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Preface

The work presented in this thesis entitled “Synthesis and Photophysical Studies of
Fluorescent Probes for Nitric Oxide and Nitroxyl with Bio-imaging Applications” was
started in june, 2016 and has been carried out in the Department of Chemistry, Jadavpur

University.
This thesis is comprised of five chapters which are condensed below:

Chapter 1 consists a short introduction of small bio-molecule NO (Nitric
Oxide)/HNO(nitroxyl) along with the brief review of selective detection of NO and HNO by

fluorometric method.

Chapter 2 describes about the probe PQPY which was designed and synthesized through
the convenient and efficient way. It is a phenanthroquinone—pyridoxal based fluorogenic
probe , highly suitable for the selective and sensitive detection of nitric oxide in an aerated
aqueous (7 : 3/ H,0O: MeCN) medium at pH 7.0 (10 mM HEPES buffer). Upon addition of
nitric oxide, this probe exhibits emission in the green region (Aem = 505 nm) which is ascribed
to ICT (intramolecular charge transfer) from the phenanthroquinone moiety to the imidazole
—N-N=0 fragment. The apparent formation constant, K;, of the NO product of the ligand is
(1.00 + 0.2) x 10° M and the LOD is 78 nM. The substantial enhancement of the life-time
of the ligand (to = 2.68 ns) occurs due to binding with nitric oxide (tg = 3.96 ns). This probe

is low cytotoxicity, cell permeable and suitable for living cell imaging application.

Chapter 3 introduces about a highly selective and sensitive nitric oxide fluorescence probe
BCM. It is a benzo-coumarin embedded smart molecular probe, employed for NO sensing
through detailed fluorescence studies in purely aqueous medium. All the spectroscopic
analysis and literature reports clearly validate the mechanistic insight of this sensing strategy
i.e., the initial formation of 1,2,3,4-oxatriazole on treatment of the probe with NO which
finally converted to its carboxylic acid derivative. This oxatriazole formation results in a
drastic enhancement in fluorescence intensity due to the photoinduced electron transfer (PET)
effect. The Kkinetic investigation unveils the second and first-order dependency on [NO] and
[BCM] respectively. The very low detection limit (16 nM), high fluorescence enhancement
(123 fold) in aqueous medium and good formation constant (Ks = (4.33 + 0.48) x 10* M)



along with pH invariability, non-cytotoxicity, biocompatibility and cell permeability make
this probe a very effective one for tracking intracellular NO.

Chapter 4 delineates about a novel copper complex based fluorescent probe
[Cu"(DQuss)CI]* that exhibits a significant fluorescence turn-on response towards nitroxyl
(HNO) with high selectivity over other biological reactive oxygen, nitrogen and sulfur
species, including nitric oxide (NO). A smart strategy, involving HNO-induced reduction of
paramagnetic [Cu"(DQuss)CI]" to diamagnetic [Cu'(DQues)]” With concomitant fluorescence
enhancement via a PET mechanism is focused here. This reduction-based strategy was also
supported by X-band EPR response and mass spectroscopy. The metal free probe (DQass)
showed high affinity towards Cu®* to form [Cu"(DQues)CI]" with a 0.091 uM detection limit,
which subsequently enabled the detection of HNO in an organo-aqueous medium at
biological pH (7.4) in the green wavelength region (Aem = 543 nm) with a LOD of 0.41 uM.
The ground-state geometries of DQaes, [Cu"(DQues)CI]* and [Cu'(DQues)]” were optimized by
DFT calculations, which revealed that the central metal ion in [Cu"(DQues)CI]* is in a
distorted tetrahedral geometry with the C1 point group. Additionally, the negligible
cytotoxicity and good biocompatibility make the developed probe useful for the in vitro
detection of HNO.

Chapter 5 represents the highlights of the thesis.
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1. Introduction

Nitric oxide (NO) is a colorless, hetero-diatomic, paramagnetic and highly reactive gaseous
biomolecule which has drawn the heightened interest of chemists and biologists for last few
decades because of its unmatched roles in human biology. In spite of its toxicity at higher
concentration, NO acts as a prime signaling species in animals. It functions like a messenger
molecule which transmits signals to cells in the important biological systems i.e. cardiovascular,
nervous, and immune systems. NO exhibits more reactivity than other popular signaling
molecule due to its free radical nature. Moreover, due to its small size it can easily penetrate in
the cell membranes and walls which makes it one of the leading members of reactive nitrogen
species (RNS) associated in a plenty of pathological and biological process during cell
signaling." For instance, production in low concentration regulates vasodilatation, defense
against pathogens and long-lasting enhancement in signal transmission, whereas production in
micromolar concentration causes carcinogenesis and neurodegenerative disorders.>” In other
way of consideration, NO is toxic and poisonous, being exhausted from the industrial
incomplete combustion of nitrogen containing fossil fuels and automotive engines, imparting a
huge impact on environment.® However, catalytic converter shows the way to reduce the release
of NO in atmosphere. It is also well established that atmospheric NO is responsible for ozone
layer depletion, photochemical smog in urban areas and has been implicated in acid rain. The
human body enzymatically synthesizes NO from L-arginine in presence of nitric oxide synthase
which plays a pivotal role in smooth muscle relaxation, including platelet inhibition, respiration,
neurotransmission, immune response and apoptosis.”'® Historically, almost 40 years ago nitric
oxide was recognized as an endothelial derived relaxing factor (EDRF). The Nobel prize was
awarded to Robert F. Furchgott, Ferid Murad, and Louis J. Ignarro for this outstanding findings
about nitric oxide in the field of medicine or physiology in 1998." The research dealing with the
importance of NO in biology build-up in past 20 years exploring its important roles in
cardiovascular system, immune system, gastrointestinal tract, central nervous system and the
renal system.***® So, this versatile impact of NO in biology has forced modern scientists to

develop some convenient strategies for selective and sensitive detection and quantitative
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estimation of NO levels in biological organisms to well-understood the biological roles of it in
human body.

Nitroxyl (HNO; also named as nitrosyl hydride, hydrogen oxonitrate (IUPAC)) is an evasive
protonated redox cousin of nitric oxide (sNO).}"* Postulation has been made about the
formation of HNO as an intermediate reactive species generated in the different thermal and
photochemical processes.”®?! The gradual investigation also says that HNO is an intermediate
formed in de-nitrification of bacteria, in combustion of fuels which are mainly composed with
nitrogen as well as in atmospheric and celestial chemistry. Owing to the near structural
resemblance of HNO with NO, it is firstly considered as a probable constituent formed as
intermediate in the biosynthesis NO as well as in the time of NO’s bio-signaling.****% In spite
of the structural alikeness with NO, it behaves differently with respect to basic chemical and
biological properties.?®* The Chemists and biologists become very much curious to unveil the
chemical dynamics, structure and spectroscopy of this triatomic signaling biomolecule through

experimental and theoretical research.®

1.1 Mechanisms of Nitric Oxide Syntheses and it’s Biological Plea

In biological system NO concentration in different organs was maintained by the enzyme nitric
oxide synthases (NOS). In 1989, it was first established that there are three isoforms of nitric
oxide synthase (NOS) in mammals. These are named after the site where they are originally
found.>**® These isoforms are mentioned as neuronal n-NOS, inducible i-NOS, and endothelial
e-NOS. All these homologues of NOS deploy L-arginine as the substrate, taking molecular
oxygen and reduced NADPH as co-substrates. Flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN), and (6R-)5,6,7,8-tetrahydro-L-biopterin (BH,4) acts as cofactors of all
NOS. All these NOS isoenzymes have similar structures containing both an oxygenase domain
and a reductase domain that are connected through a binding site for calmodulin.*”*® All NOS
proteins consists of a zinc—thiolate cluster produced by a zinc ion which is tetrahedrally attached
to two CysXXXXCys motifs (one contributed by each monomer) at the NOS dimer interface.****
A functional NOS shifts electrons from NADPH, through FAD and FMN in the carboxy-

terminal reductase domain to the heam present in the amino-terminal oxygenase domain. There
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is a binding of cofactor BH4, molecular oxygen and L-arginine in oxygenase domain.*®** To
generate NO, the NOS enzyme proceeds through two steps reactions. The first step comprises of
hydroxylation of L-arginine by NOS to generate N“-hydroxy-L-arginine which gets highly
bounded to that enzyme. The second step carries oxidation of N-hydroxy-L-arginine by NOS to
synthesize L-citrulline and NO.**** This NOS mediated NO can work on the plenty of targeted
enzymes and proteins. The activation of soluble guanylyl cyclase (SGC) and the formation of
cyclic GMP are the prime signaling pathway which are induced by NO.**° Figure 1.1

demonstrates the process by which NO is bio-synthesized.

Body Protein
Dietary Arginine Urea
arginaie/A
Body Protein———3m& L-Arginine =———=—" 3 | L-Arginine
. g Fumarate
NADPH +H* 0
2
ASL
FAD,FMN
Co-factors: NOs Arginino
BH, heme Arginine- succinate Urea Omithine
NO cycle cycle
Ca®*(for cNOS) ome
oTc '°/70; y/
NADP*
LUNG
—>‘_> NO2 — 3 Aspartate
e (:c;\
|
Non-enzymetic NO; s
KIDNEY
* Glut mate
AIR NO, URINE

Figure 1.1 Pathway for NO synthesis.

In biological point of view Nitric Oxide has immense contribution in physiological processes
where, most of it is revealed regarding its salient behaviors, but much is still unexplored. It is the
signaling molecule which is associated with the control of vasodilatation, neuromodulation,
smooth muscle relaxation, hormone production, blood pressure control and the immune signaling

towards infections due to bacteria.”**>***? The misregulation of NO in bio-organisms will
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resulted in different kind of diseases, like neurodegenerative disorders, arteriosclerosis, cancer

and endothelial dysfunction.>**°

In gastrointestinal tract, NO shields the stomach epithelium by inducing mucosal and bicarbonate

productions.**>"*® It regulates gene transcription®®®°

61,62

and m-RNA translation by interacting with
iron responsive elements and produce post-translational moderations of proteins by
adensosine-5'-diphosphate ribosylation.®*®* With the day by day progress in NO research, it is
revealed that some biologically reactive nitrogen species, formed by NO oxidation (NO2, N,Os.
ONOO’, NO;, NO3, HNO) also play important roles in both physio- and pathological
processes, > 1> 6568

Therefore, it is highly important to develop some advantageous pathways for selective and
sensitive tracking of NO concentration in biological systems to well-understand the biological

features of NO in human health which are described below.

1.2 Popular Methods for Monitoring Nitric Oxide
1.2.1. Griess test

Colorimetric Griess method is one of the commonest approaches which estimates nitrite level, as
it is the steady by-product of NO. This method is used to calculate the NO concentration in a

sample before degradation. Nitrite is formed due to the areal oxidation of NO using following

reactions.
2NO + 0, — 2NO, (1)
NO+ NO, = N,0, (2)
N,0; + H,0 = 2NO; +2H? (3)
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Figure 1.2 The commonly known diazotization reaction by Griess.

After publishing the test by Peter Griess, variety of modifications has been carried out to get it
easily available. However, still the Griess’s original methods are widely adopted for this
purpose.®® Here, sulfanilamide in phosphoric acid and N-1-napthylethylenediamine di-
hydrochloride are added to the experimented sample as described in Figure 1.2.

There is a change in colour because of the formation of azo-derivative. Then the absorbance
measured for the nitrite ion in the sample is compared with a standard to get the concentration of
NO in the sample of interest. But these assays provide an approximate NO levels in a solution

leading to approximate results.
1.2.2 Electrochemical detection

An electrochemical method is efficient for continuous monitoring of NO concentration in real-
time. Not only that, in vivo monitoring of NO, even in human beings, is possible without any
interference from common species present in biological systems. Malinski and Taha developed
an electrochemical probe where, carbon fibers are covered with polymeric porphyrin and then
with Nafion coating to track NO which is generated from a single cell.”” Shortly thereafter,
Malinski’s laboratory established that an electrochemical probe can be suitably utilized to
monitor nitric oxide within the blood vessels of a living body.”

However, there are two serious limitations of these electrochemical sensors as stated below:

a)  This electrochemical probe has not been exploited to get information about NO levels

throughout a cell.
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b)  Also this probe is not suitable to track NO for a prolonged time intervals.
These are of prime requirements to be satisfied to follow the natural activities of NO in

physiological processes.
1.2.3 Chemiluminescent probes

Chemiluminescent probes are useful to sense nitric oxide specifically in fluid samples by the
stimulation of guanylyl cyclase, converting guanosine triphosphate (GTP) to guanosine 3',5'-
cyclic monophosphate (cGMP) with simultaneous formation of pyrophosphate. There is a
sequential interaction with adenosine triphosphate sulfurylase to form ATP.”>”® This formed
ATP interacts with a luciferin-luciferase system resulting an emission of light at 560 nm."*"
The shortcomings of this proceedure are the inefficiency to track cellular nitric oxide, as here,
only the supernatant fluid of the cell is investigated. Additionally, this assay is unable to provide

real-time response and also this method cannot be utilzed in presence of Hb (haemoglobin).”
1.2.4 Fluorescent probes

For a past few decades some different techniques like fluorescence, amperometry, colorimetry,
electrochemical method, chemiluminescent method and electron paramagnetic resonance
spectroscopy (epr) etc. has been evolved to analyze the NO diffusion sensitively and selectively
in bio-organisms.”>® But among these strategies fluorescence spectroscopy is of gold standard
due to its efficiency to detect NO both in extra-cellular and intracellular conditions providing
spatio-temporal distribution.” Now to be a useful and efficient fluorescent probe to track NO in
cellular system, it should be:
a. Highly specific as well as sensitive towards NO without interfering other biologically
reactive species
b. Excitation wavelength (Aex) Of the probe should exceed 340 nm to encounter cell
destruction induced by UV and emission wavelength should be Ay, >500 nm to ignore

auto-fluorescence which occurs due to the local species present in the cell.
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c. The probe should have high level of water solubility so that the sensor can penetrate
to the cell membrane.
d. The quantum yield should be high enough to permit the glass microscope objectives.
Till date, there are so many useful fluorescent NO sensors which have been reported with their
variety of positive and negative features.
This chapter delineates about the recent development of molecular probes utilizing fluorescence
spectroscopy (by our and other research groups) for NO sensing with different possible reaction

mechanism.

1.3 Designing Strategies and General Consideration for the Detection of NO

Based on Molecular Fluorescent probes

There are two main types of fluorescent probe for NO detection which are associated with two
popular approaches.

¢ Organic probes

e Metal complex based probes

Organic probes:
Organic probes for nitric oxide sensing using fluorescence, generally contain two typical parts
namely (i) an NO receptor moiety and (ii) a fluorophoric moiety. The useful NO recognizing
moieties are:
(i) o-phenylenediamine (OPD),
(i1) aromatic secondary amines,
(iii) dihydropyridine (Hantzsch ester),
(iv)aromatic amines leading to diazotization or oxidative deamination on reaction with NO,
(v) acylhydrazide and

(vi) some others which lead to turn-on fluorescence response.

In some cases, these probes have been made organelle targeting by equipping with some delivery

vehicles which are generally positively charged quaternary pyridinium or triphenyl phosphonium
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groups with mitochondria targeting properties. Again, there are some probes embedded with
morpholine as lysosome tracker.

The metal based fluorescent probes has been used in NO detection by two strategies one is
trapping of NO by the metal-ligand complexes and another one is NO trapping with
simultaneous removal of metal and restoration of fluorescence. This strategy is described latter.
Most of the NO probes shows turn-on fluorescence owing to blocking of photo-induced electron

transfer (PET) process.

1.3.1 Organic Probes for NO Detection

1.3.1.1 NO sensing through triazole formation on reaction of o-phenylenediamine

Here, NO sensing strategy is constructed on the generation of electron deficient triazole from o-
phenylenediamine (OPD) moiety attached to a fluorophore. The absence of NO allows PET
process facilitating charge transfer from electron populated OPD moiety to fluorophore making
the probe non-fluorescent (turn-off). On reaction with NO the diamine is converted to its
corresponding electron deficient triazole that blocks the PET process thereby making turn-on
fluorescence response.

Taking advantage of this strategy, Nagano et al. has pioneered a series of fluorescein based NO
sensors 1-8 (Figure 1.3), where, o- phenylenediamine group is attached with fluorescein moiety
in the ring-closed spirolactam form. Here, increment in fluorescence emission peak (>100 fold)
was noticed because of triazole ring formation with simultaneous opening of spirolactam ring,
providing a very low LOD value (5 nM).2° Probe 7 and 8 were slightly modified to avoid pH

dependency of the probe and making it more biocompatible.®
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Figure 1.3 Fluorescein based NO probes.

In 2016, Wang group published a NO fluorescent sensor 9 (Figure 1.4) by exploiting this
strategy using boron dipyrromethene (BODIPY) as a fluorophore showing amphiphilic property
and with a possibility to be anchored on the cell membrane making it suitable for imaging NO
released from cells.?® The probe exhibits huge enhancement of fluorescence emission (Aem = 529
nm) on addition of NO within a minute with substantially low LOD which is calculated to be
0.83 nM. Liang and coworkers reported an OPD based probe 10 (Figure 1.5) in 2016, where,
diamine moiety is connected with phenylalanine (amino acid) through amide bond making it
highly water soluble and biocompatible. The weak fluorescence emission of 10 at 440 nm,
shifted to blue region 367 nm after NO treatment due to ICT mechanism with LOD 6 nM.%

Figure 1.4 A BODIPY based OPD probe for NO sensing.

10
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Zheng group disclosed an innovative NO probe 11 (Figure 1.5) where a Nile Red®* fluorophore
moiety was embedded with OPD through an ether bond.® Treatment with NO, 11 shows a strong
red fluorescence at longer wavelength (658 nm, 28 fold) due to inhibition of PET between Nile
Red core and OPD moiety. The LOD was reported to be 9 nM. The emission at 658 nm helps to
avoid interference from auto-fluorescence which occurs due to intracellular native species like
folic acid, retinol and riboflavin. Interestingly, this probe shows one and two photon excitation
after NO treatment revealing its in-vitro and in-vivo applicability. This kind of NO sensor can be
excited by NIR wavelength delineating high efficiency to monitor endogenously generated NO
in animal samples, due to the red emissive fluorescence and good tissue penetrating ability.

Another OPD appended Nile red conjugate 12 (Figure 1.5) was developed by Liu’s group®
which facilitates both in vitro as well as in vivo imaging of NO, though OPD was at a distance
from the Nile red moiety attached through an ethylenedioxy (-OCH,CH,0-) chain. This design
was to avoid the fluorescence quenching by PET, as caused by short distance between donor and
accepter moieties. They developed this two photon excitation and red-emissive (650 nm)
fluorescent probe with LOD 46 nM. The probe 12 exhibited very fast response towards NO (180

s) enabling the detection of exo-and endogenous NO.
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Figure 1.5 Structure of some probes with different fluorophore for NO sensing.

In 2016 Xu and coworkers®” published an article, where they described the NO sensing behavior

of a morpholine equipped lysosome targeting fluorescent probe 13 (Figure 1.5) which was found

11
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to emit blue fluorescence at 460 nm upon interaction with NO. The probe 13 exhibits pH
stability in the range 4-12. They also reported the LOD of 13 for NO as 4.57 uM. The lysosome
targeting property of 13 was established in CHO cells where co-localization study using a
lysosome tracker (Neutral Red) showed an overlap between the two images. This experiment
clearly indicates the specific accumulation of the probe in lysosome.

Another OPD embedded lysosome targeting NO sensing probe 14 (Figure 1.6) with novel
donor—acceptor—donor (D-A-D) system undergoes a Far-Red fluorescence emission.?® The
benzothiadiazole-diamine acts as electron accepting moiety and alkyoxyl groups behaves like
electron donating one. The probe 14 displays negligible fluorescence at 625 nm on excitation at
dex = 488 nm, because of mild ICT mechanism influenced by TOPD (thiadiazolefused OPD).
But NO treatment converted the di-amine in benzotriazole system which acts as stronger electron
acceptor making prominent ICT effect and concomitant fluorescence emission has been noticed
(446 fold). More importantly, this probe is efficient enough to identify the difference of
lysosomal NO concentration in acute liver injury mouse model ex vivo.

There is another D-A-D based photoacoustic nitric oxide probe 15%° (Figure 1.6) where di-
phenylamine moieties were connected to benzothiadiazole-1,2-diamine moiety. To improve its
amphipathic and cell-penetrating capacity an oligo-ether tail was incorporated to each

diphenylamine group.
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Figure 1.6 Benzothiadiazolediamine (D-A-D) based NO sensors.
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In this system, yellow fluorescence of the probe gets quenched on NO treatment, probably due to
dipole—dipole interactions between solvent-solute i.e. between PBS buffer and NO product
which inhibit the ICT effect. The LOD value was calculated to be 0.261 uM. Probe 15 also
showed promising photoacoustic emission, in inflamed mice model at 532 nm in the presence of
NO and remains silent towards other reactive species.

In solid tumor, Hypoxia is a common and significant feature indicating the necessity for cancer
chemotherapy.”®* Hypoxia is also associated with the excessive production of nitric oxide in
tumor cells leading to metastasis and proliferation.’**® Singh and coworkers developed a new
strategy where chlorambucil, an anticancer drug was embedded with a coumarin based
fluorophore equipped with nitro and amino groups in adjacent positions of 16 (Figure 1.7) %
This probe has performed wisely to detect hypoxia and NO which finally releases the drug in
cancer cells. Thus this probe can function efficiently as a dual-analyte sensing tool as well as a
prodrug. This nitro group in coumarin gets reduced to amine in hypoxia environment generating
o-diamine moiety which shows green fluorescence. On subsequent reaction with NO, ortho- di-
amine is converted to triazole which shows blue fluorescence. Additionally, this probe in triazole
state wonderfully releases the cancer drug, chlorambucil, on photo irradiation at >410 nm

causing cell death.
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Figure 1.7 A drug based NO sensor in hypoxia environment.
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Though there are significant developments and modifications in OPD based fluorescent NO
probes but still there exists some serious short-comings due to interference by certain biological
species like dehydroascorbic acid (DHA), ascorbic acid (AA) and methylglyoxal (MGO). AA is
easily oxidized to DHA. DHA and MGO react easily with OPD to form quinoxaline derivatives
which are highly fluorescent and interfere in the detection of NO which may provide false
positive response.” These problems have been sorted out by reducing the reactivity of OPD by
converting it into secondary amine, which acts as a good NO trapping agent thereby judiciously
avoiding the interference from the above mentioned reactive species.

So keeping this strategy in mind, Wang et al. has prepared an OPD based amphiphilic probe 17
(Figure 1.8) through multistep reactions. Here, 1,8-naphthalimide acts as a fluorophore; one
secondary amine group equipped with quaternary ammonium ion as hydrophilic recognition unit
and a long chain hydrocarbon (C17H3s) as hydrophobic lipid chain. The latter is useful to anchor
the probe on to the cell membrane.”® This plasma membrane targeting probe is almost non-
fluorescent and resulted in 16.7 fold increase in fluorescence intensity after NO treatment. It also
exhibits low LOD value of 74 nM at 538 nm. Additionally, this probe reveals a strong two-
photon excitation fluorescence emission. The authors established that the probe is suitable to
image exogenous NO in neurons and endogenous NO in HUVECs cell line. Thereby they
proposed that this probe has a potency to monitor endogenous NO in mouse brain tissues.

Here, another OPD based a near-infrared (NIR) fluorescent sensor, 18 (Figure 1.8) with
protection of one amine group by linking with fluorophore (silicon-substituted xanthene, SiR)
was reported by Guo et al. in 2017.%” This probe was found to be fast and selective for real-time
tracking of mitochondrial NO in living cells with Pearson’s co-localization coefficient of 0.98. It
displays a fluorescence enlargement centered at 710 nm upon NO treatment owing to controlled
PET effect.

14
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Figure 1.8 OPD based NO sensors utilizing one secondary amine.

Endoplasmic reticulum (ER) displays a title role in protein synthesis which can be perturbed by
NO leading to the ER stress and cell apoptosis.”® This NO influenced stress is associated with the
pathogenesis of most of the vascular disorders.”*'® So the ER targeting NO fluorescent probe 19
(Figure 1.8) is of great importance and reported by Li et al. where methyl sulfonamide moiety
was attached to target endoplasmic reticulum. On reaction with NO 19 depicts a 22 fold
fluorescence increment (Aem = 538 nm) due to triazole formation that inhibits the PET process of
transferring electron from OPD to napthalimide moiety. A very low LOD (3.3 nM) implies that it
is highly sensitive towards monitoring NO.

In 2019, a dual-channel analyzing probe 20 (Figure 1.9) based on BODIPY system was first
reported by Yang et al. for the recognition of NO and GSH.** Here, 4-amino-3-(methylamino)-
phenol group reacts with NO to form corresponding benzo-triazole resulting the generation of
highly florescent entity which on excitation at 505 nm emits at 528 nm in the green region. On
parallel reaction with glutathione (GSH) it replaces the 4-amino-3-(methylamino)-phenol moiety
to form the corresponding glutathione substituted BODIPY which on excitation at 538 nm
portrayed an 1800-fold enhanced red fluorescence (Aem, = 558 nm). This probe was promisingly
employed to monitor the exo- and endogenously produced NO and GSH in macrophage cells.
Interestingly, endogenous formation of NO stimulated by interferon-y (IFN-y),
lipopolysaccharide (LPS), and L-arginine (L-Arg) could also induce the enlargement of
intracellular GSH. The authors were enthusiastic to claim that the probe might be useful to

investigate the redox equilibrium in biological processes.
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Figure 1.9 Another N-protected dual analyzing OPD based NO probe.

Here a Si-rhodamine based probe 21 (Figure 1.10), an OPD bounded Si-rhodamine deoxylactam
was reported by Guo et al. for NO imaging. It was non-florescent in its ring closed form.
However, on treatment with NO it exhibited 6300 fold enhancement in fluorescence at 680 nm in
the NIR region on excitation at 645 nm due to triazole formation. This NIR activity makes the
probe tissue penetrable and can be successfully applied for detecting endogenously produced NO
in RAW 264.7 macrophages, pancreatic B-cells, and endothelial EA.hy926 cells along with in
inflamed and diabatic mouse model. It also exhibited very low LOD of 0.12 nM.*

Likewise, the Li group'® also reported a rhodamine-B embeded (OPD)-locked deoxylactam
based NO sensor 22 (Figure 1.10), derived from the lactam form of rhodamine-OPD conjugate
by reduction with LiAlH, in THF. The NO treatment of the probe leads to a drastic fluorescence
enhancement (170-fold) at 590 nm (Aex =550 nm) under physiological conditions within 40 s
devoiding of the serious interference from cysteine. This probe was efficiently employed in
bioimaging of NO in HepG2 and RAW 264.7 cell without any interference from biomolecules
like DHA, AA, and MGO.

16
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Figure 1.10 Si-rhodamine based NO probe utilizing spirolactam ring opening.

Another Si-rhodamine based fluorescent probe 23 (Figure 1.10) bearing morpholine side arm to
target lysosome was reported by Wang group.’® It exhibits fluorescence emission at 680 nm
upon NO treatment. Most importantly, Si-rhodamine in its spirolactam form displays superior
tolerance to H*, showing immensely low background emission both in physiological domain as
well as under acidic circumstances. Additionally, the stability of fluorescent product in acidic
solution for longer time furnishes opportunity to carry out imaging experiments analyzing the
level and localization of NO products in lysosomes in vivo in RAW 264.7 macrophages. The
Pearson’s co-localization coefficients has been shown as 0.86.

Zhang group reported a probe 24 (Figure 1.11) where rhodamine-B acts as a fluorophore,
galactose as hepatocyte-targeting moiety and OPD as NO receptor to understand the role of NO
in liver diseases. This high water solubility along with high selectivity and sensitivity towards
NO (LOD 1.62 nM) manifests its application towards diagnosing liver disease. The probe emits
fluorescence at 580 nm (Ae = 550) upon NO treatment and exhibits good biocompatibility for

hepatocellular-specific imaging of nitric oxide in HepG2 cells and in zebra fish (in vivo).'*®
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Figure 1.11 Galactose conjugated rhodamine based NO probe: generation of free rhodamine.
1.3.1.2 NO fluorescence probe utilizing N-nitrosation at secondary aromatic amine

In terms of specificity/selectivity N-nitrosation at aromatic secondary amine has been found to
be more selective precluding the interference from one or more biological reactive species (RNS,
ROS and RCS), thereby exhibiting its superiority to OPD based NO sensing probes. Moreover,
aromatic secondary amines having poor coordination ability towards metal ions in biological
milieu enhances its specificity towards NO.**

Taking 4-hydroxylaniline group as NO trapping unit Guo group'® designed an N-
nitrosation-based fluorescent probe 25 (Figure 1.12) exploiting BODIPY as fluorescence
reporter. This probe shows 92-fold fluorescence increment towards NO (Aem = 518 nm, Aex = 490
nm) having LOD 4.8 nM which can be successfully applied for NO detection in mitochondria.
Here, the basal and stimulated nitric oxide in RAW264.7 murine macrophages was nicely
analyzed by the author and they also depicted about the endogenous nitric oxide release in
endothelial cells ocurring after oxygen-glucose distress. The same group further reported another
NO probe 26 (Figure 1.12) by changing hydroxyl group to methoxy group™® which is more
efficient than their 1% work providing lower LOD value (0.4 nM). Here, the author has showed
that the probe 26 is useful to discriminate M1 (proinflammatory) and M2 (anti-inflammatory and

prohealing) macrophages, to evaluate repolarization of TAMs (Tumor-associated macrophages)
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from pro-tumoral M2 phenotype to anti-tumoral M1 phenotype, as well as to visualize NO
transmission in the course of immune-mediated phagocytosis of cancer cells due to M1

macrophages.

Figure 1.12 4-hydroxy aniline derivative as NO tracking moiety in probe 25,26.

Chen and coworkers'® published another BODIPY based NO probes 27 (Figure 1.13) taking N-
propynyl-4-methoxylaniline as NO tracker with sufficient pH tolerence and little toxicity. These
probes are suitable to track nitric oxide exogenously in HeLa cells in presence of DEANO with
significant fluorescence enhancement located at 515 nm. They have developed these probes by
introducing triphenyl phosphonium ion as mitochondria targeting agent through hydrophilic
triazole/phenoxo linkers, demonstrating the overlap co-efficient 0.94. Other derivative with
morpholino-ethyl moiety exhibits lysosome targeting property with overlap co-efficient 0.83. So
these organelle-targeted sensors can be of feasible tool to provide information regarding NO
associated physiological and pathological process in cellular level. Taking 4-hydroxylaniline
derivative as good NO tracker Liu group™® has synthesized a two-photon(TP) NIR fluorescent
probe 28 (Figure 1.13) using Si-rhodamine dye as fluorophore. This probe shows remarkable
fluorescence enhancement (81 fold) upon NO addition at 672 nm showing the promising LOD

value (14 nM). Because of NIR excitation and emission (“NIR-to-NIR”), the probe is capable
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enough to study NO in the xenograft tumor mouse model in situ. This work described that 28
may be a classical system for the emerging of NIR emissive two-photon NO sensor as well as it

can assist the development of NIR imaging.

Figure 1.13 Two more 4-methoxylaniline derivative as NO tracking moiety.

They also developed another two-photon NIR fluorescent probe 29 (Figure 1.14) exploiting p-
phenylenediamine as NO tracking moiety and coumarin as fluorophore. It features a fast reaction
showing a linear relationship towards NO level between the concentration values 1-11 pM
showing 37 nM detection limit (emission at 613 nm).

NO

N\/\o’\/OH N\/\o/\,OH
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Figure 1.14 Benzocoumarin based probe using p-phenylenediamine as NO tracker.

This probe successfully monitors endogenously produced NO in RAW 264.7 macrophages
induced by L-Arg, IFN-y and LPS. However, fluorescence could be declined by incubating the
cells with potassium salt of (2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazolinel-oxyl-3-oxide
(carboxyl-PTIO), an NO scavenger, before loading NO. It has also been employed for the first
time to image NO in mouse kidney bearing ischemia reperfusion injury results in obvious

inflammatory responses.**

Overall, this red-emissive NO sensor may be utilized as an efficient
chemical agent to analyze NO-mediated biological processes in situ.
A BODIPY based photoacoustic (PA) NO Probe 30 (Figure 1.15) with o-methoxy methylaniline

moiety as NO tracker moiety displayed better sensitivity, fast reaction kinetics and possibility of
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deep tissue imaging in live animals. A PEGylated tetraalkylammonium group has been attached

to this system to increase the water solubility, thereby increasing its cellular uptake.'*!

Moreover,
the probe exhibits the essential photophysical traits for in vivo PA imaging as well as good
biocompatibility, stability, good sensitivity (91 nm hypsochromic shift) towards NO over a
plenty of reactive analytes. The probe was efficiently utilized to detect endogenously produced
NO in a murine lipopolysaccharide-induced inflammation model resulting an enhancement of

1.9-fold photoacoustic signal at 680 nm and 1.3 fold ratiometric response.

Figure 1.15 Some more N-nitrosation based NO probes using BODIPY, Cyanine, rodamine and

anthracene carboximide fluorophore.

A cyanine-based NIR fluorescent Probe 31(Figure 1.15) ** displayed a 30 fold magnification in
fluorescence intensity at 800 nm (Akex = 760 nm) through N-nitrosation at aromatic secondary
amine by ICT mechanism with the response time 5 min. It also exhibited a very good selectivity
with respect to the widely used OPD based NO fluorescent probes. The LOD was determined to
be 11.3 nM. Additionally, this probe displays good performances in in vitro cell imaging study
(HeLa cells,) as well as in inflamed mouse model in vivo.

A nitric oxide fluorescent probe 32 (Figure 1.15) formed with BODIPY (fluorophoric moiety)
and an aromatic secondary amine (NO receptor) has disclosed very fast (10 s) response towards
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NO. The fluorescence enhancement occurs through PET process where electron drifting occurs
from amine group to the BODIPY moiety. This probe exhibits high selectivity towards NO
(LOD value 10 nM at 585 nm) over other reactive bio-analytes excluding biothiols where a
distinctive interference has been observed in the presence of GSH.*"

A novel anthracene carboximide based ratiometric NO sensor 33 (Figure 1.15) was developed
where, N-nitrosation chemistry was exploited to monitor NO. The probe itself is red fluorescent
(hem = 625 nm). However, on N-nitrosation to the amine at 6™ position, it exhibits green
fluorescence (Aem = 525 nm) which is ascribed to the intramolecular charge transfer (ICT)
mechanism. It also shows high sensitivity (LOD= 4.05 nM) towards NO being employed for
monitoring endogenously produced NO in Raw264.7 cell line and in zebrafish.*
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Figure 1.16 N-nitrosation in primary amine.

The N-nitrosation mechanism is also prevailing in a rhodamine based fluorescent NO sensor 34
(Figure 1.15). It shows 24 fold fluorescence enhancement due to N-nitrosation induced
spirolactam ring opening with LOD 36.8 nM. It is also potent enough to track NO in live cells.
115 Another such rhodamine 6G based fluorescent NO sensor 35 (Figure 1.16) has displayed
fluorescence enhancement due to N-nitrosation with concomitant spirolactam ring opening. This
probe shows detection limit 0.06 uM and ability to detect NO in inflammatory model of

zebrafish.®
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A dual channel NO probe 36 (Figure 1.16) was developed using 1,8 naphthalene diamine moiety
as NO receptor showing a turn-on fluorescence enhancement within 20s, at Aem = 512 nm upon
treatment with NO due to N-nitrosation that inhibits PET process. The LOD was evaluated to be
(25.7 £ 3.4) nM. Moreover, a rapid (10 s) turn-on fluorescence responses was observed due to
ICT mechanism when the probe was treated with HOCI (Aem = 464 nm). This probe is highly

eligible to detect these two analytes both exo- and endogenously in live cells.**’

1.3.1.3 NO probes based on oxidization of dihydropyridine (DHP)

The dihydropyridine can easily undergo quantitative oxidative aromatization by NO#'%°
making the probe suitable for selective sensing of NO in vitro and in vivo under anaerobic
environment.

A dihydropyridine embedded 7-methoxy coumarin conjugate 37 (Figure 1.17)** has displayed
very strong turn-on fluorescence towards nitric oxide which can successfully be utilized for
endogeneously produced NO imaging. It exhibits 80 fold fluorescence enhancement within 0.31
min at 392 nm through PET block mechanism. The probe is stable within a wide pH range 4-9
and showed outstanding selectivity towards NO being inert to different reactive reductants. The
LOD of the probe for NO detection was 17nM. Incorporation of hydrophilic quaternary
ammonium units in 37 leads to probe 38 (Figure 1.17) which displayed good water solubility
making it suitable for endogenous imaging application for NO. The detection limit was evaluated
as 18 nM.'?? This probe also displays its ample efficiency in cell imaging study to detect
endogeneous NO. It exhibits almost 17 fold emission enhancement at 450 nm upon NO
treatment showing stability at the pH range 4-9.

123 \was constructed

A mitochondria targeting dihydropyridine based NO probe 39 (Figure 1.17)
with BODIPY as fluorescence reporter exhibiting 63 fold fluorescence enhancement at Aem 525
nm (Lex 470 nm) upon treatment with NO. The good sensitivity of the probe towards NO was
established with low LOD of 25 nM. This probe also can effectively monitor endo- and
exogenously generated NO in RAW 264.7 cells and HepG2 cells respectively. This organelle
specific probe mainly accumulated at mitochondria which was established through co-

localization experiment with high Pearson's coefficient 0.93.
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Figure 1.17 Dihydropyridine Based NO Sensors.

Two NO probes 40, 41 (Figure 1.17) were structured from the coumarin and dihydropyridine
moiety. Probe 40 displays high selectivity and sensitivity with turn-on fluorescence signal
towards NO at Aem 423 nm on excitation at 365 nm. The probe 40 displays fluorescence stability
in the pH range 3-10 and very little cytotoxicity, indicating its suitability to detect in vivo NO.***
The Probe 41 differs from 40 only with respect to the position of DHP which is located at
position 4 of coumarin in the former instead of position 3 in the latter.®® Photophysical studies
revealed that the probe 41 displays linear relationship towards the change in NO concentration
up to one equivalent. It reveals specific affinity to NO only, among biological reactive analytes
in a wide array of pH and found as an appropriate candidate for intracellular as well as
extracellular NO detection.

Probe 42 (Figure 1.17) is the modified form of 39 where, lysosome attacking morpholine group

was introduced in BODIPY fluorophore. This system has displayed an ultrahigh fluorescence
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response (140 fold, at Aex=475 nm and Aen=535 nm) and ultralow detection limit (47nM).
Lysosome targeting ability of this probe has been experimented in HEPG2 cell which shows
almost full overlap of fluorescence response of the probe with that from the LysoTracker Blue
with a Pearson coefficient value as high as 0.96. Additionally, probe and its aromatized pyridine
product are cytocompatible having the potential application to image exo- and endogenous NO
with high precision and brightness.*?°

Mahapatra et al. has designed two NO sensors where pyrene (43) and pyrenyl (44) (Figure 1.17)
systems were exploited as fluorophore and DHP as the NO receptor. The probe 44 exhibits
fluorescence growth at 502 nm (Aex = 308 nm) bearing LOD 0.08 uM, whereas probe 43 shows
fluorescence quenching with LOD 2.6 uM upon NO interaction. Theses probes were structurally
established by XRD, DFT and TDDFT studies.**” Moreover, probe 44 has the potential ability

for cell imaging to endogenous NO in thin epithelium Vero cells.
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Figure 1.18 Dihydropyridine based NO sensors upon C-C cleavage.

Probe 45 (Figure 1.18) is uniquely featured by Li group where C-C bond breaking is induced by
FRET mechanism towards NO interaction. Here, in vitro experiments have resulted a ratiometric
response at 525 nm (A= 490 nm) to NO avoiding variety of reactive species. After giving
intravenous injection to the mice, in vivo study revealed that there is 8-fold contrast between
Freund's adjuvant stimulated feet and normal feet. It is the pioneering work for semi quantitative

fluorescence imaging of NO in mammals.*?®
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1.3.1.4 NO probes based on cyclization of 0-amino-3'-dimethylaminophenyl aromatics

In this type of NO fluorescent probe the fluorophore is attached with 0-amino-3'-
dimethylaminophenyl moiety which acts like a NO recognition unit to preclude interference from
the biologically reactive species like DHA, AA, MGO etc.'?® In the presence of NO, aromatic —
NH, undergoes diazotization reaction which subsequently undergoes cyclization leading to an
extended conjugation which facilitates an enhancement in fluorescence intensity.

Song and coworker unveiled a NO probe 46 (Figure 1.19) where 6-Bromo-2-methylquinolin-5-
amine undergoes Suzuki coupling with 3-dimethylaminophenyl boronic acid which plays roles
as pre-fluorophore and the active site to detect NO. The probe 46 has negligible fluorescence in
water but upon reaction with NO, the electron defficient diazo ring is generated which displayed
robust green fluorescence (Aem = 540 nm) upon one photon excitation (Aex = 430 nm) with LOD
15 nM."*® Mechanistically, upon reaction with NO, the non-fluorescent probe rapidly forms a
diazonium intermediate which finally converted to two azoic regioisomers. Between these two
isomers one displays its high fluorescence intensity owing to the ICT process. Furthermore, it
acts as a specific imaging tool, described by achievement of exo- and endogenous imaging of
NO in living organisms upon one- and two-photon excitation.

Another mitochondria signalling two-photon ratiometric NO probe 47 (Figure 1.19) was
reported by Zhang and coworkers*** where 0-amino-3'-dimethylaminophenyl unit acts like a NO
recognizing moiety. After addition of 10 equivalent of NO, the fluorescence intensity at 595 nm
(yellow region) was appeared along with the simultaneous vanishing of fluorescence peak at 540
nm (green region) within 20 min which has shown LOD value 21 uM. This probe has potency
enough to detect mitochondrial NO levels in presence of exo- or endogenously produced NO in
live cells with Pearson’s co-efficient 0.9503 as well as the probe has shown LPS-induced
inflammatory response in mice model.

