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Abstract

Oxygen reduction reaction (ORR) is undeniable the most common reactions taking place
in our environment within biological or technical systems. However, the reduction
reaction of dioxygen produces not only hydrogen peroxide (uptake of 2 electrons) or
water (uptake of 4 electrons) but also a broad range of oxygen-derived species. These
products are characterized by their short lifetime and high reactivity and are named
reactive oxygen species (ROS). This thesis describes different approaches to produce
and detect the formation of ROS during ORR. The ORR at a plumbagin (PLG) polymer-
modified glassy carbon (GC) electrode or microelectrode (ME) prepared using a new
approach yields superoxide radicals (O,"). At pH 7, the generation of O, illustrated a
one-electron pathway. The formation of O,” and hydrogen peroxide (H,O,) were
demonstrated using fluorescence microscopy. A selective and sensitive dye was used for
each ROS during fluorescence detection. Moreover, the diffusion of O, was followed
by using a PLG polymer-modified GC ME placed at a known distance above a biosensor
based on cytochrome c. Using a PLG polymer-modified carbon fiber ME, epithelial cells
were expose to a controlled flux of ROS and a variety of morphological alterations of
biological cells were observed. Additionally, O, was monitored in lithium-oxygen
batteries during discharge using fluorescence microscopy in non-aqueous aprotic solvent
containing a lithium salt. Moreover, the fluorescence detection was also used to
demonstrate the spontaneous formation of H,O, at the liquid|liquid interface containing a
strong electron donor in the non-aqueous phase. We establish thereby the simple

formation of H,O, using liquid|liquid interface.



Zusammenfassung

Die Sauerstoffreduktionsreaktion (ORR, oxygen reduction reaction) ist zweifelsohne die
haufigste Reaktion in unserer Umgebung, sowohl in biologischen als auch in
technischen Systemen. Jedoch ergibt die Reduktion von molekularem Sauerstoff neben
Wasser (Aufnahme von 4 Elektronen) und Wasserstoffperoxid (Aufnahme von 2
Elektronen) eine breite Palette von Sauerstoffverbindungen. Dies Produkte sind durch
eine kurze Lebensdauer und eine hohe Reaktivitdt gekennzeichnet und werden
zusammen mit Wasserstoffperoxid kollektiv als reaktive Sauerstoffspezies (ROS,
reactive oxygen species) bezeichnet. Diese Dissertation beschreibt unterschiedliche
Wege zur Herstellung und zur Detektion von ROS wahrend der ORR. Die Reduktion
von Sauerstoff ergab an einer Plumbagin (PLG) polymer-modifizierten auf
Glaskohlenstoffelektroden (GCE) oder Mikroelektroden (ME) Superoxid-Radikale
(O27). Die modifizierte Elektrode weist neue Eigenschaften gegeniiber herkdmmlich
abgeschiedenen Poly-PLG-Filmen auf. Bei pH 7 wird O, gebildet und zeigt die
Existenz des 1-Elektrone-Reaktionspfades an. Die Bildung von O, und H,0, wurde mit
Fluoreszenzmikroskopie nachgewiesen. Eine selektiver und sensitiver Farbstoff wurde
fur jede ROS genutzt. AufRerdem wurde die Diffusion von O, mit PLG polymer-
modifizierten ME erzeugt. Diese wurde in einem bekannten Abstand Uber einem
Biosensor auf der Basis von Cytochrom c positioniert. Unter Nutzung einer Kohlenstoff-
Faser-ME mit einem PLG-Film wurden dann Epithel-Zellen einem definierten Fluss von
ROS ausgesetzt. Die Zellen reagierten darauf mit unterschiedlichen morphologischen
Veranderungen. Auflerdem wurde O,  in Lithium-Sauerstoff-Batterien wahrend der
Entladereaktion mit Fluoreszenz-Mikroskopie in lithium-ionenhaltigen, nicht-wassrigen
Losungsmitteln nachgewiesen. Fluoreszenzdetektion kam auch zum Einsatz, um die
spontane Bildung von H,0, an Flussig-flissig-Grenzflachen nachzuweisen, die einen
starken Elektronendonor in der nichtwassrigen Phase und Sauerstoff in der wassrigen
Phase enthielten. Damit konnte die einfache Bildung von H,O, mit Hilfe von Flussig-

flussig-Grenzflachen belegt werden.
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1 Introduction

Oxygen appears as the second most abundant gas of the earth’s atmosphere (21% of air
atmosphere), and the third-most abundant element of the universe .. This chalcogen
element was discovered by Joseph Priestley in 1774 who published the first paper on it
341 The name “oxygen” was coined by Antoine Lavoisier in 1777 4. After fluorine,
oxygen is the most active among all electronegative elements .. Its ground state allows
accepting electrons leading to a reduction reaction of oxygen, which is the most
widespread chemical or electrochemical process in many systems “®. The reduction
reaction of dioxygen (O2) (oxygen reduction reaction, ORR) is of major importance in
several energy converting systems or electrochemical technologies such as fuel cells,
metal-air batteries, oxygen sensors ' * " However, the ORR produces side products
or by-products considered as a double-edged sword *#**. These products can be useful
or toxic for their environment ' ***71. These intermediates are highly reactive and named

[13, 15-18]

collectively as reactive oxygen species (ROS) Except hydrogen peroxide

(H2Oy), other ROS such as superoxide radical (O, ), hydroxyl radical (HO") or
hydroperoxyl radical (HOO") are free radicals 4 16291,

ROS are also unavoidable products obtained during aerobic biological processes.
They play multi-faceted and complex roles in biological systems & 71920 "|n Jiving
cells, ROS are involved in respiratory mechanism ™ 7 photosynthesis ™ ! defense
mechanism termed as “oxidative burst” © 2% or agents of cellular signaling termed as
“oxidative signaling” ™. However, excessive release of ROS is more often damaging
than beneficial due to uncontrolled side reactions of ROS with other compounds. The

overproduction of ROS can be explained by many reasons such as decreases of

concentrations of antioxidants, increasing level of endogenous or exogenous compound



involved in ROS productions, inactivation of antioxidant enzymes and combinations of
those factors X1, There are many regulators, which constitute a barrier and control the
concentration of ROS by enzymatic reactions with enzymes such as catalase, peroxidase
or superoxide dismutase. In biological systems, the excess of ROS leads to a situation
named “oxidative stress” [ % 1% 20 This concept was founded by Helmut Sies, of

Heinrich Heine University, Dusseldorf, Germany

. A new research proposed a
classification of oxidative biological conditions based on the intensity of oxidative stress
such as basal oxidative stress, low intensity oxidative stress, intermediate intensity
oxidative stress and high intensity oxidative stress ™. Another classification proposes
three categories such as mild oxidative stress, temperate oxidative stress and severe
oxidative stress . Oxidative stress is suspected to be involved directly or indirectly in
many pathologies such as aging cancers, Parkinson, Alzheimer, degenerative processes,
syndromes (such as atherosclerosis, myocardial infarction, stroke, ischemia/reperfusion
injury); central nervous system disorders (such as familiar forms of amyotrophic lateral
sclerosis (ALS)). Due to this significance in the pathogenesis of several important
pathological conditions, it has become an area of intensive scientific research % 419201,

O, which is formed by a one electron transfer process to oxygen, is known as a
main precursor of further formation of ROS **?®!. For long time, free radicals like O,
were ignored and their presence in biological systems was not considered due to many
reasons such as low stability and high reactivity, high diversity of follow-up reactions,
dependence on physiological state of the organism and more importantly absence of
technical tools for reliable evaluation of their absolute and even relative concentration

levels ™" 21 Various molecules promote or catalyze the production of O,”. Quinone

compounds are good candidates to obtain O, . The role in the electron transport chains



and their capacity to form semiquinone radicals during electron transfers allow
formation of O," by 1-electron transfer from semiquinone radicals to O, % 23 25 28301
Anthraquinone is used in industry for preparation of the H,O,, which has many
technological applications such as bleaching, wastewater treatment and is considered as
a green chemical because the final product of its decomposition is harmless water (H,0)
(31351 "1n living cells, quinones such as ubiquinone also promote the productions of ROS
such as O, by formation of semiquinone radicals. Thereby, the quinone can be used as
catalyst or electrocatalyst for O," formation % 22 23 28. 29,36, 37 " 3yjinones also show
good catalytic efficiency when they are immobilized on the surface such as carbon
electrodes B8*Y. To date several investigations have been published to elucidate the
mechanism of the oxygen reduction on quinone-modified electrodes. The O," seems to
be the first oxygen-derived species generated at such electrodes B8,

Various analytical methods have been developed to detect and quantify the ROS
using indirect method such as probe-assisted light spectroscopy technique (photometry,
chemiluminescence, fluorescence microscopy) which involves the reactions with a
molecular probe “2“®1. Electrochemical detection also provides powerful tools for real-

S B9 Fluorescence

time and non-invasive investigation of local generation of RO
microscopy offers a significant advantage compare to other optical spectroscopies such
as the spatial and temporal resolution, the possibility of in-situ investigation, high
selectivity and sensitivity since the emission of unique fluorescence wavelengths

s 43461 Electrochemical detection offers additional

depends on each target specie
information on dynamics of formation and transport (diffusion) of target species

especially when a microelectrode (ME) is used ®%. MEs allow local investigation when



combined with positioning equipment for instance in scanning electrochemical
microscopy (SECM).

This thesis presents different results obtained during local formation and selective
detection of ROS in different systems and preliminary investigation of local oxidative
stress in cell environment. The local formation of ROS was performed using a polymer-
modified ME and investigated by means of fluorescence microscopy and an
electrochemical biosensor. The polymer was prepared by means of new approach of
preparation on glassy carbon (GC) surface. The electrochemical detection involved a
biosensor based on cytochrome ¢ (cyt ¢). Optical inverted microscope combined with a
SECM setup was used to expose healthy cells to a local flux of ROS. Then their
morphological alterations were investigated. Formation of O, or H,O; in technical
systems such as lithium-oxygen battery and liquid|liquid interface was investigated using

an adapted approach with fluorescence microscopy.



2 Reactive oxygen species

The importance of oxygen for biological systems and industrial applications is evident
[10.20]  Considering the molecular structure of oxygen, a reduction reaction is a typical
process and lead to ROS Y. ROS can be obtained by catalytic or electrocatalytic ORR.
In biological cells, the production of ROS is observed after aerobic metabolism or after
stimulation of defense mechanisms [ 2%, ROS were also identified as intracellular
messengers in the cell metabolism ™54, Instead of singlet oxygen (*O,) where one e is
elevated to a higher energy level, formation of ROS can be defined as sequential
reduction of O, leading to O,, hydroperoxyl radical (HO,’), H,O, and HO" 34, Other
derivatives such as peroxyl radical (ROQO’), alkoxyl (RO’), and hypochlorous acid
(HOCI) can be obtained after reaction with other components of biological systems [ 5.

The final stage of ORR after the uptake of 4 electrons per O, molecule is H,O or HO’

(Fig. 1).
0, —— 07 —— Oiﬁ Coe 02' » O —<— (0O
lhv JH ' l2H ' 2H JH } JZHA
0, HO, H,O, H,O OH' H,O

Figure 1: Proposed scheme of metabolic pathways of oxygen leading to different ROS.
The scheme shows the overall stoichiometry but not the sequence of electron and proton

transfer steps.



2.1 Catalytic production of reactive oxygen species

Different catalysts promote the ORR such as nanoparticles, metal complexes, metal
oxides, enzymes, light, quinones and viologens 1+ 222 28.521 The catalytic formation of

ROS has been intensively investigated 1 22 28 53

. In living cells, many processes
contribute to the catalytic formation ROS during ORR ™ 28, One typical example is the
role of ubiquinones in the production of ROS such as O, or H,O, during the respiratory
process in mitochondria “® 2. The formation of O, requires the formation of the
semiquinone radicals (Fig. 2) from quinone compounds which possess three main states
such as quinone/semiquinone/hydroquinone (Q/Q"/QH,) 2% % 28341 |n aerobic cells, an
electron donor such NADH reduces a quinone compound (e.g. ubiquinone) and forms

the semiquinone radical, which then reacts with oxygen to yield O, 2% 2954 5%],

NADH

NAD'

07

Figure 2: Formation of O, during an aerobic biological process.

Metals can also act as catalyst. In the presence of iron or copper metal, H,O,
produces HO® during a Fenton reaction (Eq. (1)) © ** *®1. HO" which is an extremely
harmful and reactive species. It is also produced during reaction between O, and H,O,

(Eq. (2) L



H,0, + Fe?* — HO + HO + Fe** (1)
H,O, + O,” — HO +HO + 0O, (2)
During a pulse radiolysis, radiation can catalyze the formation of ROS, from
oxygen or from other ROS such as H,0, . Investigation of pulse radiolysis in seawater
described first the generation of HO" then, after reaction with oxygen, O, is produced
[56].
A catalytic formation of ROS involving quinone compounds and Cu(ll) ions was
described 2 371 The kinetics of this reaction was investigated during autoxidation of
quinone compounds in the absence of Cu(ll) ions % %, The slow reaction turns to

catalytic reactions in the presence of Cu(ll) ions 1% %71,

2.2 Electrocatalytic production of reactive oxygen species

Electrocatalysis of ORR can be performed with various catalysts materials such Pt-based
materials, other metals (e.g. gold, iridium, cobalt, nickel...), carbon materials, transition
metal chalcogenides, quinone compounds and transition metal carbides ™. For
economical reason extensive research is currently conducted to discover alternative
catalysts based on abundant and thus cheap elements.

The electrocatalytic ORR on gold nanoparticles was reported to lead to two
products H,0, and H,O in strongly acidic medium (Eq. (3) and (4)) ®®

0, + 2H" +2¢ — H,0; (3)

H,0, + 2H" +2¢ — 2H,0 4)
This indicates a reduction by a 2-step mechanism for an overall 4-electron reduction. On
the other hand, mainly 2-electron reduction of oxygen is carried out on single crystal
gold electrodes and leads to H,O also in acidic medium ¥ This illustrates the

dependence of the mechanism of the ORR on the electrode material °®.



Electrocatalysis of ORR by Pt electrodes is well known. The reaction pathway
leads to the H,O with H,O, as intermediate ™. Recent investigations show the possibility
of formation of O," and HO". Mirkin and co-workers demonstrated the formation of O,™
during ORR on Pt surface by SECM, which suggest a 1-electron pathway (Eg. (5)) 2.

O;+e — 0" (5)
Hapiot and co-workers have also shown evidence for the production of HO during ORR
in neutral and alkaline solutions. A footprint strategy based on the use of SECM was
developed. ORR was carried out at the Pt ME localized near a GC substrate modified by
an organic layer, then a local modification induced by HO" was imaging using SECM.
Different control experiments were implemented to eliminate the contribution of other
ROS such as O, which behave differently in acidic and organic solvents 3. This
investigation suggests a 3-electron pathway and not the 2-step 4 electron mechanism as
usually obtained (Eg. (6)) %!,

0, + 2H" +3e - HO +HO’ (6)
The formation of short-lived intermediate such as O," and HO" was early undocumented
or not considered since the lifetime of this species seems to be extremely short. With Pt,
it is generally admitted that the ORR competes between two pathways which are 2-
electron reduction (O to H,0,) and 4-electron reduction (O, to H,0) ™. However it is
inadequate and there are additional pathways (O, to O,", or O, to HO") which are
observable at neutral and basic pH in aqueous solution ©°3!. Investigations of mechanistic
aspect of ORR involve transient species of ROS. Those measurements are complexes,
which may explain the focus on the 2e” and 4e pathways. The evidence for formation of
HO" during ORR on Pt was clearly demonstrated and calls for a re-evaluation of

different experimental procedures for the study of ORR [,



Quinone compounds are also a good candidate as mediator for electrocatalysis of
ORR. The reduction of oxygen starts by the formation of semiquinone radicals (Eq. (7))
[38-41. 651 Then the semquinone radicals react with oxygen yielding O," which is the rate-
determining step (Eq. (8)). Table 1 presents some potential values required to form
semiquinone radicals of different quinones. During the further disproportionation
reactions, other ROS such as H,O, are produced B®*Y. The mechanistic pathways of
quinone compounds is not easy to elucidate because it depends on solution used and the

pH B3 However, the production of a variety of ROS using quinone compounds is

possible.
Q+e —»Q° (7)
Q +0,—0; +Q (8)

Table 1: Reductions potentials of some quinone compounds (Q/Q™) at pH 7 versus (vs.)
standard hydrogen electrode (SHE); E° is a standard half-cell reduction potential at

standard conditions 672,

Compounds Structure E°(Q/ Q") mV Ref
1,4-benquinone i 78 66
(0]
methyl-1,4-benzoquinone i 23 67
(0]




1,4-naphthoquinone o -104 69
O‘
0
5-hydroxy-1,4- a -95 69
naphthoquinone (juglone)
OH 0O
2-hydroxy-1,4- it -415 70
on
naphthoquinone
(lawsone) o
5,8-hydroxy-1,4- on 0 -110 71
naphthoquinone
OH O
2-hydroxy-1,4- i -335 72
naphthoquinone
(menadione) 0
5-hydroxy-2-methyl-1,4- 0 -156 73
naphthoquinone
(plumbagin)
on o

2.3 Oxidative and reductive stress

Aerobic cells produce energy from the controlled oxidation of CH bonds using

metalloenzymes. These reduced forms of the metalloenzymes are good reducing agents




and O," can be generated via oxygen reduction (1910, is considered as the precursor of
other ROS, which are maintained at the nanomolar concentration range due to the action

antioxidants or ROS scavengers ['*7°]

. Excess of ROS or reactive nitrogen species
(RNS) induces cell damage and the chronic imbalance between the ROS/RNS generated
and the antioxidant capacities is called oxidative/nitrosative stress (Fig. 3) ¥7 7 77 78],
Surprisingly, the overproduction of antioxidants leads also to oxidative damage (Fig. 4).
It is named reductive stress and is considered as a counterpart of oxidative stress. It can
be defined as a drastic increase in reducing equivalents (GSH/GSSG, NADPH/NADP®,
NADH/NAD, etc...) *#2. This definition is somewhat confusing since it is known that
NADH promotes the excessive ROS production (Fig. 2) leading to high level of ROS.
During the reductive stress the electron acceptor are expected to be mostly reduced. In
this case, other redox proteins generate ROS % 82 |n other words, during reductive

stress paradoxically ROS production increases. This process was largely ignored and

focus was placed only on oxidative stress ¥,

ROS/RNS overproduction
(oxidative/nitrosative stresses)

0,
o
\ Membrane H.O.
\ (X :\ ADPH
NO O /
)/ ta]ase
ONO,

II

Figure 3: Generation of ROS during respiratory process in the cell.
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Redox balance

| : \
Cantioxidants
/f
.'/

Overproduction
Oxidative stress of ROS

y N Reductive stress

Figure 4: Balance between ROS and antioxidants. An abundance of ROS leads to
oxidative stress, likewise overabundance of antioxidants increase paradoxically the
production of ROS and again leads to oxidative damage initiated by reducing agents

therefore called reductive stress (for details see text above).
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3 Detection of reactive oxygen species

A particular attention was directed to the formation and detection of two ROS, O, and
H,0,. The analysis of these species through selective detection remains a key
experiment to understand the different interaction in biological and technical systems.
Except for H,O; the detection of ROS ex-situ is usually not possible and requires an in-
situ investigation. Due to the short lifetimes and typically low concentration of ROS, the
direct investigation of these transient species is only possible on sub-millisecond
timescales and does not reflect the exact concentration profile of the target species 2,
Indirect detection involves the use of chemical probes, which react selectively with the
target species and yield a derived long-lived analyte. This can be analyzed ex-situ or in-
situ using another technique 2. Important features of the ROS detection method are
sensitivity, selectivity, non-invasive nature and fast response time ¥% #" 83 Therefore,
techniques such as spectroscopy and electrochemical techniques were used for this
purpose. In this chapter, we will focus on two techniques, which are fluorescence

microscopy and electrochemical techniques.

