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ABSTRACT

Santos, C. S. Development of an electrochemical microsensor for monitoring the
respiration activity of single cells and animals by scanning electrochemical
microscopy. 2019. 228 p. PhD Thesis - Graduate Program in Chemistry. Instituto de

Quimica, Universidade de Sao Paulo, Sdo Paulo.

This thesis shows results on the development of an O» micro/nanosensor for scanning
electrochemical microscopy (SECM) application with the aim of monitoring changes in
respiration activity over a single cell. The surface of platinum microelectrodes was
modified by using a platinisation protocol in order to facilitate the eletron-transfer process
regarding the O reduction reaction, hence the sensitivity of the device was greatly
enhanced. The stability of the microsensor and the nature of oxygen reduction reaction
(ORR) products were also evaluated by SECM. The developed microsensor was
employed in redox competition SECM operating mode to monitor local changes in the
O: concentration of a single-cell (HS578T lineage) present in phosphate buffer medium
during the addition of specific compounds to modulate the mitochondria activity. A
similar protocol was used for examining the metabolism of a nematode (Caenorhabditis
elegans) by scanning the O microsensor over a single-animal, with particular attention
being devoted to the reproductive system. Hence, SECM has been proven to be a powerful
and reliable technique to investigate biochemical events related to cellular activity by
means of oxygen consumption rate (OCR) with high spatial resolution. The last section
of this thesis presents a novel scanning probe microscopy developed in the Prof.
Schuhmann’s group (Germany) employing bipolar electrochemistry concepts. The
scanning bipolar electrochemical microscopy (SBECM) allows the independent
acquisition of multi-microelectrodes responses localized close to a surface. In contrast of
scanning a single probe as the conventional SECM, higher temporal resolution is obtained
with SBECM. The results showed in this thesis confirmed the ability of the
electrochemical probe techniques to acquire local O concentration information and to
provide deeper insight and comprehensive aspects in the biological area.

Keywords: Scanning Electrochemical Microscopy, SECM, Microelectrode, OCR,

Oxygen sensor, bipolar electrochemistry.



RESUMO

Santos, C. S. Desenvolvimento de microssensor eletroquimico para o monitoramento
da atividade respiratoria de células e animais por microscopia eletroquimica de
varredura. 2019. 228 p. Tese (Doutorado) - Programa de Pds-Graduagdo em Quimica.

Instituto de Quimica, Universidade de Séo Paulo, Sao Paulo.

Nesta tese sdo apresentados resultados sobre o desenvolvimento de um
micro/nanossensor de O para aplicagdo em microscopia eletroquimica de varredura
(SECM) com o objetivo de monitorar alteragdes na atividade respiratoria em uma unica
célula. A superficie dos microeletrodos de platina foi modificada por meio de um
protocolo de platinizagdo, visando a facilitagdo do processo de transferéncia de elétrons
da reagdo de reducio do O». Como consequéncia, a sensibilidade do dispositivo no que
diz respeito a detecgdo de O: foi bastante aumentada. A estabilidade do microssensor e a
natureza dos produtos ORR também foram avaliadas por SECM. O microssensor
desenvolvido foi empregado no modo de “competi¢do redox” da SECM para monitorar
alteracdes locais na concentragdo de O em células (linhagem HS578T) em tampao
fosfato durante a adicdo de substdncias especificas para modular a atividade das
mitocondrias. Um protocolo semelhante foi usado para examinar o metabolismo de um
nematodo (Caenorhabditis elegans) pela movimentagdo do microssensor de O sobre um
unico animal, com atenc¢fo especial sendo dedicada ao sistema reprodutivo. Portanto, a
SECM demonstrou ser uma técnica poderosa e confidvel para investigar eventos
bioquimicos relacionados a atividade celular com alta resolugéo espacial. A ultima segéo
desta tese apresenta uma nova modalidade de microscopia de varredura desenvolvida no
grupo do Prof. Schuhmann (Alemanha), baseada em conceitos de eletroquimica bipolar.
A microscopia eletroquimica bipolar de varredura (SBECM) permite a aquisi¢do
independente de respostas de multi-microeletrodos localizados préoximos a uma
superficie. Ao contrario do deslocamento de uma tnica sonda como na SECM
convencional, no caso da SBECM dados sdo obtidos com maior resolugdo temporal. Os
resultados apresentados nesta tese confirmaram a versatilidade das técnicas de sondas
eletroquimicas para a obtencdo de informagdes localizadas sobre a concentragio de
oxigénio e como ferramentas para a expansdo de conhecimentos mais aprofundados e
abrangentes na area bioldgica.

Palavras-chave: Microscopia Eletroquimica, SECM, Microeletrodo, OCR, sensor de

oxigénio, eletroquimica bipolar.



CONTENTS

A 0f the WOTK c.vvviiuiiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii it eececasneeeasaes 15
Chapter 1. State of the art 16
1.1. Scanning Electrochemical MiCrOSCOPY. .. .c.cccuireviecieeniieniieniienieesieeeieereeeveeeeennees 17
L.1.1. General CONCEPLS . .vvurtett ettt et e et e e e eeee e eeneeeneens 17

R O o3 (013 (7 4 Yo [ 18

1.1.3. SECM 0perating MOdeS .......oouvivrtenteitiiteaiieeteeteneeeneenaieensns 21

1.1.4. Theorical description of approach curves in feedback mode .................. 24
1.1.5. Application of SECM to biological samples ..............ccovvvniiciniininnn. 25

1.2, OXYZEI SENSOTS .. uvenetettntente et ettt et ettt e et e e et et e te e et eeneeneneeen s 26
L0 TR 23 10131157 401 1 (1 27
1.4. Bipolar Electrochemistry ...........ooeieiitiii e 29
L5  RETEIENCES ..enveieit e 32

Chapter 2. Fabrication and characterization of oxygen microsensors as a tip in

Scanning Electrochemical Microscopy 37
2.1. Experimental SECtion .........ccuvviuiiiiiitiii e 38
2,11 Chemicals ..o 38
2.1.2. Potentiostats and SECM equipment ...........c.ooevriiiiiinieiieinineanennn, 38
2.1.3. Reference and counter electrodes ..........ooeviiiiiiiiiiiiiiiiiiiiea 39
2.1.4. Scanning electron MICTOSCOPY «..uvrrentinrenreneereereareareeeeaneaeaneanns 39
2.1.5. Platinum micro/nanoelectrode fabrication ................cccooiiiiiniiiiin 39
2.1.6. Characterization of the microelectrodes ................coviviiiiiiiiiiinne... 41
2.1.7. OXYZEN MICTOSSEIISOT ...\ttt et ettt et et et et e e teete et aae e e e e e 41
2.1.8. Cell CUltUIE ....vee e 41
2.2. Results and DIiSCUSSION ....ouuiniieiit it 42
2.2.1. Characterization of the disc-shaped Pt microelectrodes ......................... 42
2.2.2. Enhancing the signal of the oxygen sensor ..............ccocevvviiiiiiininnnnn. 45
2.2.3. Evaluation of the ORR by tip generator/substrate collector TG/SC experiment
................................................................................................. 49
2.2.4. Stability study of the platinised platinum microelectrode towards ORR .... 52
2.2.5. Redox competition mode condition .............ccooeiviiiiiininriiniiniennnnnn 54
2.3  RETETEICES ...neineete e 56

Chapter 3. Single cell oxygen measurements by Scanning Electrochemical
Microscopy to investigate the intracellular heterogeneous oxygen consumption ... 57

R B o {5 ¢ Lo AR SRR 59
3.2, INtrOdUCHION ...utet i et e e 59
3.3, EXperimental SECTIOMN .. .. .ouut ettt et et ettt e 61
33,1, ChemiCals .oviei it e 61
3.3.2. Microelectrode fabrication and electrochemical characterization .............. 61
3.3.3. HS578T cell culture conditions ............ceoviiiiiiiiie e ceienneen, 62
3.3.4. Seahorse bioanalyzer oxygen consumption measurements .................... 62
3.3.5. Electrochemical experiments and SCOM ...........c.ccovviiiiiiiiiiiiiinnnnnne. 63
B4 RESUILS ..t 63
3.4.1. Microelectrode development, characterization and calibration ............... 63
3.4.2. Single Cell Oxygen Mapping (SCOM) by Scanning Electrochemical
Microscopy: comparison with commercial Systems .............c.ocevviiiininen. 65

3.4.3. Single Cell Oxygen Mapping (SCOM) .....ccoviiiiiiiiiiiiiiiiiiiiee e 69



RIS T B 1Yo 1S3 o) o AT 71
3.6. Acknowledgments ...........coiiiiiiii e 73
3.7 REICTEIICES. . .. 73

Chapter 4. Investigation of the heterogeneous oxygen consumption on a single

Caenorhabditis elegans animal .76
T R 115 (0 Yo 11 o150 o E 77
4.2, Experimental SeCtion ...........c.oiiiiiiiiii i 79

4.2, 1. ChemiCalS ...outii ettt e e e e e 79
4.2.2. Microelectrode fabrication and electrochemical characterization ............. 79
4.2.3. C. elegans culture conditions and sample preparation .......................... 80

4.2.4. SECM map of oxygen concentration over a single C. elegans animal ....... 80
4.2.5. Determination of oxygen consumption rate using the Finite Element Method

................................................................................................. 81
4.3. Results and DISCUSSION ... .ouvuitiiiiit i 82
4.3.1. Platinised platinum microelectrode ...............coviiiiiiiiiiiiiinin. 82
4.3.2. SECM map overasingle C.elegans .........cccc.ccooiviiiiiiiiiiiiiininnnnnn. 83
4.3.3. Determination of the local OCR ... 87
4.4, CONCIUSIONS ...ttt et et et 90
4.5, RETETEICES ... ittt ettt et 90
Chapter 5. Scanning bipolar electrochemical miCroSCOPY «...cccvvvvereeiiniinieninncens 92
B R o] Tt S 94
5.2, INEOAUCHION ..eciiiiiieeeeee et ettt e eneeemeeenneeas 94
5.3 EXperimental SECON ..... .ttt e 96
53,1 Chemicals .ooo.. o 97
5.3.2. Set-up for scanning bipolar electrochemical microscopy ...................... 97
5.3.3. Evaluation of the system behavior ............ccooovviiiiiiiiiiiiiii e, 99
5.3.4. Bipolar line and array SCans ...........ooeeerierereineenneenienieeineenneennnanns 99
5.3.5. A bipolar multi-electrode array as an electrochemical camera................ 100
5.4. Results and diSCUSSION .. ...uiuiuintitt ittt 101
5.4.1. Introduction to scanning bipolar electrochemical microscopy ................ 101
5.4.2. Evaluation of the system behavior ..................cociiiiiiiiiiiii ., 103
5.4.3. Bipolar line and array SCans .............cooeviiiiiniiiiii i 106
5.4.4. A bipolar multi-electrode array as an electrochemical camera ............... 108
5.5, CONCIUSIONS ...neiet ettt e 113
5.6. ACKNOWIEA@MENLS ... .oueeeniit e 113
5.7 RETCICNICES oeve ittt e 114

Chapter 6. Oxygen detection by Scanning Bipolar Electrochemical Microscop ... 116

6.1 ADSITACE ...ttt sttt st st 118
6.2, INITOAUCTION ...ouiiiinieitieiiet ettt st ettt et nae e 118
6.3. EXperimental SECtION .......ietiti ittt et eeee e e e 120
6.3.1. Chemicals and materials .............coooiiiiiiiiiiii i 120
6.3.2. Scanning bipolar electrochemical microscopy setup ...............oovneee.. 121
6.3.3. Optimization of experimental parameters for Oz detection ................... 123
6.3.4. SBECM with controlled local modulation of O, concentrations ............. 124
6.3.5. Monitoring of Oz evolution at a photocatalyst material ....................... 125
6.4. Results and diSCUSSION .......vuinitt ittt 125

6.4.1. Selection of the bipolar electrode material ...................cocoi i, 125



6.4.2. Evaluation of the pH value at the individual bipolar compartments ......... 127
6.4.3. SBECM using topographic features for controlled O2 availability ........... 130

6.4.4. AC modulation of the SBECM signal .............cooiiiiiiiiiiiiiiiin.e. 133
6.4.5. Monitoring light-induced O evolution at an n-type semiconductor surface
................................................................................................. 135
6.5. CONCIUSIONS ... eneitiiitt ettt e e e 137
6.6. Acknowledgments .............cooiiiiiiiii i e 137
6.7. RETEIENCES ...ttt 138

Appendix. Collaboration works: Application of microsensors in biological samples

.......................................................................................................... 140
Appendix 1. Investigation of the role of Peroxiredoxin Protein Prx 1 of Aspergillus
Jfumigatus by monitoring H20> .. 141
AL L ADSITACE .t 143
AL2. INIrOAUCLION ...ttt e 143
A1.3. Experimental SECtION .........cceiuiiiiriitiit ittt 146
AL3. 1 ChemiCals «...uvueeie i e 146
A1.3.2. Strains, culture and preparation of Aspergillus fumigatus .................. 146
A1.3.3. Fabrication and characterization of the Pt/AgQRCE integrated

108 (03 (0] (T {0 T [ TSP 147
Al.3.4. In vivo electrochemical measurements ...............oceeevveiieinnennnnnne... 147
Al1.3.5. Analysis of cell survival after oxidative stress and/or microelectrode

T 11 4 T ) 1 R PP 149
Al.4. Results and diSCUSSION ......o.uiutititiniit it 150
A1.4.1. Characterization of the Pt/AgQRCE integrated microelectrode and response

t0 HoO2 o 150
Al1.4.2. Study of H>O; degradation by Prx1 in Aspergillus fumigatus ............ 151
Al.4.3. Evaluation of Aspergillus fumigatus survival after oxidative stress and/or
microelectrode INSEITION ... ....uvuiueit it 156
ALS. CONCIUSIONS ..ottt e e e e 160
AT1.6. ACKnowledgments ...........coiiiiiiiiiii i 160
ALT RETCICNCES .ttt e 161

Appendix 2. Monitoring of H:20: production induced by root-inoculated

endophyticbacteria in Agave tequilanaleaves ..........ccccevveieieiiiniiineiinecinnscena 164
A2 T ADSITACE .« ettt 166
A2.2. INtrodUCHION ...t 167
A2.3. Experimental SECtION .........o.eiuiieiiit it 170

A2.3.1. Plant Materials .......o.uouiieieiii e 170
A2.3.2. Plant treatments and inoculation with bacteria ...................cooeoieen 170
A2.3.3. Fabrication of platinum and gold disc microelectrodes ..................... 171
A2.3.4. Potentiometric pH microsensor fabrication ..................cccooviiiiinnnen 172
A2.3.5. Apparatus and MeasUremMEnts ............ovevrireereeneeniereeneeneenrnennns 174
A2.3.6. Visualization of H»>O» in A. tequilana roots after E. cloacae inoculation
............................................................................................... 174
A2.4. Results and diSCUSSION ......vueiniit it 175
A2.4.1. Analytical performance of the sensor ...............c.ocoeiiiiiiiiiina 175
A2.4.2. In vivo HyO2 MONTOTING ..cvveuviriieiiriieiiniieicnit ettt 176
A2.4.3. Invivo pH MEASUTEMENLS ........oiuiiiiiii i 178

A2.4.4. Invitro XPeriMENtS ... .....oiueet ittt eieee s 179



A2.4.5. Visualization of H>O» in A. tequilana roots after E. cloacae inoculation

............................................................................................... 180
A5, CONCIUSIONS ...ttt e 181
A2.6. AcknowledZments ...........ooiuiiiiiii i 182
AT RO CTEINCES .. it 183

