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Supervisor’s Foreword

The ability to visualise cellular processes in real time is crucial to understand
disease development and streamline treatment. This can be achieved by fluorescent
chemical tools that can reversibly sense disturbances in cellular environments
during pathogenesis. In particular, perturbations in cellular redox state are of current
interest in medical research, with oxidative stress now implicated in pathogenesis of
many diseases.

The work described here addressed the lack of tools to study redox changes
within cells with temporal resolution: despite the plethora of reaction-based probes
for reactive oxygen species, there were very few reversible sensors. Importantly,
this work represents the first comprehensive studies of fluorescent sensors based on
the endogenous flavin redox switch. Strategies were also investigated and applied to
achieve ratiometric fluorescence output of the reversible redox probes, which
nullify concentration effects associated with intensity-based probes.

The work also describes suitable strategies to target these probes to specific
cellular organelles, thereby enabling medical researchers to visualise subcellular
oxidative stress levels and addressing the typically poor uptake of chemical tools
into biological studies. In total, four new redox probes are reported in this thesis,
which have already found use in over twenty research groups worldwide. The final
chapters of the thesis demonstrate successful applications of the sensors in a variety
of biological systems ranging from prokaryotes to mammalian cells, to whole
organisms, highlighting the application of the developed small-molecule chemical
sensors in the diagnosis of diverse pathophysiological conditions.

Significant progress in the field of chemical biology requires genuine,
cross-disciplinary collaboration, to drive development of the most useful tools and
to ensure their impactful application. This work involved the direct input of six
other research groups in Australia, with varied expertise from electrochemistry to



vi Supervisor’s Foreword

immunology. In particular, the involvement of medical researchers, who will be the
end users of the probes described herein, ensured that target design focussed on
probes that are already having significant impact in the understanding of health and
disease.

Sydney, Australia Dr. Elizabeth J. New
September 2017



Abstract

Oxidative stress has been implicated in a myriad of pathological conditions, but
measuring it and deciphering the underlying mechanisms has been a long-standing
challenge. Most of the existing redox probes are reaction-based and irreversible. In
contrast, reversible redox probes with biologically tuned redox potential can dis-
tinguish between transient and chronic elevations in oxidative capacity.

In this work, a series of novel fluorescent redox probes based on flavins and
nicotinamides have been developed and tested. The first redox-responsive probe,
NpFR1, localises in the cytoplasm and exhibits robust reversibility of oxidation and
reduction and a clear fluorescence increase upon oxidation. Based on these
promising results, attention turned to developing analogues of NpFR1, with two
main aims: to send the probe to the specific subcellular organelles and to develop a
ratiometric probe, in which a change in redox state was signalled by a change in
colour rather than fluorescence intensity.

To this end, six further probes were developed. A mitochondrially localising
derivative NpFR2 was developed by incorporating a lipophilic cationic tag. The
design of the emission-ratiometric redox probe FCR1, whose fluorescence emission
changes from blue to green upon oxidation, is based on the FRET process between
coumarin donor and flavin acceptor. Furthermore, a set of excitation-ratiometric
FRET probes FRR1 and FRR2 were developed, in which mitochondrial targeting
was achieved by employing rhodamine B with inherent mitochondrial accumulation
properties. Finally, nicotinamide-based redox probes NCR3 and NCR4 demon-
strate the use of ICT as a strategy to attain ratiometric fluorescence properties.

Following the successful utilisation of ratiometric and targeting strategies, the
developed probes were applied in a variety of biological investigations, whether in
cellulo, ex vivo or non-mammalian systems. The probes demonstrated excellent
abilities to report on the differences in oxidative capacities under different condi-
tions within each system. This work therefore demonstrates that reversible redox

vii



viii Abstract

probes based on flavins and nicotinamides exhibit suitable properties for use as
cellular redox probes. The developed probes can be modulated to give ratiometric
output and targeted to specific subcellular compartments. These probes therefore
exhibit potential to aid in deciphering the role of oxidative stress in pathogenesis
and disease progression.
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Chapter 1
Introduction

1.1 The Toxicity of Oxygen

Primordial life forms on earth comprised oxygen-sensitive organisms: the anaerobic
fermenters and cyanobacteria, which released oxygen as a metabolic by-product,
causing the oxygen levels in the atmosphere to rise [ 1, 2]. Consequently, aerobic res-
piration processes such as photosynthesis and O,-dependent electron transport mech-
anisms, came to predominate in biological systems [1, 2]. The paradox of aerobic res-
piration is that oxygen, which is vital for life is also a fatal toxin. The consequence of
aerobic respiration is the generation of partially-reduced forms of oxygen—reactive
oxygen species (ROS), which oxidatively damage important biomolecules such as
DNA, lipids and proteins [3, 4]. As a result, highly coordinated and effective antiox-
idant (AO) defence mechanisms evolved, which counteract and neutralise the toxic
ROS [1, 2]. Although well integrated, the AO defences are not infallible [5].

The toxic effects of ROS were first established in 1954 by Gerschman et al. [6]
and since then a large volume of evidence has accumulated that demonstrate the
role of ROS in a myriad of pathological conditions [7-9]. However, more recently,
the role of ROS as signalling molecules with a crucial role in orchestrating specific
physiological functions has been realised [5, 10, 11]. Understanding the importance
of ROS and AO in health and disease has therefore been an intense area of scientific
research. However, the current challenge faced by researchers studying cellular redox
state is the design of a robust method that enables real time measurement of redox
state in cells [12, 13]. This chapter contains a review of the factors that determine
the redox state of a cell and its importance. The advantages and disadvantages of
the various tools currently used to study the redox state are discussed with particular
focus on fluorescence imaging techniques.

Parts of the text and figures of this chapter are reprinted with permission from Antioxidants and
Redox Signalling, Volume 24, Issue 13, published by Mary Ann Leibert, Inc., New Rochelle,
NY., and Angewandte Chemie, Volume 55, Issue 5, published by John Wiley & sons, Inc.

© Springer International Publishing AG 2018 1
A. Kaur, Fluorescent Tools for Imaging Oxidative Stress in Biology,
Springer Theses, https://doi.org/10.1007/978-3-319-73405-7_1



2 1 Introduction

1.1.1 Reactive Oxygen and Nitrogen Species (ROS/RNS)

Most eukaryotic biological systems carry out aerobic respiration in the mitochondria
to generate ATP, the energy currency of the cell. This cellular oxidative metabolism
is driven by an electron transport reaction, in which O, accepts electrons and HT,
and is eventually reduced to water. Although the mitochondrial electron transport
chain is extraordinarily efficient, 1-3% of all electrons involved can leak out and be
transferred to O,, resulting in the formation of the superoxide anion radical (O3,
Eq. 1.1), the primary reactive oxygen species (ROS) [14]. Superoxide can also be
produced enzymatically by NADPH oxidase [14].

O, +e — 05 (1.1)

Superoxide is a moderately reactive, short-lived ROS (half-life >~ 1 ws) and
therefore not believed to cause direct oxidation of cellular components (DNA, pro-
tein and lipids). Instead it produces secondary ROS and reactive nitrogen species
(RNS) (Fig.1.1), whether directly or via enzyme- and metal-catalysed processes
[5]. Secondary ROS include hydrogen peroxide (H,0,), the hydroxyl radical (*OH),
hypochlorite ion (OCI~) and singlet oxygen ('O,), whereas RNS include the nitric
oxide radical (NO®) and the peroxynitrite anion (ONOO™) [3].

Superoxide rapidly undergoes dismutation, catalysed by a family of enzymes
called superoxide dismutases (SODs), to form H,O, (Eq.1.2, Fig.1.1), which is
relatively more stable (half-life >~ 1 ms) [16, 17]. Unlike other ROS, H;0; is a

0, Arginine
/ l . Nitric oxidel
NADPH oxidase synthase
NO’
o o |
Superoxide i

dismutase

Cr < Myeloperoxidase H202

GSH.

Glutathione
peroxidase Catalase
1
‘*GSSG
2H,0 H,O0 +1/2 0, ‘OH

Fig. 1.1 An overview of the production of primary and secondary ROS/RNS. Antioxidants are
shown in blue [4, 14, 15]
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neutral molecule capable of diffusing across biological membranes. This property
allows H,O, to act as a signalling molecule, but at high concentrations it can cause
oxidative damage over large distances within the cell [16].

203" +2H" 222 H,0, + 0, (1.2)

Low levels of HyO, are maintained by the action of a family of enzymes—
glutathione peroxidases (GPXs), which transfer electrons from two molecules of
glutathione (GSH) to H,O, to form water (Eq. 1.3, Fig. 1.1) [16]. The enzyme cata-
lase can convert six million H, O, molecules per minute to water and oxygen (Eq. 1.4)
[16].

2GSH + H,0, 225 GSSG + H,0 (1.3)
Hy0, S 1,0 + 0, (1.4)

The hydroxyl radical (*OH) is formed by Haber-Weiss (Eq. 1.5) catalysed by redox
active metals such as Fe and Cu (Fig. 1.1). It is the most reactive among all ROS,
tending to react very close to its site of formation. The redox active metals Fe and
Cu are closely associated with anionic species such as cell membranes and DNA,
hence *OH-mediated oxidative damage occurs in close proximity to these species
[18]. Furthermore, because the cells lack specific mechanisms to eliminate *OH, its
excess production can have severe pathological consequences [19].

63
03" + H,0, L% *0H + ~0H (1.5)

The hypochlorite ion (OCI™), is formed from the reaction of H,O, with chlo-
ride ions (C17), catalysed by the enzyme myeloperoxidase (MPO, Eq. 1.6, Fig.1.1)
[20]. The myeloperoxidase-H,0,-Cl~ system is crucial for the proper functioning of
phagocytes, giving these cells the ability to kill a wide range of pathogens. Although
OCI™ is essential for a proper immune response, uncontrolled production of HOCI
within the phagocytes is detrimental to the host tissue [20].

H,0, +CI- 229 0CI~ +*0H + F (1.6)

Singlet oxygen ('0,), unlike other ROS, results from the UV illumination of
molecular oxygen (Fig.1.1), and is moderately stable (half-life ~ 3us). At high
concentrations, it diffuses across the nuclear membrane and oxidatively damages the
DNA through selective oxidation of guanine to 8-hydroxylguanine. However, 'O,
can be quenched by vitamins A (B-carotene) and E («-tocopherol).

The primary source of RNS is the nitric oxide radical (NO*), which is synthesised
endogenously from L-arginine by the enzyme nitric oxide synthase (Fig. 1.1). Fol-
lowing the Nobel prize-winning discovery of nitric oxide as a signalling molecule, the
physiological significance of this gaseous radical species has gained great attention
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Table 1.1 The sources of ROS

Endogenous sources Electron transport chain—mitochondria, microsomes and
chloroplasts.

Oxidant enzymes—lipoxygenase, monoamine oxidase,
indoleamine dioxygenase, tryptophan dioxygenase, xanthine
oxidase, galactose oxidase.

Phagocytic cells—endothelial cells, neutrophils, macrophages,
monocytes, eosinophils.

Autooxidation reactions—adrenalin, thiols, Fe?+

Exogenous sources Redox cycling substances—substances that are reduced in vivo to
a radical that then react with oxygen to regenerate the drug and
form a ROS for example, paraquat, alloxan, doxorubicin and
diquat.

Other—U.V. radiation, drug oxidation, cigarette smoke, ionising
radiation, pollution and heat shock

[21, 22]. NO® acts as an effector molecule during immune response, as a neurotrans-
mitter and a smooth muscle relaxing factor [23]. It is also implicated in pathological
activity such as inflammation, neurodegenerative tissue injury and vasodilation [24].
Direct reaction of NO*® with O3~ results in the production of peroxynitrite (ONOO™,
Eq. 1.7, Fig. 1.1) [25]. With a short half-life (=1 pus), ONOO™ is highly reactive, oxi-
dising tyrosine residues of proteins to form stable 3-nitrotyrosine thereby impacting
the structure and functions of proteins [25, 26].

O +NO*—- ONOO™ (1.7)

In addition to leakage from the electron transport chain, reactive oxygen and nitro-
gen species (ROS/RNS) can be produced in the cell from various other endogenous
and exogenous sources (Table 1.1) [4, 15].

1.1.2 Scavenging ROS/RNS

Deleterious effects of ROS/RNS make their scavenging all the more essential, and
have resulted in the evolution of a series of defence mechanisms mediated by cellular
AO (Fig. 1.1). AO act in an altruistic manner, preferentially oxidising themselves in
order to protect the cellular components. They can be classified into three groups
based on their origin [27].

1. Endogenous AO are those that are synthesised naturally by the cells.

e Enzymatic endogenous AO include superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidases (GPXs), thioredoxins(TRX) and peroxiredox-
ins(PRXs).
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e Non-enzymatic endogenous AO are small molecules (L-carnitine, glutathione,
a-lipoic acid, uric acid and bilirubin), coenzymes (coenzyme Q) and low
molecular weight proteins (metallothionein, coenzyme Q, ferritin and mela-
tonin) [27].

2. Natural AO are usually present in daily dietary intake like, ascorbic acid (Vita-
min C), tocopherol (Vitamin E) and S-carotene (Vitamin A), lipoic acids, and
polyphenol metabolites [27].

3. Synthetic AO are the active ingredients of AO supplements. Examples include
N-acetyl cysteine (NAC), tiron, pyruvate, selenium, propyl gallate, butylated
hydroxyltoluene and butylated hydroxylanisole [27].

The cellular repair apparatus comprising AO, DNA repair enzymes and proteases
(that degrade damaged proteins) is tightly regulated and is essential in maintaining
the cellular redox homoeostasis with low levels of ROS/RNS [28].

1.2 ROS/RNS—TFriends and Foe

ROS/RNS are produced in biological systems by normal cellular metabolism. Sub-
stantial evidence has been documented that ROS/RNS play a dual role in biologi-
cal systems—as both beneficial and deleterious species [10, 11, 29]. The levels of
ROS/RNS naturally fluctuate in the cells, with well-regulated increases in the pro-
duction of ROS/RNS ensuring uncompromised physiological functions. On the other
hand, uncontrolled increases would result in pathogenesis. It is the AO that play a
major role in maintaining healthy levels of these species by scavenging them.

1.2.1 ROS/RNS and Physiology

Transient elevations in the concentrations of ROS/RNS have proved to be essential
for many sub-cellular functions ranging from gene expression, enzyme activation
and signal transduction to folding of proteins in the endoplasmic reticulum, vascu-
lar homoeostasis and apoptosis [30-33]. A widely accepted mechanism of redox
signalling involves the reversible oxidation of redox-sensitive thiol residues (in thi-
ols or low molecular weight thioproteins), thereby modulating their function and
activity. While the majority of cellular thiols exist in the protonated form (-SH) at
physiological pH, a small fraction of them will remain in the form of thiolate anions
(-S7), which can also be favoured in a particular local protein microenvironment,
increasing the susceptibility to oxidation when compared to the conjugate acid form
(-SH) [34, 35]. The oxidation of the thiolate anion by H,O,, for example, results in
the generation of a sulfenic acid (-SOH), causing allosteric modification of protein
structure and function.
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This sulfenic acid form enters the signal transduction pathway, in which it is
reversibly reduced to the thiolate anion by glutaredoxin (GRX) and thioredoxin
(TRX), restoring the original structure and function of the protein [36]. While tran-
sient increases in the generation of ROS/RNS bring about a reversible oxidation of
thiolate anion to sulfenic acid, chronic elevations can result in further irreversible
oxidations, generating sulfinic (-SO,H) and sulfonic (-SO3;H) residues, rendering
the protein structure and function irreparable, and thus resulting in oxidative stress
[36]. Other beneficial effects of ROS/RNS include defence against infectious agents
and induction of mitogenic response [30]. Concentrations of ROS/RNS higher than
those required to perform such functions are immediately scavenged by AO, the
cell’s defence system.

1.2.2 ROS/RNS and Pathology

Owing to their highly reactive nature and the ability to oxidatively damage vital
biomolecules, chronically elevated concentrations of ROS/RNS have been impli-
cated in a variety of pathological conditions [29, 37, 38]. Evidence points to a role
of ROS/RNS in the oxidation of purine and pyrimidine bases of DNA and RNA,
especially the formation of 8-hydroxylguanine, as well as extensive damage to the
deoxyribose backbone [15, 39]. Oxidation of DNA by these reactive species and
subsequent genetic damage has been reported to induce aging, mutagenesis and car-
cinogenesis of cells [15].

ROS/RNS bring about a chain of peroxidative reactions of the polyunsaturated
lipids in the biomembranes, consequently increasing the permeability of the cell
membrane, leading to cell death. Peroxyl radicals (ROQO®), in particular, have been
reported to initiate a series of cyclisation reactions resulting in the formation of
malondialdehyde (MDA), a potent carcinogen [4]. Functional properties of proteins
and enzymes can be drastically altered or completely lost due to the oxidation-
induced modification of protein structure by ROS/RNS [10]. Cysteine and methio-
nine residues are the most vulnerable to oxidative damage, which mostly involves
thiolation reactions. Thiolation reactions result in the reversible formation of disul-
fides and involve either intra-molecular reactions—with cysteine residues within the
protein or intermolecular reactions with cysteine residues of other proteins or low
molecular weight thiols like glutathione (GSH). Owing to the extensive damaging
effects of ROS/RNS on vital biomolecules many physiological functions will be
impaired, hindered or completely altered thereby resulting in a myriad of patholog-
ical conditions (Table 1.2) [5, 27, 40-46].

Transient elevations in the concentrations of ROS/RNS play a crucial role in
signal transduction and related physiological functions following which the cellu-
lar AO levels are upregulated and the cellular redox homoeostasis is re-established.
However, these repair mechanisms are prone to errors and mutations, and in con-
ditions of chronic elevations in cellular oxidative capacity, the repair mechanisms
fall short and the cell fails to return to its original state of redox homoeostases,
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Table 1.2 Pathological conditions induced by ROS [5, 27, 40—46]
Organ/injury Pathological conditions

Brain Parkinson’s disease, Lou-gehrig’s disease,
neurotoxins, Alzheimer’s disease, multiple sclerosis,
hypertensive cerebrovascular injury, aluminium
overload, allergic encephalomyelitis, potentiation of
traumatic injury

Eye Photic retinopathy, ocular haemorrhage,
cataractogenesis, retrolental fibroplasia, degenerative
retinal damage, retinopathy of prematurity

Heart and cardiovascular system Atherosclerosis, adriamycin cardiotoxicity, keshan
disease, alcohol cardiomyopathy

Kidney Metal ion mediated nephrotoxicity, aminoglycoside
nephrotoxicity, Autoimmune nephrotic syndromes

Gastrointestinal tract NSAID-induced GI tract lesions, oral iron poisoning,
endotoxin liver injury, diabetogenic actions of
alloxan, halogenated hydrocarbon liver necrosis, free
fatty acid induced pancreatitis

Inflammatory immune injury Rheumatoid arthritis, glomerulonephritis,
autoimmune diseases, vasculitis (hepatitis B virus)

Iron overload Nutritional deficiencies (kwashiorkar), thalassemia
and other chronic anaemias, idiopathic
haemochromatosis, Dietary iron overload

Red blood cells Fanconi’s anaemia, sickle cell anaemia, haemolytic
anaemia, favism, Malaria, protoporphyrin
photo-oxidation

Lungs Bronchopulmonary dysplasia, mineral dust
pneumoconiosis, bleomycin and paraquat toxicity,
hypoxia, cigarette smoke effect (necrosis),
emphysema, adult respiratory distress syndrome

(ARDS)

Ischaemia reperfusion Myocardial infarction/stroke, organ transplantation,
frostbite

Other Cancer, aging, alcoholism, radiation injury,

porphyria, contact dermatitis

resulting in a heightened baseline oxidation state, a condition termed oxidative stress
(Fig. 1.2). High local and global concentrations of ROS/RNS cause the damage of
vital biomolecules like nucleic acids, lipids and proteins, and result in a myriad of
pathological conditions.

1.2.3 Cellular Redox State

It is therefore evident that in order to maintain a healthy environment, cells are
required to tune their redox balance, or oxidative capacity. Too low an oxidative
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Fig. 1.2 Variations in cellular ROS levels. Transient increases are vital for physiological functions
such as signalling, whereas chronic elevations are damaging and cause diseases. Reprinted with
permission from Angewandte Chemie, Volume 55, Issue 5, published by John Wiley & sons, Inc.

capacity would mean sub-optimal signal transduction and other physiological func-
tions, while too great an oxidative capacity is indicative of potentially-damaging
ROS [47]. The oxidative damage caused by ROS depends on the intracellular con-
centrations of these reactive species as well as the equilibrium between ROS and
AO. The redox balance of a cell, i.e. the pro-oxidant/anti-oxidant equilibrium, at any
given time is representative of the cellular redox state, which is defined as the ability
of acell to act as a reducing agent or oxidising agent (Fig. 1.3). Lower concentrations
of ROS or higher AO concentrations indicate a reducing cell environment. However,
when the redox balance is perturbed in favour of ROS, beyond the cells ability to
scavenge or repair the damage caused by ROS, oxidative stress develops, leading to
oxidising cell environment [47].

Despite the established synergism between oxidative stress and disease, little is
known about the extent of oxidative changes and the mechanisms involved. This
clearly substantiates the need to develop tools that can report on the real time redox
state of a cell and aid in elucidating the mechanisms involved.

1.3 [Evaluating Cellular Redox State

To date, various methods have been developed and introduced to measure redox state
in cells. However, many of these methods are not robust and suffer from drawbacks
like simplicity, non-invasiveness, efficiency, and lack of real time monitoring of redox
state. Traditionally, two different approaches have been exploited:

1. Measuring the consequences of ROS/RNS reactivity (biomarkers) in cellular
fluids.
2. Directly quantifying ROS/RNS in cells.

Each will be addressed briefly below.
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Fig. 1.3 The redox balance. Reversible increases in the concentrations of ROS are necessary for
adequate cell physiology, whereas irreversible depletion of antioxidants (AO) or over production
of ROS results in oxidative stress and related pathological consequences

1.3.1 Measuring Consequences of Oxidative Stress

Damaging effects of ROS/RNS on key biomolecules are well established (Sect. 1.2.2).
This strategy focusses on quantifying the species produced as a result of the attack
by ROS/RNS on various biomolecules. Several biomarkers of oxidative stress have
been reported [40, 41, 48-56] as means of quantifying the damaging effects of ROS
and establishing their role in inflicting a myriad of clinical conditions, these include:

Total antioxidant capacity of plasma.

Consumption of antioxidants.

Local activity of antioxidant enzymes.

In-vivo concentration of free radicals.

5. Markers of downstream consequences of oxidation.

N

Of all these, markers of oxidation have been extensively investigated, and are recog-
nised hallmarks of various pathological conditions [55, 57-59]. As a result of these
investigations, several key biomarkers associated with each disease have been iden-
tified (Table 1.3).

The above-mentioned biomarkers accumulate to detectable concentrations in cell,
tissue or body fluids auch as plasma, lymph and urine and can be quantified using
techniques such as HPLC, mass spectrometry and ELISA. Although these biomark-
ers are quite stable and eliminate the shortcomings of the very short half-life of
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Table 1.3 Key biomarkers of oxidative stress associated with human diseases [55, 57-59]

Disease Key biomarkers

Alzheimers disease MDA, HNE, GSH/GSSH ratio, F,-isoprostanes, NO,-Tyr, AGE

Atherosclerosis MDA, HNE, Acrolein, F»-isoprostanes, NO,-Tyr

Cancer MDA, GSH/GSSH ratio NO2-Tyr, 8-OH-dG

Cardiovascular disease HNE, GSH/GSSH ratio, Acrolein, F5-isoprostanes, NO,-Tyr

Diabetes mellitus MDA, GSH/GSSH ratio, S-glutathionylated proteins,
F,-isoprostanes, NO,-Tyr, AGE

Ischemia GSH/GSSH ratio, F»-isoprostanes

Parkinsons disease HNE, GSH/GSSH ratio, Carbonylated proteins, Iron level

Rheumatoid arthritis GSH/GSSH ratio, F»-isoprostanes

Obesity MDA, GSH/GSSH ratio, HNE, F,-isoprostanes

ROS/RNS, the key issue with these biomarkers is that they are either upstream effec-
tors of oxidative stress or more commonly downstream effects [55, 56], and hence
cannot be considered an exact reflection of the in vivo redox state.

1.3.2 Approaches to Measure ROS/RNS in Cells

Due to their high reactivity and the cells numerous scavenging mechanisms, in vivo
concentrations of ROS/RNS lie in the picomolar to nanomolar range. The detection
and quantification of these species in biological systems must therefore be direct,
efficient and non-invasive, whilst reporting the redox state in a biological cell. Given
the sub-micromolar concentrations of ROS/RNS, another important requirement is
sensitivity. The last two decades have witnessed immense focus in the literature on
exploring multitude of strategies that would enable real time monitoring of ROS
and RNS in biological systems, and the two most extensively used approaches are
electron spin resonance (ESR) spectroscopy and fluorescence imaging [60, 61].

One of the earliest analytical approaches developed for the direct detection of
ROS/RNS was ESR spectroscopy, which reports on the magnetic properties of
unpaired electrons and their molecular environment [62]. The drawbacks associated
with the concentration and half-lives of biological free radicals have been efficiently
overcome by the use of spin traps. These molecules, mostly nitrone and nitroxide
derivatives, bring about the conversion of short lived primary radical species into
longer lived radical adducts with characteristic ESR responses [63].

Extensive use of spin traps such as phenyl-t-butylnitrone (PBN) and
5,5-dimethylpyrroline-N-oxide (DMPO) is reported in the literature, as an aid for
the detection of organic radical products of lipid peroxidation and *OH and O3~
respectively [61, 62, 64, 65]. More advanced versions of these spin traps, namely 5-
diethoxyphosphory-5-methyl-1-pyrroline-N-oxide (DEPMPO) and mito-DEPMPO,



1.3 Evaluating Cellular Redox State 11

have also been developed to eliminate the problems associated with the kinetics and
selectivity of PBN and DMPO [63, 66—68]. One of the serious problems associated
with these spin traps is that, in presence of cellular reductants like glutathione and
ascorbate, the ESR active nitrone-ROS adducts can be rapidly reduced, rendering
the adduct ESR inactive and causing underestimation of cellular ROS production.
Spin traps such as cyclic hydroxylamines which are less vulnerable to reduction by
cellular reductants have been developed and successfully employed in in vivo quan-
tification of ROS [69, 70]. Nevertheless, this strategy has not escaped limitations
including instability of spin traps, unwanted reactions with cellular metabolites and
lack of spin trap specificity.

1.4 Fluorescence Imaging—an Alternative Approach

Fluorescence imaging is a robust and versatile tool that is applied to visualise struc-
tural (such as sub-cellular organelles, protein fibres and membrane-components) and
biochemical features (such as pH, redox state, metal ion concentration and temper-
ature) within a biological system [71]. This requires the addition of an exogenous
chemical probe that displays the desired fluorescence properties upon binding to
the structural component or in response to the analyte of interest [72, 73]. More
recently, scientific studies have exploited fluorescence imaging techniques as a strat-
egy to study cellular oxidative capacity [74]. This can be attributed to the specific
advantages of fluorescence imaging over other techniques, which include greater
sensitivity, high spatial resolution, high specificity and efficiency, precise informa-
tion on cellular and sub-cellular location, possibility to observe in vivo dynamics,
and the synthetic ease of modifying the fluorophore and its photophysics [71].

Owing to the extensive benefits of this technique, the last decade has seen an
enormous increase in the development of novel fluorophores particularly suitable for
sensing and probing applications. Particular attention has been on the use of these
molecules as potential sensors for a variety of cellular analytes including ROS/RNS
[74], thiols [75], as well as metals [76].

1.5 Fluorescent Redox Probes

In recent decades, a wide range of fluorescent responsive probes to study redox
processes have been developed. Based on their sensing mechanism, these tools can
be broadly classified into reaction-based probes and reversible probes. While selec-
tive probes usually respond to specific ROS/RNS via a specific irreversible reaction
(Fig. 1.4a), reversible probes on the contrary can respond to multiple oxidation-
reduction cycles (Fig. 1.4Db).
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(a) Selective probes

Fig. 1.4 Two important criteria for the development of redox probes: a selective response to
a specific ROS/RNS, and b reversible response to oxidation-reduction cycles. Reprinted with
permission from Antioxidants and Redox Signalling, Volume 24, Issue 13, published by Mary Ann
Leibert, Inc., New Rochelle, NY

1.5.1 Selective Probes for Detection of ROS/RNS

1.5.1.1 Probes for Hydrogen Peroxide

One of the most extensively utilised fluorescent probes to measure cellular H,O,
levels is 2,7 -dichlorodihydrofluorescein (DCFH) [77], a non-fluorescent molecule
that undergoes a two electron oxidation to the fluorescent 2,7-dichlorofluorescein
(Fig. 1.5) [78]. In addition to being oxidised by other ROS/RNS, as well as by enzy-
matic reactions, recent studies suggest that partial oxidation of DCFH can result
in a free radical intermediate, which reacts with molecular oxygen, resulting in the
formation of superoxide. DCFH has further shortcomings such as reduced cellular
retention of the oxidised form, auto-oxidation and photosensitivity [79—-82]. These
problems spurred a quest to identify functional groups or scaffolds that would specif-
ically react with H,O,.

The majority of H,O,-selective sensors reported to date are based on boronate
groups, harnessing the fact that boronic esters are selectively hydrolysed by H,O,
[83, 84]. One or more boronic esters are incorporated onto a fluorophore to give
a pro-fluorescent probe, which upon hydrolysis by H,O, releases a fluorescent
molecule (Fig. 1.6) [85]. Initial attempts in this direction resulted in the preparation
of aminocoumarin boronate ester (AMC) [84] and Peroxyfluor-1 (PF1, Fig. 1.6b)
[85], both of which possess a pinacol boronic ester that masks the phenolic oxygen
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Fig. 1.5 Oxidation reaction of DCFH. Circles indicate the site of redox response. Reprinted with
permission from Antioxidants and Redox Signalling, Volume 24, Issue 13, published by Mary Ann
Leibert, Inc., New Rochelle, NY
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Fig.1.6 a Scheme of boronate cleavage-based detection of Hy O, with example probes: b PF1 [85],
c ratiometric FRET-based RPF1 [86]. In all figures, the fluorescence quenching motif is highlighted
in a dashed circle, and the moiety enabling fluorescence is shown in a grey circle. Reprinted with
permission from Antioxidants and Redox Signalling, Volume 24, Issue 13, published by Mary Ann
Leibert, Inc., New Rochelle, NY

resulting in low fluorescence. H,O, chemoselectively oxidises the boronic ester to a
hydroxyl group, restoring the fluorescence.

Building off this strategy, a myriad of fluorescent probes have been devel-
oped, with excitation-emission profiles that span the entire visible spectrum [83,
85, 87-94], including the ratiometric Ratio-Peroxyfluor-1 (RPF1, Fig. 1.6¢) [86],
mitochondrially-localising MitoPY1 [95], nuclear NucPE1 [96] and lysosomal LNB
(Fig. 1.6d) [97]. However, recent work has indicated boronic esters can also be hydrol-
ysed by peroxynitrite (ONOQO™), a reaction that proceeds approximately 100-fold
faster than with H,O, [98].
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Fig. 1.7 Other irreversible transformations applied for the design of reaction-based H, O;-selective
probes: a hydrolysis of the sulfonyl ester of FPBS [99], b H>O>-induced nitrobenzil cleavage in
NBzF [100]

In addition to the boronic esters, another responsive group exploited for its selec-
tivity towards H,O,-mediated oxidation is the sulfonyl moiety, as in fluorescein-
pentafluorobenzenesulfonyl ester (FPBS, Fig.1.7a) [99]. Hydrolysis of the sul-
fonylester by H,O, results in lactone ring opening. In conjuction with the enzyme-
driven loss of acetate, this results in enhanced fluorescence intensity.

A similar approach to H,O, sensing was demonstrated in fluorescein-benzil
(NBzF) (Fig. 1.7b) [100]. A Baeyer-Villiger type reaction of the nitro-benzil group
with HyO, yields a benzoic anhydride, which on further hydrolysis releases the
fluorescent 5-carboxy fluorescein (Fig. 1.7b). The probe was shown to be selective
towards H,O, over other ROS, but a small fluorescence increase with tBuOOH
or ONOO~ was observed [100]. NBzF was employed to monitor H,O, pro-
duction in phorbol-12-myristate-13-acetate (PMA)-stimulated RAW 264.7 murine
macrophages and in A431 epidermoid carcinoma cells stimulated with an epidermal
growth factor [100].
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1.5.1.2 Probes for Hypochlorous Acid

Most HOCl-selective fluorescent probes developed thus far are based on the HOCI-
facilitated rhodamine ring opening mechanism (Fig. 1.8a). This was first demon-
strated in HySOx, a fluorescent probe selective for HOCI detection [101]. Reaction
of HOCI with the thioether moiety in the rhodamine scaffold resulted in ring open-
ing to give the corresponding sulfonate, and a simultaneous increase in fluorescence.
HySOx was reported to have a good selectivity towards HOCl and was also employed
for the detection of HOCI in porcine neutrophils during phagocytosis. Subsequent
work yielded thiolactone (R19S and R101S) and selenolactone (R19Se) containing
rhodamine probes for HOCI [102].

The first instance of employing HOCIl-mediated oxidative hydrolysis of oximes
to develop a selective probe was a ratiometric fluorescent probe based on a phenan-
throimidazole moiety (PAI) bearing oxime functionality (Fig. 1.8b) [103]. Reaction
with HOCl resulted in the cleavage of the oxime group to generate the electron with-
drawing aldehyde group leading to an intra-molecular charge transfer (ICT) based
red-shift in fluorescence. This ratiometric probe was reported to be highly selective
for HOCI, and exhibited a 10-fold increase in the ratio (Isp9/I439) upon treatment with
30 equivalents of HOCI.

HySOx: R=CH, R = S R'= 50,

blue green

(b)
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s \ N
- gaser
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Fig. 1.8 a Examples of HOCl-induced reactions of ring opening in rhodamine-based probes, exem-
plified by HySOx [101]; b response of ratiometric probe, PAIL, to HOCI [103]. Reprinted with
permission from Antioxidants and Redox Signalling, Volume 24, Issue 13, published by Mary Ann
Leibert, Inc., New Rochelle, NY.eps
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1.5.1.3 Probes for Nitric Oxide

The development of fluorescent probes for nitric oxide has taken place in two major
domains: organic fluorophores and transition metal-based probes. The first reported
organic fluorophore-based nitric oxide probe utilised the PET donor ability of the
o-phenylenediamine scaffold, resulting in the fluorescence quenching of a tethered
dye. Under aerobic conditions, NO* undergoes rapid oxidation to yield NO*, which
reacts with o-phenylenediamine via an N-nitrosation reaction to generate a more
fluorescent triazole-containing fluorophore (Fig. 1.9a).

This strategy was employed in the development of diaminofluorescein-2-diacetate
(DAF-2 DA), a selective probe for NO® bearing diacetyl groups for better cell per-
meability (Fig.1.9a), with a more than a 100-fold increase in fluorescence upon
reaction with NO® [104]. Although DAF-2 DA demonstrated the utility of o-
phenylenediamine as an NO responsive scaffold, subsequent probe development
that sought to overcome issues related to pH and retention, gave rise to probes with
a broad palette of emission colours [107-112].
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Fig. 1.9 Reaction-based probes for the selective detection of nitric oxide: a reaction of NO® with
o-phenylenediamine, with example probe DAF-2 DA [104]; b Cu(FL,,), which detects NO*® via
redox-induced release of the fluorophore [105, 106]. Reprinted with permission from Antioxidants
and Redox Signalling, Volume 24, Issue 13, published by Mary Ann Leibert, Inc., New Rochelle,
NY
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Metal complex probes for NO® typically contain a fluorophore coordinated to
a ligand bearing a paramagnetic metal ion, which quenches the fluorescence of the
fluorophore. Biocompatible Cu(II)-containing probes Cu(FL, ) have been developed,
with ligands bearing quinoline-fluorescein conjugates (Fig. 1.9b) [105, 106]. NO*®
mediated chemo-selective reduction of copper(Il) to copper(I) with simultaneous
N-nitrosation of fluorescein results in the release of the metal ion from the chelate
and in a 16-fold increase in fluorescence.

1.5.1.4 Probes for Peroxynitrite

In addition to the boronate-based probes that have been shown to respond to both
ONOO™ and H,O,, probes based on the oxidation of an ethyltrifluoromethylketone
group to a dioxirane intermediate have also been developed. HKGreen-1, which con-
tains a fluorescein scaffold linked to an ethyltrifluoromethylketone by an aryl-ether
bond, exploits this strategy (Fig. 1.10a) [113]. The ketone is oxidised to a dioxirane
intermediate that brings about the ether bond cleavage and release of the fluorophore.
HKGreen-2 and HKGreen-3 probes also respond to ONOO™ via formation of a
dioxirane intermediate, unmasking probes fluorescence [114, 115]. Another strat-

(a) coon COOH
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Fig. 1.10 ONOO™ detection by irreversible dioxirane formation leading to: a liberation of a fluo-
rophore (HKGreen-1) [113], b Example of ONOO™ detection via PET-quenching alleviation upon
peroxynitrite-induced nitration (NiPSY1) [116]. Reprinted with permission from Antioxidants and
Redox Signalling, Volume 24, Issue 13, published by Mary Ann Leibert, Inc., New Rochelle, NY



18 1 Introduction

egy for ONOO™ sensing utilises its potent nitrating ability. Nitration of NiSPYs
upon reaction with ONOO™ removes the PET-quenching, unmasking the probe’s
fluorescence (Fig. 1.10b) [116].

1.5.1.5 Probes for Superoxide

The superoxide radical anion (105_) is the primary ROS, a consequence of one-
electron reduction of molecular oxygen. Sensing of this ROS particularly focusses
on the use of dihydroethidine (DHE, Fig. 1.11a) through a mechanism that has been
shown by Kalyanaraman et al. to involve the formation of 2-hydroxyethidium (2-
HE) following a reaction between superoxide and hydroethidine [117, 118]. A
different sensing mechanism is concerned with the oxidation of non-fluorescent
2,3-dihydrobenzothiazoles (Fig.1.11b), for example in H.Py.Bzt (2-(2-pyridil)-
benzothiazoline) to corresponding strongly fluorescent benzothiazole derivatives
[119].

Another strategy involving the deprotection of benzenesulfonate derivatives. for
example in BESSo (Fig. 1.11c) to sense H,O; has also been applied for the detection

o™

R = H: ethidium
OH : 2-hydroxyethidium

BESSo

Fig. 1.11 Superoxide detection by oxidation of a DHE to ethidine and 2-hydroxyethidium [117,
118] b benzothiazole moiety in H.Py.Bzt [119], and d deprotection of benzenesulfonate group in
BESSo [120, 121]
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of superoxide, this indicates unclear preference of such groups in their reactivity
towards ROS [120, 121].

1.5.1.6 Probes for Hydroxyl Radical

Following the work of Blough and colleagues who first initiated the use of
nitroxide-conjugated fluorescent sensor [122, 123], Pou and co-workers developed
Fluorescamine-nitroxide (Fig. 1.12) for sensing *OH in biological systems [124].
These sensors consist of a PET quenching TEMPO moiety attached to a fluo-
rophore. Introduction of *OH in the presence of DMSO resulted in the generation
of methyl radicals (*CH3) which then react with the nitroxide and convert it into
o-methylhydroxylamine derivative with enhanced fluorescence emission.

Several other nitroxide based probes have been reported, such as TEMPO-BDP
[125], but significant background fluorescence and other side reactions caused by
the presence of DMSO along with high reactivity of nitroxide itself have limited the
use of these probes for *OH sensing in biological systems.

1.5.1.7 Probes for Singlet Oxygen

Probes for singlet oxygen have been designed based on the reactivity of the anthracene
moiety towards 'O,, to form an endoperoxide (Fig.1.13a). The Nagano group
developed 9,10-diphenylanthracene (DPA) conjugated xanthene probes (DPAXS,
Fig. 1.13b) for fluorescent detection of 'O, [126]. 'O,-mediated endoperoxide for-
mation results in significant reduction of the PET quenching by the DPA scaffold and
therefore efficient emission from the xanthene fluorophore. Faster singlet oxygen-
responsive xanthene-based probes have been developed (DMAX) that employ a
9,10-dimethylanthracene trap [127].
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1.5.2 Reversible Probes for Redox Sensing

Although the scientific community has turned greatest attention towards the devel-
opment of selective reaction-based probes, such probes are not able to distinguish
between transient bursts in ROS production typical of physiological events and
chronically-elevated ROS levels, characteristic of pathological oxidative stress. This
is because both situations can result in high ROS measurement at a single timepoint.
In order to make this distinction, monitoring time-resolved changes in the redox state
of the cells is essential. This ability solely depends on the use of reversible probes,
which can cycle back and forth with successive oxidation and reduction events. Using
such a probe, chronic oxidative stress will be distinguished by high ROS-levels over
time, while transient oxidation events will be imaged as high ROS-levels which
subsequently decrease.

Reversible redox sensing abilities have been successfully developed in a set of
redox-responsive fluorescent proteins which possess vital properties such as excel-
lent photostability, bio-compatibility, and ease of intracellular targeting. For exam-
ple, HyPer selectively and reversibly responds to H,O, with a ratiometric emission
change [128]. This and other fluorescent protein-based redox probes have been suc-
cessfully used in a variety of in vivo models, and continue to deliver information
that was previously beyond the access of scientific community [129]. However, such
probes often require an invasive and usually laborious genetic modification of the
system, and so cannot be applied to a variety of samples, nor will they have potential
clinical applications. In this context, small molecule probes are very promising in
overcoming the intrinsic limitations of genetically-encoded probes. The reversible
redox probes discussed in this section have been classified according to the redox
responsive group.
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1.5.2.1 Nitroxide-Based Probes

To enable fluorescent detection, the nitroxide moiety can be covalently tethered to a
fluorophore of choice via a suitable linker. The nitroxyl free radical will quench the
fluorophores fluorescence [130], which can be restored upon reversible reduction to
the diamagnetic hydroxylamine, or irreversible formation of alkoxyamine derivatives
(Fig. 1.14a). Since fluorescence is activated upon reduction, these probes are often
referred to as profluorescent nitroxides, by analogy to prodrugs. The first proof-of-
concept nitroxyl-based fluorophore, NO-naphthalene (Fig. 1.14b) [123], exhibits a
10-fold increase in fluorescence quantum yields upon reduction. This strategy has
also been applied to other fluorophores in the development of NO-dansyl and NO-
perylene probes [131].

While the nitroxyl radical hydroxylamine redox couple is reversible, the reversibil-
ity of nitroxide-based probes is generally not reported. Reversibility of response has
been demonstrated for fluorescein-TEMPO (Fig. 1.14b), for which one-electron
reduction by excess hydrazine hydrate gave rise to an increase in fluorescence, which
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R=H fluorescein-TEMPO
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Fig. 1.14 a Possible redox reactions of nitroxyl radicals in biological media. Circles indicate
sites of redox response, with fluorescence quenching motifs highlighted in dashed circles and
moieties enabling fluorescence shown in grey circles; b selected examples of nitroxide-based redox-
responsive fluorescent probes, with the fluorescence quenching nitroxyl radical shown in the dashed
circle [123, 130, 132-134]. Reprinted with permission from Angewandte Chemie, Volume 55, Issue
5, published by John Wiley & sons, Inc.
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could then be reversed by air re-oxidation [132, 135]. While this re-oxidation per-
sisted over three redox cycles, with each cycle there was a slight increase in the
basal fluorescence intensity, indicative of irreversible destruction of a fraction of the
radical.

1.5.2.2 Quinones

The quinone/hydroquinone reversible redox couple (Fig.1.15a) has been widely
studied for almost hundred years [136] and is therefore an obvious choice in the
design of redox-responsive optical probes. Quinone-based probes employ a strategy
of luminescence quenching by PET from the luminophore in the excited state to the
electron-poor quinone motif, as widely reported for porphyrin-based systems [137,
138]. By this strategy, a number of reversible quinone-containing redox sensors based
on ruthenium complexes have been reported. For example, the red-luminescent probe
[Ru(bpy),(bpy-Q]>* (Fig. 1.15b) gave rise to a 4-fold increase in luminescence upon
electrochemical reduction in acetonitrile (E,.;, = —0.2V) [139].

Other ruthenium-quinone complexes have been developed [142, 143], and despite
electrochemical reversibility in near biologically-relevant potentials (—50 to —300
mV) and significant luminescence response, none of these complexes was examined
in more biologically-relevant aqueous conditions, nor was their chemical reversibil-

(a) OH
ON
H
quinone hydroquinone
PET-acceptor PET-inactive
OH

OH

ON

[Ru(bpy)2(bpy-Q)I** DA-Cy

Fig. 1.15 a reversible redox reactivity of quinone/hydroquinone pair; b example of ruthenium-
based redox-controlled luminescent switch [139]; ¢ mechanism of intracellular response of Da-
Cy probe to HyO»/thiol redox pair [140]; d reduced non-fluorescent form of TCA probe [141].
Reprinted with permission from Angewandte Chemie, Volume 55, Issue 5, published by John Wiley
& sons, Inc.
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ity demonstrated. To ensure a redox-dependent fluorescence response in a biolog-
ical setting, an intracellular redox-active dopamine was directly attached to a cya-
nine dye (DA-Cy, Fig.1.15¢) yielding an on-off-on probe [140]. H,O, oxidation
of the 1,2-hydroquinone moiety of dopamine gave a 20-fold fluorescence quench-
ing, and this effect could be counteracted by addition of thiols, in an irreversible
process. Disappearance of DA-Cy fluorescence upon oxidative stress and subse-
quent thiol-dependent recovery in HL-7702, HepG2 and RAW 264.7 cells, as well
as in rat hippocampal tissue slices, demonstrates the biological utility of DA-Cy to
study H,O,/thiol redox pair. However, the irreversible reduction upon thiol addition
excludes the possibility of imaging more than one oxidation/reduction cycle.

1.5.2.3 Chalcogen-Based Fluorescent Redox Probes

A broad class of reversible redox probes involve sulfur, selenium and tellurium in
their sensing groups. These can be further divided into those that sense oxidation
through formation of a disulfide, diselenide or ditelluride bridge (dichalcogenides,
Fig. 1.16a), and those that involve oxidation of the chalcogen itself to the oxide form
(Fig.1.17a).