3.1 Fluorescence microscopy detection of reactive oxygen species

Among different techniques, fluorescence microscopy is a promising method to
investigate a selected ROS and to provide spatial and temporal information of the target
species 3. ROS probes designed to detect a selected ROS aimed to understand the
physiological roles of ROS since it is now clear that each ROS has its own unique

[83]

physiological activity . It is therefore essential to develop accurate and sensitive

methods for their detection. Fluorescent probe molecules have received much attention
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because of their sensitivity and their non-invasive nature. Good fluorescent probe
molecules should be easy to synthesize, have a dark initial state (i.e., non-fluorescent),
be fully compatible with the target media and very importantly, completely photostable
[44]For biological application, compatibility must include absorbance in a convenient
spectral region and minimal overlap of their fluorescence with autofluorescence 4. In
this instance different dyes were prepared for the detection of O,” and H,O, as
summarize in Fig. 5 and 6 %45 46:53.84 The dyes react with H,O, in a reaction catalyzed
by horseradish peroxidase (HRP). For O,", probes are oxidized. The selection of dyes
depends on the system under study and the equipment used for detection and the

monitoring of the emission wavelength.
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3.2 Electrochemical detection of reactive oxygen species

Intensive research has been conducted to develop real-time electrochemical detection

261 The electrochemical

methods for ROS for many medical relevant conditions
detection was performed initially directly on unmodified metal or carbon electrodes.
Based on the standard redox potential of the O,/O," redox couple (which is quoted
between -330 mV and -140 mV vs. NHE), an electrochemical detection of O,"
generated by human neutrophils was performed in 1984 by Hill using pyrolytic graphic
electrode modified with human immunoglobulins ™ %7 1n 1985, Hill and co-worker

reported the direct detection of O, from isolated human neutrophil on a 10 pum

diameter gold microelectrode (ME). Recently Pt MEs or carbon fibers were used to
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assess the oxidative burst ['" 8797

. However, this direct detection suffers from poor
sensitivity and selectivity. Therefore, substantial investigations were made in developing
of more selective biosensors involving biology recognition elements to react with the
targeted ROS [8791],

Beside high selectivity and short response time, the analytical tools for detection
of O, and H,0O, must also be small enough to be placed in the close proximity of the
investigated source % ® In this way, small amounts of O, and H,O, released by a
biological cells can lead to a large concentration change, enough to be detected when the
volume between sensor and cell is small P 9l Several different electrochemical
methods have the required temporal resolution, selectivity, and sensitivity Y. The
electrochemical method for ROS is amperometry. In this electrochemical method, the
sensor is polarized at a constant potential and the current is recorded vs. time. The
temporal resolution of the measurement can be in milliseconds interval (i.e. excellent)
BU - Differential pulse amperometry can also be used for detection, the sensor is
polarized at a constant potential but some potential pulses are superimposed at regular
intervals Y. The current signal will be the difference between the current prior to the
pulse and the current measured during the pulse PY. This difference will be recorded as a
function of time. The temporal resolution of this method is not as good as in the case of
constant potential amperometry. By the careful selection of the pulse parameters, some
additional sensitivity is gained because contributions from baseline drift, interferences
and capacitive currents are eliminated to some extent ®). Research group headed by
Christian Amatore is one of the group which uses electrochemical microsensors to

observe ROS and RNS produced by single cells Y. Due to the extreme reactivity of

0., many research groups do not target a direct detection of O,", but detect species
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resulting from the disproportionation of O, or from the reaction of O, with nitric
oxide.

Mediated electrochemical sensors or biosensors were used for the detection of
superoxide %% 87, The detection of O, was performed using a biosensor based on cyt ¢
or superoxide dismutase (SOD) essentially during direct or indirect electron transfer
(Fig. 7) °1. In the literature there are essentially 3 types of electrochemical biosensors
for the detection of O, using SOD ?® 810, biosensors based on SOD involve the
dismutation of the O," to H,O, and oxygen. In the first generation SOD-based sensor for
0, the generated H,O, is detected at the electrode (Fig. 7B1) 6 & %1 The second
generation is based on the use of electron transfer mediators to enhance the signal (Fig.
7A2 and 7B2). The third generation involves direct electron transfer between redox
active centers and the electrode (Fig. 7A3 & 7B3) %871 Another biosensor for O, was
prepared using cyt ¢ (Fig. 7A1). It was immobilized on a self-assembled monolayer
(SAM). Long chain or short chain also was tested. Instead of a SAM, cyt ¢ could also be
also immobilized between electroactive polymers #® 871, Cyt ¢ and HRP were also used

to detect H,0, 2% 871,
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Figure 7: Different biosensors use for O, detection; Al) biosensor based on cyt c

immobilize on gold-modified SAM; B1) first generation SOD based biosensor; A2 &
B2) second generation SOD based biosensor; A3 & B3) third generation SOD based

biosensor.

3.3 Controlled release of reactive nitrogen and oxygen species

The release of RNS and ROS or neurotransmitter agents is a part of the metabolic
process of cells. The release serves different purposes and contributes to defense
mechanisms or simple respiratory processes of cells. Two main aspects can be
considered, the controlled release from cells and detection at the ME, or the generation
of ROS at the ME and exposure of the cells. In this chapter, these two aspects are

described.
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3.3.1 Controlled release of reactive oxygen species

As previously mentioned, ROS are products of oxygen reduction. When the ROS are
produced by the cell, they can diffuse out of the cell and interact with other molecules
present in the cell media. However, this ROS release by the cell is well controlled by the
presence of scavengers or antioxidants, which maintain suitable concentrations of these
species 771 On other hand, the controlled release of ROS can be provoked ©°!. Cells
can be specifically stimulated and release ROS. Alternatively, controlled flux of ROS
can be generated at an electrode in the cell environment as described in this thesis.
Amatore and co-workers reported controlled release of ROS after stimulation of living
cells such as macrophages. The ROS were detected by a nanoelectrode or ME (Fig. 8)
[19.77. %] "1t was used to investigate the theory about the generation of the ROS from the
cells % 77 %1 1n this instance, macrophage cells are considered as the key cell of the
immune system. They release ROS during the phagocytosis of foreign bacteria, viruses
and particles ™. A platinized nanoelectrode can be placed carefully inside the
macrophage cells to detect the ROS generated *° 71 Pt or carbon MEs can be used to
detect the release ROS above the cells ™ 771, The macrophage cells were stimulate either
using a stimulus micropipette or by reproducing the conditions which initiate the
generation of ROS as digestion of external species or cells ™ *" 7"l The ROS detected
inside and outside of macrophages prove that this powerful technique can be used to
investigate the concept of oxidative stress. Release of ROS such as HO, from
mitochondria activated by addition of antimycin, was also investigated. Low
concentration of H,O, generated was related to picoampere current recorded during
chronoamperometry (CA) “7 %!, Many other techniques, such as SECM, were also used

[97]

to investigate oxygen consumption and ROS However, the electrochemical
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generation of ROS using modified nanoelectrodes or MEs in cell culture environment
has not been reported so far. In this thesis, the first attempts in this direction are

reported.

Stimulus 2

Figure 8: Schematic representation of controlled release and detection of ROS using a
macrophage cell and micropipette (stimulus 1) or external particles (stimulus 2) as

stimuli.

3.3.2 Controlled release of reactive nitrogen species

NO is one of the RNS frequently investigated in biological context. It plays a key role
during cell-to-cell communication as messenger. It can also prevent thrombosis and
bacterial infections 8%, NO release by cells was investigated using a nanoelectrode or
modified ME %% Electromodulation of release of NO known as good vasodilator was
performed on a copper wire in a nitrite (NO, ) reservoir. During an anodic pulse in
presence of low concentrations of Cu(l) ions, NO is produced locally at the electrode

surface (Fig. 9) &% Cu(1) ions react directly with NO, to form NO (Eq. (9)) P84,
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This technique of electrochemical NO generation can be used to design NO generating

catheters or other biomedical devices 801,

Cu(l) + NO,~ + 2H* — Cu(Il) + NO + H,0 (9)

Figure 9: Schematic representation of controlled release of NO to prevent infection or

thrombosis.
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4 Theory and principle of scanning electrochemical

microscopy

4.1 Overview

SECM is a scanning probe technique and electrochemical tool where the MEs can
induce local electrochemical changes and probe the electrochemical reactivity or
topography of a wide range of surfaces of interest %% |n 1986, Engstrom and co-
workers implemented the first SECM-type experiment where a ME was used as a sensor
recording concentration profiles of short-lived intermediates. The term SECM was used
for the first time in 1989 by Bard et al. who also developed the theoretical foundation
[103, 105—107]'

During the SECM investigation, the ME moves near to the surface in x, y or z
directions. It collects the flux of redox species from the substrate using high precision
positioning devices. The MEs are the most important part of electrochemical microscope
and influence the results of scanning. The properties of MEs and the classic SECM

working modes will be discussed in this chapter.

4.2 Properties of microelectrodes

The development of MEs has completely revolutionized the approaches in
electrochemistry and has pushed the boundaries of this area into small scales, which
allow the explorations of new environments. Many definition of MEs or
ultramicroelectrode (UME) were presented since the discovery of the unusual properties
of MEs %1, MEs can be defined as the electrodes with the characteristic dimensions on

the micrometer or sub-micrometer scale ™°. Fast double-layer charging, reduced ohmic
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loss and high mass-transport efficiency describe the electrochemical features of the MEs
[104. 1981 "|n order to compare MEs to conventional electrodes the concept of mass
transport will be used and involves different processes, namely diffusion, convection
(natural and forced convections) and migration. We focus on the diffusion process
assuming that the electrochemical experiment is designed to eliminate the contributions
of electrostatic potential (migration) and of the hydrodynamic velocity on the overall
flux of redox active species. Thereby mass transport is limited by the contribution from
diffusion (diffusion-controlled current). In practice, this can be achieved when the
experiment is conducted in quiescent solution in the presence of an excess of supporting
electrolyte to exclude the undesired effects.

Cyclic voltammetry (CV) can be used to demonstrate easily the difference
between MEs and the conventional electrodes in term of mass transport during a
diffusion-controlled process. At a large electrode, planar diffusion is observed in which
the mass transport occurred perpendicular to the interface of the electrode (Fig. 10A).
For a reversible process, a typical peak-shaped voltammogram is obtained and the peak
current follows the Randles-Sevick equation (Eg. (10)) 20

ip = (2.69x10°)n*?AD?¢c "V (10)
Where i, is peak current [A], n is the electron stoichiometry, A is the electrode area
[cm?], D is the diffusion coefficient [cm® s™], ¢ is the bulk concentration of redox active
substance [mol cm™®], and v is scan rate [V s™] 9.

By contrast, the voltammogram at MEs differs markedly. A hemispherical concentration
profile is observed for the mass transport through radial diffusion (Fig. 10B). A steady-

state diffusion-limited current it is rapidly established and given by :

it = gnFDc*ry (11

24



where g is a geometry-dependant factor related to electrode shape of the electrode
housing. For infinitely large insulators around the active area g equals 4. n is the number
of transferred electrons, F is the faraday constant [A S mol™], D is the diffusion
coefficient [cm? 5], ¢” the bulk concentration of the redox active substance [mol cm™]

and rr the radius of the active electrode area [cm] M,
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Figure 10: Properties of a macroelectrode and a ME. (A) CV of conventionally-sized
electrode with planar diffusion (GC, 3 mm diameter, in 5 mM FcMeOH vs. Ag/AgCl)

and (B) ME with radial diffusion (Pt, 25 um diameter, 1 mM FcMeOH vs. Ag/AgCl).
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4.3 Different modes of SECM

For diverse electrochemical applications, there are different SECM modes and variants
of SECM suitable for a specific investigation. The details here will be restricted to the
feedback (FB) mode, generation-collection (GC) mode and the redox competition (RC)
mode. In most cases, the MEs are placed at a known distance close to the substrate by
recording an approach curve. An approach curve is a change of the ME current with the
distance between a substrate and the ME. More details on the theoretical description of

approach curves can be found in the following references 07 110-1161,

4.3.1 Feedback mode

The SECM is based on the faradaic current changes at the ME during its movement
above a substrate immersed in a solution containing appropriate species in the oxidized
(Ox) or reduced (Red) state. The compound is sometimes called mediator ™. In the
SECM feedback mode, Ox is reduced at the tip to give Red.

Ox +ne — Red (12)
If the tip is far from the surface, a steady state current (i) is given by Eq. (11) with g =
4. Red can be oxidized at the sample. Therefore, a constant flow of redox mediator
results that includes a contribution from the sample. This contribution depends on the
Kinetics of the reaction at the sample. When the tip is close enough to the conductive
surface of the substrate (a distance of few tip radii), the species Ox can be regenerated
by electrochemical conversion via reaction:

Red — Ox + ne” (13)
The additional flux of Ox species increases the flux of Ox at the ME and increase the

ME current it (it > it.). This is called positive feedback (Fig. 11A). If the ME is
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brought close to an insulating substrate, the species Ox cannot be regenerated.

Therefore, the surface hinders the diffusions of Ox from the solution bulk to the ME and
the ME current it decreases (it < it). This is called negative feedback (Fig. 11B). The

closer the ME is placed to the insulating surface, the smaller is the measured ME

current.
1A
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Figure 11: Principle of SECM feedback mode: (A) diffusion-controlled feedback and
corresponding approach curve and (B) hindered diffusion and corresponding approach

curve; d is a tip-substrate separation.

27



4.3.2 Generation-collection mode

Unlike feedback mode, no mediators are required in the generation-collection mode. A
redox active species can be generated at the ME, diffuses to the substrate and is collected
or detected there. This is called tip-generation/substrate-collection (TG/SC) mode. The
current is measured at the ME and at the substrate (Fig. 12A). The collection efficiency
close to 100% is observed at the substrate if the distance between the ME and substrate
is less than 2rr. The species generated at the tip diffuse to the large substrate rather than
diffuse away to the surface ™). On the other hand, the roles can be reversed and a redox
species generated at the sample is collected at the ME. This is called substrate
generation/tip collection (SG/TC) mode (Fig. 12B). Typical applications of the
generation-collection mode are the investigation of the activity of immobilized enzymes,
the study of diffusion of metabolites released from living cells and the study of ORR in

fuel cells, biofuel cells and metal-air batteries [204 118-1201
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Figure 12: Principle of generation-collection mode; (A) TG/SC and (B) SG/TC.

4.3.3 Redox competition mode

In the SECM redox competition (RC) mode, the ME and substrate compete to collect the
same redox species in the electrolyte (Fig. 13). The advantage of the RC mode is the

absence of limitation with respect to the sample size. It has been used to study

28



electrocatalysis at various substrates. The RC mode was first introduced in a double

potential step experiment, by Schumann and co-workers 2% 1221,
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Figure 13: Principle of redox competition mode.

4.4 SECM with modified microelectrodes

Modification of electrode aimed to enhance specific features of electrode such as
sensitivity during detection or electrocatalytic reactions, which are normally unfavorable
on bare electrodes. However, accuracy in SECM investigation using modified MEs
remains a big challenge. A major problem is due to the immobilized layer on the ME,
which affects the diffusion process towards the ME. Consequently, the approach curves
are different compare to bare electrodes. The diffusion-control observed at the bare ME
using a mediator is not established in this case and unpredictable current results. It was
therefore concluded that it is not realistic to place a modified ME close to a substrate in a
reproducible and accurate way. Only under certain conditions, when the layer is thin
enough and porous a diffusion controlled current can be obtained and SECM approach
curves are suitable to handle the ME with a good accuracy close to the surface 23121,
The problems become even more complicated when the substrate is also modified. Here,

SECM was combined to optical technique to accurately place the modified GC ME.
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5 Experimental section

In this chapter, all chemicals and materials are listed in section 5.1. In section 5.2, the
different procedures of samples preparation and the important instrumental descriptions

are detailed.

5.1 Chemicals

All chemicals listed in Table 2 were used without further purification, and were of
analytical grade. Aqueous solutions were prepared using deionized water (Seralpur PRO
90 C, Ransbach, Germany) with a resistance of 18.2 MQ cm at room temperature.

Argon was used for deaeration of the solution. Stock solution of plumbagin (PLG) (10
mM) and amplex ultra red (AUR) (10 mM) was prepared in acetone and
dimethylsulfoxide (DMSO) respectively and store at -20°C. 4-Chloro-7-nitrobenzo-2-
oxa-1,3-diazole (NBD-CI) 10 mM stock solution was prepared freshly before each
measurement in acetonitrile and stored in the dark.

Table 2: List of Chemicals.

Product Formula Supplier Grade
5-Hydroxy-2-methyl-1,4- C11HgO3 Sigma -
naphthoquinone (plumbagin/PLG) Aldrich
5-Hydroxy-1,4-naphthoquinone C10H603 Sigma >97.0 %
(juglone/JUG) Aldrich
Sodium bicarbonate NaHCOs; Sigma >99.5 %
Aldrich

Sodium phosphate monobasic dihydrate NaH,PO, 2H,0 Merk >99.0 %

Sodium phosphate dibasic dihydrate Na,HPO, 2H,0 Merk >99.5 %
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Hydrogen peroxide 30 %

Potassium phosphate monobasic

Potassium phosphate dibasic

Horseradish peroxidase, Type Il

(150-250 units/mg)

11-Mercapto-1-undecanoic acid (MUA)

11-Mercapto-1-undecanol (MU)

L-Glutathione reduced (GSH)

Potassium dioxide

Hypoxanthine

Cytochrome ¢ (cyt ¢)

Xanthine oxidase from bovine milk,

Grade I11 (1.0-2.0 units/mg protein)

Superoxide dismutase (SOD)

1-Ethyl-3(3-dimethylaminopropyl)

H20,

KH,PO4

K2HPO4

C11H220,S

C11H240S

C10H17N306S

KO,

CsHsN4O

CgH17N3

Fluka
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich

Sigma

>30 %

>98.0 %

>99.0 %

>95 %

>97 %

>98 %

=99 %

>95 %
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carbodiimide ( EDC)
4-Chloro-7-nitrobenzo-2-oxa-1,3-
diazole (NBD-CI)

L-Glutamine solution

Decamethylferrocenne (DMFc)

a,o,a-Trifluorotoluene (TFT)

Ferrocene methanol (FcMeOH)

Amplex ultra red (AUR)

Penicillin-streptomycin

Fetal bovine serum (FBS)

Dulbecco’s modified Eagle’s medium
(DMEM)
1-Butyl-3-methylimidazolium
bis(trifluoro-methylsulfonyl)imide
(CamimN(TT)2)
1-Decyl-3-methylimidazolium
bis(trifluoro-methylsulfonyl)imide

ClomimN(Tf)z

CsH2CIN3O3

CsH10N203

CongoFe

CeHsCF3

C11HoFeO

C10H15FsN304S;

C12H19FsN304S;

Aldrich
Sigma
Aldrich
Sigma
Aldrich
ABCR
Acros
Organics
Alfa Aesar
Life
Technologies
Life
Technologies
Life
Technologies

Invitrogen

lolitec

lolitec

>97 %

>97 %

>99 %

>97 %

99%

98%
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5.2 Instrumentations

5.2.1 General electrochemical experiments

Electrochemical measurement were performed at room temperature using potentiostats
CHI 660 A, 620 A (CH Instruments, Electrochemical Analyser, Austin, TX, USA) and
bi-potentiostat Ivium Compactstat (Ivium Technologies, Eindhoven, The Netherlands) in
a three or four-electrode configuration. The working electrode was a glassy carbon (GC)
with a diameter of 3 mm (BAS Technicol, UK), home-made GC microelectrode (ME),
carbon fiber ME or a gold surface. A platinum wire and Ag/AgCl/3 M NacCl electrode

served as auxiliary and reference electrodes, respectively.

5.2.2 Atomic force microscopy (AFM) and scanning electron

microscopy (SEM) characterizations

AFM thickness determinations were carried out by Julia Witt under ambient conditions
with a Nanoscope IIl1A controller and an Enviroscope stage (Veeco Instruments Inc,
Santa Barbara, CA, USA). The contact mode was applied with Au-coated SizN;-
cantilever (Bruker, MSCT tip) of a nominal spring constant of 0.6 N/m. The analysis of
film thickness was made using the software Analysis 1.4. Morphology of the film was
elucidated by SEM using Helios Nanolab 600i system (FEI Company, Eindhoven, The
Netherlands) and EDAX detector at acceleration voltages of 15 to 25 kV. A detailed

procedure of AFM and SEM characterization is described in the Ref. 2°.

5.2.3 In-situ fluorescence microscopy

Fluorescence microscopy detection was carried out using DMIRE2 microscope in

inverted configuration (Leica Microsystems GmbH, Wetzlar, Germany) using a HC PL
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Fluotar objective with 5 x or 10 x magnifications (numerical aperture NA = 0.5, Leica).
Samples were excited with a tungsten lamp with a dichroic filter set for NBD-CI (470
nm excitation/540 nm emission) or AUR (546 nm excitation/580 nm emission). The
signals were recorded at a rate of 1 s per frame by a camera (DC152QC-FI scientific
CMOS with Solis control software, Andor Technology, Belfast, UK) attached to the
third optical port of the microscope setting. The recorded intensities were converted to a

false colour image.