Appendix 3. Molecular mechanisms associated with acidification and alkalization

along the larval midgut of Musca domestic@ ...........ccccvvvviuviiieiiiniinieieiinnnnees 187
AZ L ADSITACE ..ottt 189
A3.2. INtrOdUCLION . ...eitt e e 190
A3.3. Experimental SECtION ........ovuiiuiititiit et 191

A3 1 ANIMALS ..o 191
A3.3.2. RNA EXETACTION ..ottt ettt e 192
A3.3.3. RNA-SEq ANalySiS ...uviuiiniitiitt it 193
A3.3.4. Annotation and computational analysis of selected sequences ........... 193
A3.3.5. Purification of midgut microvillar membranes .....................ccc..eeee. 194
A3.3.6. Microvillar membrane proteomics ..............coeeeerrenrerneineereennnnes. 194
A3.3.7. Production and calibration of the pH microssensor ......................... 194
A3.3.8. In vivo pH determinations with a pH microssensor ......................... 195
A3.3.9. In vivo pH determinations with a pH indicator .............................. 196
A3.3.10. Statistical analysis ..........oouiieiiitiii e 197
A4 RESUILS ..o 197
A3.4.1. Luminal pH along the midgut of M. domestica larvae ..................... 197
A3.4.2. Proteins putatively involved in midgut luminal buffering ................. 198
A3.43. Genes coding for proteins putatively involved in acidification and
associated Phenomena ..........o.oviiiiiiiii e 201
A3.4.4. Genes coding for proteins putatively involved in alkalization and amino
ETea (o B2 o0 g o1 (o) s R 201
A3.4.5. Identification of selected proteins at the midgut microvillar membranes
.............................................................................................. 202
A3.4.6. Testing the role of proteins with inhibitors and different diets ............ 203
AZ.5. DISCUSSION ..ttt et ettt et et 206
A3.5.1. Acidification of middle midgut and mucosal protection against acid ..... 206
A3.5.2. Alkalization of posterior midgut .............c.oiiiiiiiiiiii 213
A3.6. CONCIUSIONS ....eiete et e 216
A3.7. Acknowledgments ........ ..ottt 216
A3.8. RETETENCES .. .o e 216
General Conclusios and Perspectives .cueceeeeeeieiieiiniieniniiaisnisnssesonsonsisases 220
Curriculum Vitae .....ccoviiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiietiiietntiesniescecsesnsnns 222

List of Annexes 228




Aim of the thesis.

This thesis aims at showing results on the implementation of scanning electrochemical
microscopy (SECM) as an analytical tool to get information on biological systems. The
first bio-SECM equipment in Brazil was applied to study changes in the respiration
activity of a single organism by measurements of O concentration. The challenges
involved the fabrication of a micro/nanosensor for high spatial resolution measurements,
as well as the protocols to implement the bio-SECM technique to get reliable and
reproducible information. A derived SECM workstation based on the bipolar concepts
was developed to control a multi-probe, and such device was further applied to get high
spatial and temporal resolution. Besides being used SECM tips, microelectrodes were
used as sensors to determine the concentration of H>O> in microscopic biological
environments, such as plants and fungi. Micrometric pH sensors were also fabricated and
employed to measure the pH at distinct sections of dissected midguts of insect larvae. The

thesis is constituted by chapters, most of them corresponding to published articles.
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Chapter 1.

State of the Art.

16



1.1. Scanning electrochemical microscopy.

Scanning electrochemical microscopy is considered to be an analytical tool for studies
in microscopic and nanoscopic systems. Because many commercial SECM instruments
have been recently commercialized, the range of applications of the technique has
emerged in interdisciplinary areas. The advances in SECM have mainly focused on high-
resolution measurements, such of nanoscopic scale and in the coupling of SECM to other
techniques. However, the use of SECM as a routine analytical tool still requires caution,
especially because the technique application depends on several complex parameters.
Hence, it is not surprinsing that discussions on its reliability to get reproducible
quantitative data have appeared in the literature, as thoroughly reported in a review paper

from Kranz’s group '.

1.1.1. General concept.

Scanning probe microscopies (SPM) are techniques to investigate properties of a
surface by means of a signal provided from a scanning probe. Then, the Scanning
Electrochemical Microscopy (SECM) is a SPM technique where the probe is an electrode
and, thus, the technique signal and resolution depend on features of this probe. The
principle of the SECM is the fine control of the the movement of a microelectrode (tip)
in x, y, z directions to investigate electrochemical properties of a sample (substrate). This
is accomplished by positioning a biased microelectrode close to a substrate immersed in
a solution. Such substrate can be polarized or unbiased, depending of its properties
(insulating or conductive). The resulting current at the polarized tip depends on the
faradaic process that occurs because of the presence of electroactive species in the
solution or provided by the substrate, as well as and the distance between the end of the

tip and the sample 22,
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The simple SECM apparatus consists of 3 parts: a small electrochemical cell
containing the substrate and and the electrodes, including the SECM tip; a bipotentiostat
to control the electrochemical cell; and a positioning system to move accurately the tip
over the substrate. A scheme of a SECM workstation is presented in Figure 1.1. The
electrochemical cell may contain one or two working electrodes (tip or/and substrate), a
reference electrode (RE) and a counter electrode (CE). The tip is held and moved by using
a very accurate positioning system, which consists of a step motor (resolution of pm) and
a piezoelectric ceramic (resolution of nm). The SECM tip is the main component of the
system, once the microelectrode is responsible for the signal and the resolution of the

technique.

‘,l
O

)'ﬁ S \
o

1 Tip/ WE

Substrate

Figure 1.1.Scheme of the scanning electrochemical microscope workstation: Positioning
system with the motors and the piezo cube; the tip; the electrochemical cell; the substrate;

and the bipotentiostat.

1.1.2. Microelectrodes.

A microelectrode or ultramicroelectrode (UME) is a device known for having at least
one of its dimension in the micrometric or sub-micrometric scale *. In a more restrict and
technical way, the size is not the best parameter to define the concept of an UME, once

the important aspect is the comparison of the thickness of the diffusion layer at a particular
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time with the size of the electrode. Thus, a microelectrode defined only by its size can
have a non-micrometric response at certain experimental conditions *°. In general
aspects, microelectrodes are electrodes for whose the physical dimension is similar or
smaller the one corresponding to the the diffusion layer at a defined condition °. At such
conditions, the mass-transport towards the electrode surface is more effective.

Disc-shaped microelectrodes are typically used as SECM tips because of the easier
mathematical treatment and available fabrication methods. At conditions where faradaic
processes are important, mass-transport for microdisc-shaped electrodes occurs mainly
by radial diffusion. If the overall electrode process is mass-transport controlled, current
achieves a steady-state condition ’.

In the steady-state condition generated by a fast change of the applied potential, the
microelectrode surface is involved by a hemispherical diffusion layer and the Equation

1.1 describes the current response:

. nFD"?c  4nFDc

N RS VERTE
/A /8

Equation 1.1

Where j,. is the current density at the steady-state (A.cm™), n is the number of electrons
to the electrochemical reaction, F is the Faraday constant (s.A.mol), D is the diffusion
coefficient of the electroactive species (cm?s™), ¢ is its concentration in the bulk (mol.
cm™), ¢ is the time elapsed after the potential change (s) and r is the microelectrode
conductive radius (cm). The first term in the equation domains the current density at short
times (Cottrell equation), whereas the second term is predominant in the steady-state
condition at longer times. Considering the boundary condition for a disc-shaped
microelectrode, Equation 1.1. can be rewritten to Equation 1.2. The X term is a geometric
parameter and depends on the insulating part of the disc-shaped microelectrode. The
relationship between the glass insulating sheath radius to the conductive fiber radius is a

parameter known as RG (Figure 1.2)
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ir = XnFDrc where X =4 +0.55 (RG — 0.67) ~ %% Equation 1.2 %
UMEs fabricated for SECM experiments usually have small tip size to increase the
resolution. However, for UMEs with very low RG values the electroactive species can
also diffuse by the back of the electrode tip (see the scheme in Figure 1.3). This effect is
named back diffusion and can influence the mass transport towards the electrode for
SECM tips with RG < 10. For such microelectrodes the RG-dependent term X is higher
to account for the extra-mass transport, then the measured current is higher than the one

obtained for an UME with RG > 10, but with the same electroactive area °.

Rglels::

Teicetrode

\ RG =
Conductive surface —j

L Insulating surface

Figure 1.2. Schematic representation of a disc electrode surface, the insulating material

and the factor RG.
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Figure 1.3. Influence of the back diffusion on the current measured at microelectrodes

with different RG values .
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Besides the steady-state condition, essential in SECM experiments as the idea is to get
no time-dependent information, microelectrodes also present as benefits increased
faradaic/capacitive current ratio and low ohmic drop because of the small size. Such
features expand the use of UMEs to various applications such as in the control of

industrial processes and to environmental measurements '°.
1.1.3. SECM operating modes.

The SECM can be used for electrochemical investigations in different operating
modes: “feedback mode”, ““generation/collection” and “redox competition” '3,

In the feedback mode, the tip current depends on faradaic processes involving
electroactive species, commonly reversible redox couples (redox mediators). The
microelectrode is polarized to convert the redox mediator while it is positioned close to
the substrate surface '*. As mentioned before, the SECM steady-state current depends on
the solution composition (concentration and diffusion coefficient of the electroactive
species), but also on the nature of the substrate surface and the distance between the tip
and the sample. Figure 1.4 shows a scheme of different processes taking place with a

SECM tip close to both an insulating and a conductive surface in the presence of a redox

mediator (O species).

a) b) c)

I U S
0O R - P s .

0
1= 1y R 1 <1pyk

Figure 14. Electrochemical reduction of an oxidized species (O) at a microelectrode
positioned far from a substrate (a) and close to a conductive (b) and an insulating (c)

substrate.
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In the bulk solution, current follows the Equation 1.2 once it depends only on the radial
diffusion of O, hence surface characteristics are not important. However, when the tip is
moved towards the sample surface, current changes as a function of both the distance and
the substrate features. For a conductive material, the species generated in the
electrochemical process at the tip (e.g: R) diffuses to the substrate surface. Because both
species of the redox reversible couple are confined within a thin layer, a small potential
is created, but great enough for allowing the reverse reaction to occur at the conductive
sample surface (center image in Figure 1.4). Hence, even if the substrate is unbiased, an
electron-transfer process takes place at its surface. The phenomenon is called positive
feedback as countless redox cycles take place at the tip and the sample surface, leading
to a higher SECM current in comparison to the value measured at the bulk condition '°.
The positive feedback effect is much more effective as the tip-substrate distance decreases
and it depends on the conductive surface in promoting the electrochemical reaction. A
different situation is noticed when the tip moves towards an insulating surface and
because the diffusion of the electroactive is hindered by the glass walls of the SECM tip,
a current decrease is observed during the experiment (right image in Figure 1.4). This
effect is known as hindered diffusion or negative feedback ! and is completely dependent
on the RG of the microelectrode. A routine SECM experiment for investigating the
reactivity of a surface consists in approaching the tip towards the sample surface while
the tip is polarized at a potential to achieve a steady-state condition. Current values in
such an experiment are measured as a function of the tip z position (i vs. d) and the
resulting curve is known as approach curve '¢. The approach curves are usually plotted
by normalization of both current (i / i bulk) and distance (d / r, where r is the radius of
the electroactive disc), hence such normalized curve can be compared with others

recorded in different experimental conditions, regardless the concentration and diffusion
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coefficient of the electroactive species. Hindered diffusion curves can also be used to
determine the RG of the microelectrode, once the negative feedback effect is highly
dependent on the geometry of the tip.

The generation/collection (G/C) mode is a variation of the feedback mode, but in this
case the substrate must be polarized. The G/C mode is used to investigate the sample
surface reactivity in respect to an electrochemical reaction !” and this is accomplished by
collecting the product generated at the substrate or at the tip. There are two possibilities
in the G/C mode: the tip generation/substrate collection and the substrate generation/tip
collection mode. When the tip generates an electroactive species for further collection at
the substrate, information on the electrochemical reaction can be achieved, because of the
high collection factor !® due to the large area of the collector compared to the tip area. In
the tip collection/substrate generation mode, the concentration profile of the generated
species on the substrate can be obtained to investigate localized changes in surface
reactivity. These modes are used for kinetics studies involving modified surfaces and to
get information on diffusion coefficients, charge transfer coefficients and reaction
mechanisms %2,

SECM can also be operated in redox competition (RC) configuration, where the tip
and the substrate compete for the same electroactive species dissolved in solution.
Accordingly, changes in tip current are noticed because of the simultaneous consumption
of a specific compound by the substrate. This SECM mode was described by the

132122 04 in

Schuhmann’s group and used to evaluate the catalytic activity of enzymes
cell analysis °. The SECM modes are used to evaluate local surface information and most

of the theorical treatments consider the constant rate of the reaction occuring at the sample

and the tip. Thus, the RC mode is complex to interprete as the consumption of an
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electroactive species at the tip/sample may influence the concentration gradient of the

tip/sample.
1.1.4. Theorical description of approach curves in feedback mode.

The literature reports several mathematic expressions for describing the approach
curves in the positive feedback and hindered diffusion modes. Those expressions are
employed to describe the tip current as a function of the distance between tip and substrate
2. The first mathematical description was reported by Kwak and Bard !4, followed by
Ampheltt and Denuault ?*, who proposed theoretical approach curves for some
determined RG values. Lefrou and Cornut proposed mathematical expressions with the
RG as a parameter and one can obtain theoretical approach curves for positive feedback
and hindered diffusion modes ®%. The Equation 1.3 presents the final expression reported
by Lefrou to positive feedback 2° and the Equation 1.4 is the resulting expression to the

hindered diffusion/negative feedback described by Lefrou and Cornut 8,

1
2B[RG)

YA

Ir[L, RG] = alRG] + oS

+(1- a[RG] —

)%arctan (L) Egquation 1.3

2,08 0,145
——==(L——+==—)+1,585
— RG0»353( RG ) ! .
Ir[L, RG] = —=5 (L— 0.0023RG)+1,57 1D, 2 | " 7RG Equation 14
RGO,358 g STH T rRen (5 0)

, where a and [ are constants that depend on the RG value and L is the normalization of
the work distance (d) per the electrode radius (r).

The Figure 1.5 shows approach curves simulated using Equations 1.3 and 1.4. As one
can see, hindered diffusion approach curves are highly dependent on the RG, and the
higher the RG the lower the current for the same distance 2. On the other hand, changes
in the approach curves for positive feedback curves are much less dependent on RG

values.
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Approach curves are extremely important in SECM experiments to obtain local
information about the sample surface, as topography, properties (insulating and
conductive material) and reactivity 22728, Besides that, approach curves can be used to

determine the RG of the electrode using theorical expressions.

A) ] B) 1]
5 0.8
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Figure 1.5. Theorical approach curves for (A) positive feedback and (B) hindered
diffusion condition. RG values are: 1 (light green curves), 2 (dark green curves), 5 (pink

curves), 10 (blue curves), 20 (red curves), 50 (black curves).