Dichalcogenides

The sulfide-disulfide oxidation (exemplified in the cysteine to cystine oxidation)
is central to countless biological processes and structures. Ratios of thiol-disulfide
(whether GSH/GSSG or cysteine/cystine) within cells are therefore widely accepted
to be good indicators of cellular oxidative stress [144], ensuring that disulfide is
therefore a suitable redox sensing moiety on which the development of fluorescent
redox sensors can be based. Likewise, the selenide-diselenide oxidation plays an
important role in biology, such as in the catalytic site of glutathione peroxidase [145].
These redox switches have been employed in the development of a limited number
of probes discussed below. One of the first reported reversible redox probes based on
disulfides, carbostyril-Tb, incorporated a carbostyril chromophore separated from a
terbium complex by a hexapeptide linker (Fig. 1.16b) [146]. Upon oxidation, the two
cysteine residues in the linker form a disulfide bridge that brings the carbostyril and
Tb close enough to enable sensitised luminescence, with constant emission intensity
at 400nm enabling ratiometric readout. The reduction potential of this probe has
been reported to be —0.243 mV, which lies well within the biological range. While
this probe was not tested in biological systems, the authors identify the ease with
which the reduction potential can be tuned by modification of the linker. The probe
FSeSeF, which consists of two fluorescein molecules linked by a diselenide bridge
(Fig. 1.16b), utilises an approach similar to the sulfide-disulfide oxidation [75].

Chalcogenoxides

Another strategy for developing fluorescent redox sensors has been to employ chalco-
gens (S, Se and Te), which can be readily and reversibly oxidised to the respective
chalcogenoxides (sulfoxides, selenoxides and telluroxides; Fig. 1.17a). The strategy
of employing chalcogen-chalcogenoxide oxidation was pioneered by the Han group
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Fig.1.16 Reversible redox transformations of a dichalcogenide and b examples of dichalcogenide-
type probes [75, 146, 147]. Reprinted with permission from Angewandte Chemie, Volume 55, Issue
5, published by John Wiley & sons, Inc.

following the decoding of the catalytic sites of GPx, which showed that selenium
in the catalytic pockets reacts with ROS to form selenoxides [145]. The first such
probe, Cy-PSe (Fig. 1.17b), a near IR emitter, was based on photoinduced electron
transfer (PET) between a cyanine signal transducer and a phenyl selenium modulator
[148]. Upon oxidation to Se = O, PET quenching is alleviated, resulting in a turn-
on in fluorescence. Cy-PSe was reported to be selectively oxidised by peroxynitrite
and reduced by glutathione and cysteine. The probe was used to measure peroxyni-
trite in activated mouse macrophages, and its reversibility in biological systems was
demonstrated.

A number of further probes have been developed based on this strategy such as
MPhSe-BOD [151], diMPhSe-BOD [151], HCSe [152]. and NI-Se [153]. This
strategy has also been extended towards the development of probes based on other
chalcogenides—tellurium (2Me TeR [149], Fig.1.17¢) and sulfur ([Ru(bpy)§+]-
PTZ [150], Fig. 1.17d).

1.5.2.4 Nicotinamides and Flavins

Biological systems exhibit complex mechanisms of redox regulation, but the major-
ity of regulatory systems utilise members of the vitamin B group nicotinamides (B3)
and flavins (B2). These vitamins, and particularly their nucleotide derivatives, nicoti-
namide adenine dinucleotide (NAD), flavin adenine dinucelotide (FAD), and flavin
mononucleotide (FMN), act as redox active cofactors and coenzymes in cellular
redox reactions (Fig. 1.18a, b). The first reported use of such vitamins in redox sen-
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sors was a PET-based redox molecular switch consisting of a perylene scaffold linked
to nicotinamide, Perylene-NAD (Fig. 1.18c), which undergoes a 10-fold increase in
emission upon oxidation [154]. This molecular switch can be oxidised by p-chloranil
and reduced by NaBH;CN reversibly for up to 3 cycles, but the process is not selec-
tive for these oxidising and reducing agents. Extensive electrochemical and spectro-
electrochemical studies give an insight into the reduction potential of this sensor and
the plausible electron transfer mechanisms, and highlight the value of these studies
for all redox sensors. There are no other reports of nicotinamide-based fluorescent
redox probes and it appears that the scientific community has underestimated the
potential of the reversible redox properties of nicotinamide.

One of the first reports utilising the reversible redox properties of flavins came from
the Aoki group, which developed Zn>*-tetraazacyclododecane complexes bearing
lumiflavin and tryptophan [155]. Although these complexes were designed for use as
DNA photolyase mimics, the studies emphasised the photochemistry and redox prop-
erties of the flavin scaffold. Later, the same group reported CMFL-BODIPY, con-
taining carboxymethylflavin (Fig. 1.18d). This probe could be reduced by Na;S,04
with a 9-fold decrease in fluorescence emission [156]. The reduction potential of this
probe was reported to be —240 mV, similar to that of cellular flavins. Although the
probes reversibility and selectivity were not reported, studies in HeLa cells demon-
strated the potential of the sensing strategy. Again, the potential of this sensing group
has been underutilised.



26 1 Introduction

Fig. 1.18 Reversible redox (a) LT
transformations of a CONH, // CONH2\
nicotinamide, b flavin moiety H [ H |
4 A +2e- +H+ ' H N |
and c,d selected examples of | ] ’ \ /
probes developed on the Z \f —_— N,\f‘
basis of these oN -2e-, -H+ T

redox-responsive groups
[154, 155]. Reprinted with

permission from Angewandte (b) o TRN o
Chemie, Volume 55, Issue 5, Ny NH 2e-, 2H+ N NH
published by John Wiley & @[ - — @ |\
sons, Inc. MTW N/go - 2e-, 2H+ WTW ﬂ)‘,&o
N/
ON
(© o) o) CONH,
SaGad = o
aSgogta
O O
R = CH(N-CeH3)2 Perylene-NAD
(d) 0 N
N\ Nﬁ \ N\ F
sk H B-
NSNS0 \_\/ F
! ON N \

CMFL-BODIPY

1.6 The Current State of Redox Sensing

This survey of currently available probes reveals the vast potential of the field. In
comparison to the field of irreversible probes, many of which have been reported,
the development of reversible probes has been relatively slow, and certainly warrants
further study.

This literature survey has helped to identify the most promising features of current
probes and determine areas that warrant further attention. The nature of the fluores-
cence change upon oxidation/reduction is crucial in determining the biological utility
of a probe. For turn-on (intensity-based) probes, it is important to consider whether
the signal is enhanced upon reduction (as for nitroxide-based probes) or upon oxida-
tion (as for most other classes of probes). For the former, probes are likely to be best
able to probe questions of hypoxia, or AO efficacy, while the latter will have utility
in uncovering new roles of ROS/RNS. However, more promising still are ratiomet-
ric probes, for which both oxidised and reduced form can be imaged. In addition
to minimising interference from background effects such as probe concentration,
ratiometric probes bear the possibility to enable quantification of relative or abso-
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lute reduction potential, although this remains to be realised. Despite the promise of
probes developed to date, there has been very little work on the rational targeting
of probes to specific cell types, or to sub-cellular organelles. Since the redox envi-
ronment is highly compartmentalised within cells, there is much to be gained from
tools that are able to report on location-specific changes in redox state. Another key
perspective that is often ignored when designing redox probes is tuning the redox
potential of the probes. It is crucial that the probes have a redox potential that falls
within the biologically relevant range (—50 to —300 mV). This is essential to ensure
that the probe which is introduced within the cells to measure its redox state, doesn’t
alter the redox potential of the cell itself.

Development of probes utilising the cells’ own redox regulators such as nicoti-
namides and flavins remains underexplored till date. Redox responsive scaffolds
such as nicotinamides and flavins not only offer reversible redox properties, but also
have reduction potentials well-tuned to the cellular redox events. This suggests that
redox probes based on flavins and nicotinamides would not alter the redox potential
of the cell. In addition, the reduction potential of flavin and nicotinamide scaffolds
can be desirably altered by making suitable structural modifications [157—-159]. This
ability to tune the reduction potential of a probe will enable development of sets
of probes that enable accurate determination of reduction potentials within the cell
(analogous to the use of a range of pH indicators to determine acidity). Furthermore,
the use of naturally existing molecules eliminates concerns related to cytotoxicity,
biological compatibility and cell permeability. Therefore, there is great promise in
the development of fluorescent redox probes based on the naturally existing redox
molecules.

While fluorescence response is routinely screened in a analysis of a new probe,
many studies do not assess the reversibility of the response, the biological sensitivity,
or the biological compatibility, but such information is essential: a reversible probe
that does not enter cells is not likely to be useful in probing intracellular redox
state, nor will a probe with a reduction potential outside the physiologically-relevant
range. Key data to gather includes: reversibility over repeated cycles of oxidation-
reduction; response to a range of oxidants and reductants (to verify selectivity or
global response); stability of signal in the presence of possible interferents such as
metal ions, proteins, or pH changes; effect on cell viability; sensitivity to biologically-
relevant redox changes as well as the stability, retention and photostability of the
probe in time in cellular studies.

Furthermore, the more widespread adoption of fluorescent redox probes will be
facilitated by verification that probes can work by more modalities than just confocal
microscopy, such as flow cytometry and in plate reader assays. While there is still
much work to be done, the promising strategies identified thus far are likely to yield
reversible fluorescent sensors of redox state that can be used to distinguish chronic
oxidative stress from physiological oxidative bursts not only in cultured cells, but
also in vivo studies. The challenge remains to ensure that such probes are put to best
use, and that they are employed beyond the laboratory in which they were developed,
instead becoming invaluable tools for the redox biology community.
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1.7 Objectives

The survey of the literature indicated that there exists a wide array of reaction-
based fluorescent redox probes. The aims of the project described in this thesis were
to design and synthesise a new class of fluorescent redox-responsive probes. The
primary requirement for such tools is reversibility of response to repeated cycles of
oxidation and reduction. In order to have utility in biological studies, however, a
number of other important aspects must be satisfied, which include:

1.

The probe must respond globally to cellular oxidative changes. While reaction-
based (irreversible) probes selective for a particular ROS or redox-active pair
provide valuable details about the role of redox signalling in a particular bio-
chemical pathway, reversible probes that respond to global oxidative changes
are able to report on the overall oxidative capacity of a cell and its recovery from
stress.

. Clear fluorescence response, in which the probe has a high quantum yield and

sufficient Stoke’s shifts, as well as a large difference in the signal between oxi-
dised and reduced forms. Furthermore, a ratiometric response, in which emission
wavelength changes are measured rather than emission intensity, ensures an inter-
nal reference that nullifies any concentration, background and instrument-based
effects.

. The fluorescence properties of the probe should be amenable for use with existing

imaging technologies, such as confocal microscopy and flow cytometry.

. Fastreaction kinetics are essential for instantaneous equilibration with the steady

state of specific ROS/RNS in the local cellular environment and for maximum
spatio-temporal resolution of the signal.

. Sensitivity of response requires that the fluorescence change is triggered by

biologically-relevant redox potentials, or by biologically-meaningful concentra-
tions of ROS/RNS and/or AO.

. Tunability of redox potential will ensure that probes can be developed that cover

the whole range of biologically-relevant redox potentials. Such potentials can
differ significantly depending not only on the stage of cellular development,
cell type and intracellular localization, but also on the considered biologically-
relevant redox pair.

. Biological compatibility requires the optimization of parameters such as suffi-

cient cellular permeability, and specific sub-cellular localization to enable mon-
itoring of oxidative stress at the organelle level. Furthermore, particularly for
reversible probes that offer the potential to monitor cells over time, probes must
be non-toxic, and have minimal effect on cellular homoeostasis.

. The developed probe should be investigated for responsive behaviour in a variety

of biological systems in order to understand the extent and limitations of its
applicability.

This thesis details the work performed towards the design, synthesis and biological
application of reversible redox probes. Chapters2—4 describe the development of
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flavin-based redox probes, for imaging both cytoplasmic and mitochondrial oxida-
tive capacity. Chapter 5 presents the strategies investigated for the development of
ratiometric redox probes based on nicotinamides. Finally, Chaps.6-8 discuss the
biological applications of the developed probes.
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Chapter 2
Flavin Based Redox Probes

2.1 Flavin as a Redox Responsive Scaffold

As outlined in Sect. 1.7, the design of a fluorescent probe requires the selection of
appropriate fluorophores and a suitable redox responsive group. Careful selection
of the redox responsive moiety is crucial as it will define the dynamic range of the
probe and hence will determine the biological questions that can be addressed. A
few important criteria were considered in making this selection:

1. Reduction and oxidation of the sensing group must trigger a change in its fluo-
rescence properties.

2. The redox behaviour of the molecule and hence its fluorescent properties should
ideally be reversible; and

3. The redox potential of the molecule must lie well within the biologically relevant
range.

A redox-responsive group that fulfilled these criteria was the flavin moiety. Flavins
are redox sensitive molecules naturally present in biological systems, as a part of
scaffolds such as flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN),
riboflavin (vitamin B,), and are known to play an important role in orchestrating
redox processes within a cell (Fig.2.1) [1].

It is also well established that the redox responsive range of flavins (—150 to
—400 mV) lies within the biological range [2]. Another interesting property of the
isoalloxazine core of flavins (Fig.2.2a) is that it has a planar structure in the oxi-
dised form, and is fluorescent, emitting green light. Upon reduction of the molecule
specifically at N-1 and N-5 it acquires a bent structure, rendering it non fluorescent
(Fig.2.2b) [3]. Furthermore, a non-hydrogen atom at the N-10 position of the flavin
is essential to stabilise the isoalloxazine form over the alloxazine form (Fig.2.2a),

Parts of the text and figures of this chapter are reprinted from Chemical Communications, Issue
50, and Organic and Biomolecular Chemistry Issue 24, with permission from the Royal Society
of Chemistry.
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Fig. 2.1 The chemical structures of a flavin adenine dinucleotide (FAD), b flavin mononucleotide
(FMN) and c riboflavin

(a) ©
L
N \N/go
H

Isoalloxazine Alloxazine
(b) o
6
R3:7©[lgl\ NP 2H 2H"/ 2¢ :@: 3N’
8 10 1 2 10
R N \N/go
1
Oxidised Reduced

Fig. 2.2 Generic structures of a isoalloxazine and alloxazine forms of the flavin scaffold and b the
oxidised and reduced forms of the isoalloxazine form

and to sustain the reversibility of reduction and oxidation of this molecule [3]. In
addition, since flavins are naturally found in cells, their redox chemistry is well-tuned
to cellular redox processes, therefore making them ideal for incorporation as a redox
responsive group in the probe architecture.

In order to develop a flavin based redox probe, it was decided to suitably mod-
ify flavin structure such that it results in a bathochromic shift of its photophysical
properties, whilst maintaining its reversible redox behaviour. This would ensure that
the probe has fluorescence properties distinct from the naturally occurring flavins
[4]. One of the commonly exploited methods of red-shifting the excitation and emis-
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Fig. 2.3 Structure of Naphthalimide flavin based redox sensor 1 (NpFR1)

sion wavelengths of a molecule is to increase the overall conjugation [5]. To ensure
reversibility of the redox probe it is important to stabilize the isoalloxazine form
of the flavin structure over its alloxazine form. This can be achieved by having a
non-hydrogen atom at the N-10 position on the flavin scaffold.

2.1.1 Naphthalimide-Flavin Redox Sensor I—NpFR1

These strategies were applied by a previous Honours student in the group, Jonathan
Yeow, who incorporated a naphthalimide fluorophore into the flavin structure. This
successfully led to the development of NpFR1 (napthalimide-flavin redox sensor 1,
Fig.2.3).

Preliminary studies (Fig. 2.4) showed that NpFR1 had absorbance maxima at 395
and 463 nm with molar absorptivity coefficients (log ¢) equal to 6.2 and 4 respec-
tively. The emission maximum was found to be at 545 nm. The obtained maxima
indicated 27 and 14nm shifts in absorption and emission respectively compared
to riboflavin (Fig.2.4). Although the bathochromic shift in fluorescence was not as
large as expected, NpFR1 proved to be a good starting point, as its emission spectrum
could be distinguished from that of natural flavins by confocal microscopy. Density
functional theory (DFT) calculations of basic isoalloxazine ring would be required
to further understand the HOMO—LUMO energies and provide useful suggestions
about how to further tune the photophysical properties.

Following these preliminary studies, a more detailed understanding of the fluo-
rescence and redox behaviour of NpFR1 was required before being able to apply the
probe for studying cellular redox state using confocal fluorescence microscopy. This
chapter details the experiments performed towards rigorous characterisation of the
photophysical and redox-responsive properties of NpFR1. Furthermore, synthetic
strategies aimed towards the development of a mitochondrially-targeted derivative
of NpFR1 are also discussed. Aspects of the work described in this chapter have
been published [6, 7].
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Fig. 2.4 Absorption (dashed line) and fluorescence (solid line) spectra of NpFR1 (red) and
riboflavin (black). Excitation was provided at 405 and 465 nm respectively. Spectra were acquired
in HEPES buffer (100 mM, pH 7.4). Reprinted from Chemical Communications, Issue 50, with
permission from the Royal Society of Chemistry

2.2 Results and Discussion—NpFR1

2.2.1 Redox Responsive Properties

The redox responses of NpFR1 were assessed by measuring its fluorescence prop-
erties when treated with reducing and oxidising agents commonly used in biological
experiments, to mimic upper and lower limits of cellular oxidative capacity. Similar
to naturally existing flavins, it was possible to reduce NpFR1 by treating it with mild
reducing agents such as sodium dithionite (Na;S,04), sodium cyanoborohydride
(NaBH3CN), glutathione (GSH) and dithiothreitol (DTT). As depicted in Fig.2.5,
the oxidised form of NpFR1 is fluorescent with an emission maximum at 545 nm.
Treatments with increasing concentrations of reducing agent Na,S,0y, resulted in a
decrease in the intensity of this emission maximum and complete reduction of the
probe was achieved at a concentration of 100 uM (20 equivalents) of the reducing
agent, giving 125-fold lower emission compared to the oxidised form.

In order to assess the re-oxidation of the probe, NpFR1 was completely reduced by
Na;S,0, and then treated with hydrogen peroxide (H,O;). The fluorescence proper-
ties of the probe indicated that NpFR1 was oxidised back to its original isoalloxazine
form upon treatment with hydrogen peroxide, restoring its absorbance and green flu-
orescence. Time based analysis of re-oxidation was performed by examining the
emission profile of NpFR1 at 155 intervals after the treatment of reduced NpFR1
with H,O,. Figure 2.6 indicates that approximately 75% of the original fluorescence
was restored within 2 min following the addition of peroxide and about 92% within
4min (Fig.2.6). The re-oxidation kinetics of NpFR1 were found to be similar to
those of riboflavin reported in the literature [8, 9]. This means that the probe will
be able to detect rapid changes in the oxidative capacity of cells, which is a great
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Fig. 2.5 Fluorescence emission of NpFR1 (5 uM, A.; = 405 nm) with the incremental addi-

tion of sodium dithionite (NaS,04). Reprinted from Chemical Communications, Issue 50, with
permission from the Royal Society of Chemistry
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Fig. 2.6 The fluorescence emission from NpFR1 (5 M) over time. Bars represent the integrated
emission intensity (420 to 650 nm, A, = 405 nm). NpFR1 was reduced with NaxS>04 (100 pM)
and re-oxidised with HyO, (250 wM). All spectra were acquired in HEPES buffer (100 mM, pH
7.4). Error bars represent standard deviation, n = 3. Reprinted from Chemical Communications,
Issue 50, with permission from the Royal Society of Chemistry

advantage over the existing redox probes that require longer treatment durations for
complete oxidation [10].

The reversibility of NpFR1 was assessed by recording the fluorescence emission
profile of NpFR1 upon reduction with Na;S,04, followed by re-oxidation with
H,0; and repeating this cycle several times. The reduction—oxidation cycle could be
repeated up to 7 times without any significant loss of fluorescent response (Fig.2.7a).
This suggests that NpFR1 can be used to monitor changes in cellular oxidative
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Fig. 2.7 Redox responsive behaviour of NpFR1. a Fluorescence response of NpFR1 to cycles of
oxidation and reduction. Reduction was achieved with NayS> 04 (50 uM) followed by re-oxidation
with 250 wM H,0O; b Integrated emission intensity (420 to 650 nm, A,y = 405 nm) of a 5 pM
solution of NpFR1 in the presence of biologically relevant GSH:GSSG ratios (where the total
concentration of GSH + GSSG equals 50 wM in each case) in HEPES buffer (100 mM, pH 7.4).
Error bars represent standard deviation, n = 3. Reprinted from Chemical Communications, Issue
50, with permission from the Royal Society of Chemistry

capacity over time, which would enable a better understanding of redox dynamics
within a cell and its physiological and pathological consequences. This probe is
therefore a valuable addition to the limited number of reversible redox probes that
exist in literature [10-12].

The ratios of reduced to oxidised glutathione (GSH:GSSG) are known to differ
between compartments of the cell, with ratios of 2:1 in the endoplasmic reticulum,
10:1 in the nucleus and mitochondria and 100:1 in the cytoplasm [13]. Interest-
ingly, the probe was able to sense small changes when added to solutions contain-
ing biologically-relevant reduced and oxidised glutathione ratios (Fig.2.7b). This
shows that this probe could be used to acquire information about the redox state
within specific cell organelles by suitably attaching organelle targeting moieties to
the probe structure that would bring about specific localisation. This has been applied
in the development of mitochondrially-targeted derivative of NpFR1, discussed in
Sect.2.2.4.

Since the aim was to develop a probe that responds not only to a single ROS/RNS
but to the overall redox environment, re-oxidation of the reduced form of NpFR1
was assessed in the presence of various biologically relevant ROS/RNS that were
produced in situ. For this experiment the probe NpFR1 (10 pM) was reduced with
sodium dithionite (50 M) and the restoration of its fluorescence emission (indi-
cating re-oxidation) was analysed after treating the reduced probe with 100 WM of
various oxidising agents (Fig.2.8). Re-oxidation was observed to be more rapid with
superoxide and hydrogen peroxide, while #-butylperoxide was the slowest. Even in
this case, however, more than 95% re-oxidation was achieved within 60 min, indicat-
ing that the probe responds to global redox state and not just to individual reactive
oxygen species
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Fig. 2.8 Oxidation of NpFR1 with various oxidising agents. Bars represent the increase in inte-
grated emission intensity (420 to 650 nm, \., = 405 nm) upon re-oxidation of reduced NpFR1
(10 pM in 50 M NayS,04) immediately (grey) and 60 min after (black) the addition of 100
M of oxidising agent. Error bars represent standard deviation, n = 3. Reprinted from Chemical
Communications, Issue 50, with permission from the Royal Society of Chemistry
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2.2.2 Redox Potential

As outlined in Sect. 1.6, it is very important that the redox potential of a redox probe
lies well within the biologically relevant redox potential. Electrochemical studies
were performed to assess the redox responsive range of NpFR1. Cyclic voltam-
mograms were recorded from degassed 5 mM solution of NpFR1 in acetonitrile
containing tetabutylammonium bromide as an electrolyte and ferrocene as an inter-
nal standard.

As calculated from Fig. 2.9, the reduction potential of NpFR1 is —336 mV versus
SHE, and the dynamic range of its redox responsive behaviour extends from —100
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mV to —500 mV, which fits in well with the reduction potential of various biolog-
ical redox reactions [2]. In addition, the shape of the cyclic voltammogram further
confirms that the reduction and oxidation reactions of NpFR1 are reversible.

2.2.3 Control Experiments

In order to assess the applicability of a fluorescent probe in biological systems, it
is necessary to assess any effects that pH or biological concentrations of transition
metals might have on the fluorescence properties of the probe, or even the cyto-
toxicity of the probe. Control experiments were carried out to assess these effects.
The fluorescence properties of NpFR1 did not change significantly across the range
of biologically relevant pH values (4-9; Fig.2.10a). Furthermore, as depicted in
Fig.2.10b, the presence of 50 equivalents of common metal ions, much higher than
the concentrations normally found in cells, did not alter the emission properties of
the probe. These results indicated that other aspects of the biological environment
minimally interfere with probe response, therefore reassuring its applicability for
biological imaging.

Because of its intended use in cell studies, it was necessary to confirm that NpFR1
did not have any cytotoxic effects. The cytotoxicity of the probe in 3T3-L1 mouse
preadipocytes was assessed using the MTT cytotoxicity assay, which is a colorimet-
ric assay for assessing cell viability (Fig.2.11). This assay is based on the principle
that live cells possess NADPH dependant mitochondrial reductases which are capa-
ble of reducing the dye MTT(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide), a yellow tetrazole into a purple coloured formazan which is then solubilised

a b
@, (0) 0]
40
150
>
£ 30 =
@ @
ko) q:_) 100
£ 20 £
10 %07
0 0
2 3 4 5 6 7 8 9 Control Ca?* Mg?*Na* K* Cu?* Cu* Zn** Fe?* Fe®* Mn?*
pH Metals

Fig.2.10 The fluorescence emission from NpFR1 (5 wM) a over a range of pH values and b in the
presence of common metal ions (100 wM). Bars represent the integrated emission intensity (420 to
650 nm, A\, =405 nm) for oxidised (black) and reduced (grey) forms. Error bars represent standard
deviation, n = 3. Reprinted from Chemical Communications, Issue 50, with permission from the
Royal Society of Chemistry
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Fig. 2.11 Principle of the MTT cytotoxicity assay

in DMSO and the absorbance is measured at 600 nm. The intensity of absorbance is
a measure of cell viablity [14].

The MTT assay of NpFR1 was performed by growing 3T3-L1 mouse
preadipocytes (10,000 cells per well) in a 96 well plate overnight followed by treat-
ment with increasing concentrations of NpFR1 (ranging from 0-160 M) for 24 h.
The cells were then treated with MTT (20 pL of 2.5 mg/mL solution in PBS) for 4 h
after which the media was replaced with 150 pL of DMSO and the absorbance was
measured at 600 nm. A plot of the absorbance against the probe concentration gives
the half maximal cytotoxic concentration (ICso—probe concentration at which 50%
of the cells were viable after 24 h). The ICs, value for NpFR1 was found to be 71
WM.

NpFR1 was subsequently utilised by Matthew Anscomb, an Honours student in
the group to measure the differences in oxidative capacity of pre-adipocytes before
and after their differentiation into mature adipocytes. NpFR1 was also employed (50
M, 2 h) to understand the impact of normal (10 wM) and diabetic glucose (25 wM)
concentrations on the oxidative capacity of pre-adipocytes and mature adipocytes
[6]. Considering the treatment time and concentrations used in cellular studies it
was evident that NpFR1 did not produce any toxic effects during the biological
imaging studies. The ability of NpFR1 to reversibly respond to changes in the redox
environment, and report on oxidative changes in an obesity related model made it
an ideal starting point to embark on to developing a mitochondrially targeted redox
probe.

2.2.4 Mitochondrially Targeted Redox Probe NpFR?2

Microscopy experiments by Matthew Anscomb using NpFR1 suggested that the
probe remained principally in the cytoplasm and responded well to redox changes
in the cellular environment. This led to the idea of rationally modifying the probe
structure to target it to the mitochondria—the primary source of ROS/RNS [15].
Having similar probes that localise in cytoplasm and mitochondria would enable an
understanding of the difference in their oxidative capacity and a delineation between
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Fig. 2.12 Mechanism for the selective accumulation of lipophilic cation (TPP) across the cell
membrane and within the mitochondria

the useful and toxic concentrations of ROS/RNS. In order to target molecules to the
mitochondria two essential criteria need to be met-

1.

Positive charge—The plasma membrane of a cell maintains a low membrane
potential (AW, = 30—50 mV; negative inside Fig.2.12) at all times. As a result,
positively charged ions can cross this membrane. Moreover, a substantial poten-
tial difference is maintained across the inner mitochondrial membrane (AW,, =
150—180 mV; negative inside) [16]. This potential difference is significantly
larger than any other area within a cell. As a result positively charged molecules
are selectively attracted to the mitochondria resulting in a several hundred-fold
accumulation inside the organelle [17]. A widely used strategy for targeting the
mitochondria harnesses this remarkable property of the mitochondrial membrane
and is based on incorporating cationic moieties within the scaffold.
Lipophilicity—In addition to a positively charged moiety, sufficient lipophilic-
ity is also vital to achieve selective mitochondrial localisation. A highly localised
positive charge would result in ion hydration, thereby rendering the probe cell-
impermeable. Scaffolds that possess large hydrophobic surface area, capable of
extensive charge delocalisation easily permeate the cell membrane and then accu-
mulate within the mitochondria.

The triphenylphosphonium (TPP) cation has three hydrophobic phenyl residues that
delocalise the positive charge present on the central phosphorous atom, and there-
fore perfectly satisfies the set standards for mitochondrial targeting and has been
extensively utilised for this purpose (Fig.2.12) [17, 18]. Therefore to develop a
mitochondrially targeted redox probe, incorporation of a TPP moiety in the NpFR1
structure was pursued.
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2.2.5 Mitochondrial Targeting Strategies

It was anticipated that modifications of NpFR1 structure to include a TPP cation
would give mitochondrial localisation, but it is essential to ensure that the photo-
physical and redox responsive properties are retained. For this purpose, a TPP moiety
needed to be incorporated into the structure via an aliphatic linker. As indicated in
Fig.2.13, two possible sites of incorporation (at N — 8 and N-13) were identified and
pursued.

2.2.6 Synthesis

2.2.6.1 Targeting via N-13

Initially, the attachment of the TPP moiety was attempted at the N-13 tail. One of the
well-tested methods of attaching a TPP moiety is to have a good terminal leaving
group such as a bromide, triflate, tosylate or mesylate that will readily react with
triphenylphosphine to give the corresponding TPP salt. The synthetic scheme was
therefore designed to generate a reactive bromide terminal at N-13. As shown in
Scheme 2.1, alkylation of 4-bromo-1,8-naphthalic anhydride (1) with propylamine
was achieved by heating under reflux in ethanol for over 12 h, yielding 4-bromo-
N-propyl-1,8-naphthalimide (2). The obtained product was nitrated using sodium
nitrate in sulfuric acid at 0 °C, to afford 3-nitro-4-bromo-N-butyl-1,8-naphthalimide
(3) in a procedure analogous to the synthesis of NpFR1.

At this step the terminal bromide was introduced by alkylation with
3-bromopropylamine hydrobromide in acetonitrile at room temperature in the pres-
ence of a hindered organic base DIPEA, to give the corresponding N-alkylated prod-
uct (4) within 2 h. 4 bore a reactive terminal alkyl bromide, the requisite for TPP
attachment. Reduction of 4 with stannous chloride (SnCl,) in hydrochloric acid (HCI)
resulted in a mixture of products, due to possible polymerisation and intra-molecular
reaction owing to the reactive bromine and amino groups. Considering the difficulty
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Scheme 2.1 Attempted synthesis of NpFR2 bearing the mitochondrial targeting group at N-13

of purification and instability of the crude mixture, this site of attachment was not
pursued further, and attention was instead focussed on the N-8 position.

2.2.6.2 Targeting via N-8

Simultaneous attempts to place the TPP group at the N-8 position proceeded with the
alkylation of 1 with 3-bromopropylamine hydrobromide, to introduce the desired
terminal bromide (Scheme 2.2). Alkylation was carried out in the presence of
DIPEA while heating under ethanol reflux, to give 4-bromo-N-(3-bromopropyl)-
1,8-naphthalimide (8). Subsequent nitration gave 9, which was alkylated with propy-
lamine to afford 10. Considering the synthetic difficulties after reduction of the nitro
group that were experienced in the previous attempt, it was decided to pursue the
formation of the TPP salt prior to reduction. Room temperature reaction of 10 with
triphenylphosphine in acetonitrile did not show any reaction progress. Increasing the
reaction temperature and times did not result in satisfactory progress, possibly due
to the bulky nature of the TPP group.

Attachment of the TPP at the beginning of the synthetic scheme was therefore
attempted. This was initially avoided because of the potential instability of the TPP
moiety in the harsh acidic conditions employed later in the synthesis. As seen
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Scheme 2.2 Attempted synthesis of NpFR2 bearing the mitochondrial targeting group at N-8

in Scheme 2.3, the TPP salt of 3-bromopropylamine hydrobromide was prepared
by reacting 14 with TPP in acetonitrile and heating under reflux. The resulting
(3-aminopropyl) triphenylphosphonium bromide hydrobromide (15) was heated
under reflux with 4-bromo-1,8-naphthalic anhydride (1) in the presence of a hin-
dered base, DIPEA, to yield 16. Nitration of 16 with sodium nitrate (NaNO3) in
sulfuric acid (H,SO4) at —10 °C gave 17. In contrast to the conditions used in the
Sect.2.2.6.1, nitration was carried out at lower temperature for shorter duration (30
min) to prevent nitration of the phenyl groups of the TPP scaffold. Alkylation of 17
with propylamine using acetonitrile as the solvent at room temperature afforded 18
which was subsequently reduced by stannous chloride (SnCl,) in hydrochloric acid
(HCI) to give an o-diamino derivative 19.

Aromatic derivatives that bear adjacent primary and secondary amines have been
reported to be suitable substrates for the synthesis of isoalloxazine form of flavins
using the alloxan monohydrate method [19]. Due to its instability in air, the formed
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Scheme 2.3 Modified synthesis of NpFR2 bearing the mitochondrial targeting group at the N-8

o-diamino derivative (19) was immediately treated with alloxan monohydrate in
the presence of boric acid (B(OHj3)), using acetic acid as the solvent. Thin layer
chromatography (TLC) analysis of the crude reaction mixture indicated the pres-
ence of multiple products and was therefore purified using preparative TLC using
DCM:MeOH (90:10) as the eluent, to give the desired product NpFR2 in modest
yields.

2.3 Photophysical and Redox Responsive Properties

Having synthesised NpFR2, the next step was to characterise its fluorescence and
redox sensitive behaviour in comparison to NpFR1. The photophysical properties of
NpFR2 were determined in HEPES buffer (100 mM, pH 7.4) to best mimic biological
conditions. As expected, the photophysical behaviour of NpFR2 was comparable to
that of NpFR1. Figure 2.14 clearly indicates that NpFR2 has absorption maxima at
470,489 and 530 nm (Log € = 3.8, 5.9 and 3.1 respectively), and maximum emission
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Fig. 2.14 Absorption (red) and fluorescence (black) spectra of NpFR2. Excitation was provided
at 488 nm. Spectra were acquired in HEPES buffer (100 mM, pH 7.4)
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Fig. 2.15 a Fluorescence emission spectra of NpFR2 (10 pM, )., = 488 nm) with the incremen-
tal addition of sodium dithionite. b Fluorescence response of NpFR2 to cycles of oxidation and
reduction. Reduction was achieved with sodium dithionite (100 wM) followed by re-oxidation with
250 uM H,0,. Reprinted from Organic and Biomolecular Chemistry, Issue 24, with permission
from the Royal Society of Chemistry

at 545 nm. The quantum yield of NpFR2 fluorescence emission was measured against
a fluorescein standard and was calculated to be 0.26.

As in the case of NpFR1, the ability of NpFR2 to respond to the presence of
common reducing and oxidising agents was tested. In the oxidised form, the observed
fluorescence of NpFR2 at 545 nm could be attributed to is a planar isoalloxazine ring
conformation (Fig.2.15). As for NpFR1, reduction of NpFR2 could be achieved by
treatment with common mild reducing agents such as sodium dithionite, sodium
cyanoborohydride, glutathione (GSH) and dithiothreitol (DTT) resulting in a com-
plete loss of fluorescence. As depicted in Fig.2.15a the oxidised form of NpFR2
is emissive at 545 nm, while reduction of the probe with 100 uM reducing agent
exhibits 115-fold lower emission. Further, the reduced form of NpFR2 could be
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re-oxidised by air or by hydrogen peroxide, restoring its planar isoalloxazine form
and therefore its original fluorescence emission profile.

Similar to NpFR1, the reversibility of NpFR2 was assessed by analysing the flu-
orescence profile of NpFR2 by reducing the probe with sodium dithionite, followed
by re-oxidation with H,O, and repeating this cycle several times. One can clearly
elucidate from Fig. 2.15b that the reduction-oxidation cycle can be repeated for up to
7 cycles without a significant loss in fluorescence response thus reassuring that the
reversibility of the redox responsive properties of NpFR2 remains unaffected. The
fluorescence properties of the probe in conjunction with its redox state and the kinet-
ics of re-oxidation suggest that NpFR2 follows a similar sensing mechanism to that
of riboflavin and NpFR1, thus confirming that the TPP tag on the molecule has not
affected its fluorescence and redox properties. Figure 2.16 depicts the re-oxidation
of reduced NpFR2 as measured by restoration of its fluorescence, in the presence
of various biologically relevant oxidants. Hydrogen peroxide and superoxide were
observed to be the most rapid. Nevertheless, NpFR2 was oxidised almost completely
by all oxidants within 30 min. Furthermore, the fact that NpFR2 could be re-oxidised
by a range of diverse oxidants demonstrates that NpFR2 can be used as a sensor for
the global redox state, which can provide complimentary information to sensing a
single ROS/RNS. This piece of information is critical for meaningful interpretation
of results from biological imaging experiments.
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Fig. 2.16 Oxidation of NpFR2 with various oxidising agents. Bars represent the increase in inte-
grated emission intensity (A.y = 488 nm, A, = 490 —600 nm) upon re-oxidation of reduced
NpFR2 (10 uM in 50 uM sodium dithionite) immediately (grey) and 30 min after addition of 100
WM of oxidising agent. Error bars represent standard deviation n = 3. Reprinted from Organic and
Biomolecular Chemistry, Issue 24, with permission from the Royal Society of Chemistry
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Fig. 2.17 The fluorescence emission of NpFR2 (10 pM) a across a range of pH values and b
in the presence of common metal ions (100 wM). Bars represent the integrated emission intensity
(Aex = 488 nm, A, = 490 — 600 nm) for oxidised (black) and reduced (grey) forms. Error bars
represent standard deviation n = 3. Reprinted from Organic and Biomolecular Chemistry, Issue
24, with permission from the Royal Society of Chemistry

2.3.1 Control Experiments

Just as in the case of NpFR1, control experiments were performed by assessing
the fluorescence properties of the reduced and oxidised forms of NpFR2 across
biologically relevant pH range 4-9 (2.17a) as well as in the presence of biologically
available metal ions (2.17b). The emission of neither reduced nor oxidised NpFR2
was altered significantly by the variations in the pH of the medium or by the presence
of common metal ions, therefore confirming that the redox response of the probe is
unaffected by other aspects of the biological surroundings.

Furthermore, it is also important to check that addition of the probe to a biological
sample does not have any toxic effects on the cells. Standard MTT cell viability assay
was carried out by treating HeLa cells with concentrations of NpFR2 ranging from
0-160 uM for 24 h. The value of ICsy was found to be 65 wM for 24 h, which enables
the estimation of the concentration of the probe and the duration of treatment that
can be applied to biological systems for sensing applications. Therefore, it is crucial
to perform biological investigations at concentrations below 65 WM and treatment
times shorter than 24 h, to ensure that toxicity would not be a major contributor to
the metabolic response.

2.3.2 Mitochondrial Localisation

Having established the redox responsive properties and reversibility of the probe
the next step was to test its ability to localise in the mitochondria of cultured cells.
Co-localisation experiments are a standard way to determine sub cellular locali-
sation of new fluorescent molecules. These experiments involve co-staining with
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known tracker dyes that have been established to localise within specific sub cellular
organelles, in this case the mitochondria. When choosing a tracker dye, it is important
to ensure that the fluorescence emission of the tracker dye is significantly different
to that of the fluorescent probe being tested, so that there is minimal interference.
An overlay image of the two dyes (tracker and the probe) gives information about
the extent of co-localisation.

Mitochondrial co-localisation studies were performed with RAW 264.7 murine
macrophages as a representative biological system. Commercially available dyes that
localise in the mitochondria (Mitotracker DeepRed FM) and lysosomes (Lysotracker
DeepRed FM) were selected because their fluorescence profile (\., = 633 nm, \.,,
= 650 — 750 nm) was significantly different to that of NpFR2 ()., = 488 nm, A,
=490 — 600 nm).

Cells were stained individually with NpFR2 and Mitotracker DeepRed FM, as
well as co-stained with the two dyes, while unstained cells were also maintained as a
control (Fig.2.18). Under excitation by a 488 laser (Fig. 2.18), control cells untreated
with the probe showed negligible fluorescence whilst the cells treated with NpFR2
(10 wM, 15 min) showed significant fluorescence in channel 1 (\., = 488 nm, A,
490 — 600 nm). Furthermore, NpFR2-treated cells exhibited minimal fluorescence in
channel 2 (A, = 650 — 750 nm), whilst those treated with Mitotracker deep red FM
(50 nM, 15 min) or Lysotracker DeepRed (100 nm, 15 min) fluoresce only in channel
2, thus confirming that there is no interference between the fluorescence properties
of the probe NpFR2 and the tracker dyes. Cells were co-stained with NpFR2 (10
1M, 15 min) and Mitotracker deep red FM (50 nM, 15 min) and the fluorescence
images obtained in two distinct channels—channel 1 and channel 2 (Fig.2.19). The
fluorescence images from both the channels were then merged using FIJI (National
Institutes of Health), an image processing software. The yellow regions in the merged
image suggest that NpFR2 co-localises with the Mitotracker.

Further confirmation can be obtained by analysing the degree of overlap of flu-
orescence distribution in two different channels also called Pearson’s colocalisation
coefficient (PCC) the values of which range from —1 to 1 [20]. PCC value of 1
indicates that the fluorescence intensities of both the images are linearly co-related,
giving a linear PCC scatter plot. A PCC value near zero reflects fluorescence dis-
tributions that are uncorrelated with one another whereas a value of -1 for indicates
the fluorescence intensities are inversely related to each other [20]. The PCC for
NpFR2 was determined using FIJI, to give a value of 0.94 thus confirming that
the sub cellular localisation of NpFR2 is within the mitochondria. Co-staining of
RAW 264.7 cells with NpFR2 and Lysotracker DeepRed FM revealed significantly
different localisation regions (Fig.2.19), accompanied by a poor PCC of 0.10 thus
confirming that NpFR2 does not localise within the lysosomes.

Having confirmed the redox-sensing abilities and mitochondrial localisation of
NpFR2 in cultured cells, the probe was utilised to investigate variations in the mito-
chondrial redox state of specific haematopoietic cell types isolated from mice. These
experiments are discussed in Chap. 7.


http://dx.doi.org/10.1007/978-3-319-73405-7_7

2.3 Photophysical and Redox Responsive Properties 55

Channel 1 Channel 2 Merged image
a ..
\-l'\_

NpFR2 -~

o ...
LySOtraCKOr...

Fig.2.18 Confocal microscopy images of RAW 264.7 cells untreated and cells treated with NpFR2
(20 uM, 15 min), Mitotracker DeepRed FM (100 nM, 15 min) and Lysotracker DeepRed (100 nM,
15 min), in channel 1 (A, =488 nm, A\, =495 — 600 nm), channel 2 (100 nM, \,, = 633 nm, \.,,
=650 — 750 nm) and merged images of channel 1 and 2. Reprinted from Organic and Biomolecular
Chemistry, Issue 24, with permission from the Royal Society of Chemistry
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Fig. 2.19 Confocal microscopy images of RAW 264.7 cells co-stained with NpFR2 (20 wM), and
Lysotracker DeepRed (100 nM) for 15 min, in channel 1 (A, = 488 nm, \.,, = 495 —600 nm),
channel 2 (100 nM, A,y = 633 nm, A, = 650 —750 nm) and merged images of channel 1 and
2. Intensity correlation plots (PCC) of NpFR2 (x-axis) versus Mitotracker deep red (y-axis) and
Lysotracker deep red (y-axis). Reprinted from Organic and Biomolecular Chemistry, Issue 24, with
permission from the Royal Society of Chemistry

2.4 Conclusions

The investigations performed this far establish the use of flavins as sensors of cellular
redox state. With the ability to reversibly respond to reduction and oxidation events by
changing its fluorescence emission properties and a reduction potential lying within
the biological range, flavins exhibit immense potential for use as imaging tools. The
photophysical properties of the flavin scaffold can be red-shifted by incorporating
another fluorophore within its structure, as seen in case of NpFR1. Furthermore,
this strategy did not alter the electrochemistry and redox-responsive abilities of the
flavin component. The fluorescence and redox behaviour of the probes remained
unaffected over a range of pH values and in the presence of biologically-relevant
metal ions. Such control experiments are crucial and ensure the applicability of the
developed probe in biological systems with minimal or no interference from the
cellular environment.

In addition, a mitochondrially-localising derivative NpFR2 has been developed
by introducing a triphenylphosphonium tag via an aliphatic linker on the NpFR1
scaffold. The TPP tag successfully delivered the probe to the mitochondria without
altering its fluorescence and redox sensing properties. Having a set of similar probes
that localise in different compartments of the cell—the cytoplasm and mitochondria
would be valuable to distinguish between the variations in oxidative capacity of
mitochondria and cytoplasm. NpFR1 and NpFR2 have been further applied in a
variety of biological systems to interrogate variations in oxidative capacity within
these systems. These experiments have been discussed in Chaps. 6-8.
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Chapter 3
FRET Based Ratiometric Redox Probes

To date, only a limited number of reversible redox probes have been reported, most of
which are intensity-based, for example NpFR1 and NpFR2 reported in the Chap. 2
[1, 2]. In such probes, the fluorescence emission intensity correlates to the oxidative
capacity of the environment (Fig. 3.1a). Intensity-based probes are simple and offer
an easily interpretable readout. Nevertheless, one needs to consider the fact that
changes in the fluorescence intensity of such probes may also arise from variations
in probe concentration, probe environment (pH, transition metals) and instrumental
factors (such as excitation intensity, emission collection efficiency), which may be
falsely interpreted as a reflection of redox changes [3]. Furthermore, it is difficult
to conclude whether a lack of fluorescence signal corresponds to the absence of
the analyte or the probe itself. New generation ratiometric probes offer an excellent
way of overcoming these shortcomings. This chapter details the design and synthetic
strategies employed towards the development of a ratiometric redox probe, which is
then employed in biological imaging experiments. Aspects of the work described in
this chapter have been published in Chemical Communications [4].

3.1 Ratiometric Probes

Ratiometric probes report an event through modulation in the response of two dif-
ferent excitation and/or emission maxima. The ratio of these two peaks is calculated
rather than the intensity of a single peak (Fig.3.1b). Ratiometric probes thus offer
an internal reference, eliminating accumulation and instrument-based false positives,
and therefore enable extraction of quantitative information about the event of interest

Parts of the text and figures of this chapter are reprinted from Chemical Communications, Issue
52, with permission from the Royal Society of Chemistry.