5.2.4 Bio-scanning electrochemical microscopy (Bio-SECM) for local

oxidative stress investigation

The Bio-SECM device is composed of the fluorescence microscopy setup (section 5.2.3)
and a piezo motor mounted on the adaptor, which allows positioning of ME above a
living cell and objective lens. This positioning part is connected to the SECM device
developed in-house. This SECM device consisted of a bi-potentiostat (Ivium
Compactstat, section 5.2.1), a high-resolution positioning system, and a computer. The
computer controls the positioning system, the data acquisition system and displays the
electrochemical data. The bi-potentiostat is connected to the computer using a USB
connection and the piezo motor is controlled with an analog signal from the conversion
of the digital signal coming from computer using a digital-to-analog converter (AD/DA
board PCI-DAS 1602/16, Plug-In Electronic GmbH, Eichenau, Germany). The
electrochemical cell, which can be a cell culture dish or a cell containing a lateral
window and allows monitoring of the movement of ME using camera. It included the
ME as working electrode, a platinum wire as auxiliary and Ag/AgCI1/3 M NaCl electrode

served as reference electrodes placed above the inverted optical microscope (Fig. 14).
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Figure 14: Bio-SECM setup for local oxidative stress investigation in the environment of

living cells.

5.3 Preparation of glassy carbon ME and carbon fiber ME

GC MEs were prepared using a similar procedure as previously reported 21, A GC rod
(Type 2, 1 cm length, 1 mm diameter, Alfa Aesar, Karlsruhe, Germany) was immersed
in 4 M KOH solution, where a DC voltage of 5 V was applied for 20 min between GC
rod and a large graphite electrode as a cathode. In order to etch the top end of the rod,
the same voltage was applied again for 20 min. The etching process in the strong basic
solution leads to the formation of oxygen gas bubbles from anodic electrolysis of H,O
and detachment of carbon particles from the GC 2?8, The following equations were

proposed to explain the etching process:
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Ci) + OH (ag) = COH)aas + € (14)

4C5)(OH)ags — 4 C + 2H,0 + O, (15)
Where Cy) is a intact carbon lattice of GC, C5(OH)ags is the OH group chemisorbed on
the GC surface and C is the carbon material or particle removes from the surface of GC.
Then after rinsing with water, the carbon needle was inserted into one end of a
borosilicate capillary (1.5 mm O.D, 1.17 mm 1.D), connected to the Cu wire using Ag
epoxy resin. The exposed end of the GC needle was dipped in nitrocellulose solutions
containing plasticizers. The coating is obtained in the contact with air during few
minutes. This procedure was repeated 4 times. Finally, the tip of the electrode was
covered with epoxy resin to protect the coating layer from scratches (Fig. 15). Before
each experiment the ME was polished with sand paper and alumina suspension and
characterized by CV and confocal laser scanning microscopy (CLSM).

The carbon fiber (CF) with 30 um diameter (provided by Prof. Dr. David Wipf of
Mississippi State University) was used to prepare the ME. A borosilicate glass capillary
10 cm long, 1.5 mm outside diameter and 0.375 mm wall thickness (Hilgenberg GmbH,
Malsfeld, Germany) and the CF were rinsed with water, ethanol and dried prior to use.
Then, the capillary was cut into half by heat puller (Model PP-830, Narshige, Japan).
The tip was sealed by burning with a portable torch. A 5 cm piece of the 30 um CF was
inserted at the end of the glass capillary. The assembly was put back in the heat puller
setup with its terminal tips positioned in the centre of a tungsten coil. The open end of
the capillary was connected to a vacuum pump by a thin silicon tube to prevent
formation of air bubbles between the CF and the glass. The tungsten coil was heated for
5 minutes to melt the glass around the CF and obtain a good sealing of the tip. After the

sealing and cooling step, the electrode was inspected under the optical microscope to
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check that the fiber is completely sealed at the tip and that there are no air bubbles
inside. The Cu wire was fixed at the upper part of the capillary with silver epoxy glue
(EPO-TEK® H24 part A & B) and dried in an oven at 65° C over the night. The resulting
ME was polished with 0.3 and 0.05 pm alumina powder and characterized by CV and

CLSM before each experiment.
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Figure 15: Optical image of (A) initial GC rod; (B) after etching of 20 min; (C) after
etching the tip of GC rod; (D) 110 um diameter ME obtained and (E) the CV of GC ME

in 0.25 mM FcMeOH in phosphate buffer, pH 7 at 0.025 V s™ vs. Ag/AgCI/3 M NaCl.
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5.4 Preparation of quinone polymer-modified GC

PLG-modified electrodes were prepared as described by Ardakani et al. ™%, The GC
electrode surface was polished with 0.3 and 0.05 pm alumina powder followed by
sonicating and rinsing with deionized water after each polishing step for 15 min to
remove the alumina and abraded particles. Subsequently, the pre-cleaned GC electrodes
were activated electrochemically in 0.1 M NaHCO3 by performing 40 cycles between -
1.1 and 1.8 V (vs. Ag/AgCl/3 M NaCl) at a scan rate v = 0.1 V s™. After rinsing with
water, grafting of the PLG on the electrode surface was done by immersing the activated
GC in 0.1 M phosphate solution pH 4, containing 0.2 mM PLG and performing 30
potential cycles between 0.1 and -0.3 V at v = 0.01 V s™. Then, the PLG-modified
electrode, abbreviated as PLG/GC was immersed in phosphate buffer pH 7 containing
0.2 mM PLG and the potential was again cycled between -0.8 to 1.2 V at 0.05 V s™ for
25 cycles causing the formation of phenoxy radicals and formation of the polymer. After

rinsing with water, electrode was stored in phosphate buffer solution pH 7.

5.5 Preparation of biosensor based on cytochrome c

A biosensor for O, was prepared as described previously P, Clean Au wires (1 mm
diameter, Goodfellow Cambrige, limited, Huntingdon, England) were incubated in a
mixture of 5 mM 11-mercapto-1-undecanoic acid (MUA) and 5 mM 11-mercapto-1-
undecanol (MU) (ratio 1:3) in ethanol (96%) for 1 day at room temperature followed by
rinsing with ethanol. The MU/MUA-modified electrodes were rinsed with ethanol and 5
mM potassium buffer saline (K-PBS) pH 7. The modified surface was incubated in a
solution containing 30 uM cyt ¢ in 5 mM K-PBS pH 7 for 2 h. Covalent bonding was

promote by addition of 2.5 mM 1-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC).
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After 30 min of reaction, the electrodes were rinsed with 5 mM K-PBS pH 7 and dried.
The biosensor was checked using CV before (Fig. 16) and after each measurement to
test the stability of the protein on the modified gold surface, and the interaction with O,
using xanthine oxidase/hypoxanthine or KO, as source of O,". By choosing a suitable
potential value such as -0.05 V, the reduced cyt ¢ (Fe?*) is formed and H,O, can be
detected (Fig. 16(3)). At a potential of -0.13 V oxidized cyt ¢ (Fe*") is formed and O, is
detected (Fig. 16(4)) without interference of H,0, % 1301311
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Figure 16: CV of (1) cyt/MUA-MU/Gold and (2) MUA-MU/gold in oxygen-free 0.1 M

phosphate buffer pH 7, v = 0.05 Vs® vs. Ag/AgCl/3 M NaCl; potential window of

selective detection of (3) H,0,, (4) O,

5.6 Cell culture preparation

Cell culture and passage were conducted by Janina Leyk (Department of Neuroscience,
Molecular Neurobiology, and Research Center Neurosensory Science) as described by

Chen et al. ™21, Briefly, mouse derived retinal pigment epithelium cells (B6-RPEO7 cell
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line) were kept in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 2
mM glutamine, 50 U/ml penicillin, 50 mg/ml streptomycin and 10% fetal bovine serum
(FBS) at 37 °C and 10% CO,-atmosphere and passaged twice a week. 60.000 cells were
seeded on 35 mm cell culture dishes (p-dish 35 mm Grid-500, ibidi, Munich, Germany)
and cultured for 24 hours in DMEM with 10% FBS. Cells were then washed twice with
PBS and cultured for further 24 h in DMEM serum-free solution or DMEM without FBS
(Fig. 17). The entire electrochemical investigation was performed in serum-free solution.
The viability of the cells was carefully verifying by Janina Leyk. The data interpretations

were done by Janina and me.

Figure 17: Optical image of the mammalian B6-RPEOQ7 cells on p-dish containing
cultured medium serum-free. The lines and labels allowed precise relocation of specific

cells under ME.

6 New approach for preparation of quinone polymers and

electrocatalytic activity of oxygen reductions reactions

This chapter describes a new approach of electropolymerization of quinone compounds

on GC and the unexpected effect observed during formation of the non-conducting film
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compared to the classical electropolymerization. | performed the preparations and the
entire electrochemical investigation of the polymer. The characterization using AFM and
SEM was carried out by Julia Witt (Wittstock group). Finally this part of the work led to
a publication, for which the draft was prepared by Julia Witt and me 2!,

Quinone compounds have been chosen because of their capacity to generate O,
or H,O; as described in chapter 2. Different strategies of electrode modifications using
quinone compounds were investigated with the aim to obtain a stable film on the surface
of the electrode. Regarding the stability of active films on electrodes, new strategies are
continuously developed. Quinone-coated electrodes obtained by electrografting,
chemical grafting, adsorption or electropolymerization have been used intensively in the
past, however their instability remained one of the major problem 3% Furthermore,
most protocols lead to inactivity of the major part of the film, i.e. the signal of the
quinone redox reaction is very small compared to the total amount of deposited polymer.
This means that the quinone moieties were transformed or, more likely, that they are
present, but cannot be addressed by the electrode. This is prevented by the electronically
insulating nature of the obtained films.

The electrochemical activity of quinone moieties on the electrode is an important
aspect of quinone-modified electrode and was investigated intensively *®!. The blocking
properties affect the electron transfer kinectics to the quinone groups and depend on
many parameters. Since the films formed on the surface electrodes are insulating, but
redox active films, the redox signals of the film depend on its structure and thickness 3
1381 When the film is not compact, the electron transfer can be easily performed and the
redox species remains in contact with the electrode surface via the ion mobility in the

films %1, In contrast, when the film or the monolayer is compact, the electron transfer
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may occur from quinone group to quinone through the film. In this case, the film
thickness influences the electron transfer. The thicker is the film the lower is the activitiy
of the film “*. Hydrophobic/hydrophilic properties also influence the redox film.
Hydrophobic layers inhibit the electron transfer compared to hydrophilic layers in
aqueous solutions 2%,

In this thesis, we described another preparation strategy using a combination of chemical

grafting and electropolymerization of quinone compounds.

6.1 Grafting of PLG on GC

GC has become an interesting electrode material for various electrochemical
investigations. It possesses a low oxidation rate, high chemical inertness with small

(1401 However, the

pores. These properties make GC a convenient inert electrode
electrochemical performance of GC depends on its surface treatment, which can be a
mechanical, physical, chemical or electrochemical treatment and leads to good
reproducibility of results %%, Commonly, electrochemical treatment or activation is
used to increase the concentration of oxygen function on the GC and to improve the
condition for further surface modifications 462481,

Surface modification with quinone can be made using various technigues to
obtain a thin or thick layer ™?®1. Quinone or napthoquinone such as PLG or juglone

(JUG) can undergo a 1,4-addition with nucleophiles %

. This ability opens many
possibilities for attachment of 5-hydroxy-1,4-naphthoquinone on the gold surface where
the quinones react with the aminothiols terminal tail and form a compound able to form
a SAM on the surface ™%, On GC, electrochemical grafting is possible using diazonium

derivative of the molecule to graft %), Recently, the chemical grafting of PLG on GC

was reported %!, As described in chapter 5.4, GC was activated by electrochemical
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oxidation using bicarbonate solution. The CV before and after activation attested the
increased surface concentration of redox-active groups, which cause the signal at around
-0.1 V in Fig. 18B. The CV of GC before the activation in Fig. 18A only shows
capacitive currents. It can be concluded that the redox active oxygen-containing groups

are introduced during the activation process.
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Figure 18: CV of GC (A) before electrochemical activation and (B) after activation, v =

0.05 Vs vs. Ag/AgCl/3 M NaCl.

After the formation of oxygen-containing functional groups such as carboxyl,
hydroxyl or ketone groups, the GC provides a suitable surface for nucleophile attack of
the PLG through Michael 1,4-addition. The modified GC or PLG/GC exhibits a perfect
CV of the adsorbed species (Fig. 19). A prominent wave is obtained at -0.28 V due to
the strong binding of PLG on the GC surface. A further potential scan has shown a very
stable CV in which the current was proportional to the sweep rate which proofs that the
redox active group is a surface-bound species ***. For an ideal film, the peak current is

given by:
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where AI™ is the amount of bound molecules.
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Figure 19: CV of clean GC (dashed line) and PLG/GC (bold line) in buffer phosphate

pH 7, oxygen free, v = 0.05 Vs™ vs. Ag/AgCI/3 M NaCl.

However, a non-ideal film is obtained as exhibited by the asymmetrical wave
(Fig. 19), since the total width at half-height of either the cathodic or anodic wave (83.3
mV) is not equal to 90.6/n where n is the number of electrons exchanged during the
redox reactions. This non-ideal behavior can be ascribed to the irreversible attachment of
the reactant to the GC surface. To obtain a good approximation it is necessary to
consider activity coefficients, which depend on the surface concentration. Such
investigation was well described by Alan and co-workers 2° 1521 where the behavior of
9,10-phenanthrenequinone was investigated experimentally and theoretically taking into

account the non-ideal behavior.

44



A mechanism was proposed to illustrate the chemical reaction of the PLG with
activated GC. Considering the shape of the CV signals, the redox active groups are

bound to activated GC and PLG (Scheme 1).

Scheme 1: Proposed reaction mechanism for grafting of PLG onto GC.

A simple electrochemical strategy was developed to demonstrate the proposed
mechanism of chemical grafting. In fact, JUG; a similar molecule, was used to explain
this chemical bonding. It binds to the activated GC in a similar way as PLG (Fig. 20D).
After the grafting step, JUG still possesses an available electrophilic position for a
further 1,4-addition with a strong nucleophile such as glutathione (GSH) (Fig. 20D).
This is in contrast with PLG, where this position is occupied by a methyl group (Fig.
20B). Thereby, the exposure of the JUG-grafted layers to the GSH during CV in
deaerated solution will cause another 1,4-addition evidenced by a shift of the redox
potential of the surface bound species from -0.22 V for JUG/GC to -0.3 V for GSH-
JUG/GC (Fig. 20B). In contrast, such a shift in peak potential is not observed when
conducting a CV of PLG/GC in GSH (Fig. 20A). This feature after the 1,4-addition was
reported by many authors where the quinone compound was used to design an

electroanalytical method for detection of thiol groups ™***%°1. However, this experiment

45



described in Fig. 20 illustrates a preliminary investigation and at this early stage, more
experiments need to be conducted for a good interpretation of this strategy such as XPS

characterization.
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Figure 20: CV of (A) PLG/GC before (1) and after (2) interaction with GSH; (B)
JUG/GC before (1) and after (2) interaction with GSH, in phosphate buffer pH 7.
oxygen-free v = 0.05 Vs™ vs. Ag/AgCl/3 M NaCl; proposed mechanism of chemical

reaction of GSH with (C) PLG and (D) JUG.

Another feature of the PLG-grafted film is the capacity to generate a phenoxy
radical from the free hydroxyl function. The grafted layer was subjected to the potential
sweep up to +1.3 V where the electrooxidation of the hydroxyl functional group is
observed as in other phenolic compounds ¢ "l The CV recorded exhibits an
irreversible oxidation of the phenol group at +1.1 V (Fig. 21). During the first scan the
reduction and oxidation of the couple Q/QH, is depicted at -0.11 V in oxygen-free

phosphate buffer pH 4. After the oxidation of the phenol group, the signals from Q/QH,
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are strongly disturbed and decreased until complete disappearance. However, a new
signal appears at around +0.59 V which can be assigned to a new Q/QH; system
generated during the possible formation of different products due to the mesomerism of
the phenoxy radical (Scheme 2). More details will be developed in the next section. The
ratio of evaluated charge of Q/QH, system and the charge of phenoxy group (Ph) was
Q(Q/QHy) : Q (Ph) = 2 in agreement with processes described as 2-electron reactions for
the Q/QH, system, and one-electron reaction for the Ph system (Fig. 22). This
observation proves also that the 5-hydroxyl functions are still accessible and preserved
after chemical grafting of PLG on activated GC. Consequently, an idea emerged from
this investigation and lead to the control of generation of phenoxy radical at the

PLG/GC, which competes with phenoxy radicals of PLG in the bulk solution.
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Scheme 2: Electrooxidation of PLG/GC in deaerated 0.1 M phosphate solution pH 4 at

+1.1V.
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Figure 21: CV detailing the electropolymerization of PLG/GC in oxygen-free 0.1 M

phosphate solution pH 4, v = 0.05 V/s™ vs. Ag/AgCl/3 M NaCl.
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Figure 22: Evaluation of charges required for redox reactions of Q/QH, system and
phenoxy radicals formation (QzleEZI(E)dE). The diagonal stripes represent the
Vv 1

integration of the peak used for calculating the charge density.
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6.2 Electropolymerization of PLG on clean GC and passivation

problem

Electrochemistry provides many advantages during the preparation of polymer films
such as selectivity of reaction of one functional group and preservation of other
functional groups ™. Furthermore, electrochemical approaches offer a good control of
thickness of polymer films during the electropolymerization *3%.

Electrooxidation or electropolymerization of 5-hydroxynaphthoquine in aqueous
solutions leads to a redox active polymer in contrast to the other films such as pyrrole-
based anthraquinone which is not redox active in aqueous solutionst*** *** However, the
film obtained from 5-hydroxynaphthoquinone is not conductive and the film thickness is
difficult to control 8.

The electrooxidation of phenolic compounds leads to the passivation of the
electrode surface [13% 13% 1561801 5 fact a decrease of the current is observed during

formation of a polymeric film on the electrode surface 1% %,

Following
electrooxidation, phenol compounds generate phenoxy radicals that enter to complex
pathways of further reactions. They can yield different dimeric products. These dimers
can be further used to produce a radical and then interact with all other products around
to produce a polymer (Scheme 3) %6 157 1611 The oxidation of PLG was described to
lead to an insulating layer electropolymerization resulting from the formation of
phenoxy radicals. A similar observation was noted for JUG 3% %% A complex process

and different pathways may affect the final product as observed with the phenol (Ph)

compound 2% 371 A similar interaction and reaction could be observed with the PLG.
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Scheme 3: Some reaction pathways after electrochemical oxidation of phenol ¢,

A film was prepared on a graphite substrate using JUG and the structure was
determined ™3 34 Similarly to the case of phenol the chemical bond between two
monomers was established between the 5-hydroxy function and the position 8 of another
JUG monomer (Scheme 4) ™31 This mechanism is likely also valid for PLG, which is a

similar compound.
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Scheme 4: Structure of polymer film obtained after electropolymerization of JUG 33,
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The electropolymerization of PLG on clean GC shows a decrease of the
irreversible peak current of the phenoxy radical formation at around -1 V during the
potential cycles (Fig. 23) and a self-limiting growth of the polymer. The maximun
thickness of the film is 12 nm as measured by AFM (Fig. 25, curve 2). The polymeric
products block the surface and stop the access of further monomers to the interface
(Scheme 5). The voltammetric signal of Q/QH, also changed during the voltage sweep.
After the first scan, a shift of the quinone peak is observed to a more negative value.
This reflects the chemical changes of the GC surface after the first scan due to the
immobilization of the products of the reactions of the radicals. The concentration of
monomers, pH of the solution and the temperature affect the formation rate of the films
[161.162] 'For example, the monomer radicals are more stable in basic solution and non-
aqueous solution and can react with similar molecules rather than with protons. This

increases the quantity of deposited material °% 6.
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Scheme 5: Self-limiting growth of the polymer film during electropolymerization of

PLG onto bare GC.
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The surface deactivation and degree of polymerization seem to be influenced by
the permeability of the polymer film **®1, The electroactivity of the polymer afterwards
is explained by the stability and preservation of the quinone functions which cause a

clear wave during redox reaction of Q/QH, system .
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Figure 23: CV of electropolymerization of PLG on cleaned GC in oxygen-free 0.2 mM

PLG solution pH 7, v = 0.05 Vs™ vs. Ag/AgCl/3 M NaCl.