Another ratiometric o-amino-3'-dimethylaminophenyl based NO probe 48 (Figure 1.19) was
reported by Yoon group™*? where a simultaneous development of yellow fluorescence at 560 nm
with gradual disappearance of blue fluorescence at 470 nm (Aex = 420 nm) was encountered. This
ratiometric NO sensing occurs through the ESIPT mechanism. In addition, the probe can be

useful to image NO in living organism also.
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Figure 1.19 o0-amino-3’-dimethylaminophenyl based NO sensors.

1.3.1.5 Nitric Oxide probes based on deamination of aromatic primary amines

To avoid the shortcomings associated with the interference by AA, DHA, MGO etc. in sensing

of nitric oxide which leads to the misinterpretation of data, attempts were taken to design probes
which exclusively react through NO specific novel mechanism. One of such mechanism is the

oxidative deamination of aromatic primary amines induced by NO.

Wang group published a flourescein based NO sensor 49 (Figure 1.20) which shows a high
fluorescence generation at 524 nm (Ae = 460 nm) upon reaction with NO. This probe has
sufficient selectivity to NO with no interference from biological oxygen (ROS) & nitrogen
(RNS) species. Here after NO treatment, the probe shows fluorescence enhancement due to
oxidative deamination of primary amino group thereby blocking the PET process.*® The LPS

pretreated Raw 264.7 murine macrophages showed high fluorescence caused by the reaction of

endogenously generated NO.
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Two related NO probes 50, 51*** (Figure 1.20) were reported recently which contains electron-
rich methoxyl group at 4™ position of aromatic moiety to improve the reactivity of aromatic
amine towards NO. In case of probe 50 BODIPY was used as the fluorophore whereas, cyanine
in the probe 51. The probe 50 exhibits a huge enhancement in fluorescence intensity at Aem = 519
nm on excitation at (Aex = 475 nm) upon NO treatment at pH range of 6— 9. The LOD was
determined as19 nM. Similarly, 51 exhibits fluorescence enhancement at Aem = 794 Nm (Aex =
750 nm) showing the best fluorescence off-on response for NO at pH = 7.4. These probes has
shown high selectivity and fast response towards NO and successfully exhibits its potency to
detect endogenously generated NO in RAW 264.7 cells as well as in mouse model with deep

tissue penetrating ability.

Figure 1.20 Deamination based NO probes.
Luis, Galindo and coworkers published another probe 52 (Figure 1.21) based on ortho-

hydroxyamino-triarylpyrylium.*** Among the four derivatives (R = H, CHs, OCH3 and Ph) the
probe 52-c shows highest NO response (83 fold) at Aem=550 NM (Aex= 470 nm) with LOD 2.1 uM.
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Figure 1.21 Structure of pyrylium based NO sensor.

The mechanism was well established by common spectroscopic studies as well as by XRD study
which has shown oxidative de-amination of the probe upon NO treatment. This mechanism is
well functioning due to the presence of adjacent —OH group. This pyrylium based NO sensor can
detect NO in live macrophages (RAW264.7, activated by LPS and IFN-y) by enhancement of

fluorescence which is not occurs in the presence of NOS inhibitor L-NMMA.

OCH,

Figure 1.22 Pyrylium based mitochondria targeting NO sensor.

Very recently, a mitochondria targeting pyrylium based probe 53 (Figure 1.22) has been
demonstrated by Galindo et al. which selectively detects NO in aerated aqueous medium over
other reactive species with LOD 88 nM at emission wavelength 585 nm (Aex = 480 nm). They
claimed this as a novel probe due to its simple architecture with mitochondrio-tropic behavior
without any normal mitochondria tracking groups, with Pearson’s co-efficient 0.94. This probe

also responses towards both exogenous and endogenous NO stimuli in human colon carcinoma
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cells HT-29 and mouse macrophage RAW 264.7 cells with the ability to discriminate NO-

generating phagocytes from other leukocytes.*

1.3.1.6 NO probes based on some special reaction mechanism

In addition to the above mentioned probes there are reports of few probes which can monitor
nitric oxide through some novel mechanisms thereby minimizing the interference from other
biological species. These are enumerated below.

A dehydrazination-based fluorescent probe 54*3" (Figure 1.23) where hydrazine moiety is at 8"
position of BODIPY has been reported recently. Upon bubbling with NO gas the probe
converted to BODYPY and 8-azido BODYPY with 65% and 15% yields respectively. The
former was found to be highly fluorescent (Aex = 480 nm and Aem = 512 nm) with 50 fold
enlargement of fluorescence emission whereas the latter was obtained as non-fluorescent. This

probe was found to be suitable for monitoring endogenously produced NO in RAW 264.7 cells.

HaN- 1 Ny
= NO,O 7 N 720 il o
f"Nn.‘.-N 4 - =N.-_N4 t =N<g-N 4
+ ,B\ ol 7N\
F F ¥ °F F
54

Figure 1.23 Dehydrazination-based fluorescent probe for NO.

Li and Co-workers*® has reported two-photon fluorogenic Schiff base based probes 55, 56
(Figure 1.24). The probe 55 exhibits very quick reaction with NO (<50s) at pH range 5-9 with
LOD 97.81 nM and 7.5-fold fluorescence increment at 590 nm. The probe 56 displays only 2.8
fold fluorescence enhancement. Furthermore, 55 has lysosome-targeting property with a potency
to detect exo- and endogenous NO in live cells and zebra fishes having the Pearson’s coefficient
value 0.83.
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Figure 1.24 Schiff base for NO detection.

Majority of the organic probes discussed so far have one or more shortcomings like: electron-
riched aromatic diamine normally proceeds self-oxidation or may interact with biological
reactive analyte which may generate fluorescence intensity. Additionally, maximum studies were
performed in organo-aqueous medium and gets interfered by AA, DHA, MGO resulting false
elucidation in biological application. Ali and coworkers have taken attempts to overcome the
aforementioned limitations where NO reacts with the designed probes through a novel chemical
reaction which removes the chances of interferences due to the intracellular native reactive
species thereby providing exclusivity of NO sensing.

Ali and co-workers™® has designed a novel probe 57a (Figure 1.25) containing
thiosemicarbazide as NO receptor and quinoline as fluorophore which uniquely reacts with NO
transforming into 1,3,4-oxadiazole and there is a simultaneous release of an important
biomolecule thionitrous acid (HSNO) in quantitative yield. This specific class of probe furnishes
some important outlook about the reaction between NO and H,S. The probe exhibits strong
fluorescence emission at 490nm (~8 fold Aex = 400) and 58 nM LOD upon NO treatment. This
NO sensor can be employed to image exogeneous NO in HeLa cells and endogenously produced
NO in Raw 264.7 cells. By this group another structurally modified NO sensor 57b (Figure
1.25) has been reported where acylhydrazide moiety converted to 1,2,3,4-oxatriazole,
accompanied with PET inhibition, leading to 23-fold fluorescence enhancement at 490 nm (Aex =
380 nm) showing 45.4 nM LOD.
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Figure 1.25 NO sensing by oxadiazole and oxatriazole formation.

Added advantages are (i) good solubility in aqueous medium, (ii) little toxicity, (iii) photo
stability in wide pH range (4.0-8.0). All these makes the probe efficient to monitor
endogenously generated NO in RAW 264.7 cells stimulated by LPS and IFN-y.** In these
works, the authors have clearly delineated the mechanism of reactions of NO with the probes
through detailed kinetics studies where the rate of the reaction has shown first-order and 2"°-
order dependences on probe and NO concentrations, respectively.

Ali et al. has reported another two differently designed N-nitrosation-based fluorescent probes
58! 5912 (Figure 1.26) utilizing pyrene and quinolone scaffold as fluorophore, respectively
with good photostability. The dual emission pyrene probe emits green fluorescence (66 fold,
523nm) for nitric oxide sensing by ICT process, while it exhibits blue emission (833 fold at 467
nm) upon increase in water quantity through AIEE process. The AIEE behavior has been well-
established by fluorescence, photoluminescence, DLS, SEM, TEM, X-ray diffraction and
fluorescence microscope studies. Interestingly, the LOD value of the probe for NO sensing was
sufficiently low (2.13 pM) making it suitable for bio-imaging of NO in living system. In probe
59 NO reacts here at the secondary NH of amide leading to fluorescence enhancement (7 fold) at
480 nm (Aex = 390 nm) through PET block process within a wide pH range (5.0-8.0). Indeed, the

probe is successful for exogeneous NO imaging in living HeLa cells*** with 53 nM LOD value.
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Figure 1.26 Structures and NO sensing mechanism of probe 58, 59.

Another thiosemicarbazide based NO sensor 60 (Figure 1.27) has been reported by Zhang group
using coumarin as fluorophore and thiosemicarbazide as NO recognition unit. The N-N bond
rotation has made the probe non-fluorescent but oxadiazole formation upon NO treatment
restricted the rotation which consequences the ~5 fold fluorescence enhancement at 475nm (Aex =
436 nm) showing limit of detection 47.6 nM. It is a biocompatible probe having low cytotoxicity

which can detect exo- and endogenous NO as well as in zebra fish.**®
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Figure 1.27 Coumarin based thiosemicarbazide probe for NO sensing.

Here also naphthalimide-thiosemicarbazide based NO sensor 61 (Figure 1.28) was denoted as an
efficient probe for simultaneous measurement of cellular viscosity and nitric oxide concentration

in cells. This probe exhibits no fluorescence due to N-N bond rotation which gets restricted due
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to increase in viscosity by water-glycerol mixture with concomitant fluorescence enhancement at
470 nm (Xex = 405 nm). It is interesting to note that NO induces the N—C bond cleavage at Ar—
NH—CO leading to the formation of Ar-NHj; resulting the fluorescence enhancement at 550 nm
(hex = 450 nm) showing LOD value 0.17pM.**
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Figure 1.28 Napthalimide based thiosemicarbazide as NO sensor.

This probe is useful for monitoring exo- and endogenously produced NO in HeLa cells using
LPS as NO stimulator. The well-known NOS inhibitor, aminoguanidine diminishes the

fluorescence intensity of LPS pretreated cells confirming NO induced fluorescence enhancement

of the probe.
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Figure 1.29 Cyanine based probe for N-nitrosation followed by cyclization.

A differently dual channel mitochondria-targeted NO fluorescent sensor 62 (Figure 1.29) has
been unveiled for NO detection, based on cyanine7 fluorophore.**> The emission intensity gets

diminuated upon NO treatment at two wavelengths (460 nm and 581nm, A¢x = 400 nm) due to the
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formation of electron deficient 4H-pyrazole ring which weakens the ICT process between the
two indolium groups. This NO sensor can be employed to image NO in HelLa cells and zebrafish

with high colocalization coefficient 0.92 which proves its precise mitochondria targeting ability.

1.3.2 NO detection method by using metal-complex probe

The NO probes based on organic compounds discussed so far have faced some shortcomings
like: (i) shows NO detection with the interference of other biomolecules in biological milieu (ii)
sometime organic probes faces pH effect resulting its limited application in different type of cells
(iii) they are prone to aerial oxidation (iv) this probe interacts with NO in irreversible manner
where reversibility is very important to explore temporal- spatial kinetics regarding NO
generation in live cells (v) most of the organic probe shows NO detection by the reaction

between probe and oxidized product of NO which interrupts in real time NO detection.

(a) Fluorophore Displacement without Metal Reduction
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(b) Metal Reduction without Fluorophore Displacement
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(c) Metal Reduction with Fluorophore Displacement
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Figure 1.30 Different operative mechanisms for metal based NO sensors.

To beat these limitations, many researchers have focused on NO detection using metal

complexes as probes. These type of probes bear a fluorophore moiety with a receptor site either
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on the ligand fragment or on the metal center (transition and heavy metal ions) which exhibits
excellent photo-stabilities, large Stokes shifts along with intense and long-lived fluorescence

emissions (Figure 1.30).

% Fluorophore displacement without metal reduction:

In this type of mechanism the probe itself is highly fluorescent, which gets quenched on
coordination to a metal ion with partially filled d orbitals (paramagnetic in nature). But upon
treatment with NO the metal-nitrosyl adduct is formed with the simultaneous release of the
fluorophore/detachment of one of the chelating arms of the fluorophore to a sufficient distance

from the metal centre may occur resulting a turn-on fluorescence event (Figure 1.30a).4**

% Metal reduction without fluorophore displacement:

In this category the paramagnetic metal centre is converted to the diamagnetic one due to
reduction by NO resulting the regeneration of fluorescence. Many copper based probes fall in

this category (Figure 1.30b).™*

%+ Metal reduction with fluorophore displacement:

This type of mechanism is particularly observed in many copper complexes where paramagnetic
metal centre (Cu(11), d° system) is reduced to diamagnetic one (Cu(l), d'°) by nitric oxide results
into release of probe which is fluorescent in free state but non-fluorescent when coordinated to a
paramagnetic metal centre. This mechanism shows that nitric oxide may be either attached to

metal centre or nitrosate the metal free probe (Figure 1.30c).***%°

1.3.2.1 Metal-based fluorescent probes for NO detection

The stable iridium(I1l) complex 63 (Figure 1.31) coordinated by phenanthroline ligand with
diamino substituents at 5,6—positions can act as a NO responsive probe exhibiting 48 fold
phosphorescence enhancement *®° being suitable for endogenous NO detection in Zebra fish
model along with imaging of mitochondrial NO levels in live cells and 3D multicellular

spheroids.
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Another very similar iridium(ll1l) complex 64 (Figure 1.31) was reported by Ma and
coworkers™®" which induces 15-fold of luminescence enhancement at 580 nm on reaction with
NO leading to the generation of electron withdrawing 1,2,3-triazole. The LOD of NO detection
was evaluated to be 0.18 uM and this probe could be utilized to image exogenous NO using

sodium nitro-prusside as NO donor in HeLa cells.

- T
1 N i
Nu,(m}.w ZL_NH, NO,O ()N 2 H
ey 2 [ Ir: N
AON NH, SN N
'-' . - ‘.' ‘.. ! -~
f:' @ 7 @
63
—PET PET
SN 2 5
I&l NH, NO,0, :,.N Z NN
.'.'. ‘.N NHZ :“‘- “lN N
e 1 —~ '_' ‘.. 1 —
N= (. N=
O N
64

Figure 1.31 Iridium based OPD probe for NO sensing.

Though there are reports on various type of lysosomal targeted fluorescent probes for NO
detection in recent times, some of them were found to suffer from various limitations including
(i) photo-bleaching (ii) auto-fluorescence and (iii) background signals from biological
systems.’®?%® The Yuan group®® has developed a multifunctional luminescent Th** complex
(LTC) 65 (Figure 1.32) conjugated with rhodamine (5-carboxytetramethylrhodamine, CTMR)
system which is linked by piperazine moiety. This spirolactam ring closed CTMR unit in the
probe has displayed least fluorescence due to inhibition of LRET (luminescence resonance
energy transfer) process. Therefore, it exhibits a strong luminescence only due to LTC group.
However, treatment with NO induces opening of that spirolactam ring in the CTMR fragment,
resulting the decrease in luminescence intensity of LTC with the simultaneous remarkable

increase in emission intensity of CTMR moiety stimulated by LRET process (28.8-fold). The
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LOD for the detection of NO by this probe was found to be 1.8 uM. This probe is also suitable to
monitor lysosomal NO in HepG2 cells and Daphnia magna devoiding of any interference from

biological reactive species.

i 3+ issi H,N
Long lived Th3* emission o @

Figure 1.32 Th** based OPD probe for NO sensing.

Among the metal complex embeded fluorescent probes for sensing NO, the Cu(ll)-based
complexes are found to be best for monitoring NO. In these cases the probes are fluorescent;
however on coordination to paramagnetic copper(ll) ion it becomes non-fluorescent. On further

treatment with NO it reduces Cu(ll) to diamagnetic Cu(l), restoring fluorescence of the

probes.*®®
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Figure 1.33 Anthracene-cyclam based Cu(ll) complex for NO sensing.
An anthracene-tetraamine cyclam based Cu(ll) complex 66 (Figure 1.33) **® was synthesized by
Ford et al. which reacts with NO resulting reductive elimination of Cu(l) with simultaneous

nitrosylation at N atom of a secondary amine group,. Additionally, two water soluble probes 67,
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68 (Figure 1.33) were reported by Lippard et al. which detect NO by the reduction of Cu(ll) ion
with the enhancement of fluorescence intensity by almost 6 and 8 fold respectively.'®®

The same group also reported the NO sensing by seminaphtho-fluorescein based probes 69
(Figure 1.34).1°® Here, Cu(l1) > Cu(l) reduction followed by demetallation and simultaneous N-
nitrosation of secondary aromatic amine occur with restoration of fluorescence emission (20-45

fold) in the range 550 nm to 625 nm.

=H H  OCH,CO,Et OCH,CO,Et

Figure 1.34 N-nitrosation of a copper complex.

These probes were found to be suitable to image endogenously produced NO in live RAW264.7
cells. Additionally, they display strong selectivity to NO devoiding the interaction of biological
reactive species which includes NO3", NO,’, HNO, ONOQ", OCI" and H,0..

Vilar et al.*®’ published a copper (I1) based NO sensor 70 (Figure 1.35) prepared by the reaction
between 4-N-octyl-N-methylaminosulfonyl-7-chloro-2,1,3-benzoxadiazole and N*-(Pyridyl-2-
ylmethyl)ethanel,2-diamine. The probe itself is highly fluorescent, however on reaction with
Cu(Il) it becomes non-fluorescent due to paramagnetic quenching by Cu(ll). Further reaction
with NO the regeneration of fluorescence at 580 nm was observed due to the release of free
ligand. This probe also shows good cellular uptake due to the hydrophobic lipid chain (octyl
group) and can be used for endogenous NO detection in living MCF-7 cells exploiting hormone
17 estradiol as the NO stimulator.

James et al.'® also reported a highly water soluble probe 71 (Figure 1.35) using 1,8-
naphthalimide as fluorophore and 8-aminoquinoline as Cu(ll) receptor. The introduction of a
hydroxyethoxyl side arm increases its solubility in aqueous medium as well as furnishes a
potential tool in the improvement of polymer-bound receptors. The probe itself is fluorescent but

becomes non-fluorescent on complexation with Cu(ll). However, NO treatment converted Cu(ll)
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to Cu(l). Due to little stability, this Cu(l) complex eliminates Cu(l), making the ligand free, with
simultaneous N-nitrosation on secondary amine group close to the quinoline moiety. This probe
also can detect HNO following the same mechanism at 534 nm (Aex = 450nm). After NO and
HNO treatment almost 18 fold and 32 fold fluorescence enhancement were observed. This dual

analyte probe also can be taken to image exogenously and endogenously produced NO in live

cells.
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Figure 1.35 Copper complex based NO probes.

Norton group*®®t7

also published a NO sensor 72 (Figure 1.35) using same strategy taking
coumarin as fluorophore. This probe generates strong blue fluorescence at 445 nm (Aex = 405 nm)
upon reaction with NO and can be suitably utilized for endogenous NO tracking. It delineates
very strong selectivity and sensitivity towards NO being little interfered by other reactive species
and permits the NO visualization inside a biofilm. The co-localization experiments by digital
image studies has expressed that NO production and conditions of oxidative stress take place
primarily in living organisms in the time of normal biofilm growth.

A ratiometric Cu(Il) complex based NO probe 73 (Figure 1.36) was reported by Lippard and

coworkers where hydroxycoumarin and fluorescein are linked by a piperazine spacer which
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allows Forster resonance energy transfer (FRET) process. It could directly detect NO by N-
nitrosation (11-fold fluorescence intensity, within 2 minutes) with improving the emission
intensity ratio of two fluorophores and showing LOD of 21 nM. This piperazine scaffold
improves resistance to the biological reductants and exhibits the enhanced cellular permeability

with subcellular localization.*"
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Figure 1.36 Two FRET based Cu complexes for NO sensing.

Another FRET-based Cu(ll) complex was designated as NO sensor 74 (Figure 1.36) by Patra
group*’® using rhodamine B and dansyl platform linked by a piperazine moiety. The probe itself
shows green fluorescence for dansyl group where addition of Cu(ll) facilitates the quenching of
fluorescence of dansyl fluorophore. Upon reaction of the probe with NO, Cu(ll) gets reduced to
Cu(l), making the complex unstable. This facilitates the release of Cu(l) which in turn
simultaneously induces nitrosylation on N-atom of the spirolactum ring, resulting a red
fluorescence ( Aem = 580 nm, 750 fold) with LOD value 1 nM. This probe also displays the
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negligible emission of metal bound probe as well as outstanding NO imaging capability in HelLa
cells with least cytotoxicity.

Lippard et al.}"® also synthesized a series of benzoresorufin-based copper complexes 75, 76, 77
(Figure 1.37) which display 1.5—4.8 fold emission increment at 625nm (Aex = 563 nm) in
response to NO and HNO. These probes can be employed for endogenous NO detection in HelLa
cells and RAW 264.7 macrophages. Mechanistically, here fluorescence magnification upon
reaction with NO occurs, due to the release of metal in its reduced state. The simultaneous N-
nitrosation to the metal free probe also occurs here. Whereas, HNO also reduces Cu(ll) to Cu(l)
with subsequent demetallation but N-nitrosation does not occurs here. Authors assume that the
lower regeneration of fluorescence upon treatment with HNO and NO may be due to tighter
binding of the probes with Cu(ll) which precludes 100% reduction and release of the probe.
These sensors show ample efficiency to detect NO and HNO in cuvette and living cells too.
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Figure 1.37 Benzoresorufin derivatives as NO sensors.

Duan et al.'"* has published a rhodamine—triethylene tetraamine Cu(ll) complex 78 (Figure1.38)
which on treatment with NO reduces Cu(ll) and follows N-nitrosation with opening of
spirolactam ring. This probe has attributed in 700-fold fluorescence magnification upon reaction
with NO as well as exhibited 1 nM detection limit in water with suitable application for
monitoring intracellular NO in MCF-7 cell. Mondal’s group'” has published a Cu(ll) complex
79 (Figure 1.38) attached with tridentate N-donor ligand for NO detection which exhibits 8.3
fold fluorescence enhancement at ~555 nm in aqueous medium due to the reduction of the metal
centre with 10 nM LOD.
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Figure 1.38 Structure of another two Cu complexes for NO detection.

Another well-designed copper complex based NO probe 80 (Figure 1.39) is consists of
napthalimide moiety which shows N-nitrosation upon treatment with NO having 8-fold
fluorescence generation at 530 nm (Aex = 466 nm). It has provided 1 nM LOD value in water
medium.*® This probe also specifically detects NO being unaffected by biological reactive
species like ClIO", NO,, NO3, H,0,, ONOO", and 'O,. Moreover, intracellular NO imaging is
also done by this probe.

Ali et al. has unveiled a dansyl-embeded turn-on NO sensor 81 (Figure 1.39). The probe itself is
highly fluorescent but on treatment with Cu(ll) it undergoes complexation and it’s fluorescence
intensity gets quenched dramatically (60 fold). The quenching of fluorescence intensity of this
Cu(Il) bound probe may occur due to PET process as well as paramagnetic effect of Cu(ll) ion.
However, on further treatment with NO the turn-on fluorescence occurs at 532 nm (Aex = 345 nm)
with 15 fold enhancement which might be due to PET blocking as well as the diamagnetic nature
of Cu(l) being coordinated to the probe *"”. The LOD value of NO detection was determined to
be 1.6 nM. This system also can be efficient enough to image exogeneous NO in HeLa cells.
This group also reported another copper complex based NO probe 82 (Figure 1.39) using

phenazine fluorophore which upon reaction with NO and HNO, gets reduced and fluorescence
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was regenerated at 560 nm (67 and 84% respectively, Aex = 400 nm). Here metal is still remain
bound to the ligand as proven by EPR study. This probe is found to be efficient to detect exo-

and endogenously generated NO and HNO in A549 and RAW 264.7 cells which can be
quantified by flow cytometry application.'’

NH OHHN

N
N

Figure 1.39 Structure and reaction mechanism of probe 80, 81, 82.
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1.4 Chemical and Biological Aspects of NITROXYL (HNO)

Nitroxyl is the simplest nitroso compounds (R-N=0, R=H) which undergoes dimerization (k = 8

x 10° M's™) like other C-nitroso derivatives and ultimately produces nitric oxide (reaction 4,
5) 179

0 O 0 Ar

2Ar—NO === >+1=§/\ £ =t 4)
Ar Ar Ar/ \(—)

HNO + HNO — HON=NOH — N,0 + H,0 5)

So like nitric oxide, nitroxyl is also an important biomolecules and exerts immense effect on
chemistry and biology. Though, its chemical activities are well understood, its physiological
and pathological impact has not been well uncharted. So a rapid and reliable method to
monitor HNO in living organism is highly demanding and attracting immense attentions of

chemists and biologists.

1.4.1 Nitroxyl in Chemistry

HNO may induce the following biological consequences in chemistry:

1.

This very fast self-reactivity of HNO makes a very difficult task to identify and detect
HNO in any endogenously generating systems.

The pK; value of HNO is reported to be 11.4 and is in well agreement between
experimental and theoretical values which indicates that the predominant species present
at physiological pH is HNO rather NO 1807

For normal acids, the protonation—deprotonation rates fall in the diffusion control limit
(~10'° s1). However, for HNO the proton transfer rate constant is slower than other acid-
base reactions. Thus, it may be said that, the formed anion (NO’) may have a sufficient
lifetime.

Because of the strong reactivity of HNO towards thiols it readily reacts with biological

thiol containing proteins and enzymes leading to the formation of disulfides. However,
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the reversiblity or irreversibility of this reactions depends upon the reaction
conditions. 8%

Both the oxidant and reductant behavior of HNO forces to consider the detailed
biological implication of HNO.'8*¢

Endogenous production of HNO is not well established, though formation of HNO from

NO through one electron reduction is difficult but possible.®’

1.4.2 Nitroxyl in Biology

10.

HNO exhibits its specific ability in increasing cardiac signal and decreasing venous
resistance simultaneously. HNO becomes an ideal drug for the treatment of heart failure
for these pharmacological traits.®*®

Tissue pretreatment with HNO defends against the ischemia-reperfusion toxicity.*’

HNO is efficient enough to interact with peptides and thiol proteins which leads to the
blocking of their functions.

HNO reacts with metalloproteins, either at the metal center or with ligands.

The high concentration of HNO leads to toxicity due to the oxidation of biomolecules.®’
Previously reported information indicated that HNO could activate sGC, resulting to
increase in cGMP which finally causes vasorelaxation.

The impressive and significant therapeutic activity of HNO, is its role in failing hearts.
HNO also enhances Ca®* cycling, Ca** sensitivity of myofilament, obtaining a combined
arterial and venous dilation without affecting the heart rate*®*

HNO interacts quickly towards cysteine proteases as well as different cysteine derived
proteins, modifying their activities.

The highly reactive nature of HNO towards thiols of proteins and enzymes to generate
corresponding disulfides or sulfinamides inhibits their activity. ****%*

In addition, HNO induced signalling process is distinct and different from the NO
mediated signalling in case of thiol modification. NO-mediated thiol moderation
generally consequences in the production of S-nitrosothiol*®* requiring a one-electron

oxidant to transform NO to nitrosonium (NO™) derivative. Whereas, HNO interacts with
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thiol derivatives without any “pre-activation” leading to the formation of disulfide or
sulfinamide (via N-hydroxysulfenamide intermediacy). Thus, it is getting more clear that
HNO signalling is totally different from NO signalling.

11. HNO activates cardiac sarcoplasmic ryanodine receptors affording important strategies
for the therapy of cardiovascular disorders.'*®

12. HNO also functions as an efficient vasodilator inducing positive inotropic/lusitropic

consequences as well as inhibiting platelet aggregation.”****
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Figure 1.40 In vitro formation of HNO.

1.4.3 HNO Donors

Self-dimerization of HNO subsequently generates N,O and water which prevents the storage of
HNO. So there was a need to generate some stable donors of HNO for chemical and biological
studies. Fortunately, chemists have synthesized some manageable stable donors of HNO which

are enumerated below.
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1.4.3.1 Angeli's salt

Angeli's salt (AS) is one of the well-studied and most utilized HNO donors named as sodium
trioxodinitrate (NazN,0s).*****?! Due to its easy synthetic procedure and stability for longer
period at low temperature and instant release of HNO in aqueous solution the scientists have
utilized it for most of the biological and pharmacological studies. It decomposes spontaneously
to produce equivalent amount of HNO and NO;, at pH>4 (reaction 6) and rate of thermal
decomposition remains almost indifferent in the pH range 4-8 however rate decreases at pH
higher than 8.0. At pH<4 Angeli’s salt releases NO'®, so studies at acidic condition must be
carefully interpreted.

N,03" +H" - HNO + NO; (6)
1.4.3.2 Piloty's acid and derivatives

N-hydroxysulfinamides, also named as Piloty's acid was found to be stable at lower pH and it

releases HNO on elevation of pH (reaction 7).*’

0 H 0
S:N-oH oM S (7)
S ‘0
@f 0o — @( + HNO

So, it liberates HNO at pH beyond the biological conditions. Additionally, at biological pH it
gets oxidized to release NO rather HNO.'® So this pH parameter limits the use of these
compounds as HNO donor.

1.4.3.3 HNO-generating diazeniumdiolates

A Diazeniumdiolate [( XN(O)=NO") may act as a source of HNO or NO based on the nature of
X as nucleophile. It is observed that when X= O, it is Angeli’s Salt, a source of HNO; When
X=R:1R,N, (secondary amine) it acts as a source of NO. ** However, the primary amine makes it

HNO releaser at biological pH similar to Angeli's salt?® (reaction 8,9,10) % 2%
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Bio-active /()- Bio-active

=Ty, —» 0 8)
N—O"
A diazeniumdiolate ion
(X=a nucleophile residue)

[RNH—N(O)=NO[=== [RN= N(())—Nnor_»@mwo- )
0
0
I H* |
PN [ N:\
R,N~ + "N— RN~ F SN0
2 | I (10)
H
[RNH — N(0) = NO]~ = [RN = N(0) — NHO]™ - HNO + RNNO~
RNHNO — RNN* + HO™ - ROH + N, (11)

N-nitrosated primary aliphatic amine (RNNO™) (Reaction 11) is unstable than corresponding

secondary aliphatic amine as first one finally converted to N, and alcohol as final product. So,

NONOates exploited primary amines can be more precisely used for application of HNO in vivo.

1.4.3.4 Nitrosocarbonyls

Nitrosocarbonyl compound is also denoted as another class of HNO donor which are

spontaneously hydrolases in aqueous solution to produce HNO and corresponding carboxylic

acid (Reaction 12). However, this type of in situ HNO precursors has not been well-studied for

biological information.

RJ-LN + H0—> RJLOH+ HNO (12)
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1.4.3.5 Hydroxylamine

Considering oxidation state, NO is converted to HNO, N, and then NH,OH. So 2-electron

oxidation can make NH,OH to HNO.?*® Till date, the NH,OH can’t be used as HNO source in

biological sample analysis. Donzelli group®* has illustrated indirectly the oxidation of NH,OH

by HRP (horseradish peroxidase) which releases HNO getting trapped by GSH (Reaction 13).
RSH + HNO — RSNHOH — RS(0)NH, (13)

1.4.3.6 Cyanamide

Cyanamide is an anti-alcoholism drug which may be applied as HNO releasing agent in the
treatment of cardiovascular problems. Due to oxidation by the enzyme catalase, cyanamide is

activated which leads to the formation of N-hydroxycyanamide intermediate. This gets

decomposed to produce cyanide and HNO (Reaction 14).'%

catalase/H,0, HO,

NH,CN » N-CEN—/ HNO+ CN + H* (14)

7’

Though this cyanide formation has limited the use of cyanamides still cyanamide accomplishes
both the practicability of clinical application of HNO donating agent and shows the efficiency to

selectively attack protein thiols.
1.4.3.7 Acyloxy nitroso compounds

To perceive the deeper knowledge about the pharmacological applicability of HNO it is
necessary to develop a variety of HNO donors, complimentary of Angeli's salt.?®® This newly
derived HNO donor will confirm about the biochemistry of only HNO not its decomposed
species. Following this theory a new HNO donor alpha-acyloxy-C-nitroso compound has been

prepared by King laboratory (Reaction 15). 2%

N"P O_R" HO 0 i 15
RXR'B’ — 2 %  HNO+ RJLR"" "R’U‘OH (%)
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These compounds can be easily prepared by the oxidation of oximes and releases HNO at
physiological conditions. The HNO release is envisaged through the hydrolysis of ester or by the
activity of esterase and the release rate may be controlled by the rational choice of organic
moieties. Due to the constructional adjustability, this type of releaser may take an significant role

in drug discovery with exact pharmaco-kinetics and distribution profiles.

1.4.4 Different Type of Fluorescent Sensor for HNO Detection

The development or establishment of the biological and chemical profile of HNO is very crucial
and requires sophisticated HNO detection methods. Previously this includes (i) recognition of
sulfinamides arising from biological thiols trapped with HNO by high pressure LC-MS, (ii)
identification of the nitrosyl mediated product found from ferric heme proteins by UV-Vis or (iii)

192224 of these methods has led to the

by EPR spectroscopy. The lower selectivity and sensitivity
development of fluorescent probes following different strategies:
A. Fluorescent probe on complexation with Cu(ll) becomes non-fluorescent which on
subsequent treatment with HNO fluorescence is regenerated.
B. Triphenylphosphine-based probes which after reaction of HNO liberate the fluorescent
dye (Staudinger ligation).
C. Nitroxide-based pro-fluorescent (turn-off) probes on reaction with HNO is reduced to
hydroxylamine with the generation of fluorescence.
D. A non-fluorescent species generated through the attachment of 2-mercapto-2-
methylpropionic acid and a fluorophore. This probe upon HNO treatment forms an N-
hydroxysulfenamide species. Finally this species is converted to the intramolecular

cyclized product and the fluorophore resulting the regeneration of fluorescence intensity.
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Figure 1.41 The established strategies of HNO recognition by various types of fluorogenic
probes like A. reduction of copper complex, B. Staudinger ligation of triphenylphosphine, C.
proton abstraction by nitroxide radical, D. fluorophore regeneration from 2-mercapto-2-

methylpropionic acid.

These fluorescent based HNO probes reveals many advantages over some previously used
methods in terms of selectivity and specificity for HNO detection with distinct mechanism

(Figure 1.41). These methods also show their capability to track HNO in living organisms also.

1.4.4.1 Cu(Il) complex appended HNO Probes

Nitroxyl displays interaction mainly towards heme proteins which go through the reductive

nitrosylation. Another example of colorimetric HNO detection occurs by Mn"' porphyrins
11

system through reductive nitrosylation which easily differentiate HNO and NO. Mn™" porphyrins
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system reacts with HNO through very quick and specific way that concomitantly forms the
{MnNO}’ complex (Kpmoy = 10° M™ s™), showing least reactivity towards NO donors.”®” This
reactivity of HNO towards metal complexes was extended largely to the Cu" complex appended
HNO probe. This mechanism was first pioneered by Lippard group by reporting a probe 83
(Figure 1.42) where, a tripodal dipicolylamine unit is attached with BODIPY fluorophore
through a triazole bridge. Here, emission of the probe gets quenched upon addition of the Cu"
ion due to PET mechanism which further restored at 526 nm (4.3 fold enhancement, A. = 450
nm) by the treatment with Angeli’s salt without interference by other biological reactive species.
Here, Cu" is reduced to Cu' and PET process is inhibited. This probe is eligible to detect
exogeneous HNO in HeLa cell. They also studied the reduction power of Cu" ion in presence of
biological reductive species like cysteine which also shows the fluorescence enhancement due to
Cu' formation but the cell imaging study clearly indicates that the normal intracellular cysteine
concentration can’t reduce the Cu'" to Cu'.?®

After this primary report using such novel strategy, researchers get impetus to generate different
type of more improved Cu" complex based HNO sensors.*?®?!2 Yag et al. has developed
Cu(Il)-based HNO probe 84 (Figure 1.42) using coumarin fluorophore keeping fixed the
coordination site like Lippard’s pioneering work where, HNO sensing has been studied by both
fluorescence and EPR spectroscopy.”®” In this probe the attributing PET mechanism between
fluorophore to chelating Cu(ll) gets inhibited due to conversion of Cu(ll) to Cu(l) which
consequences 17.3 fold fluorescence restoration at 499 nm. This probe also can detect
exogeneous HNO in A375 cell with ample efficiency. Yao group has further developed an
analogous HNO probe 85 (Figure 1.42) by a simple improvement in the coordination site by
changing one of the pyridine group by an ester group®® which makes the probe more cell
permeable and monitors HNO in living cells as well as in vertebrate in vivo. In this work the
probe is interfered by cysteine which can also be avoided by the use of masking agent N-
ethylmaleimide (NEM). In spite of these important modifications these probes contains some
shortcomings like high energy demanding absorption as well as emission with comperatively
short Stokes shifts.
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Figure 1.42 Structure and HNO reaction mechanism of copper complex 83,84,85.

To overcome these limitations, Lippard group has also developed a novel benzoresorufin
embedded Cu(ll) complex based HNO sensor 86, 87, 88 (Figure 1.43) where they employed
aminoquinoline and methyl pyridine as Cu binding site. Mechanistically HNO has converted
Cu(ll) to Cu(l) with removal of metal ion and concomitant generation of fluorescence intensity.
These probes are also capable for HNO detection in RAW 264.7 macrophages and HeLa cells."
Near-infrared (NIR) light is superior one due to its less photo damage, negligible background
noise and tissue penetrating ability with respect to the visible light. The NIR Probe 89 (Figure
1.43) has been reported by Lippard group utilizing a dihydroxanthene fluorophore which exhibits
5-fold emission peak enlargement centered at 715 nm upon reaction with HNO without any
interference by H,S and thiols including NO. Here, multicolor imaging analysis shows the HNO-
influenced enhancement of cellular mobile zinc.?* They have also demonstrated another Cu(lI)-
complex based HNO sensor 90 (Figure 1.43) where tetramethyl-rhodamine unit acting as a
fluorophoric moiety linked to a copper chelating scaffold cyclam. Upon reaction with HNO, 4-
fold increase in fluorescence emission peak (Aem = 580 nm) was noticed. This probe is potent

also to monitor HNO in biological environment.?*?
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Figure 1.43 Structure of some other copper complexes for HNO sensing.

James group published a highly water soluble copper complex 91 (Figure 1.43) where
napthalimide moiety acts as fluorophore and ethylenediamine—8-aminoquinoline as chelating
agent. The probe 91 upon treatment with HNO/NO exhibits a significant increase in fluorescence
at 534 nm. This is because of the reduction of Cu(ll) to Cu(l) and simultaneous N-nitrosation to
the metal free probe followed by release of Cu(l). This probe was found to be useful for
biological application. **®

Xing and coworker reported a HNO sensor 92 (Figure 1.43) embedding, hemicyanine
conjugated carbazole (fluorophoric moiety) and bipyridine-triazole-Cu(ll) complex (receptor).
They have shown that H,S abstracts Cu®* as CusS, resulting the recovery of the fluorescence of
the probe, while HNO simply reduces Cu** to Cu® resulting an enhancement of the emission
intensity. The probe 92 holds separate dispersity and binding capability towards Cu?* resulting
in the distinct monitoring of H,S and HNO in various SDS micellar environment. This probe
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upon treatment with Angeli’s salt shows an obvious increment in fluorescence emission at 595
nm along with LOD 23.0 uM. Though this probe is interfered by H,S but shows ample
selectivity towards HNO detection in liposomes.?*®

Palanisamy and co-workers developed Cu(ll) complex based highly fluorescent material 93
(Figure 1.43) which could monitor HNO through quenching of fluorescence due to the
quantitative HNO induced reduction of paramagnetic Cu(ll) at 450 nm (Aex = 358 nm). The
authors claim that the probe 93 has no individual binding sites towards Cu?* and hence in the
presence of Cu®" it fluoresces due to PET blocking. However, upon reaction with HNO, Cu®* is
reduced to Cu® thereby induce the PET process and it becomes non-fluorescent. The LOD value
for the detection of HNO was estimated to be 9.05 uM and finds applications in live cells and
zebrafish model devoiding of any interaction from biological reactive species in living

organism.”**
1.4.4.2 Triphenylphosphine-based (Staudinger ligation) HNO probes

The extensively used triphenylphosphine embedded nitroxyl probes (Figure 1.44) (where R; is
the fluorophore moiety) are bio-orthogonal, as the phosphine is abiotic in nature and almost
unreactive towards native biomolecules present in the living cells.?>*® With respect to the metal
based HNO sensor, this type of probes are quiet reductant resistant towards reducing agents
present in the bio-system and thus showing highly selective fluorescence response towards HNO.
It is reported that the reaction between phosphines and Nitroso compounds, generates equivalent
amount of phosphine oxide and azaylide, via hetero three-membered ring intermediate (Figure
1.44).215,217

In this strategy, an intramolecular nucleophilic attack of ylide amine (P=NH) to the C=0 of the
ester group occurs, leading to the formation of transient five membered ring. This is the key step
of the reaction after which the intermediate is stabilized by release of alcohol and the remaining
species is hydrolyzed to produce ultimate product, benzamide phosphine oxide (Figure 1.44).
This specific chemically stable benzamide, formed from this reaction, is represented as the
distinct HNO marker.
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Figure 1.44 Mechanism of Staudinger-ligation based HNO sensing.

Exploiting this strategy, Nakagawa has pioneered the HNO probe 94 (Figure 1.45) taking
triphenylphosphine moiety as the HNO recognition site and rhodol as fluorophore where amino
group was acylated with benzoic acid.?*® This upon HNO treatment shows dramatic increment in
fluorescence at 526 nm (Aex = 491 nm) being hardly interfered by biologically reactive molecule
like H,S, GSH, AA, etc. This probe recognizes HNO found from different systems and describes
the applicability to detect fluorescence in A549 cells upon addition of HNO.

RErerat

=

94

Figure 1.45 First Staudinger-ligation based HNO sensor done by Nakagawa.

By employing the pioneering mechanism, involved in triphenylphosphine embedded nitroxyl
probes, a number of Staudinger ligation based HNO probes has been largely emerged. Though
they have followed the same mechanistic strategy but can be divided into two types a) intensity-
based probe (turn-on): this type of probe has shown turn-on fluorescence response upon
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treatment with HNO at a fixed wavelength. b) Ratiometric probes: These probes have allowed
the analysis of photo-physical properties at various wavelengths.