© Springer International Publishing AG 2018 59
A. Kaur, Fluorescent Tools for Imaging Oxidative Stress in Biology,
Springer Theses, https://doi.org/10.1007/978-3-319-73405-7_3


http://dx.doi.org/10.1007/978-3-319-73405-7_2

60 3 FRET Based Ratiometric Redox Probes
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Fig. 3.1 Typical fluorescence response of a intensity-based and b ratiometric probes

[3]. There is therefore great value in seeking robust methods to develop ratiometric
Sensors.

3.1.1 Forster Resonance Energy Transfer-FRET

There are a number of different mechanisms enabling a ratiometric fluorescence
response, such as intra-molecular charge transfer (ICT) [5, 6], excited state intra-
molecular proton transfer (ESIPT) [7] and aggregation induced emission (AIE) [8].
One well established method is Forster Resonance Energy Transfer (FRET)—a dis-
tance dependent energy transfer mechanism that operates between two fluorophores
for which the emission profile of one fluorophore (referred to as the donor) shows
a significant overlap with the excitation profile of the other fluorophore (called the
acceptor, Fig.3.2) [9]. As a consequence of this overlap, the excited donor fluo-
rophore non-radiatively transfers its energy to the acceptor fluorophore, which then
fluoresces (Fig.3.2) [9].
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Fig. 3.2 The spectral overlap (shaded yellow) between the donor-emission (blue, solid) and
acceptor-excitation (red, dashed) profiles (left) is crucial for the FRET-based energy transfer from
an excited donor (D) to the acceptor (A) fluorophore (right)

FRET is a valuable design strategy that can be employed to make a ratiomet-
ric responsive probe by incorporating a responsive fluorophore into the structure.
Depending on whether the donor or the acceptor is chosen as the responsive group,
the fluorescence response can be :

e Excitation ratiometric—such probes are excited alternately by two independent
excitation wavelengths and the emission at a single wavelength detected (Fig. 3.3a).
The ratio of emission intensities at two different excitation wavelengths is used to
quantify the signalling event.

¢ Emission ratiometric—these probes are excited with light of a single wavelength
and the emission is detected at two independent wavelengths. The ratio of these two
emissions can then be successfully applied to assess a particular event (Fig. 3.3b).
Simultaneous real time data collection and simplicity of instrumentation make
emission ratiometric probes preferable over excitation ratiometric ones.

The efficiency of FRET depends primarily on two factors: the extent of overlap
between donor emission and acceptor excitation profiles; and secondly, the distance
between the two fluorophores [10]. Therefore, in order to successfully design a FRET-
based ratiometric probe, both the fluorophores as well the linker between them must
be carefully selected. The aim of this section of the work was to investigate FRET
as a strategy to develop a ratiometric redox probe.

3.2 Designing a FRET-Based Redox Probe

The design of a FRET-based ratiometric probe to respond to redox state required
judicious selection of three essential components—a redox responsive moiety, a
donor-acceptor FRET pair and an appropriate linker, which are discussed below.
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3.2.1 Redox Responsive Moiety

As highlighted in Sect. 2.1, flavins are an ideal choice for the redox responsive group
because they play important roles in regulating sub-cellular redox processes and are
therefore well-tuned to the biologically relevant redox potential. The fluorescence
properties of flavins are indicative of their redox state, with negligible absorbance
and emission in the reduced form and green fluorescence upon oxidation. Therefore,
to develop a FRET-based redox probe two flavin derivatives were investigated—a
naturally occurring flavin derivative (tetraacetylriboflavin, Fig. 3.4a) and a synthetic
flavin (N-ethylflavin, Fig. 3.4b).
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3.2.2 FRET Pair

Designing aredox probe that is emission ratiometric demanded that the redox respon-
sive flavin moiety be used as the acceptor, and a suitable donor fluorophore be
selected. Analysing the absorbance and emission spectrum of flavin, it was under-
stood that a donor fluorophore that would form an ideal FRET pair with flavin
should ideally have an emission spectrum ranging from 350 to 480 nm, i.e. the
blue region of the spectrum (Fig.3.5). There is a broad array of blue fluorescent
molecules in the literature [11], amongst which coumarins have been extensively
studied and their photophysical properties well established [12]. Minor synthetic
modifications to the coumarin scaffold can help tune the photophysical properties of
the molecule. Figure 3.5 demonstrates the significant overlap of the emission spec-
trum of 7-diethylaminocoumarin with the excitation spectrum of a flavin, confirming
that coumarin would be an ideal choice as a donor molecule to form a FRET pair
with flavin.

Therefore, three coumarin derivatives—7-amino-4-methylcoumarin, coumarin-
3-carboxylic acid, and 7-diethylaminocoumarin-3-carboxylic acid (Fig.3.6) were
identified as potential donor molecules for effective FRET activity when paired with
a flavin acceptor. 7-Diethylaminocoumarin has been extensively used for imaging
purposes [13], with maximum absorbance at 410 nm (Fig.3.5), this dye is well-
suited for use with a range of imaging instruments usually equipped with a 405 nm
excitation laser.

Fig. 3.5 Absorbance
(dashed line) and emission 5
(solid line) spectra of
7-diethylaminocoumarin
(blue, 10 uM) and
N-ethylflavin (red, 10 uM)
in HEPES buffer (100 mM,
pH 7.4) indicating a
significant overlap (shaded
yellow) of the emission
profile of the coumarin
moiety with the absorbance
of the flavin

Normalised intensity

T T T T
350 400 450 500 550 600
Wavelength / nm
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Fig. 3.6 The chemical structures of a 7-amino-4-methyl coumarin, b coumarin-3-carboxylic acid
and ¢ 7-diethylaminocoumarin-3-carboxylic acid

3.2.3 Linker

FRET is a distance-dependent process, where the efficiency of FRET between the
donor and acceptor is inversely proportional to the sixth power of the distance between
them (Eq.3.1) [9, 10]. Forster radius (R,) is the distance at which the efficiency of
energy transfer is 50%. For efficient FRET to occur, the donor-acceptor distance (r)
must lie within 10-100 A[14].

R

E=—n——
(RS + %)

3.1)

E = FRET efficiency
R, = Forster radius
r = actual donor-acceptor distance

For the purpose of tethering the donor and acceptor fluorophores, short aliphatic
hydrocarbon linkers are commonly employed [15]. Furthermore, cycloalkyl linkers
with limited rotational freedom, provide greater rigidity and stability to the FRET
pair [16, 17]. Therefore, in this study, two types of linkers were utilised: aliphatic
hydrocarbon chains 2-3 carbons in length, and 6-membered cycloalkanes bearing
suitable functional groups on either side for reaction with flavin and coumarin syn-
thons. Figure 3.7 depicts the structures of target molecules comprising the three vital
components to make a FRET-based ratiometric redox probe.

In the oxidised form, the flavin has a planar conformation that is fluorescent, and
shows significant overlap of its absorbance with the donor emission profile. It was
hypothesised that in the oxidised form, excitation of the coumarin donor would induce
a non-emissive energy transfer to the flavin acceptor, resulting in its excitation. The
excited flavin would then emit green fluorescence. However, in the reduced form, the
flavin molecule assumes a bent conformation that is colourless and non-fluorescent
and therefore does not absorb energy in the visible region of the spectrum. As a
result, the spectral overlap between the coumarin emission and flavin absorbance is
minimised, so excitation of coumarin would result in blue donor emission.
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3.3 Synthesis of Flavin Based Ratiometric Redox Probe

Tethering a flavin molecule to a coumarin via an aliphatic linker can essentially be
achieved by three synthetic strategies (Fig. 3.8).

1. Installing the linker on the flavin molecule before appending to the coumarin
(Fig.3.8a);

2. Installing the linker on the coumarin molecule before appending to the flavin
(Fig. 3.8b);

3. Suitable modification of both the flavin and coumarin moieties to tether them
together, thereby generating the linker in a convergent manner (Fig. 3.8c).

All the three strategies were exploited at different stages of this project.

3.3.1 |Installing the Linker on the Flavin

The first trial towards the development of a FRET based redox probe involved suitable
modification of the flavin molecule in order to prepare it for attachment onto a
coumarin, in this case 7-amino-4-methyl coumarin. This would require that the linker
on the flavin bears a good leaving group such as a tosyl (p-toluenesulfonate) group,
for substitution with the amine functional group on the coumarin (Fig.3.9).
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Fig. 3.8 An illustration of different synthetic approaches towards developing a flavin-coumarin
FRET probe. a Installing the linker on the flavin molecule before appending to the coumarin,
b installing the linker on the coumarin molecule before appending to the flavin and ¢ suitable
modification of both the flavin and coumarin moieties to tether them together
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Fig. 3.9 Tosylation strategy to tether flavin and coumarin

3.3.1.1 Synthetic Attempts with Riboflavin

The first flavin investigated was the naturally-occurring riboflavin. However, the polar
ribitol tail at the N-10 position of this highly hydrophilic molecule poses synthetic
challenges because of its poor solubility in organic solvents. Past attempts to improve
the solubility of riboflavin include acetylation of the hydroxyl groups on the ribitol
chain, which drastically decreases the polarity of the molecule, making it easier to
work with [18].

Acid-catalysed acetylation (Scheme 3.1) of riboflavin (20) afforded tetraacetyl-
riboflavin (21), which was then subjected to alkylation at the N-3 position by 2-
bromoethanol in the presence of mild inorganic base to give 22. 22 bears a terminal
-OH group at the N-3 position, and it was hoped that this could then be converted
into a tosyl group. Several approaches for tosylation were attempted involving long
reaction times, as well as addition of various bases (such as pyridine) both in dilute
conditions and neat but, none were successful. It was hypothesised that the acid-
base labile acetyl groups might interfere with the tosylation reaction, giving many
degradation products.
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Scheme 3.1 Attempted synthesis of riboflavin-coumarin ratiometric probe 24

3.3.1.2 Synthetic Attempts with N-ethyl flavin

Due to the instability of the acetyl groups present on the tetraacetylriboflavin, syn-
thetic efforts shifted towards N-ethyl flavin (NEF) (Scheme 3.2), another member of
the isoalloxazine family. It was anticipated that N-ethyl flavin would have improved
solubility compared to riboflavin. Scheme 3.2 shows the steps in the synthesis of
N-ethyl flavin.

Reaction of 6-chlorouracil (26) with excess N-ethylaniline (25) at high tempera-
ture afforded the alkylated product (27) [19]. Nitration of 27 with sodium nitrite in
acetic acid gave the nitroxide derivative 28 [19], which was then subjected to reduc-
tion by sodium dithionite in water, followed by overnight oxidation with hydrogen
peroxide to give N-ethyl flavin (NEF).

NEF was then subjected to similar reactions as for the tosylation strategy of
tetraacetylriboflavin outlined in Sect.3.3.1.1 (Scheme 3.3). Alkylation of N-ethyl
flavin with 2-bromoethanol gave 29, but tosylation of the terminal alcohol group
could not be achieved despite employing harsh reaction conditions involving the
presence of various bases, higher reaction temperatures and longer reaction times.

3.3.2 Installing the Linker on the Coumarin

Unsuccessful attempts with the tosylation strategy shifted attention towards building
the linker on the coumarin scaffold such that it bears a suitable functional group for
alkylation at the N-3 position on the flavin (Fig. 3.8b). For this purpose, coumarin-3-
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carboxylic acid was used. Activation of carboxylic acid (32) to its N-hydroxy succin-
imide ester (33) was achieved using the peptide coupling agent dicyclohexylcarbodi-
imide (DCC) (Scheme 3.4). Reaction of 33 with 3-bromopropylamine hydrobromide
in the presence of a base afforded the coumarin amide (34) bearing a terminal bro-
mide, which was then successfully utilised for N-3 alkylation of NEF in the presence
of a base to give flavin coumarin redox sensor (FCR).

3.3.2.1 Photophysical and Redox Properties of FCR

Following successful synthesis of FCR, its photophysical and redox responsive abil-
ities were tested. Photophysical characterisation FCR was performed in HEPES
buffer (100 mM, pH 7.4). In the oxidised form, excitation of FCR at 350 nm resulted
in a green fluorescence with maximum emission at 520 nm (@ = 0.233, Fig. 3.10a).
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The absence of the blue donor emission is consistent with an efficient FRET interac-
tion between the two fluorophores in this state. Treatment of FCR with a mild reduc-
ing agent, sodium cyanoborohydride, caused reduction of the flavin. This resulted
in a decrease in the intensity of green fluorescence accompanied by a simultaneous
increase in the blue fluorescence band centred at 420 nm (@ = 0.146, Fig. 3.10a). This
is consistent with a decrease in FRET interaction between the donor and acceptor flu-
orophores. The ratio of flavin to coumarin emission intensities (Ispo/I420) upon excita-
tion of FCR at 350 nm decreased approximately 10-fold upon reduction (Fig. 3.10b).
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Fig. 3.10 a Fluorescence behaviour of FCR (10 uM, ., = 350 nm) in the oxidised (green) and
reduced (blue) form upon addition of NaBH3CN, b ratio of green/blue emission of FCR (10 pM)
b with incremental addition of NaBH3CN in HEPES buffer (100 mM, pH 7.4)
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Fig. 3.11 The chemical structures of a coumarin, b 7-amino-4-methyl coumarin and ¢ 7-
diethylaminocoumarin-3-carboxylic acid

3.4 Developing a Second Generation FRET Based Redox
Probe

The above results confirmed that coumarin and flavin molecules could be combined
to generate a FRET probe, with FCR showing a ratiometric fluorescence response to
the redox state. Nevertheless, a key shortcoming of FCR was its maximum excitation
wavelength of 350 nm, which lies in the ultraviolet range. Such short wavelengths
of light have been shown to induce the production of ROS/RNS within a biologi-
cal cell [20]. Using a probe with such short excitation wavelengths could result in
false positives, thus limiting the application of FCR as a redox probe for biologi-
cal systems. In addition, exchanging the flexible alkyl linker between the donor and
acceptor fluorophores with a constrained one, would improve the FRET efficiency.
Therefore, a second generation FRET-based redox probe was designed to incorporate
two necessary changes:

1. Bathochromic shift in the excitation and emission profiles of the coumarin,
achieved by simple variations in functional groups around the coumarin scaffold
that can drastically change its photophysical properties. The presence of an elec-
tron donating amine group at position 7 on the molecule (Fig.3.11a) has been
shown to red shift the excitation and emission maxima of coumarins [12]. For this
reason, 7-amino-4-methyl coumarin (Fig.3.11b) and 7-diethylaminocoumarin-
3-carboxylic acid (Fig.3.11c) were considered suitable.

2. A constrained linker based on a hydrocarbon molecule such as a 1,4-disubstituted
cyclohexane, or a heterocycle such as a 1,4-disubstituted triazole ring (Fig. 3.12),
that would impart rigidity to the structure.

3.4.1 Modification of both Flavin and Coumarin

At this stage, the third strategy mentioned in Sect. 3.3 that involved strategic modi-
fication of both flavin and coumarin molecules to generate a linker (Fig. 3.8c), was
taken into consideration whilst incorporating the changes outlined above.
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34.1.1 Click Chemistry

Click chemistry is an extensively-utilised synthetic coupling strategy [21]. For
the conjugation of two molecules, the most well-known click reaction is the
copper(I)-catalysed azide-alkyne cycloaddition (CuAAC), which involves a 1,3-
dipolar cycloaddition reaction between a terminal alkyne and an azide in the presence
of Cu(I) to yield a 1,4-disubstituted five membered 1,2,3-triazole ring (Fig.3.13a)
with very high selectivity. The planar 1,2,3-triazole ring formed as a result of the
click reaction would impart rigidity to the probe structure. It was therefore planned
to use this Cu(I) catalysed click chemistry to develop a second generation FRET
based redox sensor (Fig.3.13b).

The use of this strategy required an alkyne group on one fluorophore and azide
on the other. Aromatic amines can be readily converted to azides via diazonium
intermediates [22], and by employing this strategy, 7-amino-4-methylcoumarin (35)
was converted to a diazonium intermediate, followed by reaction with sodium azide
which yielded the azide building block (36) (Scheme 3.5). The alkyne functional
group was then attached to the flavin molecule (37) by an N-3 alkylation of NEF
with propargyl bromide in the presence of a mild inorganic base. The azide (36) and
alkyne (37) building blocks were then taken forward into a Cu(I) catalysed click
reaction in the presence of Cu(I) iodide and ascorbate, a mild reducing agent used
to prevent oxidation of Cu(I) to Cu(Il).

This synthetic strategy was unsuccessful, potentially due to possible reduction
of flavin by the added reducing agent—ascorbate. Carrying out the reaction in the
absence of ascorbate did not result in any reaction progress. TLC analysis showed
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Scheme 3.5 Attempted synthesis of NEF-coumarin ratiometric probe via Cu(I) catalysed click
reaction

quenching of flavin fluorescence suggesting that Cu(I) was being oxidised to Cu(II)
with concomitant reduction of flavin and therefore there was no Cu(I) available to
drive the click reaction.

A solution to this undesirable redox chemistry hampering the click reaction could
be utilising Ru(Il)-based catalysts that could be less susceptible to interference from
the redox properties of the flavin [23]. However, given the unavailability of Ru(II)
catalyst at that point, other synthetic strategies were attempted.

3.4.1.2 Synthesis of Flavin Coumarin Redox Sensor 1

At this stage, attention reverted to the successful coumarin amide based syn-
thesis as discussed in Sect.3.3.2; but instead using 7-diethylaminocoumarin-3-
carboxylic acid, which has a 60nm red-shift in excitation maximum compared to
coumarin-3-carboxylic acid, and 1,4-trans-diaminocyclohexane (Fig.3.14), a con-
strained aliphatic hydrocarbon that has been previously reported as a FRET linker
[17].

7-diethylaminocoumarin-3-carboxylic acid (40) was synthesised by Knovenagel
condensation of 4-diethylaminosalicylaldehyde (39) with diethylmalonate. 40 was
then activated to its N-hydroxysuccinimide ester (41) using the peptide coupling
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Fig. 3.14 The proposed chemical structure of the target molecule showing the coumarin donor
(blue), 1,4-diaminocyclohexane linker (black) and N-ethylflavin (green)

agent ethyl diisopropylcarbodiimide (EDC) (Scheme 3.6). Reaction of 41 with trans-
1, 4-diaminocyclohexane, gave the corresponding coumarin amide 42 bearing a reac-
tive terminal amine. NEF was synthesised using the standard 6-chlorouracil method
[19], giving suitable modification to contain an amine reactive functionality such as
activated carboxylic acid. Alkylation of NEF with bromoethylacetate in the presence
of mild inorganic base resulted in the formation of N3-alkylated flavin (43).

Condensation of the flavin-based ester 43 with the coumarin amide 42 did not
show much reaction progress, possibly due to the two bulky fluorophores. At this
stage, generation of a highly reactive carboxylic acid derivative that would readily
react with amines such as an acid chloride was considered. To achieve this, the ester
43 was hydrolysed to the carboxylic acid 44, which was then reacted with neat thiony]
chloride (SOCl,) to give the corresponding acid chloride 45 that would readily react
with the terminal amine on the coumarin. Condensation of 45 with 42 in the presence
of a hindered base DIPEA resulted in a bright yellow solid. The crude solid was then
purified by preparative TLC using DCM:methanol (95:5) as the eluent to give flavin
coumarin redox sensor 1 (FCR1) as a bright orange solid.

3.4.2 Photophysical and Redox Responsive Properties
of FCRI

In vitro experiments to characterise the photophysical and redox responsive prop-
erties of FCR1 were performed in HEPES buffer (100 mM, pH 7.4). Considering
the overlapping absorbance spectra of coumarin and flavin (Fig.3.5), an excitation
wavelength of 405 nm was chosen as it would result in preferential excitation of the
coumarin over flavin. In the oxidised form of FCR1, FRET would occur between
the coumarin and the flavin, and as a result excitation of FCR1 with a wavelength of
405 nmresulted in green fluorescence with maximum emission at 525 nm (¢ = 0.242)
(Fig.3.15a). Furthermore, the absence of blue donor emission is consistent with an
efficient FRET interaction between the two fluorophores in the oxidised state.

As in the case of FCR, upon treatment of FCR1 with a mild reducing agent such
as sodium cyanoborohydride, the flavin moiety undergoes reduction. The reduced
flavin adopts a bent conformation making it colourless and non-fluorescent [24]. This
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compromises the ability of the flavin to act as a FRET-acceptor because of minimal
spectral overlap between the coumarin and the reduced flavin which results in min-
imised energy transfer. Consistent with this speculation, upon incremental additions
of the reducing agent, FCR1 exhibited a decrease in the intensity of green fluores-
cence accompanied by a simultaneous increase in the blue fluorescence band centred
at 470 nm (@ =0.186). In the case of FCR1 the overlap between the fluorescence
spectra of the reduced and the oxidised form of the probe is larger than for FCR, but
the non-overlapping areas of the spectra can still be effectively used for quantitative
analysis.

Titrating FCR1 with increasing equivalents of the reducing agent (NaBH3;CN)
resulted in a linear decrease in the ratio of green-blue emission intensities (Isyg / L470)
upon excitation of FCR1 at 405 nm (Fig. 3.15a). Complete reduction was achieved
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Fig. 3.15 a Fluorescence behaviour of FCR1 (10 uM, A, = 405 nm) in the oxidised (green) and
reduced (blue) form upon addition of NaBH3CN, b ratio of green/ blue emission of FCR1 (10
pnM) with incremental addition of NaBH3CN in HEPES buffer (100 mM, pH 7.4). Reprinted from
Chemical Communications, Issue 52, with permission from the Royal Society of Chemistry

with 50 molar equivalents of NaBH;CN resulting in a 6-fold decrease in the ratio
(Isp0 / 1470) compared to the oxidised form (Fig. 3.15a). These results suggest that the
FRET process between the flavin and coumarin remained undisturbed, even when a
coumarin with more red-shifted photophysical properties was used. In addition, the
presence of another fluorophore molecule (7-diethylaminocoumarin) in close vicinity
of the flavin scaffold in FCR1 did not subvert the redox responsive behaviour of the
flavin scaffold.

Re-oxidation of the probe was assessed by reducing FCR1 (10 wM) completely
using NaBH3CN (20 wM) and monitoring the change in the fluorescence ratio Isy
/ 1479 in the presence of H,O, (100 wM) (Fig. 3.16). Unlike the other flavin-based
redox probes—NpFR1 and NpFR2, which could be re-oxidised completely within
5min of H,O, treatment, re-oxidation of FCR1 was observed to be slower, requiring
about 60 minutes. Similar results were obtained from re-oxidation of reduced FCR1
(10 uM FCR1 in the presence of 20 uM NaBH;CN) in the presence of various
biologically relevant ROS/RNS (100 wM) produced in situ (Fig.3.16). Although
slow, FCR1 could be re-oxidised by all the ROS/RNS, with complete re-oxidation
within 60 min, but such long re-oxidation times limit the use of FCR1 as a reversible
redox sensor. It is suggested that the slow re-oxidation in case of FCR1 might be
a consequence of its reduced form being relatively more stable. Electrochemical
experiments were performed to investigate this hypothesis.
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Fig. 3.16 Oxidation of FCR1 with various oxidising agents. Bars represent the ratio of green to
blue fluorescence intensity (520/ 470 nm, ., = 405 nm) after reduction (red) of FCR1 (10 uM in
the presence of 20 wM NaBH3CN) followed by re-oxidation of reduced FCR1 30 min (blue) and 60
min after (black) the addition of 100 uM oxidising agent. Error bars represent standard deviation n
= 3. Reprinted from Chemical Communications, Issue 52, with permission from the Royal Society
of Chemistry

3.4.3 Electrochemical Studies

The redox responsive range of FCR1 was determined from electrochemical stud-
ies. Cyclic voltammograms were recorded using a 2 mM solution of FCR1 in a
freshly distilled acetonitrile containing 0.1 M tetrabutylammonium hexafluorophos-
phate (TBAPF) as a supporting electrolyte and 1 mM Fc/Fc™ couple as an internal
standard. As seen in Fig. 3.17, the shape of the cyclic volatmmogram confirmed that
the reduction-oxidation events of the probe are reversible and the reduction potential
was calculated to be —1.15 V (vs Fc/Fct), which is similar to the value of reduc-
tion potential of riboflavin —1.18 V (vs Fc/Fct) reported in the literature [25]. This
confirmed that the reduction potential of FCR1 lies within the biologically pertinent
window, and tethering a second fluorophore did not alter the redox potential of the
flavin component.

In cyclic voltammetry, the Randles-Sevcik equation (Eq. 3.2) explains the effect
of scan rate on the peak current, and the slope of a plot between I,. versus the
square root of the scan rate will be proportional to the diffusion coefficient [26]. For
a reversible system the peak current varies linearly with the square root of the scan
rate. To investigate if the electrochemistry of FCR1 followed the Randles-Sevcik
equation, cyclic voltammograms of FCR1 (2 mM in MeCN with 0.1 M TBAPFg
and ferrocene) were recorded at various scan rates ranging from 0.02 to 0.7 Vs,
The asymmetry of the cathodic and anodic branches suggests a degree of chemical
irreversibility of the molecule, which also explains the slow re-oxidation (Fig. 3.18a).
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Furthermore, the cathodic peak current (reduction process) varies linearly with
the square root of scan rate, showing that the electrochemical reduction of FCR1 is
a normal diffusion-controlled process under these conditions (Fig.3.18b). In order
to better understand the effect of electrochemical reduction and oxidation on the
photophysical properties of FCR1, spectro-electrochemical studies were performed.

3.4.4 Spectro-Electrochemistry

Spectro-electrochemistry is a hybrid technique developed by combining electro-
chemistry and spectroscopy. Here, the oxidation/reduction of a molecule is brought
about electrochemically by the addition/removal of electrons at an electrode, while
the solution around the electrode is simultaneously interrogated spectroscopically.
This is a convenient technique that allows to record information on the photophysi-
cal properties and redox potentials simultaneously, and enables understanding of the
spectroscopic properties of electrochemically-generated species.
Spectro-electrochemical measurements were performed in Dr Conor F. Hogan’s
lab at the La Trobe University. In these experiments, platinum gauze was used as
the working electrode, platinum wire as the counter electrode and Ag/Ag™ as non-
aqueous reference electrode. A reduction potential of —1.3 V was applied, and the



78 3 FRET Based Ratiometric Redox Probes

Vl/l/ (V/S)1/2
(a) 60 (b) 01 02 03 04 05 06 07 08 09
404 ]
0 Ax10° = R?=0.9979
< 207 < 2a0° e,
0 ~ 1
= = 3x10° — .
= .20 4 o .
€ 20 S 4x10° “u
(o] 3 i
5 -40 - o 5 -
3 % -5x10
-60 - 7
80 : & -6x10° .
) -7x10° — u
[ -8x10°

-10 -08 -06 -04 -02 0.0
Potential / V vs. Ag/Ag”

Fig. 3.18 a Cyclic voltammograms for FCR1 (2 mM) at various scan rates in MeCN containing
0.1 M TBAPFg as supporting electrolyte. The working electrode was a 3 mm diameter glassy carbon
electrode and the scan rates were: (i) 0.02, (ii) 0.07, (iii) 0.1, (iv) 0.2, (v) 0.5 and (vi) 0.7 Vs~!.
b Plot of peak current versus square root of scan rate for the voltammetric reduction of FCR1 (2
mM) in MeCN. Reprinted from Chemical Communications, Issue 52, with permission from the
Royal Society of Chemistry
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Fig. 3.19 a Fluorescence behaviour and b ratio of green/blue emission of FCR1 (100 wM) over
time after the application of a potential of —1.3 V. Reprinted from Chemical Communications,
Issue 52, with permission from the Royal Society of Chemistry

fluorescence spectra were recorded at 12 s intervals using a 405 nm excitation. Over
subsequent scans, a decrease in the green fluorescence (A, =525 nm) could be
observed, with a corresponding increase in the peak at 470 nm, but this increase
is much smaller in magnitude compared to that observed in the case of chemical
reduction (Fig.3.19a).

As suggested by the voltammetric analysis in Fig.3.18, the product of the elec-
trochemical reduction seems to be less stable in acetonitrile compared to aqueous
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media (HEPES buffer), but the excellent stability of acetonitrile under both oxidising
and reducing conditions [26] demanded its use. Despite this, Fig.3.19b shows that
the change in the fluorescence ratio Isyo/I479 followed a trend similar to that observed
in case of chemical reduction.

Thus, the electrochemical and spectro-electrochemical studies confirmed that
FCR1 is a reversible redox sensor with its reduction potential well within the bio-
logical window. Furthermore, ratiometric response of FCR1 is maintained by both
chemical and electrochemical reduction.

3.4.5 Control Experiments

The current shift towards a preference for ratiometric probes has arisen primarily
from the fact that the ratiometric response remains unaltered by other chemical
species in the probe environment as well as other factors such as variations in the
instrumental optics or probe concentration. Although FCR established the flavin-
coumarin FRET pair as a ratiometric redox sensor, its lower excitation maximum
limits its use in biological systems. Therefore, further studies were performed using
the more biologically-suitable FCR1. In order to assess the applicability of FCR1
as a ratiometric fluorescent probe in biological systems, control experiments were
carried out to assess any effects that pH or biological concentrations of transition
metals might have on the ratiometric response of the probe.

The fluorescence ratio (Ispg / I479) of FCR1 did not change significantly across the
range of biologically relevant pH values (4-9; Fig. 3.20a). Furthermore, as depicted in
Fig.3.20b, the ratiometric response of the probe remained unaltered in the presence of
50 equivalents of common metal ions. These results suggest that other aspects of the
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Fig. 3.20 The ratio of fluorescence emission from FCR1 (10 uM) a over a range of pH values
and b in the presence of common metal ions (100 uM). Bars represent the ratio of the fluorescence
intensity (520/470nm, )\, = 405 nm) as the mean of three replicates. Error bars represent standard
deviation, n = 3. Reprinted from Chemical Communications, Issue 52, with permission from the
Royal Society of Chemistry
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biological environment minimally interfere with probe response, thus highlighting
the robustness of FCR1 and its applicability for biological imaging.

3.4.6 Confocal Microscopy

Prior to performing any biological experiments it was essential to ensure that FCR1
did not exert any cytotoxic effects. A standard MTT cell viability assay was carried
out by treating HeLa cells with concentrations of FCR1 ranging from 0—160 pM for
24 h. The value of ICsy was found to be 80 wM for 24 h. Therefore establishing the
upper limits of the duration and dose of the probe that can be applied to biological
systems for sensing applications.

The applicability of FCR1 to redox imaging of cultured cells was then assessed.
When compared with the confocal microscope, multi-photon microscopy has a num-
ber of advantages, such as reduced photo-toxicity to cells, minimal photo-bleaching
of the dyes and better tissue penetration [27]. Therefore, imaging experiments were
performed using a multi-photon confocal microscope. A series of two-photon exci-
tation wavelengths were tested to identify the wavelengths that gave the highest
signal-to-noise (S/N) ratio. Each excitation wavelength was used to obtain three
images of HeLa cervical cancer cells treated with FCR1 (10 pM, 15 min, A, =
500-600 nm). Analysis of the collected images showed that the highest signal to
noise ratio (S/N) was obtained from a two photon excitation wavelength of 820 nm
(Table3.1). This was therefore chosen to be the excitation wavelength for further
biological investigations.

Furthermore, it was essential to confirm that the photophysical properties of the
oxidised and reduced forms of FCR1 at two-photon excitation wavelength of 820 nm
are not different to those observed at a single-photon excitation of 405 nm. This
was achieved by performing a spectral scan of solutions of reduced and oxidised
form of FCR1 using a microscope equipped with 405 nm and multi-photon lasers.
Figure3.21 confirms that the spectroscopic behaviour of the reduced and oxidised
forms of FCR1 at 405 nm single photon and 820 nm two-photon excitation was not
significantly different.

Having demonstrated the redox sensitivity, ratiometric response and non-cytotoxic
behaviour of FCR1, the next step was to test its ability to respond to changes in
the oxidative capacity of cultured cells. HeLa cells treated with FCR1 (10 uM,
15 min) and excited using a two-photon excitation wavelength of 820nm showed
significant fluorescence in both blue (420—470 nm) and green channels (520-600
nm), while untreated control cells showed no appreciable fluorescence in either region
(Fig.3.22). The concentration of FCR1 used in these experiments is far below the
ICso value calculated from the MTT cell viability assay, ensuring that cytotoxic
effects did not effect the validity of the experiment.

In order to mimic the conditions of resting cells, as well as reducing and oxidising
cell environments, HeLa cells treated with FCR1 (10 wM, 15 min) were further
subjected to treatment with the vehicle control (PBS, 50 wM, 30 min), the reduc-
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Table 3.1 Signal to noise ratios for a range of two photon excitation wavelengths. Signal to noise
ratios are an average of 3 images acquisitions

Wavelength / nm | Trans / % Gain / % Offset / % S/N ratio
700 64 73 42 240.3
720 35 73 45 251.9
740 22 73 47 243.7
760 22 73 50 249.8
780 27 73 52 261.5
800 33 73 54 337.4
820 43 73 57 359.8
840 50 73 60 317.6
860 50 73 63 210.2
880 56 73 67 168.3
900 49 73 69 171.2
920 68 78 70 149.5
940 79 78 72 104.6
960 88 80 76 74.9
980 97 85 71 98.4
Fig. 3.21 Fluorescent
spectra of FCR1 (2 pM) > 1.2 1
oxidised (green) and reduced @
form (blue) obtained .g 1.0 1
following excitation at 405 °
nm (dashed) and 820 nm 2 0.8
(solid). Reduction was 3
achieved by the addition of g 0.6 4
NaBH3CN (100 pM). S
Reprinted from Chemical z 0.4
Communications, Issue 52, o ’
with permission from the T 0.2
Royal Society of Chemistry g 7
[s)
< 00+
T T T T T T T
420 440 460 480 500 520 540 560 58

Wavelength / nm

tant N-acetyl cysteine (NAC, 50 wM, 30 min) or the oxidant H,O, (50 pM, 30
min) (Fig.3.23). The cells were then visualised to obtain images in both blue and
green channels. A FIJI plugin, RatioPlus, was then employed to obtain ratio images
by dividing the green channel image with the blue one, and the obtained images
were pseudo-coloured to indicate the ratio of emission intensities. The reduced cells
demonstrated a lower intensity ratio when compared to cells treated with probe alone,
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Fig. 3.22 Two-photon Blue channel Green channel
confocal microscopy 420 - 470 nm 520 - 600 nm

= .

treated with vehicle control
(DMSO) and FCR1 (10 M,

15 min, A,y = 820 nm) in

blue and green channels. Vehicle

Scale bar represents 20 jLm. control

Reprinted from Chemical

while the oxidised cells showed a higher ratio, in agreement with the FRET-based
ratio changes in solution (Fig. 3.23).

In addition, the oxidative capacity of peroxide-treated HeLa cells was analysed at
different time points (Fig. 3.24). These studies showed that, with increasing peroxide
treatment times up to 1 h, there was an increase in the average intensity ratio of FCR1
and thereby the cells’ oxidative capacity. A much lower intensity ratio after 2h of

Communications, Issue 52,
with permission from the
peroxide treatment highlights the cells’ ability to restore its redox homoeostasis.

Royal Society of Chemistry

FCR1
(10 uM)

3.4.7 Fluorescence Lifetime Imaging Microscopy

Fluorescence properties are not limited to the spatial distribution of the fluorescence
intensity and the fluorescence spectrum. Another characteristic gaining increasing
attention is fluorescence lifetime, which depends on the fluorescence decay func-
tion [28]. For a homogeneous population of molecules, the fluorescence decay of a
molecule from the excited state to ground state is a single exponential function [9].
The time constant of this function is the fluorescence lifetime, which typically lies
in the picosecond to nanosecond time scale [9]. The fluorescence lifetime depends
on the nature of the molecule, its conformation and interactions with surrounding
environment [9].

Fluorescence lifetime imaging microscopy (FLIM) techniques can be broadly
classified into time-domain and frequency domain protocols. Time correlated single
photon counting (TCSPC) is most widely used owing to the high time resolution,
short acquisition times, improved lifetime accuracy and photon counting efficiency
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NAC Vehicle control H,0,

Green channel Blue channel
520 - 600 nm 420 - 470 nm

Ratio Green / Blue

Reduced mm Oxidised

Fig. 3.23 Two-photon confocal microscopy imaging of HeLa cells treated with FCR1 (10 pM,
15 min, A\, = 820 nm) and a N-acetyl cysteine (50 uM, 30 min), b vehicle control and ¢ H,O;
(50 uM, 30 min) in blue and green channels. The pseudo colour ratio images indicate the ratio of
emission intensity in the green channel to blue channel. Scale bar represents 20 um. Reprinted
from Chemical Communications, Issue 52, with permission from the Royal Society of Chemistry

that can be obtained using this technique and was the technique employed in this
study [29]. TCSPC FLIM involves exciting the fluorophore by short laser pulses,
followed by measuring the arrival times of single photons of the fluorescence at the
detector with respect to the laser pulses and the position of the laser beam (Fig. 3.25)
[29]. A histogram is generated, depicting an exponential decay of the frequency of
photons over time. The decay profile is then deconvoluted and subjected to fitting
procedure to calculate the fluorescence lifetime [29].

Fluorescence lifetime imaging microscopy (FLIM) has been employed in a variety
of applications such as resolving overlapping spectra, sensing environmental factors
such as pH, viscosity and proximity or binding of fluorophore to a biomolecule [28].
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Time /h

Fig. 3.24 Pseudo-coloured ratio images (green/blue) of HeLa cells treated with H>O; (50 wM) for
a0h,b0.25h,¢0.5h,d 1hande 2 h, followed by treatment with FCR1 (10 wM) for 15 mins.
Average green/blue ratio of individual cells after different durations of H,O, treatment (f) are also
indicated. Error bars indicate standard deviation n = 3. Reprinted from Chemical Communications,
Issue 52, with permission from the Royal Society of Chemistry

FLIM is also frequently used to investigate the efficiency of FRET [29]. As described
in Sect.3.1.1, FRET is an interaction between two fluorophores, wherein the emis-
sion spectrum of one (donor) overlaps with the absorption spectrum of the other
(acceptor), resulting in a non-radiative energy transfer from the donor fluorophore in
its excited state to the acceptor fluorophore. Therefore one consequence of FRET is
the quenching of the donor fluorescence resulting in a decrease in the donor lifetime
(Fig.3.26) [9]. FRET efficiency can be calculated by comparing the fluorescence
lifetimes of the donor in the presence and absence of acceptor molecule using the
formula [29]
TDA

E=1—-— (3.3)
TD
E = FRET efficiency
Tpa = mean lifetime of the donor in the presence of acceptor
7p = mean lifetime of the donor alone
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Fig. 3.25 Operation principle of time-correlated single photon counting (TCSPC) measurements.
The sample is excited by a pulsed laser source and the photons emitted are detected with a high-gain
photomultiplier and the time with respect to the excitation pulse is measured. A histogram is then
generated and the photon distribution over time is built. (Figure reproduced from: Becker, The bh
TCSPC Handbook [29])

Fig. 3.26 Influence of
FRET on the donor decay
lifetime functions. In the
absence of FRET the
unquenched donor usually
exhibits a mono-exponential
decay profile, whereas in the
presence of FRET the
quenched donor exhibits a
bi-exponential decay profile

FRET

Intensity
Excitation pulse

Quenched

donor Unqguenched donor

Time

The FRET efficiency of FCR1 was examined by FLIM, investigating HeLa cells
treated with either the 7-diethylaminocoumarin donor alone or with FCR1. In the
absence of acceptor, the donor lifetimes were found to fit a single component decay
curve, with lifetimes of 2.3 ns (Fig.3.27a), whilst in the presence of the acceptor,
a two component fit with lifetimes of 1.1 ns (69%) and 2.3 ns (31%) was obtained
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(Fig.3.27b), indicating a 36% FRET efficiency between the coumarin donor and
flavin acceptor moieties in FCR1, calculated using Eq. 3.3.

Considering the advantages of FLIM, it was investigated whether the mean fluo-
rescence lifetimes of the donor fluorophore could also be used to report cellular redox
state. To measure the fluorescence lifetimes of FCR1 in reducing and oxidising con-
ditions, HeLa cells were prepared in the same way as mentioned in Sect.3.4.6. As
shown in Fig.3.28, reduced cells have higher 7,, (2.0 ns) in comparison to normal
(1.7 ns) and oxidised cells (1.3 ns). This suggested that the fluorescence lifetimes of
FCR1 could also be used as an indicator of cellular redox state.

3.4.8 Flow Cytometry

Flow cytometry is an imaging technology that simultaneously interrogates and anal-
yses multiple physical and chemical characteristics of particles, usually cells, as they
flow in a fluid stream through a beam of light (Fig. 3.29) [30]. Cells labelled with a
fluorescent molecule are inserted as a suspension into the fluidics of a flow cytometer
which then focuses the cells into a stream of droplets each containing a single cell.
A laser beam then interrogates this stream of cells, one cell at a time and the fluo-
rescence from each cell is recorded. Thousands of cells per second can be analysed
and the data corresponding to the entire cell population can be analysed.

Recently there has been great interest in the development and application of ratio-
metric probes for use in flow cytometry experiments, such as FURA Red, a ratiomet-
ric calcium sensor [31], and JC-1, a ratiometric probe for mitochondrial membrane
potential [32]. To investigate the effects of the reducing and oxidising agents (at con-
centrations used thus far) on a large population of cells, and the ability of FCR1 (10
1M, 15 min)to report on these changes, flow cytometry experiments were performed.
HeLa cells treated with FCR1 were interrogated by flow cytometry with excitation
at 405 nm, and emission collected with windows centred at 450/50 and 560/35 nm.
Cells treated with FCR1 showed considerably greater fluorescence in both windows
than untreated cells (Fig.3.30a). The fluorescence ratio of the population of cells
treated with H,O, was considerably higher than that of control cells, and the ratio
of NAC-treated population was much lower (Fig.3.30b). These results demonstrate
the diversity of FCR1 in terms of its compatibility with different modalities which
can applied for investigating redox state.

3.5 Conclusions

FCR1 shows great promise as a tool to study oxidative stress in biology. With its
ratiometric output, the probe can be used to observe changes in oxidative capacity
without interference from background effects such as probe concentration and other
environmental factors. Furthermore, the design of FCR1 also validates the use of a
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Fig.3.27 Analysis of donor fluorescence lifetimes (420-470 nm) of HeLa cells treated with a donor
only (10 uM, 15 min, A, = 820 nm) and b FCR1 (10 uM, 15 min, A, = 820 nm) indicating a
single component fit with a lifetime of 2.3 ns. Pixel by pixel lifetime decay map has been colour
coded from 0.9 to 2.7 ns. Reprinted from Chemical Communications, Issue 52, with permission
from the Royal Society of Chemistry
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T =20ns T =17ns T=13ns 0.9 ns
Fig. 3.28 a Fluorescence lifetimes of the donor (420-470nm) in HeLa cells treated with FCR1 (10
uM, 15 min, A\, =820 nm) and N-acetyl cysteine, vehicle control and H» O,. Pseudo-colour images

represent mean lifetime. Reprinted from Chemical Communications, Issue 52, with permission from
the Royal Society of Chemistry

Fig. 3.29 Schematic

Sample
diagram showing the process
of flow cytometry
0
Sheath @(;)
fluid
—>
)
Q@
0
00 Hydrodynamic
\ 0) focussing
Fluorescence
Laser beam

. Scattered
light

© Vo

FRET strategy for developing ratiometric probes. FRET could therefore be employed
to develop ratiometric versions of commercial redox probes which currently possess
excellent intensity-based readout for biological redox state. Re-oxidation of FCR1
could be achieved with all the cellular ROS, indicating its applicability as a probe
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Fig. 3.30 Flow cytometric studies of HeLa cells treated with FCR1 (10 uM, 15 min, A, = 820
nm) a Dot plots show that cells treated with FCR1 (red) have higher emission intensities in green
(560 nm) and blue (450 nm) channels from than those treated with vehicle control (black). b
Histograms showing the fluorescence ratio (560/450 nm) of cells treated with N-acetyl cysteine
(blue), vehicle control (green) and H,O; (red). Reprinted from Chemical Communications, Issue
52, with permission from the Royal Society of Chemistry

for a global cellular oxidative capacity. While the slow re-oxidation of FCR1 limits
its use as a reporter for redox fluxes within a cell, nevertheless, FCR1 is the first
ratiometric probe based on a flavin molecule and further interrogations would be
necessary to achieve a prompt response towards re-oxidation.

Furthermore, examination of the electrochemical properties of the probe indicates
that the modifications made around the flavin scaffold did not alter the redox respon-
sive behaviour of FCR1 whilst confirming its reduction potential is biologically rel-
evant. The asymmetry in the cathodic and anodic events suggest a quasi-reversible
reduction of FCR1. Spectro-electrochemistry ensured that a consistent ratiometric
behaviour was observed whether the reduction of FCR1 was induced chemically or
electrochemically.

The preliminary biological experiments detailed here validate the ability of FCR1
to act as a ratiometric reporter of cellular oxidative capacity in reduced and oxidised
cells. As well as demonstrating the utility of FCR1 in detecting changes by confocal
microscopy, itis evident that FCR1 is a useful tool to investigate changes in oxidative
capacity by employing other modalities such as FLIM and flow cytometry. This probe
was further employed to study more complex biological model systems, which is
discussed in Chaps. 6 and 8.
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Chapter 4
Mitochondrially-Targeted Ratiometric Redox
Probes

The oxidative capacity and levels of ROS production throughout the cell are by no
means homogeneous, and mitochondria are the cardinal players in cellular redox
homoeostasis and signalling. Mitochondrial ROS levels are known to be key to the
function of the organelle, particularly in redox signalling processes, which have a
variety of physiological roles, including the maintenance of mitochondrial morphol-
ogy [1, 2], stem cell differentiation [3] and cardiac remodelling [4]. On the other
hand, mitochondrial oxidative stress is implicated in diseases associated with ageing
[5, 6].

Despite the vast interest in elucidating the role of mitochondrial redox state in cel-
lular signalling and disease, there is a paucity of tools that can report on the ROS levels
within the mitochondria. In particular, there is a lack of tools that can reversibly mon-
itor redox changes over time, providing the potential to sense oxidation-reduction
fluxes and to distinguish between transient oxidative bursts and chronic oxidative
stress. Although the flavin-based redox probe NpFR2, discussed in Chap. 2, demon-
strated excellent mitochondrial accumulation, a new generation redox probe that
exhibits ratiometric fluorescence properties in addition to mitochondrial localisation
would be a valuable addition to the limited ratiometric and reversible mitochondrial
redox probes developed to date.

