurofibrillary tangles (NFTs). Studies of
familial AD show sufficient relationship between the disease
and mutations in amyloid precursor protein (APP), which is
the precursor of A peptides and pencillinl (PSEN1) and
pencillin2 (PSEN2). Both peptides are catalytic subunits in y
secretase responsible for APP cleavage. These mutations result
in the formation of more hydrophobic and longer Af peptides,
which further aggregate into amyloid plaques. Additionally,
NEFTs are likely also formed due to extensive deposition of tau
aggregates. Tau proteins, which are responsible for stabilizing
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microtubules in the brain, undergo hyperphosphorylation,
resulting m destabilization and disintegration into tau
aggregates ? These aberrant molecular changes may cause
atrophy, resulting in large-scale alterations in brain size and
structure.

Over the past 2 decades, rodents that model AD through
different genetic modifications and chemical treatments have
contributed immensely toward understanding the cellular
mechanisms of AD.'”"" However, the development of simpler
vertebrate model organisms that recapitulate the cellular
pathology seen in AD model rodents, while also providing
enhanced throughput and cost savings, would benefit AD
research.'? Zebrafish (Danio rerio), having a complex central
nervous system, is rapidly emerging as a useful model for the
study of multiple neurodegenerative diseases'*™' and
represents a potentially useful AD model organism that
could provide information complementary to that found
using rodents. Zebrafish have a fully sequenced genome, with
70% of the genes showing homology to that of humans, and
possess neuronal pathways that are analogous in many cases to
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Figure 1. Heatmaps of zebrafish activity in the maze on the probe trial. (A) Testing maze, (B) chemically naive, (C) vehicle-treated, and (D) OKA-
treated fish. All fish were trained to the left tunnel. Heatmap of the location of the fish over 10 min trial. The colors represent the duration of time
the fish spent in each pixel with low wavelength. Red indicates the longest time, while blue represents the shortest time spent in each pixel.

those found in the mammals.'”'® Additionally, depending on
the experimental design, the use of zebrafish may provide
enhanced throughput compared to rodents, as they offer the
opportunity to group experiments (drug administration,
behavioral analysis, etc.). Recent work has illustrated that a
robust zebrafish AD model can be developed by treating the
zebrafish with okadaic acid (OKA)."

OKA is a polyether fatty acid extracted from marine sponges,
and it has been widely used to study the propagation of
neurotoxicity of different animal models.'””~'? OKA selectively
inhibits protein phosphatases PP1 and PP2A. Inhibition of
PP2A, in particular, combined with triggered activation of
several major phosphorylating pathways, including MAPK and
ERK, induce the hyperphosphorylation of the tau protein,
thereby giving rise to the tau aggregates. Additionally, even
though the exact mechanism is not well known, OKA gives rise
to neurodegeneration by oxidative stress and Af deposi-
tion.””™* The newly developed OKA-induced AD zebrafish
model recapitulates most of the pathophysiological conditions
prevalent in AD and captures changes in both Af-fragments
and p-tau protein.”® Therefore, the OKA acid treated zebrafish
are a robust model to study the molecular mechanisms
underlying the pathophysiology of AD, or drug discovery for
AD, while cutting down the cost and time constraints.

Dopamine, an abundant catecholamine neurotransmitter,
plays critical roles in cognitive and motor function in humans
and rodents.**™>* Alterations in dopamine synthesis, storage,
release, and uptake likely influence motor and cognitive
function in multiple neurological disorders, including Parkin-
son’s disease,2” ™ Huntington’s disease,** % and schizophre-
nia.¥” Similarly, in AD, dopaminergic neurons in the
nigrostriatal pathway have shown characteristic pathological
changes such as the presence of A# plaques and NFTs.
However, the precise role of dopamine dysregulation in the
expression of cognitive and motor symptoms in AD has not
been fully investigated.™

Techniques for analyzing zebrafish neurochemistry and
behavior have rapidly evolved over the past several years.
Fast-scan cyclic voltammetry (FSCV) at carbon fiber micro-
electrodes is an electrochemical technique that allows
measurement of dopamine release and uptake with nM limits
of detection and sub-second temporal resolution.**~*
Recently, our group and others measured sub-second
dopamine release and uptake in zebrafish brains ex vivo with
FsCv.H