Tan group reported an intensity-based fluorescent probe 95 (Figure 1.46) using simple 7-
substituted coumarin which shows 76 times fluorescence magnification at 450 nm in water. This
probe was also found to detect HNO in bovein serum with moderate efficiency; as HNO reacts
with thiols present in serum. This probe responses selectively towards HNO without interference
by other reactive species and exhibits a 20 nM LOD.?**

Bhuniya et al. has published a resorufin embedded Staudinger ligation based HNO sensor 96
(Figure 1.46) which has revealed the 30 fold fluorescence enhancement centered at 590 nm (in
naked eye, yellow transformed to pink, Ae=565 nm) with 20 nM detection limit.”® The authors
also performed cell (in vitro) as well as nematode (in vivo) imaging studies implying the
efficiency of 96 for monitoring HNO level in the living systems.

Another fluoresceine based HNO probe 97 (Figure 1.46) has been reported by King et al. which
upon incubation with Angeli’s salt shows emission intensity at 520 nm with least disturbance
from biological reductant species. HNO detection is performed also in HelLa cells by confocal
fluorescence microscopy and also by mass spectrometric studies of cell lysates.?*

Thinking about the benefits of NIR light in bio-organisms a NIR probe 98 (Figure 1.46) was
reported by Chen group using BODIPY fluorophore and triphenylphosphine recognition unit.
This probe fluoresces at 700 nm with 60 nM LOD value and visualizes lysosomal HNO in RAW
264.7 cells, due to lysosome tracker morpholine unit. Additionally the probe can be successfully
applied for the recognition of HNO in mice model.??? They have further developed the HNO
probes 99,100 (Figure 1.46) on the basis of BODIPY fluorophore with slight modifications.
These probes are strongly selective and sensitive (LOD 30 nM) towards HNO having
applicability in bioimaging study of HNO in live cells as well as in mice model.?** ?** Utilizing
flow cytometry analysis the authors has highlighted that the probe can potentially detect
intracellular HNO qualitatively and quantitatively.

There are another two NIR fluorescence probe 101 and 102 (Figure 1.46) reported by Sun and
Yang group where merocyanine skeleton was used as fluorophore. There is a slight structural
difference between 101 and 102 with an ester group was attached to merocyanine N-atom in 101
while a benzyl group in 102. While probe 101 displayed fluorescence response towards
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lysosomal HNO with LOD value 0.043uM (Aex = 680 nm, Aem = 696nm), 102 specifically detects
mitochondrial HNO with LOD value 60 nM (Aex = 727nm, Aex = 690 nm).>>22°

As under the physiological condition, HNO is produced from the interaction between H,S and
NO, it is very difficult to correlate H,S and HNO precisely by a single fluorescent sensor.
However, the bifunctional fluorescence probe 103 (Figure 1.46) can monitor the generation of
endogenously produced HNO and H,S sequentially which was synthesized using NBD
(fluorophore) and 2-(diphenylphosphine) benzoate (reaction site) by Niu et al. carrying detection
limit 1.42 uM, and 0.46 uM for HNO and H,S detection, respectively.?’’ The probe was
effectively employed for H,S and HNO detection in MCF-7 cells being a smart and efficient
agent for interdependent detection of endogenously produced HNO generated from the reaction

of H,S and NO in living cells.

Figure 1.46 Structures of some intensity based HNO probes 95-104.

An NIR based fluorescent HNO sensor 104 (Figure 1.46) has been reported by Zhang group by
employing (2-(4-hydroxystyryl)-4H-chromen-4-ylidene) malononitrile (fluorophore) and 2-
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(diphenyl-phosphino) benzoate (recognition moiety). This one displays very fast reaction (within
2 min) with HNO and fluoresces at NIR emission (700 nm) with a large Stokes' shift (150 nm),
that are suitable to track dynamic and transient HNO in living organisms.??®

The recognition of HNO by the probe 105 (Figure 1.47) involves a slightly different mechanism
where HNO induced cascade reaction is prevailing resulting an imino-coumarin as the green
fluorescent final product.””® This probe makes very quick and selective responses towards HNO
at 520 nm with LOD 9 nM in presence of some biological redox species and can be efficiently
utilized to detect HNO in living HeLa cells and zebrafish larvae.

N _CIJ
Ph, HN=p
Ph,
105 l
S
XN
LN 0] H

Figure 1.47 Staudinger based cascade reaction by HNO of probe 105.

Very recently, another NIR based HNO probe 106 (Figure 1.48) was fabricated which illustrates
the brilliant advantages in HNO detection through NO and H,S cross-talk, associated with very
large Stokes shift (303 nm), sharp selectivity, rapid response (15 min) and strong sensitivity
(LOD of 59.6 nM). In this probe the dicyanoisophorone moiety is in conjugation with
benzothiazole unit resulting NIR emission at 728 nm.° Authors have also demonstrated that the
probe is capable enough to visualize exogenously generated HNO in mice in vivo.

Jiang group has reported a non-emissive HNO sensor 107 (Figure 1.48) with large stokes shift
(160 nm) and emits at NIR region (Aem=740 nm, A=580 nm) with detection limit 0.05 uM. This
probe shows fast response (600s) with high selectivity and ample potency to image

endogenously secreted HNO in live cells. **
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Li group has constructed a multichannel fluorescent probe 108 (Figure 1.48) which provides
different emission profiles, towards peroxynitrite and hypochlorite (Aem = 450 nm, blue
emission) and HNO (Aem = 540 nm, green emission) in a facile manner. Also this probe
delineates real-time response to the peroxynitrite along with nitroxyl in Hela cells. *2

Zhu et al. fabricated a metal free NIR probe 109 (Figure 1.48) conjugating dicyanomethylene-
4H-pyran and triarylphosphine moieties which upon exposure to HNO gives fluorescence
emission at 688 nm with the opportunity for in vivo imaging in zebrafish models.?*

A cyanine appended turn-on red-emissive fluorescent probe 110 (Figure 1.48) was constructed
by Wang group which exhibits emission at 780 nm with 15 nM LOD and able to detect exo- and
endogenous HNO without any interference from background fluorescence.?** Another coumarin-
semirhodamine based HNO fluorescent probe 111 (Figure 1.48) has exhibited synchronous and
unhampered fluorescent output in green (Aem = 520 nm) and in NIR (Aey, = 673 nm) region both,
with LOD value 111.6 nM being able to detect HNO in vitro and in vivo.?

Figure 1.48 Structures of some intensity based HNO probe 106-114.
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Peng and group has designed a two-photon fluorescent sensor 112 (Figure 1.48), illustrating the
NO-H,S cross-talk with rapid visualization towards HNO in endoplasmic-reticulum. The weak
fluorescence gets enhanced due to reaction of HNO at 555 nm (Aex = 450 nm) with excellent
selectivity, good sensitivity (32 nM), rapid response (2 min.), low cytotoxicity and accurate
imaging in endoplasmic-reticulum.?*

Wei et al. has fabricated an isophorone bounded NIR HNO fluorescent sensor 113 (Figure 1.48)
showing large stokes shift (265 nm), strong sensitivity (LOD 39.6 nM) with efficient detecting
capability to endogenously produced HNO in Hela cells and zebra fish.?’

Liu group has disclosed a BODIPY based NIR HNO probe 114 which emits at 740nm with LOD
12 nM and applicable in HNO tracking in Hela cells (Figure 1.48).2%®

Other than popular Staudinger method, the probe 115 (Figure 1.49) is fabricated with
napthalimide-dansyl fluorophore moiety and benzeneboronic acid pinacol ester as reacting
group. This probe upon interaction with HNO undergoes hydrolysis to form aromatic alcohol
revealing the increase in emission intensity at 555 nm with a detection limit 0.44uM. This probe
exhibits high tolerance as well as least cytotoxicity in the wide array of biological pH. Overall

this probe is a promising tool to recognize HNO in live cells and in mice liver.*®

fA S Oy = X ;“‘”‘"’”,,c,‘

HO
Weak fluorescence Strong fluorescence

115

Figure 1.49 A different mechanism for HNO sensor 115.

Back to the Staudinger-ligation based HNO probe, 6-hydroxyl-quinonline-2-benzothiazole based
two photon HNO sensor 116 (Figure 1.50) with excellent selectivity and sensitivity (LOD =
0.19 uM, Aem =550nm) along with fast response (20 min) has been developed by Li group. Due
to strong cell penetrating capability and little bio-toxicity, this probe has been promisingly
demonstrated to be useful for monitoring fluctuations of HNO concentration qualitatively, along

with bio-imaging application by two-photon confocal microscopy.?*°
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Ma group has disclosed a fluorescent probe 117 (Figure 1.50) for quantitative HNO detection
using naphthalene backbone (Aex = 360 nm, Aery = 500 Nm). This probe exhibits a distinct change
in fluorescence emission in the large array of pH (1-10) providing a detection limit 43 nM with
low cytotoxicity in living HepG2 cells.?*

Another two-photon HNO probe 118 (Figure 1.50) using 6-acetyl-2-naphthol system was
published by Zhang group which has shown more than 140 fold increment in fluorescence
emission at 432 nm and 78 nM LOD value with efficiency in HNO imaging in HeLa cells.?*
First bioluminescent fluorescent HNO probe 119 (Figure 1.50) has been reported by Li et al.
which reveals a 10 nM detection limit towards HNO and can be a potent candidate to detect
HNO in living cells and mice model successfully along with strong signal-to-noise ratio
devoiding of auto-fluorescence.?*®

A robust, reductant resistant ICT based NIR fluorescent probe 120 (Figure 1.50) was designed
by Yang group which exhibits rapid HNO sensing at 676 nm (within 5 min) with large stokes
shift (131nm). This probe visualizes endogenously produced HNO by NO/H,S crosstalk in cells

and tissues of live mice with 0.09 uM detection limit.?*
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Figure 1.50 Structure of some intensity based HNO sensors 116-123.
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Chai group fabricated a NIR fluorescent probe 121 (Figure 1.50) having tumor targeting ability
in vivo which is consisted of hemicyanine moiety as fluorophore and biotin moiety to confer the
tumor-targeted delivery. This non-fluorescent probe shows 20 fold fluorescence enhancement
upon HNO treatment at 708 nm (kex = 670 nm) which also can detect HNO in mice tumor in
vivo. 2

Staikopoulos et al. has evaluated, for the first time, the endogenous production of HNO in
myocardial like cells. They have derived super bright, non-cytotoxic, highly specific rhodol
based HNO fluorescent probe 122 (Figure 1.50) exhibiting 75 fold fluorescence enhancement
(in HBSS buffer) with extensive validation in the application in various biological systems
utilizing both spectroscopy and confocal microscopy.®*®

Another mitochondria targeted NIR probe 123 (Figure 1.50) has been reported by Wang group
which demonstrates the rapid (within 4 min) detection of HNO through fluorescence
enhancement in the NIR region (700 nm) showing LOD 13 nM. This probe locates HNO mainly
in mitochondria with Pearson’s colocalization coefficient 0.84 and visualizes exo- and
endogenous HNO in HelLa cells produced by the NO and H,S cross-talk. It also exhibits
remarkable imaging performances towards in vivo and ex vivo HNO in mice.?’

Very recently some phosphine based ratiometric probes has revealed significant role in HNO
detection. Zhang group has demonstrated a napthalimide appended HNO probe 124 (Figure
1.51) which itself emits blue fluorescence at 418 nm but after HNO addition it emits at 546 nm
with excellent selectivity and sensitivity (LOD 0.5 uM).?*® It also probe possess a high resolution
bioimaging capability in living RAW 264.7 macrophage cell.

Another ICT based ratiometric and colorimetric probe 125 (Figure 1.51) was synthesized by the
same group which upon HNO treatment has shown a large red-shift (185 nm) in UV spectrum
(blue from yellow colour in naked eye) with enhancement in emission peak at 614 nm,
displaying 10 nM LOD and application in biological system.*

Zheng group has demonstrated a ratiometric HNO detector 126 (Figure 1.51) structured on
BODIPY-coumarin platform. This probe upon AS treatment exhibits a shift in emission
wavelength by 129 nm with gradual increase in fluorescence at 463 nm and decrease at 592 nm

having LOD 0.27 uM.ZSO The ample sensitivity and selectivity, low cytotoxicity and membrane
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diffusibility affords this probe suitable for fluorescence ratiometric imaging of HNO in SMMC-
7721cells.
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Figure 1.51 Some Staudinger-ligation based ratiometric HNO sensor 124-129.

An ESIPT based ratiometric probe 127 (Figure 1.51) containing benzothiazole fluorescence
moiety has exhibited a gradual increment in fluorescence intensity at 460 nm with concomitant
decrease at 380 nm upon HNO treatment. This probe can be applied for HNO imaging in living

organisms also.?**

Another flavone based fluorescent probe 128 (Figure 1.51) was also reported
by Zhu et al. having LOD 0.128 uM which recognizes HNO by development of fluorescence
intensity at 520 nm (Aex =344 nm) and can be employed for HNO monitoring in aqueous solution
and in biological fetal bovein serum.?*?

Here another FRET based ratiometric HNO fluorescent sensor 129 (Figure 1.51) was
constructed by Sun group using coumarin-fluorescein conjugate where fluoresceine moiety is
attached with HNO receptor phosphine moiety. The fluorescence intensity of the probe was
decreased at 470 nm and increased at 517 nm upon addition of AS. This probe has displayed
rapid reactivity towards HNO with high sensitivity (LOD 1.4 uM) as well as strong selectivity,
among variety of reactive analytes under biological circumstances and can be applied for

intracellular HNO imaging in a ratiometric way.?*®
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Tan group has designed a ratiometric HNO probe 130 (Figure 1.52) where, FRET mechanism is
operative due to the energy donor naphthalene and energy acceptor rhodol system conjugated
with HNO marker phosphine group. Upon addition of angeli’s salt the emission of the probe has
diminished at 448 nm and simultaneously increased at 541 nm with LOD 0.59 puM. By two
photon microscopy, this sensor also can be applied for HNO detection in tissues and living
cells.?

Another ratiometric HNO probe 131 (Figure 1.52) was demonstrated by Yang et al. using a
benzo-coumarin and rhodol system which also displays FRET mechanism. After treatment with
AS the probe has shown the diminishing of fluorescence emission at 470 nm with the obvious
enhancement at 540 nm. This differently designed probe can be utilized in endogenous detection
of HNO in HUVECs cells and in rat brain tissues, released from NO - H,S cross-talk through

two-photon bioimaging microscopy in ratiometric way. >
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Figure 1.52 Structures of some ratiometric HNO sensor 130-135.

Yuan et al. for the first time, unveiled the biological evaluation of a ratiometric BODIPY based

micellar nanoprobe 132 (Figure 1.52) to monitor HNO in water both in vitro and in vivo. It
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interacts with HNO resulting the change in fluorescence intensity i.e., increase at 601 nm and
decrease at 568 nm (Aex = 480 nm). It exhibits brilliant stability, selectivity and sensitivity with
8.82 nM LOD, possessing the eligibility to capture HNO endogeneously in zebrafish larvae.?*®

T. D. James group has revealed another ratiometric HNO fluorescent sensor 133 (Figure 1.52)
based on two isophorone units which delineates the diminishing of fluorescence peak at 552 nm
with simultaneous development of the fluorescence at 606 nm containing iso-emissive point at
574 nm (green region to red region emission shift, LOD = 1.01uM) upon HNO treatment. This
ratiometric imaging also has been performed in the detection of exo- and endogenously generated
HNO in HeLa cells at physiological environment. It has also been used in solid-state
fluorescence emission readout in the form of portable test strips.”>’

Xu group has used Rhodol-coumarin conjugates to design a ratiometric HNO probe 134 (Figure
1.52) which upon HNO addition makes the non-fluorescent spironolactone form to fluorescent
xanthene structure. The emission wavelength was shifted from 470 nm to 543 nm due to FRET
mechanism where, coumarin derivative acts as an energy donating and rhodol moiety as an
energy accepting unit. It also shows ratiometric HNO detection in HEPG2 cells.?*®

For the first time an aggregation induced emission based ratiometric HNO sensor 135 (Figure
1.52) was published by Li group. AS makes this probe highly fluorescent by 10 fold with the
shifting in emission wavelength from 670 nm to 618 nm. Here, the probe has executed 157.6 nM
detection limit to HNO. It also facilitates the real time detection of HNO in live sample (MCF-7

cells).?

1.4.4.3 Nitroxide-based prefluorescent probes

4-Hydroxy-TEMPO (TEMPOL) interacts with HNO through the hydrogen atom absorption from
HNO by the nitroxide radical.?® With the knowledge of this mechanism, Toscano et al.
constructed a nitroxide based prefluorescent probe 136 (TEMPO-9-AC) conjugating TEMPO
with acridine at 9 position through the intervening —CONH- bond (Figure 1.53). The probe is
weakly fluorescent. However on treatment with HNO, it becomes highly fluorescent (Aem = 430

nm) with great selectivity towards HNO being inert to NO in water medium. There exists the

67



chance regarding HNO abstraction by the incipient nitric oxide, limiting its use in biological

milieu.?°
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Figure 1.53 Mechanism and structure of radical based HNO sensor 136.
1.4.4.4 2-Mercapto-2-methylpropionic acid-based fluorescent probes

A newly designed fluoroscent probe for HNO sensing has been demonstrated, in which 2-
mercapto-2-methylpropionic acid acts as HNO identifying unit being attached with the
fluorescent dyes. The mechanism involves a rapid reaction between 2-mercapto-2-
methylpropionate and HNO which results in the generation of analogous N-hydroxysulfenamide
species. This intermediate undergoes cyclisation and finally releases the fluorophore (Figure
1.41 D). Here probes 137 and 138 (Figure 1.54) are synthesized using coumarin and
fluoresceine as fluorophore respectively, follow the above mentioned mechanism in HNO
detection. The probe 138 is highly selective to HNO even in presence of thiols and provides

opportunity to perform live cell imaging of HNO successfully.?6122
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Figure 1.54 2-Mercapto-2-methylpropionic acid based HNO probes 137,138
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1.5 Objective and Aim of the Thesis

Though the biological reactive species are potentially cytotoxic in higher concentration still they
play the pivotal role as signal transducers in growth factors and biomechanical forces when they
are present in physiologically tolerable level of concentration. 2°*%%* Nitric oxide (NO) and
nitroxyl (HNO) are crucial leading members among these reactive biomolecules for their
biological and pathological activities. Like the physiological messenger molecule, NO has very
short life time with lipophilicity and strong diffusibility playing a key role in different signaling
actions like vascular smooth muscle relaxation, defense against microbial pathogens, immune
response, apoptosis etc. It is also related with amyotrophic lateral sclerosis (ALS), Parkinson’s
and Alzheimer’s diseases etc.?®® In mammals, endogenous NO is generated from arginine by a
family of three different gene-encoded iso-enzymes which are neuronal (nNOS), inducible
(iNOS) and endothelial (eNOS). All these isozymes of NOS enhances the reaction rate to
generate NO in presence of calmodulin. NO displays its actions through both cGMP-dependent
and independent way which consists of post-translational moderations in cysteine, tyrosine. Also
it is associated with gene transcription, genotoxic damage, modification in cell-cycle check
points, apoptosis and DNA renovations etc. These numerous functions of NO in the tumor area is
connected to heterogeneous cell signalling with specific attention in the controll of the stress
response generated by the hypoxia inducible factor-1 and p53 which commonly leads to growth
arrest, apoptosis or adaptation.

Nitroxyl (HNO) is another nitrogen species with one electron reduced and protonated
analogue of NO that regulates cellular function and acts as important alternative in therapeutic
application. Like NO, HNO also exerts its efficacy as a famous signaling molecule in different
biological processes. Because of its strong chemical functions, nitroxyl can spontaneously
interact with thiols to produce disulfides or sulfinamides diminishing the enzyme’s sensitivity.
HNO also depicts the distinct capability to stimulate cardiac sarcoplasmic ryanodine receptors
and can impart significant strategies for the therapy of cardiovascular disorder. Therefore the
bio-chemical field of NO and HNO with rapid and reliable detection strategies using the
development of organic probes is an active and exciting area of research field to explore their

roles in living biological systems. Considering these important traits and challenging perspective
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of these biomolecules we have developed some fluorescent NO and HNO sensors which
successfully meet the following salient features:

a) Due to the fast reactivity and connection in physiological process it is very necessary to
develop NO and HNO probe which will provide fast response towards these molecules well in
the biological system.

b) Classical OPD based NO sensors are facing interference from some other biomolecules like
AA, DHA, MGA etc. It may also be affected by pH leading to false positive response. So
strategically we have developed some NO/HNO sensors which work differently to avoid these
type of problems.

¢) NO and HNO detection by the probe should be selective by the fluorescence ‘ON’
mechanism as the ‘OFF’ mechanism may lead to the misinterpretation of the data. Quantum
yield ( 6 ) and limit of detection also should be determined to know the efficiency of the probe in
biological milieu.

d) We will also delineate the kinetics and mechanism of the probe when reacting with the HNO
and NO so that a clear picture of the mechanism of interaction could be recognized.

Therefore, taking these key points we have synthesized some smart fluorescent molecules
which are highly sensitive and selective to either NO or HNO, other biomolecules being silent
towards these probes. These probes show bio-compatibility and least cytotoxicity in organo-
aqueous medium. My research works on NO and HNO probes are demonstrated here in detail in
this thesis which are enlisted in Figure 1.55.
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Figure 1.55 Structures of the targeted probes for NO and HNO sensing.

1.6 Physical measurements

(i) FTIR spectra: Infrared spectra (400-4000 cm™) were recorded on a Nickolet Magna IR
750 series-11 FTIR spectrometer on solid KBr discs.

(i) NMR spectra: 'H-NMR spectra were recorded in DMSO-ds, CDCls, CDsCN on a
Bruker 300 MHz and 400 MHz NMR spectrometer using tetramethylsilane (6 = 0)
as an internal standard.

(iii)UV-vis spectra: UV-vis spectra were collected on an Agilent diode-array
spectrophotometer (Model, Agilent 8453).

(iv)Mass spectra: ESI-MS™ (m/z) of the ligand and complexes were found from Waters’
HRMS spectrometer (Model: QTOF Micro YA263).

(v) Fluorescence spectra: All the fluorescence studies were performed with a PTI (Model
QM-40) spectrofluorometer.

(vi) Life times measurements: Lifetimes were calculated in Horiba-Jobin—-Yvon on a

Hamamatsu MCP photomultiplier (R3809) and surveyed using IBH DASG6 software.
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(vii) DFT calculations: Ground state electronic structure of the ligand and complexes

have been calculated using using Gaussian 09W software package, correlated with the

conductor-like polarizable continuum model (CPCM).

(viit)  Cell imaging: Cell imaging experiments have been carried out using fluorescence

(ix)

microscope. Bright field and fluorescence images of the HepG2 cells, A375cells, Raw
264.7 murine macrophages cells, were obtained utilizing a fluorescence microscope
(Leica DM3000, Germany) having the objective lens of 40x, 63x magnification.

pH study: The pH of the solutions was recorded in a Systronics digital pH meter
(Model 335, India) in 2-12 pH range.
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CHAPTER 2

Selective sensing of nitric oxide by a 9,10
phenanthroquinone—pyridoxal based fluorophore

Abstract:

In this article, we have designed and synthesized a new, convenient and efficient
phenanthroquinone—pyridoxal based fluorogenic probe PQPY, highly suitable for the selective
and sensitive detection of nitric oxide in an aerated aqueous (7 : 3 / H,O: MeCN) medium at pH
7.0 (10 mM HEPES buffer). Upon addition of nitric oxide, this probe exhibits emission in the
green region (Aem = 505 nm) which is ascribed to ICT (intramolecular charge transfer) from the
phenanthroquinone moiety to the imidazole —N-N=O fragment. The apparent formation
constant, K of the NO product of the ligand is (1.00 + 0.2) x 10° M* and the LOD is 78 nM.
The substantial enhancement of the life-time of the ligand (to = 2.68 ns) occurs due to binding
with nitric oxide (tp = 3.96 ns). This probe is low cytotoxicity, cell permeable and suitable for

living cell imaging application.
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2.1 Introduction

Modern molecular biology has revealed that vast numbers of large and complex proteins and
genes regulate the body functions. By contrast, a remarkably simple chemical, nitric oxide (NO),
has been found to mediate the crucial features of neuronal communication, blood vessel
modulation and immune response. NO can exist in a variety of molecular forms: free radical
(NO®), nitrosyl (NO") anion or nitrosonium (NO*) cation depending on the NO source. Hence,
the NO released from NO donors can differ from the NO produced in the endothelial cells. NO
donors are pharmacologically active substances that release NO in vivo or in vitro. NO delivery
can occur through many kinds of stimuli, depending on the NO donor structure. Among many
physiological functions, NO induces vasodilation, inhibits platelet aggregation, prevents
neutrophil/platelet adhesion to endothelial cells, inhibits smooth muscle cell proliferation and
migration, regulates programmed cell death (apoptosis) and maintains the endothelial cell barrier
function. NO generated by neurons acts as a neurotransmitter, whereas NO generated by
macrophages in response to invading microbes acts as an antimicrobial agent. Therefore, its
accurate detection and quantification are critical to understanding health and disease. The
established paradigm of NO biochemistry from the production by NO synthases to the activation
of soluble guanylyl cyclase (sGC) and to eventual oxidation to nitrite (NO, ) and nitrate (NO3 )
may only represent part of NO’s effects in vivo."? Due to the extremely short physiological half-
life of this gaseous free radical (less than 1 second in circulating blood),® alternative strategies
have been established for the detection of the reaction products of NO biochemistry. The
quantification of NO metabolites in biological samples provides valuable information with
regard to in vivo NO production, bioavailability and metabolism. Simply sampling a single
compartment such as blood or plasma may not always provide an accurate assessment of the
whole body NO status, particularly in tissues. Therefore, extrapolation of the plasma or blood
NO status to specific tissues of interest is no longer a valid approach. As a result, methods
continue to be developed and validated, which allow the detection and quantification of NO and
NO-related products/metabolites in multiple compartments of experimental animals in vivo.
Several analytical methods like electrochemical, fluorescence, electron spin resonance etc. have
been proposed for the in vitro and in vivo analysis of NO.*™ In view of its sensitivity,

selectivity, spatiotemporal resolution, and experimental feasibility, the fluorescence method has
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been regarded as the most promising method to detect endogenous NO. A number of small
organic and inorganic fluorescent NO sensors have been reported thus far. Many of them are
involved in the reaction of o-diamino aromatics with NO in the presence of oxygen leading to the
formation of triazole, which acts as a modulator in the photo-induced electron transfer (PET)
mechanism resulting in fluorescence turn-on. Other mechanisms involve the oxidative
deamination process'® and NO/O, mediated diazotization with the concomitant ring formation.’
However, they still have some undesired limitations, such as electron-rich aromatic diamines
may undergo self-oxidation or react with other reactive oxygen/nitrogen species that may lead to
the generation of fluorescent species.”>** Very recently, we have reported a new mechanism of
NO sensing in which the thiosemicarbazide group, flanked by the carbonyl moiety, reacts with
NO under aerobic conditions leading to the formation of the 1,3,4-oxadiazole moiety with the
simultaneous elimination of thio-nitrous acid.? In the current paper we are planning to report
another new strategy where NO directly reacts with the imidazolium NH group to generate the
N-N=0O moiety acting as an electron acceptor from the phenanthrone moiety as the electron

donor group thereby resulting in a turn on fluorescent response by the ICT process.

2.2 Experimental section

2.2.1 Physical measurements

An IR 750 series-11 FTIR (Nickolet Magna) spectrophotometer was used to record IR spectra in
the range 400-4000 cm* on KBr pellets. Electronic spectra were recorded on an Agilent 8453
Diode-array UV-vis spectrophotometer using 7:3 HEPES buffer (10 mM) and MeCN as the
solvent with a 1 cm quartz cuvette in the range 200-900 nm. Fluorescence studies were
performed on a PTI (model QM-40) spectrofluorimeter and *H NMR spectra were recorded in
DMSO-dg on a Bruker 300 MHz instrument using trimethylsilane (8 = 0) as an internal standard.
ESI-MS® (m/z) of the ligand was recorded using a high resolution mass spectrometer (Model:
QTOF Micro YA263). Time correlated single photon counting (TCSPC) measurements using a
picosecond diode laser (IBH nanoled-07) in an IBH fluorocube apparatus were performed to
determine fluorescence lifetimes. A Hamamatsu MCP photomultiplier (R3809) was used to

collect the fluorescence decay data which were further examined by using the IBH DAS6
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software. To obtain cell images, a fluorescence microscope (Leica DM3000, Germany) was

used.

2.2.2 Materials and methods

9,10-Phenanthroquinone, pyridoxal hydrochloride, ammonium acetate and glacial acetic acid
were used to prepare the ligand. These reagents were purchased from Sigma-Aldrich. Salts of
Cd2+, Sm3+, C02+, Mgz+, Mn2+, Na*, Zn2+, Dy3+, Ni2+, Cu2+, Cr3+, ng+, Fe3+, Pb2+, A|3+, F
S,05%", HSO4 ", 1037, SO4*, NO,, HCOs', Br', S, HS", OAc, N3 ,I", SCN", and ADP and
biological anions like H,0, 0%, TEMPO radical, NOs;, CIO", AA, NOBF,, glyoxal,
formaldehyde, cysteine, homocysteine, glutathione etc. were obtained either from Sigma-Aldrich
or from other commercial suppliers and used without further purification. Solvents like MeOH,
N,N-dimethylformamide (DMF), MeCN, etc., (Merck, India) were of reagent grade and dried
before use.

2.2.3 Synthesis of the ligand

The ligand 5-hydroxymethyl-2-methyl-4-(1H-phenanthro[9,10-d]imidazole-2-yl)-pyridin-3-ol
(designated as PQPY) was synthesized by the reported procedure with slight modification.?
Excess ammonium acetate (25 mmol, 1.927 g) was dissolved in 5 mL glacial acetic acid, and
then 9,10-phenanthroquinone (5 mmol, 1.041 g) solution (in glacial acetic acid) was added to the
ammonium acetate solution at 70 °C by heating under stirring conditions. After 10 minutes,
pyridoxal hydrochloride (5 mmol, 1.018 g) solution in glacial acetic acid was added dropwise to
the reaction mixture. Then this reaction was continued for 6 hours under refluxing conditions. A
blackish crude solid product was obtained by filtration and washed with a small volume of
glacial acetic acid. From this crude product, the ligand was obtained by methanol extraction.
Then the methanol part was evaporated to dryness to get a pure pale yellow product confirmed
by 'H NMR (Figure 2.1), HRMS (Figure 2.2) and FTIR (Figure 2.3). (Yield,76%). ESI-
MS*(m/z): 357.1221 (PQPY + H*), *H NMR (in DMSO-dg) (8, ppm):11.752 (s, 1H, —NH), 8.88—
8.97 (m, 2H, —ArH), 8.55 (1H, d,—ArH), 8.36-8.34 (1H, d, —ArH), 8.29 (1H, S, —ArH), 7.64—
7.87(4H, m, —~ArH), 5.41 (1H, S, ~OH), 5.11 (S, 2H, —CH,), 1.21 (S, 3H, —CHa).
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Figure 2.1 *H-NMR spectrum of PQPY in DMSO-ds.
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Figure 2.2 Mass spectrum of PQPY in MeCN.
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Figure 2.3 IR spectrum of ligand (PQPY).

2.2.4 Solution preparation for fluorescence studies

A 10 mL 1.0 x 102 M stock solution of the ligand PQPY was prepared in DMF by slight heating
for fluorescence titrations. The solutions of other metal ions and other anions were prepared in
H,0O. A stock solution of nitric oxide was prepared in deoxygenated deionized water by purging
nitric oxide gas for 15 min in a sealed vial with a syringe. The concentration of nitric oxide was
1.74 x 103 M. The nitric oxide gas was purified by passing it through a drying tube containing
solid NaOH pellets.?* HNO solution was prepared from Angeli’s salt” and *OH and ONOO~
solutions were prepared following a reported method.”® A 100 mL solution of 10.0 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer was prepared adjusting pH to 7.0
using HCI and NaOH and ionic strength of the buffer solution was maintained at 0.10 M (NaCl)
throughout the measurements. In this work, 20 uM ligand was taken in a cuvette containing a 2.5
ml mixture solution of HEPES buffer and MeCN in 7 : 3 ratio (v/v) and titrated with 0 to 75 uM

NO solution incrementally in a regular time interval with Aex =400 nm and 2, 2 slits.
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2.2.5 Calculation of LOD

To know the limit of detection (LOD) of the ligand PQPY we used the following equation by the
3o method.
LOD =3%xSy/ S

Sq is the standard deviation obtained from the intercept of the plot of F.1. vs. [PQPY]. From the

linear part of the titration plot, the value of the slope (S) is obtained.
2.2.6 Calculation of the quantum yield
Fluorescence quantum yields (®) were determined by using the equation:

(I)sample = [(ODsthAsample)/(ODsamplex Astd)] x (I)std

Here, Asample and Agq represent the areas under the fluorescence spectral curves. The optical
densities of the sample and standard are designated as ODsample and ODsq, respectively, at the
excitation wavelength. Here, acidic quinine sulfate was taken as the standard (®sy = 0.54) for the
quantum vyield calculation of ligands PQPY and PQPY-NO.

2.2.7 Cell culture

Human hepatocellular liver carcinoma (HepG2) cell lines (NCCS, Pune, India) were grown in
DMEM supplemented with 10% FBS and antibiotics (penicillin-100 pg ml™; streptomycin-50
ng ml ™). Cells were cultured at 37 °C in a 95% air, 5% CO, incubator.

2.2.8 Cell imaging study

HepG2 cells were cultured in a 35 x 10 mm culture dish on a coverslip for 24 h at 37 °C. The
cells were treated with 5uM solutions of PQPY, prepared by dissolving PQPY in the mixed
solvent HEPES buffer: acetonitrile = 7:3 (v/v) and incubated for 1 hour at 37 °C. For NO sensing
study, HepG2 cells were pre-incubated with SpM, 10uM and 20uM sodium nitroprusside (SNP)
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for 60 min at 37 °C followed by washing three times with 1x PBS and subsequent incubation
with 5uM of PQPY for 60 min at 37 °C. Fluorescence images of HepG2 cells were obtained by
using a fluorescence microscope (Leica DM3000, Germany) with an objective lens of 40x

magnification.

2.2.9 Cell cytotoxicity assay

Cytotoxicity for the ligand PQPY was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetra-zolium bromide (MTT) cell viability assay. HepG2 cells (1 x 10° cells per well)
were cultured in a 96-well plate and incubated at 37 °C and were exposed to varying
concentrations of PQPY (1, 5, 10, 20, 30, 40, 50, 60, 70, 80 and 100uM) for 24 hours. After the
incubation, 10pl of MTT solution [5 mg ml ™, dissolved in 1x phosphate-buffered saline (PBS)]
was added to each well of a 96-well culture plate and then incubated at 37 °C for 4 hours. Media
were decanted from wells and 100uL of 0.04 N acidic isopropyl alcohol was added into each
well to solubilize the intracellular formazan crystals (blue-violet) formed. The absorbance of the
solution was measured at 595 nm wavelength (EMax Precision MicroPlate Reader, Molecular
Devices, U.S.A.). Values were calculated as mean * standard errors of three independent
experiments. The cell viability was expressed as the optical density ratio of the treatment to

control.

2.3 Results and discussion
2.3.1 Design of the NO probe PQPY

For a few decades, the development of ortho-phenylene diamine (OPD) based probes using
fluoresceins, anthragquinones, rhodamines, BODIPY's and cyanines (Figure 2.4) as fluorophore
have emerged for the detection of nitric oxide but still there exist some serious limitations.? At
first, in the presence of reactive oxygen and nitrogen species the electron rich diamino-benzene
portion is readily Oxidized. The second important drawback is that the OPD moiety shows a
false positive response towards glyoxal, dehydroascorbic acid (DHA) and ascorbic acid (AA)?’

like NO which misguides the researchers towards wrong interpretations of observations. Another
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important shortcoming is that fluorescence enhancement occurs in the OPD moiety via

benzotriazole formation, a secondary amine. Consequently, this is pH sensitive owing to

1.Previous document: OPD based fluorescent HO. O & ‘ 2 Mo 0 O ©
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Figure 2.4 (a) Scheme of the N-nitrosation reactivity based NO probe PQPY and (b) some
previously reported NO probes.

protonation to the secondary amine of triazole. So, the poor selectivity and the above mentioned
limitations are broad concerns in the design of fluorescent NO probes. In our present work,
taking the aforementioned concerns into account, we strategically designed a new type of
fluorescent probe PQPY based on N-nitrosation”” of a secondary amine taking 9,10-
phenanthroquinone as a fluorophore. The reactivity of PQPY was assessed with biological
carbonyl species (RCS (glyoxal, formaldehyde (FA), ascorbic acid (AA), dehydroascorbic acid
(DHA)) and also with cysteine (CYS), homocysteine (HCY) and glutathione (GSH). Even a
large excess of each biological intercellular molecule cannot light up our present probe except
NO. So, N-nitrosation based PQPY shows an improved selectivity towards NO over RNS, ROS,
and RCS compared to OPD based NO probes, which makes it useful as a superior NO sensor.
Our ligand is also cell permeable, low cytotoxic, and pH independent with a very low detection
limit (78 nM) and has an easy synthetic procedure which make it highly useful as a nitric oxide
sensor. As illustrated in Scheme 2.1, the probe PQPY was synthesized by the reaction between
9,10-phenanthroquinone and pyridoxal-hydrochloride in the presence of ammonium acetate in

glacial acetic acid medium.
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Scheme 2.1 Synthesis of the probe 5-hydroxymethyl-2-methyl-4-(1Hphenanthro [9,10-
d]imidazole-2-yl)-pyridin-3-ol (hereafter designated as PQPY).

The probe was nicely analyzed by *H NMR (Figure 2.1), HRMS (Figure 2.2) and IR (Figure
2.3) spectroscopy. The probe PQPY displayed a high fluorogenic response towards NO in the
aerated aqueous buffer medium. In the present work, pyridoxal (one form of vitamin Bg) is taken
as one part of the probe having a great significance in the growth of some medically relevant

bacteria.
2.3.2 Spectral response of PQPY to NO

The sensitivity and selectivity of the probe PQPY are distinct only towards nitric oxide in
aqueous acetonitrile medium at pH 7.0, as clearly demonstrated by the turn-on fluorescence
response (Aem = 505 nm) to nitric oxide upon excitation at 400 nm. The probe (20uM) was taken
in a cuvette containing 2.5 mL of 10mM HEPES buffer: acetonitrile =7:3 (v/v), pH="7.0 and p =
0.10 M NaCl. Then the previously prepared nitric oxide solution (1.74 x 10~ M) was added
incrementally. For the deduction of the apparent formation constant (Ks) of the reaction between
PQPY and NO, fluorescence titration was performed with the fixed concentration of PQPY (20
uM) with variable concentrations of NO (0—75 uM) at 25 °C. There was a gradual development
of an emission band at ~505 nm (Aex = 400 nm) with the incremental addition of NO resulting in
an approximately 9-fold enhancement in fluorescence intensity which is sufficient to detect
intracellular nitric oxide in live cells (vide infra) (Figure 2.5). A plot of F.I. versus [NO] at 505
nm gives a nonlinear curve, which was solved by adopting the equation y = (a + b x ¢ x x")/(1 +
¢ x x"),% where a represents F.1. of the free ligand, b is F.I. of the ligand in the presence of
excess NO, c is the formation constant, K¢, and n represents the stoichiometry. The evaluated
parameters are n = 0.93 + 0.01 and K¢ = (1.00 + 0.2) x 10° M.
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Figure 2.5 (a) Fluorescence titration of the ligand PQPY (20 uM) at 25 °C by the gradual
addition of nitric oxide (0—75uM) in 7:3 HEPES buffer (10 mmol): acetonitrile medium at pH =
7.0 with Aex = 400 nm and Aey, = 505 nm. The inset shows the UV exposed emission image of
PQPY and PQPY-NO; (b) nonlinear plot of F.I. vs. [NO].

2.3.3 Mechanism

In this research endeavor, we have designed a new fluorescent molecular probe PQPY which
contains phenanthroimidazole and pyridine moieties acting as a fluorescence turn-on nitric oxide
sensor. As the phenanthroimidazole moiety is an electron rich system, it acts as an electron donor
(D) as well as a fluorophore and the other part i.e., pyridine moiety, behaves also as an electron
donor too due to the presence of the phenolic —-OH group. So, the flow of charge from the
phenanthroimidazole moiety to pyridoxal (D—A) does not occur significantly and it becomes
very weakly fluorescent. However, the system generates electron donor—acceptor property on
introduction of NO into the —NH nitrogen atom of imidazole group and becomes highly suitable
for the intramolecular charge transfer process. Here, NO is an electron withdrawing group and
drags the electron density from the phenanthrene moiety to the imidazole system, causing a
drastic fluorescence enhancement by the ICT mechanism. The intramolecular charge transfer
(ICT) mechanism of the probe PQPY upon reaction with nitric oxide can be nicely understood
by spectrofluorometric study in solvents of different polarities. The experiment shows a 24 nm

red shift on increasing the polarity of the solvents which clearly suggests the occurrence of the
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intramolecular charge transfer mechanism in the ligand upon reaction with nitric oxide (Figure
2.6).
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Scheme 2.2 Model describing the ICT on the fluorescence response of PQPY on interaction with
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Figure 2.6 Normalized emissions of probe PQPY upon reaction with NO in different solvent
(7:3 HEPES buffer: solvent) of different polarity.

As delineated by DFT optimization (vide infra) the HOMO of PQPY and PQPY-NO bears all the
electron density localized on the phenanthrene moiety, whereas the LUMO electron density is
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solely distributed in the 1-nitrosoimidazole moiety of PQPY-NO, clearly manifesting the ICT

mechanism of sensing (Scheme 2.2).
2.3.4 Confirmation of the sensing mechanism

To interpret the probable mechanism responsible for the fluorescence enhancement of the probe
in the presence of nitric oxide, detailed product analysis was carried out by reacting PQPY with
excess NO gas in the aerated MeCN medium. Then the solution was allowed to evaporate and
the product PQPY-NO was isolated and characterized by using *H NMR (Figure 2.7) and FTIR
(Figure 2.8) spectrometers. The molecular ion peak of PQPY-NO in the mass-spectrum was not
found may be due to the breakdown of the N-N=0 bond to give the parent probe PQPY and NO
and thus we find only the molecular ion peak of the ligand PQPY.

