Smart Molecular Probes for Selective
Sensing of Nitric Oxide and Nitroxyl
with Cell Imaging Applications

THESIS SUBMITTED FOR THE
DEGREE OF DOCTOR OF PHILOSOPHY (SCIENCE)
OF
JADAVPUR UNIVERSITY
APRIL, 2023

ANANYA DUTTA
DEPARTMENT OF CHEMISTRY
JADAVPUR UNIVERSITY
JADAVPUR
KOLKATA-700032
INDIA
2023



gree @ faxnfawsray
FHEFTOT-90000%, FTAT

PIADAVPUR UNIVERSITY
KOLKATA-700 032, INDIA

FACULTY OF SCIENCE: DEPARTMENT OF CHEMIS TRY : INORGANIC CHEMISTRY SECTION

CERTIFICATE FROM THE SUPERVISOR

This is to certify that the thesis entitled “Smart Molecular Probes for
Selective Sensing of Nitric Oxide and  Nitroxyl with Cell Imaging
Applications™ submitted by Miss Ananya Dutta who got her name registered
on 2™ February, 2018 (Index No. 15/18/Chem./25) for the award of Ph.D.
(Science) degree of Jadavpur University. is absolutely based upon her own
work under my direct supervision and that neither this thesis nor any part of it
has been submitted for cither any degree / diploma or any other academic award

anywhere before.

Celie /'1’7") e
Date: <Lzl Ll

/

/’-'7—’/ S }./ )
[ A W 2 G A TR WA R )
~ 7 4

(Prof. Mahammad Ali)
Signature of the Supervisor & date with seal

Department of Chemistry
Jadavpur University
Kolkata 700 032

Dr. Mahammad Ali
Professor
Department of Chemistry
Jadavpur University
Kolkata-700 032

* Established on and from 24* December, 1955 vide Notification No.10986-Edn/1U-42/55 dated 6* December, 1955 under JadavpurUniversity Act, 1958
(West Bengal Act XXXIII of 1955) followed by Jadavpur University Act,1981 (West Bengal Act XXIV of 1981)

TESTH: 383 B-LLLL/LINB/OEBOMBPA BB S LRAIAY: 1863 Website:www.jadavpur.edu Phone:2414-6666/61
: - 94/6643/
TFHATE1: (35)-000-3858-888/LID0/3850-9d> E-mail : hod@chemistry.jdvu.ac.in Fax: (91)-033-24 :43-:: :f/’:::::f:;;;::z



My Beloved Parents
(Baba & Mal
and
Suppontive Scblings
(mrnita & Mokit)




When the going gets tough, the tough get
going.
Joseph P.Kennedy.



Acknowledgements

Now that I am finishing this PhD, I understand better why people often refer to it as a journey. It is not only
about the vast amount of Rnowledge you acquire about your topic, but also about how acquiring this
Rnowledge impacts you. These past years have made me learn more about myself, my strengths, and my
limitations, but I cannot take all the credit for making this PhD possible. Without the help and support of all
the incredible people around me, this work would not have been possible in the same way. I don’t think there

are enough words to express my gratitude, but I'll give it my best shot.

First and foremost, I wish to thank my advisor, Prof. Mahammad Ali for his guidance and the opportunity to
perform a very challenging project, “Nitric Oxide Sensing”. I am grateful for his irreplaceable advice, invaluable
time and confidence about not only my present research work but future endeavors also.

I also want to convey my sincere gratitude to the Inorganic Chemistry faculty members at Jadavpur
University, especially the present Dean of Science, Prof. Subenoy ChaKraborty, Head, Department of
Chemistry, Prof. Subratanath Koner, and Sectional In-Charge, Inorganic Chemistry, Prof. Saurabh Das, for
their Rind cooperation and encouragement. I am also thankful to Prof. J. @. Naskar, Prof. C. R, Sinha, Prof. S.
Mukhopadhyaya, Prof. S. Baitalik, Dr. B. B. Show, Prof. . Roy and Prof. T. K, Mandol, Department of
Chemistry, Jadavpur University, for providing me their laboratory facilities as needed. I truly acknowledge all
the faculty members and non-teaching staff, especially Mr. Baidyanath Paul, Mr. Atikur Rahaman, Raju
Biswas (NMR operator) for their helpful gestures whenever required. I am also thankful to the authorities of

the Jadavpur University for allowing me to utilize the necessary infrastructure.