1.1.5. Application of SECM on biological samples.

The SECM has been largely applied in the investigation of biological samples, in the
study of drugs effects in the metabolism, for evaluating enzymatic and cell activity and
in topographic studies 23 Because cells have microscopic dimensions and biological
events often occur in short interval times, microelectrodes can be efficiently used as a
tool to the investigation of biological samples/processes **¢. The local information is
obtained with high spatial resolution by SECM. Hence, it is not surprising that bio-SECM

has explored the challenge of working with complex samples in the last years to get

37,38 39,40

information regarding cell permeability /¢, cell topography °”**", intra and extracelular

41,42

reactions *'*2, oxidative stress in cells **, and respiration activity in embryonic bovine

cells **. However, the use of bio-SECM as an analytical tool to obtain local information
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of dynamics process with temporal and spatial resolution has still to be carefully evaluated

46-52

1.2. Oxygen sensors.

The importance of oxygen is well-known as it is by far one of the molecules essential
to life. Recently, the Nobel Prize was awarded to William G. Kaelin Jr, Sir Peter J.
Ratcliffe and Gregg L. Semenza for their discoveries on how cells sense and adapt to
oxygen availability (2019). A fundamental tool in this field are sensors able to determine
the oxygen concentration. There are three basic methods for dissolved oxygen
determination: chemical reaction based on the Winkler reaction; optical indicators using
absorption changes or photoluminescence; electrochemical measurements using
potentiometric, amperometric or conductometric principles. For on-time and continuous
detection, the last two principles are widely used, however even with many advances in
the optical sensors concerning sensitivity and miniaturization 3% the conventional
method for room temperature conditions and biological samples is still the Clark electrode
5336 (amperometric sensor). This is justified by the durability, easy handling, flexible
application and reliable response of such electrochemical sensor. The Clark electrode
consists of a bare platinum electrode with a Teflon membrane, which is employed as a
barrier for increasing the selectivity. Hence, the sensing platform is only reached by O»
diffusing through the membrane, and the response regarding any possible interfering
compound is prevented °’.

Platinum surfaces are highly active for the oxygen reduction reaction (ORR) and the
process takes place with the transfer of 4 electrons, resulting in water as the final product.
Although platinum surfaces have high activity towards ORR, which means less negative
applied potentials, such noble material is still expensive for wide application and,

consequently, the search for low-cost and stable Pt-free alternative materials has attracted
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the attention of the scientific community >®. Recently, many researches have focused in
fuel cells to improve energy conversion and to prevent the use of fossil fuels. The ORR
occurs at the cathode and many alternatives to platinum surfaces have been presented by

59,60

changing the surface of electrodes with cobalt porphyrin , nickel with polymers °!,

t %2, or nanotubes materials ®. The reduction of

polyaniline incorporating iron and cobal
oxygen at such modified surfaces is a many-step mechanism, requires high negative
potentials and so far platinum materials are still the best choice for ORR in general
conditions %264 The activity towards ORR depends on the solution pH and the nature
of the platinum surface % The detailed oxygen reduction mechanism on platinum
surfaces is still under investigation and two paths are shown to be possible: the direct
four-electron route, with no intermediate (Equation 1.5); and the two-sequential-steps

with a stable intermediate (H»02), Equation 1.6, which is partially reduced to H,O

(Equation 1.7), giving in the end a ne smaller than 4

O:+4H" + 4e 2H>0 Equation 1.5
Oz + 2H" + 2 —— H»0; Equation 1.6
H>0; + 2H" + 2¢e — 2H>0 Equation 1.7

1.3. Bioenergetics.

Bioenergetic studies the energy metabolism, the group of chemical reactions
responsible to generate energy for the cell’s functionality. Recent studies show that it
controls many other cellular processes, including inflammation and immunity, stem cell
differentiation and cell death. Chemical energy conversion occurs mainly inside an
important organelle, the mitochondria. Mitochondria are small organelles located within
the cells and they execute the respiration process (Figure 1.6). The metabolism is linked
to the energy generation in the respiration process which uses electrons originated from

the glycose/substrates oxidation to convert oxygen to water in the electron transport chain
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(ETC). The ETC process occurs through the four complexes in the mitochondrial intern
membrane, and in this process a membrane potential is created by the protons pumped
from the inner to the intermembrane space. This H" concentration gradient is responsible

to provide energy to the ATP synthase (oxidative phosphorylation).

Intermembrane space

FADH'

NAD +H

Mitochondrial matrix

Figure 1.6. Schematic representation of mitochondria complexes.

Thus, the understanding of the mitochondrial respiration process is essential, once
damages in the mitochondrial enzymes lead to the production of reactive oxygen species
(ROS). ROS are linked to the development of diseases such as Parkinson and Alzheimer
and to the aging process **®’. Recent studies showed that caloric restriction (diet) can
promote a variation in the respiratory metabolism, reducing the ROS production and
retarding the damages ®®. Therefore, tools to investigate the mitochondrial activity have
been developed ® 7! and measurements of oxygen consumption are extremely important
to obtain information on the ETC and the oxidative phosphorylation processes. Routinely,
the respiration activity is monitored by means of the oxygen consumption rate (OCR)
during experiments in which the individual mitochondrial complex function is modulated
with specific inhibitors, reducing the OCR, or with uncoupling species, promoting the

maximum OCR 72, The majority of mitochondrial activity experiments are performed
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using a pool of isolated mitochondria because limitation in the sensitivity of oxygen
sensors (Clark electrode). However, the cell/tissues handling can generate metabolic
alteration. Methodologies have been recently developed to enhance the sensitivity of

OCR measurements®’3

, among which the Seahorse commercial instrument presents the
highest sensitivity to OCR determination. In this equipment, intact attached cells can be
used as low concentration sample. However, as a disadvantage, the equipment is
expensive and has no flexibility to the experimental arrangement 3. The frontier of
knowledge in bioenergetics is based on the differences in mitochondria (fusion and fission
effects)’ and the commercial equipment still does not have the capability to get

mitochondria OCR. In this context, one of the main motivations of this work is to

contribute in the development of new advances towards investigations in a single cell.

1.4. Bipolar Electrochemistry.

Bipolar electrochemistry has a typical experimental configuration consisting of two
feeder electrodes and a bipolar electrode (BPE), which is placed between them. A
potential is applied to the feeder electrodes and an electric field is provided across a
diluted and inert electrolyte solution (Figure 1.7). The application of an electric field to
an electrolyte solution via two feeder electrodes generates anodic and cathodic interfacial
potential differences at the opposite extremities of a conductive object located in between
(BPE). The electric field in the bipolar electrochemistry is typically applied by a pair (or
more) of driving electrodes, which can be metallic (e.g., Au, Ag, Pt, or stainless steel),
carbonaceous (e.g., glassy carbon or graphite), or nonpolarizable (e.g., Ag/AgCl
reference electrode). The nature of the electric field formed between the driving

electrodes depends on the cell geometry and the conductivity of the electrolyte’.
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Figure 1.7. Schematic illustration of the principles of bipolar electrochemistry.

Reactions in bipolar electrode (BPE) surfaces take place because of the overpotential
caused by the electric field (Vapp) of the feeder electrodes, as seen in Figure 1.7. The
potential depends on the position of the BPE in the field and the composition of the
electrolyte solution (conductivity). As the BPE is a conductor, the potential Egg is the
same over its surface. However, the interfacial potential at the BPE surface and the
solution changes from the equilibrium potential (Egg) and varies along the length of the
BPE due to the presence of an electric field in solution. The interfacial potential is higher
at the ends of the BPE, so faradaic processes are always first observed at these regions
(poles). The overpotential value depends on just two experimental conditions: the
magnitude of Vapp and the length of the BPE. As represented in Figure 1.7, overpotential
varies from maximum to minimum value along the length of the BPE, in the anodic and
cathodic poles’. This non-uniformity of the interfacial potential differences along the
length of a BPE can be used to simultaneously drive reactions at different rates or to
synthesize materials and thin films having a graded composition or density.

Consequently, oxidation and reduction reactions occur at the electrically unconnected,
bipolar electrode (BPE)”®. This characteristics of the bipolar electrochemistry has

717,78

previously been exploited for site selective electrodeposition , electrochemically
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generated motion " or material characterisation . On the other hand, a closed bipolar
electrochemical cell (Figure 1.8) can be used instead of the traditional open bipolar
configuration (Figure 1.7.) 3184, The configuration of closed BPE consists of, basically,
solutions physically separated from anodic and cathodic poles, and the only current path

between the two half cells is through the bipolar electrode.

VEDD
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cathodic pole anodic pole

Figure 1.8. Schematic illustration of the bipolar electrode in the closed configuration.

As no contact to the BPE is required, the strategy commonly used to quantify a target
analyte in bipolar electrochemistry experiments is based on chemiluminescence
measurements: a reaction of interest occurs at one pole of the BPE and a different reaction

produces a chemiluminescent species® 8

at the other pole. Since anodic and cathodic
currents at the BE have to be equal (i, = i.), the optical signal serves to derive the bipolar
current. This strategy makes it possible for a large number of electrodes to be used in a
simple setup, once it is a wireless-contact method. This advantage is essential in the
sensing field because many different electrodes can be controlled simultaneously. During

the past 30 years, many interesting bipolar electrochemical experiments have been

reported in the literature for different applications, such as for improving the efficiency

89,90 91,92

of electrosynthesis *>%°, photoelectrochemical cells °? and even batteries ****. As no
ohmic contact is required for a reaction take place at the BPE, a specific reaction at one
pole of the BPE is induced to move the electrode in the solution by bubbles production

9597 (i.e., Ha or Oy), generating sufficient propulsion to induce the movement of small
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BPEs. Sensing devices developed based on the concept of bipolar electrochemistry®®”

have demonstrated to be an excellent alternative for chemical and biological sensing ">-1%,
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Chapter 2.

Fabrication and characterization of oxygen
microsensors as a tip in Scanning
Electrochemical Microscopy.
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Herein, the development of the oxygen microsensor is shown, including the fabrication
of the microelectrode, its characterization and the evaluation of the response towards the
oxygen reduction reaction. The platinum microelectrode surface was platinised to
enhance the current signal. This protocol allows a fresh platinum (black platinum) surface
to be obtained, with concurrent ORR potential shift due to the high reactivity of the
generated interface. Here the challenges of the small microelectrode fabrication to obtain
high-spatial resolution information in a SECM image are discussed. Redox competition
SECM (RC-SECM) experiments were performed using a polarized electrode as sample

and these measurements were extremely essential to understand the RC-SECM behavior.

2.1. Experimental Section.

2.1.1. Chemicals.

All chemicals were used as received: hexaamineruthenium (III) chloride
([Ru(NH3)6Cl3], CAS 14282-91-8, Alfa Aesar), hexachloroplatinic acid hexahydrate
(HoPtCle:6H2O, CAS 18497-13-7, Sigma Aldrich), potassium ferricyanide(IlI)
(K3Fe(CN)g, CAS 13746-66-2, Sigma Aldrich), phosphate buffer saline (Sigma Aldrich)
and sulfuric acid (H2SO4, CAS 7664-93-9, Merck). The solutions were prepared using
water purified via a Nanopure Infinity (Barnstead, USA). Measurements in absence and
presence of oxygen were performed in solutions purged with argon and oxygen (Air

Products SA, Brazil).

2.1.2. Potentiostats and SECM equipment.

The voltammetric and amperometric measurements were performed using a
bipotentiostat/galvanostat Autolab PGSTAT30 (Ecochemie, Netherlands) in a 2 or 4

electrodes configuration: 1 reference electrode, 1 or 2 working electrodes and 1 counter
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electrode when 2 working electrodes were used. The scanning electrochemical
microscopy SECM (Sensolytics GmbH, Germany) equipment is coupled to an inverted
microscopy Axio Vert.Al (Zeiss, Germany) and all the workstation is on a Cleanbench

anti-vibration table inside a faraday cage (Hamilton Thorne, USA).

2.1.3. Reference and counter electrodes.

A homemade reference electrode was used in the electrochemical measurements. A
silver wire (diameter 1 mm, Goodfellow, UK) was covered with AgCl by
electrodeposition and then inserted in a pipette tip with saturated KCI (CAS 7447-40-7,
Sigma Aldrich) solution. The ionic contact was a battery separator membrane '. The
counter electrode was a cylindrical platinum bare (diameter 2 mm) and it was only used

in 4-electrodes configuration experiments.

2.1.4. Scanning electron microscopy.

A scanning electron microscopy FESEM JSM-7401F (JEOL, Japan) was used to

characterize the morphology of the platinised Pt microelectrodes surface.

2.1.5. Platinum micro/nanoelectrode fabrication.

To get localized information on a phenomenon that takes place at the vicinity of a
surface, the size of the probe is a very important parameter. This means the dimension of
the electrode limits its application for the understanding of a microenvironment by using
SECM and to exploit the high spatial-resolution of the technique. Thereby, the fabrication
of a microelectrode with desirable properties is very important. The common strategy for
reducing the size of an electrode is to melt a visible piece of metal wire (here, platinum)
inserted into a glass capillary while the system is pulled. Herein, this process was
controlled by using a Flaming Brown Micropipette Puller P- 2000 (Sutter Instruments,
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USA) equipment where a glass capillary can be accurately positioned in a chamber where
a COz laser is aligned. For the platinum microelectrode fabrication, a piece of a platinum
wire (hard, 99.99% purity, diameter 50 um, Goodfellow, UK) is firstly inserted in the
middle of a cleaned capillary (quartz, OD: 1.0 mm, ID 0.3 mm, Sutter Instruments, USA)
and positioned in the middle of the chamber for heating. The success to obtain small tip
microelectrodes depends on the heating and pulling parameters of the equipment. Then,
the first step is to seal glass around the platinum wire and, for this, a locker must be
positioned in the Puller to block the pulling (with a homemade locker made by using a
wire). The sealing process occurs under pressure (450 mmHg) to reduce the formation of
air bubbles and the pressure is applied by connecting a pump to tubes in the ends of the
capillary. The optimized parameters used in this work were Heat 750, Fil 5, Vel 100, Del
120, Pull 1, one must consider any equipment variation and probably the values have to
be adjusted. The sealing process is run by 8-10 cycles of 20 seconds using with the above-
mentioned parameters and 40 seconds without heating (equipment is off). Following the
sealing step, the pulling step is performed without the locker by using the following
parameters: Heat 930, Fil 5, Vel 100, Del 150, Pull 200. The visual inspection is carefully
performed using a microscope to check whether the platinum wire was completely pulled
and diminished to the very end of the tip. The electric contact between the platinum wire
and a Ni/Cr alloy or Cu wire (diameter 0.25 mm) is made using a molten indium wire
(CAS 7440-74-6, diameter 0.25 mm, Alfa Aesar).

The platinum surface is exposed during the polishing process. The surface polishing
is performed using a homemade machine (Figure 2.1) instead of the manual process. The
microelectrode is attached to a micromanipulator and it drives the tip to an adapted
computer hard disc (HD) with a rotating sand paper on its surface. The polishing process

results in the cleaning of the disc-shaped platinum surface.
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Figure 2.1. Scheme of the homemade polishing machine: the microelectrode holder (A),

the micromanipulator in Z (B) and a HD with sand paper (C).

2.1.6. Characterization of the microelectrodes.

The electrochemical characterization of the disc platinum microelectrodes was
performed by recording cyclic voltammograms in a 5 mmol L' [Ru(NH3)sCl3] + 100
mmol L' KCI solution and approach curves towards an insulating surface in SECM
experiments. The platinum radius and the RG values were calculated using theoretical

parameters to fit the approach curves.

2.1.7. Oxygen microssensor.

Oxygen reduction reaction studies were performed by cyclic voltammetry in
phosphate buffer or DMEM (Dulbecco's Modified Eagle Medium, cell medium, Thermo
Fischer) solutions. The platinisation of the surface was performed in a 1 mmol L
H>PtClg: 6H-0 in 0.5 mol L' H,SO4 solution, scanning the potential from 0.3 V to -0.5 V

vs. Ag/AgCl/sat. KCI.