() (f),(8)
®) ke 0]

. L

Figure 2.7 *H-NMR spectrum of PQPY-NO in DMSO-ds.

But the proton NMR spectra (Figure 2.8) of PQPY and PQPY-NO clearly suggest that the
imidazole —NH proton of PQPY exhibiting a single peak at 11.75 ppm vanished after the
treatment with NO. So proton NMR depicts that NO is attached to the secondary amine of the
imidazole system. This fact is further confirmed from the IR spectrum (Figure 2.9). The N-H
stretching frequency at 3148 cm* disappeared and a new peak at 1424 cm™* for the —-N=0O
group®® was generated which confirms the formation of imidazole-N—N=0. So we can conclude

that the nitric oxide was attached directly to the imidazole N atom causing a turn-on fluorescence
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response and it is also evidenced from the substantial increase of the lifetime of the ligand (to =
2.68 ns) in the presence of nitric oxide (1o = 3.96 ns). The non-existence of the *H NMR peak for
phenolic —OH protons may arise due to the strong hydrogen bonding interaction between
phenolic—OH and tertiary imidazole—N atoms (O—H---N). The quantum yield of compound
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Figure 2.8 *H NMR spectra of PQPY and PQPY-NO.
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Figure 2.9 IR spectrum of PQPY-NO.

PQPY-NO was @ = 0.1006 and that of the ligand (PQPY) was 0.02 (quinine sulfate in the acidic
medium was taken as the standard). The analytical limit of detection (LOD) of nitric oxide was

deduced by the 36 method (Figure 2.10), which was found to be as low as 78 nM further
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indicating the high efficiency of the probe to detect nitric oxide. So, all the above experiments,

results and discussions highly support the probe as an efficient nitric oxide sensor.
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Figure 2.10 Determination of LOD of PQPY+ NO.
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2.3.5 TCSPC studies

The average life-time of the probe (1o = 2.68 ns) increases upon addition with 75 uM nitric oxide
(to = 3.96 ns) and the bi-exponential decay curve of the ligand changes to mono-exponential
upon reaction with NO (Figure 2.11). This study signifies the NO addition and greater stability

of the product in the excited state.
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Figure 2.11 Life time plot for PQPY (20 uM) and PQPY+NO (75 uM) at pH 7.0 in HEPES
buffer/MeCN (7: 3, v/v) at room temperature.

2.3.6 pH stability checking

To know the practical applicability and stability of the ligand PQPY and product PQPY-NO
under different environmental and physiological conditions, a plot of F.I. vs. pH was drawn

Figure 2.12 (a) which clearly reveals that PQPY exhibits a slight enhancement in fluorescence
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Figure 2.12 (a) pH dependent fluorescence responses of PQPY and PQPY-NO in 7: 3 (v/v)
HEPES buffer/MeCN medium. (b) Emission profile of the probe at different pH.
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intensity at low pH (< 3.0) due to protonation of imidazole NH atoms but it remains practically
indifferent within a wide range of pH (pH 4.0-9.0) as also demonstrated in Figure 2.12 (b)
where fluorescence spectra were recorded at different pH (4.0, 5.0, 6.0 7.0 and 8.0) and FI were
found to be invariant with pH. However, the product PQPY-NO shows high fluorescence
intensity in a wide range of biological pH 4.0-9.0. As at pH = 7.0, the fluorescence intensity is
sufficiently high, it can be safely used under physiological conditions for monitoring NO Figure
2.12 (a).

2.3.7 Selectivity study
To check the selectivity of PQPY, we have examined the response of PQPY towards commonly

known metal ions (Cd**, Sm*, Co*, Mg®*, Mn*, Na*, Zn**, Dy**, Ni**, Cu®*, Cr**, Hg**, Fe**,
Pb*, AI*Y), anions (F, $,05°", HSO3, 1057, SO,*", NO, , HCO3~, Br', S*, HS, OAc, N3, I,

F.L(a.un)

GSH
HCY
cys

FA

®
*x
o
2
o

PQPY

Figure 2.13 1(a), 2(a), 3(a), 4(a) are bar plot illustrating the fluorescence responses of PQPY at
505 nm (Aex = 400 nm) towards different cations, anions, reactive oxygen-nitrogen species, and

thiols respectively. 1(b), 2(b), 3(b), 4(b) are the corresponding spectral plot. These experiments
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are performed in HEPES buffer at pH 7.0 in H,O-MeCN (7: 3, v/v) at room temperature. PQPY
=20 pM, X" =100 pM.

SCN", ADP) and biologically relevant species (Tempo, *OH, H,0,, NO, OCI", AA, ONOO ,
0%, NO;, NO*, DHA, FA, glyoxal, etc.). The fluorescence emission spectra (Figure 2.13)
clearly imply that PQPY exhibits high selectivity towards nitric oxide in aqueous—acetonitrile
(7:3) medium at pH = 7.0. Even the presence of a large excess of each cation, anion, and
biological intercellular molecule cannot enhance the fluorescence intensity of our present probe

except for NO suggesting its high selectivity towards nitric oxide.

2.3.8 Theoretical studies

To better understand the photophysical properties of the probe and NO product, we performed
quantum chemical computations using the DFT/B3LYP/6-31G(d) level of theory. We optimized
the energy of the probe and NO product to find the distribution of electron density within
aromatic rings. All the calculations were performed with the Gaussian 09W software package.®
The optimized geometry of the probe (PQPY) and its NO product (PQPY-NO) is shown in
Figure 2.14 A. Both have a Clpoint group. The nature of all stationary points for both the free

probe and it’s NO product was confirmed by carrying out normal mode analysis. All the

°n * o0’ (B)
’ @,° ‘ 5
‘ (‘ '8 ‘ﬂ ?
J.Q, L9 ‘g,
b '3
LUMO =’ _ 4 9 &
-1.555eV R ams 958,
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-5.495 eV
HOMO = e o HOMO

PQPY-NO PQPY PQPY-NO

Figure 2.14 A. Optimized geometry of PQPY and the PQPY-NO product. B. Frontier molecular
orbital of the probe (PQPY) and NO product (PQPY-NO).
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frequencies turned out to be positive, which proved the global minima of PQPY and PQPY-NO.
The important optimized geometrical parameters of the free PQPY and PQPY-NO are listed in
Table 1 and Table 2 The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energies of the probe and NO product are shown in
Figure 2.14 B. In the case of the probe as well as the NO product the HOMO electron densities
are localized in the 2-(1H-phenanthro[9,10-d]imidazol-2-yl)-prop-2-en-1-ol moiety, whereas
LUMO electron clouds reside in 5-hydroxymethyl-6-methylpyridin-3-ol for the probe but on the
1-nitroso-1H-imidazole moiety for the NO product. This delocalization of excited electronic
energy to the 1-nitroso-1H-imidazole for the NO product is responsible for enhancing the
fluorescence intensity due to the electron withdrawing nature of the -NNO group. The calculated
HOMO and LUMO energy gap is found to be 2.92 eV for the NO product, which is lower than
that of the calculated HOMO-LUMO gap of the probe (3.94 eV). Therefore, the NO product is

more stable than that of the free probe.

Table 1: List of some selected bond lengths of Probe (PQPY) in the ground state calculated at
B3LYP Levels. Table 2: Some selected geometrical parameters for NO product (PQPY-NO) in
the ground state calculated at B3LYP Levels.

Table 1. Table 2.

Bond Lengths (A)
N24-C25 1.429 N23-C25 1.310

1.393 C10-C23  1.406
N44-045 1.237 C7-C10 1.390

Bond Lengths (A)

1.429 N23-C25  1.345

1.393 C10-c23  1.384

e
045

105.49 N24-C25-N23  110.36 T B e

105.93 C25-N24-N26 122.23 114.95
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2.3.9 Cell imaging study

In order to assess the ability of PQPY to detect nitric oxide (NO) in vitro, it has been further
checked for its properties to form a product with NO in living cells. Before that we have
explored the cytotoxic effects of PQPY on live HepG2 cells by cell viability assay using MTT
(Figure 2.15 A). There was no significant reduction in the tetrazolium salt reflecting a decrease
in formazan production for PQPY up to 10uM, thus suggesting that below 10uM ligand
concentration would be much more effective for the analysis of its product formation with NO in
vitro. Around 80% cell viability was observed for PQPY at 5uM, after which the viability of the
HepG2 cells decreased. Hence, further experiments were carried out with 5uM of PQPY for
treatment. The ligand PQPY showed the absence of intracellular fluorescence in HepG2 cells
treated with 5uM of the ligand and incubated for 1 h (Figure 2.15 B); however, a prominent
intracellular green fluorescence signal was observed in cells when the HepG2 cells were
incubated with 5uM of SNP for 60 min at 37 °C to produce exogenous NO, followed by

incubation with 5uM of PQPY. The intracellular fluorescence was found to be prominently

S &S S ST
QNQQWGYO?Q q;q§§§

® e & &

(R)
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100

Cell Viability
°c 3 838
¥

PQPY: 5uM PQPY: 5uM PQPY: 5uMm  PQPY: 5uM
SNP: - SNP: 5uM SNP: 10uM SNP: 20uM

Figure 2.15 A. Percent (%) cell viability of HepG2 cells treated with different concentrations (1
100 uM) of PQPY for 24 hours determined by MTT assay. B. The fluorescence images of
HepG2 cells were captured (40x) after incubation with 5 uM of PQPY for 60 min at 37 °C,
followed by washing thrice with 1x PBS, and incubation with 5 pM, 10 uM and 20 uM of SNP
for 60 min at 37 °C followed by incubation with 5 uM of PQPY for 60 min at 37 °C. The
fluorescence images show no fluorescence signal by the fluorophore PQPY (5 uM) in the
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absence of the NO donor, while the fluorescence gradually increases with higher concentration
of the NO donor.

localized in the cytoplasmic region. Keeping the ligand PQPY concentration constant at 5uM
and increasing the concentration of NO donor SNP (5uM, 10uM and 20uM), a NO
concentration-dependent enhancement in the intracellular green fluorescence is observed, caused
by the formation of the product between PQPY and NO. An intense intracellular fluorescence
was observed due to the formation of PQPY-NO nearly at 20uM of SNP. Altogether, the present
results suggest that the probe with low cytotoxicity and the property of enhanced fluorescence
with increasing concentration of intracellular NO can be used for NO detection in biological

samples.

2.4 Conclusion

In summary, we have been able to synthesize novel 5-hydroxymethyl-2-methyl-4-(1H-
phenanthro[9,10-d]imidazole-2-yl)-pyridin-3-ol (PQPY) in a facile manner as a highly selective
turn-on in vitro NO probe and characterize it by various spectroscopic techniques. The probe can
detect nitric oxide efficiently and selectively in a wide range of physiological pH at room
temperature in 70% water. The highly electron withdrawing group —N-N=0O drags the electron
density from the whole system (PQPY-NO) towards itself converting the probe to a donor—
acceptor one giving the credit for intramolecular charge transfer which results in a large
fluorescence enhancement. The formation constant (1.00 + 0.2) x 10° obtained from the titration

Supports the stability of the NO product (PQPY-NO). The 78 nM analytical detection limit
deduced by the 36 method reassures the potentiality of the ligand as a NO probe in biological
systems. The ligand is also biocompatible due to its solubility in mixed aqueous—organic (water—
acetonitrile; 7: 3) solutions and also it has cell permeability and the low cytotoxicity towards

living cells magnifying its biological applicability.
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CHAPTER 3

A coumarin embedded highly sensitive nitric oxide
fluorescent sensor: kinetic assay and bio-imaging
applications

Abstract:

Fluorescence spectroscopy is a significant bio-analytical technique for specific detection of nitric
oxide (NO) and for broadcasting the in vitro and in vivo biological activities of this
gasotransmitter. Herein, a benzo-coumarin embedded smart molecular probe (BCM) is employed
for NO sensing through detailed fluorescence studies in purely aqueous medium. All the
spectroscopic analysis and literature reports clearly validate the mechanistic insight of this
sensing strategy i.e., the initial formation of 1,2,3,4-oxatriazole on treatment of the probe with
NO which finally converted to its carboxylic acid derivative. This oxatriazole formation results
in a drastic enhancement in fluorescence intensity due to the photoinduced electron transfer
(PET) effect. The Kkinetic investigation unveils the second and first-order dependency on [NO]
and [BCM] respectively. The very low detection limit (16 nM), high fluorescence enhancement
(123 fold) in aqueous medium and good formation constant (K = (4.33 + 0.48) x 10* M%) along
with pH invariability, non-cytotoxicity, biocompatibility and cell permeability make this probe a

very effective one for tracking intracellular NO.
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3.1 Introduction

Over a few decades, biologically abundant reactive nitrogen species (RNS) have played their
pivotal role as a cell signaling molecule in the course of diverse physiological and pathological
processes.* Nitric oxide (NO), a prime member of this class, is a pervasive gasotransmitter and is
associated with numerous physiological processes in many bio-organisms. Endogenous
production of NO takes place through the conversion of L-arginine to L-citrulline which is
catalyzed by eNOS, nNOS and iNOS (NO synthase enzymes).? Physiologically, NO (i) functions
as a stimulator in vascular smooth muscle relaxation, (ii) prevents infections functioning on the
immune system and (iii) serves as a neurotransmitter.>* The pathological impact on
malfunctioning of NO homeostasis occurs due to carcinogenesis, neurodegenerative injury,
endothelial dysfunction, diabetes, chronic liver inflammation etc.>® Nitric oxide is involved in
the modulation of gene transcription and acts as a controlling factor in the translation of m-
RNA."® Considering the unambiguous significance of this bio-regulatory molecule, several
methods like chemi-luminescence, electrochemistry, colorimetric assay, electron-paramagnetic

resonance spectroscopy, fluorimetric techniques®™*

etc. are widely used to comprehend the NO
biology. But among these analytical methods, the fluorescence technique is considered as the
most conducive one for endogenous NO detection owing to its high sensitivity, non-destructive
and real-time imaging properties, minimal invasiveness, sophisticated instrumentation and high
spatio-temporal resolution.**° Thereby, by exploiting the fluorescence spectroscopic technique
plenty of nitric oxide probes have been developed: (i) organic probes, (ii) single-walled nanotube
(SWNT) probes, (iii) quantum dot (QD) probes and (iv) metal complex based probes.?*" The o-
phenylene diamine (OPD) moiety, from the class of organic probes, is one of the promising
receptors for NO leading to the formation of triazole with a significant enhancement of
fluorescence intensity.?°=* Though this strategy has attracted the deep attention of researchers,
its applications are limited by some serious shortcomings. As for example, (a) the vicinal
diamine may suffer from oxidation by various oxidants present in the biological system; (b) the
triazole formed in the reaction with NO may show different fluorescence responses at different
pH values due to the presence of the secondary —NH group, which may lead to misinterpretation
of fluorescence data.’***** Considering all these limitations, our group has disclosed a novel

strategy for nitric oxide sensing by employing quinolone as a fluorophore moiety and acyl
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hydrazide as a receptor. Upon treatment with nitric oxide this probe primarily forms 1,2,3,4
oxatriazole causing a substantial enhancement in fluorescence intensity®* and it finally converted
to a carboxylic acid.** In our present work, we have used coumarin as a fluorophore which is a
planar, rigid and pi-conjugated heterocycle. Over a few decades it was clearly recognized that the
active site at 3 position of coumarin with its benzo counterpart is strongly fluorescent.® It is a
naturally occurring organic compound found in plants and oil, like the oil of cassia, sweet clover,
woodruff, tonka beans and lavender. Coumarin derivatives are well recognized due to their
numerous activities in pharmaceuticals, insecticides, agrochemicals, fragrances, and polymer
sciences and they are also identified as important organic fluorescent materials.* It is also used
in the treatment of burns, brucellosis, rheumatic disease etc.*” In respect of photophysical
activities, coumarin and its derivatives exhibit high photostability, easy synthesis, an extended
spectral range and good solubility.*®**° So, considering all these significances, we developed our
pioneering strategy by using a coumarin fluorophore joined with the benzo-counterpart which is
synthesized by the well-known Knoevenagel condensation followed by hydrazination. Herein, a
relevant study to comprehend the selectivity and sensitivity of BCM towards NO along with a
plausible mechanism has been delineated by a concentration and time dependent kinetic studies.
We have also performed a detailed cell imaging and theoretical studies. A very high sensitivity to
nitric oxide along with a 123 fold fluorescence enhancement in purely aqueous medium at
physiological pH and a very low detection limit (16 nM) qualify the efficacy of the probe for

intracellular NO detection.

3.2 Experimental section
3.2.1 Materials

The reagents like 2-hydroxy-1-naphthaldehyde, diethyl-malonate, piperidine, glacial acetic acid,
hydrazine hydrate are of reagent grade and purchased from Sigma Aldrich. The sodium salts of
anions, the salts of metal ions (Pb?*, Mn®**, Co®*, Ni**, Zn?*, cu®*", AI**, Hg*", Mg®*, Fe**, La*",
Cr¥* and Cd®*) and biologically reactive species (H,0,, O*", TEMPO radical, NO; ,NO,, CIO",
AA, NO*, DEA-NONOate (sodium salt) were obtained either from Sigma-Aldrich or from other
commercial suppliers and used without further purification. Solvents like DMF, MeCN etc.,

(Merck, India) were of reagent grade and dried using standard methods.
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3.2.2 Synthesis of ligand

The ligand 3-ox0-3H-benzo[f]chromene-2-carboxylic acid hydrazide (designated as BCM) was

synthesized by two step easy procedures.

Step-1: synthesis of 3-o0xo-3H-benzo[flchromene-2-carboxylic acid ethyl ester (L1)
2-Hydroxy-1-naphthaldehyde (10 mmol, 1.72 g) and di-ethyl malonate (20 mmol, 3.2 g) are
mixed in a round bottom flask in 20 ml ethanol under heating and stirring conditions in the
presence of 1 ml piperidine and 2 drops of glacial acetic acid. This reflux was continued for 6 h.
After cooling at room temperature, the precipitate was filtered. After washing it with the mix
solvent (hexane and ethyl acetate) a light yellow colour solid was obtained and characterized by
'H NMR (Figure 3.1) and **C NMR (Figure 3.2)."H NMR (in DMSO-ds) (8, ppm): 9.24 (d, 1H,
—CH), 8.50-8.47 (m, 1H, —ArH), 8.26-8.23(1H, m, —ArH), 8.02 (1H, d, —ArH), 7.75-7.72 (1H,
m, —-ArH), 7.63-7.60 (1H, m, —ArH), 7.53-7.50 (1H, m, -ArH), 4.34 (q, 2H,-CH,), 1.37 (t, 3H, -
CHs). *C NMR (in DMSO-dg) (8, ppm):162.8, 155.9, 155.0, 143.7, 135.9, 129.6, 128.9, 126.3,
122.0, 116.4, 111.7,61.2, 14.0.

Step-2: synthesis of 3-0xo0-3H-benzo[flchromene-2-carboxylic acid hydrazide (BCM)

The compound obtained from step-1 was dissolved in 20 ml of ethanol (5 mmol, 1.34 g) and
hydrazine hydrate was added in an equimolar ratio (5 mmol) under refluxing conditions for 6 h.
A yellow solid was formed during the reaction. The product BCM was collected and analyzed by
'H NMR (Figure 3.3), *C NMR (Figure 3.4) and mass spectroscopy (Figure 3.5). ESI-MS+
(m/z): 277 (BCM + Na*), *H NMR (in DMSO-ds) (5, ppm): 9.68 (1H, S, —CH), 9.39 (1H, S, —
NH), 8.58 (1H, d,—ArH), 8.31 (1H, d, —ArH), 8.09 (1H, d, —ArH), 7.79 (1H, t,—ArH), 7.69-7.63
(2H, m, —ArH), 4.79 (2H, m, -NH2). **C NMR (in DMSO-d) (8, ppm): 160.2, 159.7, 154.0,
141.7,135.4,129.9, 128.9, 128.8, 126.5, 122.2, 117.5, 116.3, 112.6.

3.2.3 Physical instrumentation and experimental methods

For analysis, the IR spectra of the compound within 400-4000 cm™ has been obtained using IR
750 series-11 FTIR (Nickolet Magna) spectrophotometer on solid KBr discs. *H and *C NMR
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spectra were recorded taking solvent DMSO-dg in a Bruker 300 MHz and 400 MHz instrument
using trimethylsilane (6 = 0) as an internal standard. To record ESI-MS+ (m/z) spectra the mass
spectrometer having Model: QTOF Micro YA263 was used. pH was maintained through-out the
study using a digital pH meter (Model: Systronics 335, India) in the pH range 2-11 which was
already calibrated using buffers of pH 4, 7 and 10. For all the fluorescence studies, a PTI (Model
QM-40) spectrofluorimeter was used and UV—Vis spectra were recorded on an Agilent 8453

Diode-array spectrophotometer.

3.2.4 Kinetic Studies

We have performed the Kinetic studies of NO detection maintaining the pseudo-first order
conditions taking fixed 5 pM BCM (minor component) and varying the NO concentration in the
range 20 uM and 100 uM at pH 7.0, at 15 °C. The rate of the reaction also depends on the
[BCM] which is evaluated keeping NO (5uM) as minor component. The plot of logKgps VS.
log[BCM] and logkops vs. 1og[NO] shows about the first order and second order dependency of
reaction upon [BCM] and [NO] respectively.

3.2.5 Stock solution preparation for photophysical studies

The stock solution of the probe BCM was prepared in a 10 ml of volumetric flux of 1.0 x 103 M
in minimum DMF adjusted with CH3CN. For Nitric Oxide solution preparation, Nitric Oxide gas
(purified previously by passing through solid NaOH pellets) was purged for 15 min in a sealed
vial containing deoxygenated deionized water.** This solution gives the NO concentration 1.74 x
10"% M. For nitroxyl (HNO), Angeli’s salt was taken.*? By adopting the reported literature, -OH
and ONOO' solutions were prepared.*”® The solutions of different cations, anions and biological
species were prepared in H,O. Throughout the experiments, a 10.0 mM HEPES buffer was taken
maintaining pH 7.0 and ionic strength at 0.10 M (NaCl). In this work, 20 uM of the probe BCM,
was added in a 2.5 ml of the 10.0 mM HEPES buffer upon which, nitric oxide solution (~40 uM)
was added incrementally in a regular time interval and the fluorescence spectra were recorded in

each case with slits 2 X 2 nm, Aex =410 nm.
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3.2.6 Calculation of Detection Limit (LOD)

For the determination of analytical limit of detection, we have adapted the 36 method, narrated
below:

LOD =3 x S¢/S
Sq denotes the standard deviation obtained from the intercept of the plot of fluorescence intensity

(F.1.) vs. [BCM] where, S represents the slope found from the linear plot of F.I. vs. [NO].
3.2.7 Computational Details

For theoretical investigation we have performed the computational data analysis by DFT method
* which is incorporated with the conductor-like polarizable continuum model (CPCM).***" In
this study, the Becke’s hybrid function®® with the Lee-Yang-Parr (LYP) correlation function®
are also utilized. To get the fully optimized geometry of BCM and BCM-NO we have taken 6-
31G(d,p) basis set and for electron density plots Gauss View 5.1 software was used. The
absorption spectra of both the compound were also calculated by TD-DFT method using the 6-
31G(d,p) basis set. All the related calculations were made applying Gaussian 09W software
package®® and for the calculation of molecular orbital contributions we have used Gauss Sum 2.1

programe.™
3.2.8 Cell culture and Cytotoxicity Assay

Human cancer cell line A375 (malignant skin melanoma) and Raw 264.7 murine macrophages
cells were grown in DMEM (Dulbecco's modified Eagle's) medium furnished with 10% FBS

and 1% antibiotic at 37 °C with 5% CO,.>* We have investigated the cell viability of the probe
BCM in A375 and Raw 264.7 cells with the gradually incremented concentration (ranging from
10-100 pM/mL) of BCM for 24 h by the MTT assay.™
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3.2.9 Cell Incubation, Imaging and Flow Cytometry Analysis

Cell imaging for exogenous and endogenous NO monitoring were carried out by exploiting
reported method® >* with A375 and Raw 264.7 cells respectively. Exogenously, A375 cells were
incubated on a glass coverslip, followed by the treatment with DEA-NONOate (NO donor, 2
uM, 5 uM and 10 uM) for 30 min. Then the coverslip was washed with 1X PBS for three times
and afterwards treated with BCM for 30 min. Endogenously, Raw 264.7 cells were co-stimulated
with or without LPS (1.0 mg/ mL) and IFN-y (1000 U/mL) for 6h and furthermore incubated
with BCM (5 uM) for 30 min and with or without NO scavenger PTIO (2-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl 3-oxide). The cellular fluorescence was accompanied only
through NO generation which was assured by NO scavenger PTIO (2- Phenyl-4,4,55-
tetramethylimidazoline-1-oxyl-3-oxide) treatment. Then the live cell imaging by using
fluorescence microscope (Carl Zeiss, Germany) was furnished. Next, 1 x 106 Raw 264.7 cells
were seeded in a T25 flask (BD Falcon) maintaining 37 °C. Again the cells were incubated with
our probe BCM for 30 min, afterwards, co-stimulated with or without LPS and IFN-y for 6 h and
also taking the NO scavenger PTIO (2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3- oxide)
live cell images were collected. Nextly, treated and untreated control cells were washed with
icecold 1x PBS which was resuspended in 500 uL of binding buffer and the flow cytometric
analysis was carried out with FACS LSR (Becton Dickinson). The Flow cytometry analysis was

performed by using Flowing Software, version 2.5.1.

3.3 Results and discussion

Scheme 3.1 displays a two steps synthetic pathway for the synthesis of 3-0x0-3H-
benzo[f]chromene-2-carboxylic acid hydrazide (hereafter, designated as BCM). The first step is
a very well-known Knoevenagel condensation between 2-hydroxy napthaldehyde and di-ethyl
malonate in the presence of piperidine and glacial acetic acid under refluxing conditions. After 8
h, the reaction mixture is cooled to room temperature whereupon a pure product (L) was formed
which was collected by filtration and well analyzed by *H NMR (Figure 3.1) and *C NMR

(Figure 3.2). The second step comprises the treatment of the corresponding ester with hydrazine
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Figure 3.1 *H NMR of L%

hydrate in an equimolar ratio. The targeted fluorescent probe was well characterized by common
spectroscopic studies, i.e., *H NMR (Figure 3.3), *C NMR (Figure 3.4), mass spectroscopy
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(Figure 3.5), and FTIR (Figure 3.6). The receptor exhibits very high affinity and selectivity

towards NO in aqueous medium.
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Figure 3.2 *C NMR of L*
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Figure 3.3 '"H NMR of BCM.
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Figure 3.5 Mass spectrum of BCM.
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Figure 3.6 IR spectrum of BCM.

3.3.1 Photophysical response of BCM towards NO

The fluorescence properties of the probe BCM and affinity towards nitric oxide were analyzed
by performing fluorescence titration, (Figure 3.7). For this experiment, a fixed concentration (20
uM) of BCM was added into a cuvette containing 2.5 ml of aqueous HEPES buffer at 25 °C.

Then, the NO solution was added progressively in the concentration range from 0 to 40 uM.
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Figure 3.7 (a) Fluorescence emission spectra recorded by taking only fixed 20 pM BCM and
also gradual addition of NO (0—40 uM) at 25 °C in 10 mM HEPES buffer at pH 7.0, Aex = 410
nm and Aem = 470 nm. (b) Linear plot of F.I. vs. [NO]. (c) The image of probe BCM (left) and
NO treated product (right) exposed to UV light.

BCM alone exhibits a very weak fluorescence in aqueous HEPES buffer, whereas gradual
addition of NO causes a steady generation of fluorescence intensity resulting in an~123 fold
enhancement at Aem ~470 nm (Aex = 410 nm). To determine the apparent formation constant we
have carried out a fluorescence titration experiment and a plot of F.I. vs. [NO] shows an
excellent linearity of the curve up to 25 uM after which the plot gets saturated (maximum NO 40
1M). The linear part was easily solved by utilizing egn. (1) >* under the condition 1 > cx" and n
=1.
y = (a+bxexx™) )
1+exx™

Where, parameters a and b denote the F.I. of the probe in the absence and presence of excess NO
respectively, and c is the formation constant designated as Ks. The slope (b x c) obtained from
the curve gives ¢ = Ks = (4.33 + 0.48) x 10* M* (using b = F.I. in the presence of a large excess

of NO).
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3.3.2 Mechanistic view of fluorescence sensing of the receptor BCM towards NO

To gain insight into the mechanism which is responsible for fluorescence enhancement, we
collected the product of the reaction between BCM and NO. For this purpose, BCM was
dissolved (1 mmol, 0.254 g) in a minimum volume of dichloromethane (DCM) and finally with
20 ml acetonitrile under aerobic conditions. Then nitric oxide gas was bubbled through the probe
solution for 15 minutes. A vivid fluorescence was noticed throughout the solution. The solvent
was evaporated under pressure. A brown solid was collected and further purified by
recrystallization in ethanol. The pure crystalline compound was filtered and characterized by
ESI-MS* (Figure 3.8), *H NMR (Figure 3.9) and IR spectroscopy (Figure 3.10).

MA-DM-NO1
MA-DM-NO1 30 (0.547) Cm (30) 1: TOF MS ES+
100 304.0406 5.56e4

Figure 3.8 Mass spectrum of BCM-NO.
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Figure 3.9 *H NMR spectrum of BCM-NO in MeCN (minimum DMSO-d).
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Figure 3.10 IR of BCM-NO.

The ESI-MS™ spectrum (Figure 3.8) shows a peak at 304.0406 (1,2,3,4-oxatriazole+ K*)
suggesting the generation of 1,2,3,4-oxatriazole (BCM-NQO) which was further ensured by the
disappearance of —~NH (9.39 ppm) and —~NH, (4.79 ppm) peaks in the *H NMR spectra (Figure
3.9). The generation of the IR peak at 1600 cm ™' (-N=N) and 1666 cm ' (—~C=N) also
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strengthens the formation of the oxatriazole moiety (Figure 3.10). The predicted mechanism is

outlined in Scheme 3.2, where NO first reacts with O, to generate N,O3 under aerobic conditions

0 o 0
O x> NJNHZ N,04 O X N,H—N:O O ({-‘Iz J
O H NO. + H O H — O ~ -
() [o] 2 1
0" ™0 0o H
K.
‘ff""

O
= 1N
‘:ILN (— RS N
'O o]
Scheme 3.2 Possible reaction mechanism for the reaction between BCM and NO.

N02+ H2
HN02+ N

3/2N +NO + OH-

which nitrosylates —NH, of BCM, to generate —NH-NO which ultimately generates 1,2,3,4-
oxatriazole (BCM-NO) as a stable product. The formation of the electron deficient oxatriazole
moiety causes a large enhancement in fluorescence intensity at Aem = 470 nm. It is interesting to

note that the formed oxatriazole is finally transformed to a carboxylic acid through the formation
of azide after keeping it in

MA-DM- BCMNO
Q 27 (0.485) Cm (19:28)

MA-D
y 1: TOF MS ES+
57804

.

[

0‘;‘* T + mz
240 260 280 300 320 340 3680 380 400 420 440 460 480 500 520 540 60 580 600

Figure 3.11 Mass spectrum of BCM-NO after long time (acid product).
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solution for a long time and was ensured from the mass spectra (Figure 3.11) and *H NMR
spectrum (Figure 3.12). From the electronic point of view the main-stream mechanism for NO

sensing by OPD based probes is based upon the PET block process.>>™’ Very recently; our group

3.365
2.500

(a) (e), (f),(g)

I

T T T T T T T
9:5 9?0 efs 8:0 st 710 6.5 6.0 5.5 5.0 4.5 4.0 3.5
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Figure 3.12 *H NMR spectrum of BCM-NO after long time (acid product) in DMSO-ds.

reported a quinolone based NO sensor containing the acyl hydrazide moiety where the PET
effect® was operative. In the current report, we propose that the PET-ON mechanism due to

electron push from the hydrazide part to the coumarin fluorophore makes the probe BCM weakly

PETON {&TO‘FT

o- ':{N

4

BCM BCM-NO
Non-fluorescent Strongly fluorescent

Scheme 3.3. Presentation of PET effect responsible for NO sensing.
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fluorescent. However, upon reaction with NO a remarkable fluorescence enhancement has been
perceived which may arise due to the generation of the electron deficient 1,2,3,4-oxatriazole

moiety that restricts the above PET-ON process (Scheme 3.3).
3.3.3 Time dependent reaction of BCM with NO, a kinetic approach

To ensure a clear view of the operative mechanism of the reaction between BCM and NO, we
have thoroughly performed kinetic studies at pH 7.0 (10 mM HEPES buffer, 0.10 M NaCl), 15
°C, under pseudo-first-order conditions using the fluorometric technique (Figure 3.13). In this
study, we have taken a fixed concentration of BCM (5 uM) and variable [NO] (20—100 uM). The
[NOJ’, M’
0.0 3.0x10” 6.0x10” 9.0x10”

0.08 - .

L)
0.06 .

0.04 | .

obs

k
L)
o

0.02 .

0.00 | .

2.5x10°  5.0x10°  7.5x10°  1.0x10™
[NO], M

Figure 3.13 The kops Vs. [NO] plot gives an upward curvature (blue solid circles), while a plot of
kobs VS. [NOJ? gives a straight line (red solid circles). Experimental conditions are: [BCM] = 5
uM and [NO] = (20-100) uM, temperature = 15 °C in 10 mM HEPES buffer (pH = 7.0, NaCl =
0.10M). All the data were collected using the fluorescence technique.

Kinetic traces at 470 nm unveil single exponential growth curves assigning the first-order

dependency of the reaction rate on [BCM]. The time dependent fluorescence study also shows

that the fluorescence intensities at 470 nm increase with time and reach a plateau within ~5 min
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Figure 3.14 (a) Time-dependent fluorescence response and (b) corresponding growth curve for
[BCM] = 5.0 uM and [NO] = 5.0 uM at 15 °C.

(Figure 3.14). The pseudo-first-order rate constants (kops) Obtained from the growth curves have
been plotted against [NO], which yields a nonlinear upward curvature. However, a plot of Kops Vs.
[NOJ? displayed a well fitted straight line which delineates the second-order dependency upon
[NO] (Figure 3.15). The log(keps) Vvs. log[NO] plot furnishes a straight line with a slope = (2.42 +
0.08) with R = 0.997 which also supports the second order kinetics with respect to [NO]

Slope=(2.42+0.08)

0.01}

Iog(Kobs)

1E-3 |

1E-4
log[NO]
Figure 3.15. Plot of log(kobs) Vs. log [NO].

(Figure 3.15). We have accomplished a second experiment to evaluate the dependency of rate
upon [BCM] taking a fixed 5 uM [NO] with variable [BCM] in the range between 20 and 100
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uM. Here, a plot of log(Kops) Vs. log[BCM] clearly demonstrates a first-order dependence on
[BCM] with slope = (1.19 £0.05) (Figure 3.16) and R = 0.997.

0.01 |

Slope=(1.19+0.05)

Iog(Kobs)

1E-5 1E-4

log[BCM]

Figure 3.16 Plot of log(Kops) Vvs. log [BCM].

Here, a provisional reaction sequence is formulated as follows:

k.
2NO + 0, = 2NO, (2)
Ky
NO, + NO = N,0, (3)
k
N,0, + H,0 =5 2H* 4+ 2NoO;7 (4)

kd-
N,0;+L—L—NO+NO; +H* (5)

L—ND+H+FE—B§ L'+ H,0 (6)

The above reaction sequence clearly demonstrates that NO interacts firstly with its oxidized
product NO; to form N,Oj3 that acts as a NO* donor in the next step under aerobic conditions.
Then the formed N,Oj3 nitrosylates the amine hydrazide to generate L-NO which results in the
synthesis of a closed ring 1,2,3,4-oxatriazole moiety in a fast step (Scheme 3.2). We have
surveyed the literature to afford the rate constants of the above-mentioned reactions as: k; = 6.33
x 106 M2 s 1%k, = 1.1 x 10° M %571 and ks[H,0] = 1.6 x 10° s -.°° With the knowledge of
these rate constants we can stipulate that NO, and N,Oj3 are present in very negligible amount as
reactive intermediates. By applying a steady-state approximation eqgn. (7) can be attained for the
formation of L’ (BCM-NO).
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d[L'] kyky[L]
dt  2(k;[H,0]) + ky[L])

[NOJF[O.]. (7)

From the previously illustrated kinetic studies, it was found that the reaction kinetics follows the
second and first order dependence with respect to [NO] and [L] ([BCM]) respectively which lead
us to make an assumption that ks[H,O] > ks[L]. Now eqn. (7) reduces to eqgn. (8).
dL] _ kyky[L]
dt  2ky[H,0]

[NOJZ[0,], (8)

As the kinetics was performed maintaining the pseudo first-order conditions, taking L (BCM) as
a minor component (the dissolved [O,]; = 2.5 mM at 25 °C) eqgn (8) reduces to eqn(9), where Kgps
= {d[L")/dt}/[L]
kobs = K'[NOJZ (9)

taking,

= s ol (10)
The value of k4 is evaluated by utilizing the previously observed values of k; and k3[H,O]
mentioned above along with k' = 8.60 x 10° M2 s achieved from the linear plot of Kops VS.
[NOJ? at 15 °C. From all of these data the value of ks was estimated to be 17.3 x 10° M? s and
found to be very much similar in order to some analogous reactions of N,O3 as follows: HSA
(0.3 x 10> M* s7%), N-acetyl cysteine (1.5 x 10°M* s™), GSH (2.9 x 10° M* s, Cys (2.6 x
10° M* s7Y), and BSA (0.06 x 10° M* s%). Interestingly, this result is also in accord with our

reported works.>* >

3.3.4 Limit of detection

We have also performed a study to evaluate the detection limit of NO by BCM which is revealed
to be very low ~16 nM (Figure 3.17) making the probe very sensitive towards NO in
macrophase cultures,”* where nitric oxide is present in the micromolar to nanomolar range. So
the concerned NO probe (BCM) is highly applicable for monitoring NO quantitatively in these
cell types.
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Figure 3.17 LOD of BCM + NO.

3.3.5 pH stability

To be an efficient fluorescent probe, it should show pH tolerance in the physiological range of
pH so that it is easily applicable in bio-organisms. For this purpose we have assessed the pH
effect on the photophysical behavior of BCM in the absence and presence of excess NO. (Figure
3.18) shows a very high fluorescence intensity of the probe and it’s NO treated product in a low
pH range (2-3). Probably the PET based probe BCM, due to the presence of an electron donor
group (—NH-NH,) is converted to its protonated form which would block the PET process
generating the fluorescence intensity at a lower pH range. In the pH range 4-8 the probe shows
very weak fluorescence, however on treatment with NO it displays a drastic enhancement in
fluorescence intensity due to the oxatriazole formation. Moreover, at alkaline pH (>8) the
fluorescence intensity of the NO treated product is inhibited likely due to the rapid
decomposition of N,O3 (reaction 4), formed in the reaction of NO, and NO (reaction 3) causing
the availability of smaller and smaller amounts of reactive species (N,O3) towards the probe
BCM (reaction 5). Overall the pH study displays the well applicability of the probe at biological

pH for tracing nitric oxide.
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Figure 3.18 pH dependent NO detection by BCM at 470 nm A¢x = 410 nm at 25 °C in 10 mM
HEPES buffer.

3.3.6 Analyte selectivity experiment

The selectivity of a fluorescent probe towards a particular analyte is ensured by providing an
appropriate binding site and some special chemical properties. Herein, the reactivity assay of
probe BCM towards NO was conducted by using a broad array of putative interfering species
like reactive species, important metal ions, and anions in 10 mM HEPES buffer, at 25 °C at pH
7.0. (Figure 3.19) clearly show that BCM is silent in fluorescence response towards essential
metal ions and anions. Likewise, the selectivity of BCM towards NO was ensured by reacting
BCM with relevant biologically reactive species like H,O,, CIO", KO,, "'OH, NO, NO,, NO3’,
TEMPO, glyoxal, ONOO ", HNO, AA (ascorbic acid), and HCHO which revealed that none of
these potential analytes triggered a fluorescence enhancement, except for NO (Figure 3.20). To
our delight, important cellular metabolites like AA, glyoxal and HCHO interact hardly with the
concerning probe. So, this high selectivity is very much advantageous for precise detection of

NO in biological milieu.
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Figure 3.19 1.(a) Bar plot illustrating the fluorescence responses of BCM at 470 nm (A« = 410
nm) towards different cations in HEPES buffer at pH 7.0, BCM =20 uM, M"™" =50 uM at 25 °C;
(b) corresponding spectral responses. 2. Bar plot of the BCM-NO in presence of different
cations. 3. (a), (b) bar plot and spectral plot for the selectivity study of the probe towards anions

at same conditions. 4. Over-selectivity study of BCM to NO in presence of anions.
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(Figure 3.20) (a) Bar plot presents the fluorescence responses of BCM at 470 nm (Aex = 410 nm)
towards various biologically reactive species in HEPES buffer at pH 7.0, BCM = 20 uM, X" =
50 uM at 25 °C; (b) corresponding spectral responses.

3.3.7 Geometry optimization with an electronic structure

To get a theoretical overview on the interaction between BCM and NO we have conducted the
DFT and TDDFT calculations of the probe (BCM) and its NO mediated product (BCM-NO).
(Figure 3.21) presents the optimized geometry of both the compounds having the C1 point
group. The structural compositions of these compounds have been established using mass
spectroscopy which indicates the formation of oxatriazole from carbohydrazide in the presence
of NO. All the important geometrical parameters of the probe BCM and BCM-NO are tabulated
in Tables 3.1 and 3.2. For the BCM-NO product the N-O bond distance is 1.43 A, whereas the
C-O bond distances lie in the range of 1.2-1.4 A.