Behavioral assays that assess cognitive function have also
matured. Recently, a behavioral paradigm that targets latent
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learning was developed and applied to zebrafish.” This well-
established test shows that zebrafish are capable of latent
learning, that is, can acquire memory of their environment after
being allowed to explore it.*>* Latent learning is a learning
exercise based on spatial exploration that uses the natural
tendency of the fish to explore novelty.*”** In this behavioral
assay, zebrafish are exposed to a maze with a particular tunnel
opened and allowed to explore the space without any external
intervention or reinforcement (i.e., food motivation and
punishment). During the free exploration (training) period,
no monitoring of the behavioral activity is necessary. The
training session is then followed by a short probe session
wherein the swim tunnel choice (spacial bias) of the fish is
recorded and quantified.”® Importantly, during the probe
period, stimulus fish are placed into a goal box of the maze to
enhance their natural need for socialization* ™" and promote
the motivation to reach the goal box.

Critical advantages of this approach are that such training
requires no controlled delivery of reinforcers, requires minimal
experimenter intervention, and allows more fish to be trained
simultaneously. Taken with data obtained by FSCV, this
approach can provide an informative picture of how neuro-
chemical changes compare with behavioral changes in disease
model and control zebrafish.

Currently, the relation between dopamine release and
uptake and cognitive performance in AD model zebrafish is
not well characterized. To fill this knowledge gap, we
administered OKA to zebrafish to recapitulate the main
pathophysiological hallmarks and behavioral conditions
observed in AD. We then analyzed the cognitive and
locomotor activity of these fish with the latent learning
behavioral paradigm®™*¢ and measured dopamine release in
whole brains ex vivo with FSCV. We found significant
deficiencies in latent learning and locomotor activity in
OKA-treated fish when compared to controls. These
deficiencies were accompanied by impairments in dopamine
release. To our knowledge, this study is the first to examine
neurotransmitter release and uptake in AD model zebrafish
and compare it to behavioral deficiencies.

B RESULTS AND DISCUSSION

OKA-Treated Fish Showed Cognitive and Motor
Impairment. Many AD symptoms are cognition and behavior
related, with the majority of patients displaying memory loss,
behavior deterioration, thought slowness, and performance
impairment."*** In this study, the latent learning paradigm
was used to investigate the effect of OKA on zebrafish memory
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and learning deficits.** During the probe trial, fish did not
show any obvious signs of fear, such as jumping, erratic
movement, or freezing since they were exposed to the maze for
9 days during the training period. The testing maze used is
shown in Figure 1A. Representative heat maps show a single
zebrafish movement (for each treatment) recorded for 10 min
during the probe trial (Figure 1). All maps document probe
trials for zebrafish trained to enter the left tunnel. Analysis of
the heat maps revealed that while chemically naive and vehicle-
treated zebrafish tend to spend majority of time in the goal box
close to the stimuli fish (Figure 1B,C), OKA-treated fish
remained mostly in the blind-ended tunnel and start box
(Figure 1D). Such a behavior may be affected by several
factors, including motor and locomotion impairment, lower
interest to explore the maze, and/or decreased tendency to
shoal. The activity level, that is, the swimming velocity and the
distance swam, is shown in Figure 2A,B, respectively. Repeated
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Figure 2. (A) The velocity and (B) moved distance are affected by
the treatment condition. Fish treated with OKA showed a significant
slower movement and higher freezing time as compared with the
chemically naive and vehicle-treated zebrafish (one-way ANOVA with
Tukey's post hac analysis, p < 0.05, n = 14). *p < 0.05. Mean £ SEM
are depicted in the chart. Sample size (1) = 14 for each treatment
condition.

analysis of multiple zebrafish revealed that OKA-treated
zebrafish swam significantly slower and a smaller distance
(one-way ANOVA with Tukey’s post hoc analysis, p < 0.0, n =
14). These findings, therefore, suggest that OKA treatment
causes cognitive and motor dysfunction in zebrafish. Even
though motor impairments often oceur prior to presentation of
cognitive deficits in AD patients,™ * motor dysfunction in OKA-
treated rodents is not well documented in the peer-reviewed
literature. One study found no effect on motor function in
OKA-treated rats;”* however, other AD model rodents display
motor deficits.’™> ™ In contrast, we found significant changes
in motor function in the OKA zebrafish model. Thus, OKA
treatment seems to recreate motor dysfunction more faithfully
in zebrafish than in rats. To our knowledge, this is the first
study to incorporate latent learning paradigm to assess
locomotor activity in AD model zebrafish.