2.1.8. Cell culture.

The cell lineage HS578T, a human epithelial cancer cell type from a mammary

gland/breast tissue, was used in the experiments. The cells were grown in plastic flasks
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(T75 ou T25, Sarstedt, Germany) in Dulbecco's Modified Eagle's Medium (DMEM,
Thermo Fisher Scientific, USA) supplied with 10% fetal bovine serum and 1% penicillin
and streptomycin. The cell culture was kept in an incubator at 37 °C and 5% CO;. The
medium was changed at each 3 days and the cell culture was washed with phosphate
buffer saline solution (PBS, pH 7.4) and plated in new flasks. A Petri dish (TC dish 35,
Sarstedt, Germany) with 5.10° plated cells (high confluence level) in 2 mL of DMEM

solution was used in SECM experiments.

2.2. Results and Discussion.

2.2.1. Characterization of the disc-shaped Pt microelectrodes.

Cyclic voltammograms were recorded in a 5 mmol L™ [Ru(NH3)6Cl3] in 100 mmol L
I'KCI solution for the electrochemical characterization of the disc-shaped platinum
microelectrodes. A typical CV with sigmoidal profile with low hysteresis and a
characteristic steady-state current is shown in Figure 2.2A. The radius of the
microelectrode can be calculated using the Equation 1.2 and for a steady-state current of

11.2 nA the r value is found to be 6.4 pm.
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Figure 2.2. (A) Cyclic voltammogram recorded with a platinum microelectrode in a 5
mmol L' [Ru(NH3)sCl3] in 100 mmol L' KCI solution. Scan rate: 50mV s™ (B) Approach
curve towards a silicon wafer surface. Theoretical curve (line) and experimental data
(dots). Step rate: 10 uym s Eip: - 04 V vs. AgiAgCl(sat. KCl).
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For SECM applications, the RG value is an important parameter and the geometry of
the electrode cannot be assessed by cyclic voltammetry. The RG value can be determined
by using an optical microscopy or by theoretical fitting of the approach curve obtained in
an SECM experiment. As SECM can give information on the reactivity of the substrate
surface because of its interaction with the microelectrode diffusion layer, the overall size
of microelectrode (including the body glass) is very important. In the hypothetical case
of'a microelectrode with large RG, but relatively small platinum disc surface (Figure 2.3),
the use of such probe will not provide information with high resolution.

Accordingly, the last step regarding the microelectrode characterization consisted in
recording approach curves towards insulating surfaces, especially because the influence
of the RG value on the shape of the approach curve is much more pronounced in
comparison to conductive surfaces. Figure 2.2B shows an approach curve recorded during
the movement of the tip towards a silicon wafer surface and the RG value determined by
theoretical fitting of the data was 6.5.

The approach curve shown in Figure 2.2B is characteristic of a negative feedback
profile, as current decreases during the approach of the microelectrode towards the
insulating surface 2°. A change in the profile is noticed at short distances and this is
usually caused because the electrode reaches the surface. Ideally at this condition, the
normalized current should achieve 0 as the surface of the electrode would be completely
blocked, however experimentally any tilt of the surface allows the material diffusion to
the electrode surface. Hence, the tip touched the surface at d / r = 0.471 and i / ipux =
0.325. By taking into account the radius of the microelectrode, the tip reached the sample
surface at a distance of 3.0 pm. This value shows how close this particular microelectrode
can be positioned to a surface. Thus, the approach curve is a fundamental tool to

characterize a fabricated microelectrode and to get information on RG and r values .
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Small RG Large RG

Figure 2.3. Scheme of microelectrodes with small and large RG (ratio between the glass

body and the platinum disc diameters) close to an investigated sample.

As already pointed out, the size of the microelectrode (radius and RG) is the main issue
regarding its use to map a cell surface with high resolution. The fabrication of
nanoelectrode with radius comprising 300-500 nm (RG 10) is also possible with the
described procedure (section 2.1.5). A cyclic voltammogram of a platinum nanoelectrode
(r=305 nm) is shown in the Figure 2.4. Advantages of using such nanoelectrode involve
the possibility to place it close to the sample and to perform local measurements in a
SECM set-up with high-spatial resolution. A disadvantage of using such small probes is
associated with the loss in temporal resolution, once the tip must scan the whole area and
this will take more time. Concerns with the time taken for the experiment are very

important in biological studies to ensure the viability of the sample.

0.4 -03 02 -0.1 0.0 0.1 02
E/V vs. Ag/AgCl (sat. KCI)

Figure 24. Cyclic voltammogram recorded with a platinum nanoelectrode (r = 305 nm)

ina 5 mmol L' [Ru(NH3)sCl3] in 100 mmol L' KCI solution. Scan rate: 100 mV s
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2.2.2. Enhancing the signal of the oxygen sensor.

Investigations on the respiration of cells require the probe to have enough resolution
to map changes in the oxygen concentration. As expected, current values for very small
microelectrodes range in the nA or pA scale, hence strategies to reliably monitor small
concentration changes are envisaged. The sensitivity of Pt microelectrodes towards
oxygen detection can be enhanced by platinisation of bare platinum surfaces. This was
accomplished by cycling the potential from 0.3 to —0.5 V in a 1 mmol L' HoPtCls: 6H,0O
and 0.5 mol L' H>SOj4 solution. Typical voltammograms of such experiment are shown

in Figure 2.5.
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Figure 2.5. Consecutive cyclic voltammograms recorded with a platinum microelectrode

in I mmol L' H,PtCls-6H>0 and 0.5 mol L! H»SO4 solution. Scan rate: 100 mV s™.

The influence of the platinisation of the Pt surface on the oxygen reduction reaction
was evaluated by recording voltammograms in air saturated, in absence of oxygen and in
oxygen saturated phosphate buffer (pH 7.4) solutions. The voltammograms obtained with
the bare platinum microelectrode in solutions containing oxygen (red and blue curves,
Figure 2.6A) showed a cathodic current with onset potential at around — 0.3 V due to the
oxygen reduction, with a slight steady-state condition at around — 0.8 V. Similar
experiments were repeated with the platinised Pt microelectrode and the obtained

voltammograms presented a shift in the ORR towards less negative values (onset potential
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ataround 0 V vs Ag/AgCl/sat. KCI) (Figure 2.6B). Hence, efforts to modify the Pt surface
were successful in terms of facilitating the ORR (probably because the generation of
active catalytic Pt sites) and increasing the sensitivity (owing to the enlarged surface
area).

Changes in the morphology of the platinum surface after the platinisation protocol
were also evaluated by performing experiments in sulfuric acid solution. Cyclic
voltammograms of a bare and a platinised platinum electrode in sulfuric acid solution are
shown in Figure 2.7. The typical profile corresponding *° to the adsorption/desorption
hydrogen process takes place at around -0.1 V, platinum oxide reactions at more positive
potentials and the oxygen evolution at around 1.3 V is clearly seen for the platinised

microelectrode (black curve).

-0 08 06 04 0.2 0.0 0.2 0.4 -0.4 0.3 0.2 0.1 0.0 01 0.2

E/V vs. Ag/AgCl o kay) E/V vs. Ag/AgCI (g ke

Figure 2.6. Cyclic voltammograms recorded with a bare (A) and a platinised (B) platinum
microelectrode (r = 5 um) in a phosphate buffer solution (pH 7.4). Black lines, i: absence
of oxygen. Red lines, ii: air saturated solution. Blue lines, iii: oxygen saturated solution.

Scan rate: 100 mV s™.

The number of potential cycles in the platinisation protocol was also investigated by
recording voltammograms in phosphate buffer (pH 7.4) in the presence of oxygen. The
voltammograms obtained using the bare platinum microelectrode and after the
platinisation procedure from 5 to 100 cycles, shown in Figure 2.8A. The experiments

were performed right after the platinisation process and each scan was recorded after the

46



microelectrode surface polishing and evaluation of its response in a [Ru(NH3)s]*" solution
for comparison. Figure 2.8B shows the relation in the steady state currents and the
potentials to ORR (phosphate buffer pH 7.4) with the number of cycles in the platinisation
process. As before, the platinisation process resulted in an enhancement in the current for
ORR and the relation with the cycles indicated a saturation of this effect. With 100 cycles,
the improvement was + 180 % of current registered with the bare electrode current. The
saturation profile was also obtained in the potential relation with the cycles and the

potential was - 0.2 V with 100 cycles.
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Figure 2.7. Cyclic voltammograms recorded with a platinised (black curve, i) and a bare
(red curve, ii) platinum microelectrode (radius = 380 nm) in 0.5 mol L' H>SO solution

(argon purged for 5 minutes). Scan rate: 100 mV s4.

A simultaneous evaluation of the platinisation process was performed using the same
microelectrodes by recording voltammograms in a 15 mmol L' [Ru(NH3)6]*" in 0.1 mol
L' KCI solution, as shown in Figure 2.9. The current enhancement for microelectrodes
prepared with more potential cycles is similar to the one observed for the ORR (Figure
2.8). However, no huge shift in the reduction potential was observed in this case and this
is expected because the electron-transfer step associated to the reduction of [Ru(NH3)s]*"

is very fast.
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Figure 2.8. (A) Cyclic voltammograms recorded in phosphate buffer solution (oxygen
saturated) using platinised platinum microelectrodes prepared with 5 (red curve, ii), 25
(blue curve, iii), 50 (green curve, iv) and 100 (pink curve, v) potential cycles and with the
bare microelectrode (black curve, i). Scan rate: 20 mV s . (B) Plot of steady-state current
(®) and onset potential () for ORR values as a function of number of cycles in the

platinisation step.
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Figure 2.9. (A) Cyclic voltammograms recorded in 15 mmol L' [Ru(NH3)s]** in 0.1 mol
L' KCl solution (absence of oxygen) using a bare and platinised platinum
microelectrodes prepared with different number of cycles in the platinisation (5, 25, 50
and 100, respectively i, ii,iii, iv and v). Scan rate: 20 mV s”. (B). Plot of steady-state

current at — 04V as a function of number of cycles in the platinisation step.

SEM images were obtained in order to demonstrate the changes in the morphology of
the Pt microelectrode surface after the platinisation process (Figure 2.10). The presence
of small grains on the disc platinum surface is clearly seen by comparing images A and
B. The grains were spherical and most of them grew up in the extremities of the platinum

disc, probably because the diffusion at the edges is more effective. Image B shows some
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grains over the glass surface and one does not have any plausible explanation for such
observation. Nevertheless, such particles should not have any contribution to the current
increase. In conclusion, the SEM images showed the platinisation process contribute to
increase the area of the microelectrode and fresh spherical platinum grains with

nanometric size are deposited, as shown in Figure 2.10 C and D.

Figure 2.10. SEM images of the bare (A) and platinised (B) platinum microelectrode

surface. (C) and (D) show details of the platinum deposits over the platinum surface.

2.23.Evaluation of the ORR by tip generator/substrate collector TG/SC

experiment.

The platinisation of the platinum surface and consequent change in its morphology
resulted in a potential shift regarding the ORR and a current enhancement. The generation
of H>O> during the oxygen reduction in a 2-electrons process, instead of the general 4-
electrons process leading to H>O as a product, should not be disregarded. Such possibility
is not desired because the local formation of H>O> during the oxygen monitoring could
damage biological samples. Thus, an SECM experiment was performed to monitor the

products generated by the proposed sensor during the ORR. For this, a platinised platinum
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microelectrode (r = 5 um) was used in a tip generator/substrate collector (TG/SC)
experiment. The TG/SC consisted in placing the tip close to a conducting substrate, then
the tip is polarized to reduce dissolved oxygen and the generated products diffuse to the
polarized substrate surface and are collected. Possible ORR products generated at the tip
are H,O (n = 4) and H,0; (n = 2), and the latter can be oxidized at the substrate surface.
The substrate was a platinum electrode (r = 0.5 mm) and the typical voltammogram
corresponding to a fast reversible process was obtained for ([Ru(NHz)s]*") (Figure 2.11
A). The ability of such electrode to collect any H>O: generated at the tip was demonstrated

in Figure 2.11 B, as this compound is electroactive at 0.4 V at the platinum electrode (r =

0.5 mm).
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Figure 2.11. Cyclic voltammograms recorded with a platinum electrode (r = 0.5 mm) in
15 mmol L' [Ru(NH3)s]?* in0.1 mol L' KCl solution (A) and in phosphate buffer solution

(i, black curve in B) containing 10 mmol L' H>O; (i,red curve in B). Scan rate: 100 mV

st

A preliminar TG/SC experiment was performed to determine the collection factor of
the SECM setup using [Ru(NH3)s]*" as a probe. The platinised platinum microelectrode
(r = 6.9 pm and RG = 5) was positioned at 5 pm from the substrate by recording an
approach curve. Then, the substrate was polarized at 0.2 V to oxidize any [Ru(NHz)s]*"

generated at the tip during the potential sweep. The resulting curves are presented in

Figure 2.12. Current values for the tip and the substrate were close to 0 nA in the
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beginning of the experiment, when the tip potential changed from from 0.2 V to — 0.05
V. At more negative potentials applied to the tip, the cathodic reduction of [Ru(NH3)s]*"
takes place at a rate controlled by the electron-transfer kinetics at the interface. At the
substrate, a simultaneous anodic process is observed, which involves the regeneration of
[Ru(NH3)]*" from the [Ru(NHs)s]**diffusing from the tip. At—0.25 V applied to the tip,
the cathodic reduction of [Ru(NH;3)s]*" is mass-transport controlled and a steady-state
current is obtained. A similar situation is observed at the substrate, i.e., the steady-state
situation is achieved, hence this is a clear confirmation that the substrate anodic current
depends on the reduction process at the tip. The ratio between current at the substrate and
current at the tip corresponds to the collection factor of this SECM set up and the values
was found to be isubstrace/itip = 0.9 (Etip = - 0.4 V). Such high collection factor suggests the
generated species at the tip was almost completely collected at the substrate at the tip-to-

substrate distance (5 um) employed in this study.
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Figure 2.12. Tip generator/substrate collector curves. Black curve: cyclic voltammogram
recorded at the tip (platinised platinum microelectrode) in 5 mmol L' [Ru(NH3)s]?* in
0.1 mol L' KCl solution. Scan rate: 100 mV s™. Blue curve: amperometric monitoring at
the substrate (platinum electrode, r = 0.5 mm). Esusirare - +0.2 V. Tip-to-substrate

distance: 5 pm.

The set up proposed for the TG/SC experiment showed a high collection factor, hence

it would be useful for the investigation on the possible generation of H>O> during the ORR
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at the platinised Pt microelectrode. Accordingly, a similar experiment was performed in
phosphate buffer solution (pH 7.4) in absence and presence of oxygen (Figure 2.13). A
cyclic voltammogram was recorded at the tip, while the substrate was polarized at + 0.4
V to oxidize any possible H>O; generated at the tip during the ORR. The resulting curve
in presence of O» showed no simultaneous increase of currents in the substrate and tip.
The cathodic current due to the oxygen reduction reaction increased on scan at around —
0.1 V and reached a steady-state condition around — 0.6 V. While in the substrate, no
anodic current increased and in absence and presence of O», the amperometric curves
profile was the same. This result indicated a preference of ORR with 4 electron transfer
at the platinised surface and no H>O; was produced.