In the ground state the density of electron clouds mainly prevails on the HOMO and
LUMO of the 3-oxo-3H-benzo[f]chromene-2-carbaldehyde and 3-oxo-3H-benzo[f]-chromene-2-
carboxylic acid amide moiety respectively in the probe BCM. In the case of BCM-NO, the
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BCM ' BCM-NO

Figure 3.21 optimized geometry of BCM and BCM-NO.

electron clouds mainly reside on the HOMO and LUMO of the benzo[f]chromen-3-one and 3-
[1,2,3,4]oxatriazol-5-yl-chromen-2-one moiety respectively (Figure 3.22). These compositions
are important to know the behaviour of the transition as well as the absorption spectra of both
BCM

3.47eV

20— L Y

HOMO -6.30eV QJ
HOMO

BCM BCM-NO

Figure 3.22 Frontier molecular orbitals of probe BCM and BCM-NO.

and BCM-NO. The calculated HOMO-LUMO energy gap associated with BCM and BCM-NO
is 3.94 eV and 3.47 eV respectively (Figure 3.22). By exploiting the TDDFT method, the UV-
Vis absorption spectra of BCM and BCM-NO were obtained at room temperature in agqueous

medium (Figure 3.23A). The absorption band of BCM at 374 nm in pure agueous medium
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Figure 3.23 (A) UV response of BCM towards nitric oxide. (B) Frontier molecular orbitals of

BCM and BCM-NO in UV-vis absorption.

corresponds to the peak at 354 nm (Figure 3.23B) obtained from the TDDFT calculation which
is assigned to the Sy — S; electronic transitions with significant oscillator strength (Tables 3.3
and 3.4), whereas for BCM-NO the theoretically evaluated absorption band at 407 nm is
ascribed to the peak at 386 nm also associated with the S; — S; electronic transitions (Figure

3.23B). So, from this information it can be speculated that the experimental results have good

agreement with the theoretical results.

Table 3.1 Some selected geometrical parameters (bond lengths and bond angles) of BCM in

ground state calculated at B3LYP/6-31G (d,p) Levels.

Bond Lengths (A) Bond Angles (°)
021-C1 1.40 022-C1-C5 127.16
C1-022 1.20 C1-C5-C23 117.27
C5-C23 1.51 C5-C23-024 122.09
C23-024 1.21 024-C23-N25 125.47
C23-N25 1.38 C23-N25-N26 119.59
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Table 3.2 Some selected geometrical parameters (bond lengths and bond angles) of BCM-NO in
ground state calculated at B3LYP/6-31G (d,p) Levels.

Bond Lengths (A) Bond Angles (°)
021-C1 1.40 021-C1-022 117.61
C1-022 1.20 022-C1-C5 127.89
C1-C5 1.46 C5-C23-024 122.79
C5-C23 1.45 C23-024-N25 104.10
C23-024 1.32 024-N25-N26 106.54
024-N25 1.43 N25-N26-N27 112.77
N25-N26 1.25 C23-N27-N26 104.42
N26-N27 1.36
N27-C23 1.31

Table 3.3 Vertical excitation energy and oscillator strength (f.a) of low-lying excited singlet
states obtained from TDDFT// B3LYP/6-31G(d,p) calculations of BCM which is matched with
the experimental one.

Electronic .. Excitation Oscillator
. Composition cl Ao (Nm)
transition energy strength (f..)
HOMO->LUMO 3.499eV
31 .697 74
S0 5 (66 ->67) (354.29nm) 0.3198 0.69768 3

Table 3.4 Vertical excitation energy and oscillator strength (f.a) of low-lying excited singlet
states obtained from TDDFT// B3LYP/6-31G (d,p) calculations of BCM-NO which is matched

with the experimental one.

Electronic .. Excitation Oscillator
. Composition Cl Ao (NM)
transition energy strength (f..)
HOMO->LUMO 3.043eV
So=2>S: (68 ->69) (407.42nm) 0.4057 0.70177 386
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3.3.8 NO detection in live cells

Fluorescence imaging studies were executed to explore the detecting capability of BCM as a NO
sensor in living cells. The probe’s cytotoxicity has been assessed in A375 and Raw 264.7 cells
(Figure 3.24). The cell lines showed the evidence of well admissibility of BCM (more than 80%

of the cell is viable up to 60 uM of BCM), indicating its effectiveness as a NO sensor in live cells

100+
904
80
704
60-
504
404
304
204 o
104 = RAW?2647
¢

% cell viability

0

BCM(puM)

Figure 3.24 Graphical picture of the cell viability study of BCM

also. Exogenously stimulated NO sensing practicability of BCM was measured in A375 cells.
The live cells were treated with the NO donor DEA-NONOate followed by incubation with the
probe. BCM-NO showed intracellular fluorescence compared to the BCM probe only (Figure
3.25). Likewise, endogenously stimulated NO sensing of the BCM probe has been estimated in
Raw 264.7 cells where the cells were treated with LPS (1.0 mg mL ™) and IFN-y (1000 U mL ™)
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(A) BCM (5 uM) BCM (5 uM) BCM (5 uM)
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Figure 3.25 (A) Images of A375 cells incubated with 5 uM BCM for 30 min and then incubated
with DEA-NONOate (2, 5 and 10 uM) for 30 min. The blue fluorescence was observed owing to
the reaction of NO with BCM. Images were captured at 63x objective. (B) Quantification of
fluorescence intensity in response to the intracellular NO interaction with BCM.

for 6 h and then treated with probe BCM (Figure 3.26). Very obviously, in the presence of the
NO stimulator the cells exhibited high fluorescence compared to the non-stimulated and PTIO
(NO scavenger) treated ones. Additionally, flow cytometric studies were performed in Raw
264.7 cells for the evaluation of NO, showing a positive shift in the fluorescence peak for LPS +
IFN-y stimulated cells in contrast to the non-stimulated cells and PTIO (200 mM) (Figure 3.26
C). So finally it can be concluded that BCM showed an excellent nontoxic fluorescence response

towards NO for the purpose of cell imaging exogenously and endogenously.
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Figure 3.26 Endogenous recognition of NO with flow cytometry assay: (A) fluorescence images
of Raw 264.7 macrophage cells incubated with BCM in the absence of LPS and stimulated with
LPS + IFN-y for 6 h followed by the addition of PTIO, a NO scavenger. The corresponding
images were captured at 63x objective. (B) The characteristic bar plots display the changes in the
fluorescence intensity of BCM upon interaction with LPS + IFN-y, PTIO and LPS + IFN-y +
PTIO, respectively. The experiments were performed thrice and related data are presented as
mean + SD. For statistical importance the estimated results were verified with the student’s t test.
P values <0.05 were statistically significant. (C) Flow cytometry experiment of NO with BCM
by using Flowing Software version 2.5.1. The representative dot plot of forward (FSC-H) versus
side (SSC-H) scatter and the corresponding histogram plot displaying a positive response for
gated Raw 264.7 macrophage cells towards NO. The overlap histogram plot indicates a positive
shift in the fluorescence intensity peak of LPS + IFN-y stimulated NO taken by BCM compared
to without LPS + IFN-y and PTIO.

3.4 Conclusion
In brief, we are reporting herewith a smart fluoregenic probe BCM on the benzocoumarin
platform which selectively recognizes NO under physiological conditions. From the linear F.I.

vs. [NO] plot obtained from the fluorescence titration experiment yields K = (4.33 + 0.48) x 10*
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M. Here, the acid-hydrazide moiety of probe BCM reacts with NO/O, to form the electron
deficient 1,2,3,4-oxatrizole moiety which is solely responsible for fluorescence enhancement
through the PET blocking mechanism. The outstanding sensing performance of BCM towards
NO is also illustrated by its very low detection limit (16 nM), and specific response to NO with
desirable selectivity and sensitivity in the presence of other biologically reactive species which
makes the probe highly potent for NO detection in the biological environment. The reaction
mechanism of BCM and NO was confirmed by kinetic studies which reveal the 1st order
dependence on BCM and the 2nd order dependence on NO. The pH variation study for NO
detection also supports BCM as an efficient NO sensor in a wide range of pH. Beside these, the
bio-imaging implication of this probe is also appreciable owing to its least cytotoxicity and
biocompatibility for in vitro NO detection. The application of BCM can also be extended to flow
cytometric analysis of exogeneous and endogeneous NO in living cells. So, all the above
mentioned experiments and information confirm BCM as a very appropriate probe for the
tracking of NO.

Table 3.5 Comparison table of some previously reported nitric oxide probes.

Emission
Serial Structure of probe LOD|fold |medium mechanism  |wavelength |kinetics |Reference
no.
LA ACS
/©/s\\g ? . Sens.
1. 3.3 22 PBS buffer OPD- based |538nm Not done |2018,3,
= nM 11,
| = 2311
Inorg.
Chem.
2. 44 _ |Hepes buffer De-amination [524nm Not done {2012,
nM 51,
5400
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97.8

7.5

PBS Buffer

(5%DMS0+0.2%

Triton X-100)

Breaking of
Schiff base

590nm

Not done

Chem.
Comm
un.,
2018,
54,
13491

Ethanol + PBS
buffer
1:1

Through
diazonium
intermediate

518nm

Not done

Chem.
Comm
un.,
2014,
50,
7499

PBS+10%MeCN

N-Nitrosation

613nm

Not done

Chem.
Sci.,
2017,
8, 4533

63

PBS buffer

Hanstch ester
synthesis

525nm

Not done

Talant
al76
(2018)
382

11

PBS buffer

Metal based
sensor

522nm

Not done |.

Mater
.Chem

2017,

8929

Aerated H,O

Deamination

550nm

Not done

Chem.
Comm
un.,
2014,
50,
3579
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NQ,
ACS
9. DMSO+ Hepes Sens.
476 | 5 |buffer 1,3,4- Not done {2019,
nM 3.7 oxadiazole 475nm 4,2,
N s formation 309
This
10. 16 |123 |Hepes buffer 12,34 470nm Done work
"M oxatriazole
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CHAPTER 4
Dansyl-appended  Cu'-complex-based  nitroxyl

(HNO) sensing with living cell imaging application
and DFT studies

Abstract: We introduce herein, a novel copper complex based fluorescent probe
[Cu"(DQuss)CI]* that exhibits a significant fluorescence turn-on response towards nitroxyl
(HNO) with high selectivity over other biological reactive oxygen, nitrogen and sulfur species,
including nitric oxide (NO). A smart strategy, involving HNO-induced reduction of
paramagnetic [Cu"(DQugs)CI]* to diamagnetic [Cu'(DQues)]” with concomitant fluorescence
enhancement via a PET mechanism is discussed here. This metal ion reduction-based strategy
was also supported by X-band EPR response and mass spectrometry. The metal free probe
(DQuss) showed high affinity towards Cu®* to form [Cu"(DQuss)CI]* with a 0.091 uM detection
limit, which subsequently enabled the detection of HNO in an organo-aqueous medium at
biological pH (7.4) in the green wavelength region (Aem = 543 nm) with a LOD of 0.41 uM. The
ground-state geometries of DQues, [Cu"(DQues)CI]* and [Cu'(DQues)]” were optimized by DFT
calculations, which revealed that the central metal ion in [Cu"(DQuss)CI]" is in a distorted
tetrahedral geometry with the C1 point group. Additionally, the negligible cytotoxicity and good
biocompatibility make the developed probe useful for the in vitro detection of HNO.

F.L(a.u.)

560 sgo
Wavelength(nm)
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4.1 Introduction

Over the past few decades, the development of a fluorescent probe for the detection of metal
ions' has attracted a great deal of attention from chemists and biologists due to the key role these
ions play in chemistry and biology and due to their effects on the environment.? For instance,
cupric ion (Cu®) is an environmental pollutant at high concentration® and one of the most
abundant essential trace metal ions* in the human body, with the highest concentration found in
the liver. The dysregulation of copper homeostasis causes various diseases, like Menkes,’
amyotrophic lateral sclerosis® and Alzheimer’s disease.” The EPA (U.S. Environmental
Protection Agency) has set the maximum level of copper in drinking water at 1.3 ppm (~20 uM).
So, the sensitive detection of copper levels in biological systems and in the environment is highly
necessary. Very recently, copper-bound fluorescent probes have been developed for the detection
of some biological reactive nitrogen species, like nitric oxide (NO) and nitroxyl (HNO).2*
Nitric oxide(NO) is a very reactive gaseous free-radical, responsible for both the physiological

and pathological activities of various biological organisms™°

and being present in the
nervous,” immune* and cardiovascular®® systems. Another species of concern is the nitroxyl
(HNO) biomolecule, which is the protonated and one-electron reduced analogue of NO. Though
HNO and NO are very closely related species, they have distinct chemical and biochemical
properties.?® So, the development of chemical tools that can distinguish HNO over NO is very
necessary. From recent advances in the medical activities of HNO, it has also been reported that
HNO confers vasoprotective effects,?* enhances heart muscle contractility?® and inhibits platelet
aggregation.?® Significantly, HNO regulates cardiovascular functions and also acts as an
important tool for the treatment of heart failure.>?’ In spite of the aforementioned progress made
on HNO, still the roles of it in biology are largely unknown. So, some probe that could monitor
HNO sensitively and selectively over other interfering reactive species is highly desired for the
further analysis of HNO. Frequently, some difficulties are encountered in the sensing of HNO,
such as:**® (i) the detection of HNO may be interfered by some biologically reducing agents;
(i) the very low concentration of HNO in biological systems may not be sufficient to produce a
visible response towards a probe; and (iii) the pH-dependent response of HNO towards a probe.
There are many varieties of techniques for HNO detection, i.e. chromatography, electrochemical

analysis,® high performance liquid chromatography (HPLC),** chemiluminescence,® etc.
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Although these methods are sensitive, they are associated with sophisticated instrumentation,
complicated sample preparation and can cause the destruction of tissues or cells. So, they are not
suitable for living cell applications. Very recently, the technique associated with fluorescence
spectroscopy is considered the gold standard due to its direct and precise measurement and also
due to its sensitivity and well defined spatiotemporal resolution.** Using the fluorescence
method, an HNO-detecting probe should have some properties, e.g. high affinity for HNO
without any interference from other biological reactive species, work downstream the NO
oxidation products, water solubility and membrane permeability. To date, a number of
fluorescent sensors that can track HNO in live cells have been developed. One of the common
types is Staudinger ligation-based HNO sensing (Scheme 4.1(i)). Here, a chemo-specific
reaction occurs with a triphenyl phosphine moiety to form an aza-ylide intermediate, which in
turn reacts with an adjacent ester moiety, leading to the removal of alcohol and an enhancement

of the fluorescence intensity.**=° Another common

i) Staudinger Ligation based HNO sensing :

|
N [ 0 PPh, Il
v Y 3 0 PPh,

— -~
S ~, Fluorophore < —o HNO
A ‘p.‘\;_

v

OH # H,N

i, "
Fluorescent “OFF Fluorescent “ON”

ii) Reduction based HNO sensing :
h ..
R Em?s?’ JR % Emissi% on”

o -
~ : Fluorescent “* - HNO
> probe . — -
T La A D
\/ \/

Scheme 4.1 General mechanism of sensing HNO using: (i) Staudinger ligation-based mechanism

involving the release of a fluorophore; (ii) HNO-induced reduction of Cu" complex. The electron
transfer (ET) from the fluorophore (in the photoexcited state) to the metal centre (paramagnetic
Cu?*) makes the probe nonfluorescent (OFF state). The selective reduction of Cu(ll) to Cu(l) by
HNO stops the ET, thereby restoring the emission of the fluorophore (ON state).
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design of HNO probe involves the HNO induced reduction of Cu(ll) to Cu(l) (Scheme
4.1(ii)).*** Here, the fluorescence of the photo-emissive ligand is quenched due to binding with
the paramagnetic cupric ion, and the regeneration of fluorescence intensity occurs upon HNO
treatment due to the conversion of paramagnetic Cu(ll) to diamagnetic Cu(l). The unpaired
electron in the d orbital of the Cu(ll) centre can reliably achieve this quenching by either electron
or energy transfer (Scheme 4.1). Exploiting this strategy, Lippard and Rosenthal pioneered the
building of a BODIPY-based nitroxylsensor.*® Yao et al. also reported a similar type of Cu®'-
chelating system using coumarin fluorophore.** Besides, a number of related Cu-complex-based
nitroxyl probes have been developed so far using this redox-based strategy, but most of them are
prone to being sensitive towards other biological reductive species, like cysteine(CYS),
homocysteine (HCY), glutathione (GSH), ascorbate, H,S, etc., along with HNO present in the
living matrices.?*

To overcome the lack of selectivity of the so-called Cu''complex-based HNO probe, we
have synthesized [Cu'"-DQues] as an HNO probe upon a dansyl-quinoline platform, which is
highly sensitive and selective towards HNO but remains almost indifferent towards other
biologically abundant reducing agents. DQaes Shows typical dansyl green emission, which is

Reporter \ * s 1
... Reporter .

Receptor
Cu*

Scheme 4.2 Schematic representation of the copper-complex-based sensor for the detection of
HNO. Here, the copper complex shows a weak fluorescence (light bulb off); and the only target

HNO reduces the PET effect and enhances the fluorescence intensity (light bulb on).
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better for living samples. Moreover, Cu"-DQqes detects HNO effectively in the biological pH
range and it is water friendly, low cytotoxic and cell permeable, thus offering better detection of
HNO in living cells. Dansyl is a classical fluorophore, and is used widely for its
solvatochromism and high emission quantum yields.*** Additionally, we employed 8-amino-

quinoline as an excellent receptor for coordination to Cu(ll) ions***

and methyl pyridine as an
auxiliary group for strong coordination with Cu(ll). This new probe, in the presence of Cu?*,
displayed excellent sensitivity and selectivity towards HNO over other biologically reactive
species (Scheme 4.2) and it was successfully applied to intracellular HNO detection. The
coordination mode of the metal-free probe towards Cu** was established by ground-state DFT

calculations on both the ligand and copper complexes.

4.2 Experimental section

4.2.1 Physical measurements

To record the IR spectra, an IR 750 series-1l FTIR (Nickolet Magna) spectrophotometer was
used in the range 400-4000 cm™ on KBr pellets. An Agilent 8453 Diode-array UV-Vis
spectrophotometer was used for recording the electronic spectra using 8:2 MeCN and HEPES
buffer (10 mM) as the solvent in a 1 cm quartz cuvette in the range 200900 nm. Fluorescence
studies were carried out in a PTI (model QM-40) spectrofluorimeter. ESI-MS+ (m/z) spectra
were recorded using a high-resolution mass spectrometer (Model: QTOF MicroYA263). *H
NMR spectra were recorded in DMSO-ds with a Bruker 300 MHz instrument using
trimethylsilane (6 = 0) as an internal standard. The X-band EPR spectral studies were performed
on an EPR-Spectrometer (Model: JEOL, JES-FA 200). The interaction of the copper complex
towards HNO at different pH values was investigated. The pH of these solutions were recorded
on a digital pH meter (Model: Systronics 335, India) in the pH range 2-11, which was previously
calibrated using buffers of pH 4, 7 and 10. For the cell imaging study, a fluorescence microscope
(Leica DM3000, Germany) was used.
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4.2.2 Materials and methods

8-Aminoquinoline, 2-chloromethyl pyridine hydrochloride, dansyl chloride and potassium
carbonate were used to prepare the ligand. These reagents were purchased from Sigma-Aldrich.
Reactive biological species (H,0,, O*", TEMPO radical, NO;, NO,, ClIO", AA), metal ions
(Co**, Mn?*, Na*, Ni**, zn*, cu*, AI**, Hg*", Pb*, sm*, Mg®*, K*, Fe**, Cr** and Cd**) and all
the tested amino acids were obtained either from Sigma-Aldrich or from other commercial
suppliers and used without further purification. Solvents like MeOH, MeCN, THF, etc., (Merck,

India) were of reagent grade and dried before use.
4.2.3 Synthesis of the ligand

The ligand 5-dimethylamino-naphthalene-1-sulfonic acid pyridin-2-ylmethyl-quinolin-8-yl-

amide (designated as DQgg) Was synthesized by a facile two-step procedure.
Step 1: Synthesis of pyridin-2-ylmethyl-quinolin-8-yl-amine, L1

Excess potassium carbonate (30 mmol) was added to the solution of 8-aminoquinoline (1 g, 6.93
mmol) in 20 ml dry acetonitrile with stirring for 1 h at room temperature. Then, a solution of 2-
chloromethyl pyridine hydrochloride (1.13 g, 6.93 mmol) in acetonitrile was added drop wise to
the reaction mixture under refluxing conditions at 120 °C. The reaction was continued for 8 h.
and then solvent was evaporated and the residual part was purified through column
chromatography using ethyl-acetate and hexane (v/v = 3: 7) as the eluent to obtain the pure
yellow oily product, which was characterized and analyzed by *H NMR (Figure 4.1), **C NMR
(Figure 4.2) and HRMS (Figure 4.3). ESI-MS+ (m/z): 236.1119 (L1 +H*), *H NMR (in DMSO-
de) (8, ppm): 8.76 (s, 1H, —-NH), 8.57 (d,1H, —ArH), 8.20 (1H, t, ~ArH), 7.71 (1H, d, —-ArH), 7.49
(1H, m—ArH), 7.39 (2H, d, —ArH), 7.26 (2H, m, —~ArH), 7.04 (d, 1H~ArH), 6.56 (d, 1H, —ArH),
4.58 (d, 2H, —CH,).
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Figure 4.1. *H NMR spectrum of (L1) in DMSO-ds.
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Figure 4.3 Mass spectrum of (L1) in MeCN.

Step 2: Synthesis of 5-dimethylamino-naphthalene-1-sulfonic acid pyridin-2-ylmethyl-

guinolin-8-yl-amide, DQgss

The compound obtained from step 1 (3 mmol) was further treated with excess potassium
carbonate (15 mmol) in dry acetonitrile for 1 h under stirring. Dansyl chloride (3 mmol) was
added to it in a cold condition under a nitrogen atmosphere. The reaction was allowed to
continue overnight at room temperature. Then, the solvent was evaporated and the solid product
was purified by column chromatography using ethyl-acetate and hexane (v/v = 3 : 7) as the
eluent to obtain a pure solid product (DQues), which was characterized and analyzed by *H NMR
(Figure 4.4), *C NMR (Figure 4.5), HRMS (Figure 4.6) and FTIR (Figure 4.7) ESI-MS+
(m/z): 469.2234 (DQues + H), 'H NMR (in DMSO-ds) (5, ppm): 8.38 (d, 1H, ~ArH), 8.31 (s,
1H, —ArH), 8.18-8.21 (3H, t, —ArH), 7.90 (1H, d, —ArH), 7.76 (3H, t, ~ArH), 7.53 (3H, m, —
ArH), 7.26 (1H, t, -ArH), 7.17 (1H, d, —ArH), 7.02(d, 2H, -ArH), 5.28 (s, 2H, —-CH,), 2.77 (d,
6H, —CHs).
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4.2.4 Solution preparation for the UV-Vis absorption and fluorescence studies

A 10 mL 1.0 x 10~ M stock solution of the ligand DQus Was prepared in acetonitrile for the
spectral studies. A stock solution of 1.0 x 102 M CuCl,-2H,0 and Angeli’s salt® in water were
prepared in deoxygenated, deionized water separately under a N, atmosphere. A nitric oxide
solution was prepared by purging nitric oxide gas for 15 min in a sealed vial with a syringe in
deoxygenated water to give a resultant concentration of 1.74 x 10° M.*’*®* ONOO™ and "OH
solutions were prepared using reported methods.*® A 100 mL, 10.0 mM (4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid) (HEPES) buffer solution was prepared with adjusting its pH to
7.0 using HCI and NaOH and the ionic strength of this solution was maintained at 0.10 M (NaCl)
throughout the measurements. In this work, 20 uM DQues Solution was taken in a cuvette
containing 2.5 ml solution of MeCN-HEPES buffer (v/v = 8: 2 ratio) and titrations were carried
out with Cu?* solution for maximum fluorescence quenching and with the subsequent
incremental addition of HNO in regular time intervals for fluorescence regeneration at Aex = 390

nm with slits 5 nm x 3 nm.
4.2.5 Calculation of the LOD

To determine the analytical limit of detection (LOD) of the ligand DQues and [Cu"(DQues)CI]*,
we have followed the 36 method.

LOD =3 X S¢/S
where, Sy is the standard deviation of the intercept for the plot of F.I. vs. [DQ4eg] for detection of
Cu?* and S is the slope obtained from the linear part of the FI vs. [Cu?*] plot. For HNO detection,
Sy is the standard deviation of the intercept obtained from a plot of F.I. vs. [Cu"(DQues)CI]* and
S is the slope obtained from the linear part of the plot of FI vs. [HNO] .

4.2.6 Calculation of the quantum yield

For the determination of fluorescence quantum yields (®), we used the following equation
q)sample = [(ODstd xAsampIe)/ (ODsampIe X Astd)] X (Dstd
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where, Asample and Agig represent the areas under the fluorescence spectral curves of the sample
and standard, respectively. The optical densities of the sample and standard are designated as
ODsample and ODsyq, respectively, at the excitation wavelength. Here, quinine sulfate was taken as
the standard (®gq = 0.54) for the quantum vyield calculation of the ligand DQuss and
[Cu(DQuee)CIT".

4.2.7 Job’s plot

We determined the composition of the complex with the help of Job’s method. In this method,
fluorescence intensities were measured for a series of solutions where the sum of DQsgs and
CuCl, remains constant in a fixed volume, but changing the individual molar concentration and
then plotted the fluorescence intensity against the mole fraction of Cu**. A break point was found

at 0.5 mole fraction, indicating a (1:1) complex formation between DQusg and Cu?*.
4.2.8 Cell culture

Human hepatocellular liver carcinoma (HepG2) cell lines (NCCS, Pune, India) were grown in
DMEM supplemented with 10% FBS and antibiotics (penicillin, 100 pg ml™"; streptomycin, 50
ng ml ™). Cells were cultured at 37 °C in a 95% air, 5% CO, incubator.

4.2.9 Cell cytotoxicity assay

The cytotoxicity for ligand DQaes Was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) cell viability assay. HepG2 cells (1 x 105 cells per well)
were cultured in a 96-well plate incubated at 37 °C, and were exposed to varying concentrations
of DQues (5, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 uM) for 24 h. After the incubation, 10 uL
of MTT solution [5 mg ml™%, dissolved in 1x phosphate-buffered saline (PBS)] was added to
each well of the 96-well culture plate, and then incubated at 37 °C for 4 h. The media were
decanted from the wells and 100 pL of 0.04 N acidic isopropyl alcohol was added into each well
to solubilize the intracellular formazan crystals (blue-violet) formed. Absorbance of the solutions

was measured at 595 nm (EMax Precision MicroPlate Reader, Molecular Devices, USA). Values
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were calculated as the mean * standard errors of three independent experiments. The cell

viability was expressed as the optical density ratio of the treatment to control.
4.2.10 Cell imaging study

HepG2 cells were cultured in a 35 x 10 mm culture dish on a cover-slip for 24 h at 37 °C. The
cells were treated with 5 uM and 10 uM solutions of DQqes, prepared by dissolving it in a mixed
solvent of DMSO: water = 1 : 9 (v/v) and incubated for 1 h at 37 °C. For the complex formation
study with Cu®* ions, HepG2 cells were pre-incubated with 10 uM of DQges for 60 min at 37 °C,
followed by washing three times with 1x PBS and subsequent incubation with 10 pM of Cu®* for
60 min at 37 °C. To study the nitroxyl (HNO) sensing property of the ligand, HepG2 cells were
pre-incubated with 10 uM of DQueg for 60 min at 37 °C, followed by washing three times with
1xPBS and subsequent incubation with 10 uM of Cu®* for 60 min at 37 °C again, followed by
washing three times with 1x PBS and subsequent incubation with 10 uM of Angeli’s salt
[NazN,0Os3], for 60 min at 37 °C. Fluorescence images of HepG2 cells were taken by a
fluorescence microscope (Leica DM3000, Germany) with an objective lens of 40x

magnification.
4.2.11 Computational details

Ground-state electronic structures of the ligand and complexes were calculated in acetonitrile
solution using the DFT method™ associated with the conductor-like polarizable continuum
model (CPCM).>* Becke’s hybrid function® with the Lee—Yang—Parr (LYP) correlation
function® were utilized throughout the study. The fully optimized geometries of the ligand and
complexes were determined without any symmetry restrictions. The nature of all the stationary
points for both the metal-free ligand DQugs and its Cu®* complex were recognized by using
normal mode analysis. The UV-Vis absorption spectral properties of DQues and the complexes
[Cu"(DQues)CI]* and [Cu'(DQuss)]” in acetonitrile were estimated on the basis of their optimized
ground-state geometries, by time-dependent density functional theory (TDDFT)>* related to the
conductor-like polarizable continuum model (CPCM).>* We computed the lowest 40 singlet—

singlet transitions and the electronic excitation energies were obtained accurately due to the
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presence of electronic correlation in the TDDFT (B3LYP) method.™® For ground-state
optimization, we used the 6-31G(d) basis set. Gauss View 5.1 software was used for the
calculation of the electron density plots in the frontier molecular orbital. All the calculations
were obtained using Gaussian 09W software package.”® We also used the Gauss Sum 2.1

programe®’ for the calculation of the molecular orbital contributions from atoms or groups.

4.3 Results and discussion

4.3.1 Synthesis and photophysical properties

Figure 4.8 A displays the synthetic pathway of the present probe DQges. It involves two steps
nucleophilic substitution reactions. In the initial step, 8-aminoquinoline was allowed to react
with commercially accessible 2-(chloromethyl) pyridine in the presence of K,CO3 in MeCN in a
1 : 1 mole ratio under refluxing conditions for 24 h to obtain L* (pyridin-2-ylmethyl-quinolin-8-

yl-amine)., This compound was then treated with dansyl chloride, a fluorophoric moiety, ina 1:1
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Figure 4.8 A. Schematic representation of synthesis of probe DQuss B. Solvent selectivity of
Cu(ll)-complex formation of probe DQggs.

mole ratio under a N, atmosphere in a cold condition and allowed to proceed overnight, under
constant stirring condition to get the solid product on vacuum evaporation. The intermediate (L*)
and target compound were thoroughly characterized by different spectroscopic techniques. The
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complex Cu'"-DQues was prepared by the stoichiometric reaction of CuCl,-2H,0 and DQugs in
MeCN and characterized by mass and EPR analysis. These studies are in good agreement with
the chemical formula [Cu"(DQues)CIICI of the complex. Before going for more detailed
experiments, we have checked the fluorescence responses of DQugs towards Cu' in various
solvents, like THF, MeOH and MeCN. It was observed that the complex formation of DQges
with Cu(ll) occurred in MeCN efficiently, while in THF and MeOH, a large excess of Cu** was
needed to quench the fluorescence intensity (Figure 4.8 B). So we have selected MeCN as an
organic solvent for the more detailed studies. There is also a previous report where MeCN was

used as a solvent for the reduction of Cu(ll) to Cu(l).*®
4.3.2 UV-Vis study

The spectrophotometric titration of the probe was performed with the gradual addition of Cu?* in
an aqueous—organic medium (10 mM HEPES buffer: acetonitrile = 2:8 solution, v/v) at pH

7
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Figure 4.9 (a) Absorption titration of DQugg With the gradual addition of Cu?* in MeCN : HEPES
buffer medium (v:v =28:2)atpH 7.0 at 25 °C; (b) Benesi—Hildebrand plot.
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7.0. This study clearly demonstrated that the absorption of DQueg at 337 nm vanishes gradually,
with the concomitant development of a new peak at 370 nm upon the incremental addition of
Cu?* (Figure 4.9 a). This occurrence is expected due to the coordination of DQyes towards Cu®".
The data obtained from the UV-Vis titration was solved easily using the Benesi—Hildebrand
equation, where Ap and Anax are the absorbances of the ligand in the absence and presence of
excess Cu*. By considering eqn. (1), a linear fit was obtained from the plot of (Amax — Ag)/(A —
Ao) vs. 1/[M], which clearly manifests the 1:1 complex formation (n = 1) and provided an
apparent formation constant K; of (1.74 + 0.17) x 10* M™* (Figure 4.9 b).

(Amar—4o) 1

=1+ (1)

(A-4p) K[M]™

4.3.3 Fluorescence quenching studies

The emission spectral pattern of the probe DQaes exhibited a typical dansyl green fluorescence at
Aem = 543 nm on excitation at 390 nm. The fluorescence titration of DQues With Cu®** was
performed taking a fixed concentration of DQses (20 uM) in aqueous—acetonitrile medium (10
mM HEPES buffer: acetonitrile = 2: 8 solution, v/v) at pH 7.0 and p = 0.10 M NaCl. Then,
freshly prepared Cu?* solution was added progressively, which led to the gradual decrease in the
fluorescence intensity of DQues. The complete complex formation occurred upon the addition of
~5 equivalent of Cu®*, yielding almost a 7-fold decrease in fluorescence intensity, which was
sufficient to detect Cu®* (Figure 4.10 a). The degree of fluorescence quenching was evaluated by
obtaining a linear Stern—\Volmer eqn. 2, between the ratio of the relative fluorescence intensities,
(Fmax/F) and [Q] *° where Frnax and F are the steady state fluorescence intensities in the absence
and presence of the quencher (Cu?"), respectively, and [Q] is the Cu®*" ion concentration. The
estimated (Ksy, quenching constant Stern—\Volmer constant) was found to be Ksy = (7.32 £0.08)
x 10* M (Figure 4.10 b).

Fmax
" = 1+ Ky [Q] ©)
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A Job’s plot was constructed to determine the mole ratio of reaction between Cu?* and DQuggs by
following the change in fluorescence intensity at 543 nm (Figure 4.10 c). The Job’s plot clearly
exhibited the 1:1 complex formation by a break point at 0.5. This was further supported by the
mass spectrum of this species, m/z =566.168, which corresponds to [Cu(DQuss)CI]" (Figure
4.11). We have also calculated the quantum yield of the metal free DQugg and [Cu(DQaes)CI]",
which were found to be 0.135 and 0.026, respectively.
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Figure 4.10 (a) Fluorescence titration of DQges (20 uM) at 25 °C by the incremental addition of
cu* (0-100 uM) in HEPES buffer (10 mmol) : acetonitrile medium (2 : 8) at pH 7.0 with Aex =
390 nm and Aey = 543 nm. (b) Linear Stern—Volmer plot, (c¢) Job’s plot.

From the literature reports, %!

we could presume that a strong interaction has been taken place
between DQues and doubly charged copper ion, leading to the effective quenching of the
fluorescence intensity of DQues, Which could be ascribed to the photoinduced electron transfer
(PET) mechanism from the dansyl fluorophore to the chelated Cu®*. Additionally, this probe

exhibits the limit of detection of 0.091 uM (Figure 4.12).
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Figure 4.11 Mass spectra of Cu** complex of probe DQuggs.

2.2x10°

2.0x10°

5

1.8x10

1.6x10°

1.4x10°

45x10"

4.0x10°
3.5x10' b
3
3.0x10' b
— 26x10'F
= .
o 20x10'f
L=
= 15x10°
=
1.0x10'
5.0x10°
(X158

SLOPE=3.07144x10
LOD=91nM

S5.D.=93.3

0.0 5.0x107 1.0x10" 1.6x10* 2.0x10” 2.6x10*

DQ,J, M
5 [}

5.0x10°

1.5x10° 2.0x10° 2.5x10°

[Cu”"|,M

1.0x10°

Figure 4.12 LOD of DQugg to Cu®".

165




CHAPTER-4

4.3.4 Analyte selectivity and HNO-induced reduction of [Cu(DQ4es)CI]"

The ability of a fluorescent probe to sense a particular analyte depends on the specificity of its
chemical reactions and chemical properties. We have checked the reactivity of the probe (DQuss)
towards some commonly known metal ions. This study exhibited a high affinity of the probe
only towards Cu®** (Figure 4.13) without any interference from other metal ions, except Fe®",
which showed a slight quenching of F.I. of DQagg, but it was interesting to see that the further
addition of HNO produced no influence on its F.l. Thus, the recognition of HNO by
[Cu"(DQuss)CI]* complex is highly selective. This Cu'-complex is also inert towards other
commonly known biological reactive oxygen, nitrogen and sulfur species (ROS, RNS, RSS)
present in the live cells. The selectivity tests were performed in aqueous—acetonitrile (v/v = 2 : 8)
medium (pH 7.0 and p =0.10 M NaCl), taking a fixed concentration of DQges (20 uM). Here, we
have screened a wide array of reactive oxygen, nitrogen and sulfur species, like NO, H,0,, NO3,
NO, , AA, CIO", 0”7, «OH, TEMPO, ONOO™, HS™, S*" in excess (10 equivalence) upon the
probe DQes. But none other than HNO could induce an enhancement of the fluorescence
intensity of [Cu"(DQues)CI]" (Figure 4.14 A). Upon treatment with Angeli’s salt (HNO donor),
the fluorescence intensity was restored up to 90% (6-fold). In aqueous solution (pH 7,) Angeli’s

2.0x10° =
1.5x10° -
-
=
]
~— 1.0x10° -
-
&
5.0x10" 4
0.0 - }"
g 3::: +§
;o
g &

Figure 4.13 Metal ion selectivity test of DQyes
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Figure 4.14.A. (a) Bar plot representing the fluorescence responses of [Cu'(DQues)CI]" at 543
nm (Aex = 390 nm) towards various biological reactive species in MeCN : HEPES buffer (8 : 2,
v/v) at room temperature at pH 7.0, DQueg = 20 uM, X" = 200 uM. (b) Corresponding spectral
responses of DQues. B. (a) Bar plot representing the fluorescence responses of [Cu"(DQues)CI]*
at 543 nm (Ae = 390 nm) towards various amino acids with the conditions: (8 : 2, v/v)
MeCN/HEPES buffer; 25 °C, pH 7.0 [Cu"(DQuss)CI]* = 20 pM, amino acid = 200 uM. (b)

Corresponding spectral responses of [Cu"(DQues)CI]* towards different amino acids.

salt (Na;N,03) undergoes dissociation to form HNO as well as NaNO, ® which may be the
reason behind the reduction of metal ions. To verify that HNO was solely responsible for the
regeneration of fluorescence through reduction, the reactivity of [Cu(DQ4ss)CI]" towards NaNO,
was checked. But here, no detectable fluorescence enhancement was observed (Figure 4.14 A)
leading to the conclusion that the fluorescence enhancement occurred only due to HNO, not by
the side product (NO,"). Interestingly, the probe [Cu(DQaes)CI]" showed no significant change in
fluorescence intensity upon the addition of saturated NO solution even though HNO and NO are
very closely related biological species. So, the difference in the interaction of [Cu(DQgss)CI]"
towards NO and HNO magnifies the beauty of our system towards HNO detection over NO. Our
probe also showed inertness towards biologically abundant reactive sulfur species, like L-(+)-
cysteine, GSH and HCY (Figure 4.14 B), and also towards important amino acids. All these
experiments showed that our Cu-complex-based HNO probe was highly specific towards HNO

over other reactive species present in the biological milieu.
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4.3.5 Fluorescence studies on HNO-induced reduction of [Cu(DQ4es)CI]"

HNO is a sufficiently strong reducing reagent for the quantitative reduction of Cu(ll) to Cu(l). So
in our present work, there was an adequate possibility for the formation of diamagnetic Cu(l)
from paramagnetic Cu(ll) with the concomitant regeneration of the fluorescence intensity under
the influence of HNO. This redox-based HNO sensing strategy is a useful pathway for the
detection of HNO in living cells also. We found that there was a marked increase in fluorescence
response (30-fold) of [Cu(DQ4ss)CI]" upon the incremental addition of HNO in pure MeCN, but
when the same experiment was performed in 10% and 20% HEPES buffer at pH 7.0, the
fluorescence enhancement was observed to be 8-fold and 6-fold respectively (Figure 4.15 A).
We have used MeCN-H,0 (8: 2 v/v) throughout the experiments as the extent
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Figure 4.15 A Water variation on HNO induced reduction of [Cu"(DQue)CI]*. B. LOD of
[Cu"(DQues)CI]* to HNO.

of fluorescence regeneration in this solvent mixture was sufficient to detect HNO in living cells
also. It was noteworthy that the fluorescence intensity of DQaes dramatically reduced (almost 7-
fold) upon addition of ~5 equivalent of Cu®* due to paramagnetic Cu®* complex formation,
which upon exposure to HNO, gets reduced to Cu(l), restoring the fluorescence intensity up to
90% to that of DQues and limit of detection for HNO sensing was calculated to be 0.41 uM
(Figure 4.15 B). The formation constant of [Cu'(DQues)]” was determined by the Benesi—
Hildebrand equation, and was found to be (3.096 + 0.08) x 10° M (Figure 4.16).
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Figure 4.16 (a) Fluorescence titration of [Cu"(DQues)CI]* at 25 °C by the incremental addition

of HNO in acetonitrile : HEPES buffer (8 : 2) (10 mmol) at pH = 7.0 with A& = 390 nm and Aem

=543 nm; (b) Benesi—Hildebrand plot. (c) UV exposed emission image of [Cu"(DQuss)CI]" and

Cu(1)-DQges.