6.3 Electropolymerization onto PLG/GC

A new approach of electropolymerization is described here. The PLG contained in the
buffer solution is not directly electropolymerized on the clean GC but onto a monolayer
of grafted PLG on a GC electrode (PLG/GC). PLG as well as PLG/GC are able to
produce a phenoxy radical when a high positive potential is applied as presented in the
Fig. 21 and 23. Surprisingly, a new behavior was observed when the polymeric film is

prepared on PLG/GC. The electropolymerization onto PLG/GC seemed to avoid the
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passivation of the surface usually observed with phenolic compound or

/f
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hydroxynaphthoquinones.
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Scheme 6: Continuous growth of the film during electropolymerization of PLG on

PLG/GC.

During the electropolymerization a slight decrease in the current is observed during the
formation of phenoxy radicals (Fig. 24). This reflects the easy accessibility of the
interface for the new monomer during the potential cycles despite the existence of a
film. This causes a continuous growth of the polymer as it has been reported for the
conductive polymers (Scheme 6) 8. The film thickness was determined as function of
CV cycles (Fig. 25B, curve 1) and shows a film thickness of up to 70 nm, i.e. about 6
times thicker than for PLG polymerization on bare GC. This new process promotes the
formation of pits or small holes (Fig. 25A, white arrows) during the formation of the
redox polymer and preserves a good permeability of the film. Therefore, the counter ions
can still transport charge through the film and enable the formation of phenoxy radicals
at the GC-film interface. This is proved by the constant potential values for the Q/QH
couple and the oxidation of phenol. The comparison of the capacitive current at 0.2 V

between the polyPLG/PLG/GC and polyPLG/GC shows a current 40 times higher value
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for polyPLG/PLG/GC than for polyPLG/GC in accordance with the permeability of both

polymers.
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Figure 24: CV of electropolymerization of PLG on PLG/GC in oxygen-free 0.2 mM

PLG pH 7 at v =0.05 Vs™ vs. Ag/AgCl/3 M NaCl.

The growing polymer chains on PLG/GC seem unrestricted. The film thickness
(evaluated using AFM) shows a fast increase of the film thickness up to 50 cycles
followed by a slower further growth upon continuous cycling. In contrast, a self-limiting
growth of the film is observed for polyPLG/GC reaching 12 nm after 25 cycles (Fig
25B, curve 2). With the same cycle number a film thickness of 25 nm is obtained for
poly/PLG/PLG/GC. The SEM image shows a homogeneous and smooth distribution of
globular structure on the surface affected by many pits (Fig. 25A, white arrows) that
contribute to the permeability of the polymer. The grafted PLG layer has a strong
influence on the morphology of the subsequently electropolymerized film. This assertion
was confirmed when electropolymerization of PLG was performed on activated GC in

the potential regions excluding the redox reactions of Q/QH, (Fig. 26). Clearly, the
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decrease of the current is observed when the activated GC is not modified with PLG and
proves the key role of the grafted PLG layer on GC. Furthermore, a CV of
electropolymerization of phenol on bare GC (Fig. 27A) changes completely when
phenol is electropolymerized on PLG/GC (Fig. 27B). The passivation effect observed
during formation of polyphenol on bare GC does not occur when the film is prepared on
PLG/GC. AFM topography of polyPh/PLG/GC also shows globular structures as

observed in the case of the polyPLG/PLG/GC and underlines the important role of PLG

grafted on GC (Fig. 28).
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Figure 25: (A) SEM image of poly/PLG/PLG/GC after 25 cycles and (B) AFM thickness
of (1) polyPLG/PLG/GC after 10, 25, 50, 100, 150 potential cycles and (2) polyPLG/GC

after 5, 25 and 50 potentials cycles.
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Figure 26: CV of electropolymerization of PLG on activated GC in the potential range

excluding the redox reaction of Q/QH, system, in oxygen-free 0.2 mM PLG pH 7, v =

0.05 Vs™ vs. Ag/AgCl/i3 M NaCl.
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Figure 27: CVs detailing the electropolymerization of 0.2 mM phenol in deaerated
phosphate buffer pH 7 on bare GC (A) and on PLG/GC (B). v = 0.05 Vs™ vs. Ag/AgCl/3

M NacCl.
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Figure 28: AFM topography (scan area 2 um x 2 um) of polyPPh/PLG/GC.

The CV of poly/PLG/PLG/GC demonstrated that the quinone function was
obviously retained, and exhibited a voltammetric wave related to the redox reaction of
the Q/QH; system (Fig. 29). The surface coverage or quinone concentration on the
surface was evaluated for 25 electropolymerization cycles. The polyPLG/PLG/GC film
showed a 5 times higher concentration of redox active quinone groups than
polyPLG/GC. The apparent coverage or surface concentration of quinone groups
appears to be pH-dependent with a value between 0.7 and 3.0 x 10”° mol cm? with a

minimum at pH 4 (Fig. 29B).
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Figure 29: (A) CVs of (1) cleaned GC, (2) polyPLG/PLG/GC (obtained after 25 cycles
electropolymerization) in oxygen-free 0.1 M phosphate buffer pH 7 at v = 0.05 V s™ vs.

Ag/AgCIl/3 M NaCl, and (B) influence of pH on active site of polyPLG/PLG/GC films.

The pH-dependence of redox process, which takes place in the film during
potential cycling, was investigated. The plot of formal potential vs. the pH shows a
straight line with a slope of -57 mV/pH in the range of pH from 2 to 8 and a second
straight line with a slope of -28 mV/pH (Fig. 30). Both values are close to Nernstian
value of -59.2 mV for a two-electron/two-proton process and -29.6 mV for a two-

electron/one proton process.
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Figure 30: pH dependence of formal potential for polyPLG/PLG/GC obtained after 25

cycles in oxygen-free 0.1 M phosphate solution.

As expected, the chemistry inside the polymer is complicate and depends of the
thickness. For 25 electropolymerization cycles (thickness of 15 nm), a two-electron/two-
proton process is observed and a well-defined dependence of the current with the scan
rate is found. However, with increasing thickness, this trend does not hold. Investigation
of redox activity of polyPLG/PLG/GC shows a preservation of quinone moieties during
CV in oxygen-free phosphate buffer solution pH 7 (Fig. 29A). The concentration of
active quinone moieties of polyPLG/PLG/GC is pH dependent which exhibit a high

activity for high pH values and low activity at pH 4 (Fig. 29B).
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Figure 31: (A) The influence of scan rate on the anodic and cathodic peak currents of

polyPLG/PLG/GC and (B) Laviron plot for polyPLG/PLG/GC.

The scan rate dependence of the peak current of the Q/QH, system within the
polyPLG/PLG/GC film nicely conforms to the expectation for a surface-confined
redoxactive species (Fig. 31A). Among the theories developed to describe the Kinetics of
this process, Laviron’s theory ™ was chosen to evaluate the electron-transfer rate
constant or apparent charge transfer rate constant and the transfer coefficient between
the GC and the quinone moieties. In the plot of 4E = E, - E°’ vs. log v, the transfer
coefficient o = 0.5 was obtained according to Eq. (17) from the crossing points of a
linear fit to the anodic (va = 0.319 V s™) and cathodic (v. = 0.319 V s™) branches where
Epa-Epc > 200 mV/n (Fig. 31B) %%, £o- s the formal potential taken as the average of
the anodic (Ep.) and cathodic (Eyc) peak potentials and Ep stand for either Epa or Ep.

al(1 - &) = Valve (17)
The heterogeneous standard rate constant ks = 12.5 s™ of the surface-confined system
was obtained from the same plot by Eg. (18)

ks = nFo v /(RT) = (1 - a)nF va/(RT) (18)
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The relative low values of ks can be explained by the coupled electron-proton transfer
reactions and a possible hydrophobic nature of the film which increases with the
thickness *®3. This deeply affects the mobility of the protons between active site. It is
worth to note that ks illustrate the electrocatalytic activity of the polymer. This
prediction is in correlation with a relatively high peak separation (AE,) value obtained
between anodic and cathodic peaks at low scan rate.

This new polymer-modified electrode was further used as a source of the ROS

selectively produced by electrocatalysis of ORR at quinone film.

6.4 Oxygen reduction reactions on quinone-modified GC electrodes

The CV of polymer in oxygen-free phosphate buffer and aerated solution illustrated a
clear evidence of electrocatalytic activity of polyPLG/PLG/GC during ORR (Fig. 32).
The magnitude of the reduction peak is significantly increased in aerated solution
compare to the current obtained in oxygen-free solution.

PLG/GC and polyPLG/GC were used for electrocatalysis of ORR and lead to the
formation of ROS. Electrocatalytic activity of different PLG-derived films was
compared using CV and chronoamperometric measurements. A CV of PLG/GC (Fig. 33,
curve 1) in aerated phosphate buffer solution shows a well developed peak of quinone
reduction followed by a wave for ORR at lower potential. The ORR at bare GC occurs at
more negative potentials (Fig. 33, curve 4). The polyPLG/GC (Fig. 33, curve 2) also
exhibits the same ORR catalysis activity, however, there is no separate signal of quinone
groups which can be explained by the fact that the disordered films provide different
environments to the quinone system and the ionic mobility inside the film is hindered.

This leads to a broadening and shifting of the peak. PolyPLG/PLG/GC (Fig. 33, curve 3)
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film shows a peak for the reduction of quinone groups shifted by 0.13 V to more
negative potentials compared to PLG/GC. The hindered ionic transport in the film for a
charge compensation can explain this result. Compare to the polyPLG/GC, this
hindrance is not strong although the film is thinner than the polyPLG/PLG/GC film
prepared with the same number of electropolymerization CVs. The peak of the wave of
ORR at the polyPLG/PLG/GC film is about 20% higher than the peak of the PLG/GC
monolayer. This could be a result of partitioning of oxygen between the aqueous phase
and the polymer phase. Furthermore, the response of PLG/GC shows that the first
monolayer makes the largest contribution to the overall signal. The usual inhibitions of
the response know for polyPLG/GC is not observed when the polymerization is made

after grafting a PLG monolayer.

oy 2)

.08 -06 04 02 00 02 0.4
E/V
Figure 32: CVs of polyPLG/PLG/GC in 0.1 M phosphate buffer solution pH 7 in (1)

oxygen-free solution, (2) aerated solution. v = 0.05 V s™ vs. Ag/AgCl/3 M NaCl.
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Figure 33: Electrocatalysis of plumbagin-derived layers in aerated 0.1 M phosphate
buffer, pH 7 at v = 0.05 V s vs. Ag/AgCl/3 M NaCl; (A) for (1) PLG/GC, (2)

polyPLG/GC (prepared in 25 cycles), (3) polyPLG/PLG/GC (prepared in 25 cycles), (4)

bare glassy carbon for comparison.
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Figure 34: Chronoamperometric responses of (1) PLG/GC, (2) polyPLG/PLG/GC. For
comparison the response of (3) PLG/GC and (4) polyPLG/PLG/GC in oxygen-free

phosphate buffer is also shown.
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For CA experiments the potential program consisted of a stepatt =60 s fromE =0V
where no reaction was observed in oxygen-saturated solution to E = -0.45 V where ORR
set in. The experiment was conducted for PLG/GC and polyPLG/PLG/GC in oxygen-
free solution and in oxygen-saturated solution. The response in deaerated solution
provided the currents due to the conversion of the film itself and the charging of double
layer. The difference of the currents in oxygen-saturated solution compared to the
deaerated solution was due to the ORR (Fig. 34, curve 3 and 4). The CA response of the
polyPLG/PLG/GC layer in the presence of oxygen (Fig. 34, curve 2) was initially higher
than that of the PLG/GC electrode (Fig. 34, curve 1), but quickly felt below the currents
at the PLG/GC. Again partitioning of oxygen from the aqueous phase into the polymer
phase can explain the initially higher current. It seems that the initially grafted PLG
layer retains its catalytic activity even if a thicker polyPLG film is electropolymerized
on top of the monolayer (Fig. 34, curves 1 and 3). However, the PLG/GC electrode is
more effective than the polyPLG/PLG/GC electrode. This would be consistent with the
notion that the first monolayer is especially active and the thicker film slightly hinders
the access of oxygen to this layer. Both films were more effective than a directly
polymerized polyPLG film where the number of accessible quinone groups was much
lower. A potential advantage of the polyPLG/PLG/GC layer over a monolayer system is

the enhanced mechanical stability of a polymer film vs. a monolayer 3.
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7 Selective detection of ROS using fluorescence microscopy

In this chapter attention is given on the detection of two different ROS (O, and H,05)
using fluorescence microscopy in different systems. One is related to a technical
application, one to biological systems. The reactions involve in the ORR and
productions of particular side-products. The experiment in chapter 7.1 was conducted in
collaboration with the groups of Prof. Dr. Marcin Opallo (Institute of, Physical
Chemistry, Polish Academy of Sciences, Warsaw, Poland) and Prof. Dr. Hubert Girault
(Ecole Polytechnique de Lausanne (EPFL), Switzerland). | carried out the investigation
using fluorescence microscopy and Justyna Jedraszko (Opallo group) made the
preparation of samples. This led to joint publications %% %! The in-situ detection of
spontaneous formation of H,O, in organic and ionic liquid phases was achieved by
Amplex Ultra Red. The in-situ detection was also realized in lithium-oxygen batteries
during ORR on gas diffusion-electrode (GDE) and described in chapter 7.2. These
experiments were conducted in cooperation with of Patrick Schwager (Wittstock group).
In this cooperation we used of a selective dye to probe the formation of O, as side
product during ORR process in a lithium-oxygen battery. My contribution was the
detection the O, . The results were a subject of a joint publication “®®!. Chapter 7.3
presents the detection of two ROS (O,” and H,O,) obtained during ORR on
poly/PLG/PLG/GC. This experiment was conducted by me and the results obtained were
published ™™ and showed how the poly/PLG/PLG/GC electrode can be used as a
generator of ROS and to define a flux of ROS to expose a living cell to small

concentration of ROS.
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7.1 Detection of ROS in biphasic liquid systems

The biphasic liquid system consisted of two immiscible electrolyte solutions. It can
exhibit charge transfer processes at the liquid|liquid interface such as electron and ion
transfer 1% %1 These charge transfer processes at the liquid|liquid interface are subject
of great interest because those biomimetic features of these processes are considered as
key processes in biology system 168 1691

In this work, formation of H,O, will be described in two systems, room temperature
ionic liquids (RTILs)|aqueous solutions and trifluorotoluene (TFT)|aqueous solutions.

RTILs have found many applications in various industrial processes or in
advanced materials % ®°!. RTILs are salts which are liquid at low temperatures (< 100
°C) and consist of ions . The first development of ionic liquids was in 1914.
Ethylamonium nitrate was synthesized and liquid at room temperature but usually
contained a small amount of water *"%. RTILs possess high conductivity, good solubility
for a wide number of organic and inorganic substances, good chemical stability, low
flammability and negligible volatility *™.

The major advantage of RTILs is the large number of possible combinations of
anions and cations that give liquids for specific purposes. Moreover, simply by adding
an additional functional group to the cation or anion a huge number of feasible ions are
possible 72 In addition, physical and chemical properties of RTILs are also easily
tuned by a selection of cation and anion "1, lonic liquids have attractive properties such
as high viscosity, high densities, high intrinsic conductivities, high thermal stabilities,
high polarities and good solvating properties "%, These attractive properties, highly

increase the use of RTILs in many technology area such as green synthesis, and catalysis

66



74 biosensing 7589 and energy conversion 8% Therefore, RTILs offers huge
and new possibilities to replace a conventional solvent in different areas.
In this chapter, investigations of catalytic formation of H,O, are described in two similar

RTILs and in organic solution and the different advantages in each case are identified.

7.1.1 Electrochemistry at the liquid|liquid interfaces

In 1902, Nernst and Reisenfeld study for the first time a charge transfer processes across
interfaces between immiscible solutions by describing the transfer of potassium iodide
between two aqueous phases separated by a phenol phase 861681,

We consider two immiscible solvents, oil “o” and aqueous “w” containing the

[13EE]
|

same ionic species “i”, the difference between the potential of the bulk aqueous phase ¢"

and the potential of the bulk oil phase ¢° is called the Galvani potential difference
AYp=¢" 4.
The standard transfer Gibbs energy of a species from one phase (water) to another phase

(organic) is by definition equal to the difference between the Gibbs energy of solvation,

£°° and the standard Gibbs energy of hydration, «°“ which is expressed by 189 :

AGtOr,WHO — ﬂ0,0 _ﬂO,W (19)

In case of an ionic species i, after developing Eq. (19) at equilibrium, the equation can

written as:
W +RTIna" +z,F¢" = u*° + RTIna’ + z,F ¢° (20)
Where, z; is the charge of the ion i, ¢* is the Galvani potential of the phase a and

>% + RTIna® is a chemical potential of i in phase «

Then AY¢=¢" —¢° can be written as 15 1%;
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o,w—0

AG,; a’
Alg=—"__ L RTIn| 2 21
Yp=—r (aj 1)

[13 29

Where AG2"°is the standard molar Gibbs energy of ion transfer from phase “w” to

tr,i

0,w—o0
phase “0” and “'li: represents the standard potential of transfer for i, so
Zi
AW¢O — AGS’::N_)()
o zF

Therefore, the Nernst equation for ions transfer across an interface between two
immiscible electrolyte solutions (ITIES) is:
a’
AYp=AY4 +RTIn [—WJ (22)
a
Eq. (22) can be written using concentrations instead of a; then the standard ion transfer

potential can be replaced by a formal ion transfer potential AY#’ , which includes the

ratio of the activity coefficient (y):

Aldp=A'$" +RTIn [E_Wj (23)

with A¥¢” = A"¢° + RTIn [LWJ .

If we take the case of heterogeneous electron transfer between redox couples across the

liquid|liquid interface, the reactions can be express as:

O +ne 2R/ (24)
R; 20;+ne” (25)
n,0;' +n,R; 2 n,R" +n,0; (26)

At equilibrium, the electrochemical potentials of reactants and products are equal
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N Ko, + N Mg, =Ny Mg + Ny Mo, (27)

With Eq. (27) can be derived and written as:

aw N2 o \"™
A=A+ ( jvJ (EJ (28)
aR2

n,n,F 8o,

n ow 0w +n 00 00
With AZV¢§ — Z(H'Rl l'lo1n )n FZ(“OZ ”‘Rz)
1'72

This Nernst equation can be expressed in terms of concentrations:

, CW n, CO n,
A=A+ [iwj [O] (29)

n,n,F Co, Cr,

Analogous to reactions at the metals or solid electrodes involving redox couples in a
solution, the reactions between redox couple at the interface can be theoretically

determined and the current from Galvani potential difference calculated.

7.1.2 Formation and detection of H,O, in RTILs

H,0, production is still a subject of much attention. However, its industrial production
using quinone compounds is a source of many wastes and also very energy-consuming
[15] RTILs represent an encouraging alternative for the production of H,O, by its
simplicity and attractive possibility of a single-step process during the formation of H,O,
avoiding the generation of other ROS 11,

Here thermodynamic favorable redox reactions using a strong electron donor
such as decamethylferrocene (DMFc, Fig. 35) and generation of H,O, were investigated
at different liquid|liquid interfaces. The reactions take place between O, in the acidic

aqueous solution and DMFc in RTILs. The efficiency and the pathway of interfacial

processes involving charged reactants depend on the Galvani potential difference across
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the interface. The reactions were followed by the generation of H,O, at the interface of

the biphasic system as described by the following reactions.

2DMFc + O, + 2H" — 2DMFc¢’ + H,0; (30)
CH,
HsC CH
"y
He” ! “CHs
Fle
HC 1 CHs
HsC @ CHs
CH,

Figure 35: Chemical structure of DMFc.

In presence of an oxidant such as oxygen or protons, H,O, or hydrogen can be produced
by oxidation of DMFc in RTILs phase. The partition of fluorescent molecule can be
observed during the in-situ detection (Fig. 36). The spatial and temporal generation of
H,0, were followed using in-situ fluorescence microscopy. A high-resolution camera

was used for this purpose, which allows an appropriate background correction.
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Figure 36: Principle of detection of H,O, generated at the liquid|liquid interface.