As discussed in Chap.3, FRET is an elegant strategy to develop ratiometric
probes and this was successfully implemented in the case of FCRI1, a flavin-
based ratiometric redox probe with cytoplasmic localisation. This chapter details
the work performed towards employing the FRET strategy for the development of
a mitochondrially-targeted ratiometric probe with reversible redox sensing abilities.
The sub-cellular localisation of the developed probes was interrogated using confo-

Parts of the text and figures of this chapter are reprinted with permission from Antioxidants and
Redox Signalling, Volume 24, Issue 13, published by Mary Ann Leibert, Inc., New Rochelle,
NY.
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A. Kaur, Fluorescent Tools for Imaging Oxidative Stress in Biology,
Springer Theses, https://doi.org/10.1007/978-3-319-73405-7_4


http://dx.doi.org/10.1007/978-3-319-73405-7_2
http://dx.doi.org/10.1007/978-3-319-73405-7_3

94 4 Mitochondrially-Targeted Ratiometric Redox Probes

cal microscopy and subsequent biological experiments were undertaken to evaluate
the reversible redox sensing properties of the probes. Aspects of the work discussed
in this chapter have been published in Antioxidants and Redox Signalling [7].

4.1 Excitation-Ratiometric Redox Probes

Considering the inherent redox responsive abilities of flavin, it was again selected
as the redox-active moiety. As outlined in Sect.3.2, in order to develop a FRET-
based ratiometric probe, it is essential to identify a good donor-acceptor FRET pair,
such as the coumarin-flavin pair in FCR1. Mitochondrial localisation can then be
accomplished either by modifying the scaffold to incorporate a mitochondrial tag,
or by employing a different fluorophore with inherent mitochondrial-localising abil-
ity (Fig.4.1), which must also be capable of establishing a good FRET-pair with
flavin. Fluorophores with delocalised cationic nature, such as rhodamine and cya-
nine derivatives, commonly accumulate in the mitochondria. This accumulation is
dependent on the negative potential across the mitochondrial membrane [8].
Rhodamines are a class of fluorophores that satisfy both these conditions. The
spectral properties of rhodamine indicated that it was ideal to act as a FRET-acceptor
from flavin (Fig.4.2). With the redox-active component fixed as the FRET donor
and rhodamine as the FRET acceptor, the strategy was to develop an excitation-
ratiometric redox probe. Amongst the FRET-based ratiometric probes reported to
date for a myriad of sensing purposes, emission ratiometric probes dominate the
literature, with only a limited number of probes that are excitation-ratiometric [9,
10]. Development of a redox probe with excitation-ratiometric sensing properties
would be a valuable addition to the list of probes that have employed this strategy.

Flavin FIuorophore Flavin

localising
fluorophore

Mitochondrial
tag

Fig. 4.1 Two approaches towards the design of a mitochondrially-targeted flavin-based ratiometric
redox probe—tethering flavin to a fluorophore a that is attached to a mitochondrial tag and b with
inherent mitochondrially-localising ability
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4.2 Flavin-Rhodamine FRET Probe

The rationale behind utilising the excitation-ratiometric flavin-rhodamine FRET pair
as areporter of redox state is that in the oxidised form, there would be a greater extent
of spectral overlap between the flavin and rhodamine scaffold, and excitation of the
flavin would result in a red rhodamine acceptor emission by FRET. In the reduced
form, owing to the formation of the colourless and non-fluorescent bent conformation
of flavin, the spectral overlap between flavin and rhodamine is minimised, FRET is
suppressed, resulting in negligible emission from the rhodamine acceptor (Fig.4.3).
Furthermore, excitation at a different (longer) wavelength of the rhodamine itself
for both the oxidised and reduced forms of the flavin would result in red emission,
independent of the FRET process. Therefore, a ratio of the emission intensities of
rhodamine resulting from excitation at two different wavelengths could be used to
gauge the redox state. On the basis of the predicted spectral overlap between flavin
and rhodamine, two flavin-rhodamine redox probes FRR1 and FRR2, were designed
(Fig.4.4).

Flavin-rhodamine redox probe 1 (FRR1) contains N-ethylflavin tethered to rho-
damine B via piperazine, a relatively rigid spacer. N-Ethylflavin is the redox sensing
group used in FCR1. In this study, the use of a naturally-existing flavin derivative,
tetraacetylriboflavin, was also investigated. Tetraacetylriboflavin, with an acetylated-
ribose tail at N-10 and methyl groups at positions 7 and 8 on the isoalloxazine
ring, has been reported to possess a higher quantum yield and significantly red-
shifted excitation and emission wavelengths compared to N-ethylflavin [11]. There-
fore, the influence of these structural variations on the photophysical and redox

properties of the probes was investigated. Moreover, it was envisioned that the
lipophilic tetraacetylribose group could potentially improve the cellular retention and
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Fig.4.4 Thechemical structures of FRR1 and FRR2 Reprinted with permission from Antioxidants
and Redox Signalling, Volume 24, Issue 13, published by Mary Ann Leibert, Inc., New Rochelle,
NY

localisation of the probe. Discussions regarding probe design with Dr. Karolina
Jankowska, a postdoctoral researcher in the group, led to the determination of the
synthetic approach towards the flavin-rhodamine FRET probes (Scheme 4.1). Syn-
thesis was then carried out by Dr. Jankowska.
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4.3 Spectral Characterisation of FRR Probes

Considering the spectral overlap of flavin and rhodamine scaffolds (Fig.4.2), exci-
tation wavelengths of 460 and 530 nm were chosen to ensure maximum excitation
of flavin and rhodamine respectively. Similar to the redox probes investigated thus
far, the photophysics of FRR1 and FRR2 were studied in HEPES buffer (100 mM,
pH 7.4). These initial studies were performed by Dr. Karolina Jankowska using
an excitation wavelength of 460nm because at this wavelength the flavin moiety
exhibits high absorbance whereas the rhodamine scaffold has negligible absorbance,
thus allowing for preferential excitation of the flavin component over rhodamine in
FRR1 and FRR2. These studies indicated that upon excitation at 460 nm, FRR1
and FRR2 exhibit two emission maxima: the flavin maximum at 510nm (FRR1)
and 525 nm (FRR2) respectively; and the rhodamine maximum observed at 580 nm
for both the probes (Fig.4.5). Furthermore, the thodamine could be independently
excited at 530 nm.

FRR1 and FRR2 were examined for their response to reduction by sodium
dithionite. As envisioned, this caused reduction of the flavin molecule to its non-
emissive configuration, resulting in a suppressed FRET mechanism. Consequently,
upon excitation at 460nm the integrated emission intensity of both the probes
decreased. The ratio of the peak intensity of both FRR probes at 580nm upon
excitation at 530 and 460nm increased upon reduction (Fig.4.6). Re-oxidation of
the reduced probes by treatment with HO, could be achieved in 20 min, and resulted
in the restoration of the original fluorescence properties.

More rigorous characterisation of the redox responsive and spectral characterisa-
tion of FRR1 and FRR2 were performed by Dr. Jankowska. These studies indicated
that FRR1 exhibited a 3-fold increase in the Is3o../lsg0ex ratio upon reduction and
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(n = 3). Spectra were obtained by Dr. Jankowska Reprinted with permission from Antioxidants
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the ratiometric response of the probe towards reduction and re-oxidation remained
unaltered for up to 5 cycles. FRR2 displayed a more pronounced 7-fold change
in the I530.,/I460.x ratio upon sequential reduction and re-oxidation events, with its
ratiometric response remaining unchanged for up to 7 cycles. These results demon-
strated the potential of FRR1 and FRR2 to function as reversible sensors for redox
state. Just as in the case of other redox probes discussed in Chaps.2 and 3, control
experiments were performed on FRR1 and FRR2, which showed that the probes
undergo re-oxidation with biological ROS/RNS within 30 min, and the Is30¢/T460ex
ratio remained unaltered in the presence of biologically relevant metal ions, and at
pH values between 3 and 8.

While, rhodamine based probes are widely used for imaging purposes due to their
high fluorescence quantum yields, at high concentrations, the fluorescence intensity
decreases considerably, and this concentration based quenching is attributed to the
formation of dimers [12]. Therefore, to determine the concentrations of the probes
that would be ideal for imaging purposes, a concentration-based fluorescence assay
was performed by recording the fluorescence spectra of the probes in HEPES buffer
(100 mM, pH 7.4) with incremental probe concentrations (Fig.4.7).

The integrated fluorescence intensities of both FRR1 and FRR2 followed a linear
trend for concentrations ranging from 5-80 pM. Concentration-based quenching
does not occur below 80 M, therefore probe concentrations below this value should
be suitable for biological imaging, provided there are no cytotoxic effects.
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Fig. 4.7 Fluorescence of FRR1 (a) and FRR2 (b) with varying concentration. Bars represent the
integrated fluorescence intensity (A.y = 460nm, A, = 480 — 700nm). All data were acquired in
100 mM HEPES buffer, pH 7.4. Errors bars represent standard deviation (n=3) Reprinted with
permission from Antioxidants and Redox Signalling, Volume 24, Issue 13, published by Mary Ann
Leibert, Inc., New Rochelle, NY
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Fig. 4.8 Cyclic voltammogram of a FRR1 and b FRR2 (5 mM concentration) in MeCN at 25°C
with a scan rate of 100 mV/s Reprinted with permission from Antioxidants and Redox Signalling,
Volume 24, Issue 13, published by Mary Ann Leibert, Inc., New Rochelle, NY

4.4 Electrochemistry

The reduction potentials of FRR1 and FRR2 were investigated by recording cyclic
voltammograms with 5 mM concentrations of the probes in MeCN containing
TBAB (tetrabutylammonium bromide) as an electrolyte. The cyclic voltammograms
depicted two sets of peaks for each probe (Fig.4.8). The peaks at the lower half-wave
potential (E°) of —544 mV correlates to the value reported for the reduction poten-
tial of rhodamine B [13]. The peaks at —186 and —369 mV (E° = —259 mV vs.
SHE) in FRR1 correspond to the reduction potential of the N-ethylflavin component,
whereas the peaks at —173 and —413 mv (E° = —290 mV vs. SHE) observed for
FRR2 represents the reduction potential of tetraacetylriboflavin (Fig.4.9)

These electrochemical studies demonstrate that varying the substituent at the N-
10 position on the isoalloxazine ring modulates the reduction potential of the flavin.
In this case, it was observed that the ribose tail in FRR2 tuned the reduction poten-
tial to a more biologically relevant value compared to FRR1. Although the cyclic
voltammograms indicate a peak corresponding to the reduction of rhodamine, this
reduction potential lies far outside the scope of biological values. The profile of the
obtained cyclic voltammograms confirm the chemical reversibility of the oxidation
and reduction processes of both FRR1 and FRR2.

4.4.1 Fluorescence Properties at 488 nm Excitation

While the ratiometric response of FRR1 and FRR2 towards redox state has been
extensively investigated, the use of these probes depends upon the availability of
two appropriate excitation sources, which many standard microscopy and cytometry
instruments lack. In order to illustrate the broader applicability of both probes in
such protocols, the redox-responsive ability of the probes under a single excitation
wavelength was investigated. Upon excitation at 488 nm, FRR1 did not exhibit any
fluorescence emission from the flavin and only minimal fluorescence from the rho-
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Antioxidants and Redox Signalling, Volume 24, Issue 13, published by Mary Ann Leibert, Inc.,
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damine. Therefore, upon excitation at 488 nm no significant changes were observed
in the fluorescence properties of FRR1 upon reduction.

Although in the case of FRR2 (Fig.4.9a) the peak corresponding to the fluores-
cence from flavin was greatly diminished, a similar trend in ratiometric response
to reduction was observed upon excitation at 488nm (Is3gy/lsgser) as for 460 nm
(Is30ex/Tag0ex ). The decrease in the (Is3oer/lsggex) ratio upon reduction could be
reversed upon re-oxidation with HO, (Fig.4.9b). Notably, the absolute fluorescence
intensity (560-590nm) of FRR2 decreases upon reduction, and this decrease can
be reversed by treatment with H,O, (Fig.4.9c). Therefore, FRR2 demonstrates the
ability to report on variations in the redox environment, when excited using a single
wavelength excitation of 488 nm. Hereafter, microscopy and flow cytometry experi-
ments were performed using a 488 nm excitation wavelength, with a more oxidised
probe indicated by a more intense red fluorescence.
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4.5 Biological Imaging Experiments

Having established the redox-active behaviour and reversibility of FRR1 and FRR2,
the probes were investigated for their cellular localisation, toxicity and ability to
report on biological oxidative capacity.

4.5.1 Sub-cellular Localisation

The sub-cellular localisation of the probes was examined in RAW 264.7 macrophages.
Using a confocal microscope, cells were excited by a 488 nm laser and the fluores-
cence emission was recorded from 495-620 nm. Under 488 nm excitation, negligible
fluorescence was observed from control cells untreated with the probe. As depicted
in Fig. 4.10, significantly higher fluorescence intensity was observed when cells were
treated with FRR1 or FRR2 (20 ¢M, 15 min). Furthermore, the sub-cellular accu-
mulation pattern of both the probes strongly suggested mitochondrial localisation.
Therefore, just as with NpFR2, as discussed in Chap. 2, colocalisation experiments
were performed employing commercial tracker dyes—Mitotracker DeepRed FM and
Lysotracker DeepRed.

Singly stained controls, prepared by treating cells with FRR1, FRR2, Mitotracker
DeepRed FM and Lysotracker DeepRed individually, were imaged to ensure that no
emission leaked from one channel into the other. As shown in Fig.4.10, significant
fluorescence was observed from cells treated with FRR1 or FRR2 (20 wM, 15 min) in
channel 1 (\., 488 nm, A, 495 — 620 nm), whilst negligible fluorescence observed
in channel 2 (A, 633nm, \.,, 650 — 750nm). Cells treated with the tracker dyes
fluoresced only in channel 2, thus validating that there is no fluorescence bleed-
through from one channel to another.

Cells were then co-stained by treating them with FRR1 or FRR2 (20 uM, 15 min)
and Mitotracker DeepRed FM (100 nM, 15min). The cells were interrogated for
their fluorescence properties in channels 1 and 2, and pseudo-coloured green and
red respectively. The fluorescence images from both the channels were then merged
using FIJI (National Institutes of Health), an image processing software. As indicated
by the yellow regions in the merged image in Fig. 4.11, fluorescence emission of both
FRR1 and FRR2 overlaps significantly with the commercial Mitotracker DeepRed
FM, confirming clear mitochondrial accumulation of the probes. RAW 264.7 cells
co-stained with the probes and the Lysotracker DeepRed (100 nM, 15 min), illus-
trate very different localisation profiles (Fig.4.11), suggesting very low association
with lysosomes. This was further evidenced by the poor Pearson’s co-localisation
coefficients calculated to be 0.25 and 0.13 for FRR1 and FRR2, respectively.

The mitochondrial localisation of FRR1 and FRR2 is further evidenced by the
plot profiles (Fig.4.12), in which a line selection is made across the image and
the intensities of fluorescence in each of the channels are then plotted against the
distance. A complete overlap of the grey values (fluorescence intensity) from both
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Fig. 4.10 Confocal microscopy images of RAW 264.7 cells, untreated, cells treated only with
FRR1 (20 M, 15min), FRR2 (20 M, 15min), Mitotracker Deep Red (100 nM, 15min) and
Lysotracker Deep Red (100 nM, 15min), in channel 1 (A\,y = 488nm, )., = 495— 600nm),
channel 2 (100 nM, A,y = 633nm, \.,;, = 650 — 750nm) and merged images of channel 1 and 2
Reprinted with permission from Antioxidants and Redox Signalling, Volume 24, Issue 13, published
by Mary Ann Leibert, Inc., New Rochelle, NY
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Fig. 4.11 Co-localization images of macrophages (RAW 264.7) treated with FRR1 (20 uM) or
FRR2 (20 uM), co-stained with Mitotracker deep red (100 nM) and Lysotracker deep red (100
nM). FRR1/FRR2 emission is in channel 1 (A\.; = 488nm, A, = 495 — 620nm) and Mito-
tracker/Lysotracker emission in channel 2 (A, = 633nm, \,,, = 650 — 750nm). Merged images
indicate good co-localisation of Mitotracker with both probes Reprinted with permission from
Antioxidants and Redox Signalling, Volume 24, Issue 13, published by Mary Ann Leibert, Inc.,
New Rochelle, NY
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the channels would indicate the presence of both probe and the tracker dyes at each
pixel, suggesting a perfect colocalisation. The plot profile of FRR1 indicated the
presence of some peaks (marked with an asterisk, Fig.4.12c) that did not overlap
with the Mitotracker. This indicates that there are some non-mitochondrial regions
in the cell where FRR1 localises. However, the plot profile of FRR2 exhibits great
extent of overlap with that of Mitotracker (Fig.4.12). The Pearson’s co-localisation
coefficients were determined to be 0.68 and 0.92 for FRR1 and FRR2 respectively
which is in agreement with the results obtained from the plot profiles for both the
probes.

In the interests of further validating the mitochondrial localisation of the probes,
co-localisation experiments were carried out with the commercially available
CellLight® Mitochondria-GFP, BacMam 2.0. This is a cell-transfection based tech-
nology in which mithochondrial targeting is achieved by E1 alpha pyruvate dehydro-
genase (a mitochondrial enzyme) and visualisation by a fluorescent protein. A fused
DNA construct for E1 alpha pyruvate dehydrogenase and emerald green fluorescent
protein (emGFP) is packaged within a Baculovirus and transfection of cells with
these virus particles result in the production of a fluorescent mitochondrial enzyme.
This enables the detection of mitochondria independent of mitochondrial membrane
potential. Since this technology cannot be applied to macrophages, DLD-1 human
colorectal cancer carcinoma cells were investigated. DLD-1 cells were transfected
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Fig. 4.13 Representative confocal microscopy images of DLD-1 cells, cells transfected with
CellLight® mitochondria-GFP, BacMam 2.0, co-stained with FRR1 (20 uM, 15min), FRR2 (20
WM, 15min), in channel 1 (., =488nm, A\.;, = 510 — 540nm), channel 2 (A, =488nm, \.,;, =
560 — 700 nm) and merged images of channel 1 and 2. Scale bars represent 10 pm Reprinted with
permission from Antioxidants and Redox Signalling, Volume 24, Issue 13, published by Mary Ann
Leibert, Inc., New Rochelle, NY

with CellLight® Mitochondria-GFP, BacMam 2.0 overnight at a concentration of 10
particles per cell (PPC) followed by treatment with FRR1 or FRR2 (20 uM, 15 min).
Excellent mitochondrial colocalisation was observed for both FRR1 and FRR2, as
indicated by the yellow regions in the merged image (Fig.4.13).

To ensure that the probes did not have any toxic effects, cytotoxicity of the probes
was evaluated using the standard MTT assay. This was accomplished by treating
RAW 264.7 murine macrophage cells with FRR1 and FRR2 at 0-160 uM concen-
trations and incubated for a period of 24 h followed by 4 h of treatment with MTT.
The ICsq values were determined to be 38 (=1 wM) and 41 (+2 wM) for FRR1 and
FRR2 respectively. These values are much higher both in terms of concentration
and treatment times employed in cellular imaging studies. In addition, time-lapse
imaging experiments were carried out to examine the consequences of longer laser
exposure on the photophysical behaviour of the probe and cell viability. Following
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Fig. 4.14 Cell morphology and fluorescence intensity of RAW 264.7 macrophages treated with
FRR1 or FRR2 (20 pM) and imaged every 30s with laser excitation at 488 nm, and an acquisition
speed of 400 Hz. a Transmitted light and confocal (\., =488 nm, A, = 560 — 700 nm) images of
cells at 0 and 25 min time-points. b Emission intensities obtained at indicated time-points for cells
treated with FRR1 (grey) or FRR2 (black). Bars represent average fluorescence intensity (Aexy =
488nm, A\, = 560 — 700nm), errors bars represent standard deviation (n = 3) Reprinted with
permission from Antioxidants and Redox Signalling, Volume 24, Issue 13, published by Mary Ann
Leibert, Inc., New Rochelle, NY

laser irradiation at 488 nm every 30s, cell morphology and fluorescence emission
from RAW 264.7 cells treated with FRR1 or FRR2 (20 uM, 15min) were moni-
tored. The results indicated that FRR1 and FRR2 did not exhibit any self-amplication
of the fluorescence signal, over 25 min (Fig.4.14).

Moreover, no significant changes in cell morphology were observed over this
time, demonstrating a lack of phototoxic effects. Consistent with the the brighter-
green fluorescence from the riboflavin moiety in FRR2 compared to the synthetic
N-ethylflavin in FRR1 aided in confocal imaging and image analysis. Therefore, all
further biological experiments were carried out with FRR2.
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4.5.2 Measuring Redox Changes in LPS-Stimulated
Macrophages

The reversibility of redox responsive FRR2 was harnessed to monitor changes in
oxidative capacity of macrophages following a lipopolysaccharide (LPS) insult. LPS,
a major outer membrane component of gram negative bacteria, binds to toll-like
receptor 4 (TLR4), present on the macrophage membrane, responsible for pathogen
recognition [14]. This binding stimulates a cascade of events within the macrophage
cell which execute the bactericidal function. An important participant in these events
are the mitochondria within the macrophages, which are known to produce a burst
of ROS/RNS which subsequently kills the bacteria [14]. Therefore, this was consid-
ered an interesting biological system to test the reversible redox-active properties of
FRR2.

RAW 264.7 cells were treated with FRR2 (20 uM, 15 min) followed by stimu-
lation with LPS at a concentration of 1 pg/mL, over treatment times ranging from
0-2h. The cells were then washed and resuspended in FACS buffer (PBS supple-
mented with 1% FCS) containing propidium iodide (1 pg/mL). The cells were then
interrogated for their red fluorescence emission using the 585/42nm (42nm band
width, centred at 585nm) filter flow cytometer equipped with a 488 nm laser. For
each sample, a population of single and live cells was gated out and the red fluores-
cence intensity was analysed. As shown in Fig.4.15, a 5-fold increase in fluorescence
intensity was observed by the 30 min treatment timepoint, after which the intensity
decreases, demonstrating the burst in ROS production takes place 30 min after the
LPS stimulation. By 2h after LPS stimulation, the fluorescence emission returned
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Fig. 4.15 a Response of FRR2 to macrophages (RAW 264.7) stimulated with LPS from 0-6 h
(black) and those re-stimulated with LPS after the 2h time-point (grey). Bars represent the mean
fluorescence intensity of red emission (585/42 nm) when excited with a 488 nm laser. Error bars
represent standard error of mean, p < 0.05 is considered significant. b Representative flow cytometry
dataset. The histograms represent intensity of red fluorescence emissions (585/42 nm) when excited
with a 488 nm laser. Reprinted with permission from Antioxidants and Redox Signalling, Volume
24, Issue 13, published by Mary Ann Leibert, Inc., New Rochelle, NY
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to levels observed for unstimulated cells. Similar emission levels were observed at
4 and 6h after LPS treatment.

Following this, a re-stimulation experiment was performed, wherein the macrophages
were re-stimulated with LPS 2h after the initial stimulation. Although there was a
significant increase in fluorescence intensity after 0.5 and 1 h, this increase was less
drastic than the initial response. This experiment demonstrate the ability of FRR2
to report on the changes in the mitochondrial oxidative capacity of RAW 264.7
cells following an LPS-insult, clearly illustrate the potential of FRR2 as a reversible
sensor of redox fluxes within the mitochondria.

This result was further confirmed by live cell imaging experiments. RAW 264.7
macrophages were stimulated with LPS for 0.5 and 1h followed by treatment with
FRR2 (Fig.4.16). Similar to the results obtained from flow cytometry, a significant
increase in intensity was observed 30 min post-stimulation, followed by a decrease
thereafter, validating that a maximal burst in the mitochondrial ROS production
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Fig.4.16 Confocal microscope images of RAW 264.7 macrophages cells showing the fluorescence
intensity (Ao =488nm, ., = 560 — 700 nm) upon stimulation with LPS for O h (a), 0.5 h (b) and
1 h (c) followed by treatment with FRR2 (20 pM, 15 min). Scale bars represent 100 wm. d Bars
represent the mean fluorescence intensity of images acquired from macrophages stimulated with
LPS for indicated times. Error bars represent standard deviation, *p < 0.05, **p < 0.01 Reprinted
with permission from Antioxidants and Redox Signalling, Volume 24, Issue 13, published by Mary
Ann Leibert, Inc., New Rochelle, NY
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occurs 30min after the LPS-insult. The obtained results establish the potential of
FRR2 to reversibly report on the variations in mitochondrial redox state.

4.6 Conclusions

Although excitation-ratiometric probes are less commonly designed and developed
because of the complications that arise from the simultaneous use of two differ-
ent excitation wavelengths, they are certainly more beneficial than intensity-based
probes. With their excitation-ratiometric output, FRR1 and FRR2 show great poten-
tial as fluorescent tools to interrogate fluxes in oxidative capacity within the mito-
chondria. Mitochondrial targeting of FRET-based probes can be achieved by tak-
ing advantage of fluorophores with intrinsic mitochondrial localising abilities. This
removes the requirement of attaching a mitochondrial targeting tag, mitigating syn-
thetic complexity. This chapter describes the studies that investigated the properties
of two flavin-rhodamine redox probes FRR1 and FRR2, which differ by the sub-
stitution at the N-10 position on the flavin scaffold. FRR1 contains a synthetic
N-ethylflavin, whilst FRR2 incorporates a naturally existing riboflavin. The electro-
chemical studies confirmed that the ribose group at the N-10 position on the flavin
scaffold of FRR2 was capable of modulating the reduction potential of the probe to
a more biologically-relevant range—this aspect of probe design could be applicable
towards the development of redox probes with different redox-active potentials.

In addition, co-localisation experiments indicated clear mitochondrial localisation
of the probes FRR1 and FRR2. The fluorescence properties indicated a brighter-
flavin emission of FRR2 than FRR1, aiding its imaging using a confocal microscope
and image analysis thereafter. Furthermore, it is important to ensure that the photo-
physical properties of a developed probe are not too exotic to limit its application to
limited state of the art instrumental set-ups. The broader applicability of probes for
much simpler protocols may also prove beneficial. Therefore, the suitability of the
probe to measure redox changes using a basic flow cytometer was examined. The
results from the LPS stimulation experiment validate it to be a valuable system for
the characterisation of a reversible redox probe, particularly for the mitochondria,
such as FRR2. The probe demonstrated that a burst in the production of mitochon-
drial ROS in macrophages occurs following LPS stimulation and that this burst is
the greatest 30 min post LPS stimulation. In addition, more rigorous investigations
using FRR2 to report on the variations in mitochondrial oxidative capacity in specific
biological systems are discussed in Chaps. 6 and 7.
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Chapter 5
Nicotinamide Based Ratiometric Redox
Probes

As detailed in Chap. 1, a myriad of metabolic processes occur within a biological
system, including many redox reactions, each operating at its own redox potential. In
order to obtain a deeper understanding of cellular oxidative capacity, it is important
to gain a wholistic picture of cellular redox processes and the extent to which each
process contributes towards the cell’s redox homoeostasis. It is therefore necessary
to develop a suite of redox sensors, each with its own redox potential, that can be
used together to accurately image a range of biological redox environments. While
the dynamic range of flavin-based probes, discussed in Chaps.2 and 3, spans the
redox potentials of a variety of key redox processes, the aim of this section of the
work was to identify another scaffold active over different redox potentials. One such
redox-responsive molecule within a cell is nicotinamide (vitamin B3). This chapter
discusses the design and synthesis of fluorescent redox probes based on nicotinamide
as the redox responsive component, along with the characterisation and biological
studies of the developed probes.

5.1 Nicotinamide as a Redox Responsive Scaffold

Structurally incorporated within two vital reducing currencies of the cell—
nicotinamide adenine dinucleotide (NADH) and nicotinamide adenine dinucleotide
phosphate (NADPH), nicotinamide acts as the redox-sensitive component of these
coenzymes, catalysing electron transfer to and from different metabolic processes
(Fig.5.1) [1].

The redox-responsive properties of nicotinamide emanate from the ability of the
amide-bearing pyridine ring to donate and accept electrons, and cycle between the
reduced (NADH or NADPH) and oxidised (NAD™* or NADP™) forms (Fig.5.2). The
redox potential of the NAD*/NADH redox couple is —316 mV versus SHE, which
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Fig. 5.2 The oxidised and reduced forms of the nicotinamide scaffold

is much lower than that of flavin (—200mV versus SHE) [2, 3]. This means that
a redox sensor based on a nicotinamide scaffold could be employed to interrogate
redox processes that take place at more negative potentials.

5.2 Designing a Ratiometric Sensor

The oxidised and reduced forms of nicotinamide have very distinct structural and
electron distribution patterns. While a quarternary pyridinium cation is a character-
istic feature of the oxidised form, reduction results in the addition of two electrons to
the ring, with restoration of the lone pair of electrons on the nitrogen atom (Fig. 5.2).
These interesting differences suggest that the oxidised and reduced forms could differ
considerably in their ability to make electrons available to a conjugated fluorophore.
Although nicotinamide does not have inherent fluorescent properties, the drastic
increase in the nucleophilicity of reduced nicotinamide can be exploited to modulate
the intensity and/or wavelength of an attached fluorophore.
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Fig. 5.3 The chemical structures of NCR1 and NCR2 (top) and the fluorescence spectra (bottom)
of oxidised (black) and reduced (red) forms of a NCR1 and b NCR2, )., = 330nm

Previous work in the group involved attaching fluorophores such as 7-amino-4-
methylcoumarin (coumarin 120) and 7-amino-4-trifluoromethylcoumarin (coumarin
151) directly to the pyridium nitrogen to give nicotinamide coumarin redox sensors
1 and 2 (NCR1 and NCR2, Fig.5.3).

The redox-sensing mechanism of these probes relied on the photoinduced electron
transfer mechanism. Upon reduction the electron-rich nicotinamide scaffold exhibits
enhanced PET quenching ability, consequently decreasing the fluorescence intensity
of the coumarin moiety. Both NCR1 and NCR2 exhibited a decrease in fluorescence
intensity upon reduction (Fig.5.3a, b), but re-oxidation could not be achieved upon
treatment of the reduced probes with H,O,. NCR2 has stronger electron-withdrawing
properties due to the presence of trifluoromethyl group at position 4, therefore the
photophysical properties of NCR2 were red-shifted compared to NCR1. However,
the excitation maximum still lay in the UV region making it difficult to visualise these
probes in cellular imaging experiments. Therefore, the aim of this section of the work
was to investigate alternative structural modifications on the nicotinamide scaffold
in order to develop a probe that exhibits significantly longer excitation-emission
profiles. Furthermore, attention was focussed towards achieving a ratiometric fluo-
rescence output.

In order to achieve these aims, an alternative position of attachment of the flu-
orophore to the nicotinamide scaffold was considered, which involved conjugating
the fluorophore via a carbon atom on the nicotinamide heterocycle instead of the
N-atom. In addition, the probe design included an inherently ratiometric fluorophore
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with photophysical properties based on intramolecular charge transfer (ICT) process
to achieve a ratiometric fluorescence response (Fig. 5.4). For this purpose coumarin
was chosen.

The extensive investigations of the photophysical properties of coumarin that
exist in the literature suggest that an electron withdrawing group at position 3 on the
coumarin scaffold results in a red-shift in the coumarin’s fluorescence (Fig.5.4) [4].
As aresult, it was expected that, when tethered via this position, the oxidised nicoti-
namide would exhibit stronger electron withdrawing properties and cause a greater
bathochromic shift in the coumarin fluorescence compared to the reduced nicoti-
namides. This could therefore serve as an indicator of redox state. As represented
in Fig.5.5, probe design therefore incorporated a coumarin scaffold conjugated to a
nicotinamide at position 3.

One essential feature in the design of a nicotinamide—and coumarin-containing
redox sensor is to ensure extended conjugation between the nicotinamide and

0
L N 0H
NZ 0 X0

<

Sy

Fig. 5.4 a The coumarin scaffold, indicating the preferred position for incorporating an electron
withdrawing group and b a representation of the intramolecular charge transfer process in a coumarin
derivative (7-diethylaminocoumarin-3-carboxylic acid). The diethylamino group acts as the electron
donor, while the oxygen of the carboxylic group acts as the acceptor, giving the excited state (Sy)

Reduction

Oxidation

Fig. 5.5 The structures of the oxidised and reduced forms of a rationally designed probe that
employs nicotinamide as a redox sensing scaffold (dashed box) and a coumarin fluorophore
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Fig. 5.6 An example of a Knoevenagel-type condensation reaction between an aromatic aldehyde
and active methyl group resulting in the formation of a vinylic bond (red) between the two scaffolds

coumarin scaffolds in the final chemical structure. For this purpose, Knoevenagel-
type condensation was employed, in which two molecules can be tethered by creating
a vinylic bond between them (Fig. 5.6). In this condensation, aromatic aldehydes are
reacted with activated methyl groups, such as on aromatic rings bearing electron
withdrawing groups.

To achieve this transformation, it was decided to use a coumarin bearing an alde-
hyde group at position 3 and a nicotinamide bearing a methyl group. Therefore,
reaction of a substituted coumarin-3-aldehyde with a methyl nicotinamide was pur-
sued. Furthermore, owing to its well-suited photophysical properties for biological
imaging, 7-diethylaminocoumarin was utilised in the synthesis.

5.2.1 Synthesis of Redox Sensors Based on Nicotinamide
and Coumarin

The ethyl ester of 7-diethylaminocoumarin-3-carboxylic acid (46) was synthesised
by the Knoevenagel condensation of 4-diethylaminosalicylaldehyde (39) and diethyl-
malonate in the presence of pyridine as a base (Scheme 5.1). Decarboxylation of 46
was achieved by heating under reflux conditions in acetic acid and concentrated
hydrochloric acid, resulting in the formation of 7-diethylaminocoumarin (47). A
Vilsmeier-Haack reaction was then performed using DMF and phosphorous oxy-
chloride (POCI3), to convert 47 into 7-diethylaminocoumarin-3-aldehyde (48).

To understand the effect of the position of methyl group on the ICT mecha-
nism of the final probe, commercially available 5-methylnicotinic acid (49a) and
6-methylnicotinic acid (49b) were esterified using methanol and concentrated sul-
furic acid, giving (50a, b), which were then converted into corresponding amides
(81a, b) upon reaction with a 28% ammonium hydroxide solution (Scheme 5.4).

Knoevenagel-type condensation reactions of the aldehyde 48 with the methyl
group in 5- and 6-methyl nicotinamides (51a, 51b) were performed in anhydrous
DMF in the presence of p-toluenesulfonic acid under N, atmosphere at RT. The
condensation reaction was successful, with condensation of 48 and 51b resulting in
the formation of a red fluorescent nicotinamide-coumarin conjugate (NCC) with an
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Scheme 5.2 Synthetic scheme for the formation of 5- and 6-methyl nicotinamides and the con-
densation of 6-methylnicotinamide with the coumarin aldehyde

overall yield of 30%. However, no reaction progress was observed when S1a was
used, possibly because of a deactivated methyl group at position 5 on the ring.

5.2.2 Structural Modifications to Achieve Redox Activity

Following its purification by column chromatography, '"H NMR-spectrum of NCC
exhibited a doublet at 6 = 8.15 ppm, thus confirming the presence of the oxidised
form of nicotinamide. Photophysical characterisation of NCC, performed in HEPES
buffer (100 mM, pH 7.4) indicated maximum absorbance at 445 nm and the emis-
sion maximum at 575nm (Fig.5.7). Compared to the photophysical properties of
7-diethylaminocoumarin (\., =410nm, \.,, =475 nm), NCC showed bathochromic
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shifts of 35 nm in absorbance and 100 nm in fluorescence emission. This result con-
firmed the original hypothesis that the electron withdrawing property of the oxidised
from of nicotinamide scaffold would result in a red-shift in the photophysical prop-
erties of the coumarin moiety.

Preliminary experiments were performed to measure changes in fluorescence
properties of NCC upon treatment with reducing agents. However, it was observed
that NCC did not show any change in its photophysical properties in the presence
of large mole equivalents of mild reducing agents such as Na,S,04 and NaBH;CN
(Fig.5.8). It was initially postulated that extending the conjugation of the nicoti-
namide scaffold could have decreased its reduction potential, but even upon treat-
ment with the strong reducing agent NaBHy, the fluorescence properties of NCC did
not change (Fig.5.8).
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A survey of the literature showed that all redox responsive structures based on
nicotinamide, including the cellular NAD*/NADH, possess a quarternary pyridinium
cation [5, 6]. To investigate if the lack of this structural feature in NCC was respon-
sible for its unresponsive behaviour towards changes in redox state, the structure of
NCC was altered to incorporate a pyridinium cation.

5.2.3 Synthesis of NCR3

A quarternary nitrogen atom on the nicotinamide scaffold can be installed by alkylat-
ing the nitrogen atom in the heterocycle upon reaction with an alkyl halide prior to its
condensation with the coumarin aldehyde. Considering the unsuccessful condensa-
tion of 5-methylnicotinamide (51a) with the coumarin aldehyde (48) in Sect.5.2.1,
this synthetic scheme was only performed with 6-methylnicotinamide (51b). N-
Alkylation of 51b with excess ethyl iodide in MeCN under reflux resulted in the
formation of the corresponding pyridinium salt (52) (Scheme 5.3). 52 was then
taken forward for condensation with 48 in DMF and p-toluenesulfonic acid to give
nicotinamide-coumarin redox sensor-3 (NCR3) in 42% yield. Moreover, the higher
yield obtained upon the condensation of 48 with 52 compared to 51b, is a possible
consequence of the enhanced activation of methyl group by the stronger electron
withdrawing effect of the pyridinium cation in 48 compared to pyridine in 51b.

5.2.4 Photophysical and Redox Responsive Properties
of NCR3

The photophysical properties were studied using a 20 M solution of NCR3 in 100
mM HEPES buffer (pH 7.4). The maximum absorbance of NCR3 was found to be
515nm, with maximum emission at 645nm (Fig.5.9). This indicated significantly
larger bathochromic shifts of 105nm and 170nm in absorbance and fluorescence
respectively compared to 7-diethylaminocoumarin (A, = 410nm, A.,, = 475nm).
Owing to the presence of the highly electron withdrawing pyridinium cation, the red-
shift in the absorbance and emission of NCR3 was much higher than that observed
in case of NCC. Furthermore, because red light is known to have better penetration
ability, NCR3, which has emission maximum lying in the red region of the visible
spectrum (645 nm) could potentially be utilised in deep-tissue and animal imaging
experiments.

The redox responsive properties of NCR3 were interrogated by recording the
spectral properties of the probe (20 uM, 100 mM HEPES, pH 7.4) in the presence of
reducing and oxidising agents. Upon reduction with 0-50 molar equivalents of the
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Fig. 5.9 Photophysical properties a absorbance and b fluorescence spectra (\.y = 456nm) of
NCR3 (20 uM) in the oxidised form followed by reduction with incremental additions of NaBH3CN
(0-50 molar equivalents) as the reducing agent. Spectra were collected in HEPES buffer (100 mM,
pH 7.4)

mild reductant NaBH;CN, NCR3 showed a decrease in the absorbance at 520nm
and a concomitant increase in the absorbance around 330nm (Fig.5.9a). In addi-
tion, the isosbestic point at 451 nm suggests the occurrence of only one chemical
transformation, a reduction process.

Fluorescence measurements were recorded using the isosbestic point (451 nm) as
the excitation wavelength. A similar trend was observed in the fluorescence spectra
of NCR3 upon reduction. The intensity of the peak at 645nm decreased, accom-
panied by an increase in the peak at 500nm (Fig.5.9b), with an isoemissive point
at 605 nm. The ratio of the intensity of the emission peaks can therefore be used to
decipher the proportions of oxidised and reduced forms of NCR3 and thus obtain
information about its redox environment. The diminution of the peak at 645 nm can
be attributed to the weaker electron withdrawing ability of the pyridine ring and the
loss of conjugation in the reduced form (Fig.5.5).

Unfortunately, addition of H,O,, at concentrations ranging from 20—1000 molar
equivalents, did not restore the fluorescence spectrum of NCR3. This suggested that
NCR3 undergoes irreversible reduction and therefore cannot be chemically oxidised.
One possible explanation for the irreversible reduction of NCR3 could be chemical
reduction of the vinylic bond joining the nicotinamide and coumarin scaffolds which
could be further investigated by NMR spectroscopy and mass spectrometry [7].

5.3 Electrochemical Studies

Electrochemical measurements were performed in the laboratory of Dr. Conor F.
Hogan at La Trobe University, in order to determine the reduction potential of NCR3
and devise strategies to address its irreversible reduction. Cyclic voltammograms
were recorded from a 2 mM solution of NCR3 in MeCN containing tetrabutylam-
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monium hexafluorophosphate (TBAPFg, 0.1 M) as an electrolyte and ferrocene as an
internal standard. As shown in Fig.5.10, NCR3 showed both reduction and oxida-
tion events at potentials —448 and 932 mV respectively (versus Fc/Fc). The redox
potential of the probe was calculated as —488 mV versus Fc/Fc™. Such a high redox
potential suggests that the reduced form of the probe is highly stable, and explains the
irreversible reduction of NCR3. Nevertheless, spectro-electrochemical studies were
performed to gain an understanding of the optical behaviour of NCR3 in relation to
its electrochemistry.

5.3.1 Spectro-Electrochemistry

Spectro-electrochemical studies were also performed at Dr. Conor F. Hogan’s lab. A
reduction potential of —0.7 V (versus Ag/Ag™) was applied using a platinum gauze
as the working electrode, platinum wire as the counter electrode and Ag/Ag™ as the
reference electrode. The absorbance and fluorescence spectra were recorded every 15
seconds following the application of the reduction potential. As shown in Fig.5.11a,
the peak at 500 nm decreased in intensity over subsequent scans accompanied with
an increase in the peak at 380 nm, which is similar to the results obtained from chem-
ical reduction of NCR3 with NaBH3CN. In addition, the isosbestic point obtained
from this experiment (A =448 nm) is in close agreement with that obtained by chem-
ical reduction (451 nm) confirming that the transformation process that occurs upon
addition of NaBH3CN is reduction.
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Fig. 5.11 a Absorbance and b fluorescence (\.x =458 nm) spectra of NCR3 (100 wM) over time
after the application of a reduction potential of —0.7 V. The absorbance and fluorescence spectra
were recorded at intervals of 15 and 20s, respectively

The fluorescence spectra in Fig.5.11b also show a decrease in the red fluores-
cence (645nm), and a concomitant increase in the green fluorescence (550 nm). The
increase in the peak at 550nm was not as pronounced compared to that obtained
from chemical reduction, which means that the emissive properties of the elec-
trochemically reduced form are significantly compromised. Further investigations
using bulk electrolysis might help understand such effects. Nevertheless, the values
of the isoemissive point obtained from chemical and electrochemical reduction are
in agreement.

The reversibility of the electrochemical and photophysical properties of NCR3
were investigated to check whether applying an oxidising potential would show
a complete reversal of the spectral pattern obtained in Fig.5.11. This was tested
by performing electrochemical reduction of the probe followed by an immediate
application of a positive oxidation potential of 1.0 V (versus. Ag/Ag"), with the
photophysical properties recorded every 20 s (Fig. 5.12). As evidenced by the increase
in absorbance at 500 nm and the associated decrease at 380 nm, applying an oxidation
potential of 1.0V resulted in the re-oxidation of NCR3 (Fig.5.12a). This is further
confirmed by the fluorescence spectra, which show an increase in the peak intensity
at 645 nm accompanied by a decrease in the peak at 550 nm (Fig.5.12b). From these
results it was understood that NCR3 has immense potential for use as a reversible
redox sensor. It was crucial to therefore be able to tune its structure such that the
oxidation potential is much lower, and within the range of cellular oxidants (ROS).

At this stage, it was thought that suitable modifications on the nicotinamide scaf-
fold, specifically the amide group at position 3, could help tune the redox potential of
the probe and achieve a reversible redox response. Furthermore, the redox responsive
properties of other moieties such as quinolinium group can be investigated. These
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Fig. 5.12 a Absorbance and b fluorescence spectra of electrochemically reduced NCR3 (100 wM)
recorded after the application of an oxidation potential of 1.0 V. The absorbance and fluorescence
spectra were recorded at intervals of 15 and 205, respectively

approaches were investigated by Madeleine Carr, an Honours student in the group,
who developed quinolium-coumarin based redox probes which exhibited far-red flu-
orescence properties with excellent tissue penetration and ratiometric response to
reduction. However, the challenge of achieving a reversible redox response remains.

5.4 Cell Permeability

Although NCR3 was observed to possess irreversible redox behaviour, its ability to
respond to reducing cellular environments was investigated. Confocal microscope
images (A, =458 nm, \.,, = 470 — 700nm) displayed no fluorescence from HeLa
cells treated with NCR3 (50 uM, 30 min), suggesting that NCR3 cannot penetrate
the cell membrane (Fig.5.13). To investigate probe uptake in other cell types, treat-
ments were repeated in DLD-1 cells and RAW 264.7 macrophages, but even with
longer treatment times (1 and 2 h), the cells did not show any evidence of NCR3
accumulation, with fluorescence similar to background levels.

In order to cross the phospho-lipid cell membrane by passive diffusion, a molecule
must be sufficiently hydrophobic. It is therefore likely that the positive charge on the
scaffold that was necessary for the redox response precluded the cellular penetra-
tion of NCR3. It was envisioned that the hydrophobicity of the molecule could be
enhanced by having a longer alkyl chain on the pyridinium nitrogen. This hypothesis
was tested by synthesising NCR4 by the condensation of the same coumarin alde-
hyde (48), this time with 1-hexyl-6-methylnicotinamidium iodide (53), which was
synthesised by alkylating 51b with hexyliodide (Scheme 5.4).
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Fig. 5.13 Average intensity of images obtained by confocal microscopy of HeLa (black), DLD-1
(red) and RAW 264.7 (blue) cells when treated with vehicle control (DMSO) and NCR3 (50 uM)
for different durations. Bar graphs represent average intensities of three images. Error bars represent
standard deviation n=3

/(j)k MeCN

49%

O

CHO
—_—
NK oo Kﬁ 48% L
l

48 NCR4

Scheme 5.4 Synthesis of NCR4

The photophysical and electrochemical behaviour of NCR4 mimics that of
NCR3. Following its purification and characterisation, the cell penetration ability
of NCR4 was interrogated by treating RAW 264.7 macrophages with NCR4 (50
wM, 15 min). The confocal microscopy images (A, =458 nm, \.,, =470 — 700 nm)
showed the presence of bright red fluorescence within the cells (Fig. 5.14). Further-
more, the staining pattern was characteristic of mitochondrial localisation. However,
at this stage, investigations to assess the ability of NCR4 to image cellular oxidative
capacity were limited by the irreversible reduction of NCR4.
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Fig. 5.14 Confocal
microscope images of RAW
264.7 cells treated with
NCR4 (50 pM, 15 min).
Scale bar represents 20 pm

5.5 Conclusions

In designing ratiometric redox probes it is important to ensure that the reduction
potential of the redox responsive component is not significantly altered upon conju-
gation to the fluorophore. This chapter investigated the utility of nicotinamide as a
redox responsive moiety. The design strategies, synthesis and photophysical charac-
terisation of nicotinamide based probes have been looked into. The results obtained
from the photophysical studies of the developed molecules confirm ICT as a suc-
cessful strategy to develop a red fluorescent ratiometric redox probe by conjugating
nicotinamide and coumarin. However, in designing such probes the redox potential
of the nicotinamide scaffold was pushed beyond the responsive window of common
oxidising agents. Furthermore, when designing future redox probes based on nicoti-
namides, it is important to conserve the quarternary pyridinium cation within the
probe structure to ensure redox responsive behaviour.