4.3.6 Mechanistic view of HNO sensing

Till date, the regeneration of the fluorescence intensity of the previously reported Cu?* complex

10,40-42,46

towards HNO, occurred in one of three following ways (Scheme 4.3): (@) turn-on

sensing by the reduction of the metal center with a simultaneous displacement of the probe; in

N-NITROSATION BASED

Free ligand

Fluorescence on

Scheme 4.3 A. Established mechanisms for HNO detection. B. Working mechanism in the

present work.
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this process a N-nitrosation reaction occurs on the secondary nitrogen atom with concomitant
removal of Cu(l). In this case, the fluorescence emission property of the probe may change; (b)
turn-on sensing due to the reduction of Cu®* without removal of the fluorophore; in this
mechanism, 100% recovery of the fluorescence intensity of the probe may not occur because the
PET from the fluorophore to the Cu™ is not fully blocked, leading to lowering of the electron

[Cu(DQ468)C1]+
1000 4
- [Cu(DQ,)]

500

-500 |-

-1000 |-

EPR signal intensity

-1500 |-

-2000 |-

3 N 1 N )
200 300 400
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Figure 4.17 EPR spectrum of [Cu"(DQugs)CI]" (20 uM) and [Cu'(DQugs)]" (in situ reduction
with excess Na;N,O3) at 77 K.

density on the probe; and (c) turn-on sensing caused by the formation of diamagnetic Cu" species
from paramagnetic Cu®* with subsequent removal of the probe; this mechanism results in ~100%
recovery of the fluorescent intensity. Among the above-said probable mechanisms, particularly
(b) is operative in our present investigation (Scheme 4.3 B). Here, DQues forms a Cu'-complex
leading to fluorescence quenching (PET-ON), and subsequent regeneration of fluorescence was
achieved by the nitroxyl (HNO) addition, transforming Cu(ll) to Cu(l) (PET OFF).*0426364 Thjg
phenomenon was justified by the EPR spectroscopy (Figure 4.17) and mass spectrometric
(Figure 4.18) analysis. The EPR spectrum of [Cu(DQaeg)CI]" is a typically axial type with gL =

2.051 and gl = 2.321, indicating the presence of a paramagnetic Cu** ion. Upon treatment with
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Angeli’s salt (Na;N,O3) the spectrum clearly showed that the previous characteristic signals of
Cu?* was vanished to base-line, i.e. the newly formed product was EPR silent, indicating the
presence of the metal ion in its reduced form (Cu'). Here, as the metal is
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Figure 4.18 Mass spectrum of [Cu(DQ4es)CI]" NazN,O3 .

still coordinated to the probe as Cu®, PET is not blocked fully, resulting in a lowering of the
fluorescence intensity with respect to metal-free DQ4ss. We have also checked the fluorescence
response of DQqeg towards CuCl salt. The corresponding spectrum was very much similar to that
of the HNO-treated spectrum of Cu"-DQues (Figure 4.19 A). This HNO-induced reduction was
further supported by the mass spectroscopy, where, ESI-MS+ of [Cu(DQ4es)CI]" corresponds to

(m/z): 566.1152 (Figure 4.11) and ESI-MS+ of [Cu(DQusg)]” corresponds to (m/z): 531.1822
(Figure 4.18).
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Figure 4.19 A. Emission spectra of DQugg in presence of Cul. B. pH-Dependent fluorescence
responses of [Cu"(DQugs)CI]" and [Cu'(DQugs)]” in 8 : 2 (v/v) MeCN/HEPES buffer medium.

4.3.7 pH effect on [Cu" (DQues)CI]" and [Cu'(DQues)]”*

For the proper biological application of any fluorescent sensor, the sensing should occur in a
wide array of pH because different cells or different compartments of a same cell, may have
different pH values. However, in the presence of copper(ll) chloride, the fluorescence of DQges
was of low intensity and exhibited almost an invariant emission profile over a pH range from 2
to 8 (Figure 4.19 B). Then upon treatment with HNO, the Cu(Il) bound probe exhibited a drastic
enhancement in fluorescence intensity in a wide scale of pH (4-10). This large increase in
fluorescence intensity in a wide range of pH suggests that our Cu-complex-based probe
[Cu(DQuss)CI]" could safely be used in HNO detection in living cells at different pH.

4.3.8 Theoretical studies (Geometry optimization and electronic structure)
To get some idea about the interaction of Cu?* complex and HNO, we have carried out DFT and
TDDFT calculations on DQugs, [Cu"(DQugs)CI]" and [Cu'(DQuss)] "% Figure 4.20 shows the

optimized geometries of DQues, [Cu"(DQuss)CI]* and [Cu'(DQues)]* with the C1 point group. The
nature of all stationary points for both the free ligand DQues and its Cu-complexes
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DQyes [Cu"(DQ,65)CI]*

[Cu'(DQ,6)]*

Figure 4.20 Optimized geometry of ligand and Cu-complexes.
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Figure 4.21 Frontier molecular orbitals of DQuss, [Cu"(DQugs)CI]" and [Cu'(DQuss)]"
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were recognized by using normal mode analysis. The global minima of DQugs, [Cu"(DQuss)CI]*
and [Cu'(DQues)]” were confirmed by the positive values of all the frequencies. The
compositions of the Cu-complexes were determined by mass spectroscopy as [Cu'(DQues)CI]"
and [Cu'(DQuss)]”, Which displayed the presence of one chlorine in the molecular fragment of
Cu?* complex and the absence of the same in its reduced product. The central metal ion Cu?* was
in the distorted tetrahedral arrangement, while the metal ion was coordinated through
naphthalene-1-sulfonic acid methylamide-N1, 2-methyl-pyridine-N44 and quinoline-N60 along

with one chlorine atom (CI34).

li‘
R
’
-1.5075 eV “‘ ‘a .
LUMO+1 ® J“ ey //-2.02 eV
X saq, ) ;’:;k, LUMO
44# ': %, ® ‘ ‘,
Aheo= 354.85 ng
f=0.131
C.1.=0.68978 0‘ 9
\,,*)M
Mhee=375.33 nm
=0.0508
HOMO C.1=0.629
-5.629¢V S"-)Sz.,
g od
e
s ‘%‘ )
HOMO-5_.~~
-5.71 ¢V ‘,0.20
[DQyg6] e >,
68 - -~
[Cull(DQg)cl)* 37 © %%,
v J

Figure 4.22 Frontier molecular orbitals of DQues and [Cu'"(DQues)CI]* in UV-Vis absorption.

Similarly, Figure 4.21 depicts the HOMO-LUMO energy gaps of [Cu"(DQues)CI]",
[Cu'(DQues)]* and DQues Were 2.51 eV, 2.92 and 3.91 eV, respectively. Now, all the calculated
important geometrical parameters of the free ligand DQuss, [Cu"(DQugs)CI]" and [Cu'(DQuss)]*
are listed in Table 4.1 A, B, C. From which it is found that the calculated Cu—N bond distances
fall in the range 1.94-2.81 A in the Cu®* complex. The Cu33-N1 bond length was slightly larger
than other Cu-N bond lengths, which may be due to weak coordination through N1, as it is
directly attached to the highly electron withdrawing —SO,R group. After complex formation,
there are changes in some C-S, S—N and N-C bond lengths with respect to the free ligand. In the
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ground state of DQgeg, the electron density resides mainly on the HOMO, LUMO and LUMO+1

molecular orbitals of the dansyl, quinoline and naphthalene fragments of the ligand, respectively

(Figure 4.22). For the [Cu"(DQuss)CI]* complex, the electron density was mainly localized on

the HOMO and HOMO-5 molecular orbitals of the dimethyl-naphthalen-1-ylamine fragment

and for LUMO, it resided on the quinoline- 8yl-amine moiety. HOMO—-5
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Figure 4.23 A, B, C Frontier molecular orbitals of [Cu'(DQugs)]* in UV-Vis absorption. D. UV-

Vis spectra of [Cu"(DQues)Cl] * towards HNO.
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molecular orbital was mainly originated from ligand © and ©* orbital contributions, while the
HOMO and LUMO orbitals were originated from the metal d orbital along with ligand & orbital
contributions (Figure 4.22). For the reduced species [Cu'(DQugs)]", the electron cloud resides
mainly on HOMO, HOMO-3, HOMO-2 and HOMO—4 molecular orbitals of the dimethyl-
naphthalen-1-yl-amine moiety with Cu atom. Also, the HOMO—1, LUMO, LUMO+2, LUMO+1
and LUMO+6 molecular orbitals were originated from the Cu** coordination sphere, quinoline
moiety, 5-dimethylamino-naphthalene-1-sulfonic acid (pyridin-2-ylmethyl)-amide fragment and
naphthalene moiety, respectively (Figure 4.23 A, B, C). These compositions are useful in
understanding the nature of transition as well as the absorption property of both the free ligand
and its Cu-complexes. The ligand DQues has showed an absorption band at 337 nm in
acetonitrile-water (8:2) at room temperature, which corresponds to the absorption band at 354.85
obtained from TDDFT calculations as given in Table 4.2 This band was assigned to SO — S1
electronic transitions (Figure 4.22). The absorption energy along with their oscillator strengths
are given in Table 4.2. The complex [Cu"(DQuss)CI]* showed an absorption band at

370 nm (Figure 4.22) in acetonitrile-water (8 : 2) at room temperature and the corresponding
calculated absorption band was located at 375.33 (Table 4.3), ascribed to the electronic
transition SO — S20. The reduced complex [Cu'(DQues)]* displayed an absorption band at 340
nm, which is ascribed to the transitions SO — S13, SO — S7 and SO — S8 (Figure 4.23 A, B, C)
in the range of 335 nm to 391 nm, with a significant oscillator strength, which were in agreement

with our experimental results (Table 4.4, Figure 4.23 D).

Table 4.1 A, B, C. Some selected geometrical parameters (bond lengths and bond angles) of
DQuss, [Cu"(DQues)CI]* and [Cu'(DQues)CI]* in ground state calculated at B3LYP/6-31G (d)

Levels.

(A) Bond Length(A)
C6- S2 1.81 S2-N1 1.70
S2-04 1.46 N1-C43 1.43
S2-03 1.46 N1-C30 1.48
Bond Angles(®)
C6-S2-N1 104.68 S2-N1-C43 116.03
04-S2-03 120.27 S2-N1-C30 116.48
N1-C43-C44 120.49 N1-C30-C33 113.16
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(B) Bond Length(A)
S2-C6 1.808 Cu33-N60 1.949
S2-N1 1.695 N1-Cu33 2.816
N1-C45 1.431 Cu33-ClI34 2.278
N1-C30 1.468 Cu33-N44 1.944
Bond Angles(®)

S2-N1-C30 118.446 N60-Cu33-Cl34 112.665
S2-N1-C45 120.096 N44-Cu33-Cl34 114.493
N1-Cu33-N44 73.925 N1-Cu33-N60 71.219

(©) Bond Length(A)
C6-S2 1.7928 N43-Cu33 1.8746
S2-04 1.4629 N1-Cu33 2.1991
S52-03 1.4629 N59-Cu33 1.8749
S2-N1 1.7599

Bond Angles(®)
C6-52-N1 108.5100 | N1-Cu33-N59 86.7645

S2-N1-Cu33 08.1251 | N43-Cu33-N59 156.9166
N1-Cu33-N43 | 87.3255

Table 4.2 A. Vertical excitation energy and oscillator strength (fe,) of low-lying excited singlet
states obtained from TDDFT// B3LYP/6-31G(d) calculations of DQgeg Which is matched with the
experimental one. B. All vertical excitation energies and oscillator strengths (fcal) of some low-
lying excited singlet states obtained from TDDFT// B3LYP/6-31G(d) calculations of DQggs.

(A)

Electronic Composition Excitation Oscillator | ClI hexp
Transition energy strength (nm)
(fcal)

S0 — S1 HOMO— LUMO+1 3.494 eV 0.1310 0.68978 337

(123 ->125) (354.85nm)
(B)

Electronic Composition | Excitation Oscillator Cl hexp

Transition energy strength (fcar) (nm)

S0 — S2 123 —124 3.5588 eV 0.0009 0.69982 348.38

S0 — S3 122 —124 41961 eV 0.1322 0.62435 295.48
123 —128 0.14947

S0 — S4 123 —126 4.2099 eV 0.0162 0.17684 294.51
123 —128 0.48177
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S0 — S5 123 —126 4.3426 eV 0.0002 0.67979 285.51
S0 — Sé6 116 —124 4.3549 eV 0.0189 0.51975 284.70
117 —124 0.15908
118 —124 0.36919
122 —124 0.18026
S0 — S7 122 —125 4.4352 eV 0.0010 0.68757 279.55
S0 — S8 117 —>124 4.5105 eV 0.0352 0.10643 274.88
119 —124 0.50113
S0 — S9 121 —124 4.5430 eV 0.0066 0.6754 272.91
S0 — S10 121 —125 45719 eV 0.0394 0.66793 271.19

Table 4.3 A. Vertical excitation energy and oscillator strength (fcal) of low-lying excited singlets
obtained from TDDFT// B3LYP/6-31G (d) calculations of [Cu"(DQues)CI]* complex which is
matched with the experimental one. B. All vertical excitation energies and oscillator strengths
(fcal) of some low-lying excited singlets obtained from TDDFT// B3LYP/6-31G (d) calculations
of [Cu"(DQues)CI]" complex.

(A)

Electronic Composition Excitation | Oscillator Cl Aexp

Transition energy strength (fcar) (nm)

S0 —S20 HOMO-5 -LUMO 3.3033 eV 0.0508 0.629 370

(141—-147) (375.33nm)
(B)
Electronic Composition | Excitation Oscillator Cl Aexp
Transition energy strength (nm)
(fcal)

S0 —S10 144—149 2.7669 eV 0.0013 0.661 448.10

S0 —S11 144 ->148 2.8810 eV 0.0021 0.667 430.36
144 ->149 0.212

S0 —S12 146 ->150 2.9085 eV 0.0030 0.680 426.28
146 ->151 0.114

S0 —S13 142 ->149 2.9834 eV 0.0039 0.468 415.59
143 ->148 0.213

S0 —S14 142 ->149 3.0358 eV 0.0029 0.128 408.40
143 ->148 0.100
145 ->150 0.603
145 ->151 0.110

S0 —S15 143 ->148 3.0578 eV 0.0049 0.13245 405.47
145 ->150 0.29261
146 ->151 0.29932
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146 ->152 0.52448
S0 —S16 143 ->148 3.0652 eV 0.0030 0.62561 404.49
S0 —S17 142 ->148 3.1582 eV 0.0003 0.68404 392.58
142 ->149 0.13745
S0 —S18 145 ->151 3.1867 eV 0.0013 0.34507 389.07
145 ->152 0.59806
S0 —S19 142 ->149 3.2509 eV 0.0042 0.32038 381.39
143 ->147 0.10125
143 ->148 0.14708
143 ->149 0.37583
S0 —S20 141 ->147 3.3033 eV 0.0508 0.62904 375.33

Table 4.4 A. Vertical excitation energies and oscillator strength (f.a) of low-lying excited
singlets obtained from TDDFT// B3LYP/6-31G (d) calculations of [Cu'(DQues)]* complex which
is matched with the experimental one. B. All vertical excitation energies and oscillator strengths
(fcal) of some low-lying excited singlets obtained from TDDFT// B3LYP/6-31G(d) calculations

of [Cul(DQa4eg)]+ complex .

(A)

Electronic | Composition Excitation Oscillator Cl hexp

Transition energy strength (fcal) (nm)

S0 — S13 | HOMO-4 -LUMO+2 | 3.699 eV 0.0102 0.13301
(133—140) (335.10nm) 0.48161
HOMO-1-LUMO+2 0.23920
(136—140)
HOMO—-LUMO+6
(137 —144)

S0 — S7 HOMO-4—-LUMO 3.1724 eV 0.0516 0.47324
(133->138) (390.82 nm)
HOMO-1-LUMO+1 0.11939 340
(136 ->139)

S0 — S8 HOMO-4—-LUMO 3.2018 eV 0.0495 0.51624
(133 ->138) (387.23nm)
HOMO-3—-LUMO 0.27705
(134 ->138)
HOMO-2—LUMO 0.34151
(135 ->138)

(B)

Electronic Composition | Excitation Oscillator Cl hexp

Transition energy strength (fcal) (nm)

S0 — S7 133->138 3.1724 eV 0.0516 0.47324 390.82

136 ->139 0.11939
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S0 — S8 133 ->138 3.2018 eV 0.0495 0.51624 387.23
134 ->138 0.27705
135 ->138 0.34151

S0 — S9 137 ->141 3.3675 eV 0.0002 0.67789 368.18

S0 —S10 132 ->138 3.3891 eV 0.0005 0.67855 365.83
137 ->141 0.16656

S0 — S11 137 ->142 3.5407 eV 0.0015 0.69295 350.17
137 ->143 0.10158

S0 — S12 134 ->139 3.6471 eV 0.0032 0.14748 339.95
134 ->140 0.37982
135 ->139 0.17712
135 ->140 0.24647
136 ->140 0.44043

S0 — S13 133->140 3.6999 eV 0.0102 0.13301 335.10
136 ->140 0.48161
137 ->144 0.23920

S0 — S14 135 ->139 3.7298 eV 0.0015 0.37668 332.42
135 ->140 0.14490
137 ->143 0.11738
137 ->144 0.52594

S0 — S15 134 ->139 3.7414 eV 0.0080 0.23671 331.39
134 ->140 0.44980
137 ->144 0.28323

S0— S16 133 ->139 3.7803 eV 0.0019 0.26571 327.98
133 ->140 0.60691
135 ->139 0.19626

4.3.9 Cytotoxicity studies and cell imaging

Considering the fluorescence emitting property of DQues in the absence of Cu® ions, it was
further checked for its sensing ability in living cells. To determine whether DQgg has cytotoxic
effects, a cell viability assay using MTT was performed with calculating the % cell viability on
HepG2 cells (Figure 4.24 A.). There was no significant reduction in the tetrazolium salt
(reflected by a decrease in formazan production) for DQges Up to 20 uM, thus suggesting that
bellow 20 uM ligand concentration, DQ4es Would be much more effective for the analysis of its
fluorescence emissions in vitro. More than 80% cell viability was observed for DQgegs at 5 uM
and 10 uM, after which the viability of the HepG2 cells decreased. Hence, further experiments
were carried out with 5 pM and 10 uM of DQueg for treatment. The ligand DQ4es exhibited
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Figure 4.24 A. Percent (%) cell viability of HepG2 cells treated with different concentrations (1—
100 uM) of DQqes Tor 24 h, as determined by MTT assay. B. The fluorescence images of HepG2
cells were captured (40x) after incubation with 5 and 10 uM of DQygg for 60 min at 37 °C, which
showed green fluorescence emission. The emission quenches in the presence of Cu®* ions, as the
HepG2 cells were treated with 10 pM of Cu®" ions, followed by washing three times with 1x
PBS, and incubation with 10 pM of DQues for 60 min at 37 °C. The fluorescence emission
reappeared in the presence of 10 pM of NayN,O3 for 60 min at 37 °C, which reduces the Cu®*

ions concentration by converting them to Cu® ions.

prominent intracellular green fluorescence in HepG2 cells treated with 5 uM of the ligand and
incubated for 1 h; which was found to be increased when the HepG2 cells were incubated with
10 uM of DQgeg for 60 min at 37 °C (Figure 4.24 B.). However, the fluorescence emission was
significantly quenched in the presence of 10 uM Cu®" ions. Upon the further addition of Angeli’s
salt (10 uM) at 37 °C, the green fluorescence emission was recovered due to the reduction of
Cu?* jons to Cu* ion. So, our present ligand DQugs Was able to detect Cu®* and HNO sequentially

in biological samples with low cytotoxicity.
4.4 Conclusion

In summary, we have synthesized a fluorogenic probe DQues in a facile manner on a dansyl-
quinoline platform. Here, first the metal-free probe DQuss showed high fluorescence intensity,
which gets quenched by the coordination with paramagnetic Cu** (7-fold) with Ksy = (7.32 +
0.08) x 10* M. The composition of complex formation was obtained by Job’s method and by
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mass spectroscopy showing 1: 1 complex formation with a limit of detection of 0.091 uM. This
Cu" complex-based system was allowed to react with Angeli’s salt (HNO donor), an ample
reducing agent. Very obviously, the Cu" was converted to the diamagnetic Cu' and fluorescence
intensity was regenerated. This reduction based turn-on sensing was well established by mass
spectroscopy as well as EPR spectroscopy, which showed that the previously observed peak for
Cu'" gets dropped to the base line in the presence of HNO, indicating the reduction of the metal
centre. This [Cu"(DQues)CI]" complex-based probe also showed high affinity only towards HNO,
being inert towards other commonly known RNS, ROS and RSS, and even towards NO abundant
in biological milieu, thus signifying it’s efficiency as a good nitroxyl sensor in a wide range of
physiological pH. In view of its proper biological activity, our present system also qualified
under the eligibility criteria due to its negligible cytotoxicity and biocompatibility with in vitro
sensing ability in living cells. So, all these above experiments and discussions certify our probe

as a good candidate for nitroxyl sensing.

Table 4.5. Comparative table of some previously reported HNO probes.

HNO Probes Mo LOD (uM) | REFERENCE
o]
o 2 0 541 59 Chem. Commun.,
N\ﬂ: Ov‘ o2 nm ' 2016, 52, 733
- O
! Ph,P
hee MY
g oN&”J\:: @ ° 517nm 1.4 ACS Appl. Mater.
wood L ¥ Interfaces,
® 2015, 7, 5438
OH
460nm .98 Anal. Methods,
2015, 7, 3883
586nm 2 Anal. Chem.

2017, 89, 12087.
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>43nm 0.4 THIS WORK
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546nm 0.5 Chem. Commun.,
) 2014, 50, 6013
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Ph,P,
0
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CHAPTER-5

After the elaborate description, here the overall view of this thesis has been summarized
chapterwise. This may be cooperative to focus the goal of our endeavor and will conclude how

much we have fulfilled our aim for the entitled project.

Chapter 1

This chapter describes about the short introduction about reactive bio-molecule NO (Nitric
Oxide) and HNO (nitroxyl). The synthetic pathways of their formation in human body and their
key role in physiological and pathological processes has been elaborately explained along with

the brief review of previously reported NO and HNO probes by fluoroscence method.
Chapter 2

In this chapter the detailed experimental studies, synthesis and application of the probe PQPY
has been delineated in detail. PQPY is a phenanthroquinone—pyridoxal based fluorogenic probe.
This probe is highly efficient for the selective and sensitive tracking of nitric oxide in semi-
aqueous medium at pH 7.0. PQPY demonstrates about the very strong interaction with nitric
oxide revealing the enhancement in fluorescence emission in green region (Aem = 505 nm). Here
the operative mechanism for NO sensing is ICT process (intramolecular charge transfer)
occurring from the electron rich phenanthroquinone unit to the electron defficient imidazole —N—
N=0O fragment. The formation constant, K;, of the NO mediated product of the ligand is (1.00 £
0.2) x 10° M* showing LOD 78 nM. The life-time of the ligand (1o = 2.68 ns) is enhanced due to
binding with nitric oxide (to = 3.96 ns). Additionally from the application part, this probe is also

least cytotoxic, cell permeable and suitable for living cell imaging application.

Chapter 3

In this chapter the nitric oxide is selectively and sensitively monitored by the fluorescence probe
named as BCM. In this probe the fluorophore is taken as benzo-coumarin which is attached with
the carbohydrazide moiety acting as the NO recognition unit. However, this smart molecular
probe is employed for NO sensing with detailed fluorescence spectroscopic studies in aqueous
medium. The mechanistic insight of this sensing strategy has been clearly validated by the
spectroscopic analysis and literature reports. Here, upon treatment of the probe with NO, 1,2,3,4-
oxatriazole is formed initially which ultimately released its carboxylic acid derivative. This

oxatriazole formation executes the strong enhancement in fluorescence intensity due to the

190



CHAPTER-5

photoinduced electron transfer (PET) effect. The kinetic study analysis displays that the reaction
rate follows second and first-order dependency on [NO] and [BCM] respectively. BCM shows
the key features like 16 nM detection limit, 123 fold high fluorescence enhancement in aqueous
medium and good formation constant (K¢ = (4.33 + 0.48) x 10 M%) along with pH tolerable
nature. This probe is also sufficiently potent for tracking of intracellular NO due to its non-

cytotoxicity, biocompatibility and cell permeability.

Chapter 4

In this chapter the detailed description about the dansyl appended copper complex
[Cu"(DQues)CI]* has been provided. This non-fluorescent copper complex acts as a selective and
sensitive nitroxyl probe. This probe displays a vivid turn-on fluorescence enlargement towards
nitroxyl (HNO) devoiding of other biological reactive reductants, including nitric oxide (NO).
The well-established strategy, associated here is HNO-influenced reduction of paramagnetic Cu'"
complex to diamagnetic Cu' complex which causes simultaneous fluorescence enhancement via
PET blocking pathway. This HNO induced reduction was also evidenced by X-band EPR spectra
and mass spectroscopy. The metal free probe (DQues) exhibits strong affection towards Cu®* to
form [Cu"(DQues)CI]* with a 0.091 pM detection limit. This complex subsequently detects HNO
in a semi aqueous medium at biological pH by the generation of fluorescence intensity in green
region (Aem = 543 nm) with detection limit of 0.41 uM. The ground-state geometries of all the
related compounds were optimized by DFT calculations. Moreover, this probe is very negligibly
cytotoxic and biocompatible, featuring the usefulness for the in vitro detection of HNO.
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In this article, we have designed and synthesized a new, convenient and efficient phenanthroquinone—
pyridoxal based fluorogenic probe PQPY, highly suitable for the selective and sensitive detection of nitric
oxide in an aerated aqueous (7 : 3/H,O : MeCN) medium at pH 7.0 (10 mM HEPES buffer). Upon addition
of nitric oxide, this probe exhibits emission in the green region (1e,, = 505 nm) which is ascribed to ICT
(intramolecular charge transfer) from the phenanthroquinone moiety to the imidazole —N-N=O frag-
ment. The apparent formation constant, K;, of the NO product of the ligand is (1.00 + 0.2) x 10° M~ and
the LOD is 78 nM. The substantial enhancement of the life-time of the ligand (zg = 2.68 ns) occurs due to
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DOI: 10.1039/c8pp00115d binding with nitric oxide (rg = 3.96 ns). This probe is low cytotoxicity, cell permeable and suitable for

rsc.li/pps living cell imaging application.

Introduction

Modern molecular biology has revealed that vast numbers of
large and complex proteins and genes regulate the body func-
tions. By contrast, a remarkably simple chemical, nitric oxide
(NO), has been found to mediate the crucial features of neuro-
nal communication, blood vessel modulation and immune
response. NO can exist in a variety of molecular forms: free
radical (NO°), nitrosyl (NO™) anion or nitrosonium (NOY)
cation depending on the NO source. Hence, the NO released
from NO donors can differ from the NO produced in the endo-
thelial cells. NO donors are pharmacologically active sub-
stances that release NO in vivo or in vitro. NO delivery can
occur through many kinds of stimuli, depending on the NO
donor structure. Among many physiological functions, NO
induces vasodilation, inhibits platelet aggregation, prevents
neutrophil/platelet adhesion to endothelial cells, inhibits
smooth muscle cell proliferation and migration, regulates pro-
grammed cell death (apoptosis) and maintains the endothelial
cell barrier function. NO generated by neurons acts as a neuro-
transmitter, whereas NO generated by macrophages in
response to invading microbes acts as an antimicrobial agent.
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Therefore, its accurate detection and quantification are critical
to understanding health and disease.

The established paradigm of NO biochemistry from the pro-
duction by NO synthases to the activation of soluble guanylyl
cyclase (sGC) and to eventual oxidation to nitrite (NO,”) and
nitrate (NO;~) may only represent part of NO’s effects in vivo.'?
Due to the extremely short physiological half life of this
gaseous free radical (less than 1 second in circulating blood),’
alternative strategies have been established for the detection of
the reaction products of NO biochemistry. The quantification
of NO metabolites in biological samples provides valuable
information with regard to in vivo NO production, bio-
availability and metabolism. Simply sampling a single com-
partment such as blood or plasma may not always provide an
accurate assessment of the whole body NO status, particularly
in tissues. Therefore, extrapolation of the plasma or blood NO
status to specific tissues of interest is no longer a valid
approach. As a result, methods continue to be developed and
validated, which allow the detection and quantification of NO
and NO-related products/metabolites in multiple compart-
ments of experimental animals in vivo.

Several analytical methods like electrochemical, fluo-
rescence, electron spin resonance etc. have been proposed for
the in vitro and in vivo analysis of NO.*™? In view of its sensi-
tivity, selectivity, spatiotemporal resolution, and experimental
feasibility, the fluorescence method has been regarded as the
most promising method to detect endogenous NO. A number
of small organic and inorganic fluorescent NO sensors have
been reported thus far. Many of them are involved in the reac-
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tion of o-diamino aromatics with NO in the presence of oxygen
leading to the formation of triazole, which acts as a modulator
in the photoinduced electron transfer (PET) mechanism result-
ing in fluorescence turn-ON. Other mechanisms involve the
oxidative deamination process'® and NO/O, mediated diazoti-
sation with the concomitant ring formation.” However, they
still have some undesired limitations, such as electron-rich
aromatic diamines may undergo self-oxidation or react with
other reactive oxygen/nitrogen species that may lead to the
generation of fluorescent species.’* ' Very recently, we have
reported a new mechanism of NO sensing in which the thio-
semicarbazide group, flanked by the carbonyl moiety, reacts
with NO under aerobic conditions leading to the formation of
the 1,3,4-oxadiazole moiety with the simultaneous elimination
of thionitrous acid.>” In the current paper we are planning to
report another new strategy where NO directly reacts with the
imidazolium NH group to generate the N-N=O moiety acting
as an electron acceptor from the phenanthrone moiety as the
electron donor group thereby resulting in a turn on fluorescent
response by the ICT process.

Experimental section
Physical measurements

An IR 750 series-II FTIR (Nickolet Magna) spectrophotometer
was used to record IR spectra in the range 400-4000 cm™* on
KBr pellets. Electronic spectra were recorded on an Agilent
8453 Diode-array UV-vis spectrophotometer using 7:3 HEPES
buffer (10 mM) and MeCN as the solvent with a 1 cm quartz
cuvette in the range 200-900 nm. Fluorescence studies were
performed on a PTI (model QM-40) spectrofluorimeter and "H
NMR spectra were recorded in DMSO-dg¢ on a Bruker 300 MHz
instrument using trimethylsilane (6 = 0) as an internal stan-
dard. ESI-MS' (m/z) of the ligand was recorded using a high
resolution mass spectrometer (Model: QTOF Micro YA263).
Time correlated single photon counting (TCSPC) measure-
ments using a picosecond diode laser (IBH nanoled-07) in an
IBH fluorocube apparatus were performed to determine fluo-
rescence lifetimes. A Hamamatsu MCP photomultiplier
(R3809) was used to collect the fluorescence decay data which
were further examined by using the IBH DAS6 software. To
obtain cell images, a fluorescence microscope (Leica DM3000,
Germany) was used.

Materials and methods

9,10-Phenanthroquinone, pyridoxal hydrochloride,
ammonium acetate, and glacial acetic acid were used to
prepare the ligand. These reagents were purchased from
Sigma-Aldrich. Salts of Cd**, Sm**, Co**, Mg**, Mn**, Na",
Zn*", Dy*", Ni**, cu®™', cr’’, Hg?", Fe’’, Pb**, AI’", F~, 5,05°7,
HSO,™, I0,~, SO,2~, NO,~, HCO,;™, Br~, $7, HS™, OAc™, N;~,
I, SCN™, and ADP and biological anions like H,0,, O*,
TEMPO radical, NO;~, ClO™, AA, NOBF,, glyoxal, formal-
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dehyde, cysteine, homocysteine, glutathione etc. were obtained
either from Sigma-Aldrich or from other commercial suppliers
and used without further purification. Solvents like MeOH,
N,N-dimethylformamide (DMF), MeCN, etc., (Merck, India)
were of reagent grade and dried before use.

Synthesis of the ligand

The ligand 5-hydroxymethyl-2-methyl-4-(1H-phenanthro
[9,10-d]imidazole-2-yl)-pyridin-3-ol (designated as PQPY) was
synthesized by the reported procedure with slight modification.*®
Excess ammonium acetate (25 mmol, 1.927 g) was dissolved in
5 mL glacial acetic acid, and then 9,10-phenanthroquinone
(5 mmol, 1.041 g) solution (in glacial acetic acid) was added to
the ammonium acetate solution at 70 °C by heating under stir-
ring conditions. After 10 minutes, pyridoxal hydrochloride
(5 mmol, 1.018 g) solution in glacial acetic acid was added
dropwise to the reaction mixture. Then this reaction was con-
tinued for 6 hours under refluxing conditions. A blackish
crude solid product was obtained by filtration and washed
with a small volume of glacial acetic acid. From this crude
product, the ligand was obtained by methanol extraction.
Then the methanol part was evaporated to dryness to get a
pure pale yellow product confirmed by "H NMR (Fig. S17),
HRMS (Fig. S21) and FTIR (Fig. S47). (Yield, 76%). ESI-MS"
(m/z): 357.1221 (PQPY + H"), "H NMR (in DMSO-d,) (6, ppm):
11.752 (s, 1H, -NH), 8.88-8.97 (m, 2H, -ArH), 8.55 (1H, d,
-ArH), 8.36-8.34 (1H, d, -ArH), 8.29 (1H, S, -ArH), 7.64-7.87
(4H, m, -ArH), 5.41 (1H, S, -OH), 5.11 (S, 2H, -CH,), 1.21 (S,
3H, -CH3).

Solution preparation for fluorescence studies

A 10 mL 1.0 x 10~ M stock solution of the ligand PQPY was
prepared in DMF by slight heating for fluorescence titrations.
The solutions of other metal ions and other anions were pre-
pared in H,O. A stock solution of nitric oxide was prepared in
deoxygenated deionized water by purging nitric oxide gas for
15 min in a sealed vial with a syringe. The concentration of
nitric oxide was 1.74 x 10™> M. The nitric oxide gas was puri-
fied by passing it through a drying tube containing solid
NaOH pellets.”® HNO solution was prepared from Angeli’s
salt>® and "OH and ONOO™ solutions were prepared following
a reported method.>® A 100 mL solution of 10.0 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer was prepared adjusting pH to 7.0 using HCl and NaOH
and ionic strength of the buffer solution was maintained at
0.10 M (NaCl) throughout the measurements. In this work,
20 pM ligand was taken in a cuvette containing a 2.5 ml
mixture solution of HEPES buffer and MeCN in 7: 3 ratio (v/v)
and titrated with 0 to 75 pM NO solution incrementally in a
regular time interval with A, = 400 nm and 2, 2 slits.

Calculation of LOD

To know the limit of detection (LOD) of the ligand PQPY we
used the following equation by the 3¢ method.

LOD = 3 x S4/S
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Sq is the standard deviation obtained from the intercept of
the plot of F.I. vs. [PQPY]. From the linear part of the titration
plot, the value of the slope (S) is obtained.

Calculation of the quantum yield

Fluorescence quantum yields (¥) were determined by using
the equation:

l:Dsample = (ODstd X Asample)/(ODsample X Astd) X Dgtq

Here, Agample and Agq represent the areas under the fluo-
rescence spectral curves. The optical densities of the sample
and standard are designated as ODgympie and ODygq, respect-
ively, at the excitation wavelength. Here, acidic quinine sulfate
was taken as the standard (@gq = 0.54) for the quantum yield
calculation of ligands PQPY and PQPY-NO.

Cell culture

Human hepatocellular liver carcinoma (HepG2) cell lines
(NCCS, Pune, India) were grown in DMEM supplemented with
10% FBS and antibiotics (penicillin-100 pg ml™"; strepto-
mycin-50 pg ml™"). Cells were cultured at 37 °C in a 95% air,
5% CO, incubator.

Cell imaging study

HepG2 cells were cultured in a 35 x 10 mm culture dish on a
coverslip for 24 h at 37 °C. The cells were treated with 5 uM
solutions of PQPY, prepared by dissolving PQPY in the mixed
solvent HEPES bulffer : acetonitrile = 7:3 (v/v) and incubated
for 1 hour at 37 °C. For NO sensing study, HepG2 cells were
preincubated with 5 pM, 10 pM and 20 pM sodium nitroprus-
side (SNP) for 60 min at 37 °C followed by washing three times
with 1x PBS and subsequent incubation with 5 uM of PQPY for
60 min at 37 °C. Fluorescence images of HepG2 cells were
obtained by using a fluorescence microscope (Leica DM3000,
Germany) with an objective lens of 40x magnification.

Cell cytotoxicity assay

Cytotoxicity for the ligand PQPY was assessed by the 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetra-zolium bromide (MTT)
cell viability assay. HepG2 cells (1 x 10> cells per well) were cul-
tured in a 96-well plate and incubated at 37 °C and were
exposed to varying concentrations of PQPY (1, 5, 10, 20, 30, 40,
50, 60, 70, 80 and 100 pM) for 24 hours. After the incubation,
10 pl of MTT solution [5 mg ml™", dissolved in 1x phosphate-
buffered saline (PBS)] was added to each well of a 96-well
culture plate and then incubated at 37 °C for 4 hours. Media
were decanted from wells and 100 pL of 0.04 N acidic isopropyl
alcohol was added into each well to solubilize the intracellular
formazan crystals (blue-violet) formed. The absorbance of the
solution was measured at 595 nm wavelength (EMax Precision
MicroPlate Reader, Molecular Devices, USA). Values were calcu-
lated as mean =+ standard errors of three independent experi-
ments. The cell viability was expressed as the optical density
ratio of the treatment to control.
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Results and discussion
Design of the NO probe PQPY

For a few decades, the development of ortho-phenylene diamine
(OPD) based probes using fluoresceins, anthraquinones, rho-
damines, BODIPYs, and cyanines (Fig. 1) has emerged for the
detection of nitric oxide but still there exist some serious limit-
ations®. At first, in the presence of reactive oxygen and nitro-
gen species the electron rich diamino-benzene portion is
readily oxidized. The second important drawback is that the
OPD moiety shows a false positive response towards glyoxal,
dehydroascorbic acid (DHA), and ascorbic acid (AA)*” like NO
which misguides the researchers towards wrong interpret-
ations of observations. Another important shortcoming is that
fluorescence enhancement occurs in the OPD moiety via ben-
zotriazole formation, a secondary amine. Consequently, this is
pH sensitive owing to protonation to the secondary amine of
triazole. So, the poor selectivity and the above mentioned
limitations are broad concerns in the design of fluorescent NO
probes. In our present work, taking the aforementioned con-
cerns into account, we strategically designed a new type of
fluorescent probe PQPY based on N-nitrosation®” of a second-
ary amine taking 9,10-phenanthroquinone as a fluorophore.
The reactivity of PQPY was assessed with biological carbonyl
species (RCS (glyoxal, formaldehyde (FA), ascorbic acid (AA),
dehydroascorbic acid (DHA)) and also with cysteine (CYS),
homocysteine (HCY), and glutathione (GSH). Even a large
excess of each biological intercellular molecule cannot light up
our present probe except for NO.

So, N-nitrosation based PQPY shows an improved selectivity
towards NO over RNS, ROS, and RCS compared to OPD based
NO probes, which makes it useful as a superior NO sensor.
Our ligand is also cell permeable, low cytotoxicity, and pH
independent with a very low detection limit (78 nM) and has
an easy synthetic procedure which make it highly useful as a
nitric oxide sensor.

As illustrated in Scheme 1, the probe PQPY was synthesized
by the reaction between 9,10-phenanthroquinone and pyri-
doxal-hydrochloride in the presence of ammonium acetate in
glacial acetic acid medium. The probe was nicely analyzed by

1.Previous document: OPD based fluorescent
probe interfered by ROS, RNS, RCS (AA, DHA,

Glyoxal ) NHz NO,0; N
—» W

4

NH, B N

2.This study: new strategy for NO probe (not
interfered by RCS,RNS,ROS)

HO, X
H)ﬁj NOO, L
AA.onA Glyoxal,

RNS, ROS

PQPY

PQPY-NO

Fig. 1 (a). Scheme of the N-nitrosation reactivity based NO probe
PQPY and (b) some previously reported NO probes.
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Scheme 1 Synthesis of the probe 5-hydroxymethyl-2-methyl-4-(1H-
phenanthro[9,10-dlimidazole-2-yl)-pyridin-3-ol (designated as PQPY).

'H NMR (Fig. S1f), HRMS (Fig. S21) and IR (Fig. S4f)
spectroscopy.

The probe PQPY displayed a high fluorogenic response
towards NO in the aerated aqueous buffer medium. In the
present work, pyridoxal (one form of vitamin B) is taken as
one part of the probe having a great significance in the growth
of some medically relevant bacteria.

Spectral response of PQPY to NO

The sensitivity and selectivity of the probe PQPY are distinct
only towards nitric oxide in aqueous acetonitrile medium
at pH 7.0, as clearly demonstrated by the turn-on fluo-
rescence response (dem = 505 nm) to nitric oxide upon exci-
tation at 400 nm. The probe (20 uM) was taken in a cuvette
containing 2.5 mL of 10 mM HEPES buffer : acetonitrile =
7:3 (v/v), pH = 7.0 and y = 0.10 M NaCl. Then the previously
prepared nitric oxide solution (1.74 x 10~ M) was added
incrementally.

For the deduction of the apparent formation constant (K¢)
of the reaction between PQPY and NO, fluorescence titration
was performed with the fixed concentration of PQPY (20 pM)
with variable concentrations of NO (0-75 pM) at 25 °C. There
was a gradual development of an emission band at ~505 nm
(dex = 400 nm) with the incremental addition of NO resulting
in an approximately 9-fold enhancement in fluorescence inten-
sity which is sufficient to detect nitric oxide intracellularly in
live cells (vide infra) (Fig. 2). A plot of F.I versus [NO] at 505 nm
gives a nonlinear curve, which was solved by adopting the
equation y = (@ + b x ¢ x x")/(1 + ¢ x ¥""),*® where a represents
F.I. of the free ligand, b is F.I. of the ligand in the presence of

6x10°
5x10°F 2
€ 60x10°
3 4x10°F g
a s 40x10°
= 10’ ]
LN £ 20x10
2x10°F g
)
s 0 L x
10y 0 40x105  80x10°
: . N = M
450 500 550 600 oL
Wavelength (nm)
Fig. 2 (a). Fluorescence titration of the ligand PQPY (20 uM) at 25 °C by

the gradual addition of nitric oxide (0-75 puM) in 7:3 HEPES buffer
(10 mmol) : acetonitrile medium at pH = 7.0 with o, = 400 nm and
Jem = 505 nm. The inset shows the UV exposed emission image of PQPY
and PQPY-NO:; (b) nonlinear plot of Fl vs. [NO].
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excess NO, c is the formation constant, K, and n represents the
stoichiometry. The evaluated parameters are n = 0.93 + 0.01
and K¢ = (1.00 = 0.2) x 10° M,

Mechanism

In this research endeavor, we have designed a new fluorescent
molecular probe PQPY which contains phenanthroimidazole
and pyridine moieties acting as a fluorescence turn-on nitric
oxide sensor. As the phenanthroimidazole moiety is an elec-
tron rich system, it acts as an electron donor (D) as well as a
fluorophore and the other part ie., pyridine moiety, behaves
also as an electron donor due to the presence of the phenolic
-OH group. So, the flow of charge from the phenanthroimid-
azole moiety to pyridoxal (D-A) does not occur significantly
and it becomes very weakly fluorescent, whereas the system is
transferred to the electron donor-acceptor one being highly
suitable for the intramolecular charge transfer mechanism
upon reaction with nitric oxide. Here, NO is an electron with-
drawing group and drags the electron density from the phen-
anthroquinone moiety to the imidazole system, causing a
drastic fluorescence enhancement by the ICT mechanism. The
intramolecular charge transfer (ICT) mechanism of the probe
PQPY upon reaction with nitric oxide can be nicely understood
by spectrofluorometric study in solvents of different polarities.
The experiment shows a 24 nm red shift on increasing the
polarity of the solvents which clearly suggests the occurrence
of the intramolecular charge transfer mechanism in the ligand
upon reaction with nitric oxide (Fig. S5t). As delineated by
DFT optimization (vide infra) the HOMO of PQPY and
PQPY-NO bears all the electron density localized on the
phenanthrene moiety, whereas the LUMO electron density is
solely distributed in the 1-nitrosoimidazole moiety of
PQPY-NO, clearly manifesting the ICT mechanism of sensing
(Scheme 2).