Fluorescence detection of H,O, in a biphasic system using two different RTILs
was performed. 5 mM DMFc was dissolved in the hydrophibic RTILs (Fig. 37) such as
CsmimN(Tf),  (1-butyl-3-methylimidazoliumbis(trifluoro-methyl-sulfonyl)imide)  or
CiomimN(Tf), (1-decyl-3-methylimidazoliumbis(trifluoro-methyl-sulfonyl)imide) and

brought in contact with aqueous perchloric acid.
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Figure 37: Chemical structure of (A) C;mimN(Tf),and (B) CiomimN(Tf),.
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These two RTILs differ by the number of carbon atoms in the side chain of the cations,
which influence the viscosity of ionic liquid. The viscosity is an important property for
many applications since high viscosity slows down the rate of diffusion-controlled
chemical reactions. The viscosity of these ionic liquids is determined by van der Waals
forces. Therefore, a high viscosity of CiomimN(Tf), can be observed compare to
CsmimN(Tf), because the increasing of the length of the carbon chain on the
imidazolium cation also increases van der Waals interactions.
The redox reaction at the interface involves an electron transfer and an ion transfer
(reaction (31)).

DMFcgriy + Camim*griy + N(Tf)2 griy = DMFc’ griy) + €- + Camim’(q) +
N(Tf)z2 ®min) (31)

It was shown that the peak potential of the couple DMFc/DMFc” is independent
of the different anions present in the aqueous phase. This indicates the transfer of a
cation across the RTIL|water interface to maintain the electroneutrality. This ions
transfer can lead to significant changes in composition of both phases in the long term
and would result in liquid interface instabilities. The generation of H,O, is observed only
in the presence of DMFc. If HRP and Amplex Ultra Red (AUR) are present, the
fluorescence emission of the resofurin derivative formed by AUR and H,O; increases
with time (Fig. 38). Most of the light was emitted close to the pipette orifice in the RTIL
phase. This does not mean that there are no fluorescent molecule in the agueous phase.
In fact, rescaling intensity and background reveals how fluorescent molecules diffuse
into the RTIL phase. A reason for the low fluorescence intensity in the aqueous phase
could be the protonation of the fluorescent molecules, which decreases their fluorescent

yield. Futhermore, the fluorescent molecules may be extracted to the organic phase.
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Compared to C;omimN(Tf), (Fig. 38B), the size of the fluorescence zone was found to
be large in the case of CsmimN(Tf), which possess a lower viscosity. This causes a
faster diffusion of the fluorescent molecule (Fig. 38A). Both, the fluorescence intensity
and expansion rate of the fluorescent zone towards the pipette bulk was larger for

CamimN(TTf), than that for more viscous C1omimN(Tf)..

Figure 38: Fluorescence detection of H,O, generated at the interface between 5 mM
DMFc in (A) CsmimN(Tf), or (B) C1omimN(Tf), and oxygen in 0.1 M agueous HCIO,

containing 0.1 mg mI™ HRP and 30 pM AUR.
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7.1.3 Formation and detection of H,O; in organic solvent

H20, can also be formed during ORR at TFT|H,O interface. In TFT, the molecules are
electrically neutral. There is no ion transfer as in the case of ionic liquid. Here the ionic
liquid was replaced by the TFT solvent and contained the same strong electron donor
DMFc. Again, a strong fluorescence was observed at the end of capillary few seconds
after the pipette was immersed into the aqueous phase (Fig. 39) indicating the H,O;
formation. In absence of DMFc, fluorescence was not observed. As previously
described, the fluorescence was observed only in the organic phase at the tip of the
capillary. Deliberately added H,O, caused fluorescence only in the organic phase. It
proofed that the fluorescence is emitted by the deprotonated form of the dye only. This
form is not likely to exist in the strongly acidic aqueous phase and can emit only after
transfer to the organic phase. To maintain the electroneutrality of the organic phase the

anion CIlO4 crosses the liquid|liquid interface as describe by the following equation:

ZDMFC(O) + 2H+(W) + 2C|O4_(W) + 02(0) — 2DMFC+(O) + HzOz(W) + 2C|O4_(o) (32)
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Figure 39: Fluorescence detection of H,O, generated at the interface between 5 mM
DMFc in TFT and oxygen in 0.1 M aqueous HCIO, containing 0.1 mg mI™ HRP and 30
UM AUR (A) in-situ generation of H,O, and (B) deliberate addition of H,O, into

aqueous phase.

7.2 Detection of superoxide in lithium-oxygen batteries

The storage of energy is one of a big challenge of this and the next century 6% %2,

There is a broad investigation and development to improve the storage capacity % %2,
Lithium is the lightest metal element. Electrodes produced from it could produce a
theoretical energy density of 11680 Wh kg™. This is close to gasoline ¥, Therefore,
interest is increasing to use it in lithium-air batteries. The Li-oxygen batteries is an

attractive technology which involve the chemistry of multiphase processes (solid, gas

and liquid) and were proposed as early as in 1970s for automobiles. Currently, it
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receives an increasing attention 9%, They are four types of lithium-oxygen batteries
based on the types of electrolytes. It involves a lithium metal anode and a porous oxygen
diffusion cathode. A lithium salt is dissolved in either aprotic (non-aqueous), aqueous,
hybrid (aqueous and aprotic) or solid-state electrolyte ™. The lithium-oxygen battery
with organic electrolytes could be a future main technology for energy storage. One
challenge are the side reactions, which take place during discharge and charging
processes at the oxygen electrode of this battery [**® 1921 ROS are produced during the
side reaction. The exact nature and quantity depends on the electrolytes used. It was
claimed that during the charging process in a lithium-air battery, O, is released during
oxidation of Li,O, 2%,
Here, we prove that also during discharging process O, is released as intermediate ¢,
The overall reactions of discharging can be described as follows.

2Li =2Li" +2e” (33)

0, + 2 +2Li" = Li,0, (34)
The ORR is performed on gas-diffusion electrode (GDE) in DMSO and the
electrogeneration of O, is observed using the 4-Chloro-7-nitrobenzo-2-oxa-1,3-diazole

(NBD-CI) dye as illustrated below (Fig. 40). A mechanism reaction of NBD-CI will be

described in chapter 7.3.
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Figure 40: Selective detection of O, in oxygen saturated solution (1 M LiClO,4, 0.5 mM

NBD-CI in DMSO) during ORR on GDE.

The detection was performed in combination with a chronoamperometric pulse
program applied to the GDE and the spatial and temporally resolved detection of
fluorescence using the CMOS camera described in section 5.2.3. A background
correction was applied to eliminate the background fluorescence from the GDE. In order
to remove this contribution, the GDE was biased at Egpg = 0 V for 60 s, where no ORR
current can be detected. The image taken at t = 60 s was used as reliable background and
was subtracted from all subsequent recordings taken at more negative potentials. During
the ORR reaction at Egpe = -0.7 V for 60 s, the production of O," was evident from the
increasing fluorescence intensity recorded between t = 4 s and 40 s. A control
measurement proved that no fluorescent product was formed at Egpe = -0.7 V in oxygen-
free solution and the absence of a reduction of dye precursor and the GDE system.
During drying, the slurry of the active carbon materials form cracks as commonly see in

GDE processed according to similar protocols M At Egpe = -0.7 V, the highest
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fluorescence intensity is observed in the cracks after 4 s reaction time (Fig. 41).
Afterward, the intensity decreases with the time due to the diffusion of the fluorescent
molecules into the solution bulk. The high fluorescence intensity in the cracks can be
explained by many factors. Firstly, the solution layer probed by the fluorescence
measurement is thicker in the cracks compared to the optically opaque mesoporous
carbon material of the GDE. Secondly, oxygen transport may be a limiting factor for the
solution-filled pores that leads to higher production of O, in the regions of the GDE
facing the outer solution volume. Finally, the O, formed in the inner of the pore volume
may consume all the NBD-CI without contributing to measured intensities due to the
opaque nature of the carbon GDE. The formation of O," during discharge is in
accordance with the recent results reported by Bruce and co-workers, where they used a
spectroscopic method to directly identify the reaction products and intermediates. The

following mechanism was proposed ?°!:

O,+e -0 (35)
0, + Li" — LiO, (36)
2Li0, — Li,0, + O, (37)

The oxygen firstly reduced to O, and reacts then with Li* to form the instable product

LiO, which disproportionates to give a stable product Li,Os.
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Figure 41: In-situ fluorescence detection of O, generated at GDE

7.3 Generation and Detection of ROS in cell culture media

Formation of ROS using quinone compounds during ORR or a catalyzed chemical
reaction between quinone and oxygen is well know and intensively documented ™%,
The quinone is widely known as a source of H,0, B “3. Typically quinones act as
catalysts for ORR producing H,0O, and for some quinones O,  in neutral or basic media
[28.126,167] "1 neutral solution, some quinones such as naphtoquinone produces O," and
this species could be consider as the first step of the reactions. The electrochemical
behaviour of quinones in buffered aqueous solutions is complex and can be explain by

the scheme 7:
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Scheme 7: Square scheme of electrochemical behavior of quinone (Q) and hydrogquinone

(QHy) in buffered aqueous solutions 27,

The dianion state should require extreme pH conditions. Other species plays a more
important role, depending on the pH and electrode material.

Formation of ROS and particularly H,O, using quinone-modified electrode has
been widely investigated using rotating disc electrode (RDE) or rotating ring disc
electrode (RRDE) measurement. Recently, Newton et al. ™% described a technique
using a chemical probe or scavenger of ROS such as ascorbic acid where the formation
of ROS was monitored by a decrease of voltammetric peak for ascorbic acid. Here we
use fluorescence microscopy for in-situ detection using selective and sensitive dyes
during ORR (Fig. 42).

The generation of O," has been monitored using NBD-CI. H,O, was observed
with AUR. Detection of O," poses many questions concerning the sensitivity and very
importantly by the selectivity of the dye used. In certain cases dyes as NBD-CI can be
used to detect O, . This dyes has been tested intensively for the detection of thiols,

primary and secondary amines %1, However, recently NBD-CI is also an efficiency dye
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for the detection of O™, if the measurement is performed in solutions free of thiols or
amine 53 %281 The Jarge rate constant for the reaction between NBD-Cl and O, (2 x
10° M™ s suggest that NBD-ClI can rapidly react without significant interference from
other competitive reactions such as disproportionation reaction of O," which possess a
rate constant of 2.3 x 10° M™ s in neutral pH solution ®* % 231 Reaction between
NBD-CI and nucleophile vyields Meisenheimer adduct (Scheme 8) . A stable
Meisenheimer complex adduct is a product of reaction between arene carrying an
electron withdrawing groups and a nucleophile % 21, These adducts could possess

fluorescence properties [#% 2062071

cl Nu
NT (Nucleophile)

Scheme 8: Proposed reaction mechanism between NBD-CI and nucleophile.

Assuming that the prominent quinone species formed in the first step are
semiquinone radicals the following reactions can take place 7.
superoxide formation: O, + Q© — 0O;" +Q (38)

The O, enters different parallel reaction.

0, +0,” +2H,0 = O, +H,0,+20H" (39)
0, +R — O,-R” (40)
0,” + NBD-Cl - 0,-NBD-CI (41)
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The relative weight of the reaction channels depends on the O, concentration and the
concentration and efficiency of the different compounds R which contributes to the
scavenging of O, . The disproportionation reaction (39) is second order with respect to
O". The reaction with the constituents of the buffer is represented by reaction (40). In
the serum-containing culture media, this reaction may reduce the initial amount of
detectable O,. Reaction (41) illustrates the reaction with superoxide selective dye and
acts in this system as a particular efficient scavenger. As previously described a suitable
background correction was made and the O, formation is switched on by a controllable
trigger i.e the CA of ORR. Concerning the detection of H,O, generated by
polyPLG/PLG/GC which is known, the auto-fluorescence intensity of AUR was
eliminated by background correction during CV. The remaining signal is related to the

formation H,O, during ORR or chemical follow-up reactions such as disproportionation

of O, .
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Figure 42: In-situ detection of ROS generated by polyPLG/PLG/GC using fluorescence

(
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During detection of O,", the interaction between the AUR dye and poly/PLG/PLG/GC
was investigated. We found that there is no chemical interaction as shown in Fig. 43A.
The CVs obtained in presence and absence of AUR in oxygen-free solution are similar.
A chronoamperogram with two potential pulses 0 V and -0.8 V were performed for a
precise investigation. A clear difference of the electrochemical signal is seen during

experiment in oxygen-free buffer or aerated buffer (Fig. 43B).
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Figure 43: (A) CVs (2" cycle, v = 0.05 Vs™) of poly/PLG/PLG/GC (3 mm diameter) (1)
in oxygen-free 0.1 M phosphate buffer pH 7 and (2) after addition of AUR; (B) CA
during of polyPLG/PLG/GC (3 mm diameter) in phosphate buffer pH 7; (1) oxygen-free

and (2) aerated.
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The electrogeneration in the cell culture environment was performed using a
polyPLG/PLG/GC electrode. The generation was investigated firstly in phosphate buffer
solution pH 7.4. During the detection of H,O, with the CMOS camera, a background
correction was set and used to remove the auto-fluorescence of AUR. The remaining
signal in Fig. 44 is related to H,O, generation during the ORR or to H,O, formation
during chemical follow-up reactions such as disproportionation of O,". It is clearly
observed that the formation rate of H,O, shows strong variations over the electrode
surface (Fig. 44b to f). The reason for this variation is not clear, but could be related to
the heterogeneous distribution of active quinone moieties in the film. The H,O, can be
the product of the disproportionation reactions of O,™ (reaction (39)) or may be due to
the 2e”, 2H" mechanism as observed generally with quinone catalysts. As the fluorescent
resorufin derivative is accumulating during the CV, the overall intensity is increasing

within the sequence.
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Figure 44: Time series of selected images of H,0O, detection during a CV on
polyPLG/PLG/GC (3 mm diameter) in aerated solution, v = 0.05 V s* in 0.1 M
phosphate buffer pH 7 containing 10 pM AUR and 0.1 mg mL™ HRP, image (a) is a

control experiment in oxygen free buffer.

A time resolved investigation during detection of O," was performed (Fig. 45).
The background correction was made using images recorded at a potential of 0 V in
oxygen-free solution containing NBD-CI. The images at -0.8 V after background
subtraction show the generation of O,". The NBD-CI-O," adduct accumulates as the
reaction progresses because the formed adduct is stable. Therefore momentary
concentration of O, cannot be derived because the adduct forms before O," can enter

into other decomposition pathways. Nevertheless, the fluorescence image recorded here
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proves the chemical identity of the ROS as O,". The presence of O," point out the

formation of semiquinone radical of PLG. This promotes the production of O, .
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Figure 45: Time series of selected images of O, detection during a CA at
polyPLG/PLG/GC (3 mm diameter) using NBD-CI in aerated 0.1 M phosphate buffer

solution pH 7 containing 0.5 mM NBD-CI.



8 Local generation and selective detection of ROS in

biological system using electrochemical technique

In this chapter a selective detection of O," generated by polyPLG/PLG/GC ME and the
exposure of biological cells to a local flux of ROS are described. The detection of local
generation O, was performed with a biosensor based on cyt c. | made the preparation
of biosensor after instruction and advices received from Prof. Dr. Wollenberger. Janina
Leyk (PhD student in Christine Richter-Landsberg group, University of Oldenburg) and
me performed the local oxidative stress using retinal cells. The cells were prepared and
cultured by Janina Leyk and | conducted the oxidative stress investigation. This project

led to the joint publication 7).

8.1 Electrochemical detection using biosensor based on cytochrome c

Here we described the electrochemical detection of local formation of O,", which is a
controversial topic. There are open questions about its significance in biological
systems. For instance, it is unclear how it can be transported despite its short lifetime in
aqueous solution %1% How O, can be efficiency electroanalyzed in the aim to obtain
an absolute value of the O™ flux P12

The distance of diffusion of O," from its source is subject of many discussion
and depends clearly on the chemical environment or microenvironment in which the O,™
diffuses . The lifetime of O, depending of the composition of the solutions [*8: 2%%-
2111 In biological systems or solution with physiological pH (pH 7.4) diffusion distances

between 45 nm to 1 mm were reported with a variable half-life time [& 2082111

Dismutation is one of the main reactions determining the lifetime of O, [,
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Dismutation of O, is very slow in alkaline pH (0.3 M s™) and reaches a maximum at
pH 4.8 (108 M? s?) 1 Therefore, the lifetime is longer than in acidic pH. In fact in
alkaline pH O, is mainly deprotonated “®!. Furthermore, low concentration of O,
increase the lifetime of superoxide by affecting the dismuations reactions rate which is
second order "¢ In water, lifetimes of 0.005 s and 14 h were reported for the
concentrations of 0.1 mM and 0.1 nM respectively. Therefore, lower formation rates of
O," yield long lifetime. In seewater, half-life times of 10-100 s were evaluated for 87-
1120 pM of O, M8, Thus, regarding wide span of reported half-life times it is not ruled
out that O," can diffuse even over mm distances.

A cyt c-based electrochemical sensor was used to detect O, . Its selective
detection with O, is widely reported % 333 Cyt ¢ is immobilized on a modified gold
electrode as described in the chapter 5.5. Additionally to the sensitivity which the sensor
offers based on cyt c, a selected potential value can be applied and a selective detection
of either of O, or H,0O, can be performed. In this manner, the oxidized or reduced form
of cyt ¢ can be regenerated on the electrode after reaction with the target species (Fig. 7
Al) [130]'

The preparation of polyPLG/PLG/GC ME was made as described in the chapter
5.3 and the preservation of the quinone on modified GC ME was proven using CV in
oxygen-free phosphate buffer (Fig. 46). The polyPLG/PLG/GC ME was used further to

generate O," locally.
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Figure 46: CV of (A) electropolymerization of PLG during 25 cycles on GC ME (90 um
diameter) and (B) polyPLG/PLG/GC ME (90 pum diameter) in oxygen-free 0.1 M

phosphate buffer pH 7, v = 0.05 Vs™ vs. Ag/AgCl/3 M NaCl.

A non-conventional procedure was used to place the poly/PLG/PLG/GC ME
relatively close to the biosensor with acceptable accuracy. Initially the
poly/PLG/PLG/GC ME was placed above the insulating sheath of the biosensor and
approached under the control of an optical microscope until they just touched (Fig. 47).
Then the poly/PLG/PLG/GC ME was retracted by 4 mm. PBS pH 7.4 was filled into the
electrochemical cell and the approach was repeated. After touching of the insulating
sheath, the poly/PLG/PLG/GC ME was retracted by 3 mm and moved laterally over the

sensing area of the biosensor. This position is taken as provisional zero distance. The
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ME is then moved to the desired distance. O, was formed by a poly/PLG/PLG/GC ME
from which it diffused to the biosensor positioned ca. 10 um away and operated at Esens=
+0.13 V for detection of O, . Afterwards, the solution was exchanged against a 10 mM
ferrocenemethanol solution. The ME was moved over the insulating sheath and an

approach curve was recorded. The clearly identifiable point of mechanical contact is

then taken as zero distance (Fig. 48).

PBS pH 7.4

Figure 47: Positioning of modified-ME using camera-assisted SECM setup.

The electrochemical detection of O," using the biosensor based on cyt ¢ has been
widely reported 3302122131 ‘The detection is performed as illustrated in the Fig. 49 in
generation-collection mode (tip generation/substract collection). Horrock and co-
workers described such investigation where a small generator electrode is used to
produce a specified time-dependence flux of O, and the collector or detector is a large
electrode ®**. It was observed that the electron transfer between cyt ¢ and the gold

electrode becomes rate-limiting at high concentration of O, 3 in other words the
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quantity of cyt ¢ loaded on gold modified with a SAM could be not enough to react with
all O, present and cannot competes with the disproportionation reaction. Therefore, a

large surface of collector was a typical approach in most of the experiments 3!,
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Figure 48: Approach curve recorded after the detection of O, using a

polyPLG/PLG/GC ME (90um) in 10 mM FcMeOH, Er =+ 0.46 V, vy =5 pm s™,

90 Hm

< Poly PLG/PLG/GC ME Q -1 0,
:“j Q+0;
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|

cytc (Fe”) + 0O,
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Figure 49: Detection of O," and regeneration of O, on a biosensor based on cyt c.

The distance between the modified ME and the biosensor was varied and at each

distance a CA was executed at polyPLG/PLG/GC ME while the biosensor was held at a

91



constant potential value of +0.13 V suitable for detection of O,". The particularity of
this approach with two modified electrodes is the investigation of diffusion and detection
of local O, concentrations. The CV of the biosensor showed a clearly discernible redox
conversion of cyt ¢ (Fe**/Fe®") at 0 V (Fig. 16). The current biosensor systems are,
however, limited by the amount of cyt ¢ immobilized on the surface of the electrode 2.
An investigation of modified electrodes by monolayer has clearly shown that the
sensitivity of the sensor is directly proportional to the surface density of cyt ¢ on the
electrode ?'2. Therefore, loading more cyt. ¢ on the modified electrode surface could
promote a significant improvement in sensitivity 2.