Secondly, this journey will be incomplete without my labmates: Dr. Malay Dolai, Dr. Luna Paul, Dr. Rabiul
Alam, Dr. Rahul Bhowmick, Dr. Arindam Giri, Or. Abu Saleh Musha Islam, Dr. Animesh Mondal, Dr.
Rittwik, Modak, Dr. Kajari Ghosh, Mr. Habib Ali Molla, Dr. Dipankar Das, Mr. Hasan Mohammad, Mrs.
Kaberi Pal, Miss. Debjani Maiti, Mr. Mikir Sasmal, Mrs. Rousunara Khatun and Miss Dolan Moni. In every
hard and tough situation, they were with me to provide their important suggestions, and I will never forget the
beautiful memories that we shared together. A special thanks goes to Miss. Debjani Maiti for her constant

support and continuous help to solve various problems that I have faced during this journey.

I am greatly gratified to my Collaborators Mr. Chandrodaya Prodhan and Dr. Atul Katarkar, (former research
scholar at CSIR-Indian Institute of Chemical Biology, Kolkata-700032, India) for their cooperation in my

research work,



I do not have enough words for the fantastic supporting network that I have around me. I would like to thank,
Sourav ghosh_for keeping in touch and for the constant encouragement throughout my journey. I would like to
extend my gratitude to my friends, seniors who have helped in this journey (Aindrila, Mouparna, Shreya,
Ismatara, Sunanda, Hasina, Tanusree, Argyadip, Arnab, Avick, Robi, Milon, Ayan, Rakesh, Naba, Sourav,
Animesh da, Gurupada da). Without their support this journey would not be easy and pleasurable. I should
also mention the name of my PG-mates Soumi, Sudipa, Rituparna, Farahana, Srija, Sarbari for their
cooperative behaviors and I am really very blessed to have them. I would especially like to thank Mrs. Soumi

Das for all the chats, walks and endless laughs we shared together during this journey.

Last but not the least, no word is enough to express my gratitude to Ma and Baba for having faith in me and
giving me the liberty to choose what I wanted. Without you I might not be the person I am today. you have
both been my guide and philosopher in this journey. I should also mention the efforts of my beloved sister
(Amrita), brother (Mohit) and niece (Diya) for making me smile at the difficult hours. Also a special thank goes
to my brother in law Debdeep bhandari.

Finally, I would like to thank everyone directly or indirectly involved to the successful insight of the thesis, as

well as I apologize for not addressing them personally one by one.

Department of Chemistry Ananya Dutta
Jadavpur University
Kolkata— 700032



Preface

The work presented in this thesis entitled ‘““Smart Molecular Probes for Selective Sensing of
Nitric Oxide and Nitroxyl with Cell Imaging Applications’” was commenced in February,

2018 and have been carried out in the Department of Chemistry, Jadavpur University.
The thesis consists of six chapters which are summarized below.

Chapter 1 deals with a brief introduction of small bio-molecule NO (Nitric Oxide) and its kin
HNO (Nitroxyl) along with a literature survey on selective detection of NO/HNO by fluorimetric
technique.

Chapter 2 illustrates the synthesis and characterization of a new N-nitrosation based fluorescent
sensor (NDAQ) utilizing 8-aminoquinoline and Nitrobenzoxadiazole as fluorophoric units. The
probe exhibits high selectivity towards NO by eliminating the interference of reactive species
(RCS/ ROS/RNS) with ~27 fold fluorescence enhancement at Aem = 542 nm. The high sensitivity
(LOD=7 nM) and shorter response time makes it a potential candidate to sense both endogenous
and exogenous NO in living organisms. The Kkinetic assay illustrates the second-order
dependency w.r.to [NO] and first order with [NDAQ]. The biological studies of the probe also
supports its successful application to track both endogenous and exogenous NO in living

organisms.