OKA Treatment Affects the Learning and Memory of
Zebrafish. Here, we analyzed the choice of the tunnel when
they first come out of the start box. Previous studies have
proven that repeated exposure of fish to a particular open
tunnel significantly affects their choice of tunnel to reach the
reward chamber as compared to the untrained grc:oups.Sﬁ
Because the maze has two tunnels, a fish that randomly selects
a tunnel has a 50% chance of being correct. Therefore, animals
are only considered to demonstrate functional learning if they
are at least 70% correct at the end of the testing period.”
During the probe trial (when both tunnels leading to the
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reward box were opened), 86% of chemically naive and 92% of
vehicle-treated fish chose correctly (Figure 3) and first entered
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Figure 3. 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.

the tunnel that was open during their training session. On the
contrary, our results demonstrated that the fish treated with
OKA have a high tendency to choose the incorrect tunnel
(56%). Binominal test confirmed our observation and found
that significantly more chemically naive and vehicle-treated fish
chose the correct tunnel (p > 0.05, binomial distribution
probability 0.9963 and 0.9983, respectively) as compared to
random chance (50%). The OKA-treated fish did not deviate
from the random chance (p > 0.05).

These results support our prediction that OKA induces
learning and memory impairment of the zebrafish. A large
body of literature has re}gorted that OKA treatment in rodents
causes memory deficits.””~®" Inhibition of protein phosphatase
2A has been identified as the ultim‘\te mechanism for the
cognitive decline in AD pathology.”’ Given that OKA is ja
potent and selective inhibitor of PP1 and PP2A activity,*
these results agree with earlier findings of OKA-induced
memory impairments in rodents.

OKA-Treated Fish Have a Prolonged Latency to
Leave the Start Box. Figure 4A depicts the results for the
latency of fish to leave the start box. This demonstrates the
level of motivation of the fish to actively explore the maze.
Almost every fish regardless of the treatment condition left the
start chamber and explored the maze. However, while the
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Figure 4. The latency to (A) leave the start box and (B) reach the
goal box is affected by the treatment condition. Fish treated with
OKA showed a significant latency to leaving the start box (reach the
goal box) as compared with the chemically naive and vehicle-treated
zebrafish (one-way ANOVA with Tukey’s post hoc analysis, p < 0.05, n
=14). *p < 0.05. Mean + SEM are depicted in the chart. Sample size
n = 14 for each treatment condition.
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chemically naive and vehicle-treated fish left the start box
almost immediately after removal of the divider (2.7 + 0.4 and
34 + 14 s, respectively), the OKA-treated fish displayed
significantly higher latency (one-way ANOVA with Tukey’s
post hoc analysis, p < 0.05) to leave the start box (27 & 10 s).
The lower tendency to leave the start box could be attributed
to the decreased motivation of the fish to access the stimulus
fish in the reward box.®® The latency to leave the start box of
chemically naive and vehicle-treated groups was not signifi-
cantly different from each other.

OKA-Treated Fish Required a Greater Amount of
Time to Reach the Goal Box. The period of time between
leaving the start box and entering the reward chamber was
greater when testing OKA-treated fish compared to controls.
This time reflects the motivation and ability to reach the goal
box and stay with the group of fish that served as the stimulus.
As shown in Figure 4B, the fish treated with OKA showed a
significantly higher latency to enter the reward box (185 + 33
s) as compared to the chemically naive and vehicle-treated fish
(18 + 4 and 20 + 4 s, respectively) (one-way ANOVA with
Tukey’s post hoc analysis, p < 0.05). No statistical difference
was found between chemically naive and vehicle-treated fish.
This increased latency to enter the reward chamber of the
OKA-treated fish may indicate impaired latent learning and
spatial memory. Our findings are consistent with previous
studies that show deficits in spatial learning and memory in
OKA-infused rats.™*