The polyPLG/PLG/GC ME was positioned at a distance of around 10 pm to the
biosensor and two potentials were applied to the polyPLG/PLG/GC ME. At Ege, =0 V
no O," is formed. For Egen = -0.8 V O,™ is formed, the transient current was recorded on
a biosensor biased to Esns = +0.13 V. The steady-state current observed for t > 20 s (Fig.
51 (1)) results from the competition between continuous formation of O, at the
polyPLG/PLG/GC ME generator electrode and the spontaneous dismutation of O, in
solution during which oxygen is regenerated. The detection was also performed at
different d (Fig. 50). The steady-state current at d; = 5 um reveals a higher current than
at the d; = 10 um. This reflects the transient concentration of O, and proves the

decreasing concentration due to follow-up reactions during the diffusion from the

generator to the biosensor.
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Figure 50: Chronoamperometric response at the biosensor (Esns=+0.13 V) at a distance

of (1) 10 pm and (2) 5 pm to the PLG polymer-modified GC ME of 90 mm diameter.
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Figure 51: Chronoamperometric response of biosensor (Esns = +0.13 V) (1) at the

distance 10 um in phosphate buffer pH 7.5 and (2) in presence of SOD.

A control measurement was carried out in a solution containing 0.1 mg/ml SOD
in order to accelerate the disproportionation reaction of O, . In this situation O,  is
removed from the solution faster than its diffusional transport from the generator to the

biosensor. Therefore no oxidation currents are recorded at the biosensor, although O," is
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still formed at the generator (Fig. 51 (2)). In fact, the reaction rate of disproportionation
catalyzed reaction (Eq. (42); 6.4 x 10° M s™) is much higher than the reaction between
cyt c and O, (Eq. (43); 2.6 x 10° M™ s). Therefore, there is only H,O; at the position

of the biosensor ™6 %1,

0, + 0, +2H" —2 5 0, + H,0, (42)
0, +cytc (Fe*) — O, +cyt ¢ (Fe?) (43)

< ™
0 30 60 90 '\-ﬁ“_/ et
t's ‘(02)\:""". ¢ g
H,0. > i+
4 - (: 2) . e e C¥t c (Fe3 ) .3 Hzoz
L (no reaction)
3 N\ e-
< 24 K X s e
< ke O 1) T 1mm
1 2)
0.
Ep - . . :
0 30 60 2

tls
Figure 52: Chronoamperometric response of (A) a bare GC ME (250 pm diameter, Egen
=-0.8 V) at (1) 10 um and (2) 1 mm distance to the biosensor. (B) Response of the
biosensor (Esens = +0.13 V) at (1) 10 um and (2) 1 mm distance to the generator in 0.1 M

aerated phosphate buffer pH 7.5.

In a second control measurement, a bare GC ME was used as generator

positioned at the distance d = 10 um and 1 mm from the biosensor. Except for capacitive

coupling, there was no current when switching the potential of the generator to ORR.
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The absence of any O, signal at the biosensor (Fig. 52B) proves the critical role of
PLG polymer for the formation of O,". On other hand, the transient generator currents
can be compared for two different distances of 10 pumand 1 mm. The generator current
is higher at d = 1 mm than at d = 10 um. This reflects the hindered mass transport of O,
to the bare GC. During each experiment, the CV of the biosensor was recorded after the
generation-collection experiments, then compared to the CV of the fresh biosensor in
order to prove that the surface was not damaged during the procedure (Fig. 53).

It is clear that the polyPLG/PG/GC ME is able to generate substantial fluxes O,".
Follow-up reactions will inevitably lead to the formation of H,O,. However, it cannot be
decided in term of this investigation if H,O, is also formed directly by heterogeneous
reactions at the polymer or exclusively as a product of homogeneous disproportionation
reactions. By carrying out a suitable strategy a polyPLG/PG/GC ME can be used as a

generator of selective flux of O," or H,0..

1/ nA

03 -02 -01 00 01 02 03
E/V
Figure 53: CV of biosensor before (1) and after detection (2) in 0.1 M phosphate buffer

pH 7, v=10.05 V s vs. Ag/AgCI/3 M NaCl.
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8.2 Local oxidative stress on cultured retinal pigment epithelium cells

Here the evaluation of the role of ROS in the death of cultured cells is described.
Moreover, the cells death implies the morphological changes and allows an optical
monitoring. Implication of ROS in the death process is undoubted since the antioxidant
prevents the cell alterations. ROS was generated locally above the epithelium cells. The
B6-RPEQ7 cells were selected by our partner in Neurobiology Department because of
their high susceptibility to oxidative stress. They possess a strong mitochondrial
metabolism and good resistance to many environmental factors. The PLG film was
prepared on carbon fiber ME. The ME was positioned using a combination of motorized
driver of microscope and the positioning piezo motor of the SECM setup. The focus was
set on the cellular extension where the thickness of the cell is thin enough to obtain a
good approximation (Fig. 54 (1)). Then using the motorized drive the focal plane of the
microscope was moved to 25um away above the cells. The polyPLG/PLG/CF ME was
approaching using a piezo motor until a sharp image of the surface of ME was obtained.
This position was used for further studies. The work was performed in serum free
solution which does not contain an efficiency O," scavenged. Therefore, the production

of O," cannot be neglected.
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Figure 54: Positioning of the ME (30 um diameter). The focal plane was first set to the

Objective lens Objective lens

cellular plane and then moved to a distance of 25 um above the cells by using the
motorized stage of the optical microscope. Finally, the ME was moved into focus by the

motor of the SECM instrument.

To observe the effect of the local controlled short-term oxidative stress on
mammalian B6-RPEOQ7 cells, a polyPLG/PLG/CF ME with 30 um diameter was used for
local generation of ROS. The ROS were in-situ electrogenerated during ORR at
polyPLG/PLG/CF ME and then diffuses from the ME to the cell located directly below

(Fig. 55) causing local short-term oxidative stress.
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Figure 55: Schematic representation of local ROS generation above cultured cells using

a polyPLG/PLG/CF ME.
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The local oxidative stress was investigated by monitoring the morphological
alteration of the cell. This was an easily accessible parameter compared to the effect on
the mitochondrial structural rearrangement or metabolic adaption processes. Different
morphological alterations were observed. A typical cell alteration is shown at Fig. 56. It
was obtained after a 12 min pulse of ROS generation. In Fig. 56 the polyPLG/PLG/CF
ME generator electrode was positioned at the distance of 25 um above the cell as
indicated by the arrow. After 12 min of ORR pulse, the B6-RPEOQ7 cell below the tip of
electrode started to round up and cellular processes were retracted. The surroundings
cells seemed not to be affected. This clear local morphological changes were observed in
5% of the pulse experiments (n = 2). The local variation of the pH during this procedure
cannot be excluded as well as the local decrease of oxygen concentration involved in the
cellular metabolism. On other hand, with the same pulse time of ROS formation a slight
alteration or loss of the cell adherence to the culture dish (Fig. 57) was observed in other
runs. The morphological change in response to local ROS generation was comparable to
the one elicited by the incubation of the cells with 0.5 M of H,O, which was added

directly to the culture medium (Fig. 58).
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Figure 56: Morphological change of a B6-RPEQ07 cell to a local exposure of ROS
generated at a polyPLG/PLG/CF ME. (A) Before ROS generation, (B) image after a 12

min pulse.

100 um
Figure 57: Minor alteration and cell lost of a B6-RPEOQ7 cell to a local exposure of ROS
generated at a polyPLG/PLG/CF ME. (A) Image before ROS generation, (B) image after

a 12 min pulse.
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Figure 58: Optical images of the cells before (A) and 60 s after (B) the addition of 0.5 M

of H,0O, to the cell culture media.

Objective lens

Figure 59: Control measurement of hydrodynamic effects during positioning of
polyPLG/PLG/CF ME. (A) Cells before approaching the ME, (B) ME positioned 25 pum

above the cells (cells are out of focus), (C) cells after retraction of ME.
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Control measurements were performed for each experiment to test the
hydrodynamic effects during movement of generator. No cell alteration or damage was
observed during the movement of CF ME in the cell medium (Fig. 59A vs. Fig. 59C). A
stress condition was also investigated when the cells were removed from incubator and
lay down on the cell holder during 2 hours without any exposure to the ROS or
movement of CF ME (Fig. 60). This investigation aimed to understand how the

environment can influence the viability of the cells.

100 um

Figure 60: Optical images of morphological states of the cells at (A) 0 min, (B) 30 min

and (C) 120 min after removal from the incubator.

Nonetheless, large varieties of cellular changes have been observed depending on
the status of the cultured cells and minor compositional variation in the culture medium
that may more or less effectively contribute to the scavenging of ROS. Morphological
changes were visible only by detailed comparison of minor features of the cells such as
slight retraction of cell processes in 35% of the attempts. Since the work is carried out in
a buffer, the contributions of local pH changes could be considered as a minor effect

compare to the overall small generation currents.
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The procedure of local formation of ROS allows generation of low dosages of
ROS that could be below the lethal concentrations that are used for bulk additions of
H,0,. Another clear advantage compared to a bulk addition of H,O, to the culture
medium is the possibility to pre-select single cells for stress exposure. Furthermore, cells
surroundings the area at a greater distance to the ME generator can be observed to assess
how the stress signals are communicated in a cell population.

A prominent damage was also observed after shorter ROS generation pulses but
this alteration was not reproducible and can be due of the status of the cell and the cell
population, which make the local environnement not optimal for the cells (Fig. 61).

The CA recorded was used to make a semiquantitative evaluation of the amount
of O, generated (Fig. 62). The transferred charge at the polyPLG/PLG/CF ME of 1.5
MC were transferred during 12 min (Fig. 62A). In another experiment 1.1 uC where
transferred within 3 min using another poly/PLG/PLG/CF ME (Fig. 62B). This
corresponds to a total amount of 1.1 x 10™ mol of O, assuming that the transferred
charge was exclusively used for the one-electron reduction of oxygen to O, . This value
forms an upper limit of the total O, dosage to the cells, because the charge includes the
charge used to reduce quinone groups within the polyPLG/PLG film, the
electrochemical reduction which may not lead to O," only. The dismutation will
decrease the amount of O," and the O," or H,O, diffuse to the outer edge of the
insulating sheath, where they are rapidly diluted into the bulk solution. In other words,
the upper limit of O, concentration can be given by the solubility of dioxygen in the
culture medium under air (0.25 mM). However, the real concentration in the steady state
cannot be deduced because the thin layer configuration of the culture dish and the

generator electrode cause hindered diffusion of oxygen towards the generator.
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100 ym
Figure 61: Optical images of cells (A) before and (B) after ROS generation during 3

min.
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Figure 62: CA recorded at the generator MEs (30 um diameter) during production of

ROS in cell culture media at 25 pum (A) 12 min and (B) 3 min.

103



9 Summary and outlook

This thesis aimed to explore the formation of ROS during electrocatalysis or catalysis of
ORR in different systems. ORR is undeniable the most important reaction in various
domain such as in energy conversion. Two ROS were mainly investigated, O," and
H,0,. A particular attention was paid to the formation of O," which is subject of many
controversies that called for consideration of other possible pathways during ORR on
different materials.

The first aspect (Chapter 6) of this thesis described the new approach for
preparation of quinone-containing polymer modified electrode. The modification of the
GC with a PLG monolayer by chemical grafting allows subsequent
electropolymerization of a plumbagin polymer. The behavior observed during
electropolymerization was different from that of direct electropolymerization on GC. In
case of polyPLG/GC self limiting growth is observed, while the growth of
polyPLG/PLG/GC is not limited and allows a free adjustment of the film thickness that
contains electrochemically accessible quinone groups. The growth of the polymer on a
grafted PLG monolayer apparently led to the permeability of this polymer. This is also
reflected by the electrocatalysis of the ORR which was similar to PLG/GC and more
effective than on directly polymerized polyPLG/GC films. The polyPLG/PLG/GC
electrode was used as controllable source of ROS in later experiments of this thesis.

A strategy was developed to investigate the ROS generated during ORR. Instead
of a classical technique such as rotating ring disc electrode technique to detect the ROS,
SECM or fluorescence microscopy were used. The fluorescence microscopic approach
developed in this thesis requires a selective chemical probe for each target oxygen-

derived species and then allows a selective investigation. In chapter 7.1, formation of
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H,0, at the liquid|liquid interface was followed for the first time in real time using
fluorescence microscopy and AUR as a sensitive and selective probe. The liquid|liquid
interface was formed between two phase, one acidic aqueous phase and RTILs or
organic phase. A strong electron donor such as DMFc was dissolved in non-aqueous
phase and used to produce HO,. An in-situ detection of H,O, was possible by using
AUR, which produced a fluorescent molecule after catalytic reaction with HRP. The
effect of different cations of RTILs on the viscosity of the liquid has been highlighted by
the diffusion of fluorescent molecule in different RTILs. The major intensity from
fluorescent molecule was observed in non-aqueous phase induced by the partial
extraction of the fluorophore to the organic phase. This work demonstrated that simple
fuels can be generated at the RTIL|H,O interface and the reduction power of DMFc in
RTILs is large enough to carrier out this reactions in ionic liquid. A similar investigation
was performed in DMFc in TFT|H,O where the organic phase did not consist of ions.
Reduction of dioxygen to H,O, was carried out in this simple liquid|liquid two-phase
system and also followed by fluorescence microscopy using AUR as H,O,-sensitive
fluorescent dye. This system is in fact the simplest one for electron transfer reactions at
soft interface since it involves only DMFc and two solvents. The thermodynamic
calculations confirmed that this simple system provided favorable conditions for the
formation of H,O,. Using O, -sensitive fluorescent dye (NBD-CI), formation of O, in
lithium-oxygen batteries and at the polyPLG/PLG/GC electrode was investigated in
chapter 7.2 and 7.3. Detection of O, during discharge in lithium-oxygen batteries was
demonstrated at least as an soluble intermediate. The reaction with the fluorogenic
compound NBD-CI removes O,  and the stable reaction products diffuse away from the

GDE. This implies the possibility of new reaction pathways involving O,  as
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intermediate and rise many questions. The high intensity fluorescence in the cracks of
GDE is may be due to the fact that the solution layer probed is thicker in the cracks than
above the opaque mesoporous carbon material of the GDE. Instead of RRDE technique,
fluorescence microscopy was used to detect O,” and H,O, generated at the
polyPLG/PLG/GC electrode. AUR as H,O,-sensitive fluorescent dye was used to detect
H,0, formed during CV and showed a strong variation over the electrode surface. The
detection of O, was carried out during CA measurement using NBD-CI. A precise
background correction was applied and a clear difference of the signal was observed
compare to the experiment performed in oxygen-free solution. These experiments,
confirmed the generation of O, by a PLG compound known to produce mainly H,O; as
the final product. This suggest a mechanism which involves the formation of O," at pH
7 during ORR.

In chapter 8.1 diffusion and electrochemical detection of O, was conducted. The
biosensor based on cyt ¢ was used. An SECM setup assisted by camera was used to
place the polyPLG/PLG/GC ME near the biosensor. At the 10 and 5 um the O," was
generated and diffuse to the biosensor, a current recorded during generation-collection
mode at the biosensor shows the increase of the current and a steady state is reached
faster at the 5 um than at 10 um working distance. A control measurement using SOD
which accelerates the dispropornation reactions remove completely the O, from the
solution and no current is observed.

An application of such alternative was described in chapter 8.2 with a local
formation of ROS above the epithelial cells. A series of control measurements was
performed to test the viability of the cells outside the incubator and also the stress

situation during the vertical movement of the CF ME. A variety of the morphological
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alterations were observed, from a clear round up of the cells to the small alterations of
the cells extensions or the loss of adherence on the petri dish. The entire experiment was
performed in serum-free solution to allow a formation of ROS.

A number of extensions to the work presented in this thesis are possible. A
thickness-controlled polymer could be used as in the strategy of the preparation of
polymer-imprinted nanoparticle, a study of ORR at different thickness value can be
relevant to understand how the quinone interact with each other and the redox activity of
the film at the different thickness. A quinone film can be also used in batteries which
involve redox compounds. This polymer could be also used to encapsulate proteins and
to prepare a biosensor since the quinone compounds could constitute a suitable bio-
interface and facilitate the transfer of electrons. A formation of ROS at the liquid|liquid
interface can be tested as one component of the oxygen-batteries where H,O, could be
used as fuel for the batteries. In lihium batteries the investigation of further formation of
ROS could be also investigated using a selective approach in the way to understand the
mechanism during ORR. Application of the local formation of ROS in the cellular
environment using polyPLG/PLG/CF ME can be extended with a variety of experiment.
Distance dependence, the effect of the time of exposure or the reaction at the different
locations to investigate the cell communication during a stress situation are some
possibilities. The effect of different dosage on the structure of mitochondria using
fluorescence spectroscopy can be performed to investigate the adaptation of the cell to
different dosage or to study the local necrosis process of the cell. Using different cell

types could constitute a further experiment.
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10 Appendix

10.1 Abbreviations

AUR amplex ultra red

AFM atomic force microscopy

Bio-SECM bio-scanning electrochemical microscopy

CA chronoamperometry

cv cyclic voltammetry

CE counter electrode

CLSM confocal laser scanning microscopy

cytc cytochrome c

CF carbon fiber

Co, Cr concentration of the oxidized and reduced form of the redox couple
DA, AD digital-to-analog and analog-to-digital converter
DMFc decamethylferrocene

GC generation-collection mode

GDE gas diffusion electrode

JUG juglone

FcMeOH ferrocenemethanol

ME microelectrode

ORR oxygen reduction reaction

Oxor O oxidized form of redox couple
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PLG plumbagin
PLG/GC plumbagin-modified glassy carbon
PolyPLG/GC plumbagin polymer prepared on clean glassy carbon

PolyPLG/PLG/GC plumbagin polymer prepared on plumbagin-modified glassy carbon

(Q/Q"/QH,) quinone/semiquinone/hydroquinone
RC redox completion mode

RDE rotating disk electrode

RE reference electrode

Red or R reduced form of redox couple

RNS reactive nitrogen species

ROS reactive oxygen species

RRDE rotating ring disk electrode

RTIL room temperature ionic liquid

SAM self-assembled monolayer

SHE standard hydrogen electrode

SECM scanning electrochemical microscopy
SEM scanning electron microscopy
SG/TC substrate generation tip- collection
TG/SC tip-generation substrate collection
UME ultramicroelectrode

WE working electrode
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10.2 Symbols

Symbol

a

A

I, IT 0

Pi

Quantity
Activity
Area

Transfer coefficient

The bulk concentration of the redox active substance

Diffusion coefficient
ME-sample separation

Surface excess of species at equilibrium

Heterogeneous standard rate constant
formal potential

anodic peak potential

Cathodic peak potential

Potential value at a gas-diffusion electrode
Potential value at a PLG-polymer GC ME
Potential value at a biosensor

Potential at the tip

ME current, Steady-state ME current
Peak current

Galvani potential

Potential drop across the inner layer
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Agd

A

AV

AGy

AG?

tr,i

}Lmax

VT

Interfacial (Galvani) potential difference

Formal ion transfer potential

Standard ion transfer potential

Faraday constant
Heterogeneous standard rate constant
Activity coefficient

Standard Gibbs transfer energy

Standard Gibbs energy of ions transfer

Geometry-dependant factor related to electrode shape
Maximum wavelength

Standard chemical potential

Electron stoichiometry

Universal gas constant

Radius of the active electrode area
Temperature

time

Scan rate

Scan rate

Charge number
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[V
[V
[V]
[C mol™]
[-]
[-]
[J mol™]

[J mol™]

[nm]

[J mol™]

[-]

[J K* mol™]
[um]

[K]

[]

[Vs']

[um s™]

[-]
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	A particular attention was directed to the formation and detection of two ROS, O2•− and H2O2. The analysis of these species through selective detection remains a key experiment to understand the different interaction in biological and technical system...
	3.1 Fluorescence microscopy detection of reactive oxygen species
	Among different techniques, fluorescence microscopy is a promising method to investigate a selected ROS and to provide spatial and temporal information of the target species [83]. ROS probes designed to detect a selected ROS aimed to understand the ph...
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	Figure 6: Dyes for O2•−detections.