The spectro-electrochemical studies revealed immense potential of NCR3 to per-
form as a reversible redox probe. However, future work would require suitable struc-
tural modifications to draw the reduction potential of the scaffold within an accessible
range. In addition, isolation of reduced forms of NCR3 and NCR4 and their structural
characterisation by NMR and mass spectroscopy would further aid is understand-
ing the differences in chemical and electrochemical reduction. A simple switch of
shorter alkyl chain with a longer one, helped address the cell permeability issues,
highlighting the importance of lipophilicity in probe design toguarantee successful
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cell penetration. Moreover, the mitochondrial localisation of the lipophilic NCR4
demonstrates great potential of the developed molecules to act as starting points for
further investigations leading to the design of a mitochondrially targeted ratiometric
redox probe.
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Chapter 6
In Cellulo Studies

Understanding the morphological and physiological processes that occur within a
biological system is critical to addressing many questions pertaining to health and
disease. Cell culture refers to the isolation of cells from animals and subsequent
maintenance in a favourable artificial environment. It remains one of the simplest
models for investigating biological systems, free of the complications that arise from
studying tissue or whole animals [1]. With cell culture, it is possible to study a limited
numbers of cells in a well-defined environment. Furthermore, the physico-chemical
(oxygen concentration, temperature and pH) and physiological (hormone, serum
and nutrient concentrations) aspects of the environment in which the cells propagate
can be manipulated as desired, to mimic specific conditions, whether the onset of a
pathological condition [2], exposure to pathogens [3] or to understand the effect of
environmental variations on basic cellular processes [4—6]. In addition, the genetic
make-up of the cells can be precisely controlled to obtain deeper understanding of
effect of gene mutations and their role in causing various hereditary diseases [7].

Current life science research employs cultured cells in a wide range of inves-
tigations, such as evaluating the therapeutic and/or cytotoxic effects of drugs [3],
interactions between cell and pathogens [8], and understanding the processes such
as mutagenesis, carcinogenesis and aging [9]. This has been achieved by a variety of
methods, such as biochemical assays [10], blotting techniques [11] and optical imag-
ing [12]. This chapter details the experiments performed using the fluorescent redox
probes developed during this PhD (Fig.6.1), to image variations in the oxidative
capacity of a range of cultured cells.

6.1 Embryonic Stem Cells

Embryonic stem cells (ESCs) procured from the inner cell mass of the embryonic
blastocyst are pluripotent, meaning that they have the ability to differentiate into many
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Fig. 6.1 Chemical structures of the redox probes utilised in in cellulo experiments

specialised cell types [13]. The pluripotency of embryonic cells has been reported to
be dependent on a variety of intrinsic regulators and the exogenous environment. Evi-
dence suggests that extracellular factors with specific cell surface receptors initiate
diverse intracellular signal transduction pathways [14]. Within a cell, secondary mes-
sengers play a crucial role in the amplification of the signalling pathways responsible
for diverse cellular responses, including proliferation, differentiation and apoptosis
[15], and the role of ROS/RNS as secondary messengers has recently been demon-
strated [14].

Several recent reports have successfully established the role of ROS in facilitating
the differentiation of ESCs into specific cell types [16—19], and minute variations
in the ROS-levels in ESCs have been shown to have drastic effects on stem cell
fate [20-22]. Furthermore, recent studies highlight the fact that ROS can induce the
differentiation of ESCs into the mesoderm (the middle layer of cells in an embryo)
and endoderm (the inner layer of cells in an embryo). However, the expression of
ectoderm (the outer layer in an embryo)-related genes remained unaltered [23]. In
addition, particularly in embryonic stem cells, it has been demonstrated that fluxes
in the cellular oxidative capacity play a key role in the mediating the mitochondria-
nucleus crosstalk which could be responsible for establishing a coordination between
metabolic and differentiation events of the cell [24, 25]. This section details the
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investigations that have been performed using NpFR2 to explore the variations in
mitochondrial ROS-levels in embryonic stem cells and their effect on the stem cell
differentiation process.

6.1.1 Imaging Redox State in Embryonic Stem Cells

Prior to interrogating the role of cellular redox state in mediating stem cell differenti-
ation, preliminary investigations were performed to investigate the ability of NpFR2
to respond to changes in the mitochondrial oxidative capacity of ESCs brought about
by exogenous redox agents. These studies were performed in collaboration with Dr.
Stuart Fraser and Mr. Kurt Brigden in the School of Medical Sciences, University of
Sydney.

To mimic reducing and oxidising cellular environments, murine ESCs were treated
with reducing (NAC, 50 M, 30min) or oxidising agents (H,O,, 50 uM, 30 min)
followed by treatment with NpFR2 (20 wM, 15 min). The cells were then washed and
prepared for assay on a flow cytometer. Basal oxidative capacity was measured using
cells treated only with NpFR2 (20 wM, 15 min), and unstained control cells treated
with vehicle control (DMSO) were also analysed. Analysis of flow cytometry results
illustrated that ESCs treated with the probe had significantly greater fluorescence
intensity compared to the unstained control (Fig.6.2). The cells treated with H,O,
exhibited 4-fold higher NpFR2-fluorescence intensity compared to cells treated with
probe alone, corresponding to higher mitochondrial oxidative stress in these cells, as
expected.

Furthermore, the fluorescence intensity of cells treated with the reducing agent
NAC was significantly reduced compared to the oxidised cells and those treated with
probe alone (Fig. 6.2). In fact, the fluorescence profile of reduced cells was observed
to be closer to that of unstained cells. The results illustrate that NpFR2 provides a
clear readout of the mitochondrial redox state of ESCs.

6.1.2 Role of Copper in Cellular Redox Homoeostasis

Copper is an essential micro-nutrient utilised by all living organisms for growth
and development. Possessing a high redox potential, copper operates as a cofactor
for both enzymatic and non-enzymatic proteins involved in a variety of biological
redox reactions [26, 27]. Owing to the preponderance of electron acceptors such as
molecular oxygen and superoxide radical anion (O3 ™) intracellular copper is oxidised
from cuprous to cupric species [28]. Facilitated by its redox-active biochemistry,
copper participates in non-enzymatic Haber-Weiss (Eq.6.1) and Fenton (Eq.6.2)
reactions that generate ROS [29, 30].

(037) + Cu*™ — 0y + Cu* (6.1)
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To attenuate the pathological consequences of excess labile copper, a set of
sophisticated and highly-conserved copper transporters and metallo-chaperones have
evolved that play a crucial role in transporting copper to explicit intracellular targets
and in maintaining copper homoeostasis [31, 32]. For example, CTR1 is a ubiqui-
tously expressed plasma membrane protein composed of 3 transmembrane domains
that form a homotrimeric pore with high affinity for the Cu™ ion [32]. CTR1 shuttles
Cu™ across the membrane and has been demonstrated to play a key role in maintain-
ing copper homoeostasis particularly during embryogenesis and brain development
[33].

CTRI1 knock-out mice have been created, and their phenotype is instructive of the
protein’s role in brain development and copper homoeostasis [33, 34]. Homozygous
CTR1 knock-out embryos (CTR1~/7), which contain no functional copy of CTR1
gene (SLC31A1), do not survive beyond 8.5 days post coitum (dpc, referring to days
after copulation) due to significant developmental abnormalities [33]. In contrast,
CTR1 heterozygous embryos (CTR1%/7), which contain one functional copy of
the CTR1 gene are viable, and commence organogenesis 8.5 dpc, similar to their
wild-type (CTR17/%) littermates [33]. It is understood that several cupro-enzymes
facilitate key protein-transformations during gastrulation, so copper deficiency could
be a crucial factor compromising the development of embryonic germ layers.
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6.1.3 Mitochondrial Redox State in CTR1 Knock-Outs
of Embryonic Stem Cells

Considering the role of copper in regulating mitochondrial-ROS levels via the Haber-
Weiss and Fenton-like chemistry, and the role of ROS as signalling molecules during
mesendodermal differentiation of ESCs, it was hypothesised that one possible mech-
anism by which CTR 17/~ fail to survive embryogenesis could be putatively low ROS
levels in these embryos. In order to confirm this hypothesis, investigations were per-
formed to measure the mitochondrial ROS levels in three murine embryonic stem cell
lines expressing varying degrees of the copper transporter (CTR1%/* cells, CTR1+/~
and CTR17/7). These cell lines were maintained by Mr. Kurt Brigden, a member of
the Fraser lab at the School of Medical Sciences, University of Sydney.

Having demonstrated the ability of NpFR2 to evaluate mitochondrial redox state
in ESCs, the probe was employed for this investigation. Three murine ESC lines—
CTRI1+/* cells, CTR1"/~ and CTR1~/~ were treated with NpFR2 (20 WM, 15 min)
and the fluorescence emission was analysed by flow cytometry. The population of
wild type CTR1 ESCs (CTR17/*) exhibited the highest fluorescence intensity com-
pared to the heterozygotes (CTR17/7), whilst the least fluorescence intensity was
observed in case of the CTR1 homozygous knock-outs (CTR1~/7) (Fig. 6.3).

These results indicate that there are considerably reduced levels of mitochon-
drial ROS in the CTR1~/~ ESCs compared to the wild type CTR1+/* cells, thus
confirming our hypothesis that reduced cellular copper levels translate into lower
mitochondrial oxidative capacity in the cells.
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Fig. 6.3 Flow cytometric studies of murine embryonic stem cells expressing varying levels of
CTRI treated with NpFR2 (20 M, 15min, A., = 488nm). a Representative histograms of cell
populations, b mean fluorescence intensities of cell populations. Error bars represent standard
deviation (n = 4), p < 0.05 is considered significant
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Fig.6.4 Flow cytometric studies of Murine embryonic stem cells expressing varying levels of CTR1
when subjected to (a) mesodermal and b ectodermal differentiation conditions treated with NpFR2
(20uM, 15min, A, =488 nm). Bars represent mean fluorescence intensities of cell populations.
Error bars represent standard deviation (n = 3), p < 0.05 is considered significant

Next, investigations focussed on assessing how mitochondrial ROS levels changes
during embryogenesis of CTR1 knock-out ESCs were performed. In order to achieve
this, the three ESC lineages were exposed to conditions facilitating mesodermal and
ectodermal differentiation in an attempt to mimic in utero embryogenesis. These
cells were allowed to differentiate in vitro over a period of 5 days, after which they
were dosed with NpFR2 and analysed on a flow cytometer. Interestingly, no sig-
nificant variations in fluorescence intensity were observed during the ectodermal
differentiation of CTR1*/* cells, CTR1*/~ and CTR1~/~ ESCs (Fig.6.4) indicat-
ing unchanged mitochondrial ROS levels. However, under conditions of mesodermal
differentiation, CTR1 ~/~ exhibited a much lower fluorescence intensity compared
to the CTR17/7 cells, whilst no significant differences were observed between the
CTR1 ¥/~ and CTR1 */* ESCs. This illustrates that the mitochondrial ROS levels
are not significantly lowered when at least one functional copy of the CTR1 gene
is present within the ESC. However, in a homozygous knock-out, the mitochon-
drial ROS levels are compromised and could therefore be playing a crucial role in
hampering the normal differentiation process.

6.1.4 Conclusions

The results obtained from these experiments indicate that complete knock-out of the
CTRI1 expressing gene is linked to lower levels of mitochondrial oxidative capacity.
A similar trend was observed when the ESCs were subjected to mesodermal differen-
tiation conditions, as inferred from the fluorescence intensity of NpFR2. However,
NpFR2 reported no significant variation in mitochondrial ROS levels upon exposure
to ectodermal differentiation conditions, warranting further investigation to better
understand this observation.
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6.2 Pancreatic Cancer Cells

Mia PaCa-2 (MP) pancreatic cancer cells have been extensively used to investigate
pancreatic cancer cell biology [35-38]. A variety of cancer cells including pancreatic,
thyroid, ovary, breast and lung cancer have been found to express high levels of
progesterone receptor membrane component 1 (PGRMC1) [39-41]. PGRMC-1 has
been reported to contribute towards protection of the cancer cells from damage and
promote their survival and proliferation. [42, 43]. The prime biochemical function of
this protein, which shares key structural motifs with cytochrome bss, is heme-binding
[44, 45].

To investigate the potential roles of the PGRMC1-dependent signalling system
in pancreatic cancer cells, Dr. Michael Cahill’s research group at Charles Sturt Uni-
versity generated stable mutants with varying degrees of PGRMC1-phosphorylation
by stably transfecting MP cells with a plasmid expressing PGRMC1 variants. The
mutations involve replacing commonly phosphorylated amino acids such as ser-
ine and tyrosine with ones that do not undergo phosphorylation. The developed
mutants include the wild-type (WT) sequence, a S57A/S181A double mutant (DM),
in which serine amino acid at positions 57 and 181 are changed to alanine [46],
and the S57A/Y 180F/S181A triple mutant (TM), containing an additional mutation
with tyrosine 180 replaced with phenylalanine. Preliminary data from Dr. Cahill’s
investigations using proteomic studies and metabolic assays suggested that vary-
ing PGRMCI1 phosphorylation status could affect mitochondrial function, glucose
uptake and lactate production in these cells. The aim of this section of the work was
to investigate any effect PGRMC1-phosphorylation might have on the cellular and
mitochondrial redox homoeostasis. MP cells and the three mutants were provided
by Dr. Cahill.

6.2.1 Variations in Oxidative Capacity of PGRMC1 Mutants

The cytoplasmic oxidative capacities of MP, WT, DM and TM cells were interrogated
and NpFR1 was used for this purpose. These studies were performed by Mr. Partho
Adhikary from the Cahill group at the Charles Sturt University [47]. The cells were
treated with 20 pM of NpFR1 and assayed for fluorescence by flow cytometry.
NpFR1 exhibited two cell populations: one with lower (peak A) and one with a higher
(peak B) NpFR1-fluorescence intensity illustrating that these populations correspond
to lower and higher cytoplasmic oxidative capacities respectively (Fig.6.5).

Cellular redox state has been reported to differ between various cell cycle stages.
The G2/S has a more reducing cellular environment and the S and G1 phases have
intermediate and more oxidising environments respectively [48]. It is therefore sug-
gested that peak A with lower oxidative capacity could potentially represent cells in
G2/M phase, whilst the peak B could represent those in G1 phase.
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While no significant fluorescence was observed in untreated control cells, the
results suggest that a greater proportion of MP cells constitute peak A (NpFR1-G2/M
peak) compared to that of DM and WT cells. TM cells also exhibited 4-times fewer
cells in peak A (NpFR1-G2/M peak) than other cell types (Fig. 6.6). These patterns
were conserved across three different clones of each cell type. Furthermore, peak
B of TM cells exhibited lower cytoplasmic oxidative capacity (NpFR1-G1 peak)
compared to MP and DM cells (indicated by the left shifted peak B (NpFR1-G1
peak) against the average high fluorescence intensity (vertical dotted line, Fig. 6.6).

In order to assess the mitochondrial oxidative capacity, cells were treated with
NpFR2 and assayed for fluorescence by flow cytometry. The results indicate more
than 90% of WT and TM cells lie within the high fluorescence gated, while approx-
imately 75% of MP and DM cells lie in this gate. This suggests that the inner mito-
chondrial matrix of WT and TM cells was more oxidising compared to that of MP and
DM cells (Fig. 6.7). An interesting observation was that the WT and TM cells which
exhibited more oxidising mitochondrial matrix demonstrated a less oxidising cyto-
plasmic environment. To obtain a clearer picture of the mitochondrial function and
stress responses of these cells, Seahorse XF Cell Mito Stress tests were performed
at the Molecular Biology Facility, Bosch Institute, University of Sydney.

6.2.2 Assessing Mitochondrial Activity

Cellular metabolism involves the uptake of nutrients, such as oxygen, glucose and
glutamine for energy production through a series of enzymatically regulated redox
reactions. The Seahorse XF Cell Mito Stress Test measures the rate of cellular oxygen
consumption, an indicator of cellular respiration (oxygen consumption rate, OCR
measured as picomoles/minute), and proton excretion (extracellular acidification
rate, ECAR measured as millipH/min) that represents the rate of glycolysis.
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In the Seahorse assay, the cellular metabolism is perturbed by the addition of three
different metabolic modulators (Fig.6.8). The first one is oligomycin, an inhibitor
of ATP synthesis which works by blocking the proton channel of the Fo portion
ATP synthase (Complex V). It can therefore be applied to differentiate between the
percentage of oxygen consumption dedicated to ATP production and that essential to
overcome the natural proton leak across the inner mitochondrial membrane (Fig. 6.8).

This is followed by injection of FCCP (carbonyl cyanide-p-trifluoromethoxy
phenylhydrazone), an ionophore that disrupts the mitochondrial membrane poten-
tial by leaking protons across the membrane instead of the ATP synthase (Complex
V) proton channel. The depolarised mitochondrial membrane potential results in
accelerated consumption of energy and oxygen, without ATP production. The differ-
ence between the basal and maximal OCR would give the spare respiratory capacity,
a major factor in determining cell vitality and survival (Fig.6.8). The third injec-
tion is a cocktail of rotenone and antimycin A, inhibitors of Complex I and III
respectively, which terminates mitochondrial respiration. Consequently, respiration
resulting from both mitochondrial and non-mitochondrial fractions can be calculated.
Therefore, key parameters of mitochondrial activity—basal respiration, ATP-linked
respiration, maximal respiration, spare respiratory capacity, and non-mitochondrial
respiration can be determined.



138 6 In Cellulo Studies

Control NpFR2

171
160

MP

0.0% 78.6%

T 0 EERRa T o3

144
143

WT

0.0% 94.9%

B B e b
1

DM
0.0%. 74.7%,

e T R Tamaa 1 e T

156
146

155 :
g» -e;» 'e:» -9:»
w
147
mw

™
90.5%,

T 08 SRR R T o2 e
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6.2.2.1 Optimisation Assays

To effectively assess the bioenergetic profile of a cell type, it is essential to charac-
terise its metabolic activity under basal and stress conditions. This is achieved by
optimising the cell density and FCCP (ATP uncoupler) concentration for a given cell
type.

According to the manufacturer’s guidelines, OCR values between 50—400
pmol/min and ECAR values between 20—120 mpH/min are recommended for optimal
cell density. To determine the optimal cell density, MP cells were plated at densi-
ties of 2 x 10*, 4 x 10%, 8 x 10* and 16 x 10* cells per well on a 24-well Seahorse
cell culture plate and allowed to adhere overnight. Prior to the assay, the cells were
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Fig. 6.9 Cell density optimisation assay. The basal a OCR and b ECAR values of MP cells plated
at different cell densities

washed and incubated in serum-free XF assay medium (low-buffered, carbonate-free
medium supplemented with 10 mM glucose, 2 mM sodium pyruvate and 1 mM L-
glutamine) for 1h. The basal OCR and ECAR were measured using a Seahorse XF
24 analyser. The OCR values of 2 x 10* (84 pmol/min) and 4 x 10* (244 pmol/min)
cells/well lie within the recommended values (Fig. 6.9a). However, the basal ECAR
for 2 x 10* cells/well was measured to be 8.5 mpH/min, which is below the recom-
mended values (Fig. 6.9b). Therefore, the cell density of 4 x 10* cells/well with an
ECAR of 26 mpH/min (Fig. 6.9b), was determined to be the optimal cell density for
the assay.
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The optimum concentration of FCCP was determined using MP cells plated at
the optimal density of 4 x 10* cells/well, which were washed and incubated in XF
assay medium for 1h before the assay. The cells were then injected with FCCP
concentrations ranging from 0—2 wM. According to the manufacturer’s protocol, the
lowest FCCP concentration which yields the highest OCR (indicative of maximal
respiration) is considered optimal. The highest OCR value was obtained for cells
treated with 0.25 WM concentration of FCCP (Fig.6.10) and was therefore used in
subsequent assays.

6.2.2.2 Mitochondrial Stress Assays

In order to investigate the effects of PGRMC1 mutations on mitochondrial bioen-
ergetics, mitochondrial stress assays were performed for MP, WT, DM and TM
cells, using the optimal cell density and FCCP concentrations determined in the
previous section. 4 x 10* cells/well were plated and allowed to adhere overnight,
following which the cells were washed and incubated in XF assay medium for 1h.
During the assay, the basal OCR was measured over three mix/wait/measure cycles—
3min/2min/3min. This was followed by sequential treatment with oligomycin
(1uM), FCCP (0.25 pM) and a mixture of rotenone/anitmycin A (0.5 wM each).
The concentrations of oligomycin and rotenone/antimycin A were used according
to the manufacturer’s guidelines. Following each treatment the OCR was measured
over four mix/wait/measure cycles.

The mitochondrial stress profiles (Fig. 6.11a) demonstrate similar levels of basal
respiration in all the cell types. However, significant differences were observed in the
levels of maximal respiration (and therefore the spare respiratory capacity) between
the cell types.
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Fig. 6.11 a Mitochondrial stress profiles of MP cells and the PGRMCI1 mutants. Dotted lines
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graphs showing the OCR under basal conditions and the spare respiratory capacity of the cells.
The OCR values are normalised to the protein content in each well. Error bars represent standard
deviation n =3

Both MP and TM cells showed greater spare respiratory capacity compared to
WT and DM cells (Fig. 6.11b). Spare respiratory capacity is an important indicator
of the bioenergetics of a cell and reflects the cells’ ability to respond to an increase in
energy demand by upregulating the mitochondrial electron transport chain [49, 50].
Lower spare respiratory capacity could indicate a mitochondrial dysfunction which
might not be manifest under basal conditions, but becomes evident in conditions of
high ATP demand [49, 50].

These results indicate that PGRMC1 mutation results in some level of mitochon-
drial dysfunction in the DM cells that is alleviated in the TM cells, which is in
agreement with preliminary proteomics data obtained by the Cahill group. How-
ever, further experiments interrogating the variations in mitochondrial number and
morphology using high resolution imaging would help understand the bioenergetic
profiles of these cells.

6.2.3 Conclusions

The experiments with MP cells and mutants expressing varying degrees of PGRMCl1
mutations suggest that the mutations significantly alter both cytoplasmic and mito-
chondrial oxidative capacity. In particular, the mitochondrial environment of WT
and TM cells was observed to be highly oxidising compared to MP and DM cells.
In contrast, the cytoplasmic redox state of WT and TM cells was less oxidising.
Mitochondrial stress assays indicate that the mitochondria in the DM and WT cells
exhibit lower spare respiratory capacity which could possibly be linked to dysfunc-
tional mitochondria. However, further investigations are imperative to understanding
the observed variations in the mitochondrial respiration profiles.
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6.3 Three Dimensional Tumour Spheroids

Tumour spheroids are three dimensional spherical aggregates of cells formed by self-
assembly [7]. Unlike classical 2-dimensional cell monolayers, spheroids mimic the
3D cellular context and tissue complexity with characteristic pathophysiology of in
vivo tumours, making them an ideal model for the study of mechanisms involved in
the onset and progression of cancer and the screening of potential therapeutic agents
[51, 52]. The architecture of spheroids is strikingly similar to the in vivo tumour
microenvironment exhibiting gradients of nutrient and oxygen availability as well
as accumulation of toxic catabolites (Fig.6.12). Spheroids with a radius of 200—
500 pm can be classified into three zones—the outermost zone constitutes mainly of
proliferating cells, followed by a zone of quiescent cells on the inside which thrive
in conditions of limited nutrient and oxygen transport limitations, and the core of a
spheroid usually harbours necrotic cells which reside in severely hypoxic conditions
[53, 54].

As spheroids increase in size, concentration gradients of nutrients, oxygen, catabo-
lites and other factors develop. Tumour microenvironments such as hypoxia have
been demonstrated to contribute towards determining the growth kinetics and drug
susceptibility of tumours as well as inducing necrosis [55, 56]. Common methods
of determining oxygen gradients within tumour spheroids involve the use of micro-
electrodes [57, 58], analysing the expression levels of hypoxia-responsive protein
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[59] and metabolism of radiolabelled substances [60, 61] most of which are inva-
sive. Recently, optical imaging agents based on transition metal complexes have been
developed and possess properties responsive to hypoxic environments [60, 62].

Considering the fact that the primary source of ROS/RNS is oxygen, via leakage
of electrons from the mitochondrial electron transport chain, it was envisioned that a
gradient in oxygen availability present between the core and periphery of a spheroid
could give rise to gradient in oxidative capacity of cells in a tumour spheroid. To
investigate this hypothesis, the ratiometric redox probe FCR1 was employed for
imaging 3D spheroids.

Spheroids were cultured from DLD-1, human colorectal adenocarcinoma cells.
Approximately 25000 cells were plated on a 96-well plate containing a pad of 40 uL.
agarose (750mg in 100 mL PBS) in each well and incubated for a period of 4 days
allowing the cells to assemble into a tight spheroid approximately 200-300 pum in
radius. The spheroids were then carefully picked up using a pipette and placed onto
a glass-bottom dish containing advanced DMEM supplemented with 20 uM FCR1
and incubated for a period of 16h following which the spheroids were washed and
prepared for imaging.

The images were obtained using multi-photon confocal microscope with exci-
tation at 820 nm. The images recorded are consistent with accumulation of FCR1
throughout the whole spheroid (Fig. 6.13). The images were obtained in the blue and
green emission channels and a ratio image was developed using the RatioPlus plugin
in FIJT (National Institute of Health). Although it was expected that spheroids would
present a gradient of oxidative capacity, decreasing from periphery towards the core,
the obtained ratio image demonstrated an interesting profile of cellular oxidative
capacity. As shown in Fig. 6.13, the spheroid exhibited an intermediate ring of cells
having high oxidative capacity, whilst the inner necrotic core and outermost layer of
cells demonstrated comparatively lower levels of oxidative capacity. This result sug-
gests that quiescent cells in the zone of nutrient and oxygen scarcity are oxidatively
stressed compared to the proliferating outer core and hypoxic inner core.

Blue channel Green channel
420 - 475 nm 420 - 475 nm

Ratio image

Fig. 6.13 Confocal microscopy images of DLD-1 spheroids treated with FCR1 (20 uM, 16 h, A,
= 820nm) in blue and green channels. Scale bar represents 100 wm
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Fig. 6.14 Fluorescence
lifetime imaging microscopy
of of DLD-1 spheroids
treated with FCR1 (20 uM,
16h, A,y = 820nm)
illustrating different zones of
donor lifetimes at different
depths of the spheroid (zone
A and C, 7, =2.0ns, and
zone B 7,, =1.7ns)

Similar results were obtained from lifetime imaging studies performed with
FCR1-treated DLD-1 spheroids described in Sect.3.4.7, the donor lifetimes were
imaged in TCSPC mode. As shown in Fig.6.14, an intermediate ring of cells hav-
ing shorter donor lifetimes (1.7 ns) was observed, suggesting a greater FRET effi-
ciency and consequently higher oxidising environment. In agreement with the results
obtained from confocal microscopy, the peripheral and inner-core cells demonstrated
longer donor lifetimes (2.0ns), which relates to the poorer FRET efficiency and a
comparatively lower oxidative capacity.

6.3.1 Conclusions

Three dimensional spheroids present a valuable model to investigate tumour microen-
vironments in laboratory conditions. The results obtained confirm that the potential
of FCR1 to report on cellular redox state is not just limited to cell monolayers, but
can be expanded to three dimensional tumour spheroids. These experiments demon-
strate that the intermediate zone comprises of oxidatively-stressed quiescent cells,
whilst the cells in the core and close to the surface of the spheroid have compara-
tively lower levels of oxidative stress. Further investigations could be performed in
spheroids formed from cells expressing hypoxia responsive element conjugated to a
fluorescent protein, to better understand the hypoxic gradient within a 3-D tumour
spheroid.


http://dx.doi.org/10.1007/978-3-319-73405-7_3

References 145

References

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. J. Paul, Cell and Tissue Culture (Churchill Livingstone, 1975)

. H.A.Laken, M.W. Leonard, Understanding and modulating apoptosis in industrial cell culture.
Curr. Opin. Biotechnol. 12, 175-179 (2001)

S. Ozturk, W.S. Hu, Cell Culture Technology for Pharmaceutical and Cell-Based Therapies
(Biotechnology and Bioprocessing) (CRC Press, New York, 2005)

S.P. Langdon, Cancer Cell Culture: Methods and Protocols. Methods in Molecular Medicine
(Humana Press, 2004)

. ML.P. Lutolf, PM. Gilbert, H.M. Blau, Designing materials to direct stem-cell fate. Nature
462, 433-441 (2009)

J.B. Griffiths, Serum and growth factors in cell culture media-an introductory review. Dev.
Biol. Stand. 66, 155-160 (1987)

T. Lai, Y. Yang, K.S. Ng, Advances in Mammalian Cell Line Development Technologies for
Recombinant Protein Production (2013)

. K.E. Hellstrom, I. Hellstrom, Immunological enhancement as studied by cell culture tech-
niques. Annu. Rev. Microbiol. 24, 373-398 (1970)

T. Reya, S.J. Morrison, M.F. Clarke, I.L. Weissman, Stem cells, cancer, and cancer stem cells.
Nature 414, 105-111 (2001)

G. Wu, Assay Development: Fundamentals and Practices (Wiley, 2010)

K. Wilson, J. Walker, Principles and Techniques of Biochemistry and Molecular Biology.
Principles and Techniques of Biochemistry and Molecular Biology (Cambridge University
Press, 2010)

M. Aswendt, J. Adamczak, A. Tennstaedt, A review of novel optical imaging strategies of the
stroke pathology and stem cell therapy in stroke (2014)

M.K. Carpenter, E.S. Rosler, G.J. Fisk, R. Brandenberger, X. Ares, T. Miura, M. Lucero, M.S.
Rao, Properties of four human embryonic stem cell lines maintained in a feeder-free culture
system. Dev. Dyn.: An official publication of the American Association of Anatomists 229,
243-258 (2004)

S.G. Rhee, Redox signaling: hydrogen peroxide as intracellular messenger. Exp. Mol. Med.
31, 53-59 (1999)

R.S. Sohal, R.G. Allen, C. Nations, Oxygen free radicals play a role in cellular differentiation:
an hypothesis. J. Radic. Biol. Med. 2, 175-181 (1986)

B. Ateghang, M. Wartenberg, M. Gassmann, H. Sauer, Regulation of cardiotrophin-1 expres-
sion in mouse embryonic stem cells by HIF-1alpha and intracellular reactive oxygen species.
J. Cell Sci. 119, 1043-1052 (2006)

L. Ding, X.-G. Liang, Y. Hu, D.-Y. Zhu, Y.-J. Lou, Involvement of p38MAPK and reactive
oxygen species in icariin-induced cardiomyocyte differentiation of murine embryonic stem
cells in vitro. Stem Cells Dev. 17, 751-760 (2008)

S.Lange,J. Heger, G. Euler, M. Wartenberg, H.M. Piper, H. Sauer, Platelet-derived growth fac-
tor BB stimulates vasculogenesis of embryonic stem cell-derived endothelial cells by calcium-
mediated generation of reactive oxygen species. Cardiovasc. Res. 81, 159-168 (2009)

H. Sauer, M. Wartenberg, Reactive oxygen species as signaling molecules in cardiovascular
differentiation of embryonic stem cells and tumor-induced angiogenesis. Antioxid. Redox
Signal. 7, 1423-1434 (2005)

K. Ito, A. Hirao, F. Arai, S. Matsuoka, K. Takubo, I. Hamaguchi, K. Nomiyama, K. Hosokawa,
K. Sakurada, N. Nakagata, Y. Ikeda, T.W. Mak, T. Suda, Regulation of oxidative stress by
ATM is required for self-renewal of haematopoietic stem cells. Nature 431, 997-1002 (2004)
K. Ito, A. Hirao, F. Arai, K. Takubo, S. Matsuoka, K. Miyamoto, M. Ohmura, K. Naka, K.
Hosokawa, Y. Ikeda, T. Suda, Reactive oxygen species act through p38 MAPK to limit the
lifespan of hematopoietic stem cells. Nat. Med. 12, 446451 (2006)

Y.-Y.Jang, S.J. Sharkis, A low level of reactive oxygen species selects for primitive hematopoi-
etic stem cells that may reside in the low-oxygenic niche. Blood 110, 3056-3063 (2007)



146

23

24.

25.

26.
217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

6 In Cellulo Studies

. A-R.Ji, S.-Y. Ku, M.S. Cho, Y.Y. Kim, Y.J. Kim, S.K. Oh, S.H. Kim, S.Y. Moon, Y.M.
Choi, Reactive oxygen species enhance differentiation of human embryonic stem cells into
mesendodermal lineage. Exp. Mol. Med. 42, 175-186 (2010)

A. Gomes, N. Price, A. Ling, J. Moslehi, M.K. Montgomery, L. Rajman, J. White, J. Teodoro,
C. Wrann, B. Hubbard, E. Mercken, C. Palmeira, R. deCabo, A. Rolo, N. Turner, E. Bell, D.
Sinclair, Declining NAD+ induces a pseudohypoxic state disrupting nuclear-mitochondrial
communication during aging. Cell 155, 1624-1638 (2016)

P. Rimmelé, C. Bigarella, R. Liang, B. Izac, R. Dieguez-Gonzalez, G. Barbet, M. Donovan,
C. Brugnara, J. Blander, D. Sinclair, S. Ghaffari, Aging-like phenotype and defective lineage
specification in SIRT1-deleted hematopoietic stem and progenitor cells. Stem Cell Rep. 3,
44-59 (2016)

C.D. Vulpe, S. Packman, Cellular copper transport. Annu. Rev. Nutr. 15, 293-322 (1995)
E.D. Harris, Copper transport: an overview, in Proceedings of the Society for Experimental
Biology and Medicine, vol. 196 (Society for Experimental Biology and Medicine, New York,
N.Y., 1991), pp. 130-140

J.R. Prohaska, Role of copper transporters in copper homeostasis. Am. J. Clin. Nutr. 88,
826S-829S (2008)

A. Zabek-Adamska, R. Drozdz, J.W. Naskalski, Dynamics of reactive oxygen species gen-
eration in the presence of copper(I)-histidine complex and cysteine. Acta Biochim. Pol. 60,
565-571 (2013)

T.S. Koskenkorva-Frank, G. Weiss, W.H. Koppenol, S. Burckhardt, The complex interplay
of iron metabolism, reactive oxygen species, and reactive nitrogen species: Insights into the
potential of various iron therapies to induce oxidative and nitrosative stress. Free Radic. Biol.
Med. 65, 1174-1194 (2013)

B. Zhou, J. Gitschier, h\CTR1: a human gene for copper uptake identified by complementation
in yeast. Proc. Natl. Acad. Sci. U.S.A. 94, 7481-7486 (1997)

L.B. Moller, C. Petersen, C. Lund, N. Horn, Characterization of the hCTR1 gene: genomic
organization, functional expression, and identification of a highly homologous processed
gene. Gene 257, 13-22 (2000)

Y.M. Kuo, B. Zhou, D. Cosco, J. Gitschier, The copper transporter CTR1 provides an essential
function in mammalian embryonic development. Proc. Natl. Acad. Sci. U.S.A. 98, 6836—-6841
(2001)

T. Haremaki, D.C. Weinstein, Xmc mediates Xctrl-independent morphogenesis in Xenopus
laevis. Dev. Dyn.: An official publication of the American Association of Anatomists 238,
2382-2387 (2009)

H.-Q. Duong, Y.B. Hong, J.S. Kim, H.-S. Lee, Y.W. Yi, Y.J. Kim, A. Wang, W. Zhao, C.H.
Cho, Y.-S. Seong, I. Bae, Inhibition of checkpoint kinase 2 (CHK2) enhances sensitivity of
pancreatic adenocarcinoma cells to gemcitabine. J. Cell Mol. Med. 17, 1261-1270 (2013)
E.K.-H. Han, T. Mcgonigal, C. Butler, V.L. Giranda, Y. Luo, Characterization of Akt overex-
pression in MiaPaCa-2 cells: prohibitin is an Akt substrate both in vitro and in cells. Anticancer
Res. 28, 957-963 (2008)

Y. Iwagami, H. Eguchi, H. Nagano, H. Akita, N. Hama, H. Wada, K. Kawamoto, S. Kobayashi,
A. Tomokuni, Y. Tomimaru, M. Mori, Y. Doki, miR-320c regulates gemcitabine-resistance
in pancreatic cancer via SMARCCI. Br. J. Cancer 109, 502-511 (2013)

A.A. Yunis, G.K. Arimura, D.J. Russin, Human pancreatic carcinoma (MIA PaCa-2) in con-
tinuous culture: sensitivity to asparaginase. Int. J. Cancer. Journal international du cancer 19,
128-135 (1977)

I.S. Ahmed, H.J. Rohe, K.E. Twist, M.N. Mattingly, R.J. Craven, Progesterone receptor mem-
brane component 1 (Pgrmcl): a heme-1 domain protein that promotes tumorigenesis and is
inhibited by a small molecule. J. Pharmacol. Exp. Therapeut. 333, 564-573 (2010)

R.M. Losel, D. Besong, J.J. Peluso, M. Wehling, Progesterone receptor membrane component
1-many tasks for a versatile protein. Steroids 73, 929-934 (2008)

H.J. Rohe, I.S. Ahmed, K.E. Twist, R.J. Craven, PGRMC1 (progesterone receptor membrane
component 1): atargetable protein with multiple functions in steroid signaling, P450 activation
and drug binding. Pharmacol. Therapeut. 121, 14-19 (2009)



References 147

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

A .M. Friel, L. Zhang, C.A. Pru, N.C. Clark, M.L. McCallum, L.J. Blok, T. Shioda, J.J. Peluso,
B.R. Rueda, J.K. Pru, Progesterone receptor membrane component 1 deficiency attenuates
growth while promoting chemosensitivity of human endometrial xenograft tumors. Cancer
Lett. 356, 434-442 (2015)

X.Zhu,Y.Han, Z. Fang, W. Wu, M. Ji, F. Teng, W. Zhu, X. Yang, X. Jia, C. Zhang, Progesterone
protects ovarian cancer cells from cisplatin-induced inhibitory effects through progesterone
receptor membrane component 1/2 as well as AKT signaling. Oncol. Rep. 30, 2488-2494
(2013)

M.A. Cahill, Progesterone receptor membrane component 1: an integrative review. J. Steroid
Biochem. Mol. Biol. 105, 16-36 (2007)

J.J. Peluso, A. Pappalardo, R. Losel, M. Wehling, Progesterone membrane receptor component
1 expression in the immature rat ovary and its role in mediating progesterone’s antiapoptotic
action. Endocrinology 147, 3133-3140 (2006)

H. Neubauer, S.E. Clare, W. Wozny, G.P. Schwall, S. Poznanovic, W. Stegmann, U. Vogel,
K. Sotlar, D. Wallwiener, R. Kurek, T. Fehm, M.A. Cahill, Breast cancer proteomics reveals
correlation between estrogen receptor status and differential phosphorylation of PGRMCI.
Breast Cancer Res.: BCR 10, R85 (2008)

P.P. Adhikary, Role of Progesterone Receptor Membrane Component 1 (PGRMC1) in Cancer
Cell Biology. Ph.D. thesis, Charles Sturt University, 2016

E.H. Sarsour, M.G. Kumar, L. Chaudhuri, A.L. Kalen, P.C. Goswami, Redox control of the
cell cycle in health and disease. Antioxid. Redox Signal. 11, 2985-3011 (2009)

M. Brand, D. Nicholls, Assessing mitochondrial dysfunction in cells. Biochem. J. 435, 297—
312 (2011)

The Official Journal of the Society for, N. Yadava, D.G. Nicholls, Spare respiratory capacity
rather than oxidative stress regulates glutamate excitotoxicity after partial respiratory inhi-
bition of mitochondrial complex I with rotenone. J. Neurosci Neuroscience 27, 7310-7317
(2007)

L.A. Kunz-Schughart, Multicellular tumor spheroids: intermediates between monolayer cul-
ture and in vivo tumor. Cell Biol. Int. 23, 157-161 (1999)

G. Hamilton, Multicellular spheroids as an in vitro tumor model. Cancer Lett. 131, 29-34
(1998)

F. Hirschhaeuser, H. Menne, C. Dittfeld, J. West, W. Mueller-Klieser, L.A. Kunz-Schughart,
Multicellular tumor spheroids: an underestimated tool is catching up again. J. Biotechnol.
148, 3-15 (2010)

W. Mueller-Klieser, Multicellular spheroids. A review on cellular aggregates in cancer
research. J. Cancer Res. Clin. Oncol. 113, 101-122 (1987)

D. Shweiki, M. Neeman, A. Itin, E. Keshet, Induction of vascular endothelial growth factor
expression by hypoxia and by glucose deficiency in multicell spheroids: implications for
tumor angiogenesis. Proc. Natl. Acad. Sci. 92, 768-772 (1995)

K.R. Frenzel, R.M. Saller, J. Kummermehr, S. Schultz-Hector, Quantitative distinction of
cisplatin-sensitive and -resistant mouse fibrosarcoma cells grown in multicell tumor spheroids.
Cancer Res. 55, 386-391 (1995)

K.A. Krohn, J.M. Link, R.P. Mason, Molecular Imaging of Hypoxia. J. Nucl. Med. 49, 129S—
148S (2008) _

R.M. Sutherland, B. Sordat, J. Bamat, H. Gabbert, B. Bourra, OxygA nationand Differentiation
in Multicellular Colon Carcinomal Spheroids of Human. Regulation, 5320-5329 (1986)

U. Berchner-Pfannschmidt, S. Frede, C. Wotzlaw, J. Fandrey, Imaging of the hypoxia-
inducible factor pathway: insights into oxygen sensing. Eur. Respir. J. 32, 210-217 (2008)
A.K. Renfrew, N.S. Bryce, T.W. Hambley, Delivery and release of curcumin by a hypoxia-
activated cobalt chaperone: a XANES and FLIM study. Chem. Sci. 4, 3731-3739 (2013)
R.H. Thomlinson, L.H. Gray, The histological structure of some human lung cancers and the
possible implications for radiotherapy. Br. J. Cancer 9, 539-549 (1955)

S.Zhang, M. Hosaka, T. Yoshihara, K. Negishi, Y. lida, S. Tobita, T. Takeuchi, Phosphorescent
light-emitting iridium complexes serve as a hypoxia-sensing probe for tumor imaging in living
animals. Cancer Res. 70, 4490-4498 (2010)



Chapter 7
Ex Vivo Studies

As outlined in Chap. 6, cultured cells have become an indispensable technology in
various branches of life sciences. However, there are some concerns associated with
the study of cultured cells. In a living organism, cells exist in a three-dimensional
geometry whereas under laboratory conditions, cells are grown on a two-dimensional
substrate. As a result, the cell-to-cell interactions that may be crucial for normal cel-
lular functions are lost [1]. Also, cells naturally grow in a heterogeneous environment
(in presence of other cell types), rather than only one cell type as for cell culture. It has
been observed that over a period of continuous growth and sub-culturing in labora-
tory conditions the morphological and biochemical characteristics of the cells deviate
from those originally found in the donor animals [2—4], so they are no longer a good
physiological model. Such changes have been associated with genetic instability of
cultured cells, which ultimately leads to heterogeneity in cells [5]. Therefore, there
has recently been greater interest in performing ex vivo investigations using cells iso-
lated directly from animals, termed primary cells [6]. These primary cells offer the
similar ease of handling and imaging cultured cells whilst possessing unperturbed
biochemical and physiological state [6, 7]. However, isolation of primary cells is
more arduous. Herein, the developed fluorescent redox probes have been employed
to perform investigations on the oxidative capacity of primary cells isolated from
mice (Fig.7.1). Hepatocytes (liver cells) and haematopoietic (blood-forming cells)
have been interrogated.

Parts of the text and figures of this chapter are reprinted with permission from Antioxidants and
Redox Signalling, Volume 24, Issue 13, published by Mary Ann Leibert, Inc., New Rochelle,
NY., and Organic and Biomolecular Chemistry, Issue 24, with permission from the Royal
Society of Chemistry.
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Fig. 7.1 Chemical structures of the redox probes utilised in ex vivo experiments

7.1 Hepatocytes

The liver plays a crucial role in maintaining the body’s metabolic balance and a dam-
aged liver can result in a variety of diseases and metabolic syndromes. The liver is the
chief detoxifying organ in a mammalian body and comprises 70-85% hepatocytes,
which perform most of the organ’s functions, including metabolism of carbohydrates
and fats, and synthesis and storage of proteins. Two crucial functions of hepatocytes
are detoxification and excretion of endogenous metabolites and xenobiotics, such as
drugs, pesticides, preservatives, pollutants and toxins [8, 9]. Isolated primary hep-
atocytes therefore serve as a pragmatic ex vivo model to investigate many aspects
of liver physio-pathology, particularly to explore mechanisms of detoxification and
drug-metabolism [10]. In addition, hepatocytes provide a unique model to investigate
the influence of external stress on the liver, and to screen potential stress.

The substantial capacity of hepatocytes to effectively metabolise and detoxify
results in the production of significantly higher levels of ROS than in other mam-
malian cells. Protection against high oxidant levels is made possible by the multi-
layer antioxidant defence systems that function in hepatocytes [11]. These include
low-molecular weight antioxidants such as glutathione (2-10 mM), vitamin C (40—
140 M) and vitamin E (10-40wM), and antioxidant enzymes such as catalase,
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glutathione peroxidase and superoxide dismutases, which effectively counteract the
elevation in ROS production [10].