OKA-Treated Fish Showed Significant Immobility. In
addition to completing the behavioral study, we have also
quantified freezing (immobility), a zebrafish innate response to
aversive or painful events."' A growing body of evidence has
reported on a link between immobility and fear-like behavior in
zebrafish. #6566 Figure 5 shows the fish freezing response

100
.
=
80
z
o> 60
£
N
[
g 0
'™
20

Naive Vehicle OKA

Figure §, Duration of time freezing during the probe trial is affected
by the treatment condition. Fish treated with OKA showed a
significant immobility as compared with the chemically naive and
vehicle-treated zebrafish (one-way ANOVA with Tukey’s post hoc test,
p <0.05, n=14). *p < 0.05. Mean + SEM are depicted in the chart.
Sample size n = 14 for each treatment condition.

within each group throughout the probe trial. Tukey’s post hoc
test (p < 0.05) confirmed that fish exposed to OKA exhibited
significantly higher values of immobility as compared to
chemically naive and vehicle-treated fish. We speculate that the
observed increased freezing may be related to a fear or fear-
induced anxiety. It is possible that dopaminergic impairment
contributes to this behavior. Though often neglected, it has
been suggested that dopamine has a greater significance to the
induction of anxious states than generally appreciated and is
one of the neurotransmitters most potently modulatin%H the
mechanism underlying states of fear and anxiety. R
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However, the significance of dopamine in fear-like behavior
requires further investigation.

Taken collectively, our results indicate that OKA treatment
impairs memory acquisition and consolidation in the zebrafish.
The shorter latencies leaving the start box and entering the
reward chamber observed in naive and vehicle fish have
indicated that these control fish have learned the spatial layout
of the maze better than the OKA-treated fish. For the first
time, our results demonstrate that a latent learning paradigm
can detect the cognitive and behavioral impairments in OKA-
induced Alzheimer’s model zebrafish.

Neurochemical Response to OKA Administration.
Extensive evidence implicates dopamine in learning and
memory. To determine if alterations in dopamine release
correlate with behavioral deficits, we used FSCV to measure
electrically stimulated dopamine release in live brains harvested
from OKA-treated, vehicle-treated, and chemically naive fish.
Representative raw data are shown in Figure 6. The color plots
(Figure 6A) fail to reveal additional release chemical species.
There is a tendency for the current signal to linger on the back
side of the i versus t curves (Figure 6B). We have studied this
phenomenon previously and concluded that it may result from
adsorbed dopamine.*

Statistical comparison revealed that zebrafish exposed to
OKA had significantly less dopamine release (one-way
ANOVA with Tukey's post hoc analysis, p < 0.05, n 14)
than naive and vehicle-treated fish (Figure 7A). There was no
significant difference between naive and vehicle-treated fish.
When results were broken down by sex, analysis by two-way
ANOVA revealed no main effect of sex on dopamine release (p
< 0.05, n = 7) or interaction between treatment condition and
sex (p < 0.05, n = 7) (Figure 7B). Dopamine release in the
dorsal striatum®®7® and nucleus accumbens in rodents”* play
important roles in motor control and learning. Therefore, it is
possible that diminished dopamine release plays a role in
locomotor and cognitive impairment in this AD model
organism; however, more studies are needed to demonstrate
cause and effect.

Several grevious studies of dopamine release have been
pubiisheci.‘1 ~* However, to our knowledge, the only other
published study to examine dopamine release in chemically
treated fish was carried out by our group and involved the
treatment of zebrafish with carboplatin, a cancer chemotherapy
agent.*” A previous study identified synaptic vesicle alterations
in neurons from frogs.72 However, this is the first study, to our
knowledge, that examines dopamine release in a zebrafish
model of neurodegeneration. We were easily able to resolve
differences in dopamine release between treated and control
fish. This work not only raises the possibility that dopamine
release impairments play a role in cognitive and motor
dysfunction in AD model zebrafish but also provides an assay
to screen for potential therapies.