	3.2 Electrochemical detection of reactive oxygen species
	Intensive research has been conducted to develop real-time electrochemical detection methods for ROS for many medical relevant conditions [26]. The electrochemical detection was performed initially directly on unmodified metal or carbon electrodes. Ba...
	Beside high selectivity and short response time, the analytical tools for detection of O2•− and H2O2 must also be small enough to be placed in the close proximity of the investigated source [92, 93]. In this way, small amounts of O2•− and H2O2 release...
	Mediated electrochemical sensors or biosensors were used for the detection of superoxide [26, 87]. The detection of O2•− was performed using a biosensor based on cyt c or superoxide dismutase (SOD) essentially during direct or indirect electron transf...
	Figure 7: Different biosensors use for O2•− detection; A1) biosensor based on cyt c immobilize on gold-modified SAM; B1) first generation SOD based biosensor; A2 & B2) second generation SOD based biosensor; A3 & B3) third generation SOD based biosensor.

	3.3 Controlled release of reactive nitrogen and oxygen species
	The release of RNS and ROS or neurotransmitter agents is a part of the metabolic process of cells. The release serves different purposes and contributes to defense mechanisms or simple respiratory processes of cells. Two main aspects can be considered...
	3.3.1  Controlled release of reactive oxygen species

	As previously mentioned, ROS are products of oxygen reduction. When the ROS are produced by the cell, they can diffuse out of the cell and interact with other molecules present in the cell media. However, this ROS release by the cell is well controlle...
	Figure 8: Schematic representation of controlled release and detection of ROS using a macrophage cell and micropipette (stimulus 1) or external particles (stimulus 2) as stimuli.
	3.3.2 Controlled release of reactive nitrogen species

	NO is one of the RNS frequently investigated in biological context. It plays a key role during cell-to-cell communication as messenger. It can also prevent thrombosis and bacterial infections [98-101]. NO release by cells was investigated using a nano...
	Cu(I) + NO2−  + 2H+  → Cu(II) + NO + H2O                                            (9)
	Figure 9: Schematic representation of controlled release of NO to prevent infection or thrombosis.


	4  Theory and principle of scanning electrochemical microscopy
	4.1 Overview
	SECM is a scanning probe technique and electrochemical tool where the MEs can induce local electrochemical changes and probe the electrochemical reactivity or topography of a wide range of surfaces of interest [103-105]. In 1986, Engstrom and co-worke...
	During the SECM investigation, the ME moves near to the surface in x, y or z directions. It collects the flux of redox species from the substrate using high precision positioning devices. The MEs are the most important part of electrochemical microsco...

	4.2 Properties of microelectrodes
	The development of MEs has completely revolutionized the approaches in electrochemistry and has pushed the boundaries of this area into small scales, which allow the explorations of new environments. Many definition of MEs or ultramicroelectrode (UME)...
	Cyclic voltammetry (CV) can be used to demonstrate easily the difference between MEs and the conventional electrodes in term of mass transport during a diffusion-controlled process. At a large electrode, planar diffusion is observed in which the mass ...
	ip = (2.69×105)n3/2AD1/2c*v1/2                                                                              (10)
	Where ip is peak current [A], n is the electron stoichiometry, A is the electrode area [cm2], D is the diffusion coefficient [cm2 s-1], c* is the bulk concentration of redox active substance [mol cm-3], and v is scan rate [V s-1] [109].
	By contrast, the voltammogram at MEs differs markedly. A hemispherical concentration profile is observed for the mass transport through radial diffusion (Fig. 10B). A steady-state diffusion-limited current iT,∞ is rapidly established and given by :
	iT,( = gnFDc*rT                                                                                                  (11)
	where g is a geometry-dependant factor related to electrode shape of the electrode housing. For infinitely large insulators around the active area g equals 4. n is the number of transferred electrons, F is the faraday constant [A S mol-1], D is the di...
	Figure 10: Properties of a macroelectrode and a ME. (A) CV of conventionally-sized electrode with planar diffusion (GC, 3 mm diameter, in 5 mM FcMeOH vs. Ag/AgCl) and (B) ME with radial diffusion (Pt, 25 µm diameter, 1 mM FcMeOH vs. Ag/AgCl).

	4.3 Different modes of SECM
	For diverse electrochemical applications, there are different SECM modes and variants of SECM suitable for a specific investigation. The details here will be restricted to the feedback (FB) mode, generation-collection (GC) mode and the redox competiti...
	4.3.1 Feedback mode

	The SECM is based on the faradaic current changes at the ME during its movement above a substrate immersed in a solution containing appropriate species in the oxidized (Ox) or reduced (Red) state. The compound is sometimes called mediator [109]. In th...
	Ox + ne− → Red                                                                                                 (12)
	If the tip is far from the surface, a steady state current (iT,() is given by Eq. (11) with g = 4. Red can be oxidized at the sample. Therefore, a constant flow of redox mediator results that includes a contribution from the sample. This contribution ...
	Red → Ox + ne−                                                                                                 (13)
	The additional flux of Ox species increases the flux of Ox at the ME and increase the ME current iT (iT > iT,(). This is called positive feedback (Fig. 11A). If the ME is brought close to an insulating substrate, the species Ox cannot be regenerated. ...
	Figure 11: Principle of SECM feedback mode: (A) diffusion-controlled feedback and corresponding approach curve and (B) hindered diffusion and corresponding approach curve; d is a tip-substrate separation.
	4.3.2 Generation-collection mode

	Unlike feedback mode, no mediators are required in the generation-collection mode. A redox active species can be generated at the ME, diffuses to the substrate and is collected or detected there. This is called tip-generation/substrate-collection (TG/...
	Figure 12: Principle of generation-collection mode; (A) TG/SC and (B) SG/TC.
	4.3.3 Redox competition mode

	In the SECM redox competition (RC) mode, the ME and substrate compete to collect the same redox species in the electrolyte (Fig. 13). The advantage of the RC mode is the absence of limitation with respect to the sample size. It has been used to study ...
	Figure 13: Principle of redox competition mode.

	4.4 SECM with modified microelectrodes
	Modification of electrode aimed to enhance specific features of electrode such as sensitivity during detection or electrocatalytic reactions, which are normally unfavorable on bare electrodes. However, accuracy in SECM investigation using modified MEs...


	5 Experimental section
	In this chapter, all chemicals and materials are listed in section 5.1. In section 5.2, the different procedures of samples preparation and the important instrumental descriptions are detailed.
	5.1 Chemicals
	All chemicals listed in Table 2 were used without further purification, and were of analytical grade. Aqueous solutions were prepared using deionized water (Seralpur PRO 90 C, Ransbach, Germany) with a resistance of 18.2 MΩ cm at room temperature.
	Argon was used for deaeration of the solution. Stock solution of plumbagin (PLG) (10 mM) and amplex ultra red (AUR) (10 mM) was prepared in acetone and dimethylsulfoxide (DMSO) respectively and store at -20˚C. 4-Chloro-7-nitrobenzo-2-oxa-1,3-diazole (...
	Table 2: List of Chemicals.

	5.2 Instrumentations
	5.2.1 General electrochemical experiments
	Electrochemical measurement were performed at room temperature using potentiostats CHI 660 A, 620 A (CH Instruments, Electrochemical Analyser, Austin, TX, USA) and bi-potentiostat Ivium Compactstat (Ivium Technologies, Eindhoven, The Netherlands) in a...
	5.2.2 Atomic force microscopy (AFM) and scanning electron microscopy (SEM) characterizations

	AFM thickness determinations were carried out by Julia Witt under ambient conditions with a Nanoscope IIIA controller and an Enviroscope stage (Veeco Instruments Inc, Santa Barbara, CA, USA). The contact mode was applied with Au-coated Si3N4-cantileve...
	5.2.3 In-situ fluorescence microscopy

	Fluorescence microscopy detection was carried out using DMIRE2 microscope in inverted configuration (Leica Microsystems GmbH, Wetzlar, Germany) using a HC PL Fluotar objective with 5 x or 10 x magnifications (numerical aperture NA = 0.5, Leica). Sampl...
	5.2.4 Bio-scanning electrochemical microscopy (Bio-SECM) for local oxidative stress investigation

	The Bio-SECM device is composed of the fluorescence microscopy setup (section 5.2.3) and a piezo motor mounted on the adaptor, which allows positioning of ME above a living cell and objective lens. This positioning part is connected to the SECM device...
	Figure 14: Bio-SECM setup for local oxidative stress investigation in the environment of living cells.

	5.3 Preparation of glassy carbon ME and carbon fiber ME
	GC MEs were prepared using a similar procedure as previously reported [127]. A GC rod (Type 2, 1 cm length, 1 mm diameter, Alfa Aesar, Karlsruhe, Germany) was immersed in 4 M KOH solution, where a DC voltage of 5 V was applied for 20 min between GC ro...
	C(s) + OH-(aq)   C(s)(OH)ads + e−                                                                        (14)
	4C(s)(OH)ads   4 C + 2H2O + O2                                                                   (15)
	Where C(s) is a intact carbon lattice of GC, C(s)(OH)ads is the OH group chemisorbed on the GC surface  and C is the carbon material or particle removes from the surface of GC. Then after rinsing with water, the carbon needle was inserted into one end...
	The carbon fiber (CF) with 30 µm diameter (provided by Prof. Dr. David Wipf of Mississippi State University) was used to prepare the ME. A borosilicate glass capillary 10 cm long, 1.5 mm outside diameter and 0.375 mm wall thickness (Hilgenberg GmbH, M...
	Figure 15: Optical image of (A) initial GC rod; (B) after etching of 20 min; (C) after etching the tip of GC rod; (D) 110 µm diameter ME obtained and (E) the CV of GC ME in 0.25 mM FcMeOH in phosphate buffer, pH 7 at 0.025 V s-1 vs. Ag/AgCl/3 M NaCl.

	5.4 Preparation of quinone polymer-modified GC
	PLG-modified electrodes were prepared as described by Ardakani et al. [129]. The GC electrode surface was polished with 0.3 and 0.05 µm alumina powder followed by sonicating and rinsing with deionized water after each polishing step for 15 min to remo...

	5.5 Preparation of biosensor based on cytochrome c
	A biosensor for O2•− was prepared as described previously [93]. Clean Au wires (1 mm diameter, Goodfellow Cambrige, limited, Huntingdon, England) were incubated in a mixture of 5 mM 11-mercapto-1-undecanoic acid (MUA) and 5 mM 11-mercapto-1-undecanol ...
	Figure 16: CV of (1) cyt/MUA-MU/Gold and (2) MUA-MU/gold in oxygen-free 0.1 M phosphate buffer pH 7, v = 0.05 Vs-1 vs. Ag/AgCl/3 M NaCl; potential window of selective detection of (3) H2O2, (4) O2•−.

	5.6 Cell culture preparation
	Cell culture and passage were conducted by Janina Leyk (Department of Neuroscience, Molecular Neurobiology, and Research Center Neurosensory Science) as described by Chen et al. [132]. Briefly, mouse derived retinal pigment epithelium cells (B6-RPE07 ...
	Figure 17: Optical image of the mammalian B6-RPE07 cells on µ-dish containing cultured medium serum-free. The lines and labels allowed precise relocation of specific cells under ME.


	6 New approach for preparation of quinone polymers and electrocatalytic activity of oxygen reductions reactions
	This chapter describes a new approach of electropolymerization of quinone compounds on GC and the unexpected effect observed during formation of the non-conducting film compared to the classical electropolymerization. I performed the preparations and ...
	Quinone compounds have been chosen because of their capacity to generate O2•− or H2O2 as described in chapter 2. Different strategies of electrode modifications using quinone compounds were investigated with the aim to obtain a stable film on the sur...
	The electrochemical activity of quinone moieties on the electrode is an important aspect of quinone-modified electrode and was investigated intensively [136]. The blocking properties affect the electron transfer kinectics to the quinone groups and dep...
	In this thesis, we described another preparation strategy using a combination of chemical grafting and electropolymerization of quinone compounds.
	6.1 Grafting of PLG on GC
	GC has become an interesting electrode material for various electrochemical investigations. It possesses a low oxidation rate, high chemical inertness with small pores. These properties make GC a convenient inert electrode [140]. However, the electroc...
	Surface modification with quinone can be made using various techniques to obtain a thin or thick layer [126]. Quinone or napthoquinone such as PLG or juglone (JUG) can undergo a 1,4-addition with nucleophiles [149]. This ability opens many possibiliti...
	Figure 18: CV of GC (A) before electrochemical activation and (B) after activation, v = 0.05 Vs-1 vs. Ag/AgCl/3 M NaCl.
	After the formation of oxygen-containing functional groups such as carboxyl, hydroxyl or ketone groups, the GC provides a suitable surface for nucleophile attack of the PLG through Michael 1,4-addition. The modified GC or PLG/GC exhibits a perfect CV ...
	(16)
	where   is the amount of bound molecules.
	Figure 19: CV of clean GC (dashed line) and PLG/GC (bold line) in buffer phosphate pH 7, oxygen free, v = 0.05 Vs-1 vs. Ag/AgCl/3 M NaCl.
	However, a non-ideal film is obtained as exhibited by the asymmetrical wave (Fig. 19), since the total width at half-height of either the cathodic or anodic wave (83.3 mV) is not equal to 90.6/n where n is the number of electrons exchanged during the ...
	A mechanism was proposed to illustrate the chemical reaction of the PLG with activated GC. Considering the shape of the CV signals, the redox active groups are bound to activated GC and PLG (Scheme 1).
	Scheme 1: Proposed reaction mechanism for grafting of PLG onto GC.
	A simple electrochemical strategy was developed to demonstrate the proposed mechanism of chemical grafting. In fact, JUG; a similar molecule, was used to explain this chemical bonding. It binds to the activated GC in a similar way as PLG (Fig. 20D). A...
	Figure 20: CV of (A) PLG/GC before (1) and after (2) interaction with GSH; (B) JUG/GC before (1) and after (2) interaction with GSH, in phosphate buffer pH 7. oxygen-free v = 0.05 Vs-1 vs. Ag/AgCl/3 M NaCl; proposed mechanism of chemical reaction of G...
	Another feature of the PLG-grafted film is the capacity to generate a phenoxy radical from the free hydroxyl function. The grafted layer was subjected to the potential sweep up to +1.3 V where the electrooxidation of the hydroxyl functional group is o...
	Scheme 2: Electrooxidation of PLG/GC in deaerated 0.1 M phosphate solution pH 4 at +1.1 V.
	Figure 21: CV detailing the electropolymerization of PLG/GC in oxygen-free 0.1 M phosphate solution pH 4, v = 0.05 Vs-1 vs. Ag/AgCl/3 M NaCl.
	Figure 22: Evaluation of charges required for redox reactions of Q/QH2 system and phenoxy radicals formation ( ). The diagonal stripes represent the integration of the peak used for calculating the charge density.

	6.2 Electropolymerization of PLG on clean GC and passivation problem
	Electrochemistry provides many advantages during the preparation of polymer films such as selectivity of reaction of one functional group and preservation of other functional groups [135]. Furthermore, electrochemical approaches offer a good control o...
	Electrooxidation or electropolymerization of 5-hydroxynaphthoquine in aqueous solutions leads to a redox active polymer in contrast to the other films such as pyrrole-based anthraquinone which is not redox active in aqueous solutions[133, 134]. Howeve...
	The electrooxidation of phenolic compounds leads to the passivation of the electrode surface [133, 134, 156-160]. In fact, a decrease of the current is observed during formation of a polymeric film on the electrode surface [156, 159]. Following electr...
	Scheme 3: Some reaction pathways after electrochemical oxidation of phenol [156].
	A film was prepared on a graphite substrate using JUG and the structure was determined [133, 134]. Similarly to the case of phenol the chemical bond between two monomers was established between the 5-hydroxy function and the position 8 of another JUG ...
	Scheme 4: Structure of polymer film obtained after electropolymerization of JUG [133].
	The electropolymerization of PLG on clean GC shows a decrease of the irreversible peak current of the phenoxy radical formation at around -1 V during the potential cycles (Fig. 23) and a self-limiting growth of the polymer. The maximun thickness of th...
	Scheme 5: Self-limiting growth of the polymer film during electropolymerization of PLG onto bare GC.
	The surface deactivation and degree of polymerization seem to be influenced by the permeability of the polymer film [156]. The electroactivity of the polymer afterwards is explained by the stability and preservation of the quinone functions which caus...
	Figure 23: CV of electropolymerization of PLG on cleaned GC in oxygen-free 0.2 mM PLG solution pH 7, v = 0.05 Vs-1 vs. Ag/AgCl/3 M NaCl.

	6.3 Electropolymerization onto PLG/GC
	A new approach of electropolymerization is described here. The PLG contained in the buffer solution is not directly electropolymerized on the clean GC but onto a monolayer of grafted PLG on a GC electrode (PLG/GC). PLG as well as PLG/GC are able to pr...
	Scheme 6: Continuous growth of the film during electropolymerization of PLG on PLG/GC.
	During the electropolymerization a slight decrease in the current is observed during the formation of phenoxy radicals (Fig. 24). This reflects the easy accessibility of the interface for the new monomer during the potential cycles despite the existen...
	Figure 24: CV of electropolymerization of PLG on PLG/GC in oxygen-free 0.2 mM PLG pH 7 at v = 0.05 Vs-1 vs. Ag/AgCl/3 M NaCl.
	The growing polymer chains on PLG/GC seem unrestricted. The film thickness (evaluated using AFM) shows a fast increase of the film thickness up to 50 cycles followed by a slower further growth upon continuous cycling. In contrast, a self-limiting grow...
	Figure 25: (A) SEM image of poly/PLG/PLG/GC after 25 cycles and (B) AFM thickness of (1) polyPLG/PLG/GC after 10, 25, 50, 100, 150 potential cycles and (2) polyPLG/GC after 5, 25 and 50 potentials cycles.
	Figure 26: CV of electropolymerization of PLG on activated GC in the potential range excluding the redox reaction of Q/QH2 system, in oxygen-free 0.2 mM PLG pH 7, v = 0.05 Vs-1 vs. Ag/AgCl/3 M NaCl.
	Figure 27: CVs detailing the electropolymerization of 0.2 mM phenol in deaerated phosphate buffer pH 7 on bare GC (A) and on PLG/GC (B). v = 0.05 Vs-1 vs. Ag/AgCl/3 M NaCl.
	Figure 28: AFM topography (scan area 2 µm x 2 µm) of polyPPh/PLG/GC.
	The CV of poly/PLG/PLG/GC demonstrated that the quinone function was obviously retained, and exhibited a voltammetric wave related to the redox reaction of the Q/QH2 system (Fig. 29). The surface coverage or quinone concentration on the surface was ev...
	Figure 29: (A) CVs of (1) cleaned GC, (2) polyPLG/PLG/GC (obtained after 25 cycles electropolymerization) in oxygen-free 0.1 M phosphate buffer pH 7 at v = 0.05 V s-1 vs. Ag/AgCl/3 M NaCl, and (B) influence of pH on active site of polyPLG/PLG/GC films.
	The pH-dependence of redox process, which takes place in the film during potential cycling, was investigated. The plot of formal potential vs. the pH shows a straight line with a slope of -57 mV/pH in the range of pH from 2 to 8 and a second straight ...
	Figure 30: pH dependence of formal potential for polyPLG/PLG/GC obtained after 25 cycles in oxygen-free 0.1 M phosphate solution.
	As expected, the chemistry inside the polymer is complicate and depends of the thickness. For 25 electropolymerization cycles (thickness of 15 nm), a two-electron/two-proton process is observed and a well-defined dependence of the current with the sca...
	Figure 31: (A) The influence of scan rate on the anodic and cathodic peak currents of polyPLG/PLG/GC and (B) Laviron plot for polyPLG/PLG/GC.
	The scan rate dependence of the peak current of the Q/QH2 system within the polyPLG/PLG/GC film nicely conforms to the expectation for a surface-confined redoxactive species (Fig. 31A). Among the theories developed to describe the kinetics of this pro...
	α/(1 - α)) = va/vc                                                                                                  (17)
	The heterogeneous standard rate constant ks  = 12.5 s-1 of the surface-confined system was obtained from the same plot by Eq. (18)
	ks  = nFα vc /(RT) = (1 - α)nF va/(RT)                                                      (18)
	The relative low values of ks  can be explained by the coupled electron-proton transfer reactions and a possible hydrophobic nature of the film which increases with the thickness [163]. This deeply affects the mobility of the protons between active si...
	This new polymer-modified electrode was further used as a source of the ROS selectively produced by electrocatalysis of ORR at quinone film.