Then, the platinisation process contributed to the enhanciment of the sensitivity of the

sensor and improved the electron transfer process to ORR due a reactive surface.
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Figure 2.13. Tip generator/substrate collector curves. Black curves, ii: cyclic
voltammogram recorded with a platinised platinum microelectrode in phosphate buffer
solution in absence (A) and presence of oxygen (B). Scan rate: 100 mV s™. Red curves, i:
amperometric monitoring at the substrate (platinum electrode (r = 0.5 mm). Egubsiraie: +

04 V. Tip-to-substrate distance: 5 pm.

2.2.4. Stability study of the platinised platinum microelectrode towards ORR.

The stability of the platinised Pt microelectrode towards the ORR was evaluated by

applying a fixed potential to drive the desired reaction, for further current monitoring as
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a function of time. The experiment was performed using a platinised platinum
microelectrode (100 cycles, r =5 um) in the SECM set up in order to control the working
distance to different substrates. The tip was positioned at three distances from the sample
surfaces: a silicon wafer or a Petri dish covered with cells (high confluence level). The
results obtained in these experiments are presented in Figure 2.14. The working distance
was determined by approach curves towards the sample surface and a cleaned area on the
Petri dish was used for the experiment performed with the cells. The response of the
platinised microelectrode presented high stability for all working distances and regardless
the sample features. The current decrease at each tip-substrate distance followed the
expected negative feedback effect. Despite the presence of the cells and cell extracts, no

passivation of the microelectrode surface was noticed.
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Figure 2.14. Current monitoring for a platinised platinum microelectrode at 60 ym (black
lines, i), 15 um (blue lines, ii) and 10 ym (red lines, iii) tip-substrate distance in DMEM
solution. Substrate: (A) silicon wafer and (B) attached cells in high confluence. Ep: - 04
V.

The same experiment in presence of the cells was repeated, but the microelectrode was
repeatedly positioned at different working distances for the assessement of the
reproducibility. The amperometric curves shown in Figure 2.15. (A) Current monitoring
recorded with a platinised platinum microelectrode at 60 ym (black and gray lines, i), 15

um (red and pink lines, ii) and 10 um (blue line, iii) tip-substrate distances in DMEM
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solution. Substrate: cells in high confluence.A confirm high stable and reproducible
responses were obtained at all distances. Before and after the amperometric experiments,
cyclic voltammograms were recorded in 15 mmol L' [Fe(CN)g]*~ in 100 mmol L' KCl
solution (Figure 2.15B). Reproducible sigmoidal voltammograms were obtained
corresponding to the [Fe(CN)¢]*~ reduction, confirming the absence of passivation of the

electrode surface.
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Figure 2.15. (A) Current monitoring recorded with a platinised platinum microelectrode
at 60 um (black and gray lines, i), 15 um (red and pink lines, ii) and 10 ym (blue line, iii)
tip-substrate distances in DMEM solution. Substrate: cells in high confluence. Eqip: - 0.4
V. (B) Cyclic voltammograms recorded with the platinised platinum microelectrode in 15
mmol L' [Fe(CN)s]?~ in 100 mmol L' KCI before and after amperometric experiments.

Scan rate: 100 mV s

2.2.5. Redox competition mode condition.

The main aim of this work is to monitor changes in the oxygen concentration at the
vicinity of a single cell using an amperometric sensor. Hence, oxygen is consumed by
both, the cell and the sensor, and this mode in an SECM setup is named redox
competition’. In order to simulate the consumption of oxygen by a single cell and to work
at controlled conditions, preliminary experiments using this setup were performed with a
biased platinum microelectrode (r = 25 pum). Such microelectrode was used as a sink for

oxygen, resembling the respiration of a single cell. A platinised platinum microelectrode
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(r=35 pm) was used as a tip and it was placed over the disc-Pt-25 um in the SECM setup

(Figure 2.16A).

Figure. 2.16. (A) Photograph of the two microelectrodes in the SECM setup. (B)Approach curves
recorded using a platinised platinum microelectrode (r = 5 ym, RG = 10) towards a platinum
microelectrode surface (r = 25 pym) in DMEM solution. The substrate was unbiased and polarized
at different potentials (0 V to — 1 V, as indicated in the figure), whereas the tip was polarized at
— 0.6 Vvs Ag/AgCl/sat. KCI.

The tip was polarized at a potential where the ORR takes place at mass-transport
conditions (-0.6 V) and moved towards the sample, which was biased at different
potentials. Figure. 2.16. (A) Photograph of the two microelectrodes in the SECM setup.
(B)Approach curves recorded using a platinised platinum microelectrode shows the recorded
approach curves with negative feedback profile, i.e., the cathodic current decreases as the
tip is closer to the platinum surface. It should be pointed out that this substrate consumes
oxygen and the reduction product is non electroactive (H>0), hence the typical positive
feedback effect expected for a platinum surface is not present in this case. Changes in
the approach curves recorded at different potentials applied to the substrate are due to the
redox competition effect, as the negative feedback due to hindered diffusion of O, is the
same in all cases. The ORR current at the tip decreased as the substrate was biased at
more negative potentials, and one can conclude the concentration gradient produced by
the substrate influenced the current at the tip. On the other hand, as the tip is biased this

can also can influence the current at the substrate because of the redox competition.
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Hence, the sensor can also affect the oxygen concentration gradient of the sample. As a
conclusion, the cell is a dynamic sample and its metabolism can be changed by the local
disturbance of O> concentration. The influence of such problem can be minimized by
using even smaller tips (nanometric dimensions) which will consume less oxygen or by
performing experiments in different amperometric modes in which current measurements
are done at different intervals and for a few milliseconds during the approach, such like

in pulse methods.
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Chapter 3.

Single-cell oxygen measurements by Scanning
Electrochemical Microscopy to investigate the
intracellular heterogeneous oxygen consumption
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The developed oxygen microsensor discussed at the previous chapter was then applied
to the single-cell measurement using SECM. The immortalized cells HS578T lineage was
chosen due to its size and longtime resistance after removal from the culture condition.
This work is considered to be the main contribution of the PhD thesis of Carla Santana
Santos once many achievments were required to accomplish this work: the SECM
knowledge and expertise, the experience in handling biological samples, to work with
bio-SECM equipment, the fabrication of a sensor with resolution to map a cell and with
stability to long-term measurements. Here, results on the use of SECM for studying
biological samples for the first time in Brazil are presented. Many of the preliminary
results concerning this work were presented in international and national conferences and,
after a lot of discussions, we found a proper experimental design to confirm the
heterogeneity of the respiration at the same cell. Besides that, we showed SECM can be
used as a local respirometer, capable to measure the OCR of a single cell. The results
obtained and presented in this chapter were published in a paper as follows:

Single Cell Oxygen Mapping (SCOM) by Scanning Electrochemical Microscopy
Uncovers Heterogeneous Intracellular Oxygen Consumption. Carla S. Santos, Alicia J.
Kowaltowski, Mauro Bertotti. Scientific Reports, 2017, Vol 7, article number 11428.

The mentioned paper is an open access article published in Scientific Reports
(Publisher: Springer Nature) and the permission of use is allowed as soon as it is properly
cited, as above.

Carla Santana Santos prepared the cell samples and performed the electrochemical
measurements as the data analysis. C. S. S. planned the designed of experiments with the
co-authors. All the authors analyzed the results, wrote the text and reviewed the final

manuscript. C. S. S. made de figures and graphs and handled the submission to the journal
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Cell culture was done by C. S. S. after a deep training with Maria Fermanda Forni.
The OCR measurements in the commercial respirometer Seahorse XF Analyzers was
done with the supervision of Camille C. Caldeira da Silva in the Prof. Alicia J.
Kowaltowski’s lab. During some SECM experiments, Carla had close support of Gabriel
N. Meloni, due to her health condition and C. S. S. is completely grateful for his help and

support.

3.1. Abstract.

We developed a highly sensitive oxygen consumption scanning microscopy system
using platinised platinum disc microelectrodes. The system is capable of reliably
detecting single-cell respiration, responding to classical regulators of mitochondrial
oxygen consumption activity as expected. Comparisons with commercial multi-cell
oxygen detection systems show that the system has comparable errors (if not smaller),
with the advantage of being able to monitor inter and intra-cell heterogeneity in oxygen
consumption characteristics. Our results uncover heterogeneous oxygen consumption
characteristics between cells and within the same cell’s microenvironments. Single Cell
Oxygen Mapping (SCOM) is thus capable of reliably studying mitochondrial oxygen

consumption characteristics and heterogeneity at a single-cell level.

3.2. Introduction.

Because mitochondrial oxidative phosphorylation is the end-point of most metabolic
processes, monitoring oxygen consumption is an effective manner to continuously and
non-invasively evaluate energy metabolism in different cell types. Indeed, high-resolution
commercial systems have been developed to monitor oxygen consumption in suspended

biological samples, using Clark-type electrodes ', and plated cultured cells *, using
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fluorescent probes. These systems have been successfully used to uncover many different
metabolic conditions, with applications as varied as in inherited mitochondrial diseases,
inflammation, diabetes, neuroscience and aging >°. Using specific inhibitors, oxygen
consumption experiments can determine basal and maximal mitochondrial respiratory
capacity, ATP-linked processes, non-ATP-producing respiration (thermogenesis and non-
mitochondrial respiration) and estimate substrates used, among other parameters *!°.

However, these techniques present the caveat of detecting only bulk oxygen
consumption of the media in which the cells are suspended. They are therefore unable to
detect heterogeneity of metabolic characteristics among different individual cells in the
same culture, and cannot detect characteristics of this consumption within different areas
of a single cell. To date, evaluations of mitochondrial metabolic heterogeneity within and
among individual cells have mostly been conducted using fluorescent microscopy and
probes for mitochondrial inner membrane potentials. Unfortunately, these evaluations are
not quantitative and marred by many artifacts including phototoxicity, influence of
plasma membrane potentials, artifacts due to aggregation and changes in mitochondrial
mass and morphology 12,

We thus believe the area would greatly benefit from the development of single cell
oxygen consumption techniques. Different techniques have been used to acquire
topographical information with high spatial resolution, including atomic force
microscopy (AFM), scanning electron microscopy (SEM) and scanning electrochemical
microscopy (SECM), which is highly valuable in measurements of local electrochemical
activity at interfaces 1*~'°. Indeed, SECM has been used in the biological field to uncover
enzymatic activities and cellular topography '#!73°, SECM has also been employed to

investigate oocyte metabolism and oxygen consumption rates calculated as the difference
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of oxygen concentrations in the bulk of the solution and close to the cells 3!, estimated
according to spherical diffusion theory 1734,

In this work, we present an effective and simple approach to evaluate oxygen
consumption in the microenvironment of an individual cell, using a platinised platinum
disc microelectrode as a tip in SECM configuration. Single Cell Oxygen Mapping
(SCOM) experiments were carried out at a fixed tip-cell distance of 15 pum and high
spatial resolution information on the oxygen consumption rates was obtained. The results
were compared to those acquired with available commercial methods, and show that,
while bulk measurements are compatible, our method adds significant spatial distribution
information. The use of a platinised platinum microelectrode as a tip in a SECM
configuration for mapping the oxygen concentration above a single-cell uncovers rich
topographical heterogeneity in oxygen uptake characteristics within individual cells in

culture, which may have important regulatory, physiological and pathological

implications.

3.3. Experimental section.

3.3.1. Chemicals.

All reagents were of analytical grade and used as received (Sigma Aldrich, USA).
Measurements in absence and presence of oxygen were performed in solutions purged

with argon and oxygen (Air Products SA — Brazil).

3.3.2. Microelectrode fabrication and electrochemical characterization.

Platinum microelectrodes were fabricated by sealing a 50 pm diameter platinum wire
(99.99% purity; hard, Goodfellow, UK) inside a quartz glass capillary (L, 150 mm; o.d.,

1.0 mm; i.d., 0.3 mm, Sutter Instruments, USA). The capillary was then pulled using a P-
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2000 Micropipette Puller (Sutter Instrument Company, USA). A Ag/AgCl (saturated
KCl) electrode was used as reference. The microelectrodes were electrochemically
characterized by recording cyclic voltammograms and approach curves over a silicon
wafer in a 5 mmol L' [Ru(NH3)6]Cl5 + 0.1 mol L' KCI solution. The electrochemically-
active radius and the RG values (RG = rg/ r, where rg is the radius of the overall tip,
including the active platinum disc and the surrounding insulator; r is the radius of the
platinum microdisc) of two different microelectrodes were determined by fitting approach
curves before the platinisation of the surface. Values were found to be 5 um (RG = 8) and
500 nm (RG = 15). The smaller microelectrode was used in the SECM image experiment.
The calibration plot for oxygen was prepared by using steady-state current values
obtained from cyclic voltammograms recorded in a Gibco Dulbecco’s phosphate buffered
saline (Thermo Fisher Scientific, USA) solution containing oxygen at different

concentrations.

3.3.3. HS578T cell culture conditions.

HS578T human breast cancer cells (ATCC) were grown in plastic flasks in Dulbecco's
Modified Eagle's Medium, DMEM, (Thermo Fisher Scientific, USA) supplied with 10%
fetal bovine serum, 1% penicillin and streptomycin. Temperature and pH were controlled

in an incubator (5% CO; at 37° C).

3.3.4. Seahorse bioanalyzer oxygen consumption measurements.

HSS578T cell oxygen consumption rates were investigated a using a SeaHorse XF 24
Analyzer (Seahorse Biosciences, USA). The experiment was performed in SeaHorse
solution containing 5.10* attached cells per well of 24-well Seahorse plates (600 pL).

Rates were measured for intact cells (basal respiration conditions) and in the presence of
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0.6 pmol L' carbonyl cyanide m-chlorophenylhydrazoneine, CCCP (maximum

respiration) and 2 umol L! antimycin A (non-mitochondrial respiration).

3.3.5. Electrochemical experiments and SCOM.

Electrochemical experiments were carried out using an Autolab PGSTATI128
bipotentiostat/galvanostat (Ecochemie, Netherlands) and a Sensolytics (Sensolytics,
Germany) SECM coupled to an inverted microscope (Zeiss, Germany). Platinum disc
microelectrodes were platinised in a 1 mmol L' K, PtClg + 0.5 mol L' HoSOy4 solution
by cycling the potential from 0.3 V to -0.5 V vs Ag/AgCl/saturated KCI (100 cycles) *.
SECM experiments were performed over a Petri dish (TC dish 35, Sarstedt, Germany)
filled with 2 mL of DMEM cell culture solution (37°C, containing 5.10* HS578T plated
cells). The tip-substrate distance was determined by performing approach curves at the
Petri dish surface close to the cell. The tip was then positioned above the cell. Cell
respiration activity was measured with a platinised platinum microelectrode (r = 5 pum)
polarized at -0.4 V and positioned at a microelectrode-cell surface distance of about 15
pum (hindered diffusion region). Electrochemical images of a single cell were obtained
with a platinised platinum microelectrode (r = 500 nm) by recording cyclic
voltammograms (0.5 V to -0.6 V) after each movement of the tip in the x-y plane. In these
experiments, since the SECM tip possessed submicrometer dimensions, it was positioned
15 um above the cell surface, which is far from the hindered diffusion region. Hence, no

topographical effects could be noted at this working distance.