B CONCLUSIONS

In this study, OKA was administered to zebrafish to induce an
AD-like pathophysiology. By incorporating fish in a previously
published latent learning paradigm, we found that treatment
with OKA induced serious impairments in learning and
locomotion. Also, OKA treatment resulted in diminished
dopamine release. Considering the practical advantages of
zebrafish, such as increased throughput in behavioral experi-
ments compared to rodents, lower cost, and the ease of
neurochemical measurements, we believe that our study
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Figure 6. (A) Representative FSCV color plots of the stimulated dopamine release in chemically naive, vehicle-, and OKA-treated zebrafish whole
brain. (B) i—t curve extracted from the horizontal dashed line. Inset: cyclic voltammograms extracted from the vertical dashed line.
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Figure 7. Effect of OKA treatment on evoked dopamine release. (A)
OKA treatment has a significant effect on evoked dopamine release in
zebrafish whole brains (one-way ANOVA with Tukey's post hoc
analysis, p < 0.05, n = 14). (B) There was no significant difference in
the DA release in male vs female zebrafish in each treatment group (p
< 0.05, two-way ANOVA, n = 7). p < 0.05. Mean + SEM are depicted
in the chart. Sample size # = 14 for each treatment condition.

provides a promising step toward the sensitive detection of
neurochemical and behavioral changes in models of AD and
other neurological diseases. Moving forward, our approach will
also be useful for the behavioral and neurochemical evaluation
of therapeutic compounds with enhanced throughput.

B EXPERIMENTAL SECTION

Chemicals. OKA Na salt was purchased from LC Laboratories
(Woburn, MA) and dissolved in 95% ethanol. The dissolved OKA
was diluted with system water to a final concentration of 100 nM. All
chemicals for preparation of artificial cerebrospinal fluid (aCSF; 126
mM NaCl, 2.5 mM KCl, 1.2 mM NaH,PO,, 2.4 mM CaCl,, 1.2 mM
MgCl,, 25 mM NaHCOj;, and 20 mM HEPES, adjusted to pH 7.4
with 1 M NaOH) were purchased form Sigma-Aldrich (St. Louis,
MO) and used as received. Dopamine for electrode pre- and post-
calibration was purchased from Sigma-Aldrich (St. Louis, MO).
Dopamine stock solution was prepared in 0.2 M perchloric acid and
diluted prior to the calibrations with aCSF (with no glucose).
Ultrapure water (~18.2 M€ cm) was used for the preparation of
aCSF.

Animals and Housing. A total of 53 (4 months old, male: female
= 1:1) adult wild-type zebrafish (D. rerio) were used in this study. The
experimental fish were divided into six groups with each group
containing eight fish. In addition, five stimulus fish were used. All fish
were housed in the Shankel Structural Biology Center at the
University of Kansas. Protocols and procedures involving zebrafish
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were approved by the Animal Care and Use Committee of the
University of Kansas.

OKA Treatment. The 9 day-long treatment protocol was
previously described by Nada et al”® The OKA-treated fish were
exposed to a 100 nM OKA in system water. A stock solution of OKA
was prepared by dissolving OKA in 95% ethanol (EtOH) and further
diluted to a final concentration of 100 nM in fish system water. For a
vehicle group, an equivalent volume of 95% EtOH was added to the
system water, resulting in a final concentration of 0.01% of EtOH.
Last, chemically naive fish were housed in system water with no
treatment. The water, with OKA (EtOH, respectively) treatment in
respective tanks, was refreshed every other day. The behavioral and
neurochemical studies were performed on the 10th day.

Maze Apparatus and Learning Procedure. The maze
apparatus used in this study was similar to the one designed by
Gomez-Laplaza and Gerlai.*® The homemade maze was constructed
using transparent plexiglass that allowed a clear vision over the entire
maze for all studied fish. The start box served as an acclimatization
area and branched into three tunnels: a left and right tunnel that led
to the goal box and a dead-ended straight tunnel. The maze was filled
with system fish water to achieve approximately 10 cm water depth.
The water was kept at the same temperature as water in the housing
tanks and was exchanged daily.