As in any other cell, redox regulation plays a vital role in maintaining health
and functions of hepatocytes. In fact, impaired antioxidant defence systems and the
resulting oxidative stress, have been implicated in most chronic liver diseases—
alcoholic liver disease (ALD) [12], non-alcoholic fatty liver disease (NAFLD) [13],
hepatic encephalopathy (HE) [14], liver fibroproliferative diseases [15] and Hepatitis
Cinfection [16]. While several studies have gathered biochemical evidence to confirm
this, the intricacies of the underlying mechanisms are yet to be deciphered [17].

7.1.1 Oxidative Stress in Primary Mouse Hepatocytes

Considering the vital role hepatocytes play in lipid metabolism, these cells provide
an ideal system to investigate the protective role of lipids against elevated ROS
levels. Isolated primary mouse hepatocytes treated with NpFR1 were interrogated
to determine the extent of oxidative stress caused by hydrogen peroxide, and the
protective roles of lipids. Dr Moumita Paul and Ms Shilpa Nagarajan isolated and
prepared the primary mouse hepatocytes. 11,11-D,-Linoleic acid and 11,11,14,14—
D4-a—linolenic acid were provided by Dr Shchepinov.

The isolated hepatocytes were plated at a density of 10,000 cells/well in a 96-well
plate in low glucose DMEM supplemented and incubated overnight. In order to deter-
mine the concentration of peroxide capable of perturbing the redox homoeostasis of
hepatocytes, cells were treated with incremental concentrations of H,O, ranging
from 100-500 M for 30min. The cells were then washed and incubated in low
glucose DMEM containing 20 WM NpFR1 for a period of 15min. This was fol-
lowed by washing the hepatocytes twice with PBS, and maintaining them in FACS
buffer (PBS supplemented with 0.1% FBS) for the duration of imaging. The images
were acquired using BD Pathway™ 855, a high-throughput live cell imaging station,
upon excitation with a 405 nm laser. NpFR1 emission was recorded using a 450 nm
long pass filter, with a higher intensity of fluorescence indicating a higher oxidative
capacity. Image analysis was performed using FIJT (National Institute of Health).

As shown in Fig. 7.2, H,O, concentrations below 400 uM did not show any sig-
nificant increase in oxidative capacity compared to the untreated cells, suggesting
that the antioxidant defences of hepatocytes were able to cope with this level of
oxidative insult.

However, hepatocytes treated with 400 WM H,O, show a sudden 3-fold increase
in fluorescence, demonstrating that, at this concentration of H,O,, the antioxi-
dant defence mechanisms of hepatocytes fail, and are unable to restore the redox
homoeostasis. These results are consistent with findings that induction of necrosis
occurs in primary hepatocytes upon treatment with H,O, concentrations between
300400 M [18].
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Fig. 7.2 The NpFR1 fluorescence emission from hepatocytes treated with a range of HyO, con-
centrations. Bars represent the average emission intensity (A.y = 405nm and A.,, = 450 nm long
pass). Error bars represent standard deviation (n = 3)

7.1.2 Oxidation of Polyunsaturated Fatty Acids (PUFAs)

One of the numerous downstream effects of oxidative stress is lipid peroxidation, and
considering the role of hepatocytes in lipid metabolism, it is unsurprising that lipid
peroxidation has been observed in most chronic hepatic diseases. Polyunsaturated
fatty acids (PUFAs) such as linoleic and «-linolenic acid are essential fatty acids
which act as precursors for the production of higher PUFAs [19]. Owing to their
pivotal role in lipid membranes, PUFAs are highly susceptible to ROS-mediated
oxidation. The oxidation of PUFAs by ROS is a chain reaction initiated by a small
number of ROS, usually the hydroxyl radical ("OH), with subsequent oxidation of
large numbers of PUFA molecules, and generation of an array of lipid oxidation
products such as acrolein, 4-hydroxynonenal and malionaldehyde (Fig.7.3). These
toxic lipid oxidation products result in changes in membrane fluidity and downstream
signalling of pro-fibrotic factors (leading to fibrosis) [8]. Furthermore, in the ROS-
mediated oxidation of PUFAs, the rate-limiting step is the removal of hydrogen from
the bis-allylic site (Fig.7.3).

Dr Mikhail S. Shchepinov (Retrotope, Inc.) reported that, in mammalian models
of Friedreich’s ataxia, PUFAs with deuterated bis-allylic sites (11,1-D,-linoleic acid
and 11, 11, 14, 14-D4-a-linolenic acid, Fig. 7.4) demonstrate exceptional protection
against treatment with ferric ammonium citrate (FAC, an iron source) and buthionine
sulfoximine (BSO, an inhibitor of glutathione synthesis), both of which are known
to elevate cellular ROS levels [20]. Furthermore, the toxic effects of FAC and BSO
were exacerbated by the non-deuterated counterparts of these PUFAs (H-linoleic
acid and H-a-linolenic acid). The results from their study indicated the potential of
deuterated-PUFAs as effective therapy for Friedreich’s ataxia.
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Fig. 7.3 ROS-mediated lipid peroxidation results in the formation of toxic carbonyl compounds-
4-hydroxynonenal and malondialdehyde. Rate driven step is the hydrogen abstraction from the
bis-allylic site
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Fig. 7.4 Chemical structures of essential PUFAs. a linoleic and alpha-linolenic acid, b deuterated
counterparts of linoleic and alpha-linolenic acid where the hydrogen atoms at the bis-allylic sites
have been isotopically protected

7.1.3 Assessing the Antioxidant Properties of PUFAs

The antioxidant properties of palmitate and deuterated PUFAs were investigated in
isolated primary mouse hepatocytes. This was accomplished by seeding 10,000 hep-
atocytes in each well of a 96 well plate overnight followed by an overnight treatment
with palmitate and deuterated linoleic and linolenic acids. Following chronic lipid
treatments, hepatocytes were treated with H,O, (100400 uM) for 30 min. Hepato-
cytes were then washed and incubated with 20 M NpFR1 for 15 min, then washed
and imaged in FACS buffer ()., = 405nm and \.,, = 450 nm long pass). Figure 7.5
demonstrates that all three lipids tested exhibit some degree of antioxidant protection
against the 400 WM H,O;-insult. Deuterated linolenic acid was observed to be more
effective at combating oxidative stress than linoleic acid, which is in accordance
with the results obtained by Shchepinov and co-workers [19, 21]. The results con-
firm that both palmitate and the deuterated linolenic acid show promising antioxidant
properties in hepatocytes.



154 7 Ex Vivo Studies

Fig' 7.5 The NpFRl 2000 - Il No treatment
fluorescence emission from

hepatocytes pre-treated with
palmitate and dueterated
linoleic and linolenic acids
followed by treatment with a
range of H,O;
concentrations. Bars
represent the average
emission intensity

(Aex = 405nm and

Aem = 450nm long pass).
Error bars represent standard
deviation (n = 3) 0 100 200 300 400

[Peroxide] / uM

M Linoleic acid
M Linolenic acid
I Palmitate o/n

NpFR1 fluorescence

7.1.4 Conclusions

These experiments demonstrate the potential of NpFR1 as a reporter of oxidative
stress levels in hepatocytes. The fluorescent response of NpFR1 suggests that the
antioxidant defences of hepatocytes are capable of protecting the cells against a H,O,
insult of up to 300 wM, beyond which the oxidative capacity of cells increase dra-
matically. Furthermore, deuterated linolenic acid and palmitate exhibited significant
protection against H,O,-mediated oxidative stress.

7.2 Haematopoietic Cells

Haematopoietic stem cells (HSCs) that reside in the bone marrow possess a unique
ability to differentiate into a variety of mature cells that constitute the blood and
lymph—two cardinal fluids of the vertebrates’s circulatory system [22]. During the
process of haematopoiesis, the HSCs proliferate via asymmetric division, which
results in the formation of two distinct daughter cells (Fig.7.6) [22]. One of the
daughter cells is completely identical to the original stem cell, so the pool of stem
cells is never depleted, and the second daughter cell is programmed to differentiate
into one of two cell lineages—the myeloid or the lymphoid [22, 23].

The myeloid progenitor cell differentiates to produce megakaryocytes (platelet
forming cells), erythrocytes (red blood cells), mast cells (a type of white blood cell)
and myeloblasts (Fig.7.6) [23, 24]. The myeloblasts further differentiate into more
specialised white blood cells—the eosinophils, basophils, neutrophils and monocytes
[25, 26]. These monocytes are the precursors for the generation of macrophages.
While eosinophils and basophils modulate inflammatory responses, neutrophils and
macrophages are phagocytes responsible for destroying pathogens. On the other
hand the lymphoid progenitor cell differentiates into two sub-types of white blood
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cells responsible for mediating vertebrates’ immunological defences; the natural
killer cells (NK cells), and the lymphocytes (Fig.7.6) [25, 26]. The NK cells are a
component of the non-specific, or innate, immunity that is responsible for destroying
compromised host cells, such as cancerous cells or virus-infected cells, whereas the
lymphocytes are major cellular agents of adaptive immunity [24, 25]. Following their
formation, some lymphocytes undergo maturation within the bone marrow to form
B-lymphocytes involved in humoral immunity (antibody-mediated immunity), while
the rest travel to the thymus gland (a secondary lymphoid organ) for maturation into
T-lymphocytes, which play a central role in the cell-mediated immunity. Besides
thymus, the other crucial secondary lymphoid organ is the spleen, which is the site
of immune cell function, and destruction of aged and damaged red blood cells [22].

7.2.1 Redox State of Haematopoietic Cells

The process of haematopoiesis results in the formation of a variety of cell types, each
having its own specialised functions and unique metabolic profiles. Mitochondrial
ROS levels play a critical role in the differentiation of haematopoietic stem cells [27].
Terminally differentiated erythrocytes do not have mitochondria, and therefore must
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proceed through mitophagy (selective degradation of mitochondria) to become fully
functional [28]. Mitophagy in erythrocytes is regulated by the Bcl-2 family member
Nix [28]. Mice lacking both copies fail to clear mitochondria from their maturing
reticulocytes, and therefore develop reticulocytosis, leading to fatal anaemia [29,
30]. The aim of this section of the work was to investigate the variations in oxidative
capacity of various haematopoietic cells isolated from mouse bone marrow, thy-
mus and spleen. Isolated cells were treated with NpFR2 and assessed using a flow
cytometer. Isolation of haematopoietic cells from mice was performed by Dr Stuart
Fraser at the Discipline of Physiology, School of Medicine, University of Sydney.

While flow cytometers are commonly used to record the fluorescence emitted
from a single cell, there is a variety of valuable information that can be obtained as
a result of a laser shining on an individual cell. Besides fluorescence, two important
components that contribute to cell identification are forward scatter and side scatter,
which measure the light scattered by the cells as they flow through the flow cytometer
(Fig.7.7) [31]. Forward scatter refers to the light scattered in the direction of the laser
beam, and is measured by an detector on the opposite side of the cell. For larger cells,
more light is scattered, so a higher forward scatter will be recorded than for the smaller
cells. Side scatter refers to the light that is scattered at different angles from the laser
path after it strikes the cell. Cells with a higher cytoplasmic complexity, usually due
to the presence of organelles or granules, scatter larger amounts of light (Fig.7.7)
[31]. Combining the information of forward and side scatter can therefore give a
profile of cell size and granularity [31].

The bone marrow is a heterogeneous mixture of a variety of cell types which
vary in both size and granularity. As a result, each cell type has a distinct and
well-defined profile on the forward versus side scatter plot. Haematopoietic cells
isolated from mouse bone marrow by Dr Stuart Fraser were screened for their
forward and side scatter profiles. As shown in Fig.7.8, larger and more granular
macrophages produce a population with high forward and side scatter. Lymphoblasts
and myeloblasts are smaller than macrophages, and therefore have a lower forward
scatter, but myeloblasts, being more granular, produce a separate population with
higher side scatter. Smaller agranular erythroblasts and erythrocytes form a popu-

Fig. 7.7 Light scattered in
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Fig. 7.8 A dot plot of forward versus side scatter showing different types of haematopoietic cells
present in the mouse bone marrow. Numbers indicate relative percentage of live cells (red) and total
cells corresponding to the indicated population (blue). Reprinted from Organic and Biomolecular
Chemistry, Issue 24, with permission from the Royal Society of Chemistry

lation with lower side scatter (Fig.7.8). Erythroblasts, the nucleated precursors of
erythrocytes, are larger than the latter, and therefore produce a separate population
with higher forward scatter.

To gain an insight into the mitochondrial oxidative capacity of the haematopoietic
cells in the bone marrow, the isolated cells were treated NpFR2 (20 wM, 15 min) and
then assessed for fluorescence using a flow cytometer. NpFR2 fluorescence could
be detected in fluorescent channels 1 (488 nm excitation, 530/30 nm emission) and 2
(488 nm excitation, 585/42 nm emission) of the BD FACScan flow cytometer. Bone
marrow cells showed 4 different populations with range of NpFR2 fluorescent signals
from negative to very bright (Fig.7.9). Each population was gated and their forward
and side scatter profiles examined to identify cells. The forward and side scatter
profile of the most fluorescent population D, comprising of 45% of the bone marrow
cells, consistent with that of macrophages (Fig.7.9). The forward and side scatter
profile of populations A indicated a major population of erythrocytes. Populations
B and C represented a combination of erythrocytes and lymphoblasts, and mostly
erythroblasts respectively.

In order to specifically identify the populations to which these cells belonged,
bone marrow cells were incubated with various antibodies conjugated to fluorophores
(Table 7.1) that exhibit far-red fluorescence (channel 4, 633 nm excitation, 670 long
pass emission filter).

Erythroid cells (that form red blood cells) were identified by use of the lineage-
specific molecule Ter-119. Two distinct populations could be detected; one with
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Fig. 7.9 Detection of mitochondrial ROS species in haematopoietic cell types using NpFR2
(20 wM, 15 min) by flow cytometry. Histograms of bone marrow cells (left) showing 4 populations
with different NpFR2 fluorescence intensities (tinted profile) compared to unstained cells (unfilled
profile). Numbers indicate frequency of total live, gated events. Contour plots (right) showing rela-
tive frequency of the populations for forward versus side scatter of different populations. Reprinted
from Organic and Biomolecular Chemistry, Issue 24, with permission from the Royal Society of
Chemistry

Table 7.1 Antibodies used to identify distinct haematopoietic cell types

Cell type Antigen Clone Fluorochrome Commercial source
All haematopoietic | CD45 30-F11 Allophycocyanin | eBioscience

cells

Erythroid cells Ter-119 Ter-119 Alexa Fluor 647 BioLegend
Megakaryocytes CD41 eBioMWReg30 | Allophycocyanin | eBioscience
Macrophages F4/80 BMS8 eFluor660 eBioscience

Mast cells Allergen | TX83 eFluor660 eBioscience
T-lymphocytes CD4 GK1.5 Allophycocyanin | eBioscience

Ter-119 expression and high levels of NpFR2 fluorescence, representing developing
erythroid cells, and a second with Ter-119 expression, but no NpFR2 fluorescence.
This second population corresponds to the phenotype of mature erythrocytes, which
express Ter-119 but lack mitochondria (Fig.7.10).

Macrophages can be identified by the surface expression of the F4/80 anti-
body [26]. Cells identified as macrophages exhibited two populations having medium
and high levels of NpFR2 fluorescence. This suggests that bone marrow macrophages
have medium and high levels of mitochondrial ROS. A similar pattern of NpFR2 fluo-
rescence was observed in CD41-expressing megakaryocytes (which form platelets).
Mast cells, identified by the expression of allergen, exhibited relatively uniform
NpFR2 fluorescence. The anti-CD45 antibody conjugated to allophycocyanin was
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Fig. 7.10 a Contour plots showing NpFR2 fluorescence in various bone marrow-derived
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(PBS) and H>0O,. Reprinted from Organic and Biomolecular Chemistry, Issue 24, with permission
from the Royal Society of Chemistry
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used to identify all haematopoietic cells (Population A, Fig.7.10), except maturing
erythroid or red blood cells, which are the only haematopoietic cell types that do
not express the CD45 antigen (Population B, Fig. 7.10). Furthermore, to examine the
effect of exogenous oxidative stress conditions, haematopoietic cells were treated
with H,O,. Compared to PBS-treated control cells, treatment with hydrogen perox-
ide demonstrated an increase in their mitochondrial oxidative stress indicated by high
NpFR2 fluorescence in all bone marrow cells, regardless of their CD45 expression
level (Fig.7.10).

NpFR2 was also employed to report on the oxidative capacity of mitochondria in
the same lineage of cells in different haematopoietic organs; the bone marrow (site of
most hematopoietic cell production), thymus (site of T lymphocyte maturation) and
the spleen (site of immune cell function and destruction of aged and damaged red
blood cells) (Figs.7.11 and 7.12). As discussed above, the bone marrow showed four
different populations with varied NpFR2 fluorescence (Fig.7.11). The cells isolated
from the thymus resolved into two populations—one exhibiting high mitochondrial
ROS (NpFR2-bright peak) and a smaller population with comparatively lower levels
of mitochondrial ROS (NpFR2-medium peak) in the thymus (Fig.7.11).

The spleen cells showed two different cell populations, one of which exhibited
bright NpFR2 fluorescence suggesting that high mitochondrial oxidative capacity
could possibly represent the highly active immune cells. The other population, with
very low NpFR2 fluorescence (Fig.7.11), is likely to correspond to the aged and
damaged erythrocytes.

After obtaining a broad perspective of the mitochondrial redox state of cells in dif-
ferent haematopoietic organs, the mitochondrial oxidative capacity of T-lymphocytes
residing in each of these organs was evaluated. The isolated cells were treated
with a mixture of NpFR2 and allophycocyanin-conjugated CD4 antibody. CD4-
expressing T-lymphocytes arise from rare progenitors in the bone marrow and showed
low/negative NpFR2 fluorescence (Fig.7.12a). The thymus is the primary site of

Fig. 7.11 Oftset histograms
of NpFR2 fluorescent
signal, showing different
populations in thymus, bone
marrow (BM) and spleen
single cell suspensions.
Reprinted from Organic and
Biomolecular Chemistry,
Issue 24, with permission
from the Royal Society of
Chemistry
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Fig. 7.12 a NpFR2 fluorescence in CD4-expressing T-helper lymphocytes from different organs.
Mitochondrial ROS as detected by NpFR2 varies according to the site the CD4-expressing cell is
found. b Comparison of mitochondrial number (Mitotracker) and mitochondrial ROS (NpFR2) in
different haematopoietic organs. Data shows representative flow cytometry profiles from at least
three independent experiments. Reprinted from Organic and Biomolecular Chemistry, Issue 24,
with permission from the Royal Society of Chemistry

CD4-positive cell expansion and education. NpFR2 fluorescence is observed in
the vast majority of these cells, reflecting their highly proliferative state. In the
spleen, mature functional CD4-positive T-helper lymphocytes respond to immune
challenges. This may be reflected by their high NpFR2-fluorescence (Fig.7.12a).
A small population (~1%) of CD4-positive cells lacking NpFR2 fluorescence were
observed. These may correspond to memory CD4 T-helper lymphocytes that reside
in the spleen following exposure to pathogens in a highly quiescent state (Fig.7.12a).

Finally, to confirm that the changes observed in NpFR2 fluorescence reflected
the changes in mitochondrial redox status rather than mitochondrial number, cells
isolated from different haematopoietic organs were co-incubated with NpFR2 and
Mitotracker DeepRed FM (Fig.7.12b). Bone marrow cells can be grouped into two
cell types: Mitotracker DeepRed-negative, NpFR2-negative (which most likely rep-
resent mature erythrocytes lacking mitochondria), and a population of Mitotracker
DeepRed, NpFR2-double positive cells showing fluorescence from both. Most cells
in the thymus showed fluorescence from both dyes (Fig. 7.12b). A similar observation
could be made for spleen samples, but a population that showed Mitotracker Deep
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Red fluorescence in the absence of NpFR2 fluorescence indicative of a cell type with
mitochondria that did not contain ROS was not observed in any case (Fig.7.12b).

7.2.2 Conclusions

These experiments demonstrate that NpFR2 is a robust sensor of the mitochondrial
redox state in haematopoietic cells. NpFR2 also shows immense potential as a sensor
for detecting the varying levels of mitochondrial ROS and can be combined with other
fluorescent probes and antibodies to dissect the role of mitochondrial ROS in different
blood cells during development, maturation, proliferation and function. NpFR2 can
be employed to provide unique information about mitochondrial redox state beyond
cultured cells in more complex biological systems.

7.3 Imaging Oxidative Capacity of Haematopoietic Cells
During Embryogenesis

Mammalian embryogenesis takes place in utero, a highly hypoxic environment,
therefore hypoxia-inducible factors are critical to the regulation of embryonic
haematopoiesis [27]. Erythropoiesis (production of red blood cells) in mammalian
embryos and adults occurs in several waves, resulting in the production of at least
5 distinct oxygen-transporting erythroid cell types [32]. In mice, the early phase of
embryogenesis is marked by the formation of three germ layers—ectoderm, meso-
derm and endoderm. The first progenitors for primitive erythroid cells appear approx-
imately 7.5 days post coitum (dpc, referring to days after copulation) and by 8.5 dpc,
the progenitors have developed into the primitive erythroid (EryP) lineage. This
lineage comprises of red blood cells that are around 6-fold larger than their adult
equivalents, which dominate until 14.5 dpc and then almost disappear by birth [33,
34]. Upon entering the circulation, a series of synchronised morphological changes
begins to unfold in the EryP cells, including reduction in cytoplasmic content and cell
size [33, 35]. Around 12.5-13.5 dpc the nucleus disappears and all EryP cells cease
dividing. 13.5-15.5 dpc, there is a pronounced increase in the numbers of enucleated
EryP cells [33, 35].

The foetal liver begins to operate as a haematopoietic organ around 12.5 dpc, and
is involved in the rapid generation of adult-type definitive erythroid (EryD) cells. The
production of these small and anuclear EryD cells peaks at 14.5 dpc, at which point
they begin to outnumber EryP in the bloodstream [32, 36]. Shortly before birth, the
bone marrow becomes the predominant site of haematopoiesis. These erythrocytes
are slightly smaller than those produced by the fetal liver. Stresses such as chronic
erythroid diseases ((3-thalassemia or sickle cell anaemia) or heavy blood loss result
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in an auxiliary wave of erythropoiesis, which is characterised by the transfer of
immature erythroblasts from the bone marrow to the spleen [37].

During embryonic erythropoiesis, rapid variations have been observed in the
expression levels of genes for hypoxia response and for the control of mitochon-
drial function and mitophagy [38]. Cellular redox homeostasis, particularly in the
mitochondria, has been reported to be involved in regulating the differentiation and
maturation processes that occur during embryonic and adult haematopoiesis [39—41].
The aim of this section of the work was to monitor the variations in mitochondrial
ROS in cells of a similar biological origin and function. To this end, FRR2 fluo-
rescence was measured in developing embryonic mouse erythroid (red blood) cells,
which are in a hypoxic environment compared to the adult mouse erythroid cells
generated in the adult bone marrow.

Single cell suspensions of embryonic blood, foetal liver, adult blood, adult bone
marrow and adult spleen at 9.5, 11.5, 12.5, 14.5 and 15.5 dpc were incubated with
a combination of FRR2 (20 M) and Ter-119 (antibody marker for erythroid cells)
for 15min, and then assessed for fluorescence using a flow cytometer. Analysis of
embryonic blood 9.5 dpc treated with FRR2 (Fig. 7.13) showed a single population
with uniform FRR2 fluorescence corresponding to the circulating primitive erythroid
cells, which contain a nucleus and metabolically active mitochondria. By 11.5-12.5
dpc, two distinct populations (labelled 1 and 2) can be seen in the circulating blood,
as identified by their FRR2 fluorescence profiles (Fig.7.13). Population 1 shows
higher FRR2-red fluorescence than population 2. When the size and granularity of
the former population were assessed, cells were found to comprise a population of
larger cells (the yolk sac-derived definitive erythroblasts), and a population of smaller
cells (the matured, erythrocytes that lack a nucleus).

In contrast, population 2 cells are larger and typical of primitive erythroid cells.
FRR2 fluorescence in circulating embryonic blood cells showed a pronounced
decrease at 14.5 dpc, and by 15.5 dpc, fluorescence was almost at the levels seen in
circulating adult erythrocytes that lack both nuclei and mitochondria.

Having observed differences between circulating embryonic and adult blood cells,
it was important to investigate whether this was due to distinct erythropoietic (red
blood cell production) environments or differences arising in the embryonic and adult
blood streams. To address this, FRR2 fluorescence was monitored in developing
erythroid cells from the foetal liver just as it starts to operate as a haematopoietic
organ (12.5 dpc), at the time when red blood cell production peaks (14.5 dpc). These
results were compared to those for the adult bone marrow and the adult spleen. To
specifically identify erythroid cells in these complex haematopoietic environments,
FRR2 was combined with antibody staining for multiparameteric flow cytometric
analyses.

As discussed in Sect. 7.2.1, Ter-119 is an antibody recognising an antigen specific
for developing and mature mouse erythroid cells. Samples from foetal liver, bone
marrow and spleen were stained with a cocktail of FRR2 and Ter-119 conjugated
to Alexa Fluor™ 647. Ter-119-expressing cells were gated (Fig.7.14) and assessed
for FRR2 fluorescence. No fluorescent signals were detected in unstained samples
from the foetal liver, bone marrow or spleen (Fig.7.14). In the 12.5 dpc foetal liver,
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Fig. 7.13 Circulating blood cells show high levels of FRR2-green and FRR2-red fluorescence.
As the foetus matures (14.5 dpc onwards), FRR2 fluorescence is lost. By 15.5 dpc, most circulating
blood cells resemble the adult circulating cells with essentially no FRR2 fluorescence. At 12.5
dpc, two distinct populations can be detected according to FRR2 fluorescence. Population 1 shows
higher FRR2-red fluorescence compared to population 2. The bottom panel shows the size (forward
scatter:FSC) versus cytoplasmic granularity (side scatter:SSC) of Populations 1 and 2 at 12.5 dpc.
The numbers in the top right corner indicates the frequency of large, granular cells in all live
circulating blood cells. The number in the bottom left corner represents the frequency of small,
agranular cells in the live circulating blood cells. Flow cytometric profiles shown are representative
of blood cells from 3-6 individual embryos at each stage and 6 adult mice. Reprinted with permission
from Antioxidants and Redox Signalling, Volume 24, Issue 13, published by Mary Ann Leibert,
Inc., New Rochelle, NY



7.3 Imaging Oxidative Capacity of Haematopoietic Cells During Embryogenesis 165

(a) Erythroid cell gate (b) Unstained controls
foetal liver bone marrow spleen
10%7 107 1104
1500, 102 <0.05 1<0.05 <0.05 1<0.05 <0.05
I B 10°] 10%1 10°
1000 N | |
&
50 x

500 |

0.2

10' ot 102 108 10t
Ter-119 > FRR2-green
(c) Ter-119+ erythroid cells
E12.5 foetal liver E14.5 foetal liver bone marrow spleen
104 red 10 10 10*

4 4
7 1.0 237 75.5 5.4 156.3 25

10%+

FRR2-red

i - <0.05
10" 10 10° 10
» FRR2-green

02 lae 0

L

102 10° 10* 10" 102 10° 10t

Fig. 7.14 Embryonic and adult blood production is distinguished by mitochondrial ROS levels.
a Gating strategy for selection of Ter-119+ developing erythroid cells. The gate chosen is shown
as the horizontal line. In (a), 50% of bone marrow cells are expressing Ter-119. b typical flow
cytometry profiles of unstained foetal liver, bone marrow and spleen samples, ¢ fluorescence of
FRR2-green (488 nm) and FRR2-red (546 nm) fluorescence in early and later foetal liver erythroid
cells compared to adult bone marrow and spleen Ter-119+ erythroid populations. Numbers in each
corner refer to the frequency of live Ter-119+ cells in that quadrant. Flow cytometric profiles shown
are representative of foetal livers from 3—6 individual embryos at each stage and bone marrow and
spleens from 6 adult mice. Reprinted with permission from Antioxidants and Redox Signalling,
Volume 24, Issue 13, published by Mary Ann Leibert, Inc., New Rochelle, NY

essentially all erythroid cells showed FRR2 fluorescence (Fig.7.14) and can be
identified as two distinct populations, similar to the circulating blood at this stage
(Fig.7.13). By 14.5 dpc, FRR2 fluorescence had dropped significantly in the foetal
liver. In particular, the FRR2-bright population was significantly reduced. Within
the adult bone marrow, FRR2 fluorescence was further reduced, or restricted to
the FRR2-red signal. FRR2-negative erythroid cells comprised close to half of all
erythroid cells in the adult spleen. These data suggest that red blood cell production
in the early embryo is profoundly different from the steady-state erythropoiesis found
in the adult tissues.

To complete the analysis of mitochondrial ROS in hematopoietic cell types, FRR2
fluorescence was assessed in developing and mature T-lymphocytes, macrophages,
megakaryocytes and mast cells. Firstly, FRR2 fluorescence was interrogated in all
haematopoietic cells of the adult mouse bone marrow (Fig. 7.15a). Three populations
could be observed (labelled 1, 2 and 3 in panel (a)). When gated for further analysis,
each population showed distinct size and granularity profiles. Population 1, which
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Fig. 7.15 CD4+ Helper T cells exhibit reduced mitochondrial ROS. a Left panel FRR2-red and
green fluorescence on total live, gated bone marrow cells identifies three distinct populations
(labelled 1, 2 and 3). Right panels show size (forward scatter, FSC) and granularity (side scat-
ter, SSC) for populations 1, 2 and 3 as gated in left panel. b Live bone marrow and spleen cells were
stained with antibodies against specific surface markers. Cells positive for the surface marker were
then assess for FRR2 fluorescence. The number shown in the corners represent the frequency of
live gated cells within that quadrant. Data shown is representative of 3 independent experiments.
Reprinted with permission from Antioxidants and Redox Signalling, Volume 24, Issue 13, published
by Mary Ann Leibert, Inc., New Rochelle, NY

showed no FRR2 fluorescence signal, consisted of very small, non-granular cells
and are therefore most likely erythrocytes. Population 2, which showed low levels
of FRR2-red fluorescence and no FRR2-green signal, was composed of a range
of cells including some showing the size and granularity profiles of erythrocytes,
erythroblasts (developing red blood cells) and myeloblasts (early myeloid cells).
Population 3, which showed both FRR2-red and FRR2-green signal simultaneously,
consisted largely of granular myeloid cells.

To better define the mitochondrial ROS in specific lineages, FRR2 fluorescence
was combined with antibodies against specific haematopoietic lineages. Adult mouse
bone marrow and spleen were analysed to determine changes between haematopoi-
etic cells where they develop (bone marrow) and where they are mature and functional
(spleen). All haematopoietic cells, except for enucleated red blood cells, express the
haematopoietic-specific surface marker CD45. CD45-expressing cells were selected
by gating (Fig.7.15b) and analysed for FRR2 fluorescence. Bone marrow CD45+
showed uniform levels of FRR2-red and green fluorescence, but a significant pop-
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ulation of CD45+ cells in the spleen had lost all FRR2 fluorescence. Next, inves-
tigations focussed on determining which CD45+ cell type lost FRR2 fluorescence
once mature. CD4 is expressed by T-helper lymphocytes. Bone marrow CD4+ cells
showed a population with mostly FRR2-red fluorescence and a second population
lacking FRR2 fluorescence. This second population (FRR2-negative) made up most
of the CD4+ cells in the spleen, In contrast, F4/80+ macrophages, Allergin+ mast
cells and CD41+ megakaryocytes showed uniform FRR2-fluorescence in the bone
marrow and only moderate reduction in FRR2 in the spleen. These data suggest that
CD4+ T-helper lymphocytes in the spleen exhibit very low levels of mitochondrial
ROS.

7.3.1 Conclusions

These experiments demonstrate that FRR2 is capable of reporting on the mitochon-
drial oxidative capacities of haematopoietic cells during different stages of embryonic
development and in the adult. Furthermore, FRR2 could also identify the varia-
tions in the mitochondrial redox state of erythroid cells derived from haematopoietic
organs such as the embryonic liver, and adult bone marrow and spleen. Amongst the
haematopoietic cells that develop in the adult bone marrow, each cell type exhibited
a distinct FRR2-fluorescence profile suggesting distinct mitochondrial ROS lev-
els. Further investigations aimed towards understanding the correlation between the
functions of these bone marrow-derived haematopoietic cells and their mitochondrial
ROS levels would be valuable. Ex vivo studies such as these are particularly well
suited to the use of small molecule probes like NpFR2 and FRR2 over genetically-
encoded sensors.
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Chapter 8
Non-mammalian Systems

While most biological investigations are performed using mammalian cells and tis-
sues, non-mammalian systems are also commonly studied. Studying such systems
essentially involves the use of simple animals models with striking similarities to
mammalian systems, such as zebrafish (Danio Rerio) for developmental biology [1],
Drosophila for genetics [2] and C. Elegans for nervous system [3], or investigat-
ing facets of health and disease indirectly related to mammals, such as antibiotic
resistance resulting from the formation of bacterial biofilms [4]. Whilst there exist
a wide array of fluorescent tools for use in mammalian systems [5, 6], not much
attention has been paid towards development of new probes or the use of existing
probes in non-mammalian systems. The aim of this section of the work was to per-
form investigations in non-mammalian systems using the fluorescent redox probes
developed over the course of this project (Fig. 8.1), highlighting their ability to report
on oxidative changes diverse biological systems.

8.1 Caenorhabditis Elegans

Nematodes, or roundworms, are a diverse group of free-living (non-parasitic) and
parasitic worms that constitute the phylum Nematoda. Parasitic nematodes have been
primarily studied to develop measures to prevent and cure the infections that they
can cause. Recently, extensive biological investigations have been performed with
the free-living Caenorhabditis elegans (C. Elegans). It is the simplest organism with
a nervous system, and has been used as a model organism for studying neurology,
developmental biology and aging following the first study by Dr Sydney Brenner in
1963 [7].

Although the organism is small (about 1 mm in length) and primitive, C. Elegans
shares several fundamental biological characteristics and cellular structures with
more highly developed organisms. With a short life cycle (3 days) and a diet of bac-
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Fig.8.1 Chemical structures of the redox probes utilised in studies performed with non-mammalian
systems

teria such as E. Coli, C. Elegans can be easily stored and cultivated in the laboratory.
C. Elegans is a transparent worm, making it an excellent tool for exploring bio-
logical questions using fluorescence imaging techniques. Moreover, with a genome
strikingly similar to that of humans (40% homologous), C. Elegans has become an
interesting organism to investigate human diseases. Owing to these characteristics,
C. Elegans has been a powerful research organism for almost 5 decades [8, 9]

8.1.1 Probe Uptake Studies

The aim of this work was to develop fluorescent redox probes that would applicable
to a wide variety of biological systems. All the redox probes developed thus far;
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both cytoplasmic (NpFR1 and FCR1) and mitochondrial (NpFR2, FRR1, FRR2
and NCR4), were investigated for their uptake in C. Elegans. These studies were
performed in the laboratory of Dr Gawain McColl, Head of Molecular Gerontology
Laboratory, The Florey Institute of Neuroscience and Mental Health.

The probe uptake studies were performed using the wild-type Bristol strain (N2)
of C. Elegans, which were maintained on lawns of Escherischia coli OP 50 strain, a
slow growing uracil-auxotroph. The adult worms were filtered using a 40 um nylon
mesh and incubated in different tubes containing 100 wM of each probe in S basal
medium (a liquid medium to maintain C. Elegans) containing E. Coli OP 50 as a
food source. The worms were incubated at 25°C for 1h with constant mixing. It
was anticipated that while feeding on the bacteria in the medium, the worms would
also ingest the probe. Following incubation, the worms were washed and allowed
to rest in probe-free S basal medium for 20 min to flush out any probe remaining
in the digestive tract of the worms. The worms were then transferred onto glass
slides coated with 3% agar pads containing 2% sodium azide. The sodium azide
immobilises the worms, aiding their imaging.

Confocal microscopy studies confirmed the uptake of all the probes in C. Ele-
gans. It was observed that the cytoplasmic probes (NpFR1 and FCR1) were able to
diffuse into deeper tissues away from the digestive tract of the worms, whereas the
mitochondrial probes (FRR1, FRR2 and NCR4) were highly localised around the
gut of the worms (Fig. 8.2).

This could be a consequence of paralysing the worms using sodium azide, a
mitochondrial uncoupler [10]. As a result in future studies other alternatives such as
levamisole should be used [11].

8.1.2 Oxidative Stress and Heat Shock in C. Elegans

Signalling pathways involved in resistance towards stress are highly conserved evo-
lutionarily, particularly those responsible for dealing with oxidative stress [12, 13].
Although many experiments have been reported in Chaps.6 and 7 that measure
oxidative stress and the corresponding protective mechanisms in a variety of cellular
models, in cellulo studies only partially reproduce organismal conditions. There-
fore, the study of oxidative stress in model organisms such as C. Elegans has great
significance, particularly because the results obtained could be translated into better
understanding of human pathological conditions associated with oxidative stress [14,
15].

C. Elegans are typically cultured at 20-25°C. High-temperature conditions, of
30-35°C constitute thermal stress, or heat shock, which results in the upregulation
of heat-shock proteins [16]. Acute thermal stress conditions in worms have been
reported to reduce fertility and accelerate the process of aging [16, 17]. Morever,
it has been observed that treatment with antioxidant compounds, such as a-lipoic
acid and trolox, increases thermal tolerance and prevents early aging in C. Elegans,
suggesting that oxidative stress is one of the downstream effects of thermal shock
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Fig. 8.3 Confocal microscopy images of C. Elegans treated NpFR1 (A, =405nm, A, = 480 —
600nm) and incubated at 25 and 35 °C. The bar graph on the right represents average intensity per
worm when incubated at given temperatures. Scale bar represents 100 um

[16, 18]. In contrast, antioxidants such as N-acetylcysteine and vitamin C are not
effective in protecting C. Elegans against the effects of thermal shock [19].

Having confirmed the uptake of the probes in C. Elegans, the ability of the probes
to respond to changes in oxidative capacity or copper levels in thermally stressed
worms was investigated. C. Elegans were incubated in S basal medium (containing
E. Coli OP 50 and 100 uM of the probes) at 35 °C for a duration of 1h. A control set
of worms were maintained at 25°C.

Following incubation, the worms were washed and prepared for imaging. Both the
cytoplasmic redox probes NpFR1 (Fig. 8.3) and FCR1 (Fig. 8.4) report an increased
oxidative capacity in heat shocked worms. NpFR1 fluorescence was 3-fold higher
in worms incubated at 35 °C compared to those at 25°C, and FCR1-treated worms
exhibited a 10-fold increase in the ratio of green/blue emission in the case of thermally
stressed worms.

While mitochondrial probes exhibited poor penetration into deeper tissues, they
nevertheless exhibited similar response to heat shock and their redox responsive
abilities remained intact. In heat-shocked C. Elegans NpFR2 reported approximately
20-fold higher fluorescence intensity, whilst those treated with FRR1 and FRR2
showed 2-fold higher rhodamine emission (Fig. 8.5).

The nicotinamide-based redox probe NCR4, failed to show any significant
changes in fluorescence response (green/red emission ratio, Fig. 8.6), which could
be due to the irreversible reduction of this probe.

8.1.3 Conclusions

These experiments establish C. Elegans as a simple model to investigate chem-
ical changes within an organism. This transparent worm allowed for whole ani-
mal imaging without complications related to light penetration or interference from
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Fig. 8.4 Confocal microscopy images of C. Elegans treated with FCR1 ()., = 405nm) collected
in both blue and green channels and incubated at 25 and 35 °C. The bar graph on the right represents
ratio of green/blue intensity per worm when incubated at given temperatures. Scale bar represents
100 pm

physiological chromophores and light absorbing lipids. The investigations expand the
scope of small molecule fluorescent probes, demonstrating their ability to image non-
mammalian biological systems. The developed redox probes discussed in Chaps. 2-5,
as well as probes developed by other members of the research group, show excellent
potential to report on chemical variations, whether oxidative capacity or copper pools
in C. Elegans. Having established the accumulation and successful visualisation of
these fluorescent probes as well their sensing abilities, the probes can be employed in
future investigations aiming towards answering complex biological questions with
the use of appropriate mutants of C. Elegans.

8.2 Bacterial Biofilms

Acute infections caused by pathogenic bacteria have been studied extensively for
centuries. Modern control measures such as vaccines and antibiotics have been very
effective in combating such infections. Bacterial growth can be classified into two
modes—planktonic and biofilms [20]. It has only been in the past 15 years that the
medical community has recognised that biofilm bacteria as fundamentally distinct
from planktonic bacteria [21]. Planktonic bacteria (existing as single independent
cells) are responsible for a variety of acute infections that can generally be cured
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Fig. 8.5 Confocal microscopy images of C. Elegans treated with mitochondrial probes NpFR2
(Aex = 405nm, A, = 480 — 600nm) and FRR1 and FRR2 ()., = 488nm, \,, = 560 —
650 nm)incubated at 25 and 35 °C. The bar graph on the right represents average intensity per worm
when incubated at given temperatures. Scale bar represents 100 um

with antibiotics, but chronic infections are induced by bacteria growing in slime-
enclosed aggregates known as biofilms, which act as a multicellular organism. Bac-
terial biofilms can defend themselves against human immune cells or antibiotics,
making them difficult to eradicate, and resulting in several chronic infections [22—
24].

Within a biofilm, bacteria grow in highly crowded and competitive environments
with limited supply of nutrients. These stresses elicit a myriad of highly regulated
adaptive processes that not only shield bacteria from the exogenous stress, but also
manifest biochemical changes that affect antimicrobial vulnerability [25]. Exposure
to limited nutrient supply, ROS/RNS (oxidative/nitrosative stress), elevated tempera-
ture (thermal stress) and damaged membrane (envelope stress) promote physiological
and biochemical changes that compromise antimicrobial activity [26, 27].
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Fig. 8.6 Confocal microscopy images of C. Elegans treated NCR4 ()., = 458 nm) collected in
both green and red channels and incubated at 25 and 35 °C. The bar graph on the right represents
ratio of green/red intensity per worm when incubated at given temperatures. Scale bar represents
100 pm

8.2.1 Oxidative Stress in Bacterial Biofilms

Endogenous oxidative stress has been shown to induce double-stranded DNA breaks
that result in mutations, which contribute significantly towards antibiotic resistance
of the biofilms [28]. Furthermore, it is possible that the deeper residents of the biofilm
experience greater stress levels compared to the ones closer to the surface. It was
envisioned that the fluorescent redox probes developed during the course of this PhD
would be able to provide valuable information about the variations in oxidative stress
levels with the depth of the biofilm. To be able to perform this investigation, it is
crucial that the probes are capable of penetrating the biofilm and accumulating within
the bacterial cells.

NpFR1 was investigated for uptake in bacterial biofilms, and these studies were
performed in collaboration with Dr Anahit Penesyan, Department of Chemistry and
Biomolecular Sciences, Macquarie University. Biofilms were prepared on glass slides
by Dr Penesyan from Gram-positive (Bacillus cereus-BC) and Gram-negative (Acine-
tobacter baumannii-AB and Pseudomonas aeruginosa-PA) bacterial strains using
continuous flow-cell system. The biofilms were then maintained in LB medium con-
taining NpFR1 (50 uM) for 15 min followed by washing with probe-free LB medium
for 10 min after which the slides were imaged using a confocal microscope. A con-
trol slide was prepared by treatment with Live/Dead® BacLight™ stain, a mixture of
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Fig. 8.7 Confocal microscopy z-stacks of bacterial biofilms cultured from strains a Acinetobacter

baumannii b Bacillus cereus and ¢ Pseudomonas aeruginosa treated with Live/Dead® BacLight™
stain (Ao, = 488 nm). Green pixels represent live cells and yellow pixels represent dead cells

o

SYTO® 9 nucleic acid stain, which permeates live cells and fluoresces green upon
binding to the DNA, and propidium iodide a red-fluorescent dye, which cannot per-
meate live cells but enters dead cells. As a result, live cells fluoresce green but dead
cells fluoresce green and red, and therefore appear yellow.

As shown in Fig. 8.7, all three strains exhibited a good uptake of the Live/Dead®
BacLight™ stain. AB and BC strains exhibited lawn-like characteristics whilst PA
formed densely packed microcolonies (Fig. 8.7). Such bacterial microcolonies could
be particularly interesting because of the possible existence of a gradient in oxygen
availability with increasing depth of the colony.

For AB and BC strains, the penetrating ability of NpFR1 was observed to be a few
microns deep (Fig. 8.8). In contrast, PA showed the presence of distinct microcolonies
(densely packed spherical structures) formed by the bacteria (Fig. 8.9) and the images
obtained using the Live/Dead® BacLight™ staining suggest a great proportion of dead
cells in the centre of the microcolony compared to its periphery (Fig.8.7c¢).

The biofilms formed from the PA strain showed bright NpFR1 fluorescence sug-
gesting a good level of probe uptake in the microcolonies (Fig.8.9c). Owing to its
ability of form microcolonies and the permeability of NpFR1, these studies estab-
lish Pseudomonas aeruginosa as a good system for investigating the applicability of
redox probes.

The fluorescence intensity NpFR1 was observed to decrease moving inwards to
the centre of the microcolony (Fig. 8.9¢). However, at this stage it was difficult to con-
clude whether this decrease in fluorescence intensity is a consequence of lower levels
of probe uptake or the presence of reduced form of the probe. This can be overcome
by employing a ratiometric redox probe. Similar investigations were performed on
the biofilms produced from the PA strain on another day using a different experimen-
tal setup. The biofilms were incubated with LB medium supplemented with 20 uM
FCR1 and prepared for imaging. The biofilms treated with FCR1 demonstrated
very superficial probe uptake and the formation of microcolonies was not observed,
with the biofilm instead exhibiting lawn-like characteristics. Images were recorded
in both blue (420-470 nm) and green (520-600 nm) channels upon 405 nm excitation
and were used to obtain ratio images (green/blue) using the RatioPlus plugin of Fiji.
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Fig. 8.8 Confocal microscopy z-stacks of biofilms cultured from bacterial strains Acinetobacter
baumannii (left) and Bacillus cereus (right) treated with NpFR1 (A, = 488nm)
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Fig. 8.9 Confocal microscopy z-stacks of Pseudomonas aeruginosa biofilm treated with NpFR1
(Aex = 488nm) showing dense microcolonies and a gradient of NpFR1 fluorescence
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Fig. 8.10 Confocal microscopy images of Pseudomonas aeruginosa biofilm treated with FCR1
(Aex = 405nm) collected in both blue and green channels. The ratio image represent a ratio of the
green/blue intensity. Scale bars represent 50 WM

The ratio image suggest a slightly higher ratio, corresponding to higher oxidative
capacity in the cells present in the middle of the bacterial lawn (Fig. 8.10), suggest-
ing that the bacterial cells residing at the core of the biofilm have higher oxidative
stress levels than those at the periphery.