3.4. Results.

3.4.1. Microelectrode development, characterization and calibration.
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The development of a highly sensitive oxygen microscopy system using SECM
included producing platinum disc microelectrodes which were platinised to increase the
sensitivity and selectivity of the measurements. The platinisation step reduced
overpotential for the electrochemical reduction of O and enhanced the cathodic current,
leading to higher sensitivity. Moreover, amperometric responses that were stable over
large periods of time were obtained by using the platinised Pt microelectrode. Typical O
electrochemical detection responses of the constructed sensor can be seen in Figure 3.1,
which shows cyclic voltammograms recorded in the absence of O (Figure 5A, black line,
1) air-saturated solution Figure 3.1A, red curve, ii) and O»-saturated phosphate buffered
saline solution (Figure 3.1A, blue curve, iii). A steady-state situation is achieved in curves
ii and 1iii, which correspond to the electrochemical process involving O reduction.
Current values at -0.4 V were plotted as a function of O2 concentration and the calibration
plot is shown in Figure 3.1B. The linear plot (R* = 0.99994) shows the constructed
platinised Pt microelectrode is a highly sensitive probe to monitor changes in O>

concentrations, with a large dynamic concentration range.
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Figure 3.1. (A) Cyclic voltammograms recorded with a platinised Pt microelectrode in
argon-saturated (black curve, i), air-saturated (red curve, ii) and Oz-saturated (blue
curve, iii) phosphate buffered saline solution (pH 7.4). Scan rate: 100 mV s . (B)
Calibration plot from current values measured at -04 V. (C) Optical images of the tip

compared to a single human hair.
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34.2. Single Cell Oxygen Mapping (SCOM) by Scanning Electrochemical

Microscopy: comparison with commercial systems.

To investigate cell respiration using the SECM system, the platinised Pt
microelectrode was positioned over cultured HS578T cells (chosen for their large surface
area) and biased at -0.4 V to monitor changes in local O concentrations. After 10 minutes
for current stabilization, the system displayed a stable current change over time, with
good signal to noise relationships. To test for stability upon additions to the system, 2 pL
of the culture media DMEM were added (Figure 3.2A, a). No alterations in current
changes over time were seen, indicating a stable system in which additions could be made.
Subsequently, we added known modifiers of cellular oxygen consumption: CCCP (Figure
3.2A, b), an uncoupler of oxidative phosphorylation which increases cellular oxygen
consumption, and antimycin A (Figure 3.2A, c), a specific inhibitor of mitochondrial
electron transport and, therefore, oxygen consumption. As expected for these regulators
of cellular oxygen consumption, CCCP increased the change in current over time, while
antimycin A eliminated it. Control experiments (results not shown) were performed in
the absence of cells and no changes were observed upon addition of CCCP and antimycin
A, demonstrating that the effects of these drugs were on the cells and not on electrode
response. Thus, our SCOM strategy is applicable to cell cultures and presents an adequate
response to known regulators of oxidative metabolism.

O consumption rates were calculated from slope values measured along the recorded
black curve shown in Figure 3.2A. This representation clearly shows that basal oxygen
consumption rates are very significantly increased after the addition of CCCP, whereas
these were close to 0 pA min™' in the presence of antimycin A, demonstrating that the
SCOM by SECM works well as a respirometer for cultured cells. Indeed, parallel

experiments with a SeaHorse respirometer, the gold-standard commercial system
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available to measure plated cell oxygen consumption, showed similar profiles (Figure

3.2B), albeit with more dispersion.
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Figure 3.2. (A) Current monitoring using a platinised Pt microelectrode (-04 V)
positioned at ~ 15 pm tip-substrate distance from an HS578T cell and O» consumption
rate (OCR) values as a function of time. DMEM (2 uL, a), 2 umol L' CCCP (b) and 2
umol L antimycin A (c) were added where indicated. (B) Oxygen consumption values
obtained using a commercial SeaHorse Bioanalyzer under similar experimental

conditions.

To confirm if the changes in measurements by SCOM were due to the modulation of
respiratory activity and not chemical effects of the drugs, the same experiment was
repeated, but the substances were added in the opposite order, i.e., antimycin A was added
before CCCP. Once complex Il is inhibited and the electron transport chain is blocked
by antimycin A, the addition of CCCP should not cause any significant change in the
respiratory activity. Indeed, the red curve i in Figure 3.3 shows current changes before
and after addition of antimycin A and CCCP, respectively, and no net change in the
oxygen consumption rates were observed, confirming the CCCP effect in Figure 3.2 was
specific to mitochondrial respiration. The experiment was then repeated again under the
same conditions in this cell, but CCCP was added before antimycin A; the trace obtained
again resembles that in Figure 3.2A, with an increase in respiratory activity upon the
addition of CCCP. Interestingly, we find that the increase in respiratory activity between

individual cells presents some variability (196% and 230%, comparing Figure 3.2 and

66



Figure 3.3 curve ii). This shows that there are individual characteristics of cellular
respiration, which can be uncovered with SCOM, but not commercial systems in which
the values obtained are averages for a pool of cells. This is a noteworthy advantage of the
proposed approach, since cellular oxygen consumption heterogeneity may be involved in

many biological effects, but has not been studied to date.
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Figure 3.3. Current monitoring using a platinised Pt microelectrode positioned over
HS578T cells. The arrows indicate the addition of antimycin A (a, 2 umol L) and CCCP
(b, 2 umol L'). The microelectrode was biased at -0.4 V.

Although the differences in respiratory stimulation seen for specific cells upon the
addition of CCCP may be due to individual cell characteristics, current measurements in
an SECM system depend on the concentration of the electroactive species as well as the
distance between the tip (microelectrode) and the substrate (cell). At the working distance
employed here (at around 15 pm using a microelectrode of r =5 um), the tip body inhibits
lateral oxygen diffusion, acting as a physical barrier (hindered diffusion). Hence, the
oxygen concentration in the layer between microelectrode and the cell is controlled by
the hindered diffusion effect, the consumption by the tip and the consumption by the cell.
Because the rate of electron transfer is the same throughout the experiment (the electrode
potential is set at a fixed value) and the working distance is considered constant, these

experimental parameters should not cause changes in measured current. Cell height was
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determined to be 3 um by atomic force microscopy (AFM), and was thus much smaller
than the working distance (15 um), making any cellular shrinkage or expansion effect
negligible. As a result of the hindered diffusion effect, the current decreases as the tip
approaches the surface. Thus, the conversion of current into O2 concentration is not
straightforward, since the accurate distance between the cell and microelectrode surface
is difficult to estimate, and could vary in separate measurements. In order to test the
reliability of the system, we compared the SCOM/SECM respirometer to the commercial
Seahorse respirometer in terms of reproducibility (Figure 3.4). Because SCOM measures
oxygen consumption in single cells, while Seahorse respirometry measures a cell
population, we normalized the readings as percentages of basal oxygen consumption.
SeaHorse errors were calculated from measurements performed in four different wells,
while the error bars for SCOM measurements correspond to different measurements of a
single cell. Interestingly, we noted that variability in the SCOM by SECM was

comparable or even lower than the multi-cell Seahorse system (Figure 3.4).

| .

Basal ccee Antimycin A

Figure 3 4. Percentage oxygen consumption rate (OCR) variation for HS578T cells using
SCOM (black bars) and SeaHorse (gray bars) respirometers. Basal respiratory rates
were used to normalize results, and the effects of CCCP and antimycin A were monitored

under conditions described for Figure 3.2.
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3.4.3. Single Cell Oxygen Mapping (SCOM).

Given the evidence that the SECM system was reliably measuring oxygen
consumption, we scanned a submicrometric platinised Pt microelectrode (r = 500 nm)
over cultured cells in order to get a map of respiratory activity. In this SCOM image
experiment, the microelectrode-substrate distance was set at 15 um (constant height) and
the tip was scanned across the surface of two cells (Figure 3.5A), chosen because the
lower one presented normal live cell morphology, while the top cell was rounded and
seemed to be poorly attached, a characteristic of dead cells, which are not expected to
respire. The tip was moved laterally in a horizontal (x-y) plane with 10 pm steps at 5 um
s, Cyclic voltammograms were recorded only at the end of each step to minimize oxygen
depletion 2%, Current values measured at -0.4 V were used to create the SCOM image
(Figure 3.5). Experiments were performed before (Figure 3.5B) and after (Figure 3.5C)
the addition of antimycin A (2 pmol L). Current values were normalized (the highest
current was defined as 1) and higher upon addition of the inhibitor compared to those
values obtained under basal conditions, since oxygen consumption rates decreased.

The result is a map of oxygen consumption in the cell microenvironment, which shows
that most of the area of the live cell coincides with areas of oxygen consumption (Figure
3.5B). An exception is the area of the nucleus (bulge on the center bottom), which has
low consumption, as expected for a cellular area that lacks mitochondria. The dead cell,
on the other hand, did not affect oxygen consumption currents. These differences
disappear in the antimycin A-treated cell measurement (Figure 3.5C), indicating they are

caused by oxygen consumption and not topography.
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Figure 3.5. (A) Optical image of two cells. Normalized current map of the scanned area
before (B) and after (C) addition of antimycin A (2 umol L™). For B and C the highest
oxygen reduction current was defined as 1. (D) Pixel subtraction map corresponding to
normalized current values measured after (map C) and before (map B) the addition of
antimycin A. E = -04 V, Pixel size = 10 x 10 um. The dotted lines show the shape of the

cells.

To further compare the inhibitor effect and generate a specific mitochondrial oxygen
consumption map, normalized current values measured for intact cells (basal respiration
condition) were subtracted from those corresponding to experiments performed in
presence of antimycin A (non-mitochondrial respiration condition), generating the pixel
subtraction map shown in Figure 3.5D. This map compensates for oxygen diffusion
effects such as those caused by the mass of the dead cell and indicates areas of
mitochondrial oxygen consumption within the live cell (white zones). Our cells are not
morphologically similar to spheres and the oxygen consumption is not homogeneous
throughout the cell, as shown in Figure 3.5B. Hence, spherical diffusion theory 3! is not
appropriate to estimate oxygen consumption rate at our experimental conditions. In an
attempt to give the reader information on the quantitative amount of O» molecules

consumed in the respiration process as a function of time, we adopted a different
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approach: O> consumption rates values shown in Figure 3.2A were divided by the slope
of the calibration plot (obtained at a microelectrode-silicon wafer surface distance of
about 15 pm, i.e., a similar microelectrode-cell surface separation), uncovering
quantitative changes in O> concentrations at the surface of the cell by unit of time. Taking
into account the volume of the solution, the rate of O2 consumption was found to be 342
(basal condition), 797 (in the presence of CCCP) and 114 pmol min™' (in the presence of
antimycin A). Interestingly, while the cell nucleus area was an expected area of low
oxygen consumption, the map (Figure 3.5D) shows that cell extremities have very high
oxygen consumption, and uncovers heterogeneous oxygen consumption characteristics
within a single cell. It should be pointed out that the acquired images have a pixel size
resolution of 10 um, but the scanned area corresponding to the cells extremities is smaller
than this value. Even considering this, the extremities of the cell demonstrate significant
respiratory activity, leading to a higher oxygen consumption activity zone. In conclusion,
the spatial resolution of the SCOM by SECM system thus allows for the visualization of

different regions of mitochondrial respiration within a single cell.

3.5. Discussion.

Mitochondrial oxidative phosphorylation, as the end-point of energy metabolism, has
been extensively studied as a means of understanding metabolic processes underlying
physiological and pathological processes. The best way to study oxidative
phosphorylation is the measurement of oxygen consumption rates associated with the use
of mitochondrial respiratory regulators '*. Oxygen consumption methods are
advantageous since they are quantitative, specific and much less artifact-prone than

fluorescence microscopy methods to evaluate mitochondrial function ''"'2%¢. Currently
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available methodologies to evaluate mitochondrial respiration do so in bulk: tissue
samples, isolated mitochondrial homogenates, intact and permeabilized cells '~

However, recent findings studying mitochondrial parameters other than respiratory
rates (such as morphology and inner membrane potentials) suggest there is significant
heterogeneity both between different cells in a population and within different
mitochondria within the same cell *"*?. As a result, the development of methodologies
capable of measuring oxygen consumption with single cell resolution has become of
interest.

Here we developed and validated the use of a SCOM method using SECM and a
platinised platinum disc microelectrode with a submicrometric tip (Figure 3.2). We have
demonstrated the SCOM system is capable of reliably measuring single cell oxygen
consumption, responding to mitochondrial respiratory modulators in the expected
manner, and displaying stability during measurements and additions (Figure 3.2 and
Figure 3.3). The system produces results that are comparable, if not better, than the gold-
standard currently available commercial system to evaluate respiration in populations of
plated cells (Figure 3.4), with the advantage of being able to uncover inter-cell variability
(Figure 3.3). Moreover, the oxygen consumption rate can be assessed in a simpler way

than those proposed in the literature 3%33

, where this parameter was obtained by measuring
oxygen concentrations at different distances from the cell surface: This approach has the
disadvantage of being influenced by the effect of the working distance on current
measurement, since currents also change because of the feedback effect. Finally, when
used in a scanning configuration, the SCOM system developed here is able to create
oxygen consumption maps, and uncovers heterogeneity in consumption patterns within

the same cell (Figure 3.5), with enhanced mitochondrial oxygen consumption at the

thinner ends of the cell.
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We have thus successfully demonstrated the feasibility of non-invasive oxygen
consumption microscopy experiments in biological samples, a development that will add

to our knowledge of metabolic characteristics on a single-cell basis.
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Chapter 4.

The investigation of the heterogeneous oxygen
consumption on a single Caenorhabditis elegans
animal
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In the previous chapter, the capability of SECM to get localized information on oxygen
consumption by the mitochondria in a single-cell was demonstrated and such approach
was repeated with a nematode. The nematode Caenorhabditis elegans is an animal used
as a model for aging and effects of caloric restriction (diets) studies due to its metabolism
and physiology, as well as easy handling and short-lifespan. The evaluation of drugs
effects on its metabolism is commonly done by checking the respiration activity by means
of oxygen concentration measurements of a large amount of worms. Herein, we used the
advantages of SECM to evaluate to gain localized information of the role of the
reproductive system of the animal in the oxygen consumption. The experiments were
performed in collaboration with Dr. Fernanda Marques da Cunha, from the Federal
University of Sdo Paulo (UNIFESP), and her PhD student, Felipe M. dos Santos. Dr.
Gabriel Negrao Meloni, researcher in Patrick Unwin’s group at the University of
Warwick (UK) did the simulation studies.

The C. elegans culture was grown by Felipe M. dos Santos. Carla Santana Santos
performed all the electrochemical measurements and prepared the animals to the
electrochemical measurements. G. N. M. and C. S. S. treated the data and G. N. M.
modeled the experimental data to get information on local OCR values. C. S. S., F. M. C.

and A. J. K planned and designed the experiments with the co-authors.

4.1. Introduction.

The oxidative phosphorylation is the last stage of the majority of metabolic processes
and the oxygen concentration measurement is an efficient tool to monitor any variation
at the bioenergetics process in different samples e.g.: cells, tissues, organisms. In fact,
commercial equipments with high sensitivity to measure oxygen consumption have been

developed in studies carried out with isolated mitochondria using Clark electrodes !> and

77



in attached cell cultures with fluorescent sensors *. These equipments have been
successfully applied to investigate metabolic conditions and to understand mitochondrial
diseases, inflammation, diabetes and aging processes 5. Specific inhibitors have been
used to modulate the mitochondrial respiration for checking specific contributions on the
mitochondrial activity *°. For these studies, model animals are used to allow the
understanding of specific processes in more specific systems. The nematode
Caenorhabditis elegans is a simple and multicellular organism and has been used as a
model in aging and effects of caloric restriction studies due to its metabolism and
physiology, as well as easy handling and short-lifespan '*!!. In addition, the life cycle of
the C. elegans follows a standard cell division which rarely changes '°, hence leading to
a fast and easy recognition of the life phase of the animal. Recent studies have shown that
changes in the mitochondrial activity (effect of diets during the life cycle of the C.
elegans) were responsible for reducing the reproduction capacity '2. Then, the
understanding of the role of the reproductive system in the metabolism of the whole
animal is needed. However, commercial equipments can only detect the variation on the
oxygen concentration in a sample population, offering no information of the respiration
rate (oxygen consumption) at individual organisms or even the variation along the same
single-organism. We have already shown that a platinised platinum microelectrode in
SECM (scanning electrochemical —microscopy) redox competition mode!?
(electrode/sensor and a single cell consumed the same species, oxygen) can be used as a
tool for mapping the oxygen consumption in the vicinity of single cells. Measurements
on the oxygen consumption rate were performed and the results were in agreement with
those obtained with a standard equipment 4. The single cell oxygen maps showed the
oxygen consumption is not homogeneous throughout the cell. Thus, the same method can

be employed to investigate the contribution of bioenergetic processes in individual
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organisms. Herein, SECM has been used for mapping the oxygen consumption along a
single C. elegans and to study the role of the reproductive system in the respiration

process.