Confirmation of the sensing mechanism

To interpret the probable mechanism responsible for the fluo-
rescence enhancement of the probe in the presence of nitric
oxide, detailed product analysis was carried out by reacting
PQPY with excess NO gas in the aerated MeCN medium. Then
the solution was allowed to evaporate and the product

ICT OFF

i "

ZN 2T

PQPY QPY-NO

Scheme 2 Model describing the ICT on the fluorescence response of
PQPY on interaction with NO in the presence of oxygen.
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PQPY-NO was isolated and characterized by using '"H NMR
(Fig. S61) and FTIR (Fig. S71) spectrometers. The molecular
ion peak of PQPY-NO in the mass-spectrum was not found
may be due to the breakdown of the N-N=0 bond to give the
parent probe PQPY and NO and thus we find only the mole-
cular ion peak of the ligand PQPY.

But the proton NMR spectra (Fig. 3) of PQPY and PQPY-NO
clearly suggest that the imidazole -NH proton of PQPY exhibit-
ing a single peak at 11.75 ppm vanished after the treatment
with NO. So proton NMR depicts that NO is attached to the
secondary amine of the imidazole system. This fact is further
confirmed from the IR spectrum (Fig. S7t). The N-H stretching
frequency at 3148 cm™' disappeared and a new peak at
1424 cm™" for the -N=0 group®® was generated which con-
firms the formation of imidazole-N-N=0. So we can conclude
that the nitric oxide was attached directly to the imidazole N
atom causing a turn-on fluorescence response and it is also
evidenced from the substantial increase of the lifetime of the
ligand (7, = 2.68 ns) in the presence of nitric oxide (7o = 3.96
ns). The non-existence of the "H NMR peak for phenolic ~OH
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Fig. 4 Life time calculation plot for PQPY (20 pM) and PQPY+NO
(75 pM) at pH 7.0 in HEPES buffer/MeCN (7: 3, v/v) at room temperature.
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protons may arise due to the strong hydrogen bonding inter-
action between phenolic-OH and tertiary imidazole-N atoms
(O-H---N).

The quantum yield of compound PQPY-NO was & = 0.1006
and that of the ligand (PQPY) was 0.02 (quinine sulfate in the
acidic medium was taken as the standard). The analytical limit
of detection (LOD) of nitric oxide was deduced by the 3o
method (Fig. S8f) which was found to be as low as 78 nM
further indicating the high efficiency of the probe to detect
nitric oxide. So, all the above experiments, results and discus-
sions highly support the probe as an efficient nitric oxide
sensor.

TCSPC studies

The average life-time of the probe (7, = 2.68 ns) increases upon
addition with 75 pM nitric oxide (z, = 3.96 ns) and the biexpo-
nential decay curve of the ligand changes to the monoexpo-
nential form on reaction with NO (Fig. 4). This study signifies
the NO addition and greater stability of the product in the
excited state.

PH stability checking

To know the practical applicability and stability of the ligand
PQPY and product PQPY-NO under different environmental
and physiological conditions, a plot of F.I. vs. pH was drawn
which clearly reveals that PQPY exhibits a slight enhancement
in fluorescence intensity at low pH, (<3.0) due to protonation
of imidazole NH atoms but it remains practically indifferent
within a wide range of pH (pH 4.0-9.0). However, the product
PQPY-NO shows high fluorescence intensity in a wide range of
biological pH 4.0-9.0. As at pH ~ 7.0, the fluorescence inten-
sity is sufficiently high, it can be safely used under physiologi-
cal conditions for monitoring NO (Fig. 5). Not only the NO
product PQPY-NO, but our ligand also shows an almost invari-
able emission profile in a wide range of pH (Fig. S97).

Selectivity study

To check the selectivity of PQPY, we have examined the
response of PQPY towards commonly known metal ions (Cd*",
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7
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Fig. 5 pH dependent fluorescence responses of PQPY and PQPY-NO
in 7 : 3 (v/v) HEPES buffer/MeCN medium.
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Sm3+, COZ+, Mg2+; Mn2+, Na+, Zn2+, Dy3+, Ni2+, Cu2+, Cr3+, Hg2+,
Fe**, Pb**, AI’"), anions (F~, S,05>7, HSO; ™, 1057, SO,>7, NO, ™,
HCO;™, Br', S,, HS™, OAc™, N;7, I", SCN~, ADP) and biologi-
cally relevant species (Tempo, ‘OH, H,0,, NO, OCI™, AA,
ONOO~, 0,7, NO;~, NO*, DHA, FA, glyoxal, etc.). The fluo-
rescence emission spectra (Fig. 6-9) clearly imply that PQPY
exhibits high selectivity towards nitric oxide in aqueous-aceto-
nitrile (7: 3) medium at pH = 7.0. Even the presence of a large
excess of each cation, anion, and biological intercellular mole-
cule cannot enhance the fluorescence intensity of our present
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Fig. 6 (a) Bar plot illustrating fluorescence responses of PQPY at

505 nm (1ex = 400 nm) towards different cations in HEPES buffer at pH
7.0 in H,O—-MeCN (7: 3, v/v) at room temperature. PQPY = 20 uM, X"~ =
100 pM. (b) Spectral response of PQPY towards different cations.
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Fig. 7 (a) Bar plot illustrating fluorescence responses of PQPY at
505 nm (lex = 400 nm) towards different anions in HEPES buffer at pH
7.0 in H;O—MeCN (7: 3, v/v) at room temperature. PQPY = 20 pM, X"~ =
100uM. (b) Spectral response of PQPY towards different anions.
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Fig. 8 (a) Bar plot illustrating fluorescence responses of PQPY at
505 nm (lex = 400 nm) towards different biologically relevant species in
HEPES buffer at pH 7.0 in H,O-MeCN (7: 3, v/v) at room temperature.
PQPY = 20 pM, X"~ = 100 pM. (b) Spectral response of PQPY towards
different biological anions.
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Fig. 9 Bar plot illustrating fluorescence responses of PQPY at 505 nm
(Zex = 400 nm) towards different biologically relevant thiols and carbonyl
species in HEPES buffer at pH 7.0 in H,O-MeCN (7:3, v/v) at room
temperature. PQPY = 20 uM, [X] = 100 pM.

probe except for NO suggesting its high selectivity towards
nitric oxide.

Theoretical studies

To better understand the photophysical properties of the
probe and NO product, we performed quantum chemical com-
putations using the DFT/B3LYP/6-31G(d) level of theory. We
optimized the energy of the probe and NO product to find the
distribution of electron density within aromatic rings. All the
calculations were performed with the Gaussian 09W software
package.®® The optimized geometry of the probe (PQPY) and
its NO product (PQPY-NO) is shown in Fig. 10. Both have a C1
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Fig. 10 Optimized geometry of PQPY and the PQPY-NO product.

point group. The nature of all stationary points for both the
free probe and its NO product was confirmed by carrying out
normal mode analysis. All the frequencies turned out to be
positive, which proved the global minima of PQPY and
PQPY-NO. The important optimized geometrical parameters of
the free PQPY and PQPY-NO are listed in Tables S1 and S2.7
The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) energies of the
probe and NO product are shown in Fig. 11.

In the case of the probe as well as the NO product the
HOMO electron densities are localized in the 2-(1H-phen-
anthro[9,10-d]Jimidazol-2-yl)-prop-2-en-1-ol moiety, whereas
LUMO electron clouds reside in 5-hydroxymethyl-6-methyl-
pyridin-3-ol for the probe but on the 1-nitroso-1H-imidazole
moiety for the NO product. This delocalization of excited elec-
tronic energy to the 1-nitroso-1H-imidazole for the NO product
is responsible for enhancing the fluorescence intensity due to
the electron withdrawing nature of the -NNO group. The calcu-
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9
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3.94 eV -3.061eV
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HOMO ———— ;- -
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Fig. 11 Frontier molecular orbital of the probe (PQPY) and NO product
(PQPY-NO).
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lated HOMO and LUMO energy gap is found to be 2.92 eV for
the NO product, which is lower than that of the calculated
HOMO-LUMO gap of the probe (3.94 eV). Therefore, the NO
product is more stable than that of the free probe.

Cell imaging study

In order to assess the ability of PQPY to detect nitric oxide
(NO) in vitro, it has been further checked for its properties to
form a product with NO in living cells. Before that we have
explored the cytotoxic effects of PQPY on live HepG2 cells by
cell viability assay using MTT (Fig. 12). There was no signifi-
cant reduction in the tetrazolium salt reflecting a decrease in
formazan production for PQPY up to 10 pM, thus suggesting
that below 10 uM ligand concentration PQPY would be much
more effective for the analysis of its product formation with
NO in vitro. Around 80% cell viability was observed for PQPY at
5 uM, after which the viability of the HepG2 cells decreased.
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3 N
TSRS S S S s S
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Fig. 12 Percent (%) cell viability of HepG2 cells treated with different
concentrations (1-100 pM) of PQPY for 24 hours determined by MTT
assay.

PQPY: 5uM
SNP: 5uM

PQPY: 5uM
SNP: -

PQPY: 5uM
SNP: 10uM

PQPY: 5uM
SNP: 20uM

Fig. 13 The fluorescence images of HepG2 cells were captured (40x)
after incubation with 5 uM of PQPY for 60 min at 37 °C, followed by
washing thrice with 1x PBS, and incubation with 5 yM, 10 pM and 20 uM
of SNP for 60 min at 37 °C followed by incubation with 5 pM of PQPY
for 60 min at 37 °C. The fluorescence images show no fluorescence
signal by the fluorophore PQPY (5 pM) in the absence of the NO donor,
while the fluorescence gradually increases with higher concentration of
the NO donor.
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Hence, further experiments were carried out with 5 pM of
PQPY for treatment.

The ligand PQPY showed the absence of intracellular fluo-
rescence in HepG2 cells treated with 5 pM of the ligand and
incubated for 1 h (Fig. 13); however, a prominent intracellular
green fluorescence signal was observed in cells when the
HepG2 cells were incubated with 5 pM of SNP for 60 min at
37 °C to produce exogenous NO, followed by incubation with
5 uM of PQPY. The intracellular fluorescence was found to be
prominently localized in the cytoplasmic region.

Keeping the ligand PQPY concentration constant at 5 uM
and increasing the concentration of NO donor SNP (5 uM,
10 pM and 20 uM), a NO concentration-dependent enhance-
ment in the intracellular green fluorescence is observed,
caused by the formation of the product between PQPY and
NO. An intense intracellular fluorescence was observed due to
the formation of PQPY-NO nearly at 20 pM of SNP. Altogether,
the present results suggest that the probe with low cytotoxicity
and the property of enhanced fluorescence with increasing
concentration of intracellular NO can be used for NO detection
in biological samples.

Conclusion

In summary, we have been able to synthesize novel 5-hydroxy-
methyl-2-methyl-4-(1H-phenanthro[9,10-d]imidazole-2-yl)-pyridin-
3-ol (PQPY) in a facile manner as a highly selective turn-on
in vitro NO probe and characterize it by various spectroscopic
techniques. The probe can detect nitric oxide efficiently and
selectively in a wide range of physiological pH at room tem-
perature in 70% water. The highly electron withdrawing group
-N-N=O drags the electron density from the whole system
(PQPY-NO) towards itself converting the probe to a donor-
acceptor one giving the credit for intramolecular charge trans-
fer which results in a large fluorescence enhancement. The
formation constant (1.00 = 0.2) x 10° obtained from the titra-
tion supports the stability of the NO product (PQPY-NO). The
78 nM analytical detection limit deduced by the 3c method
reassures the potentiality of the ligand as a NO probe in bio-
logical systems. The ligand is also biocompatible due to its
solubility in mixed aqueous-organic (water-acetonitrile; 7 : 3)
solutions and also it has cell permeability and the low
cytotoxicity towards living cells magnifying its biological
applicability.
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Fluorescence spectroscopy is a significant bio-analytical technique for specific detection of nitric oxide (NO)
and for broadcasting the in vitro and in vivo biological activities of this gasotransmitter. Herein, a benzo-cou-
marin embedded smart molecular probe (BCM) is employed for NO sensing through detailed fluorescence
studies in purely agueous medium. All the spectroscopic analysis and literature reports clearly validate the
mechanistic insight of this sensing strategy i.e., the initial formation of 1,2,3,4-oxatriazole on treatment of the
probe with NO which finally converted to its carboxylic acid derivative. This oxatriazole formation results in a
drastic enhancement in fluoroscence intensity due to the photoinduced electron transfer (PET) effect. The
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kinetic investigation unveils the second and first-order dependency on [NO] and [BCM] respectively. The very
low detection limit (16 nM), high fluorescence enhancement (123 fold) in aqueous medium and good for-
mation constant (K = (4.33 + 0.48) x 10* M™) along with pH invariability, non-cytotoxicity, biocompatibility
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Introduction

Over a few decades, biologically abundant reactive nitrogen
species (RNS) have played their pivotal role as a cell signalling
molecule in the course of diverse physiological and pathologi-
cal processes." Nitric oxide (NO), a prime member of this
class, is a pervasive gasotransmitter and is associated with
numerous physiological processes in many bio-organisms.
Endogenous production of NO takes place through the conver-
sion of r-arginine to r-citrulline which is catalysed by eNOS,
nNOS and iNOS (NO synthase enzymes).> Physiologically, NO
(i) functions as a stimulator in vascular smooth muscle relax-
ation, (ii) prevents infections functioning on the immune
system and (iii) serves as a neurotransmitter.>* The pathologi-
cal impact on malfunctioning of NO homeostasis occurs due
to carcinogenesis, neurodegenerative injury, endothelial dys-
function, diabetes, chronic liver inflammation etc.>® Nitric
oxide is involved in the modulation of gene transcription and
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and cell permeability make this probe a very effective one for tracking NO intracellularly.

acts as a controlling factor in the translation of m-RNA.”®
Considering the unambiguous significance of this bio-regulat-
ory molecule, several methods like chemi-luminescence,
electrochemistry, colorimetric assay, electron-paramagnetic
resonance spectroscopy, fluorimetric techniques®'* etc. are
widely used to comprehend the NO biology.

But among these analytical methods, the fluorescence tech-
nique is considered as the most conducive one for endogenous
NO detection owing to its high sensitivity, non-destructive and
real-time imaging properties, minimal invasiveness, sophisti-
cated  instrumentation and  high  spatio-temporal
resolution.”> ™ Thereby, by exploiting the fluorescence spec-
troscopic technique plenty of nitric oxide probes have been
developed: (i) organic probes, (ii) single-walled nanotube
(SWNT) probes, (iii) quantum dot (QD) probes and (iv) metal
complex based probes.”’®” The o-phenylene diamine (OPD)
moiety, from the class of organic probes, is one of the promis-
ing receptors for NO leading to the formation of triazole with a
significant enhancement of fluorescence intensity.>’
Though this strategy has attracted the deep attention of
researchers, its applications are limited by some serious short-
comings. As for example, (a) the vicinal diamine may suffer
from oxidation by various oxidants present in the biological
system; (b) the triazole formed in the reaction with NO may
show different fluorescence responses at different pH values
due to the presence of the secondary -NH group, which may
lead to misinterpretation of fluorescence data.’%3%33
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Considering all these limitations, our group has disclosed a
novel strategy for nitric oxide sensing by employing quinoline
as a fluorophore moiety and acyl hydrazide as a receptor.
Upon treatment with nitric oxide this probe primarily forms
1,2,3,4 oxatrizole causing a substantial enhancement in fluo-
rescence intensity®® and it finally converted to a carboxylic
acid.** In our present work, we have used coumarin as a
fluorophore which is a planar, rigid and pi-conjugated hetero-
cycle. Over a few decades it was clearly recognized that the
active site at 3 position of coumarin with its benzo counterpart
is strongly fluorescent.>® It is a naturally occurring organic
compound found in plants and oil, like the oil of cassia, sweet
clover, woodruff, tonka beans and lavender. Coumarin deriva-
tives are well recognized due to their numerous activities in
pharmaceuticals, insecticides, agrochemicals, fragrances, and
polymer sciences and they are also identified as important
organic fluorescent materials.*® It is also used in the treatment
of burns, brucellosis, rheumatic disease, etc.’” In respect of
photophysical activities, coumarin and its derivatives exhibit
high photostability, easy synthesis, an extended spectral range
and good solubility.>**° So, considering all these signifi-
cances, we developed our pioneering strategy by using a cou-
marin fluorophore joined with the benzo-counter part which is
synthesized by the well-known Knoevenagel condensation fol-
lowed by hydrazination. Herein, a relevant study to compre-
hend the selectivity and sensitivity of BCM towards NO along
with a plausible mechanism has been delineated by a concen-
tration and time dependent kinetic studies. We have also per-
formed a detailed cell imaging and theoretical studies. A very
high sensitivity to nitric oxide along with a 123 fold fluo-
rescence enhancement in purely aqueous medium at physio-
logical pH and a very low detection limit (16 nM) qualify the
efficacy of the probe for intracellular NO detection.

Results and discussion

Scheme 1 displays a two steps synthetic pathway for the syn-
thesis of 3-oxo-3H-benzo[f]chromene-2-carboxylic acid hydra-
zide (hereafter designated as BCM). The first step is a very well-
known Knoevenagel condensation between 2-hydroxy napthal-

DEM, piperidine,

g.acetic acid,
ethanol, 90°C, 8 hrs

equimolar ratio, reflux,
100°C,6 hrs, ethanol

HN—NH,

Scheme 1  Pathway for the synthesis of probe BCM.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

dehyde and di-ethyl malonate in the presence of piperidine
and glacial acetic acid under refluxing conditions. After 8 h,
the reaction mixture is cooled to room temperature whereupon
a pure product (L') was formed which was collected by fil-
tration and well analyzed by 'H NMR (Fig. S11) and *C NMR
(Fig. S21).

The second step comprises the treatment of the corres-
ponding ester with hydrazine hydrate in an equimolar ratio.
The targeted fluorescent probe was well characterized by
common spectroscopic studies, ie.,, "H NMR (Fig. $3%), **C
NMR (Fig. S41), mass spectroscopy (Fig. S51), and FTIR
(Fig. S67). The receptor exhibits very high affinity and selecti-
vity towards NO in aqueous medium.

Photophysical response of BCM towards NO

The fluorescence properties of the probe BCM and affinity
towards nitric oxide were analyzed by performing fluorescence
titration, Fig. 1. For this experiment, a fixed concentration
(20 pM) of BCM was added into a cuvette containing 2.5 ml of
aqueous HEPES buffer at 25 °C. Then, the NO solution was
added progressively in the concentration range from 0 to
40 pM. BCM alone exhibits a very weak fluorescence in
aqueous HEPES buffer, whereas gradual addition of NO causes
a steady generation of fluorescence intensity resulting in an
~123 fold enhancement at Ay, ~470 nm (dex = 410 nm). To
determine the apparent formation constant we have carried
out a fluorescence titration experiment and a plot of F.I. vs.
[NO] shows an excellent linearity of the curve up to 25 uM after
which the plot gets saturated (maximum NO 40 pM). The
linear part was easily solved by utilizing eqn (1)*' under the
condition 1> ¢x" and n = 1.

y:w (1)

1+4+c¢xx"

where parameters g and b denote the F.I. of the probe in the
absence and presence of excess NO respectively, and c is the

1.4x10 -(a) 1.6x10° %
§ NO_; 2410°
1.2x10° | E
Gl 5
= 1.0x10°F =
. 4.0x10°
S soxto’t xo_,,
el s 00  1.5x10° 3.0x10° 4.5x10°
= 6.0x10° | [NOLM

(©

450

500 550 600

Wavelength(nm)

650 700

Fig. 1 (a) Fluorescence emission spectra recorded by taking only fixed
20 uM BCM and also gradual addition of NO (0-40 puM) at 25 °C in
10 mM HEPES buffer at pH 7.0, lex = 410 nm and Aem = 470 nm. (b)
Linear plot of F.I. vs. [NO]. (c) The image of probe BCM (left) and NO
treated product (right) exposed to UV light.
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formation constant designated as K. The slope (b x ¢) obtained
from the curve gives ¢ = K = (4.33 + 0.48) x 10* M™" (using b =
F.I in the presence of a large excess of NO).

Mechanistic view of fluorescence sensing of the receptor BCM
towards NO

To gain insight into the mechanism which is responsible for
fluorescence enhancement, we collected the product of the
reaction between BCM and NO. For this purpose, BCM was dis-
solved (1 mmol, 0.254 g) in a minimum volume of dichloro-
methane (DCM) and finally with 20 ml acetonitrile under
aerobic conditions. Then nitric oxide gas was bubbled through
the probe solution for 15 minutes. A vivid fluorescence was
noticed throughout the solution. The solvent was evaporated
under pressure. A brown solid was collected and further puri-
fied by recrystallization in ethanol. The pure crystalline com-
pound was filtered and characterized by ESI-MS" (Fig. S71), 'H
NMR (Fig. S87) and IR spectroscopy (Fig. S91). The ESI-MS"
spectrum (Fig. S7t) shows a peak at 304.0406 (1,2,3,4-oxatria-
zole + K') suggesting the generation of 1,2,3,4-oxatriazole
(BCM-NO) which was further ensured by the disappearance of
-NH (9.39 ppm) and -NH, (4.79 ppm) peaks in the '"H NMR
spectra (Fig. S81). The generation of the IR peak at 1600 cm ™"
(-N=N) and 1666 cm~' (-C=N) also strengthens the for-
mation of the oxatriazole moiety (Fig. S97).

The predicted mechanism is outlined in Scheme 2, where
NO first reacts with O, to generate N,O; under aerobic con-
ditions which nitrosylates -NH, of BCM to generate -NH-NO
which ultimately generates 1,2,3,4-oxatriazole (BCM-NO) as a
stable product. The formation of the electron deficient oxatria-
zole moiety causes a large enhancement in fluorescence inten-
sity at depy = 470 nm. It is interesting to note that the formed
oxatriazole is finally transformed to a carboxylic acid through
the formation of azide after keeping it in solution for a long
time and was ensured from the mass spectra (Fig. S10t) and
"H NMR spectrum (Fig. S117).

From the electronic point of view the main-stream mecha-
nism for NO sensing by OPD based probes is based upon the
PET block process.*>™** Very recently, our group reported a qui-
noline based NO sensor containing the acyl hydrazide moiety
where the PET effect®* was operative. In the current report, we
propose that the PET-ON mechanism due to electron push
from the hydrazide part to the coumarin fluorophore makes
the probe BCM weakly fluorescent. However, upon reaction

Ol
NO, + H* AT

L-NO

£y IC

I 4+

g o—N

3 g @ -,
OH Z T O Nz B N

0" No
3/2N,+No+ou v

Scheme 2 Possible reaction mechanism for the reaction between BCM
and NO.
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Scheme 3 Presentation of PET effect responsible for NO sensing.

with NO a remarkable fluorescence enhancement has been
perceived which may arise due to the generation of the elec-
tron deficient 1,2,3,4-oxatriazole moiety that restricts the above
PET-ON process (Scheme 3).

Time dependent reaction of BCM with NO, a kinetic approach

To ensure a clear view of the operative mechanism of the reac-
tion between BCM and NO, we have thoroughly performed
kinetic studies at pH 7.0 (10 mM HEPES buffer, 0.10 M NacCl),
15 °C, under pseudo-first-order conditions using the fluoro-
metric technique (Fig. 2). In this study, we have taken a fixed
concentration of BCM (5 pM) and variable [NO] (20-100 pM).
The kinetic traces at 470 nm unveil single exponential growth
curves assigning the first-order dependency of the reaction
rate on [BCM]. The time dependent fluorescence study also
shows that the fluorescence intensities at 470 nm increase
with time and reach a plateau within ~5 min (Fig. S12t). The
pseudo-first-order rate constants (k,ps) obtained from the
growth curves have been plotted against [NO], which yields a
nonlinear upward curvature.

However, a plot of kgs vs. [NOJ* displayed a well fitted
straight line which delineates the second-order dependency
upon [NO] (Fig. 27). The log(kops) vs. 1og[NO] plot furnishes a
straight line with a slope = (2.42 + 0.08) with R = 0.997 which

INOJ', M | \
0.0 3.,0x10” 6.0x10° 9.0x10"
0.08 - 4
o
0.06 - 4
—'-rn
z 0041 -
= ® o
0.02 F J
® o
0.00 4
2.5x10°  5.0x10°  7.5x10°  1.0x10"
[NOl,M

Fig. 2 The kops vs. [NO] plot gives an upward curvature (blue solid
circles), while a plot of kops vs. [NOJ? gives a straight line (red solid
circles). Experimental conditions are: [BCM] = 5 pM and [NO] = (20-100)
uM, temperature = 15 °C in 10 mM HEPES buffer (pH = 7.0, NaCl = 0.10
M). All the data were collected using the fluorescence technique.
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also supports the second order kinetics with respect to [NO]
(Fig. S131). We have accomplished a second experiment to
evaluate the dependency of rate upon [BCM] taking a fixed
5 pM [NO] with variable [BCM] in the range between 20 and
100 pM. Here, a plot of log kops vs. log[BCM] clearly demon-
strates a first-order dependence on [BCM] with slope = (1.19 +
0.05) (Fig. S147) and R = 0.997.
Here, a provisional reaction sequence is formulated as follows:

2NO + 0, 4 2NO, (2)

NO, +NO % N,0, (3)

N,Os + HyO -5 2H' 4 2NO,~ (4)
N,O; +L % L - NO+NO,” +H' (5)
L-No+H" ® 1 +H0 (6)

The above reaction sequence clearly demonstrates that NO
interacts firstly with its oxidized product NO, to form N,O3
that acts as a NO' donor in the next step under aerobic con-
ditions. Then the formed N,O; nitrosylates the amine hydra-
zide to generate L-NO which results in the synthesis of a
closed ring 1,2,3,4-oxatriazole moiety in a fast step (Scheme 2).
We have surveyed the literature to afford the rate constants of
the above-mentioned reactions as: k; = 6.33 x 10° M2 s71,*°
ky =11 x10° M~ 's71,* and k;3[H,0] = 1.6 x 10° s7".* With the
knowledge of these rate constants we can stipulate that NO,
and N,O; are present in very negligible amount as reactive
intermediates. By applying a steady-state approximation eqn
(7) can be attained for the formation of L' (BCM-NO).
kik4[L)]

'] i
de a 2(k3 [Hzo}) —+ k4[L]) [NO]t [Oz]t (7)

From the previously illustrated kinetic studies, it was found
that the reaction kinetics follows the second and first order
dependence with respect to [NO] and [L] ([BCM]) respectively
which lead us to make an assumption that k;[H,O] > k4[L].
Now eqn (7) reduces to eqn (8).

dlL'] _ kikL] 2
&t 2ks[H,0] [NOJ,*[02], (8)

As the kinetics was performed maintaining the pseudo-
first-order conditions, taking L (BCM) as a minor component
(the dissolved [0,]; = 2.5 mM at 25 °C) eqn (8) reduces to eqn
(9), where kops = {d[L']/d¢}/[L]

kobs = k’[NO]tZ (9)
taking,
. kikg
- 2k3 [Hzo] [OZL (10)

The value of k, is evaluated by utilizing the previously
observed values of k; and k;[H,O] mentioned above along with
k' =8.60 x 10° M2 s, achieved from the linear plot of kups Vs.
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[NOJ? at 15 °C. From all of these data the value of k, was esti-
mated to be 17.3 x 10> M~> s™' and found to be very much
similar in order to some analogous reactions of N,O; as
follows: HSA (0.3 x 10° M™" s7'), N-acetyl cysteine (1.5 x 10°
M s7), GSH (2.9 x 10° M~ " s71), Cys (2.6 x 10° M~' s7), and
BSA (0.06 x 10° M™' s 7). Interestingly, this result is also in
accord with our reported works.***

Limit of detection

We have also performed a study to evaluate the detection limit
of NO by BCM which is revealed to be very low ~16 nM
(Fig. S157) making the probe very sensitive towards NO in
macrophase cultures,”® where nitric oxide is present in the
micromolar to nanomolar range. So the concerned NO probe
(BCM) is highly applicable for monitoring NO quantitatively in
these cell types.

PH stability

To be an efficient fluorescent probe, it should show pH toler-
ance in the physiological range of pH so that it is easily appli-
cable in bio-organisms. For this purpose we have assessed the
pH effect on the photophysical behavior of BCM in the
absence and presence of excess NO. Fig. 3 shows a very high
fluorescence intensity of the probe and its NO treated product
in a low pH range (2-3). Probably the PET based probe BCM,
due to the presence of an electron donor group (-NH-NH,) is
converted to its protonated form which would block the PET
process generating the fluorescence intensity at a lower pH
range. In the pH range 4-8 the probe shows very weak fluo-
rescence, however on treatment with NO it displays a drastic
enhancement in fluorescence intensity due to the oxatriazole
formation. Moreover, at alkaline pH (>8) the fluorescence
intensity of the NO treated product is inhibited likely due to
the rapid decomposition of N,O; (eqn (4)), formed in the reac-
tion of NO, and NO (eqn (3)) causing the availability of smaller
and smaller amounts of reactive species (N,O3) towards the
probe BCM (eqn (5)). Overall the pH study displays the well
applicability of the probe at biological pH for tracing nitric
oxide.

6
3x10° 1 ° ® BCM-NO
® Bcv
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\o/ o—o,
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3
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o 1x10°F °
5 \
.
\ o—0—¢
ofL —— —e——
2 4 6 8 10 12
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Fig. 3 pH dependent NO detection by BCM at 470 nm Aex = 410 nm at
25 °C in 10 mM HEPES buffer.
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Fig. 4 (a) Bar plot presents the fluorescence responses of BCM at

470 nm (lex = 410 nm) towards various biologically reactive species in
HEPES buffer at pH 7.0, BCM = 20 pM, X"~ = 50 uM at 25 °C; (b) corres-
ponding spectral responses.

Analyte selectivity experiment

The selectivity of a fluorescent probe towards a particular
analyte is ensured by providing an appropriate binding site
and some special chemical properties. Herein, the reactivity
assay of probe BCM towards NO was conducted by using a
broad array of putative interfering species like reactive species,
important metal ions, and anions in 10 mM HEPES buffer, at
25 °C at pH 7.0. Fig. S16-S197 clearly show that BCM is silent
in fluorescence response towards essential metal ions and
anions. Likewise, the selectivity of BCM towards NO was
ensured by reacting BCM with relevant biologically reactive
species like H,0,, CIO™, KO,, ‘OH, NO, NO,~, NO,~, TEMPO,
glyoxal, ONOO~, HNO, AA (ascorbic acid), and HCHO which
revealed that none of these potential analytes triggered a fluo-
rescence enhancement, except for NO (Fig. 4). To our delight,
important cellular metabolites like AA, glyoxal, and HCHO
interact hardly with the concerning probe. So, this high selecti-
vity is very much advantageous for precise detection of NO in
biological milieu.

Geometry optimization with an electronic structure

To get a theoretical overview on the interaction between BCM
and NO we have conducted the DFT and TDDFT calculations
of the probe (BCM) and its NO mediated product (BCM-NO).
Fig. 5 presents the optimized geometry of both the compounds
having the C1 point group. The structural compositions of
these compounds have been established using mass spec-
troscopy which indicates the formation of oxatriazole from car-

N27 N26

BCM-NO

Fig. 5 Optimized geometry of BCM and BCM-NO.
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Fig. 6 Frontier molecular orbitals of probe BCM and BCM-NO.

bohydrazide in the presence of NO. All the important geo-
metrical parameters of the probe BCM and BCM-NO are tabu-
lated in Tables S1 and S2.1 For the BCM-NO product the N-O
bond distance is 1.43 A, whereas the C-O bond distances lie in
the range of 1.2-1.4 A.

In the ground state the density of electron clouds mainly
prevails on the HOMO and LUMO of the 3-oxo-3H-benzol[f]
chromene-2-carbaldehyde and 3-oxo-3H-benzo[f]-chromene-2-
carboxylic acid amide moiety respectively in the probe BCM. In
the case of BCM-NO, the electron clouds mainly reside on the
HOMO and LUMO of the benzo[f]chromen-3-one and 3-
[1,2,3,4]oxatriazol-5-yl-chromen-2-one  moiety  respectively
(Fig. S20t). These compositions are important to know the
behaviour of the transition as well as the absorption spectra of
both BCM and BCM-NO. The calculated HOMO-LUMO energy
gap associated with BCM and BCM-NO is 3.94 eV and 3.47 eV
respectively (Fig. 6). By exploiting the TDDFT method, the
UV-Vis absorption spectra of BCM and BCM-NO were obtained
at room temperature in aqueous medium (Fig. S21t). The
absorption band of BCM at 374 nm in pure aqueous medium
corresponds to the peak at 354 nm (Fig. S20) obtained from
the TDDFT calculation which is assigned to the S, — S; elec-
tronic transitions with significant oscillator strength (Tables
S3 and S47), whereas for BCM-NO the theoretically evaluated
absorption band at 407 nm is ascribed to the peak at 386 nm
also associated with the S, — S; electronic transitions
(Fig. S207). So, from this information it can be speculated that
the experimental results have good agreement with the theore-
tical results.
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Fig. 7 Graphical picture of the cell viability study of BCM.
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NO detection in live cells

Fluorescence imaging studies were executed to explore the
detecting capability of BCM as a NO sensor in living cells. The
probe’s cytotoxicity has been assessed in A375 and Raw 264.7
cells (Fig. 7). The cell lines showed the evidence of well admis-

BCM (3 M)
(A) DEA-NONOate (2 uM)

g

(BCM + NO), (aw)

°
BCM (5 M )
DEA NONOate (in M)

25 w0

Fig. 8 (A) Images of A375 cells incubated with 5 yM BCM for 30 min
and then incubated with DEA-NONOate (2, 5 and 10 yM) for 30 min.
The blue fluorescence was observed owing to the reaction of NO with
BCM. Images were captured at 63x objective. (B) Quantification of fluor-
escence intensity in response to the intracellular NO interaction with
BCM.

(A) BCM
Without LPS

BCM
LPS + IFN-7 6h
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sibility of BCM (more than 80% of the cell is viable up to
60 uM of BCM), indicating its effectiveness as a NO sensor in
live cells also. Exogenously stimulated NO sensing practicabil-
ity of BCM was measured in A375 cells. The live cells were
treated with the NO donor DEA-NONOate followed by incu-
bation with the probe. BCM-NO showed intracellular fluo-
rescence compared to the BCM probe only (Fig. 8). Likewise,
endogenously stimulated NO sensing of the BCM probe has
been estimated in Raw 264.7 cells where the cells were treated
with LPS (1.0 mg mL™") and IFN-y (1000 U mL™") for 6 h and
then treated with probe BCM (Fig. 9). Very obviously, in the
presence of the NO stimulator the cells exhibited high fluo-
rescence compared to the non-stimulated and PTIO (NO sca-
venger) treated ones.

Additionally, flow cytometric studies were performed in
Raw 264.7 cells for the evaluation of NO, showing a positive
shift in the fluorescence peak for LPS + IFN-y stimulated
cells in contrast to the non-stimulated cells and PTIO
(200 mM) (Fig. 9C). So finally it can be concluded that BCM
showed an excellent nontoxic fluorescence response towards
NO for the purpose of cell imaging exogenously and
endogenously.

Experimental section
Materials

The reagents like 2-hydroxy-1-naphthaldehyde, diethyl-malo-
nate, piperidine, glacial acetic acid, hydrazine hydrate are of
reagent grade and purchased from Sigma Aldrich. The sodium
salts of anions, the salts of metal ions (Pb*", Mn®*, Co®*, Ni*",

BCM
LPS + IFN-y 6h
PTIO

®) 300
3
£ 200
o
%
5 100
]
0
BCM * +* + +*
LPS+FNy - *+ - *
PTIO R
Time(inhour) - 6 - 6

Count

FSC-H

Fig. 9 Endogenous recognition of NO with flow cytometry assay: (A) fluorescence images of Raw 264.7 macrophage cells incubated with BCM in
the absence of LPS and stimulated with LPS + IFN-y for 6 h followed by the addition of PTIO, a NO scavenger. The corresponding images were cap-
tured at 63x objective. (B) The characteristic bar plots display the changes in the fluorescence intensity of BCM upon interaction with LPS + IFN-y,
PTIO and LPS + IFN-y + PTIO, respectively. The experiments were performed thrice and related data are presented as mean + SD. For statistical
importance the estimated results were verified with the student’s t test. P values <0.05 were statistically significant. (C) Flow cytometry experiment
of NO with BCM by using Flowing Software version 2.5.1. The representative dot plot of forward (FSC-H) versus side (SSC-H) scatter and the corres-
ponding histogram plot displaying a positive response for gated Raw 264.7 macrophage cells towards NO. The overlap histogram plot indicates a
positive shift in the fluorescence intensity peak of LPS + IFN-y stimulated NO taken by BCM compared to without LPS + IFN-y and PTIO.
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Zn**, cu®', A", Hg*", Mg>", Fe’*, La**, Cr’" and Cd**) and bio-
logically reactive species (H,O,, O*”, TEMPO radical, NO;~,
NO,~, ClO~, AA, NO', DEA-NONOate (sodium salt) were
obtained either from Sigma-Aldrich or from other commercial
suppliers and used without further purification. Solvents like
DMF, MeCN, etc., (Merck, India) were of reagent grade and
dried using standard methods.

Synthesis of ligand

The ligand 3-oxo0-3H-benzo[f]chromene-2-carboxylic —acid
hydrazide (designated as BCM) was synthesized by two step
easy procedures.

Step-1: synthesis of 3-oxo-3H-benzo[f]chromene-2-carboxylic
acid ethyl ester (L'). 2-Hydroxy-1-naphthaldehyde (10 mmol,
1.72 g) and di-ethyl malonate (20 mmol, 3.2 g) are mixed in a
round bottom flask in 20 ml ethanol under heating and stir-
ring conditions in the presence of 1 ml piperidine and 2 drops
of glacial acetic acid. This reflux was continued for 6 h. After
cooling at room temperature, the precipitate was filtered. After
washing it with the mix solvent (hexane and ethyl acetate) a
light yellow colour solid was obtained and characterized by 'H
NMR (Fig. S11) and "*C NMR (Fig. S21)."H NMR (in DMSO-d,)
(6, ppm): 9.24 (d, 1H, -CH), 8.50-8.47 (m, 1H, -ArH), 8.26-8.23
(1H, m, -ArH), 8.02 (1H, d, -ArH), 7.75-7.72 (1H, m, -ArH),
7.63-7.60 (1H, m, -ArH), 7.53-7.50 (1H, m, -ArH), 4.34 (q, 2H,
-CH,), 1.37 (t, 3H, -CH;). *C NMR (in DMSO-d¢) (5, ppm):
162.8, 155.9, 155.0, 143.7, 135.9, 129.6, 128.9, 126.3, 122.0,
116.4, 111.7, 61.2, 14.0.

Step-2: synthesis of 3-oxo-3H-benzo[f]chromene-2-carboxylic
acid hydrazide (BCM). The compound obtained from step-1
was dissolved in 20 ml of ethanol (5 mmol, 1.34 g) and hydra-
zine hydrate was added in an equimolar ratio (5 mmol) under
refluxing conditions for 6 h. A yellow solid was formed during
the reaction. The product BCM was collected and analyzed by
'H NMR (Fig. S31), **C NMR (Fig. S41) and mass spectroscopy
(Fig. S51). ESI-MS" (m/z): 277 (BCM + Na*), "H NMR (in DMSO-
de) (5, ppm): 9.68 (1H, S, -CH), 9.39 (1H, S, -NH), 8.58 (1H, d,
-ArH), 8.31 (1H, d, -ArH), 8.09 (1H, d, -ArH), 7.79 (1H, t,
-ArH), 7.69-7.63 (2H, m, -ArH), 4.79 (2H, m, -NH,). "*C NMR
(in DMSO-dg) (5, ppm): 160.2, 159.7, 154.0, 141.7, 135.4, 129.9,
128.9, 128.8, 126.5, 122.2, 117.5, 116.3, 112.6.