	6.4 Oxygen reduction reactions on quinone-modified GC electrodes
	The CV of polymer in oxygen-free phosphate buffer and aerated solution illustrated a clear evidence of electrocatalytic activity of polyPLG/PLG/GC during ORR (Fig. 32). The magnitude of the reduction peak is significantly increased in aerated solution...
	PLG/GC and polyPLG/GC were used for electrocatalysis of ORR and lead to the formation of ROS. Electrocatalytic activity of different PLG-derived films was compared using CV and chronoamperometric measurements. A CV of PLG/GC (Fig. 33, curve 1) in aera...
	Figure 32: CVs of polyPLG/PLG/GC in 0.1 M phosphate buffer solution pH 7 in (1) oxygen-free solution, (2) aerated solution. v = 0.05 V s-1 vs. Ag/AgCl/3 M NaCl.
	Figure 33: Electrocatalysis of plumbagin-derived layers in aerated 0.1 M phosphate buffer, pH 7 at v = 0.05 V s-1 vs. Ag/AgCl/3 M NaCl; (A) for (1) PLG/GC, (2) polyPLG/GC (prepared in 25 cycles), (3) polyPLG/PLG/GC (prepared in 25 cycles), (4) bare gl...
	Figure 34: Chronoamperometric responses of (1) PLG/GC, (2) polyPLG/PLG/GC. For comparison the response of (3) PLG/GC and (4) polyPLG/PLG/GC in oxygen-free phosphate buffer is also shown.
	For CA experiments the potential program consisted of a step at t = 60 s from E = 0 V where no reaction was observed in oxygen-saturated solution to E = -0.45 V where ORR set in. The experiment was conducted for PLG/GC and polyPLG/PLG/GC in oxygen-fre...


	7  Selective detection of ROS using fluorescence microscopy
	In this chapter attention is given on the detection of two different ROS (O2•− and H2O2) using fluorescence microscopy in different systems. One is related to a technical application, one to biological systems. The reactions involve in the ORR and pro...
	7.1 Detection of ROS in biphasic liquid systems
	The biphasic liquid system consisted of two immiscible electrolyte solutions. It can exhibit charge transfer processes at the liquid|liquid interface such as electron and ion transfer [168, 169]. These charge transfer processes at the liquid|liquid in...
	In this work, formation of H2O2 will be described in two systems, room temperature ionic liquids (RTILs)|aqueous solutions and trifluorotoluene (TFT)|aqueous solutions.
	RTILs have found many applications in various industrial processes or in advanced materials [164, 165]. RTILs are salts which are liquid at low temperatures (< 100  C) and consist of ions [170]. The first development of ionic liquids was in 1914. Ethy...
	The major advantage of RTILs is the large number of possible combinations of anions and cations that give liquids for specific purposes. Moreover, simply by adding an additional functional group to the cation or anion a huge number of feasible ions ar...
	In this chapter, investigations of catalytic formation of H2O2 are described in two similar RTILs and in organic solution and the different advantages in each case are identified.
	7.1.1 Electrochemistry at the liquid|liquid interfaces

	In 1902, Nernst and Reisenfeld study for the first time a charge transfer processes across interfaces between immiscible solutions by describing the transfer of potassium iodide between two aqueous phases separated by a phenol phase [186-188].
	We consider two immiscible solvents, oil “o” and aqueous “w” containing the same ionic species “i”, the difference between the potential of the bulk aqueous phase ϕw and the potential of the bulk oil phase ϕo is called the Galvani potential difference  .
	The standard transfer Gibbs energy of a species from one phase (water) to another phase (organic) is by definition equal to the difference between the Gibbs energy of solvation,   and the standard Gibbs energy of hydration,   which is expressed by [18...
	(19)
	In case of an ionic species i, after developing Eq. (19) at equilibrium, the equation can written as:
	(20)
	Where, zi is the charge of the ion i, ϕα is the Galvani potential of the phase α and   is a chemical potential of i in phase α
	Then   can be written as [189, 190]:
	(21)
	Where  is the standard molar Gibbs energy of ion transfer from phase “w” to phase “o” and   represents the standard potential of transfer for i, so  .
	Therefore, the Nernst equation for ions transfer across an interface between two immiscible electrolyte solutions (ITIES) is:
	(22)
	Eq. (22) can be written using concentrations instead of ai, then the standard ion transfer potential can be replaced by a formal ion transfer potential , which includes the ratio of the activity coefficient (γ):
	(23)
	with  .
	If we take the case of heterogeneous electron transfer between redox couples across the liquid|liquid interface, the reactions can be express as:
	(24)
	(25)
	(26)
	At equilibrium, the electrochemical potentials of reactants and products are equal [191]:
	(27)
	With Eq. (27) can be derived and written as:
	(28)
	With
	This Nernst equation can be expressed in terms of concentrations:
	(29)
	Analogous to reactions at the metals or solid electrodes involving redox couples in a solution, the reactions between redox couple at the interface can be theoretically determined and the current from Galvani potential difference calculated.
	7.1.2 Formation and detection of H2O2 in RTILs

	H2O2 production is still a subject of much attention. However, its industrial production using quinone compounds is a source of many wastes and also very energy-consuming [165]. RTILs represent an encouraging alternative for the production of H2O2 by ...
	Here thermodynamic favorable redox reactions using a strong electron donor such as decamethylferrocene (DMFc, Fig. 35) and generation of H2O2 were investigated at different liquid|liquid interfaces. The reactions take place between O2 in the acidic aq...
	2DMFc + O2 + 2H+   2DMFc+ + H2O2                                                          (30)
	Figure 35: Chemical structure of DMFc.
	In presence of an oxidant such as oxygen or protons, H2O2 or hydrogen can be produced by oxidation of DMFc in RTILs phase. The partition of fluorescent molecule can be observed during the in-situ detection (Fig. 36). The spatial and temporal generatio...
	Figure 36: Principle of detection of H2O2 generated at the liquid|liquid interface.
	Fluorescence detection of H2O2 in a biphasic system using two different RTILs was performed. 5 mM DMFc was dissolved in the hydrophibic RTILs (Fig. 37) such as C4mimN(Tf)2 (1-butyl-3-methylimidazoliumbis(trifluoro-methyl-sulfonyl)imide) or C10mimN(Tf)...
	Figure 37: Chemical structure of (A) C4mimN(Tf)2 and (B) C10mimN(Tf)2.
	These two RTILs differ by the number of carbon atoms in the side chain of the cations, which influence the viscosity of ionic liquid. The viscosity is an important property for many applications since high viscosity slows down the rate of diffusion-co...
	The redox reaction at the interface involves an electron transfer and an ion transfer (reaction (31)).
	DMFc(RTIL) + C4mim+(RTIL) + N(Tf)2-(RTIL)   DMFc+(RTIL) + e- + C4mim+(aq) + N(Tf)2-(RTIL)                                                                                                                    (31)
	It was shown that the peak potential of the couple DMFc/DMFc+ is independent of the different anions present in the aqueous phase. This indicates the transfer of a cation across the RTIL|water interface to maintain the electroneutrality. This ions t...
	Figure 38: Fluorescence detection of H2O2 generated at the interface between 5 mM DMFc in (A) C4mimN(Tf)2 or (B) C10mimN(Tf)2 and oxygen in 0.1 M aqueous HClO4 containing 0.1 mg ml-1 HRP and 30 µM AUR.
	7.1.3 Formation and detection of H2O2 in organic solvent

	H2O2 can also be formed during ORR at TFT|H2O interface. In TFT, the molecules are electrically neutral. There is no ion transfer as in the case of ionic liquid. Here the ionic liquid was replaced by the TFT solvent and contained the same strong elect...
	2DMFc(o) + 2H+(w) + 2ClO4-(w) + O2(o) → 2DMFc+(o) + H2O2(w) + 2ClO4-(o)                                (32)
	Figure 39: Fluorescence detection of H2O2 generated at the interface between 5 mM DMFc in TFT and oxygen in 0.1 M aqueous HClO4 containing 0.1 mg ml-1 HRP and 30 µM AUR (A) in-situ generation of H2O2 and (B) deliberate addition of H2O2 into aqueous ph...

	7.2 Detection of superoxide in lithium-oxygen batteries
	The storage of energy is one of a big challenge of this and the next century [166, 192]. There is a broad investigation and development to improve the storage capacity [166, 192]. Lithium is the lightest metal element. Electrodes produced from it coul...
	Here, we prove that also during discharging process O2•− is released as intermediate [166]. The overall reactions of discharging can be described as follows.
	2Li  2Li+ + 2e−                                                                                               (33)
	O2 + 2e− + 2Li+   Li2O2                                                                                  (34)
	The ORR is performed on gas-diffusion electrode (GDE) in DMSO and the electrogeneration of O2•− is observed using the 4-Chloro-7-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl) dye as illustrated below (Fig. 40). A mechanism reaction of NBD-Cl will be described...
	Figure 40: Selective detection of O2•− in oxygen saturated solution (1 M LiClO4, 0.5 mM NBD-Cl in DMSO) during ORR on GDE.
	The detection was performed in combination with a chronoamperometric pulse program applied to the GDE and the spatial and temporally resolved detection of fluorescence using the CMOS camera described in section 5.2.3. A background correction was appli...
	O2 + e− → O2•−                                                                                                   (35)
	O2•− + Li+ → LiO2                                                                                              (36)
	2LiO2 → Li2O2 + O2                                                                                          (37)
	The oxygen firstly reduced to O2•− and reacts then with Li+ to form the instable product LiO2 which disproportionates to give a stable product Li2O2.
	Figure 41: In-situ fluorescence detection of O2•− generated at GDE

	7.3 Generation and Detection of ROS in cell culture media
	Formation of ROS using quinone compounds during ORR or a catalyzed chemical reaction between quinone and oxygen is well know and intensively documented [126]. The quinone is widely known as a source of H2O2 [39, 41]. Typically quinones act as catalyst...
	Scheme 7: Square scheme of electrochemical behavior of quinone (Q) and hydroquinone (QH2) in buffered aqueous solutions [150, 202].
	The dianion state should require extreme pH conditions. Other species plays a more important role, depending on the pH and electrode material.
	Formation of ROS and particularly H2O2 using quinone-modified electrode has been widely investigated using rotating disc electrode (RDE) or rotating ring disc electrode (RRDE) measurement. Recently, Newton et al. [159], described a technique using a c...
	The generation of O2•− has been monitored using NBD-Cl. H2O2 was observed with AUR. Detection of O2•− poses many questions concerning the sensitivity and very importantly by the selectivity of the dye used. In certain cases dyes as NBD-Cl can be used ...
	Scheme 8: Proposed reaction mechanism between NBD-Cl and nucleophile.
	Assuming that the prominent quinone species formed in the first step are semiquinone radicals the following reactions can take place [167].
	superoxide formation: O2 + Q•−  (  O2•− + Q                                                               (38)
	The O2•− enters different parallel reaction.
	O2•− + O2•−  + 2 H2O  (  O2 + H2O2 + 2 OH−                                                    (39)
	O2•− + R  (  O2-R(−                                                                                           (40)
	O2•− + NBD-Cl  (  O2-NBD-Cl                                                                        (41)
	The relative weight of the reaction channels depends on the O2•−concentration and the concentration and efficiency of the different compounds R which contributes to the scavenging of O2•−. The disproportionation reaction (39) is second order with resp...
	Figure 42: In-situ detection of ROS generated by polyPLG/PLG/GC using fluorescence microscopy.
	During detection of O2•−, the interaction between the AUR dye and poly/PLG/PLG/GC was investigated. We found that there is no chemical interaction as shown in Fig. 43A. The CVs obtained in presence and absence of AUR in oxygen-free solution are simila...
	Figure 43: (A) CVs (2nd cycle, v = 0.05 Vs-1) of poly/PLG/PLG/GC (3 mm diameter) (1) in oxygen-free 0.1 M phosphate buffer pH 7 and (2) after addition of AUR; (B) CA during of polyPLG/PLG/GC (3 mm diameter) in phosphate buffer pH 7; (1) oxygen-free an...
	The electrogeneration in the cell culture environment was performed using a polyPLG/PLG/GC electrode. The generation was investigated firstly in phosphate buffer solution pH 7.4. During the detection of H2O2 with the CMOS camera, a background correcti...
	Figure 44: Time series of selected images of H2O2 detection during a CV on polyPLG/PLG/GC (3 mm diameter) in aerated solution, v = 0.05 V s-1 in 0.1 M phosphate buffer pH 7 containing 10 µM AUR and 0.1 mg mL-1 HRP, image (a) is a control experiment in...
	A time resolved investigation during detection of O2•− was performed (Fig. 45). The background correction was made using images recorded at a potential of 0 V in oxygen-free solution containing NBD-Cl. The images at -0.8 V after background subtraction...
	Figure 45: Time series of selected images of O2•− detection during a CA at polyPLG/PLG/GC (3 mm diameter) using NBD-Cl in aerated 0.1 M phosphate buffer solution pH 7 containing 0.5 mM NBD-Cl.


	8  Local generation and selective detection of ROS in biological system using electrochemical technique
	In this chapter a selective detection of O2•− generated by polyPLG/PLG/GC ME and the exposure of biological cells to a local flux of ROS are described. The detection of local generation O2•− was performed with a biosensor based on cyt c. I made the pr...
	8.1 Electrochemical detection using biosensor based on cytochrome c
	Here we described the electrochemical detection of local formation of O2•−, which is a controversial topic. There are open questions about its significance in biological systems. For instance, it is unclear how it can be transported despite its short ...
	The distance of diffusion of O2•− from its source is subject of many discussion and depends clearly on the chemical environment or microenvironment in which the O2•− diffuses [91]. The lifetime of O2•− depending of the composition of the solutions [48...
	A cyt c-based electrochemical sensor was used to detect O2•−. Its selective detection with O2•− is widely reported [91, 93, 130]. Cyt c is immobilized on a modified gold electrode as described in the chapter 5.5. Additionally to the sensitivity which ...
	The preparation of polyPLG/PLG/GC ME was made as described in the chapter 5.3 and the preservation of the quinone on modified GC ME was proven using CV in oxygen-free phosphate buffer (Fig. 46). The polyPLG/PLG/GC ME was used further to generate O2•− ...
	Figure 46: CV of (A) electropolymerization of PLG during 25 cycles on GC ME (90 μm diameter) and (B) polyPLG/PLG/GC ME (90 μm diameter) in oxygen-free 0.1 M phosphate buffer pH 7, v = 0.05 Vs-1 vs. Ag/AgCl/3 M NaCl.
	A non-conventional procedure was used to place the poly/PLG/PLG/GC ME relatively close to the biosensor with acceptable accuracy. Initially the poly/PLG/PLG/GC ME was placed above the insulating sheath of the biosensor and approached under the control...
	Figure 47: Positioning of modified-ME using camera-assisted SECM setup.
	The electrochemical detection of O2•−using the biosensor based on cyt c has been widely reported [93, 130, 212, 213]. The detection is performed as illustrated in the Fig. 49 in generation-collection mode (tip generation/substract collection). Horrock...
	Figure 48: Approach curve recorded after the detection of O2•− using a polyPLG/PLG/GC ME (90µm) in 10 mM FcMeOH, ET = + 0.46 V, vT = 5 µm s-1.
	Figure 49: Detection of O2•− and regeneration of O2 on a biosensor based on cyt c.
	The distance between the modified ME and the biosensor was varied and at each distance a CA was executed at polyPLG/PLG/GC ME while the biosensor was held at a constant potential value of +0.13 V suitable for detection of O2•−. The particularity of th...
	The polyPLG/PLG/GC ME was positioned at a distance of around 10 µm to the biosensor and two potentials were applied to the polyPLG/PLG/GC ME. At Egen = 0 V no O2•− is formed. For Egen = -0.8 V O2•− is formed, the transient current was recorded on a bi...
	Figure 50: Chronoamperometric response at the biosensor (Esens=+0.13 V) at a distance of (1) 10 µm and (2) 5 µm to the PLG polymer-modified GC ME of 90 mm diameter.
	Figure 51: Chronoamperometric response of biosensor (Esens = +0.13 V) (1) at the distance 10 µm in phosphate buffer pH 7.5 and (2) in presence of SOD.
	A control measurement was carried out in a solution containing 0.1 mg/ml SOD in order to accelerate the disproportionation reaction of O2•−. In this situation O2•− is removed from the solution faster than its diffusional transport from the generator t...
	O2•− + O2•− + 2H+   O2 + H2O2                                                               (42)
	O2•− + cyt c (Fe3+)  (  O2 + cyt c (Fe2+)                                                      (43)
	Figure 52: Chronoamperometric response of (A) a bare GC ME (250 μm diameter, Egen = -0.8 V) at (1) 10 μm and (2) 1 mm distance to the biosensor. (B) Response of the biosensor (Esens = +0.13 V) at (1) 10 μm and (2) 1 mm distance to the generator in 0.1...
	In a second control measurement, a bare GC ME was used as generator positioned at the distance d = 10 µm and 1 mm from the biosensor. Except for capacitive coupling, there was no current when switching the potential of the generator to ORR. The absenc...
	It is clear that the polyPLG/PG/GC ME is able to generate substantial fluxes O2•−. Follow-up reactions will inevitably lead to the formation of H2O2. However, it cannot be decided in term of this investigation if H2O2 is also formed directly by hetero...
	Figure 53: CV of biosensor before (1) and after detection (2) in 0.1 M phosphate buffer pH 7, ν = 0.05 V s-1 vs. Ag/AgCl/3 M NaCl.

	8.2 Local oxidative stress on cultured retinal pigment epithelium cells
	Here the evaluation of the role of ROS in the death of cultured cells is described. Moreover, the cells death implies the morphological changes and allows an optical monitoring. Implication of ROS in the death process is undoubted since the antioxidan...
	Figure 54: Positioning of the ME (30 µm diameter). The focal plane was first set to the cellular plane and then moved to a distance of 25 µm above the cells by using the motorized stage of the optical microscope. Finally, the ME was moved into focus b...
	To observe the effect of the local controlled short-term oxidative stress on mammalian B6-RPE07 cells, a polyPLG/PLG/CF ME with 30 µm diameter was used for local generation of ROS. The ROS were in-situ electrogenerated during ORR at polyPLG/PLG/CF ME ...
	Figure 55: Schematic representation of local ROS generation above cultured cells using a polyPLG/PLG/CF ME.
	The local oxidative stress was investigated by monitoring the morphological alteration of the cell. This was an easily accessible parameter compared to the effect on the mitochondrial structural rearrangement or metabolic adaption processes. Different...
	Figure 56: Morphological change of a B6-RPE07 cell to a local exposure of ROS generated at a polyPLG/PLG/CF ME. (A) Before ROS generation, (B) image after a 12 min pulse.
	Figure 57: Minor alteration and cell lost of a B6-RPE07 cell to a local exposure of ROS generated at a polyPLG/PLG/CF ME. (A) Image before ROS generation, (B) image after a 12 min pulse.
	Figure 58: Optical images of the cells before (A) and 60 s after (B) the addition of 0.5 M of H2O2 to the cell culture media.
	Figure 59: Control measurement of hydrodynamic effects during positioning of polyPLG/PLG/CF ME. (A) Cells before approaching the ME, (B) ME positioned 25 µm above the cells (cells are out of focus), (C) cells after retraction of ME.
	Control measurements were performed for each experiment to test the hydrodynamic effects during movement of generator. No cell alteration or damage was observed during the movement of CF ME in the cell medium (Fig. 59A vs. Fig. 59C). A stress conditio...
	Figure 60: Optical images of morphological states of the cells at (A) 0 min, (B) 30 min and (C) 120 min after removal from the incubator.
	Nonetheless, large varieties of cellular changes have been observed depending on the status of the cultured cells and minor compositional variation in the culture medium that may more or less effectively contribute to the scavenging of ROS. Morphologi...
	The procedure of local formation of ROS allows generation of low dosages of ROS that could be below the lethal concentrations that are used for bulk additions of H2O2. Another clear advantage compared to a bulk addition of H2O2 to the culture medium i...
	A prominent damage was also observed after shorter ROS generation pulses but this alteration was not reproducible and can be due of the status of the cell and the cell population, which make the local environnement not optimal for the cells (Fig. 61).
	The CA recorded was used to make a semiquantitative evaluation of the amount of O2•− generated (Fig. 62). The transferred charge at the polyPLG/PLG/CF ME of 1.5 µC were transferred during 12 min (Fig. 62A). In another experiment 1.1 µC where transferr...
	Figure 61: Optical images of cells (A) before and (B) after ROS generation during 3 min.
	Figure 62: CA recorded at the generator MEs (30 μm diameter) during production of ROS in cell culture media at 25 μm (A) 12 min and (B) 3 min.


	9 Summary and outlook
	This thesis aimed to explore the formation of ROS during electrocatalysis or catalysis of ORR in different systems. ORR is undeniable the most important reaction in various domain such as in energy conversion. Two ROS were mainly investigated, O2•− an...
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