4.2. Experimental Section.

4.2.1. Chemicals.

All chemicals were used as received: hexaamineruthenium (III) chloride
([Ru(NH;3)6Cls], CAS 14282-91-8, Alfa Aesar), hexachloroplatinic acid hexahydrate
(HoPtCle:6H2O, CAS 18497-13-7, Sigma Aldrich), potassium ferricyanide(III)
(KsFe(CN)g, CAS 13746-66-2, Sigma Aldrich), phosphate buffer saline (Sigma Aldrich)
and sulfuric acid (H2SO4, CAS 7664-93-9, Merck). The solutions were prepared using
water purified via a Nanopure Infinity (Barnstead, USA). The solutions were purged with
argon and oxygen (Air Products SA, Brazil) for measurements in absence and presence

of oxygen.

4.2.2. Microelectrode fabrication and electrochemical characterization (more

details in Chapter 2).

Platinum microelectrodes were fabricated by sealing a 50 um diameter platinum wire
(99.99% purity; hard, Goodfellow, UK) inside a quartz glass capillary (L, 150 mm; o.d.,
1.0 mm; i.d., 0.3 mm, Sutter Instruments, USA). The capillary was then pulled using a P-
2000 Micropipette Puller (Sutter Instrument Company, USA). A Ag/AgCl (saturated KC1
solution) electrode was used as reference. The microelectrodes were electrochemically
characterized by recording cyclic voltammograms in the bulk solution and by approach
curves recorded towards a silicon wafer surface in a 5 mmol L' [Ru(NH3)s]Cls and 0.1

mol L! KCI solution. The electrochemical active radius and the RG values (RG = rg/ r,
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where rg is the radius of the overall tip, including the active platinum disc and the
surrounding glass; r is the radius of the platinum microdisc). The platinum microelectrode
surface was platinised by recording cyclic voltammograms (from 0.3 V to — 0.5 V, 30

cycles) ina 1 mmol L' H; PtClg -H>O and 0.5 mol L' H,SO4 solution '°.

4.2.3. C. elegans culture conditions and sample preparation.

Experiments were performed with C. elegans hermaphrodite animals (lineage N2
Bristol) in the adult phase. The animals were grown in NGM (Nematode Growth Medium,
51 mmol L' NaCl, 0.25 % (m/v) bacto-peptone, 1 mmol L CaCl,, 1 mmol L' MgSOsx,
5 ug mL! cholesterol, 20 mmol L' KH,PO4, 5 mmol L' K;HPO4, 2 % (m/v) bacto-agar,
pH 6.0 culture medium in the presence of 100 pg mL'streptomycin and E. Coli OP50-1,
which was grown overnight at 37 °C in the culture medium LB. The temperature (20 °C
) of the C. elegans culture was controlled in an incubator. For the electrochemical
experiments, adults were collected using a tweezer and transferred to a Petri dish (TC
dish 35, Sarstedt, Germany) with M9 buffer solution (KH2PO4 22 mmol L', Na,HPO4 42
mmol L', NaCl 86 mmol L', MgSO4 1 mmol L") and in presence of an anesthetic 0.3
mol L' 2,3- butanedione monoxime (CAS 57-71-6, Sigma , USA). The anesthetic was

used to avoid any movement of the animals during the SECM measurements.

4.2.4. SECM map of oxygen concentration over a single C. elegans animal.

The electrochemical measurements were performed using an Autolab PGSTAT128
bipotentiostat/galvanostat (Ecochemie, Netherlands) and a scanning electrochemical
microscope SECM (Sensolytics, Germany) placed on top of an optical inverted
microscope Axio Vert. Al (Zeiss, Germany). Platinised platinum microelectrodes (bare
electrode r = 500 nm, RG between 20 and 25) were used as tips to record the SECM map.

The tip height (vertical distance from the substrate) was assessed by recording approach

80



curves towards the Petri dish surface in the vicinity of a single C. elegans using the
oxygen reduction reaction (ORR). For the SECM maps, the platinised platinum
microelectrode was positioned at a constant height of 100 pm (tip-to-surface distance)
over the Petri dish. . Compensation of the surface tilt was accomplished by approaching
the tip to the membrane at three different x,y positions and calculating the resulting plane.
The surface tilt was compensated by scanning the probe in a X-Y plane created by the
software using information of approach curves in the Petri dish. In order to avoid any
significant local depletion of oxygen caused by amperometric measurements, the SECM
map was obtained by recording cyclic voltammograms at each X-Y position '*'® An
inhibitor of the ATP synthase (FoF1 system) was used to induce ORR current changes
due to mitochondria activity and not to topographical effects. Measurements were
recorded in M9 solution in the presence of 20 pmol L' N,N'-diciclohexilcarbodiimide
(DCCD, CAS 538- 75-0, Sigma-Aldrich, USA) + 0.5 % (v/v) dimetilsulfoxide (DMSO,
CAS 67-68-6, Merck, USA). The role of the eggs development in the reproductive system
on the respiration activity was studied by repeating the experiments in the presence of 15
pumol L' FUdR (5-Fluoro-2’-deoxyuridine, CAS 50-91-9) after the phase L1 in the C.
elegans cycle of life. FUdR is an inhibitor of the DNA replication, hence the larvae inside

the eggs will not grow.

4.2.5. Determination of oxygen consumption rate using Finite Element Method.

The oxygen consumption rate was determined by recording cyclic voltammograms at
a fixed distance along the animal body. Firstly, an approach curve was recorded towards
a Petri dish surface in the vicinity of the animal region (head and vulva of a single C.
elegans). Assuming the nematode body has a cylindrical shape, the microelectrode was

moved upwards until the tip-to-sample surface reached 20 and 40 pm (working distance
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from the Petri dish surface = diameter of the animal + fixed distance of 20 or 40 um), as
shown in Figure 4.1. Afterwards, ORR steady state current values were used to determine
the animal oxygen consumption rate by the Finite Element Method (FEM) simulations
using the software COMSOL Multiphysics 5.3. The transport of diluted species was
simulated considering the Nernst-Plank equation for the diffusion process and the Butler-
Volmer equation for the charge transfer. The migration effect was disregarded. The OCR
values were calculated for head and vulva regions of wild-type animals (wt C elegans)

grown in the presence and absence of FUdR.

A
working distance =
I region diameter +
fixed distance /

——
Head region Vulva region

Figure 4.1. Scheme of the microelectrode positioning over the animal. The gray circle is
a cross section of the cylindrical animal body. Measurements were performed in a fixed

distance of 20 or 40 uym.
4.3. Results and discussion.

4.3.1. Platinised platinum microelectrode.

The platinisation of the platinum microelectrode by formation of black platinum onto
the bare platinum surface was a strategy employed for enhancing the reactivity of the

surface regarding the oxygen reduction. The oxygen microsensor was first used to record
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cyclic voltammograms in the M9 solution in the absence and presence of oxygen (Figure

4.2). In solutions containing oxygen, a steady state current at — 0.4 V is clearly noticed.

164 . . . —— S
05 -04 -03 02 41 00 01 02 03

E/V s Ag‘/AgCl {sat. KCI)

Figure 4.2. Cyclic voltammograms recorded using a platinised platinum microelectrode
(r = 0.5 um, RG = 20) in M9 solution in the absence (argon purged, black curve, i) and
presence of oxygen (air saturated: red curve, ii; oxygen saturated: blue curve, iii). Scan

rate: 100 mV s .

4.3.2. SECM map over a single C. elegans.

The oxygen consumption in a single C elegans was firstly investigated by scanning a
platinised platinum microelectrode over an animal at a constant height (100 pm) mode
and by recording cyclic voltammograms at each X-Y position. At this working distance,
a small effect of the hindered diffusion in the current was noted using data from approach
curves recorded in the Petri dish, hence tip current changes are mostly governed by
localized oxygen consumption at the animal, which generates an oxygen concentration
gradient that reaches the tip.

In order to facilitate the comparison, SECM current maps were normalized by the
highest current measured during the scan. Figure 4.3 shows results of two independent
experiments performed with 2 animals and a similar behavior was observed: a lower
oxygen reduction current was measured in the middle region of the animal, whereas

higher ORR current values were obtained in the head. These results suggest a high oxygen
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consumption activity in the middle region of the C. elegans, as the ORR current decreased
to around 60 % of the bulk value. This animal region corresponds to the vulva, an aperture
linked to the gonad (reproductive system) of the nematode, which is responsible for the

t 7. Thus, the obtained SECM maps indicated the oxygen consumption

eggs developmen
along the C. elegans is heterogenous and the respiratory activity is more pronounced in

the reproductive system.
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Figure 4.3. Photos and SECM maps of two single wt C elegans animals. Normalized
oxygen reduction current maps correspond to values measured at — 0.4 V in the cyclic
voltammograms recorded at each X-Y position with a platinised platinum microelectrode
(r = 0.5 um, RG = 20). Current were normalized by the highest current obtained during
the scan. Black dot line in the SECM maps correspond to the animal shape. The arrows

indicate the head and the vulva regions. Tip-to-Petri dish distance = 100 um.
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The gonad area is located in the centre of the animal, whose diameter is larger, hence
the tip-surface distance is lower at this animal region in comparison to the head. Hence,
one could assume such lower O concentration values would be related to any possible
topographic effect (hindered diffusion or negative feedback) or because of a higher
consumption just due to the higher area of the vulva. In order to evaluate the influence of
the topographic effect on this system, cyclic voltammograms were recorded locally just
above the head and the vulva for 5 animals in the presence and absence of 20 pmol L-!
DCCD, an ATP synthase complex inhibitor that blocks mitochondrial activity. It should
be mentioned that DCCD is not a specific inhibitor such as oligomycin, but it is used
because it can penetrate the animal cuticle. Normalized current values at steady-state
condition obtained in the basal and DCCD condition with a platinised platinum
microelectrode positioned at 100 pm (tip-to-Petri dish surface distance) are shown in
Figure 4.4. The average basal ORR current value in the head region is higher than the one
obtained over the vulva, as already shown in the SECM maps (Figure 4.2). In the presence
of the inhibitor, current values for both the head and the vulva increase in comparison to
the basal condition and the value for the head is similar to the one obtained in the solution
bulk. The results of such experiment confirm changes in the respiration activity in the
vulva are more pronounced and the contribution of the topography change is not
important.

To investigate the role of the gonad system on the respiration of an adult C. elegans,
similar SECM experiments (same microelectrode, working distance and CV at each X-Y
position) were carried out with an animal cultivated in presence of FUdR. The DNA
replication is blocked for wild-type C. Elegans animals cultivated in the life phase L1 at
this condition and, as a consequence, the development of viable eggs in the animal gonad

is affected resulting in the FUdR animal. This strategy is commonly used to control the
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development stage of a large population of animals, ensuring they are all in the same life
phase. However, here the strategy was only to reduce any possible contribution of the
eggs development in the oxygen consumption. It is worth noting that as we are measuring
OCR in single animals by SECM, there is no need for controlling the population life cycle
as such information for each animal can be individually assessed by optical microscopy
prior to every electrochemical measurement.
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Figure 14. Local normalized ORR current values measured at— 04 V from cyclic

voltammograms recorded over the head (red barrels, i) and vulva (blue barrels, ii)
regions of the C. elegans nematode. Experiments were performed in absence (basal) and
presence of the inhibitor DCCD and in the bulk solution. CVs were recorded after 90
minutes of the inhibitor addition (n = 5).

The map of oxygen reduction current for an animal treated with FUdR is shown in
Figure 4.5 and the result is similar to the map obtained for the basal animal, i.e., the lower
oxygen concentration is found in the vulva region. It is important to note the lower
normalized current in this experiment (animal treated with FUdR) was around 0.8,
whereas a much more significant decrease was observed for the basal condition (around

0.6, Figure 4.2). This result indicates the development of the eggs has a role on the oxygen

consumption in the gonad system.
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Figure 4.5. Photo and SECM map of a single C elegans animal cultivated in the presence
of FUdR. The normalized oxygen reduction current map corresponds to current values
measured at — 04 'V from cyclic voltammograms recorded at each X-Y position with a
platinised platinum microelectrode (r = 0.5 pym, RG = 25). The black line in the SECM
map corresponds to the animal shape. The arrows indicate the head and the vulva. Tip-

to-Petri dish distance = 100 um.

4.3.3. Determination of the local OCR.

The rate of oxygen consumption rate (OCR) is the main parameter in studies involving
the respiration process of cells/tissues or for more complex organisms such as C. elegans.
OCR values were obtained by recording cyclic voltammograms at a known tip-to-animal
surface distance. For such, approach curves were recorded towards the Petri dish surface
at a region close to the head and the vulva to establish the working distance. Then, the
microelectrode was retracted to a known distance from the animal surface accounting for
the local diameter of the cylindrical animal body. Although the experimental data (ORR
current) is related to the local OCR, quantitative information cannot be directly extracted

due to the well-known entanglement between topography and activity always present in
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SECM measurements. In order to access quantitative values for the local OCR, a
simulation relying on Finite Element Method (FEM) was performed in a 2D axis-
symmetric model and the impact of the inward flux of oxygen from solution towards the
animal surface (caused by respiration) on the electrode response was investigated. The
proposed model consisted of a sphere with the same diameter as the animal cross-section
(head and vulva regions). The electrode was placed at two different fixed distances (20
and 40 um) from the animal surface, as shown in the scheme in Figure 4.1. The software
COMSOL Multiphysics was used to solve for the potential dependent oxygen flux
towards the electrode surface at fixed inward oxygen flux values at the investigated
nematode region. The flux towards the electrode was simulated assuming a Butler-
Volmer model for the 4-electron oxygen reduction at platinum surfaces. The simulation
was performed for a range of flux values towards the animal accounting for possible
different respiration rates. OCR values were calculated by integrating the flux of oxygen
over the investigated region. The experimental currents were obtained using a platinised
platinum microelectrode positioned at tip-to-C. elegans surface separations of 40 and 20
pum. The only parameter used to fit the model to the experimental data was the
electroactive area of the electrode, which can be greatly increased by the platinisation
procedure. Such information was obtained by the cyclic voltammograms towards ORR
recorded in the bulk of the solution.