Physical instrumentation and experimental methods

The descriptions of instruments used in the experiment, the
preparation of solution, and the experimental methods to
carry out this work are supplied in the ESLt

Conclusion

In brief, we are reporting herewith a smart fluoregenic probe
BCM on the benzocoumarin platform which selectively recog-
nises NO under physiological conditions. From the linear F.I.
vs. [NO] plot obtained from the fluorescence titration experi-
ment yields K; = (4.33 + 0.48) x 10* M. Here, the acid-hydra-
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zide moiety of probe BCM reacts with NO/O, to form the elec-
tron deficient 1,2,3,4-oxatrizole moiety which is solely respon-
sible for fluorescence enhancement through the PET blocking
mechanism. The outstanding sensing performance of BCM
towards NO is also illustrated by its very low detection limit
(16 nM), and specific response to NO with desirable selectivity
and sensitivity in the presence of other biologically reactive
species which makes the probe highly potent for NO detection
in the biological environment. The reaction mechanism of
BCM and NO was confirmed by kinetic studies which reveals
the 1 order dependence on BCM and the 2™ order depen-
dence on NO. The pH variation study for NO detection also
supports BCM as an efficient NO sensor in a wide range of pH.
Beside these, the bio-imaging implication of this probe is also
appreciable owing to its least cytotoxicity and biocompatibility
for in vitro NO detection. The application of BCM can also be
extended to flow cytometric analysis of exogeneous and endo-
geneous NO in living cells. So, all the above-mentioned experi-
ments and information confirm BCM as a very appropriate
probe for the tracking of NO.
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We introduce herein, a novel copper complex-based fluorescent probe [Cu"(DQags)Cl* that exhibits a
significant fluorescence turn-on response towards nitroxyl (HNO) with high selectivity over other biologi-
cal reactive oxygen, nitrogen and sulfur species, including nitric oxide (NO). A smart strategy, involving
HNO-induced reduction of paramagnetic [Cu"(DQ4gs)ClI* to diamagnetic [Cu'(DQaeg)l* With concomi-
tant fluorescence enhancement via a PET mechanism is focused here. This reduction-based strategy was
also supported by X-band EPR response and mass spectroscopy. The metal free probe (DQgeg) showed
high affinity towards Cu®* to form [Cu'(DQ4eg)CU* with a 0.091 pM detection limit, which subsequently
enabled the detection of HNO in an organo-aqueous medium at biological pH (7.4) in the green wave-
length region (lem = 543 nm) with a LOD of 0.41 pM. The ground-state geometries of DQags, [Cu"(DQugs)
ClI* and [Cu'(DQues)l* were optimized by DFT calculations, which revealed that the central metal ion in
[Cu"(DQu4eg)CLI* is in a distorted tetrahedral geometry with the C1 point group. Additionally, the negligible
cytotoxicity and good biocompatibility make the developed probe useful for the in vitro detection of
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Introduction

Over the past few decades, the development of a fluorescent
probe for the detection of metal ions' has attracted a great
deal of attention from chemists and biologists due to the key
role these ions play in chemistry and biology and due to their
effects on the environment.” For instance, cupric ion (Cu*") is
an environmental pollutant at high concentration® and one of
the most abundant essential trace metal ions® in the human
body, with the highest concentration found in the liver. The
dysregulation of copper homeostasis causes various diseases,
like Menkes,” amyotrophic lateral sclerosis® and Alzheimer’s
disease.” The EPA (U.S. Environmental Protection Agency) has
set the maximum level of copper in drinking water at 1.3 ppm
(~20 pM). So, the sensitive detection of copper levels in bio-
logical systems and in the environment is highly necessary.
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Very recently, copper-bound fluorescent probes have been
developed for the detection of some biological reactive nitro-
gen species, like nitric oxide (NO) and nitroxyl (HNO).*™*?
Nitric oxide(NO) is a very reactive gaseous free-radical, respon-
sible for both the physiological and pathological activities of
various biological organisms'* ' and being present in the
nervous,”® immune®*! and cardiovascular*® systems. Another
species of concern is the nitroxyl (HNO) biomolecule, which is
the protonated and one-electron reduced analogue of NO.
Though HNO and NO are very closely related species, they
have distinct chemical and biochemical properties.>® So, the
development of chemical tools that can distinguish HNO over
NO is very necessary. From recent advances in the medical
activities of HNO, it has also been reported that HNO confers
vasoprotective effects,> enhances heart muscle contractility*
and inhibits platelet aggregation.”® Significantly, HNO regu-
lates cardiovascular functions and also acts as an important
tool for the treatment of heart failure.>*’ In spite of the afore-
mentioned progress made around HNO, still the roles of it in
biology are largely unknown. So, some probe that could
monitor HNO sensitively and selectively over other interfering
reactive species is highly desired for the further analysis of
HNO. Frequently, some difficulties are encountered in the
sensing of HNO, such as:**° (i) the detection of HNO may be
interfered with by some biologically reducing agents; (ii) the

This journal is © The Royal Society of Chemistry 2019
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very low concentration of HNO in biological systems may not
be sufficient to produce a visible response towards a probe;
and (iii) the pH-dependent response of HNO towards a probe.

There are many varieties of techniques for HNO detection,
i.e. chromatography, electrochemical analysis,*" high perform-
ance liquid chromatography (HPLC),** chemiluminescence,*?
etc. Although these methods are sensitive, they are associated
with sophisticated instrumentation, complicated sample
preparation and can cause the destruction of tissues or cells.
So, they are not suitable for living cell applications. Very
recently, the technique associated with fluorescence spec-
troscopy is considered the gold standard due to its direct and
precise measurement and also due to its sensitivity and well-
defined spatiotemporal resolution.** Using the fluorescence
method, an HNO-detecting probe should have some pro-
perties, e.g. high affinity for HNO without any interference
from other biological reactive species, work downstream the
NO oxidation products, water solubility and membrane
permeability.

To date, a number of fluorescent sensors that can track
HNO in live cells have been developed. One of the common
types is Staudinger ligation-based HNO sensing (Scheme 1(i)).
Here, a chemo-specific reaction occurs with a triphenyl phos-
phine moiety to form an aza-ylide intermediate, which in turn
reacts with an adjacent ester moiety, leading to the removal of
alcohol and an enhancement of the fluorescence intensity.>*™*°
Another common design of HNO probe involves the HNO-
induced reduction of Cu(u) to Cu(i) (Scheme 1(ii)).**** Here,
the fluorescence of the photo-emissive ligand is quenched due
to binding with the paramagnetic cupric ion, and the regener-
ation of fluorescence intensity occurs upon HNO treatment
due to the conversion of Cu(u) to diamagnetic Cu(i). The
unpaired electron in the d orbital of the Cu(u) centre can
reliably achieve this quenching by either electron or energy
transfer (Scheme 1). Exploiting this strategy, Lippard and
Rosenthal pioneered the building of a BODIPY-based nitroxyl

i) Staudinger Ligation based HNO sensing :

\ vl 0 PPh,
<
Flt h - HNO
‘\ luorophore 0

Fluorescent “OFF” Fluorescent “ON"

[
1l
o PP,

OH u,u)k©

ii) Reduction based HNO sensing :

hv Emission,
\ “OFF” hv

v -
\ FTumscem A HNO

"% probe S —

o ’,A\P\

Scheme 1 General mechanism of sensing HNO using: (i) Staudinger
ligation-based mechanism involving the release of a fluorophore; (ii)
HNO-induced reduction of Cu' complex. The electron transfer (ET)
from the fluorophore (photoexcited state) to the metal centre (para-
magnetic Cu?*) makes the probe nonfluorescent (OFF state). The selec-
tive reduction of Cu(n) to Cu()) by HNO stops the ET, thereby restoring
the emission of the fluorophore (ON state).

Emission
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Reporter

Scheme 2 Schematic representation of the copper-complex-based
sensor for the detection of HNO. Here, the copper complex shows a
weak fluorescence (light bulb off); and the only target HNO reduces the
PET effect and enhances the fluorescence intensity (light bulb on).

sensor."® Yao et al. also reported a similar type of Cu**-chelat-
ing system using coumarin fluorophore.*”> Besides, a number
of related Cu-complex-based nitroxyl probes have been devel-
oped so far using this redox-based strategy, but most of them
are prone to being sensitive towards other biological reductive
species, like cysteine(CYS), homocysteine(HCY), glutathione
(GSH), ascorbate, H,S, etc., along with HNO present in the
living matrices.>*°

To overcome the lack of selectivity of the so-called Cu"-
complex-based HNO probe, we synthesized [Cu™-DQyes] as an
HNO probe upon a dansyl-quinoline platform, which is highly
sensitive and selective towards HNO but remains almost
indifferent towards other biologically abundant reducing
agents. DQges shows typical dansyl green emission, which is
better for living samples. Moreover, Cu”™-DQ,qs detects HNO
effectively in the biological pH range and it is water friendly,
low cytotoxicity and cell permeable, thus offering better detec-
tion of HNO in living cells. Dansyl is a classical fluorophore,
and is used widely for its solvatochromism and high emission
quantum yields.***> Additionally, we employed 8-amino-qui-
noline as an excellent receptor for coordination to Cu(u)
ions*"*® and methyl pyridine as an auxiliary group for strong
coordination with Cu(u). This new probe displayed excellent
sensitivity and selectivity towards HNO over other biologically
reactive species (Scheme 2) and it was successfully applied to
intracellular HNO detection. The coordination mode of the
metal-free probe towards Cu”>" was established by ground-state
DFT calculations on both the ligand and copper complexes.

Experimental section

Physical measurements

To record the IR spectra, an IR 750 series-II FTIR (Nickolet
Magna) spectrophotometer was used in the range
400-4000 cm™" on KBr pellets. An Agilent 8453 Diode-array
UV-Vis spectrophotometer was used for recording the elec-
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tronic spectra using 8:2 MeCN and HEPES buffer (10 mM) as
the solvent in a 1 cm quartz cuvette in the range 200-900 nm.
Fluorescence studies were carried out in a PTI (model QM-40)
spectrofluorometer. ESI-MS" (m/z) spectra were recorded using
a high-resolution mass spectrometer (Model: QTOF Micro
YA263). 'H NMR spectra were recorded in DMSO-dg with a
Bruker 300 MHz instrument using trimethylsilane (§ = 0) as an
internal standard. The X-band EPR spectral studies were per-
formed on an EPR-Spectrometer (Model: JEOL, JES-FA 200).
The interaction of the copper complex towards HNO at
different pH values was investigated. The pH of these solutions
were recorded on a digital pH meter (Model: Systronics 335,
India) in the pH range 2-11, which was previously calibrated
using buffers of pH 4, 7 and 10. For the cell imaging study, a
fluorescence microscope (Leica DM3000, Germany) was used.

Materials and methods

8-Aminoquinoline, 2-chloromethyl pyridine hydrochloride,
dansyl chloride and potassium carbonate were used to prepare
the ligand. These reagents were purchased from Sigma-
Aldrich. Biological reactive species (H,0,, O>~, TEMPO radical,
NO;~, NO,”, ClO~, AA), metal ions (Co>', Mn>", Na*, Ni*",
Zn>*, cu®', A, Hg*', Pb**, sm’*, Mg*’, K, Fe*", Cr’* and
Cd*") and all the tested amino acids were obtained either from
Sigma-Aldrich or from other commercial suppliers and used
without further purification. Solvents like MeOH, MeCN, THF,

etc., (Merck, India) were of reagent grade and dried before use.

Synthesis of the ligand

The ligand 5-dimethylamino-naphthalene-1-sulfonic
pyridin-2-ylmethyl-quinolin-8-yl-amide (designated as DQ¢s)
was synthesized by a facile two-step procedure.

Step 1: Synthesis of pyridin-2-ylmethyl-quinolin-8-yl-amine,
1

acid

L

Excess potassium carbonate (30 mmol) was added to the
solution of 8-aminoquinoline (1 g, 6.93 mmol) in 20 ml dry
acetonitrile with stirring for 1 h at room temperature. Then, a
solution of 2-chloromethyl pyridine hydrochloride (1.13 g,
6.93 mmol) in acetonitrile was added to the reaction mixture
drop-wise under refluxing conditions at 120 °C. The reaction
was continued for 8 h. After completion, the solvent was evap-
orated and the residual part was purified through column
chromatography using ethyl-acetate and hexane (v/v = 3:7) as
the eluent to obtain a pure yellow oily product, which was
characterized and analyzed by '"H NMR (Fig. S17), ">*CNMR
(Fig. S21) and HRMS (Fig. S31). ESI-MS™ (m/z): 236.1119 (L* +
H"), "H NMR (in DMSO-d,) (5, ppm): 8.76 (s, 1H, -NH), 8.57 (d,
1H, -ArH), 8.20 (1H, t, ~ArH), 7.71 (1H, d, -ArH), 7.49 (1H, m,
-ArH), 7.39 (2H, d, -ArH), 7.26 (2H, m, -ArH), 7.04 (d, 1H,
-ArH), 6.56 (d, 1H, -ArH), 4.58 (d, 2H, -CH,).

Step 2: Synthesis of 5-dimethylamino-naphthalene-1-sulfo-
nic acid pyridin-2-ylmethyl-quinolin-8-yl-amide, DQyes

The compound obtained from step 1 (3 mmol) was further
treated with excess potassium carbonate (15 mmol) in dry

2762 | Dalton Trans., 2019, 48, 2760-2771
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acetonitrile for 1 h under stirring. Dansyl chloride (3 mmol)
was added to it in a cold condition under a nitrogen atmo-
sphere. The reaction was allowed to continue overnight at
room temperature. Then, the solvent was evaporated and puri-
fied by column chromatography using ethyl-acetate and
hexane (v/v = 3:7) as the eluent to obtain a pure solid product
(DQyes), which was characterized and analyzed by 'H NMR
(Fig. S41),"C NMR (Fig. S51), HRMS (Fig. S61) and FTIR
(Fig. S71). ESI-MS™ (m/z): 469.2234 (DQues + H'),"H NMR (in
DMSO-dg) (6, ppm): 8.38 (d, 1H, -ArH), 8.31 (s, 1H, —-ArH),
8.18-8.21 (3H, t, -ArH), 7.90 (1H, d, -ArH), 7.76 (3H, t, -ArH),
7.53 (3H, m, -ArH), 7.26 (1H, t, -ArH), 7.17 (1H, d, -ArH), 7.02
(d, 2H, -ArH), 5.28 (s, 2H, -CH,), 2.77 (d, 6H, -CHj3).

Solution preparation for the UV-Vis absorption and
fluorescence studies

A 10 mL 1.0 x 10~ M stock solution of the ligand DQgeg Was
prepared in acetonitrile for the spectral studies. A stock solu-
tion of 1.0 x 107> M CuCl,-2H,0 and Angeli’s salt’ in water
were prepared in deoxygenated, deionized water separately
under a N, atmosphere. A nitric oxide solution was prepared
by purging nitric oxide gas for 15 min in a sealed vial with a
syringe in deoxygenated water to give a resultant concentration
of 1.74 x 107> M.*”*8 ONOO™ and "OH solutions were prepared
using a reported methods.”® A 100 mL, 10.0 mM (4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid) (HEPES) buffer solu-
tion was prepared with adjusting its pH to 7.0 using HCI and
NaOH and the ionic strength of this solution was maintained
at 0.10 M (NaCl) throughout the measurements. In this work,
20 pM DQge5 solution was taken in a cuvette containing 2.5 ml
solution of MeCN-HEPES bulffer (v/v = 8: 2 ratio) and titrations
were carried out with Cu®* solution for maximum fluorescence
quenching and with the subsequent incremental addition of
HNO in regular time intervals for fluorescence regeneration at
Aex = 390 nm and with 5 nm x 3 nm slits.

Calculation of the LOD

To determine the analytical limit of detection (LOD) of the
ligand DQues and [Cu"(DQues)Cl]*, we have followed the 3c
method.

LOD = 3 x S4/S
where, Sq is the standard deviation taken from the intercept of
the plot of F.I vs. [DQues] and [Cu™(DQues)C1]" and § is the
slope obtained from the linear part of the titration plot of FI
vs. [Cu®"], [HNO].
Calculation of the quantum yield

For the determination of fluorescence quantum yields (®), we
used the following equation

(psample = (ODstd X Asample)/(ODsample X Astd) X ¢std

where, Agample and Agq represent the areas under the fluo-
rescence spectral curves of the sample and standard, respect-
ively. The optical densities of the sample and standard are
designated as ODgample and ODgy, respectively, at the exci-
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tation wavelength. Here, quinine sulfate was taken as the stan-
dard (®gq = 0.54) for the quantum yield calculation of the
ligand DQ468 and [Cu(DQ468)Cl]+.

Job’s plot

We determined the composition of the complex by the help of
Job’s method. In this method, we performed fluorescence
intensity measurements of a series of solutions with the sum
of DQ46s and CuCl, constant in a fixed volume, but changing
the individual molar concentration and then plotted the
results against the mole fraction of Cu®". A breaking point was
found at 0.5 mole fraction value, corresponding to the (1:1)
complex formation of DQ,eg with respect to cu*’.

Cell culture

Human hepatocellular liver carcinoma (HepG2) cell line
(NCCS, Pune, India) was grown in DMEM supplemented with
10% FBS and antibiotics (penicillin, 100 pg ml™"; streptomy-
cin, 50 pg ml™"). Cells were cultured at 37 °C in a 95% air, 5%
CO, incubator.

Cell cytotoxicity assay

The cytotoxicity for ligand DQ,es Was assessed by the 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
cell viability assay. HepG2 cells (1 x 10° cells per well) were cul-
tured in a 96-well plate incubated at 37 °C, and were exposed
to varying concentrations of DQges (5, 10, 20, 30, 40, 50, 60, 70,
80, 90 and 100 pM) for 24 h. After the incubation, 10 pL of
MTT solution [5 mg ml™", dissolved in 1x phosphate-buffered
saline (PBS)] was added to each well of the 96-well culture
plate, and then incubated at 37 °C for 4 h. The media were dec-
anted from the wells and 100 pL of 0.04 N acidic isopropyl
alcohol was added into each well to solubilize the intracellular
formazan crystals (blue-violet) formed. Absorbance of the solu-
tions was measured at 595 nm (EMax Precision
MicroPlate Reader, Molecular Devices, USA). Values were calcu-
lated as the mean + standard errors of three independent
experiments. The cell viability was expressed as the optical
density ratio of the treatment to control.

Cell imaging study

HepG2 cells were cultured in a 35 x 10 mm culture dish on a
cover-slip for 24 h at 37 °C. The cells were treated with 5 pM
and 10 pM solutions of DQueg, prepared by dissolving it in a
mixed solvent of DMSO :water = 1:9 (v/v) and incubated for
1 h at 37 °C. For the complex formation study with Cu®" ions,
HepG2 cells were preincubated with 10 pM of DQues for
60 min at 37 °C, followed by washing three times with 1x PBS
and subsequent incubation with 10 pM of Cu** for 60 min at
37 °C. To study the nitroxyl (HNO) sensing property of the
ligand, HepG2 cells were preincubated with 10 pM of DQyes
for 60 min at 37 °C, followed by washing three times with 1x
PBS and subsequent incubation with 10 pM of Cu** for 60 min
at 37 °C again, followed by washing three times with 1x PBS
and subsequent incubation with 10 uM of Angeli’s salt
[Na,N,03], for 60 min at 37 °C. Fluorescence images of HepG2
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cells were taken by a fluorescence microscope (Leica DM3000,
Germany) with an objective lens of 40x magnification.

Computational details

Ground-state electronic structures of the ligand and complexes
were calculated in acetonitrile solution using the DFT method>®
associated with the conductor-like polarizable continuum
model (CPCM).>" Becke’s hybrid function® with the Lee-Yang-
Parr (LYP) correlation function® were utilized throughout the
study. The fully optimized geometries of the ligand and com-
plexes were determined without any symmetry restrictions. The
nature of all the stationary points for both the metal-free ligand
DQu6s and its Cu®" complex were recognized by using normal
mode analysis. The UV-Vis absorption spectral properties of
DQ,65 and the complexes [Cu"(DQ,65)Cl]" and [Cu'(DQu65)]" in
acetonitrile were estimated on the basis of their optimized
ground-state geometries, by time-dependent density functional
theory (TDDFT)* related to the conductor-like polarizable con-
tinuum model (CPCM).>* We computed the lowest 40 singlet-
singlet transitions and the electronic excitation energies were
obtained accurately due to the presence of electronic correlation
in the TDDFT (B3LYP) method.” For ground-state optimization,
we used the 6-31G(d) basis set. Gauss View 5.1 software was
used for the calculation of the electron density plots in the fron-
tier molecular orbital. All the calculations were obtained using
Gaussian 09W software package.>® We also used the Gauss Sum
2.1 programe®” for the calculation of the molecular orbital con-
tributions from atoms or groups.

Results and discussion
Synthesis and photophysical properties

Scheme 3 displays the synthetic pathway of our present probe
DQyes. It consists of two steps of easy nucleophilic substitution

v
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I N cl
z . l':'l N
N K,CO;, Dry 7\ P
NH, acetonitrile, - N
Reflux at 120°C
\N/
K,COs3, Dry acetonitrile,
room temperature, N,
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Scheme 3 Synthetic route of probe DQygs.
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reactions. First, 8-aminoquinoline was allowed to react with 2-
(chloromethyl) pyridine (a commercially accessible pyridine
derivative) in the presence of K,CO; in MeCN in a 1:1 mole
ratio under refluxing conditions for 24 h to obtain one of the
substrates (pyridin-2-ylmethyl-quinolin-8-yl-amine) of our
probe. Then, this compound was treated immediately with
dansyl chloride, a fluorophoric moiety, in a 1:1 mole ratio
under a N, atmosphere in a cold condition and allowed to
proceed overnight under stirring. The intermediate and target
compound were thoroughly characterized by different spectro-
scopic techniques. The complex Cu™-DQ,¢s was prepared by
the stoichiometric reaction of CuCl,-2H,0 and DQueg in MeCN
and characterized by mass and EPR analysis. These studies are
in good agreement with the chemical formula of the complex.
Before going for more detailed experiments, we checked the
fluorescence responses of DQues against Cu” in various sol-
vents, like THF, MeOH and MeCN. It was observed that the
complex formation of DQueg With Cu(u) occurred in MeCN
efficiently, while in THF and MeOH, a large excess of Cu** was
needed to quench the fluorescence intensity (Fig. S8t). So we
selected MeCN as an organic solvent for the more detailed
studies. There is also a previous report where MeCN was used
as a solvent for the reduction of Cu(u) to Cu(1).>®

UV-Vis study

The spectrophotometric titration of the probe was performed
with the gradual addition of Cu®" in an aqueous-organic
medium (10 mM HEPES buffer : acetonitrile = 2:8 solution,
v/v) at pH 7.0. This study clearly demonstrated that the absorp-
tion of DQg46s at 337 nm vanishes gradually, with the concomi-
tant development of a peak at 370 nm upon the incremental
addition of Cu** (Fig. 1). This occurrence is expected due to
the coordination of DQge towards Cu”'. The data obtained
from the UV-Vis titration was solved easily using the Benesi-
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Fig. 1 (a) Absorption titration of DQgeg with the gradual addition of
Cu?* in MeCN : HEPES buffer medium (v:v = 8:2) at pH 7.0 at 25 °C; (b)
Benesi—Hildebrand plot.
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Hildebrand equation, where A, and A, are the absorbances
of the ligand in the absence and in the presence of excess
cu*.

By considering eqn (1), a linear fit was obtained from the
plot of (Apax — Ao)/(A — Ap) vs. 1/[M], which clearly manifested
the 1:1 complex formation (n = 1) and provided an apparent
formation constant K; of (1.74 + 0.17) x 10* M~ " (Fig. 1).

(Amax _AO) -1 1
(A—Ay) +K[M]"

(1)

Fluorescence quenching studies

The emission spectral pattern of the probe DQes exhibited a
typical dansyl green fluorescence at A.,, = 543 nm with exci-
tation at 390 nm. The fluorescence titration of DQ,qg with Cu®"
was performed taking a fixed concentration of DQyues (20 pM)
in aqueous-acetonitrile medium (10 mM HEPES buffer:
acetonitrile = 2 : 8 solution, v/v) at pH 7.0 and ¢ = 0.10 M NaCl.
Then, freshly prepared Cu®* solution was added progressively,
which led to the gradual decrease in the fluorescence intensity
of DQges. The complete complex formation occurred upon the
addition of ~5 equivalent of Cu®’, yielding almost a 7-fold
decrease in fluorescence intensity, which was sufficient to
detect Cu®** (Fig. 2) with a limit of detection of 0.091 pM
(Fig. S971). The degree of fluorescence quenching was evaluated
by obtaining a linears Stern-Volmer plot between the ratio of
the relative fluorescence intensities, (Fax/F) and Cu*" jon con-
centration,’® where F., and F are the steady state fluorescence
intensities in the absence and presence of the quencher
(Cu®"), respectively, at the wavelength maximum, and [Q] is the
quencher concentration. The estimated (Ksy, quenching con-
stant Stern-Volmer constant) was found to be Kgy = (7.32 +
0.08) x 10* M™* (Fig. 2(b))

o1 4 kvl (2)

From the literature reports, we could presume that a
strong interaction had been taken place between DQus and

60,61
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Fig. 2 (a) Fluorescence titration of DQggg (20 uM) at 25 °C by the incre-
mental addition of Cu®* (0-100 pM) in HEPES buffer (10 mmol):
acetonitrile medium (2:8) at pH 7.0 with 1ex = 390 nm and Aem =
543 nm. (b) Linear Stern—Volmer plot, (c) Job’s plot.
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doubly charged copper ion, resulting in the effective quench-
ing of the fluorescence intensity of DQges, Which could be
ascribed to the photoinduced electron transfer (PET) mecha-
nism from the dansyl fluorophore to the chelated Cu**. A Job’s
plot was constructed to determine the nature of the complex
[Cu(DQ4es)CI]" by following the change in fluorescence inten-
sity at 543 nm (Fig. 2(c)). The Job’s plot clearly exhibited the
1:1 complex formation by a break at 0.5. This was further sup-
ported by the mass spectrum of this species with m/z =
566.168, which corresponds to that of [Cu(DQues)Cl]"
(Fig. S10%). We also calculated the quantum yield of the metal
free DQues and [Cu(DQy65)CI]*, which were found to be 0.135
and 0.026, respectively.

Analyte selectivity studies of [Cu(DQ5)Cl]"” and HNO-induced
reduction of Cu**

The ability of a fluorescent probe to sense a particular analyte
depends on the specificity of its chemical reactions and chemi-
cal properties. We checked the reactivity of the probe (DQges)
towards some commonly known metal ions. This study exhibi-
ted a high affinity of the probe only towards Cu®" (Fig. $11%)
without any interference of other metal ions, except Fe’,
which showed a slight quenching of FI of DQueg, but it was
interesting to see that the further addition of HNO produced
no influence on its FI. Thus, the recognition of HNO is highly
selective towards the [Cu(DQues)Cl]" complex. This Cu'-
complex is also inert towards other commonly known biologi-
cal reactive oxygen, nitrogen and sulfur species (ROS, RNS,
RSS) present in live cells. The selectivity tests were performed
in aqueous-acetonitrile (v/v = 2: 8) medium at pH 7.0 and u =
0.10 M NaCl, taking a fixed concentration of DQues (20 pM).
We screened a wide array of reactive oxygen, nitrogen and
sulfur species, like NO, H,0,, NO;~, NO, ™, AA, ClIO™, O,, ‘OH,
TEMPO, ONOO™, HS™, S>~ in excess (10 equivalence). But none
other than HNO could induce an enhancement of the fluo-
rescence intensity of our Cu-complex. After treatment with
Angeli’s salt (HNO donor), the fluorescence intensity was
restored up to 90% (6-fold). In aqueous solution (pH 7,)
Angeli’s salt (Na,N,0;) undergoes dissociation to form HNO
as well as NaNO,®* which may be the reason behind the
reduction of metal ions. To verify that HNO was solely respon-
sible for the regeneration of fluorescence through reduction,
the reactivity of [Cu(DQy65)CI]" towards NaNO, was checked.
But here, no detectable fluorescence enhancement was
observed (Fig. 3) leading to the conclusion that the fluo-
rescence enhancement occurred only due to HNO, not by the
side product (NO,"7).

Interestingly, the probe [Cu(DQ4e5)CI]" showed no signifi-
cant change in fluorescence intensity upon the addition of
saturated NO solution even though HNO and NO are very
closely related biological species. So, the difference in the
interaction of [Cu(DQ4e)CI]* towards NO and HNO magnifies
the beauty of our system towards HNO detection over NO in
biology. Our probe also showed inertness towards biologically
abundant reactive sulfur species, like 1-(+)-cysteine, GSH and
HCY (Fig. 4), and also towards important amino acids. All
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Fig. 3 (a) Bar plot representing the fluorescence responses of

[Cu"(DQueg)CL* at 543 nm (lex = 390 nm) towards various biological
reactive species in MeCN : HEPES buffer (8: 2, v/v) at room temperature
at pH 7.0, DQgeg = 20 pM, X7 = 200 pM. (b) Corresponding spectral
responses of DQges.
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Fig. 4 (a) Bar plot representing the fluorescence responses of
[Cu"(DQ4es)CU* at 543 nm (e = 390 NM) towards various amino acids
with the conditions: (8:2, v/v) MeCN/HEPES buffer; 25 °C, pH 7.0
[Cu"(DQues)CLIY = 20 pM, amino acid = 200 pM. (b) Corresponding
spectral responses of [Cu"(DQ4es)CLI* towards different amino acids.

these experiments showed that our Cu-complex-based HNO
probe was highly specific towards HNO over other reactive
species present in the biological milieu.

Fluorescence studies on HNO-induced reduction of [Cu(DQ,¢s)
clyf

HNO is a sufficiently strong reducing reagent for the quantitat-
ive reduction of Cu(u) to Cu(i). So in our present work, there
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was an adequate possibility for the formation of diamagnetic
Cu' from paramagnetic Cu" with the concomitant regeneration
of the fluorescence intensity under the influence of HNO. This
redox-based HNO sensing strategy is a useful pathway for the
detection of HNO in living cells also. We found there was a
marked increase in fluorescence response (30-fold) of [Cu
(DQu6s)C1]" upon the incremental addition of HNO in pure
MeCN, but when the same experiment was performed in
MeCN-HEPES buffer (9:1 v/v) at pH 7.0, the fluorescence
enhancement was observed to be an 8-fold and 6-fold enhance-
ment in 8:2 (v/v) MeCN-H,O (Fig. S12}). We used MeCN-H,0O
(8:2 v/v) throughout the experiments as the extent of fluo-
rescence regeneration in this solvent mixture was sufficient to
detect HNO intracellularly in living cells. It was noteworthy
that the fluorescence intensity of DQueg dramatically reduced
(almost 7-fold) in 8 : 2 MeCN-HEPES buffer at pH 7.0 upon the
addition of ~5 equivalent of Cu®*" and upon exposure to HNO,
whereby the Cu(u)-complex gets reduced to Cu(r), rendering
the complex diamagnetic and restoring its fluorescence inten-
sity up to 90% to that of DQes, With a detection limit of
0.41 puM (Fig. S131). The formation constant of [Cu(DQyes)]*
with HNO was determined by the Benesi-Hildebrand
equation, and was found to be (3.096 + 0.08) x 10> M~ (Fig. 5).

Mechanistic view of HNO sensing

To date, in the case of previously reported Cu**-ion-assisted
HNO probes, the regeneration of the fluorescence intensity
occurred in one of three ways (Scheme 4):'>*°"**%® (a) turn-on
sensing by the reduction of the metal center with a simul-
taneous displacement of the probe; in this process a
N-nitrosation reaction occurs on the secondary nitrogen atom
with the concomitant removal of Cu(i); in this case, the fluo-
rescence emission property of the probe may be changed; (b)
turn-on sensing due to the reduction of Cu** without removal

of the fluorophore; in this mechanism, 100% recovery of the
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Fig. 5 (a) Fluorescence titration of [Cu"(DQues)ClI* at 25 °C by the
incremental addition of HNO in acetonitrile: HEPES buffer (8:2)
(10 mmol) at pH = 7.0 with Aex = 390 nm and Aem = 543 nm; (b) Benesi—
Hildebrand plot. (c) UV exposed emission image of [Cu"(DQyes)ClI* and
Cu(I)-D0458.
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fluorescence intensity of the probe may not occur because the
PET from the fluorophore to the Cu' is not fully blocked,
leading to lowering of the electron density on the probe; and
(c) turn-on sensing caused by the formation of diamagnetic
Cu" species from Cu** with subsequent removal of the probe;
this mechanism results in ~100% recovery of the fluorescent
intensity. Among the above-said probable mechanisms, par-
ticularly (b) is operative in our present investigation;
(Scheme 5). Here, DQy6g forms a Cu"-complex leading to fluo-
rescence quenching (PET ON), and subsequent regeneration of
fluorescence is achieved by the nitroxyl (HNO), transforming
Cu(n) to Cu(i) (PET OFF).****>%%%% This phenomenon was evi-
denced by the EPR spectroscopy (Fig. 6) and mass spec-
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Fig. 6 EPR spectrum of [Cu'"(DQues)ClI* (20 puM) and [Cu'(DQaes)l*
(in situ reduction with excess Na,;N,0O3) at 77 K.
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troscopy (Fig. S141) analyses. The EPR spectrum of [Cu(DQges)
CI]" is a typically axial type with g, = 2.051 and g = 2.321,
indicating the presence of a paramagnetic Cu®** ion. Then
upon treatment with Na,N,O; in MeCN, the spectrum
clearly showed that the previous characteristic signals of Cu®*
vanished to base-line, i.e. the newly formed product was EPR
silent, indicating the presence of the metal ion in its reduced
form (Cu'). Here, as the metal is still co-ordinated with the
probe as Cu’, PET is not blocked fully, resulting in a lowering
of the fluorescence intensity with respect to metal-free DQyg¢g.
We also checked the fluorescence response of DQgeg towards
CucCl salt. The corresponding spectrum was very much similar
to that of the HNO-treated spectrum of Cu™-DQyes (Fig. S157).
This HNO-induced reduction was further supported by the
mass spectroscopy, with the ESI-MS" of [Cu(DQ4e5)CI]" corres-
ponding to (m/z): 566.1152 (Fig. S101) and ESI-MS' of [Cu
(DQues)]" corresponding to (m/z): 531.1822 (Fig. S147).

PH effect on [Cu"™(DQ,65)Cl]" and [Cu'(DQy65)]*

For the proper biological application of any fluorescent sensor,
the sensing should occur in a wide array of pH because
different cells, or different compartments of a same cell, may
have different pH values. However, in the presence of copper
() chloride, the fluorescence of DQ,es Was of low intensity and
exhibited almost an invariant emission profile over a pH range
from 2 to 8 (Fig. 7). Then upon treatment with HNO, the Cu(u)-
complex-based probe exhibited a drastic enhancement in fluo-
rescence intensity in a wide scale of pH (4-10). This large
increase in fluorescence intensity in a wide range of pH
suggests our Cu-complex-based probe [Cu(DQues)CI]" could
safely be used in HNO detection in living cells at different pH.

Theoretical studies

Geometry optimization and electronic structure. To get
some idea about the interaction of Cu*" complex and HNO, we
carried out DFT and TDDFT calculations of DQges,
[Cu"(DQ4es)C1]" and [Cu'(DQues)]".*>%° Fig. 8 shows the opti-
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Fig. 7 pH-Dependent fluorescence responses of [Cu'(DQues)CLI* and
[Cu'(DQ4es)l* in 8: 2 (v/v) MeCN/HEPES buffer medium.
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mized geometries of DQygs, [Cu™(DQ465)Cl]" and [Cu'(DQyes)]*
with the C1 point group. The nature of all the stationary points
for both the free ligand DQ4s and its Cu-complexes were
recognized by using normal mode analysis. The global
minima of DQyes, [Cu™(DQ465)Cl]" and [Cu'(DQ445)]" Were con-
firmed by the positive values of all the frequencies. The com-
positions of the Cu-complexes were determined by mass spec-
troscopy as [Cu"(DQ,65)Cl]" and [Cu'(DQ4es)]*, which displayed
the presence of one chlorine in the molecular fragment of
Cu** complex and the absence of the same in its reduced
product. The central metal ion Cu®" was in the distorted tetra-
hedral arrangement, while the metal ion was coordinated
through  naphthalene-1-sulfonic  acid  methylamide-N1,
2-methyl-pyridine-N44 and quinoline-N60 along with one
chlorine atom (CI34). All the calculated important geometrical
parameters of the free ligand DQues, [Cu™(DQue5)Cl]" and
[Cu'(DQues)]" are listed in Table S1, S2 and S3.F The calculated
Cu-N bond distances fell in the range 1.94-2.81 A in the Cu®"
complex. The Cu33-N1 bond length was slightly larger than
other Cu-N bond lengths, which may be due to weak coordi-
nation of the through N1, as it is directly attached to the
highly electron withdrawing -SO,R group. After complex for-
mation, there are changes in some C-S, S-N and N-C bond
lengths with respect to the free ligand. In the ground state of
DQues, the electron density resides mainly on the HOMO,
LUMO and LUMO+1 molecular orbitals of the dansyl, quino-
line and naphthalene fragments of the ligand, respectively
(Fig. S161). For the [Cu™(DQ4es)Cl]" complex, the electron
density was mainly localized on the HOMO and
HOMO-5 molecular orbitals of the dimethyl-naphthalen-1-yl-
amine fragment and for LUMO, it resided on the quinoline-
8yl-amine moiety. HOMO-5 molecular orbital mainly
originate from ligand = and =n* orbital contributions, while the
HOMO and LUMO orbitals originate from the metal d orbital
along with ligand = orbital contributions (Fig. S177). For the
reduced species [Cu'(DQues)]’, the electron cloud resides
mainly on HOMO, HOMO-3, HOMO-2 and
HOMO-4 molecular orbitals of the dimethyl-naphthalen-1-yl-

DQy6s [Cu"(DQ,g)CI]*

[Cu'(DQyeq)]*

Fig. 8 Optimized geometry of ligand and Cu-complexes.
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amine moiety with Cu atom. Also, the HOMO-1, LUMO,
LUMO+2, LUMO+1 and LUMO+6 molecular orbitals originate
from the Cu®" coordination sphere, quinoline moiety, 5-di-
methylamino-naphthalene-1-sulfonic acid (pyridin-2-
ylmethyl)-amide fragment and naphthalene moiety, respect-
ively (Fig. S18-S20t). These compositions are useful in under-
standing the nature of transition as well as the absorption
spectra of both the free ligand and its Cu-complexes. From
Fig. 9, the HOMO-LUMO energy gaps of [Cu™(DQes)CI]",
[Cu'(DQues)]” and DQues were 2.51 eV, 2.92 and 3.91 eV,
respectively. The ligand DQ,¢s showed an absorption band at
337 nm in acetonitrile-water (8:2) at room temperature,
which corresponds to the absorption band at 354.85 obtained
from TDDFT calculations, and as given in Table S4.f This
band was assigned to S, — S, electronic transitions (Fig. S167).
The absorption energy along with their oscillator strengths are
given in Table S4.f The complex [Cu™(DQ4es)C1]" showed an
absorption band at 370 nm (Fig. S17f) in acetonitrile-water
(8:2) at room temperature and the corresponding calculated
absorption band was located at 375.33 (Table S57), ascribed to
the electronic transition S, — S,o. The reduced complex
[Cu'(DQues)]" displayed an absorption band at 340 nm, which
is ascribed to the transitions S, — S;3, Sy = S; and S, — Sg
(Fig. S18-S207) in the range of 335 nm to 391 nm, with a sig-
nificant oscillator strength, which were in agreement with our
experimental results (Table S67).

Cytotoxicity studies and cell imaging

Considering the fluorescence emitting property of DQgeg in the
absence of Cu®" ions, it was further checked for its sensing
ability in living cells. To determine whether DQ4s has cyto-
toxic effects, a cell viability assay using MTT was performed
with calculating the % cell viability on HepG2 cells (Fig. 10).
There was no significant reduction in the tetrazolium salt
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Fig. 9 Frontier molecular orbitals of DQues, [Cu"(DQaeg)ClI* and

[Cu'(DQ46g)]" complex.
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Fig. 10 Percent (%) cell viability of HepG2 cells treated with different
concentrations (1-100 pM) of DQgeg for 24 h, as determined by MTT
assay.

(reflected by a decrease in formazan production) for DQues up
to 20 puM, thus suggesting that bellow 20 uM ligand concen-
tration, DQueg would be much more effective for the analysis
of its fluorescence emissions in vitro. More than 80% cell viabi-
lity was observed for DQyueg at 5 uM and 10 pM, after which the
viability of the HepG2 cells decreased. Hence, further experi-
ments were carried out with 5 uM and 10 uM of DQueg for
treatment. The ligand DQges exhibited prominent intracellular
green fluorescence in HepG2 cells treated with 5 pM of the
ligand and incubated for 1 h; which was found to be increased
when the HepG2 cells were incubated with 10 pM of DQyeg for
60 min at 37 °C (Fig. 11). However, the fluorescence emission
was significantly quenched in the presence of 10 pM Cu**
ions. Upon the further addition of Angeli’s salt (10 pM) at
37 °C, the green fluorescence emission was recovered due to
the reduction of Cu®>" ions to Cu" ions. So, our present ligand

DQqes
Cu®*
Na,N,0,

Merge

Fig. 11 The fluorescence images of HepG2 cells were captured (40x)
after incubation with 5 and 10 uM of DQ4eg for 60 min at 37 °C, which
showed green fluorescence emission. The emission quenches in the
presence of Cu?* ions, as the HepG2 cells were treated with 10 pM of
Cu?* ions, followed by washing three times with 1x PBS, and incubation
with 10 pM of DQueg for 60 min at 37 °C. The fluorescence emission
reappeared in the presence of 10 yM of NaN,O3 for 60 min at 37 °C,
which reduces the Cu?* ions concentration by converting them to Cu*
jons.

This journal is © The Royal Society of Chemistry 2019
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DQ,65 Was able to detect Cu”* and HNO sequentially in biologi-
cal samples with low cytotoxicity.

Conclusion

In summary, we synthesized a fluorogenic probe DQ6s in a
facile manner on a dansyl-quinoline platform. Here, first the
metal-free probe DQ,es showed high fluorescence intensity,
which gets quenched by the coordination with paramagnetic
Cu*" (7-fold) with Kgy = (7.32 = 0.08) x 10" M™*. The binding
ratio of DQges towards Cu®" was obtained by Job’s method and
by mass spectroscopy showing 1:1 complex formation with a
limit of detection of 0.091 puM. This Cu™ complex-based
system was allowed to react with Angeli’s salt (HNO donor),
an ample reducing agent. Very obviously, the Cu™ was con-
verted to the diamagnetic Cu' and fluorescence intensity was
regenerated. This reduction based turn-on sensing was well
established by mass spectroscopy as well as EPR spectroscopy,
which showed that the previously observed peak for Cu" gets
dropped to the base line in the presence of HNO, indicating
the reduction of the metal centre. This Cu"-complex-based
probe also showed high affinity only towards HNO, being inert
towards other commonly known RNS, ROS and RSS, and even
towards NO abundant in biological milieu, thus signifying it’s
efficiency as a good nitroxyl sensor in a wide range of physio-
logical pH. In view of its proper biological activity, our present
system also qualified under the eligibility criteria due to its
negligible cytotoxicity and biocompatibility with an in vitro
sensing ability in living cells. So, all these above experiments
and discussions certify our probe as a good candidate for
nitroxyl sensing.
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