8.2.2 Conclusions

The results obtained from these experiments demonstrate that NpFR1 and FCR1 can
be used for imaging redox within the unicellular bacteria. Greater extent of probe
accumulation was observed in case of gram negative bacterial strains compared
to the gram positive counterparts. Furthermore, NpFR1 and FCR1 reported that
the biofilms developed from Pseudomonas aeruginosa exhibited a decrease in the
oxidative capacity towards the centre of the biofilm. Future investigations could
be performed to investigate the effect of various antibiotics on the formation and
oxidative status of biofilms formed from Pseudomonas aeruginosa.
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Chapter 9
Conclusions

The design and development of small molecules fluorescent probes for redox sens-
ing applications has received extensive interest and attention [1, 2]. Reviews of
the literature in this domain highlight that much of the research attention has been
focussed towards the development of irreversible reaction based probes selective for
specific ROS/RNS, and not much attention has been paid towards the development
of reversible redox probes that can report on the changes in redox environment with
temporal resolution [3—6]. Furthermore, probe design strategies thus far paid little
attention to tuning the redox potential of the developed probes to suit the biological
window.

Most approaches have been biased towards incorporating a fluorescence-
quenching moiety on a fluorophore scaffold that is either modified or cleaved upon
reaction with specific ROS/RNS. In contrast, investigation of the use of cell’s own
redox-active molecules for the purpose of fluorescence redox sensing has been under-
estimated, and warrants greater consideration [6]. Moreover, the attributes of the flu-
orescence change upon oxidation/reduction are pivotal in determining the biological
utility of a probe. In addition to minimising interference from background effects,
ratiometric probes offer the possibility of imaging both oxidised and reduced forms,
and therefore possess great potential to enable quantification of variations in relative
or absolute redox potential.

The investigations reported in this thesis explore two different naturally occurring
redox-active molecules, flavins and nicotinamides for use as fluorescent redox sen-
sors. Different strategies of developing flavin-based redox sensors with a ratiometric
output have been discussed in Chaps.2—4. The first strategy involved the incorpo-
ration of a different fluorophore, such as naphthalimide within the flavin scaffold,
which would exhibit its own fluorescence properties upon the reduction of the flavin.
This approach was investigated in the design of NpFR1, discussed in Chap. 2, but it
was successful only at shorter excitation wavelengths. Nevertheless, at longer exci-
tation wavelengths NpFR1 demonstrated red-shifted fluorescence properties com-
pared to cellular flavins, enabling distinct identification of its fluorescence response
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from natural flavins. Despite such marked structural modifications to the flavin scaf-
fold, NpFR1 exhibited excellent reversible sensing properties to reduction-oxidation
cycles and a biologically-relevant redox potential.

Another strategy explored for designing ratiometric probes was FRET. Chapter 3
details the approaches employed to develop an emission ratiometric probe for which
flavin was fixed as a FRET-acceptor absorbing energy from an appropriate donor
fluorophore, such as coumarin. Different synthetic schemes were investigated using
the acetylated form of the naturally existing riboflavin and the synthetic N-ethylflavin.
It was understood that the labile acetyl groups on the tetraacetylriboflavin posed
difficulties towards the synthesis and purification, therefore for all future directions
involving probe design it is suggested to use N-ethylflavin to investigate the proof
of principle before attempting a challenging synthesis with the tetraacetylriboflavin.

Synthetic methodology involving the commonly employed copper catalysed click
chemistry was found to be unsuccessful due to possible interferences from redox-
active flavin moiety. It might therefore be valuable to use ruthenium-based catalysts
for click chemistry reactions in the future as these are not perturbed by the presence of
redox-active molecules such as flavins [7, 8]. Finally, a synthetic procedure involving
the use of the non-aromatic rigid linker trans-1,4-diaminocyclohexane to tether flavin
and coumarin through the formation of amide bonds on either ends of the linker
proved successful. The resulting probe FCR1 demonstrated excellent fluorescence
properties with a FRET-based ratiometric response in its emission profile towards
changes in the redox environment. Although the reversibility of the flavin scaffold in
FCR1 was compromised, the reasons for which remain unclear and warrant further
investigation, nonetheless despite tethering a whole fluorophore scaffold to the flavin
molecule, the redox potential of FCR1 lay within the biological window and the
sensor demonstrated excellent redox responsive behaviour both in vitro and in vivo.

The manifest applicability of the developed fluorescent redox probes in biological
systems requires simultaneous fulfilment of a number of properties. The probe must
exhibit excellent photophysical properties, particularly with the use of excitation
sources that are not detrimental to the cells. An ideal probe candidate would be
non-cytotoxic and cause minimal perturbation to the cellular redox chemistry, for
which it is essential that the redox potential of the probe be well within the biological
range. Furthermore, the sensor molecule should possess suitable sites on the scaffold
that can be righteously modified to deliver the probe to sub-cellular organelles of
interest without hampering its photophysical and redox-sensing properties. Each of
the probes developed in this work was assessed according to these criteria.

Cytotoxicity studies and biological experiments performed to establish the redox-
responsive abilities of probes in simple biological systems ensured that both NpFR1
and FCR1 satisfied the desired criteria and demonstrated that the probes mainly
localised in the cytoplasm. Moreover, these studies highlighted the applicability
of FCRI1 in different imaging modalities enabling it use in a variety of biologi-
cal domains. The cytoplasmic NpFR1 and FCR1 were suitably modified to direct
their accumulation to mitochondria—the prime organelle of interest for imaging
oxidative stress. Two different targeting strategies were explored. The first involved
attachment of a mitochondrial tag (TPP) to the probe structure, employed in the
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design of NpFR2. The second strategy used rhodamine B as a fluorophore with
innate mitochondrially-localising abilities. The latter was employed in the develop-
ment of excitation-ratiometric probes FRR1 and FRR2 in which, contrary to the
emission ratiometric FCR1, flavin was fixed as a FRET-donor and tethered to a
rhodamine acceptor. Both these strategies gave rise to unprecedented mitochondrial
accumulation of the probes without altering their optical and redox-sensing abilities.

Both FRR1 and FRR2 exhibited excellent excitation—ratiometric sensing abili-
ties, the interpretation of the fluorescence output was less straightforward, Neverthe-
less, the probe design demonstrated that structural variations, primarily at the N-10
position of the flavin scaffold dictate the redox potential of the flavin, a valuable
aspect of probe design that would enable modulating the redox potential of future
generation flavin-based probes.

Another class of cellular redox-active molecules investigated in this thesis is
nicotinamide. The ICT approach, as discussed in Chap.5, involved conjugating a
coumarin molecule to a nicotinamidium ion, and proved successful in achieving two
crucial aims of this section—red shifting the photophysical properties and establish-
ing a ratiometric output. However, NCR3 and NCR4 underwent irreversible reduc-
tion, which was possibly a consequence of its high reduction potential, as suggested
by its electrochemical behaviour. Nevertheless, a tertiary pyridinium nitrogen in the
nicotinamide ring was identified as an important structural requirement for redox-
active behaviour of nicotinamides and needs to be conserved in future probe design.
In addition, this cationic structural feature was possibly directing a mitochondrial
localisation profile.

A search of the literature reveals that most of the redox sensors developed to
date have been applied in imaging biological systems only once when published,
highlighting a huge disconnect between the community of chemists who develop
these valuable probes and the biological research community that can use these tools
to investigate key scientific questions in their domain. While the primary aim of this
thesis was to design and develop ratiometric redox sensors a key aspect was to then
demonstrate the immense potential of small molecule fluorescent sensors not only in
imaging a variety of biological systems using different imaging modalities but also
in answering more crucial biological questions.

The developed probes have been investigated in diverse biological systems, as
detailed in Chaps.6-8. The in cellulo interrogations revealed that mouse embry-
onic stem cells with no functional copy of CTR1 (CTR1~/7) exhibited low levels
of mitochondrial oxidative capacity which could be one of underlying mechanisms
hampering the differentiation of these cells. Evaluating the levels of copper in these
mutants, either through the use of a fluorescent copper probe or other techniques
that quantify metal levels such as GF-AAS or ICP-MS, alongside the redox state
imaging of these cells would enable deeper understanding of ESC differentiation
processes. PGRMC1 mutations in pancreatic cancer cells revealed that the wild type
and triple mutants which exhibited more oxidising mitochondrial matrix demon-
strated a less oxidising cytoplasmic environment, such observations could lay the
foundation for mechanistic understanding of the progression and consequently the
therapeutic approaches towards pancreatic cancer.
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Ex vivo studies in isolated mouse hepatocytes established the upper tolerance lim-
its of H,Ostreatment and confirmed that deuterated PUFA demonstrated promising
antioxidant properties. These preliminary studies can be followed by investigating
oxidative stress levels in mice transfected with agents that either compromise or
promote functions performed by the liver. Interrogations on the haematopoietic cells
communicated the variations in the mitochondrial oxidative capacity not only in
different cell types residing in different haematopoietic organs of an adult mouse,
but also revealed the changes at different stages of embryogenesis. The information
derived from these studies could enable future investigations in new directions. Fur-
thermore, the strength of small molecule redox probes is further evidenced by the
preliminary studies performed in non-mammalian systems, such as bacterial biofilms
and C. Elegans, which establish the applicability of the probes in such systems and
provide evidence for the value of further investigations to answer more serious bio-
logical questions.

9.1 Future Work

The investigations performed in this work elucidate the design strategies towards the
development of ratiometric redox probes based on flavin and nicotinamide scaffold
including their utility in a variety of biological systems. However, further modifi-
cations could be made, particularly with respect to achieving complete reversibility
of redox response in FCR1. This could be addressed by performing detailed elec-
trochemical reduction-oxidation mechanistic studies on the probe itself or perhaps
by suitably modifying the probe structure to identify the structural component con-
tributing towards this quasi-reversible redox behaviour of FCR1.

In addition, derivatives of FCRI1 can be developed by modifying the structural
components particularly at C-7, C-8 and N-10 positions on the scaffold that would
modulate the redox potential of the flavin moiety and hence the probe itself (Fig. 9.1a,
b). This would enable the development of a tool-box of similar probes with different
redox-active potential that would find applicability in sensing variations in cellular
redox potential, for example, in the progression of prostate cancer.

While FRET has proven to be an extremely valuable strategy for the development
of ratiometric probes, it would be valuable to assess the outcomes of employing the
first strategy that involved incorporating a fluorophore within the flavin scaffold,
by either suitably modifying the naphthalimide structure or using a fluorophore
with longer excitation-emission profiles, such as coumarin (Fig.9.1c). Although
flavin-based probes have shown more promise for use as reversible redox sensors,
nicotinamide-based probes also possess immense potential and necessitate future
investigations involving suitable structural modifications to troubleshoot the irre-
versible reduction of such probes.

Following the extensive biological interrogations performed with the developed
redox sensors certainly merit their use in further research involving disease models
to answer biological questions demanding serious attention. The results obtained
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Fig. 9.1 Chemical structures of proposed flavin derivatives illustrating groups on the scaffold that
contribute towards tuning the redox potential. a 7,8-dichloroisoalloxazine, b 8-cyanoisoalloxazine.
The R groups can be ethyl or tetraacetylribose. ¢ Proposed chemical structural design of a ratiometric
probe comprising of a coumarin molecule incorporated within the flavin molecule

from imaging 3-D spheroids can be further understood by using the probe to study
spheroids cultured from cells that express the hypoxia responsive element conjugated
to a fluorescent protein. This would possibly enable in deconvoluting the probe
response in relation to hypoxic tumour micro-environments.

This work has illustrated the design strategies towards the development of ratio-
metric probes based on naturally-occurring redox-active molecules, flavins and
nicotinamides, identifying key structural features required for reversible redox sens-
ing abilities and tuning their redox potential. In addition to desirable photophysical
redox responsive properties, the probes exhibited no cytotoxicity under working
conditions, did not perturb the redox homoeostasis of the cells and demonstrated
promising abilities to report on variations in oxidative capacities in a wide vari-
ety of systems. These probes therefore satisfy the criteria of an effective cellular
redox probe identified in Sect. 1.7, and certainly warrant further attention and use
in studying oxidative stress in biology. Far-reaching consequences of understanding
the dynamics of redox state in biology, enabled by the use of such reversible redox
probes, include deciphering the variations in cellular oxidative capacity (transient
of chronic) that help maintain normal physiological health and that bring about the
onset and progression of various diseases.
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Chapter 10
Experimental Methods

10.1 Instrumentation

"H NMR spectra were obtained at 300K using Bruker DRX 300 or Bruker Ascend
400 and 500 spectrometers at frequencies of 300 MHz, 400 MHz and 500 MHz,
respectively. >C NMR spectra were recorded on these spectrometers at frequencies
of 75, 100, and 125 MHz. Deuterated solvents were obtained from Cambridge Isotope
Laboratories were used, and internal references were made using the residual solvent
peak. The '"H NMR data are reported as chemical shift (§) in ppm, and coupling
constant (J) in Hz. The '3C NMR data are reported as chemical shift (§) in ppm
downfield shift.

Low resolution mass spectrometry was performed on a Finnigan LCQ quadrupole
ion trap mass spectrometer operating in positive ion mode with Electrospray Ioni-
sation (ESI) or Atmospheric Pressure Chemical Ionisation (APCI). High resolution
mass spectrometry was performed on a Bruker Apex Qe 7T Fourier transform ion
cyclotron resonance mass spectrometer operating in positive ion mode and ESI, using
an Apollo IT ES/MALDI dual source.

UV-visible (UV-Vis) absorption measurements were collected on an Agilent Cary
60 UV-Vis Spectrophotometer. Local maxima are reported where appropriate. Flu-
orescence spectra were recorded using a benchtop Varian Cary Eclipse fluorimeter
with quartz cuvettes or a Perkin Elmer Enspire Multimode Plate Reader with flat-
bottomed clear and black 96-well plates.

Electrochemical measurements were performed using a BAS 100B/W Electro-
chemical Analyser using glass carbon working electrode, a platinum auxiliary elec-
trode and a silver/silver chloride reference electrode and using a PGSTAT12 AUTO-
LAB (Metrohm Autolab B. V., Netherlands) electrochemical analyser. A conventional
three-electrode cell configuration was used, consisting of a silver wire quasi refer-
ence electrode, a platinum gauze auxiliary electrode and a 3mm diameter glassy
carbon disc working electrode.

Spectro-electrochemical measurements were made using a SEC-C (path length:
1 mm) thin layer quartz glass spectro-electrochemical cell kit (CH Instruments).

© Springer International Publishing AG 2018 189
A. Kaur, Fluorescent Tools for Imaging Oxidative Stress in Biology,
Springer Theses, https://doi.org/10.1007/978-3-319-73405-7_10



190 10 Experimental Methods

This consisted of platinum gauze as the working electrode, platinum wire as the
counter and Ag/Ag* non-aqueous reference electrode. Photoluminescence spectra
(5 nm bandpass, 1 nm data interval, PMT voltage: 700 V) were collected with a Cary
Eclipse Spectrofluorimeter (Varian, Australia). The platinum gauze surface faced the
detector and the side of the cell aligned with the excitation beam.

Confocal images were acquired using an Olympus Fluoview FV 1000 microscope
and a Leica SP5 II confocal and multi-photon microscope, with either a LUCPLFLN
40X air objective lens (NA = 0.60), UPLSAPO 63 x water-immersion (NA =1.20) or
100x oil-immersion (NA = 1.30) objective lens. Images were collected and processed
using Leica Application Suite Advanced Fluorescence Version: 2.8.0 build 7266
viewer software. Image analysis of mean fluorescence intensity was performed using
FIJI (National Institutes of Health).

Fluorescence lifetime images were collected on a Leica TCS SP5 MP FLIM sys-
tem containing a tunable Mai Tai Deep See multi-photon laser with a repetition rate
of 80 MHz (Spectra-Physics) connected to a Leica DMI6000B-CS inverted micro-
scope. Samples were illuminated with 820 nm laser and emitted light was collected
in the de-scanned internal FLIM detectors over the 420-480 nm and 520-600 range
using a HCPLAPO 63 x water-immersion (NA = 1.20) objective lens. The data was
collected with the aid of the B&H SPCM software and the fluorescence lifetimes were
determined using time correlated single photon counting (TCSPC) and analysed with
SPC Image software (version 3.1.0.0).

Flow cytometric analyses were performed using BD Biosciences LSRFortessa
and BD FACSCan 4-colour flow cytometer. Data was analysed using the FlowJo
software package (Treestar, Ashland, OR, USA).

10.2 Methods

10.2.1 Synthetic Methods

All solvents used were laboratory grade and were dried over appropriate drying
agents when required. MilliQ water was used to prepare all aqueous solutions. Merck
230-400 mesh Kieselgel 60 was used for silica gel column chromatography and
Merck Kieselgel 60 0.25 mm F254 precoated sheets were used for analytical thin
layer chromatography. Chemicals were obtained from Sigma-Aldrich (St. Louis,
MO), Alfa Aesar and Combi Blocks and used as received. Deuterated solvents were
obtained from Cambridge Isotope Laboratories.

10.2.2 Photophysical Studies

Photophysical characterisations of all the probes were performed in HEPES buffer
(100 mM, pH 7.4). Three spectra were recorded for each experiment at a scan speed of
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120 nm/min and 5 nm slit width, which were then averaged to obtain a smoother curve.
Quantum yields (@) were calculated using fluorescein (® = 0.95) and quinine sulfate
(® =0.55) as reference. For each unknown, the standard was selected according to
closest excitation wavelengths.

For calculation of quantum yield, five concentrations of the probe and standards
were prepared. Quinine sulfate standards were prepared in 0.1 M H,SO,4 and the
fluorescein standards in 0.1 M NaOH. Fluorescence spectra of standard and samples
were recorded at same excitation wavelengths. Integrated fluorescence intensities
were plotted against the absorbance at excitation wavelength for both the standard
and the reduced and oxidised probe. The quantum yield was calculated using the
equation:

®y = ®g(Dx/Dys)

where @ is the quantum yield, D is slope, S and X represents the standard and the
sample respectively.

10.2.2.1 Redox Titration and Cycling

For all reduction-oxidation experiments, stock solutions of reducing and oxidising
agents were freshly prepared immediately before the experiment. The fluorescence
spectra of a dilute solution (5—-10 wM) of the developed redox probes in HEPES
buffer were recorded before and following incremental additions of the reducing
agent (NayS,0,4 or NaBH3CN). Probes were treated with 10-1000 equivalents of
freshly prepared solutions of reducing agent to determine the minimum concentration
required for complete reduction of the probe. Re-oxidation of the reduced probe
was achieved by incremental additions of oxidising agent (H,O;) and determining
the time required for complete oxidation of the probe for each addition. Redox
cycling experiments involved recording fluorescence spectra following the sequential
addition of reducing and oxidising agents and plotting the integrated fluorescence
intensity (or ratio, for ratiometric probes) against the number of reduction-oxidation
cycles. Volume corrections were obtained from fluorescence measurements of probe
solutions to which similar volumes of HEPES buffer was added.

10.2.2.2 pH and Metal Response

100 mM buffer solutions for pH 2—10 were prepared. KCI-HCl buffer was used for
pH 2.0, and citrate-phosphate buffers were used for pH 3.0-10.0. Performance of
the probes in presence of biologically relevant metal ions (Na*, K+, Mg?*, Cu?*,
Cut, Fe?t, Fe3t, Zn?*, Ca®* and Mn?*t) was tested with 100 wM concentration of
metal ions in 100 mM HEPES buffer. Stock solutions of metal ions (100 mM) were
prepared from their corresponding nitrate salts.
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10.2.2.3 Re-oxidation with Biological ROS

Re-oxidation of the reduced probes by different ROS was tested using final concen-
trations of 100-200 uM of different ROS in 100 mM HEPES buffer. Superoxide
(05*) was added as solid KO,. Hydrogen peroxide (H,0,) and hypochlorite (OCI™)
were delivered from 30 and 4% aqueous solutions, respectively. Hydroxyl radical
(*OH) and tert-butoxy radical (*OtBu) were generated by reaction of 1 mM Fe?*
with 200 pM H,0, or 200 uM tert-butyl hydroperoxide (TBHP), respectively.

10.2.3 Electrochemical Studies

At the University of Sydney, solutions were prepared at a concentration of 2—-5 mM in
acetonitrile containing 0.1 M tetrabutylammonium bromide (TBAB) as a supporting
electrolyte. The potentials were referenced to the standard hydrogen electrode (SHE).
Solutions were degassed with argon for ten minutes prior to measurement. Cyclic
voltammograms were recorded using glass carbon working electrode, a platinum
auxiliary electrode and a silver/silver chloride reference electrode.

Electrochemical measurements at La Trobe University in collaboration with Dr
Conor F. Hogan, were acquired using a conventional three-electrode cell configura-
tion consisting of a silver wire quasi reference electrode, a platinum gauze auxiliary
electrode and a 3mm diameter glassy carbon disc working electrode. The work-
ing electrode was sequentially polished with 0.3 and 0.05 wm alumina slurry on a
BUEHLER Microcloth®, rinsed with Milli-Q water and sonicated in acetonitrile
for 30s. Following sonication, the electrode was rinsed in acetonitrile and dried
with a stream of nitrogen. Solutions were prepared at a concentration of 2 mM in
a solution of freshly distilled acetonitrile containing 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFg) as a supporting electrolyte. All the potentials were
referenced to the ferrocene/ferrocenium couple as the internal standard (1 mM). All
the electrochemical experiments were performed under a nitrogen atmosphere inside
a glove box. Spectro-electrochemistry was performed using a platinum gauze as the
working electrode, platinum wire as the counter and Ag/Ag* non-aqueous refer-
ence electrode. Within the spectrofluorimeter, the spectro-electrochemical cell was
placed such that the platinum gauze surface faced the detector and the side of the cell
aligned with the excitation beam. An appropriate reduction potential was applied,
and a series of luminescence spectra were recorded at 12 s intervals.

10.2.4 Cell Culture

HeLa human cervical adenocarcinoma cells were obtained from Dr Minh Hyunh
at the Australian Centre of Microscopy and Microanalysis, DLD-1 human colon
carcinoma cells were obtained from Dr Catherine Chen in the Hambley group and
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RAW 264.7 murine macrophage cells were obtained from Dr Rachel Pinto at the
Department of Infectious Diseases and Immunology, University of Sydney. The cell
lines were maintained in exponential growth as monolayers in Advanced DMEM (a
basal medium that requires reduced serum supplementation compared to DMEM).
For HeLa cells, the growth medium was supplemented with 2% foetal calf serum
(FCS), 1% glutamine and 1% antibiotic-antimycotic (AA); for DLD-1 and RAW
264.7 cells, 4% FCS, 1% glutamine and 1% AA were used. The cells were incubated
under standard culturing conditions at 37 °C with 5% (v/v) CO, under humidified
conditions. HeLa and DLD-1 cells were sub-cultured using 0.25% trypsin to facilitate
cell dissociation, whereas RAW 264.7 cells were dissociated using a cell scraper.

10.2.4.1 Cytotoxicity Assay

Cytotoxicity assays were performed using the standard MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) assay to determine their ICsy value [1]. In a
96-well plate, approximately 1 x 10* HeLa or RAW 264.7 cells in 100 L complete
medium (Adv. DMEM supplemented with FCS, glutamine and AA) were seeded
into each well and allowed to adhere overnight in an incubator. 1 and 10 mM stock
solutions of the compounds of interest were prepared in DMSO. The stock solutions
were diluted into the wells containing cells to final concentrations ranging from 0 to
160 WM. Control wells were treated with corresponding volumes of DMSO. Each
treatment was performed in triplicates. After a 24 h incubation period, 20 WL of MTT
solution (2.5 mg/mL in phosphate-buffered saline (PBS)) was added to each well and
the cells were incubated for additional 4 h, allowing the MTT to be converted to a
purple formazan product by the mitochondrial dehydrogenase of viable cells. The
medium in the wells was then replaced with 150 wL of DMSO and the plates were
shaken for 1 min. The absorbance of each well was recorded at 600 nm using a plate
reader, wherein the intensity of absorbance correlates to cell viability. The ICsy value
represents the minimum concentration of the probe necessary for 50% reduction in
cell viability. Each MTT assay was performed three times.

10.2.5 Confocal Microscopy

10.2.5.1 Confocal Microscopy of Cell Monolayers

Approximately 5 x 10* HeLa or RAW 264.7 cells in complete medium were plated
onto glass bottom dishes (35 mm, coverslip no. 1.5, MatTek Corporation) and allowed
to adhere overnight in an incubator. For all treatments with DMSO-based stock
solutions were made such that the final concentration of DMSO in cell media was
less than 0.1%. Complete medium containing the probe was prepared by diluting
probe stock solutions (in DMSO) into 3mL of complete media to obtain a final
concentration of 10-30 WM. The cells were then incubated with the probe containing
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media for 15-30 min before being washed with PBS and maintained in FluoroBrite™
DMEM media supplemented with 10% foetal calf serum for the duration of imaging.
For measurement of the oxidative capacity of cells in different environments, cells
were first treated by the addition of 50 wL of the freshly prepared stock solution
of reducing agent (N-acetylcysteine, NAC) or oxidising agent (H,O,) in PBS to a
final concentration of 50 uM in complete media and incubated for 30 min before
being washed with PBS. Control cells were treated with 50 WL of PBS to complete
media and incubated for 30 min. The cells were then treated with the appropriate
concentration of the probe.

For co-localisation studies, HeLLa or RAW 264.7 cells were treated with the desired
concentration of the probe followed by treatment with the commercially available
tracker dyes, Mitotracker DeepRed FM (100 nM, 15 min) or Lysotracker DeepRed
FM (100 nM, 15min) before being washed with PBS and prepared for imaging.
The single stain control cells were treated separately with DMSO stock solutions of
the probe, Mitotracker DeepRed FM (100 nM, 15 min) or Lysotracker DeepRed FM
(100 nM, 15 min).

Confocal images were acquired using an Olympus Fluoview FV 1000 microscope
or Leica SP5 II confocal and multi-photon microscope. Excitation light of 458 and
488nm was provided by an argon laser and 633 nm by the HeNe laser. Two pho-
ton excitation light of 820nm was provided by the Mai Tai Deep See Ti:Sapphire
femtosecond pulsed laser. Images were analysed using FIJI (National Institutes of
Health).

10.2.5.2 Confocal Microscopy of Multicellular Spheroids

96-well plates were coated with 40 L sterile agarose solution in PBS (0.75% w/v).
1-2.5 x 10* DLD-1 cells in 100 . L complete medium were seeded into each well and
incubated for 3—4 days to allow cell aggregation. The spheroids were then transferred
onto glass bottom dishes and dosed with desired concentrations of the probes for 24 h.
Confocal microscopy was performed using Leica SP5 II confocal and multi-photon
microscope. Image analysis was performed using FIJI (National Institutes of Health).

10.2.5.3 Confocal Microscopy of Mouse Hepatocytes

The isolated hepatocytes were plated at a density of 10,000 cells/well in a 96-well
plate in low glucose DMEM supplemented and incubated overnight. Cells were
treated with incremental concentrations of H,O, ranging from 100 to 500 pM for
30min. The cells were then washed and incubated in low glucose DMEM containing
20 M NpFR1 for a period of 15 min. This was followed by washing the hepatocytes
twice with PBS, and maintaining them in FACS buffer (PBS supplemented with 0.1%
FBS) for the duration of imaging. The images were acquired using BD Pathway™"
853, a high-throughput live cell imaging station. Images were acquired using 40X
objective upon excitation 405 nm. NpFR1 emission was recorded using a 450 nm
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long pass filter, with a higher intensity of fluorescence indicating a higher oxidative
capacity. Image analysis was performed using FIJI (National Institute of Health).

To test the antioxidant properties of lipids, 10,000 hepatocytes in each well of a 96
well plate overnight followed by an overnight treatment with palmitate and deuterated
linoleic and linolenic acids. Following the chronic lipid treatments, hepatocytes were
treated with HyO, (100-400 wM) for 30 min. Hepatocytes were then washed and
incubated with 20 M NpFR1 for 15 min, washed an imaged in FACS buffer (A,
=405nm and A,,, = 450nm long pass). Image analysis was performed using FIJI
(National Institute of Health).

10.2.5.4 Confocal Microscopy of C. elegans

The wild-type Bristol strain (N2) of C. elegans, were maintained on lawns of
Escherischia coli OP 50 strain. Prior to treatment with probes the adult worms were
filtered using a 40 wm nylon mesh and incubated in different tubes containing 100
WM of each probe in S-basal medium supplemented with E. coli OP 50. The worms
were incubated at 25 °C or 35 °C for 1 h with constant mixing. Following standard
protocols, the worms were then washed and allowed to rest in probe-free S-basal
medium for 20 min and washed thrice with S-basal. The worms were then trans-
ferred onto glass slides coated with 3% agar pads containing 2% sodium azide. The
immobilised worms were then imaged using a Leica SP8 confocal microscope and
the images were acquired with a 10x objective. Image analysis was performed using
FIJT (National Institutes of Health).

10.2.5.5 Confocal Microscopy of Bacterial Biofilms

Biofilms were prepared on glass slides by Dr Penesyan from Gram-positive (Bacil-
lus cereus-BC) and Gram-negative (Acinetobacter baumannii-AB and Pseudomonas
aeruginosa-PA) bacterial strains using continuous flow-cell system over a period of
3-5 days. Prior to imaging the biofilms were maintained in LB medium containing
Live/Dead® BacLight stain along with vehicle control (DMSO), NpFR1 (50 puM)
or FCR1 (20 wM) for 15min followed by washing with probe-free LB medium
for 10 min after which the slides were imaged using the Olympus FV1000 confocal
micropscope. Z-stacks were obtained using the 10X objective and were analysed by
Dr Penesyan using a Matlab program. Ratio images for FCR1 were obtained using
the RatioPlus plugin for FIJI (National Institutes of Health).

10.2.5.6 Fluorescence Lifetime Imaging Microscopy
Fluorescence lifetime images were collected on a Leica TCS SP5 MP FLIM system

containing a tunable Mai Tai Deep See multi-photon laser with a repetition rate of 80
MHz (Spectra-Physics) connected to a Leica DMI6000B-CS inverted microscope.
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Samples were illuminated with 820 nm laser and emitted light was collected in the
de-scanned internal FLIM detectors over the 420-480nm and 520-600 range using
a HCPLAPO 63 x water-immersion (NA = 1.20) objective lens. The data was col-
lected with the aid of the B&H SPCM software and the fluorescence lifetimes were
determined using time correlated single photon counting (TCSPC) and analysed
with SPC Image software (version 3.1.0.0). The instrument response function was
derived from the decay curve of urea. 512 x 512 pixel images were collected and
3X binning applied for analysis to ensure that at least 1 x 10* photons per pixel were
analysed. Each sample was scanned for 120 s. Analysis of fluorescence lifetimes in
cells required individually fitted mono or bi-exponential curves to obtain average
x? values closest to 1. The data ware analysed from 10 different regions of interest
from 3 independent experiments. The mean life times were obtained by calculating
a decay matrix of each pixel on the 512 x 512 image. The obtained images were
pseudo-coloured using a BGR LUT (blue green red look up table) ranging between
0.9 and 2.5 ns.

10.2.6 Flow Cytometry

10.2.6.1 Flow Cytometry of CTR1-knockout Embryonic Stem Cells

Cells were cultured in ES Maintenance Media which comprised of DMEM sup-
plemented with 20% FBS, Glutamax, 10 mL/L sodium pyruvate, 25 mg/L Sodium
pyruvate, 39 wL/L MTG, penicillin and streptomycin and 105 units/mL of Leukemia
Inhibitory Factor. The cells were grown in a gelatinised 6-well dish at 37 °C and 5%
CO,. For measurement of the oxidative capacity, embryonic stem cells were first
treated by the addition of 50 WL of the freshly prepared stock solution of reducing
agent (Nacetylcysteine, NAC) or oxidising agent (H,O,) in PBS to a final concentra-
tion of 50 wM in complete media and incubated for 30 min before being washed with
PBS. Control cells were treated with 50 WL of PBS to complete media and incubated
for 30 min. The cells were then treated with NpFR2 (20 wM) for 15 min following
which the cells were washed with PBS and detached using TrypLE (350 wL). The
cells were then centrifuged, resuspended in FACS buffer (PBS + 0.5% Bovine serum
albumin, BSA). Cells were immediately analysed using a BD FACSCan 4-colour
flow cytometer. Data obtained were analysed using FlowJo software (Tree Star).

Three murine embryonic stem cell lines were used to analyse the role of CTR1 in
differentiation; CTR11/* cells, CTR17/~ and CTR1~/~. These cell lines had been
prepared and exposed to mesodermal and ectodermal differentiation conditions by
Mr Kurt Brigden at the School of Medicine.

Mesodermal Differentiation

Media conditioned for mesodermal media consists of Iscoves modified dulbeccos
medium (IMDM) supplemented with 20% FBS, 25 mg/L ascorbic acid, 39 pL/L
MTG and penicillin/streptomycin. Cells were resuspended in 1 mLL mesodermal dif-
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ferentiation media and counted using a haemocytometer. 1 x 10° cells from each
cell line were seeded out into non-adhesive 23 mm plate in 2mL of mesodermal
differentiation media and allowed to grow for 5 days.

Neuronal Media

12-well plates were gelatinised for 1 hour. Cells were trypsinised 1 day after passage
and centrifuged at 1200 rpm for 5 min. Cells were resuspended in ES Maintenance
Media and counted using a haemocytometer. Cells were seeded out at a density of
2.5 x 10* for each cell line and made up to a volume of 500 L using neuronal
media; 50% v/v DMEM/F12, 50% neural basal media, 13.4 wL/L MTG, 1% B27
supplement media and 0.5% N2 supplement media. Media was changed day 1 after
plating, then every second day thereafter.

The differentiated cells were treated with NpFR2 (20 wM) for 15 min following
which the cells were washed with PBS and detached using TrypLE (350 wL). The
cells were then centrifuged, resuspended in FACS buffer (PBS + 0.5% Bovine serum
albumin, BSA). Cells were immediately analysed using a BD FACScan 4-colour
flow cytometer. Data obtained were analysed using FlowJo software (Tree Star).

10.2.6.2 Flow Cytometry of Haematopoietic Cells

All animal studies were performed in accordance with animal ethical guidelines as
approved by the Animal Ethics Committee at the University of Sydney. For flow
cytometry experiments with NpFR2 in mouse haematopoietic cells, adult Quack-
enbush Swiss male mice were killed by cervical dislocation. Bone marrow, thymus
and spleen were immediately dissected. Bone marrow single cell suspensions were
prepared by flushing the femora with SmL of PBS with a 22G needle and syringe.
Thymus and spleen single cell suspensions were prepared by passing the tissues
through a 40 pm mesh with the plunger of a SmL syringe. All single cell sus-
pensions were then further filtered through 20 pm nylon mesh to remove clumps.
Approximately 1 x 10° cells were used per stain. Cells were aliquoted and treated
with PBS, DMSO, NAC or H,O, for 30 min at 37 °C, washed and incubated with 20
pM NpFR2 for 15 min at RT. Cells were then washed and incubated with antibodies
recognising surface proteins of live mouse haematopoietic cells for 30 min, washed
again with PBS and resuspended in FACS buffer (PBS + 0.5% Bovine serum albu-
min (BSA) + 1 uM propidium iodide). Cells were immediately analysed using a BD
FACSCan 4-colour flow cytometer.

Flow cytometric analyses on cells treated with FCR2 were performed using BD
biosciences LSRFortessa equipped with a 56 mW 405 nm coherent laser. HeLa cells
were treated with FCR2 (10 wM, 15 min) alone; as well as after treatment with reduc-
ing (NAC, 50 wM, 30 min) or oxidising agent (H,O,, 50 wM, 30 min). The cells were
then washed and resuspended in PBS before analysis on the LSRFortessa. Emission
intensities were acquired by detectors centered around 450nm (425-475nm) and
560 nm (550-570nm). Approximately 5 x 10* events were collected for each run
with appropriate gating applied to isolate healthy and single cells.
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For studies of the haematopoietic cell differentiation during mouse embryonic
development, timed matings were established as described [2]. Adult bone marrow
single cell suspensions were prepared by flushing the femora with SmL of PBS
with a 22G needle and syringe, spleen single cell suspensions were prepared by
passing the tissues through a 40 um mesh with the plunger of a 5 mL syringe. Foetal
blood was obtained by exsanguination of individual conceptuses as described [3].
Foetal liver was dissected and dispersed into a single cell suspension as described
previously [4]. Single cell suspensions were then further filtered through 20 pm
nylon mesh to remove clumps, centrifuged and resuspended in 1 mL of FACS Buffer
(PBS + 0.5% BSA). Cells were aliquoted and incubated with a combination of Ter-
119 antibody conjugated to Alexa Fluor 647 (Biolegend, San Diego, CA, USA) and
either FRR1 or FRR2 (to a final concentration of 20 wM) for 15 min at RT. Cells
were then washed with PBS and resuspended in FACS buffer containing propidium
iodide (final concentration 1 pg/mL) for dead cell exclusion. Cells were immediately
analysed using a BD FACScan 4-colour flow cytometer. Data obtained were analysed
using FlowJo software (Tree Star).

10.3 Syntheses

10.3.1 6-Bromo-2-propyl-1H-benzo[delisoquinoline-1,3(2H)-
dione (2)

To a solution of 4-bromo-1,8-naphthalic anhydride (2.99 g, 10.8 mmol) in EtOH
(100 mL) was added N-propylamine (0.696 g, 11.8 mmol). The mixture was heated
to reflux for 17h before the solvent was removed under vacuum and the product
recrystallised from EtOH to give yellow crystals of 2 (2.47 g, 7.78 mmol, 72%).
M.p. 142144 °C. ESI (m/z): [M]" calculated for C;5H137°BiNO,, 317.01; found,
317.12. "H NMR (400 MHz, CDCl5): § (ppm) 8.65 (d, J = 8.4, 1H), 8.55 (d, J = 8.5,
1H), 8.40 (d,J =7.9, 1H), 8.03 (d, J =7.8, IH), 7.84 (t, J = 7.6, 1H), 3.72 (t, J =
7.7,2H), 1.78-1.75 (m, 2H), 1.21 (t, J = 7.5, 3H).
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10.3.2 6-Bromo-5-nitro-2-propyl-1H-benzo[de[isoquinoline-
1,3(2H)-dione (3)

Oo.__N__O

gg NO,

Br

To a solution of 2 (0.719 g, 2.26 mmol) in concentrated sulfuric acid (20 mL), sodium
nitrate (0.92 g, 2.26 mmol) was added and the solution stirred for 30 min at -10 °C
and then for 3h at RT. The mixture was added slowly to ice-water (200 mL) and
the suspension filtered, washed with water and recrystallised from EtOH to give 3
as a pale yellow solid (0.704 g, 1.94 mmol, 86%). M.p. 147-150 °C. ESI (m/z):
[M]* calculated for C;sH;;7?BrN,04, 361.99; found, 361.23. '"H NMR (300 MHz,
CDCl3): 6 (ppm) 8.81 (s, 1H), 8.77 (d, J = 7.3, 2H), 8.01 (t,J = 7.8, 1H), 3.52 (t, J
=17.7,2H), 1.68-1.66 (m, 2H), 1.15 (t, J = 7.5, 3H).

10.3.3 6-((3-Bromopropyl)amino)-5-nitro-2-propyl-1H-
benzo[delisoquinoline-1,3(2H)-dione (4)

o.__N__O
gg NO,
NH

3-Bromopropylamine hydrobromide (1.72 g, 7.85 mmol) was added to a solution
of 3 (1.00 g, 2.65 mmol) and DIPEA (1.03 g, 7.85 mmol) in MeCN (50 mL). The
mixture was stirred for 2h at RT under N, before the solvent was evaporated under
vacuum and the residue recrystallised in EtOH to give 4 as a yellow crystalline
solid (0.835 g, 1.98 mmol, 75%). M.p. 177-179 °C. ESI (m/z): [M]" calculated for
Ci3Hi3”"BrN3 0y, 419.05; found, 418.18. "H NMR (400 MHz, CDCl5): § (ppm) 9.90
(br. s, 1H), 9.24 (s, 1H) 8.65 (m, 2H), 7.68 (t, J = 8.0, 1H), 3.81 (t,J = 7.7, 2H), 3.52
(t,J=17.7,2H),3.32 (t,J =7.7, 2H), 2.15-2.13 (m, 2H) 1.68-1.65 (m, 2H), 1.12 (t,
J=1.5,3H).
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10.3.4 Attempted Synthesis of 5-Amino-6-((3-bromopropyl)
amino)-2-propyl-1H-benzo[de]isoquinoline-1,3(2H)-
NH,

dione (5)
L
O g ’\%
Br

Stannous chloride dihydrate (0.51 g, 2.2 mmol) was added to a suspension of 4 (0.14
g, 0.34 mmol) and 32% HCI (3 mL) under a N, atmosphere. The suspension was
heated to reflux for 3 h before being allowed to stir at RT overnight. The mixture was
poured onto deionised ice (5 g) and the solution adjusted to pH 11 with 5 M NaOH.
The suspension was extracted with DCM (3 x 50 mL) and washed sequentially
with water, saturated NaHCO; solution and brine. The combined organic extracts
were dried over Na, SO, and evaporated to dryness. The resulting gel like substance
was subjected to silica gel column chromatography (1:1; hexane:EtOAc). However,
despite several attempts the desired product could not be isolated.

10.3.5 6-Bromo-2-(3-bromopropyl)-1H-
benzo[delisoquinoline-1,3(2H)-dione
(8) [5]

To a solution of 4-bromo-1,8-naphthalic anhydride (2.98 g, 10.8 mmol) in EtOH
(100 mL) was added 3-bromopropylamine hydrobromide (2.58 g, 11.8 mmol). The
mixture was heated to reflux for 17h before the solvent was removed under vacuum
and the productrecrystallised in EtOH to give yellow crystals of 8 (2.44 g, 6.15 mmol,
57%). M.p. 152-154 °C (lit. value 154-155 °C [5]). ESI (m/z): [M+H]* calculated
for C;sH,”"Br,NO,, 396.91; found, 397.02. 'H NMR (400 MHz, CDCl3): § (ppm)
8.65 (d, J = 8.4, 1H), 8.55 (d, J = 8.5, 1H), 8.40 (d, J/ = 7.9, 1H), 8.03 (d, J = 7.8,
1H), 7.84 (t,J = 7.6, 1H), 3.72 (t, J = 7.7, 2H), 3.43 (t, J = 7.5, 2H), 2.14-2.12 (m,
2H).
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10.3.6 6-Bromo-2-(3-bromopropyl)-5-nitro-
1H-benzo[delisoquinoline-1,3(2H)-dione (9)

gg NO,

Br

To a solution of 8 (0.897 g, 2.26 mmol) in sulfuric acid (20 mL), sodium nitrate
(0.192 g, 2.6 mmol) was added and the solution stirred for 30 min at -10 °C and then
for 3h at RT. The mixture was added slowly to ice-water (200 mL) and the suspension
filtered, washed with water and recrystallised from EtOH to give 9 as a pale yellow
solid (0.786 g, 1.78 mmol, 79%). M.p. 151-152 °C. ESI (m/z): [M+H]" calculated
for C;sH;;7"BraN, Oy, 441.90; found, 441.86. 'H NMR (300 MHz, CDCl5): § (ppm)
8.81 (s, 1H), 8.77 (d, J = 7.3, 2H), 8.01 (t, J = 7.8, 1H), 3.52 (t, J = 7.7, 2H), 3.48
(t,J =7.5,2H), 2.12-2.09 (m, 2H).

10.3.7 2-(3-Bromopropyl)-5-nitro-6-(propylamino)
-1H-benzo[delisoquinoline-1,3(2H)-dione (10)

H/Br
O_ N__O
g g NO,

NH

N-propylamine (0.471 g, 7.90 mmol) was added to a solution of 9 (0.786 g, 1.78
mmol) in MeCN (30 mL). The mixture was stirred for 1 h at RT under N, before the
solvent was evaporated under vacuum and the residue recrystallised in EtOH to give
10 as a yellow crystalline solid (0.631 g, 1.51 mmol, 83%). M.p. 159-160 °C. ESI
(m/z): [IM]™ calculated for CisH;3”°BrN;Oy, 419.05; found, 419.21. "H NMR (400
MHz, CDCl3): 6 (ppm) 9.90 (br. s, 1H), 9.24 (s, 1H) 8.65-8.62 (m, 2H), 7.68 (t, J =
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8.0, 1H), 4.13 (t, J = 7.6, 2H), 3.94 (t, J = 7.5, 2H), 3.21 (t, J = 7.5, 2H), 2.07-2.04
(m, 2H), 1.43-1.40 (m, 2H), 0.97 (t, J = 7.6, 3H).

10.3.8 Attempted Synthesis of (3-(5-nitro-1,3-dioxo-6-
(propylamino)-1H-benzo[de]isoquinolin-2(3H)-
yl)propyl)triphenylphosphonium (11)

®
H/|>F>h3
o._N__O
gg NO,
NH

10 (0.631 g, 1.51 mmol) was added to a solution of triphenylphosphine (0.792 g, 3.02
mmol) in MeCN (10 mL) and heated at reflux conditions under a N, atmosphere for
48 h. The reaction mixture was monitored by TLC and mass spectrometry, both of
which indicated the presence of unreacted starting material.