The oxygen consumption rate (OCR) values presented in Figure 4.6 were obtained by
fitting the experimental currents to the proposed model. OCR values for the head and the
vulva are significantly different in the control/basal experiment (no FUdR), confirming
again the reliabilility of the information obtained in the SECM map shown in Figure 4.3
(current changes are due to heterogeneous rate of the oxygen consumption and not to the

local high area surface). The average OCR value in the head region was 4 + 1 pmol min”
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"in basal conditions and 2.9 = 0.6 pmol min' for animals cultivated in the presence of
FUdR. According to ANOVA statistic analysis, such values are not significantly
different, suggesting the presence of FUdR has no effect in the oxygen consumption in
the head region. On the other hand, the influence of FUdR is much more important in the
vulva region: OCR in basal condition was 11.1 + 0.7 pmol min™! and in the presence of
the inhibitor the value decreased to 6 £ 1 pmol min"! (ANOVA p < 0.05). Such results
indicate the development of the eggs has a significant contribution in the respiration
activity of the animal and the reduction of the local OCR in the presence of the inhibitor

reinforces such conclusion.
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Figure 4.6 Simulated OCRs values for two animal regions: head (black barrels) and vulva
(red barrels). OCR values were calculated for C. elegans in basal conditions at the vulva
(n = 10) and head (n = 12) and C. elegans cultivated in the presence of FUdR (n= 20).
o= 0.05. One-way ANOVA is significantly different for p < 0.05. Dunn's multiple
comparison tests: for head basal vs. head FUdR, p = 0.097; for vulva basal vs. vulva
FUdR, p = 0.00002; for head basal vs vulva FUdR, p = 0.012.

Further experiments to confirm the role of the whole gonad in the oxygen consumption
of the animal will be performed by using a mutant animal with no gonad, hence one will
be able to discriminate the contribution of each part of the reproductive system in the

oxygen consumption.
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4.4. Conclusions.

The usefulness of SECM as a tool for investigating the heterogeneous oxygen
consumption in a single adult C. elegans was demonstrated here. By using an inhibitor of
the mitochondria activity one could confirm the SECM measurements suffered no
important influence from topography of the animals and the oxygen consumption is more
effective in the gonad region because of the metabolism involved in the reproductive
process. We have also reported for the first time that the respiration activity is more
effective in the vulva than in the head, hence the contribution of the gonad activity in
studies on oxygen consumption monitored in large populations of the animal is more
important. To evaluate the contribution of the gonad in the oxygen consumption of a
single animal, SECM experiments were performed with C. elegans animals cultivated in
the presence of an inhibitor of the development of the eggs (FUdR). The results indicated
the influence of such compound was only significant in the vulva region, and that OCR
values were still higher than those obtained in the head. This induces us to conclude the
gonad activity was reduced for animals treated with FUdR, even though the respiration
acitivity at this region was more significant in comparison to other regions of the animal.
Future experiments will be devised to study the C. elegans animals containing no gonad.
However, the presented results can already show the respiration activity in a single adult

animal is more effective in the reproductive system.
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Chapter 5.

Scanning Bipolar Electrochemical Microscopy
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This chapter shows the results of the one-year experience of C. S. S. as visiting student
under the supervision of Prof. Wolfgang Schuhmann in the Elektroanalytik und
Sensorik’s laboratory at the Ruhr-Universitdt Bochum (Germany). C. S. S. followed and
contributed to the development of a novel electroanalytical technique named “scanning
bipolar electrochemical microscopy” with Vera EBmann (at that time, a PhD student).
Herein, the challenges associated with the development of a high spatial and temporal
resolution technique aimed to be used as a multi respirometer are reported. The SBECM
was introduced through description of the experimental setup and demonstration of its
working principle using a single bipolar electrode. Moreover, the release of a compound
from a model system was imaged with an array of bipolar electrodes. Then, molecules
released at two different sites were monitored using the bipolar array. The resulting data
were published as follows:

Scanning Bipolar Electrochemical Microscopy. Vera EBmann, Carla S. Santos, Tsvetan
Tarnev, Mauro Bertotti, Wolfgang Schuhmann. Analytical Chemistry, 2018, 90, 10,
6267-6274.

The permission of use of the text was requested to the publisher American Chemical
Society (ACS) and the copy of the right is attached in the Annex. Reprinted (adapted)
with permission from Analytical Chemistry, 2018, 90, 10, 6267-6274 Copyright (2018)
American Chemical Society.

The setup and conceptual discussions were done by Vera EBmann and Wolfgang
Schuhmann. All measurements were carried out by C. S. S. and V. E. The text was written
by V. E. in discussion with C. S. S. and W. S., T. T. contributed to the software
development and support. The figures and graphs were done by C. S. S. and V. E. All the

authors revised the text.
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5.1. Abstract.

Electrochemical techniques offer high temporal resolution for studying the dynamics
of electroactive species at samples of interest. To monitor fastest concentration changes,
a micro or nanoelectrode is accurately positioned in the vicinity of the sample surface.
Using a microelectrode array, it is even possible to investigate several sites -
simultaneously and obtain an instantaneous image of local dynamics. However, the
spatial resolution is limited by the minimal electrode size required in order to contact the
electrodes. To provide a remedy, we introduce the concept of scanning bipolar
electrochemical microscopy and the corresponding experimental system. This technique
allows precise positioning of a wireless scanning bipolar electrode to convert spatially
heterogeneous concentrations of the analyte of interest into an electrochemiluminescence
map of the sample reactivity. After elucidating the working principle by recording bipolar
line and array scans, a multi bipolar electrode array is positioned at the site of interest to

record an electrochemical image of the localized release of analyte molecules.

5.2. Introduction.

Active biological cells dynamically modulate the local concentration of a variety of
different molecules in their surroundings as, for instance, due to the consumption of O»,
the release and uptake of neurotransmitters for intercellular communication, or the
acidification of the extracellular environment. The transfer of such species can be
correlated with the cell’s metabolism and biophysical properties and can thus help to
understand a disease, the effect of metabolically active pharmaceuticals or other external
influences. In this regard, the release or consumption of electrochemically active analyte
species have been assessed with micro- or nanoelectrodes accurately positioned close to

a single adherently growing cell ™. The current response due to electrochemical
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conversion of analyte molecules at the electrode surface allows to quantify temporarily
changing analyte concentrations. Here, the response time of electrochemical conversion
is a clear asset. However, for investigations at the sub-cellular scale, the probability that
a single electrode tip is accidentally positioned close to the site of interest is rather low.
In addition, scanning the probe to resolve analyte release from the entire cell surface is
far too time-consuming as these processes occur on a millisecond timescale. Instead,
electrode arrays working like a camera have been employed.’ Each electrode with
sub-cellular dimensions monitors the release at a specific site leading to an instantaneous
picture of several sites with the spatial resolution depending on the size and distance of
the electrodes. Production of multi-electrode arrays (MEAs) is accomplished by i.e.
screen-printing, photolithography, and the assembly of electrode materials®. The latter
two were reported for the fabrication of MEAs of up to 36 electrodes’'°. In most reports,
exocytosis of catecholamines has been studied by either positioning the MEA above a
PC12 cell or by cultivating it on top of the array. While the geometry and success rate do
limit the physical assembly of MEAs, more reproducible arrays may be produced with
photolithography. However, it is equally difficult to connect many micro- or even
nanoscopic electrodes to a (multi)potentiostat.

In this respect, bipolar electrochemistry (BPE) offers a clear advantage. The
application of an electric field to an electrolyte solution via two feeder electrodes
generates anodic and cathodic interfacial potential differences at the opposite extremities
of a conductive object located in between. Consequently, oxidation and reduction
reactions occur at the electrically unconnected, bipolar electrode (BE)!!. In the same way
it is possible to control electrochemical reactions at multiple non-wired BEs in

112,13

paralle . The asymmetry intrinsic to BPE has previously been exploited for

10,13-15

site-selective  electrodeposition , electrochemically generated motion'®!”,
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mimicking neuronal behavior'® or material characterisation'*=°

among others. In order to
quantify the reactions without wiring the BE, optical reporter reactions can be employed
as oxidation or reduction reaction 2?2, Since anodic and cathodic currents at the BE have
to be equal (i. =1ic), the optical signal serves to derive the bipolar current ige. This principle
has already been applied to detect biologically relevant analytes such as H,0», glucose or
dopamine? from the change in the optical signal at the reporting pole®*?*. The first
approach using BPE for the spatial resolution of heterogeneous analyte concentrations
employed an array of thousands of carbon fiber BEs (0 = 6 um). Heterogenic catalytic
activity’® or the diffusion profile of [Fe(CN)s]*~ at an UME? were imaged via the
accordingly changing intensity of reductive fluorescence at the other pole. For this, a
so-called closed bipolar system was used, in which the two BE poles are physically
separated in two different compartments, thereby enabling the use of two different
solutions at the sensing and reporting poles®*?®. However, this system is not flexible to
allow precise positioning of the array and can therefore not be used to study the spatially
heterogeneous electrochemical activity at surfaces. Moreover, the use of fluorescence as
reporter reaction requiring an excitation light source and hence background subtraction
overcomplicates the experimental setup.

In this work, we address the challenges associated with the highly spatial and temporal
resolution of multiple release events step by step. First, a novel electroanalytical method
named “scanning bipolar electrochemical microscopy” (SBECM) is introduced through
description of the experimental setup and demonstration of its working principle using a
single BE. In the next step, the release of analyte species from a model system is imaged
with a BE bundle. Finally, molecules released at two sites are monitored using the BE

array.

5.3. Experimental Section.
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5.3.1. Chemicals.

All chemicals were used as received. [Ru(NH3)6]Cl; (Sigma-Aldrich, Germany),
tripropylamine (TPrA, Caution! TPrA is highly flammable, toxic, and irritant and must
be handled with extreme care, Sigma-Aldrich, D), [Ru(bpy);]Cl> (Sigma-Aldrich,
Germany), [Fc(MeOH)2] (Acros Organics, Belgium), KH.POs (VWR BDH Prolabo,
Belgium), KoHPO4 (Roth, D). All solutions were prepared with ultrapure water (SG

water, Germany).

5.3.2. Set-up for scanning bipolar electrochemical microscopy.

b)

[Ru(bpy)s]?**
+ TPr_Aa h-v

a)

Scheme 5.1. a) Schematic of the SBECM setup located inside a light-tight Faraday cage.
The voltage between the feeder electrodes is applied with a potentiostat. Anodic and
cathodic BE poles can be positioned manually, while the cathodic BE compartment is
placed on a stage that is moved in x-, y-, and z-directions by step motors. ECL emitted at
BE, is recorded with a highly sensitive EMCCD camera equipped with an immersible
microscope objective via a tube lens and two adapters. b) Fundamental reactions for
SBECM: The locally available analyte molecules are reduced at the BE. and converted

into a proportional ECL signal at BE,,.
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The measuring cell consists of two compartments (Scheme 5.1). The glass cell
containing the reporting BE pole, in this case the BE,, is opened to the top towards an
EMCCD camera (Photometrics, USA), controlled via MicroManager 1.4 (Open Imaging,
USA) which is fixed in a way that it records images of objects placed beneath it. The
disc-shaped Pt-microelectrode or microelectrode bundle working as ECL-emitting pole(s)
point upwards and are inserted into the cell through a rubber platelet in a screw cap. A
ring-shaped Pt-wire (@ = 1 mm) serving as cathodic feeder electrode is located along the
inner wall of the vessel. This assembly can be manually positioned in all three directions
to bring the electrode surface into the focus of the immersible objective (10%
magnification, UMPlan FLN, Olympus, Germany) that is connected to the EMCCD
camera via a spacer, a tube lens (no magnification, Olympus, Germany), and an adapter
(Olympus, Germany). Four screw holes are exploited for holding the camera on the four
rubber spacers of a specifically developed holder to damp vibrations from the fan. Since
the holder and the profile, to which the camera is attached to, are flexible, the camera can
be coarse positioned in all three directions.

The BE. is connected to another microelectrode, which is employed as sensing pole,
BE., and fixed in an electrode holder that can be manually positioned in all three
directions as well. A PMMA cell with a cylindrical volume is used as cathodic BE
compartment. A Pt-wire ring (0¥ = 1 mm) located around the opening serves as anodic
feeder electrode. For the experimental design, the cell volume is separated from another
identical vessel by a PTFE membrane (20 nm pore width, 75 um thick, 50 % porosity)
featuring one or two holes. The two vessels are placed onto a holder, which can be moved
in x-, y-, and z-directions by step motors (SPI, Germany). They are connected to the
computer via position control cards (PS30, Owis, Germany). Vapp is applied with a

potentiostat (Jaissle, IPS, Germany), which is controlled via a specifically programmed
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Visual Basic software. The entire setup is located in a light-tight Faraday cage on a
vibration-cushioned table (CVI Melles Griot, Netherlands). All cables are inserted

through a cable entry plate with rubber grommets.

5.3.3. Evaluation of the system behavior.

Three-electrode LSVs were recorded in the respective bipolar compartment using the
feeder electrode as counter electrode (CE) and a Ag/AgCl (3 M KCI) electrode as
reference. All potentials are referred to this reference electrode if not otherwise stated.
For the cathodic LSV, the potential of the Pt-microelectrode (& = 50 um) was scanned
from 0.1 V to —0.8 V with a scan rate of 10 mV s™' in 0.1 M KCI in the absence and
presence of 1 mM [Ru(NH;3)s]Cls. The potential of the Pt-microelectrode later used as
BE. (@ = 25 um) was increased from 0 V to 2.0 V with a scan rate of 10 mV s™'in 0.1 M
phosphate buffer solution (PBS) (pH 7.4) with 1 mM [Ru(bpy);]Cl> and 50 mM TPrA.
Bipolar LSVs were recorded by sweeping the applied feeder voltage Vapp from 0 V to 3 V
with a scan rate of 10 mVs! in presence and absence of 1 mM [Ru(NH3)6]Cl; in the BE.
compartment.

Interfacial potential differences were assessed by connecting a multimeter (CEM
instruments, Germany) via a high input impedance module (IPS, Germany) to the BE and
a Ag/AgCl (3 M KClI) electrode. The latter was positioned manually close to the BE pole

of interest.

5.34. Bipolar line and array scans.

Prior to a bipolar experiment, the microelectrode used as BE, is brought into the focus
of the optical detection unit before filling the compartment with solution.
For detection of local [Ru(NH3)s]Cls release, one hole (approx. 145 pumx245 um) was

made into the PTFE membrane. The lower PMMA cell was filled with 5 mM
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[Ru(NH3)6]Cl3 in 0.1 M KCI before tightly fixing the top cell on it. For adjusting a dqp-
membrane OF 50 wm by approach curves, the microelectrode, later working as SBECM tip,
was polarized to 0.4 V in 0.1 M KCI with 1 mM [Fc(MeOH):] using the ring-shaped
Pt-wire as CE. Compensation of the surface tilt was accomplished by approaching the tip
to the membrane at three different x,y-positions and calculating the resulting plane.

A 2 mm long SECM line scan in x-direction at —0.4 V with increments of 50 um, a
delay time of 100 ms, and a speed of 50 um s!, was recorded in this three-electrode
configuration. Afterwards, the RE was removed and the microelectrodes for the anodic
and cathodic BE poles were connected. The anodic BE compartment was filled with
1 mM [Ru(bpy)3]Cl2 and 50 mM TPrA in 0.1 M PBS (pH 7.4), before refocusing the BE..
While Vapp = 1.6 V was applied between the feeder electrodes, the line scan was repeated
in the bipolar configuration with the same parameters. To record single CCD images in
parallel to single isys values at each point of the line scan, the exposition of the camera is
triggered by the measuring software (EM gain = 250). Finally, the [Ru(NH3)s]Cl3
diffusion profile was mapped by the SBECM tip in an array scan, meaning Igcr and isys
at Vapp= 1.6 V were recorded as a function of the x- and y-position. An area of 2x2 mm

was investigated with increments of 50 pm and at dsip-membrane = 50 pm.

5.3.5. A bipolar multi-electrode array as an electrochemical camera.

Sevenfold Pt-microelectrode arrays are fabricated from sevenfold bor