To assess the learning protocol, fish were grouped based on their
treatment protocol (chemically naive, vehicle, and OKA treatment)
and further sPlii based on the designated training tunnel (i.e., group
trained to choose right or left tunnel). The learning procedure was
adapted from a study described elsewhere ! Briefly, during the
learning period, all fish from a specific group were placed into a start
box and allowed to acclimatize for 30 s. After the acclimatization
period, a divider between the start box and the rest of the maze was
removed, and all fish were allowed to explore the maze without any
intervention for 20 min. Half of the fish of each treatment protocol
were allowed to explore the maze with the right tunnel closed, while
the second half with the left tunnel closed. This tunnel arrangement
remained the same during the entire training protocol. The goal box
was kept empty during the learning session to ensure no stimulation
and/or reinforcement for the fish. Such a training trial was carried out
daily for 9 consecutive days and occurred at randomly selected times
during the day. No video record was taken during the training period.

The learning period and the OKA treatment protocol were
synchronized and concluded by a probe trial (day 10) to evaluate the
zebrafish memory and learning. During the probe trial, only a single
experimental fish was placed into the start box. After the
acclimatization time, the experimental fish was released into the
maze. Importantly, both left and right tunnels were open during the
probe trial. In addition, five stimulus fish were placed into a newly
created compartment in the reward box. We hypothesized that the
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natural need for socialization™ ™" will drive the motivation of

zebrafish to reach the goal box. The individual zebrafish behavior in
the maze was monitored for 10 min using a Nikon D3500 DX
camcorder. Video files were analyzed using a EthoVision XT video
tracking software (Noldus, InfoTech., Wageningen, The Nether-
lands).

Electrochemical Measurements. The electrochemical measure-
ment was carried out the same day as the behavioral probe trial. The
procedure to harvest the zebrafish brain was described else-
where.!”* Briefly, the examined fish was euthanized by a rapid
cooling method, followed by decapitation. Immediately following
euthanasia, the whole brain was harvested using previnusly described
methods and transferred to a perfusion chamber. The brain was kept
viable by a continuous flow of oxygenated and pH corrected aCSF.
The system was kept at a stable temperature of 28 °C prior to any
measurement, and the brain was allowed to equilibrate in the chamber
for 40 min.

Carbon fiber working electrodes were constructed following the
previously published procedure.”® Briefly, a 7 ym diameter carbon
fiber (Goodfellow Cambridge LTD, Huntingdon, UK) was aspirated
into a glass capillary tube (1.2 mm outer diameter, 0.68 mm inner
diameter, A-M system Inc., Carlsberg, WA, USA) and fixed in the
position by sealing the glass capillary around the fiber using a heated
coil puller (PE-22, Narishige Int. USA, East Meadow, NY). Next, the
exposed carbon fiber was trimmed to approximately 40 ym from the
end of the pulled glass capillary, and an epoxy seal was created
(EPON resin 815C, EPIKURE 3234 curing agent, Miller-Stephenson,
Danbury, CT, USA). The microelectrode was further cured at 100 °C
for 1 h and cleaned by soaking in ultrapure isopropanol for 30 min.
To ensure electrical connection between the carbon fiber and
electrode holder, all electrodes were backfilled with 0.5 M potassium
acetate, and a silver wire was inserted.

A Chem Clamp potentiostat (Dagan, Minneapolis, MN) modified
to enhance the range of available gain settings was used. TarHeel CV
software (M.L.A.V. Heien and RM. Wightman, University of North
Carolina, Chapel Hill, NC) with data acquisition PCI 6711
multifunction 1/O board (National Instruments, Austin, TX) was
used to collect and analyze all data. The traditional dopamine
waveform (from —0.4 to 1.3 and back to —0.4 V at 400 V/s) was
applied every 100 ms (i.e, 10 Hz application frequency). Dopamine
release was evoked by multiple stimulus pulses (25 pulses, 2 ms, 350
uA) applied by stimulus electrode (two tungsten electrodes
positioned 200 um apart). The stimulus pulses were applied to the
dorsal nucleus of the ventral telencephalon with a 10 min recovery
time between each stimulation.
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