10.3.9 (3-Aminopropyl)triphenylphosphonium bromide
hydrobromide (15)

@
HoN“>~">PFPh, B
H-—Br

3-Bromopropylamine hydrobromide (1.00 g, 3.82 mmol) and triphenylphosphine
(0.838 g, 3.82 mmol) were added to SmL of MeCN and the resulting suspension
was heated to reflux for 12 h. The reaction mixture was cooled to RT and hexane
(15 mL) was added. The resulting solid was dissolved in isopropanol (100 mL), a
minimal amount of diethyl ether (30 mL) was added and the solution left overnight
in the refrigerator to give 15 as fine colourless crystals (0.860 g, 1.79 mmol, 47%).
M.p. 261-262 °C. ESI (m/z): [M]* calculated for C21Hx4Br, NP, 479.00; found,
481.04. "H NMR (400 MHz, DMSO-dg): § (ppm) 7.8-7.75 (m, 15H) 3.74-3.71 (m,
2H), 2.93 (t, J = 7.6, 2H), 1.90-1.87 (m, 2H).
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10.3.10 (3-(6-Bromo-1,3-dioxo-1H-benzo[delisoquinolin-
2(3H)-yl)propyl)triphenylphosphonium (16)

®
PPh,

!

o.__N__O

Br

To a solution of 4-bromo-1,8-naphthalic anhydride (2.99 g, 10.8 mmol) in EtOH
(100 mL), was added 15 (5.67 g, 11.8 mmol). The mixture was heated to reflux for
17h before the solvent was removed under vacuum and the product recrystallised in
EtOAc to give 16 as yellow crystals (4.38 g, 7.56 mmol, 70%). M.p. 245-247 °C.
ESI (m/z): [M]* calculated for C33H,s’*BrNO,P, 578.09; found, 577.94. '"H NMR
(400 MHz, DMSO-dg): § (ppm) 8.62 (d, J = 8.4, 1H), 8.56 (d, J = 8.5, 1H), 8.40 (d, J
=79,1H),8.35(d,J =7.8, 1H), 8.04 (t, J = 7.6, 1H), 7.5-7.45 (m, 15H), 4.27-4.25
(m, 2H), 3.24-3.21 (m, 2H), 1.88-1.85 (m, 2H).

10.3.11 (3-(6-Bromo-5-nitro-1,3-dioxo-1H-
benzo[delisoquinolin-2(3H)-
yl)propyl)triphenylphosphonium (17)

@
PPh,

Oo.__N__O

C,,

Br

To a solution of 16 (0.73 g, 1.3 mmol) in sulfuric acid (10 mL), sodium nitrate
(0.1 g, 1.3 mmol) was added and the resulting solution stirred for 1h at -10 °C.
The mixture was added slowly to ice-water (50 mL), and the resulting suspension
filtered, dried and subjected to purification by silica gel column chromatography (2:1;
hexane:EtOAc) to give 17 as a pale yellow solid (0.28 g, 0.45 mmol, 36%). M.p.
281-282 °C. ESI (m/z): [M+H]" calculated for C33H,5BrN,O4P, 623.07; found,
623.26.'"H NMR (400 MHz, DMSO-d): § (ppm) 8.64 (d, J = 8.4, 1H), 8.59 (d, J =
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8.5, 1H), 8.45 (d, J = 7.9, 1H), 8.11 (t, J = 7.6, 1H), 7.5-7.45 (m, 15H), 4.26-4.24
(m, 2H), 3.24-3.22 (m, 2H), 1.87-1.84 (m, 2H).

10.3.12 (3-(5-Nitro-1,3-dioxo-6-(propylamino)-1H-
benzo[delisoquinolin-2(3H)-yl)propyl)triphenyl

phosphonium (18)
®
PPh,
o._N__O
L,
NH

g

N-Propylamine (0.165 g, 2.80 mmol) was added to a solution of 17 (1.63 g, 2.65
mmol) in MeCN (50 mL). The mixture was stirred for 5h at RT under N, before the
solvent was evaporated under vacuum. The obtained hygroscopic residue was taken
forward in synthesis without further characterisation.

10.3.13 (3-(5-Amino-1,3-dioxo-6-(propylamino)-1H-
benzo[delisoquinolin-2(3H)-yl)propyl)triphenyl

phosphonium (19)
®
H/F>F>h3
o.__N__o0O
CLL,,
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Stannous chloride dihydrate (0.51 g, 2.2 mmol) was added to a solution of the crude
residue (18) in 20 mL. MeOH and 32% aqueous HCI (3 mL) under a N, atmosphere.
The suspension was heated to reflux for 1 h. The mixture was poured onto ice prepared
form deionised water (5 g) and the solution adjusted to pH 11 with 5 M NaOH. The
suspension was extracted with DCM (3 x 50 mL) and washed sequentially with
water, saturated NaHCOj3 solution and brine. The combined organic extracts were
dried over Na,SO, and evaporated to dryness to give 19 (0.21 g) as a yellow solid
which was used in the next step immediately, without further purification to prevent
oxidation of the o-diamino compound in air.

10.3.14 Triphenyl(3-(4,6,9,11-tetraoxo-13-propyl-9,
10,11,13-tetrahydro-4H-benzo[4,5Jisoquinolino
[7,6-g[pteridin-5(6H)-yl)propyl)phosphonium
(NpFR2)

®
PPh,

(6] (@]
8 5N 3
N O S NH
NS
0 H i

Alloxan monohydrate (0.11 g, 0.68 mmol) and boric acid (0.45 g, 0.80 mmol) were
added to a stirred solution of 19 (0.200 g) in glacial acetic acid (10 mL). The solution
was stirred for 7h under N,, and then diluted in 100 mL water and filtered. The filtrate
was concentrated by evaporating water under vacuum. 200 mL of diethyl ether was
added to the crude mixture and sonicated. The suspension was then filtered and the
obtained solid was dried and purified by preparative TLC using DCM : MeOH (10:1)
as eluent to give NpFR2 as a bright orange solid (0.13 g, 0.20 mmol, 29%). M.p. 303—
305 °C. HRMS: calculated for [M]* C4H33Ns504P, 678.22647; found, 678.22652.
"H NMR (500 MHz, DMSO-de): 8 (ppm) 8.91 (d, J = 10.0, 1H, naphthalimide-Ar
H), 8.72 (d, J = 10.2, 2H, naphthalimide-Ar H), 8.12 (t, J/ = 10.0, 1H, flavin-Ar H),
7.77-7.74 (m, 15H, TPP-Ar H), 4.68 (m, 2H, NS-%CHQCHZ), 4.25 (t, J = 10.5,
2H, N'3-CH, CH,CH3), 3.77 (t, J = 10.0, 2H, N3-CH, CH, CH,), 2.22-2.19 (m,
2H, N3-CH,CH, CH,), 1.86-1.83 (m, 2H, N'3.CH, CH, CHj3), 1.05 (t, J = 10.3,
3H, N'3-CH,CH, CH3). 13C NMR (125 MHz, DMSO-dy): 6 (ppm) 160.4, 156.3,
150.7, 139.3, 135.5, 132.7, 132.4, 132.4 126.5, 116.8, 40.8, 12.4.
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10.3.15 (2R,3S,4S5)-5-(7,8-dimethyl-2,4-dioxo-3,4-
dihydrobenzo[g|pteridin-10(2H)-yl)pentane-
1,2,3,4-tetrayl tetraacetate (21)

o)
N \N/go
WOAc

ACO ‘\\OAC

OAc

Riboflavin (10 g, 27 mmol) was stirred in a 1:1 v/v mixture of glacial acetic acid (120
mL) and acetic anhydride (120 mL) for 15 min at 40 °C in the presence of a few drops
of 70% perchloric acid. The reaction mixture was then cooled, diluted with water
(200 mL) and extracted with dichloromethane (2 x 250 mL). The organic phase
was further washed with sodium bicarbonate four times and brine three times. The
organic layer was dried over anhydrous Na; SOy, filtered, and the solvent removed
by rotary evaporation. The orange solid was immediately recrystallised from 220 mL
of absolute EtOH. The orange crystals were filtered and washed with cold EtOH to
yield 21, a bright orange crystalline powder (12.5 g, 23.5 mmol, 87%). M.p. 249-251
°C (lit. value 250-252 °C [6]). "H NMR (200 MHz, CDCl3): § (ppm) 8.67 (s, 1H),
8.02 (s, 1H), 7.56 (s, 1H), 5.60-5.57 (m, 1H), 5.44-5.41 (m, 3H), 4.43—4.40 (dd, J =
11.0, 2.6, 1H), 4.23 (dd, J = 12.0, 6.4, 1H), 2.56 (s, 3H), 2.44 (s, 3H), 2.28 (s, 3H),
2.21 (s, 3H), 2.01 (s, 3H), 1.78 (s, 3H).

10.3.16 (2R,3S,4S)-5-(3-(2-Hydroxyethyl)-7,8-dimethyl
-2,4-dioxo0-3,4-dihydrobenzo[gpteridin
-10(2H)-yl)pentane-1,2,3,4-tetrayl tetraacetate (22)

o
PO e Qs
N7SN /go
WOAc

A
AcO WOAC

OAc
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Potassium carbonate (1.5 g, 4.1 mmol) and potassium iodide (0.23 g, 1.3 mmol)
were added to a solution of 21 (1.5 g, 2.8 mmol) in DMF (7.5 mL). The suspension
was stirred at RT for 15 min under N, atmosphere, after which was slowly added
a solution of 2-bromoethanol (1.8 g, 14 mmol) in DMF (2 mL). The reaction was
stirred at RT under N, for 15 h, after which dichloromethane (150 mL) was added
and washed sequentially with deionised water, saturated NaHCOj3 and brine. The
organic layer was dried over anhydrous Na,SQOy, filtered and the solvent removed
by rotary evaporation to yield 22 as an opaque orange solid (1.1 g, 1.8 mmol, 67%).
M.p. 210-213 °C. '"H NMR (200 MHz, CDCl3): § (ppm) 8.01 (s, 1H), 7.76 (s, 1H),
5.60-5.56 (m, 1H), 5.44 (t, J = 5.4, 1H), 5.33 (dd, J = 6.0, 2.8, 1H), 4.99-4.88 (m,
1H), 4.55 (t,J =4.2,2H) 4.40 (dd, J = 12, 3.0, 1H), 4.26 (t, J = 4.6, 2H), 4.15 (dd,
J=12,6.4, 1H), 2.51 (s, 3H), 2.38 (s, 3H), 2.10 (s, 6H), 1.93 (s, 3H), 1.59 (s, 3H).

10.3.17 Attempted Synthesis of (2R,3S,4S)-5-(7,8-Dimethyl-2,
4-dioxo-3-(2-(tosyloxy)ethyl)-3,4-dihydrobenzo[g]
pteridin-10(2H)-yl)pentane-1,2,3,4-tetrayl
tetraacetate (23)

o)
N f‘\N/\/OTs
:C:N \N/go
WOAc

WOAc

AcO

OAc

A solution of 22 (0.50 g, 0.85 mmol) in MeCN (25 mL) was cooled to 0 °C on an
icewater-salt bath. Triethylamine (0.13 g, 1.3 mmol) was added and the solution was
stirred at 0 °C for 0.5 h, after which a solution of tosyl chloride (0.19 g, 1.0 mmol) in
MeCN (15 mL) was added dropwise via syringe over a period of 1 h. The solution
was stirred as it warmed to RT for 15 h, after which the solvent was removed by
rotary evaporation to yield a brown solid. The crude product was purified by flash
column chromatography (silica, 50:1 CHCl,:MeOH), but none of the fractions could
be identified as the desired product.
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10.3.18 6-(Ethyl(phenyl)amino)pyrimidine-2,4(1H,3H)-dione
7NI7]

QLT
§

6-Chlorouracil (0.2 g, 1.3 mmol) and N-ethylaniline (0.5 g, 3.9 mmol) were heated to
170 °C for 20 min with stirring. The reaction mixture was cooled and crushed in ether.
The ether layer was decanted and the solid was vigorously stirred in ether:ethanol
(5:1), filtered and dried to obtain 27 (0.28 g, 1.19 mmol, 92%) as a colourless solid.
M.p. 295-298 °C (lit. value 299 °C [7]). "H NMR (300 MHz, DMSO-d): § (ppm)
10.23 (br. s, 1H), 7.23-7.20 (m, 2H), 6.84-6.81 (m, 3H), 4.44 (q, J = 4.2, 2H), 3.04
(s, 2H), 1.33 (t, J = 4.3, 3H).

10.3.19 10-Ethyl-2,4-dioxo0-2,3,4,10-
tetrahydrobenzo[g[pteridine 5-Oxide
(28) [7]

® 9

N

@fL
@Nk e

27 (0.26 g, 1.1 mmol) was dissolved in SmL of acetic acid. Sodium nitrite (0.39 g,
5.5 mmol) was added all at once and the reaction mixture was stirred at RT for 3 h,
followed by dilution with 10mL of water. The precipitate obtained was filtered and
washed liberally with ice cold water and dried to give 28 as an orange solid (0.25 g,
0.88 mmol, 80%), m.p 301-303 °C (lit. value 305 °C [7]) which was taken forward
for reduction without further characterisation.
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10.3.20 10-Ethylbenzo[g]pteridine-2,4(3H,10H)-dione
(NEF) [7]

QLT
§

To a solution of sodium dithionite (0.54 g, 2.91 mmol) in 10 mL water 28 (0.25 g,
0.97 mmol) was added and the reaction mixture was allowed to stir at RT for 3 h. 2
mL of 30% H, 0, was added and the reaction mixture was allowed to stand overnight.
The resulting precipitate was filtered, washed with ice cold water and dried to give
NEF as a yellow solid (0.23 g, 0.81 mmol, 84%). M.p. 341-342 °C (lit. value 347
°C [7]) '"H NMR (300 MHz, DMSO-dg): § (ppm) 11.37 (br. s, 1H) 8.15 (d, J =9.0,
1H), 7.98-7.95 (m, J = 9.0, 2H), 7.66-7.63 (m, J = 7.0, 1H), 4.64 (q, J = 4.2, 2H),
1.33 (t,J =4.3, 3H). 3C NMR (100 MHz, DMSO-d¢): § (ppm) 160.4, 156.3, 150.7,
139.3, 135.5, 132.7, 132.4, 126.5, 116.8, 41.8, 12.4.

10.3.21 10-Ethyl-3-(2-hydroxyethyl)benzo[g pteridine-
2,4(3H,10H)-dione (29)

@:;mo“’“

Potassium carbonate (1.5 g, 4.1 mmol) and potassium iodide (0.23 g, 1.3 mmol) were
added to a solution of NEF (0.68 g, 2.8 mmol) in DMF (7.5 mL). The suspension
was stirred at RT for 15 min under N, atmosphere, after which was slowly added
a solution of 2-bromoethanol (1.8 g, 14 mmol) in DMF (2 mL). The reaction was
stirred at RT under N, for 15 h, after which dichloromethane (150 mL) was added
and washed sequentially with deionised water, saturated NaHCO3 and brine. The
organic layer was dried over anhydrous Na, SOy, filtered and the solvent removed by
rotary evaporation to yield 29 as an opaque orange solid (0.41 g, 1.4 mmol, 51%).
M.p. 311-312 °C. '"H NMR (300 MHz, DMSO-dg): § (ppm) 11.37 (br. s, 1H) 8.15
(d, J 9.0, 1H), 7.98-7.95 (m, J = 9.0, 2H), 7.66-7.63 (m, J = 7.0, 1H), 4.64 (q, J =
4.2, 2H), 3.85 (m, 4H), 1.33 (t, J = 4.3, 3H). *C NMR (100 MHz, DMSO-dy): §
(ppm) 159.8,155.3, 148.7, 138.6, 133.2, 130.7, 126.4, 124.9, 117.4,59.4, 46.8, 37.5,
12.1.
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10.3.22 Attempted Synthesis of 2-(10-ethyl-2,4-dioxo-4,10-
dihydrobenzo[g|pteridin-3(2H)-yl)ethyl
4-methylbenzenesulfonate (30)

0
fo\N/\/OTs
@N \N/go
N

A solution of 29 (0.24 g, 0.85 mmol) in MeCN (25 mL) was cooled to 0 °C on an
icewater-salt bath. Triethylamine (0.13 g, 1.3 mmol) was added and the solution was
stirred at 0 °C for 0.5 h, after which a solution of tosyl chloride (0.19 g, 1.0 mmol) in
MeCN (15 mL) was added dropwise via syringe over a period of 1 h. The solution
was allowed to warm to RT and stirred for 15 h, after which the solvent was removed
by rotary evaporation to yield a brown solid. The crude product was purified by flash
column chromatography (silica, 50:1 CHCl,:MeOH ), but none of the fractions could
be identified as the desired product.

10.3.23 2-Oxo0-2H-Chromene-3-carboxylate succinimidyl

ester (33) [8]
¥ %

Coumarin-3-carboxylic acid (1.1 g, 6.0 mmol) and N-hydroxysuccinimide (0.69 g,
6.0 mmol) were dissolved in 15 mL of anhydrous DMF and stirred at O °C for 45 min.
N,N-dicyclohexylcarbodiimide (1.36 g, 6.6 mmol) was then added and the reaction
mixture was stirred for 2h at RT. The reaction mixture was filtered before 100 mL
of isopropanol:hexane (1:20) was added to the filtrate and stirred vigorously. The
precipitate obtained was filtered, washed with excess hexane and dried to give 33
as a colourless solid (1.58 g, 5.46 mmol, 91%). M.p. 194-196 °C. ESI (m/z): [M]*
calculated for C14HoNOg, 287.04; found, 287.17. "H NMR (500 MHz, CDCl3): 8
(ppm) 8.58 (s, 1H), 7.37 (d, J =9.7, 1H), 6.64 (d, J = 5.1, 1H), 6.47 (s, 1H), 2.88 (s,
4H).
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10.3.24 N-(3-Bromopropyl)-2-oxo-2H-chromene-3-
carboxamide (34)

To 33 (0.499 g, 1.74 mmol) dissolved in dichloromethane, 3-bromopropylamine
hydrobromide (0.381 g, 1.74 mmol) and triethylamine (0.41 mL, 3.48 mmol) were
added, and the reaction mixture was stirred at RT for 14 h. The reaction mixture was
diluted with 50 mL of dichloromethane and sequentially washed with 0.2 M sodium
bicarbonate, 0.2 M hydrochloric acid and brine. The organic layer was then dried
over Na; SO, and evaporated under reduced pressure to give 34 as a colourless solid
(0.477 g, 1.54 mmol, 89%). M.p. 206-208 °C. ESI (m/z): [M+H]* calculated for
C13H12””BrNO3, 309.00; found, 309.30. 'H NMR (500 MHz, CDCl3): § (ppm) 8.58
(s, 1H), 7.37 (d, J = 9.7, 1H), 6.64 (d, J = 5.0, 1H), 6.47 (s, 1H), 3.64 (t, J = 7.5,
2H), 3.44 (t, J = 7.0, 2H), 2.08-2.05 (m, 2H). '*C NMR (75 MHz, CDCl3): § (ppm)
161.8, 158.1, 154.7, 129.5, 125.8, 118.7, 114.7, 41.1, 29.8.

10.3.25 N-(3-(10-Ethyl-2,4-dioxo-4,10-
dihydrobenzo[g]pteridin-3(2H)-yl)propyl)-2-oxo-2H-
chromene-3-carboxamide(FCR)

o__O O.__N l\‘l/

Potassium carbonate (1.5 g, 4.1 mmol) and potassium iodide (0.23 g, 1.3 mmol) were
added to a solution of NEF (0.68 g, 2.8 mmol) in DMF (7.5 mL). The suspension was
stirred at RT for 15 min under N, atmosphere, before the slow addition of a solution
of 34 (0.87 g, 2.8 mmol) in DMF (2 mL). The reaction was stirred at RT under
N; for 15 h, after which chloroform (150 mL) was added and washed sequentially
with deionised water, saturated NaHCO3 and brine. The organic layer was dried
over anhydrous Na,SQy, filtered and the solvent removed by rotary evaporation to
yield FCR as a yellow solid (0.61 g, 1.28 mmol, 46%). M.p. 173176 °C. '"H NMR
(500 MHz, CDCl3): § (ppm) 8.58 (s, 1H), 8.15 (d, J = 9.0, 1H), 7.98-7.95 (m, 2H),
7.66-7.63 (m, 1H), 7.37 (d, J =9.7, 1H), 6.64 (d, J =5.2, 1H), 6.47 (s, 1H), 4.64 (q,
J=4.2,2H),3.64 (t,J =7.0,2H), 3.44 (t,J = 7.3, 2H), 2.08-2.05 (m, 2H), 1.33 (t,J
=4.3,3H). 3C NMR (75 MHz, CDCl;): § (ppm) 161.4, 159.7, 158.3, 156.2, 154.4,
149.5, 142.1, 135.7, 126.5, 123.8, 119.4, 116.2, 115.0, 111.3, 46.8, 41.7, 24.9, 17.2.
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10.3.26 7-Azido-4-methyl-2H-chromen-2-one (36) [9]

X

Ny 00

A suspension of 7-amino-4-methyl-2H-chromen-2-one (0.50 g, 2.85 mmol) in
tetrafluoroboric acid (48 % w/w in H,O, 1.57 mL) was cooled to —5 °C on an
ice bath before a solution of sodium nitrite (0.30 g, 4.3 mmol) in 0.5 mL water was
added dropwise. Stirring was continued for 1 h at this temperature. The solid was fil-
tered, washed with ice-cold water and dried under a stream of N, gas. The diazonium
intermediate was immediately suspended in dry methanol (2.3 mL) at —5 °C before
sodium azide (0.20 g, 3.1 mmol) was added and stirred for 1 h at RT. The reaction
mixture was concentrated, diluted with water and extracted with ether (3 x 10 mL).
The organic phase was dried with Na,SO4 and evaporated to give 36 as a yellow
solid (0.36 g, 1.79 mmol, 63%). M.p. 161-163 °C. ESI (m/z): [M]* calculated for
C10H7N30,, 201.19; found, 201.08. "H NMR (CDCls, 300 MHz): (ppm) 7.46 (d,
J=83,1H),6.71 (d, J = 8.1, 1H), 6.54 (s, 1H), 6.07 (s, 1H), 2.18 (s, 3H).

10.3.27 10-Ethyl-3-(prop-2-yn-1-yl)benzo[g]
pteridine-2,4(3H,10H)-dione (37)

@lﬂ\
.

Potassium carbonate (1.5 g, 4.1 mmol) and potassium iodide (0.23 g, 1.3 mmol) were
added to a solution of NEF (0.68 g, 2.8 mmol) in DMF (7.5 mL). The suspension
was stirred at RT for 15 min under N, atmosphere, after which was slowly added a
solution of 3-bromopropyne (0.67 g, 5.6 mmol) in DMF (2 mL). The reaction was
stirred at RT under N, for 15 h, after which chloroform (150 mL) was added and
washed sequentially with deionised water, saturated NaHCOj3 and brine. The organic
layer was dried over anhydrous Na, SOy, filtered and the solvent removed by rotary
evaporation to yield 37 (0.42 g, 1.5 mmol, 54%). M.p. 158-161 °C. 'H NMR (300
MHz, DMSO-dg): § (ppm) 11.37 (br. s, 1H) 8.15 (d, J =9.0, 1H), 7.98-7.95 (m, 2H),



10.3 Syntheses 213

7.66-7.63 (d, J = 7.0, 1H), 4.64 (g, J = 4.2, 2H), 4.22 (s, 2H), 3.08 (s, 1H) 1.33 (t,
J =4.3, 3H). 3C NMR (75 MHz, DMSO-dq): § (ppm) 162.7, 157.3, 148.4, 135.1,
132.5, 128.3, 126.4, 123.5, 116.7, 78.2, 72.4, 49.2, 11.8.

10.3.28 Attempted Synthesis of 10-Ethyl-3-((1-(4-methyl-2-
ox0-2H-chromen-7-yl)-1H-1,2,3-triazol-4-
yl)methyl)benzo[g|pteridine-2,4(3H,10H)-dione (38)

Q-
N

37 (0.420 g, 1.5 mmol) and 36 (0.301 g, 1.5 mmol) were dissolved in 50:50 solution
of DMF:H, O containing copper iodide (0.09 g, 0.5 mmol) and sodium ascorbate (0.1
g, 0.5 mmol) and the reaction mixture was stirred under N, for 24 h. TLC indicated
the presence of unreacted starting materials.

10.3.29 7-(Diethylamino)-2-oxo-2H-chromene-3-carboxylic
acid (40)

Et,N o__0O

4-Diethylaminosalicylaldehyde (3.86 g, 0.02mol), diethylmalonate (3.2 g,
0.02mol) and piperidine (2 mL) were combined in absolute ethanol (60 mL) and
stirred for 6 h at reflux. Then 10% NaOH (60 mL) solution was added and the mix-
ture was heated under reflux for 15 min. The reaction mixture was cooled to RT and
carefully acidified to pH 2 using concentrated hydrochloric acid. The solid obtained
was filtered, washed with water, dried and then recrystallised in absolute ethanol to
give 40 as bright orange crystals (4.2 g, 0.016 mol, 79%). M.p. 221-223 °C. ESI
(m/z): [M+H] " calculated for C14H;5NOy, 262.10; found, 261.87. '"H NMR (300
MHz, CDCl3): § (ppm) 8.62 (s, 1H), 7.45-7.42 (m, 1H), 6.79 (d, J = 5.0, 1H), 6.31
(s, 1H), 3.26 (q, J =5.5,4H), 1.17 (t, J = 5.0, 6H).
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10.3.30 7-(Diethylamino)-2-oxo-2H-chromene-3-carboxylate
succinimidyl ester (41)

Et,N o__0O
)
of

To a stirring solution of 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (0.28 g, 1.5 mmol), and N-hydroxysuccinimide (0.17 g, 1.4 mmol) in
anhydrous DMF (10 mL), 40 (0.26 g, 0.98 mmol) dissolved in anhydrous DMF (5
mL) was added dropwise. The reaction was stirred at RT for 48h in the dark. The
resulting yellow mixture was poured into 150 mL of ice/water slurry. The precipitate
was then collected by vacuum filtration, washed with 200 mL water, and dried in air
overnight to give 41 as a yellow solid (0.319 g, 0.88 mmol, 90%). M.p. 192-195
°C. ESI (m/z): [M]* calculated for C;sH;3sN,Og, 358.12; found, 358.20. '"H NMR
(500 MHz, CDCl3): é (ppm) 8.58 (s, 1H), 7.37 (d, J = 9.7, 1H), 6.64 (d, J = 5.0,
1H), 6.47 (s, 1H), 3.40 (q, J = 5.5, 4H), 2.88 (s, 4H), 1.26 (t, J = 5.0, 6H). 3C NMR
(100 MHz, CDCl3): § (ppm) 169.5, 159.3, 159.1, 157.2, 154.3, 151.3, 132.15, 110.3,
107.8, 102.8, 96.9, 45.5, 25.8, 12.6.

10.3.31 N-((Trans-4-aminocyclohexyl)-7-(diethylamino)-2-
0x0-2H-chromene-3-carboxamide (42)

Et,N o__0O
H
N

A

NH,

=

A solution of 41 (0.61 g, 1.7 mmol) in dry DMF (50 mL) was added dropwise, to a
stirring solution of trans-1,4-diaminocyclohexane (4.0 g, 34 mmol) in dry DMF (10
mL). The reaction was stirred at RT for 24 h in the dark. The mixture was concentrated
under vacuum and poured into 150 mL of ice-water slurry to precipitate a yellow solid.
The solid was then collected by vacuum filtration, washed with 200 mL water, and
dried in air to give 42 as a yellow solid (0.23 g, 1.2 mmol, 74%). ESI (m/z): [M]*
calculated for Cy0H»7N303, 357.21; found, 357.36. M.p. 142—145 °C. 'H NMR (500
MHz, CDCl3): § (ppm) 8.62 (s, 1H), 7.55 (d, J = 9.0, 1H), 6.82 (dd, J = 9.0, 2.1,
1H), 6.58 (d, J = 2.1, 1H), 3.81-3.78 (m, 1H), 3.52 (q, J = 7.2, 4H), 2.69-2.66 (m,
1H), 1.99 (q, J = 10.1, 4H), 1.37 (m, J = 10.2, 4H), 1.23 (t, J = 6.9, 6H). 3*C NMR
(125 MHz, CDCl3): § (ppm) 162.9, 162.4, 157.7, 152.6, 148.2, 131.2, 110.7, 110.0,
108.6, 96.7, 50.1, 48.1, 45.2, 34.6, 31.7, 12.3.



10.3 Syntheses 215

10.3.32 Ethyl-2-(10-Ethyl-2,4-dioxobenzo[g [pteridin-
3(2H,4H,10H)-yl)acetate (43)

k@/\[ D

To a solution of NEF (1.0 g, 4.1 mmol) in 50 mL DMF, cesium carbonate (1.6
g, 4.9 mmol) was added and the reaction mixture was stirred under N, at 80 °C
for 15min. Ethylbromoacetate (3.45 g, 20.6 mmol) was added dropwise and the
reaction mixture was allowed to stir at 80 °C overnight. After dilution with 100 mL of
dichloromethane, the reaction mixture was filtered and the solvents were evaporated
under reduced pressure. The crude solid was redissolved in 100 mL chloroform and
washed with water (3 x 100 mL) and brine. The organic layer was dried over Na;SO4
and the solvent was evaporated followed by recrystallisation of crude in ethanol to
give 42 as yellow needles (1.05 g, 3.18 mmol, 77%). M.p. 194-196 °C. 'H NMR
(500 MHz, DMSO-dg): é (ppm) 8.21 (d, J = 9.0, 1H), 8.06-7.95 (m, 2H), 7.70-7.66
(m, 1H), 4.69 (q, J = 4.2, 2H), 4.64 (s, 2H), 4.14 (q, J = 4.2, 2H), 1.35 (t, J = 8.0,
3H), 1.20 (t, J = 8.0, 3H).

10.3.33 2-(10-Ethyl-2,4-dioxobenzo[g]
pteridin-3(2H,4H,10H)-yl)acetic acid (44)

o
HOJJ@IND

43 (1.1 g, 3.1 mmol) was stirred in 15mL of 32% aqueous hydrochloric acid and
stirred at 85 °C for 1 h. The reaction mixture was diluted with excess water and cooled
at4 °CC for about 2-3 h. The precipitate was filtered, dried and recrystallised in 2 M
acetic acid to give 44 as fine yellow needles (0.85 g, 2.8 mmol, 93%). M.p. 189-192
°C. '"H NMR (500 MHz, DMSO-dg): § (ppm) 8.21 (d, J = 9.0, 1H), 8.06-7.95 (m,
2H), 7.7-7.66 (m, 1H), 4.69 (q, J = 4.2, 2H), 4.64 (s, 2H), 1.35 (t, J = 8.0, 3H).
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10.3.34 2-(10-Ethyl-2,4-dioxobenzo[g]
pteridin-3(2H,4H,10H)-yl)acetyl chloride (45)

)“@I D

44 (0.2 g, 0.66 mmol) was stirred in 1 mL of neat thionyl chloride for 20 min. Excess
thionyl chloride was carefully evaporated under reduced pressure. Residual traces
of thionyl chloride were evaporated by subsequent dissolution of crude in toluene
followed by evaporation under reduced pressure. The yellow solid was taken forward
in synthesis of FCR1 immediately.

10.3.35 7-(Diethylamino)-N-((1r,4r)-4-(2-(10-ethyl-2,4-
dioxo-4,10-dihydrobenzo[g|pteridin-3(2H)-
yl)acetamido)cyclohexyl)-2-oxo0-2H-chromene-3-
carboxamide(FCRI1)

° H O.__N l\‘l/
U 0

To a stirring solution of 45 in 10 mL DMF was added 42 (0.24 g, 0.66 mmol)
and DIPEA (0.11 mL, 0.66 mmol). The reaction mixture was stirred for 1 h, then
concentrated under reduced pressure, and triturated into cold ether. The obtained
solid was filtered and purified by silica gel column chromatography in DCM:MeOH
(20:1) to obtain FCR1 as an orange solid (0.16 g, 0.25 mmol, 38%) M.p. 113—
116 °C. APCI-MS: calculated for [M+H]" C34H37N70¢, 639.28; found 639.00. 'H
NMR (400 MHz, CDCl3): § (ppm) 8.68 (d, J = 8.0, 1H, coumarin-Ar H), 8.65
(s, 1H, cyclohexyl-NH), 8.32 (d, J = 8.0, 1H, coumarin-Ar H), 7.94-7.91 (m, 1H,
coumarin-Ar H), 7.70-7.62 (m, 2H, coumarin-Ar H), 7.42 (d, J = 8.0, 1H, flavin-Ar
H), 6.64 (dd, J = 8.0, 1H, flavin-Ar H), 6.48 (d, J = 4.0, 1H, flavin-Ar H), 6.04 (d,
J =4.0, 1H, flavin-Ar H), 4.79-4.76 (m, 4H, ﬂavin-NlO-% CH;, N3-CH,), 3.80—
3.95 (br. m, 2H, cyclohexyl-H), 3.45 (q, J = 8.0, 4H, cyclohexyl-H), 2.08-2.05 (m,
4H, cyclohexyl-H), 1.52 (t, J = 8.0, 3H, flavin-N'°-CH, CH3), 1.39 (q, J = 8.0, 4H,
coumarin-N-CH, CHj3), 1.24 (t, J = 8.0, 6H, coumarin-N-CH; CH3). 13CNMR (100
MHz, CDCl3): § (ppm) 165.9, 162.6, 162.3, 159.5, 157.6, 155.3, 152.5, 148.7, 148,

Et,N
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137.04, 136.2, 135.8, 133.5, 132.3, 131.1, 126.5, 115.1, 110.3, 109.9, 108.4, 96.6,
48.1,47.8,45.0,44.7,40.4,31.51,31.51, 31.45,31.45, 12.4, 12.3.

10.3.36 7-(Diethylamino)-2H-chromen-2-one (47) [10]

LA
§

4-Diethylaminosalicylaldehyde (1.9 g, 10 mmol), diethylmalonate (3.2 g, 20 mmol)
and piperidine (1 mL) were dissolved in absolute ethanol (30 mL) and stirred for
6h under reflux conditions. Ethanol was evaporated under reduced pressure, and
then concentrated HC1 (50 mL) and glacial acetic acid (20 mL) were added to the
reaction, then heated to reflux for an additional 24 h. The solution was cooled to RT
and poured into 100 mL ice water. NaOH solution (40% w/v) was added dropwise to
modulate pH of the solution to 5. The pale yellow precipitate was filtered, washed
with water, dried, and recrystallised with toluene to give 47 as a yellow solid (1.74 g,
8.0 mmol, 80%). M.p. 183-185 °C. ESI (m/z): [M+H]* calculated for C;3H,NO»,
218.17; found, 218.10. "H NMR (500 MHz, CDCl3): § (ppm) 7.53 (d, J = 10.2, 1H),
7.24 (d,J =9.0, 1H), 6.56 (d, J = 9.0, 1H), 6.51 (s, 1H), 6.06 (d, J = 8.5, 1H), 3.40
(q,J =5.0,4H), 1.21 (t,J = 5.3, 6H). '3C NMR (125 MHz, CDCl3): § (ppm) 162.4,
156.9, 150.8, 143.8, 128.91, 109.3, 108.8, 108.4,97.7, 44.9, 12.5.

10.3.37 7-(Diethylamino)-2-oxo-2H
-chromene-3-carbaldehyde (48) [11]

LIS
N

Anhydrous DMF (2 mL) was added dropwise to POCls (2 mL) at 20-50 °C under
a N, atmosphere and stirred for 30 min to afford a red solution. This solution was
combined with 47 (1.50 g, 6.91 mmol) and dissolved in 10 mL DMF to afford a
scarlet suspension. The mixture was stirred at 60 °C for 12h and then poured into
100 mL of ice water. NaOH solution (20% w/v) was added to adjust the pH to 7. The
crude product was filtered, thoroughly washed with water, dried and recrystallised
in absolute ethanol to give 48 as a bright yellow solid (1.20 g, 4.89 mmol, 71%).
M.p. 149-151 °C (lit. value 152-154 °C [11]). ESI (m/z): [M+H]" calculated for
C14H6NO3, 246.19; found, 245.96. "H NMR (400 MHz, CDCl3): § (ppm) 10.16 (s,
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1H), 8.28 (s, 1H), 7.4 (d, J = 8.0, 1H), 6.65 (dd, J = 8.8, 2.4, 1H), 6.52 (d, J =
2.4, 1H), 3.50 (q, J = 8.0, 4H), 1.28 (t, J = 8.0, 6H). 3C NMR (100 MHz, CDCl5):
5 (ppm) 187.9, 161.8, 158.9, 153.4, 145.34, 132.5, 114.4, 110.2, 108.3, 97.3, 45.3,
12.4.

10.3.38 Methyl 5-methylnicotinate (50 a) [12]

(0]

=z | OMe

SN
5-Methylnicotinic acid (0.51 g, 3.75 mmol) and 1 mL of concentrated H,SO,4 were
added to S0mL of methanol, and the resulting solution was heated under reflux for
3 h. The reaction mixture was allowed to cool to RT and was concentrated under
vacuum. The resultant mixture was extracted with DCM, and the combined organic
layers were dried using Na,; SOy, filtered, and concentrated to give 50 a as a viscous
oil which crystallised on standing (0.34 g, 2.2 mmol, 60%). M.p. 44—46 °C (lit. value
47-48 °C [12]). '"H NMR (300 MHz, CDCl3): § (ppm) 9.18 (d, J = 2.5, 1H), 8.34
(d,J =23, 1H), 7.64-7.61 (m, 1H), 3.91 (s, 3H), 2.24 (s, 3H).

10.3.39 Methyl 6-methylnicotinate (50 b) [12]

(0]
=z OMe

.

6-Methylnicotinic acid (0.51 g, 3.75 mmol) and 1 mL of concentrated H,SO,4 were
added to 50 mL of methanol, and the resulting solution was heated at reflux for 3 h.
The reaction mixture was allowed to cool and was concentrated under vacuum. The
resultant mixture was extracted with DCM, and the combined organic layers were
dried using Na, SOy, filtered, and concentrated to give 50 b as a viscous oil which
crystallised on standing (0.44 g, 2.9 mmol, 77%). M.p. 33-34 °C (lit. value 32-33
°C [12]). "H NMR (300 MHz, CDCl3): § (ppm) 9.21 (d, J = 2.5, 1H), 8.42 (dd, J =
9.5,2.5,1H), 7.37 (d, J = 9.3, 1H), 3.87 (s, 3H), 2.58 (s, 3H).
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10.3.40 5-Methylnicotinamide (51 a) [12]

(0]

50 a (1.4 g, 9.3 mmol) was stirred in 28% ammonium hydroxide solution (100 mL)
for 6 h at RT. The reaction mixture was concentrated under vacuum, and the residue
was recrystallised from ethanol to give 51 a as a white solid (0.90 g, 6.6 mmol 72%).
"H NMR (300 MHz, CDCl3): § (ppm) 8.92 (d, J = 2.3, 1H), 8.09 (d, J = 2.5, 1H),
7.34-7.31 (m, 1H), 2.24 (s, 3H).

10.3.41 6-Methylnicotinamide (51 b) [12]

(0]

7 NH,

J

N

50 b (1.1 g, 7.3 mmol) was stirred in 28% ammonium hydroxide solution (100 mL)
for 6h at RT. The reaction mixture was concentrated under vacuum, and the residue
was recrystallised from ethanol to give 51 b as a white solid (0.85 g, 6.2 mmol, 86%).
'"H NMR (300 MHz, CDCls): § (ppm) 9.17 (d, J = 2.5, 1H), 8.52 (dd, J = 9.0, 2.5,
1H), 7.54 (d, J = 9.0, 1H), 2.27 (s, 3H).

10.3.42 6-(2-(7-(Diethylamino)-2-oxo-2H-
chromen-3-yl)vinyl)nicotinamide (NCC)

(e}

Under N, atmosphere, 48 (1.0 g, 4.1 mmol) was added to a solution of 51 b (0.67
g, 4.9 mmol) and p-toluenesulfonic acid (1.9 g, 11 mmol) in anhydrous DMF (30
mL). The resulting solution was heated at 60 °C over night. The crude product was
purified by chromatography on silica gel DCM:acetone (90:10) to give NCC as a
red solid (0.44 g, 1.2 mmol, 30%). M.p. 172-175 °C. ESI (m/z): [M]" calculated
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for C2;H,1N503, 363.16; found, 363.01. 'H NMR (400 MHz, DMSO-de): § (ppm)
8.98 (s, J = 5.0, 1H), 8.19 (s, J = 8.0, 1H), 8.15 (d, J = 8.0, 1H), 8.09 (d, J = 8.0,
1H), 7.61 (d, J = 7.0, 1H), 7.56 (s, 2H), 7.52 (m, 1H), 6.64—6.61 (m, 1H), 6.49 (d, J
=3.0, 1H), 3.56 (q, J = 7.2, 4H), 1.18 (1, J = 7.2, 6H).

10.3.43 5-Carbamoyl-1-ethyl-2-methylpyridin
-1-ium lodide (52)

7 NH,

A

Z+

50 b (0.75 g, 5.5 mmol) was stirred in neat ethyliodide at 60 °C over night. The
reaction mixture was allowed to cool and the slurry was added to cold acetone. The
resulting solid was filtered and washed with acetone:ethanol (75:25) to give 52 as
a light yellow solid (0.72, 2.5 mmol) in 45 % yield. ESI (m/z): [M]™ calculated for
CyH3N,0 165.10; found, 165.47. "H NMR (300 MHz, CDCl3): § (ppm) 9.47 (d, J
=9.0, 1H), 9.08-9.06 (m, 1H), 8.73 (d, J =9.1, 1H), 4.76 (q, J = 7.0, 2H), 2.97 (s,
3H), 1.71 (t, J =7.2, 3H).

10.3.44 5-Carbamoyl-2-(2-(7-(diethylamino)-2
-0x0-2H-chromen-3-yl)vinyl)-1-ethylpyridin
-1-ium (NCR3)

X
O

Under N, atmosphere, 48 (1.0 g, 4.1 mmol) was added to a solution of 52 (1.4
g, 4.9 mmol) and p-toluenesulfonic acid (1.9 g, 11 mmol) in anhydrous DMF (30
mL). The resulting solution was heated at 60 °C over night. The crude product was
purified by chromatography on silica gel DCM:acetone (90:10) to give NCR3 as a
deep red solid (0.83 g, 2.2 mmol, 52%). ESI (m/z): [M]* calculated for C;3Ha6N3 O3,
392.20; found, 392.13. '"H NMR (400 MHz, DMSO-d¢): § (ppm) 9.28 (d, J = 8.0,
1H, nicotinamide-Ar H), 8.72 (d, J = 8.2, 1H, nicotinamide-Ar H), 8.54 (d, J = 8.2,
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1H, nicotinamide-Ar H), 8.39 (s, 1H, nicotinamide-NH), 8.36 (s, 1H, nicotinamide-
NH), 8.03 (s, 1H, coumarin-Ar H),7.96-7.85 (m, 2H, coumarin-Ar H), 7.57 (d, J
= 8.0, 1H, coumarin-Ar H), 6.81 (d, J = 8.0, 1H, vinyl H), 6.62 (s, 1H, vinyl H),
4.71 (q, J = 7.0, 2H, nicotinamide-N- CH, CH3), 3.50 (q, J/ = 7.2, 4H, coumarin-N-
CH, CHj3), 1.52 (t, J = 7.2, 3H, nicotinamide-N-CH, CH3), 1.14 (t, J = 7.1, 6H,
coumarin-N-CH, CH3 ). 13C NMR (100 MHz, DMSO-dg): § (ppm) 163.6, 160.4,
157.2, 154.1, 153.1, 147.3, 145.9, 141.9, 141.4, 131.8, 130.6, 125.0, 115.7, 113.7,
111, 109.1,96.9, 54.4, 45.1, 15.6, 13.0.

10.3.45 5-Carbamoyl-1-hexyl-2-methylpyridin-1-ium

Todide (53)
(6]
= NH,
S | -
il
50 b (0.75 g, 5.5 mmol) was stirred in neat hexyliodide at 60 °C over night. The
reaction mixture was allowed to cool and the slurry was added to cold acetone.
The resulting solid was filtered and washed with acetone:ethanol (75:25) to give
53 as a light yellow solid (0.96, 2.73 mmol, 49%). ESI (m/z): [M]™ calculated for
C13H,N,0, 221.16; found, 221.28. '"H NMR (300 MHz, CDCl3): § (ppm) 9.32 (d,

J =8.0, 1H), 9.04-9.01 (m, 1H), 8.62 (d, J =8.0, 1H), 5.18 (t, J = 5.0, 2H), 2.87 (s,
3H), 2.62-2.59 (m, 2H), 1.35-1.32 (m, 6H), 1.07 (t, J = 5.3, 3H).

10.3.46 5-Carbamoyl-2-(2-(7-(diethylamino)-2-oxo
-2H-chromen-3-yl)vinyl)
-1-hexylpyridin-1-ium (NCR4)
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Under N, atmosphere, 48 (1.0 g, 4.1 mmol) was added to a solution of 53 (1.27 g,
3.64 mmol) and p-toluenesulfonic acid (1.9 g, 11 mmol) in anhydrous DMF (30 mL).
The resulting solution was heated at 60 °C over night. The crude product was purified
by chromatography on silica gel DCM:acetone (90:10) to give NCR4 (1.06 g, 1.9
mmol, 48%). ESI (m/z): [M]" calculated for C»7H34N303, 448.26; found, 448.39.
"H NMR (400 MHz, DMSO-dg): § (ppm) 9.29 (s, 1H, nicotinamide-Ar H), 8.74 (d,
J = 8.2, 1H, nicotinamide-Ar H), 8.56 (d, J = 8.2, 1H, nicotinamide-Ar H), 8.42
(s, 1H, nicotinamide-NH), 8.31 (s, 1H, nicotinamide-NH), 8.05 (s, 1H, coumarin-Ar
H), 7.93 (d, J = 8.0, 2H, coumarin-Ar H), 7.58 (d, J = 7.0, 1H, coumarin-Ar H),
6.83 (d, J =9.0, 1H, vinyl H), 6.63 (d, J = 8.0, 1H, vinyl H), 4.66 (t, J = 5.0, 2H,
nicotinamide—N'—% (CH»)4CH3), 3.51 (q, J = 7.2, 4H, coumarin-N-CH, CHj3),
1.87 (quin, J = 7.2, 2H, nicotinamide-N'-CH, (& (CH,)3;CH3), 1.41-1.36 (m,
2H, nicotinamide-N'-(CH,), CH, (CH3),CH3), 1.26-1.33 (m, 4H, nicotinamide-
N!-(CH»); (CH,), CH3), 1.15 (t, J = 5.3, 6H, coumarin-N-CH, CH;3) 085 (t,J =
7.1, 3H, nicotinamide-N'-(CH,)s CH3). 3*C NMR (100 MHz, DMSO-dg): § (ppm)
163.6, 160.3, 157.2, 154.2, 153.1, 147.7, 146.2, 141.8, 141.6, 131.8, 130.4, 124.9,
115.9,113.7, 111.0, 109.1, 96.9, 58.7, 45.1, 31.1, 29.8, 25.8, 22.5, 14.4, 14.4, 13.0,
13.0.
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NMR Spectra

See Appendix Figs. A.1, A.2, A3, A4, A5, A.6,A.7, A8, A9 and A.10.
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