Chapter 3 introduce a simple, least-cytotoxic NO sensitive probe HQENyg to recognize NO in
100% aqueous solution by employing (quinolin-8-yloxy)-acetic acid ethyl ester (L) and N,N-
dimethyl ethylene diamine. Its marked selectivity and sensitivity towards NO, makes it a highly
suitable probe for NO under in vitro conditions with the possibility of in vivo monitoring of NO.
Upon addition of 3.5 equivalents of NO, there is ~7 fold enhancement in fluorescence intensity
in aqueous solution with a corresponding K value of (1.75 + 0.07) x 10* M. In terms of the
3o/slope method, the LOD for nitric oxide was found to be 53 nM thus, making the probe highly

suitable to track NO in biological systems.

Chapter 4 describes a new dihydropyridine based NO sensitive probe (CQME) with

benzochromene as the fluorophore unit. The probe exhibits ~30 fold enhancement in the



emission intensity at 615 nm on excitation at 470 nm. Investigation of the cause of this
enhancement reveals that the cleavage of C-C bond between benzochromene and 1,4-
dihydropyidine (DIPY) units occurs due to nitration on the 2H-pyran ring of benzochromene
moiety leading to the formation of 2-nitro-3H-benzo[flchromene (PYNO;) and dimethyl 2,6-
dimethylpyridine-3,5-dicarboxylate (PYMAA) as major products. While the simple chromene-
DIPY based probe (SALDPY) gives dimethyl 4-(2H-chromen-3-yl)-2,6-dimethylpyridine-3,5-
dicarboxylate (SALPY) as the major product with a very small amount of C-nitrosated product
(SALNO,). Now, the biocompatibility, high selectivity and sensitivity (~42 nM) along with pH
independency of CQME makes it a premier candidate to be utilized to trace both endogenous and

exogenous nitric oxide (NO) in biological systems.

Chapter 5 deals with a simple Cu(ll) based sensor (1) for highly sensitive and selective
recognition of HNO and S*  over other biologically abundant anions with prominent
enhancement in absorption and emission intensities. The Cu(ll) based sensor (1) was synthesized
by complexation between (quinolin-8-ylamino)-acetic acid hydrazide (L?) and Cu?" ions. The
sensor (1) exhibits weak fluorescence due to ET (electron transfer) but upon addition of HNO
and S*7, a large enhancement in fluorescence intensity (F.l.) was observed over other possible
competitive anions on the basis of reduction of Cu(ll) to Cu(l) and formation of Cus,
respectively. The HRMS studies, Job’s plot strongly supports the 1:1 complexation between
(quinolin-8-ylamino)-acetic acid hydrazide (L?) and Cu®* ions. The corresponding K; value for
complex formation with Cu?* from Uv-Vis absorption titration was determined as (4.934 + 0.05)
x 10* ML, DFT studies also supports the sensing mechanism of Cu(ll) based sensor (1) towards
HNO and S*".

Chapter 6 represents the highlights of the thesis.
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CHAPTER 1

1. Introduction

Although Nitric Oxide (NO) is recognized as a critical signaling messenger molecule and
participates in various physiological processes, however, it was assessed as an industrial and
automotive pollutant with environmentally damaging and toxic effects initially after its discovery
by Joseph Priestly in the year 1772. Nitroglycerin was invented in the year 1847 and was
exploited as a drug molecule for innumerable medical purposes, but at that time researchers were
totally unaware of its working strategy and NO releasing property. About a decade later, Nitric
oxide releasing property of sodium nitroprusside and nitroglycerin were discovered by Murad
and co-workers and they proposed that this NO releasing property may be responsible for the
relaxation of smooth muscle cells." After revealing the role of an endothelial-derived relaxation
factor (EDRF) towards relaxation of smooth muscle cells by Furchgott and co-workers,? the
whole vasodilation related researches became a puzzle for researchers which was solved by
Ignarro et al.> Subsequently, Robert F. Furchgott, Louis J. Ignarro, and Ferid Murad shared the
Nobel Prize in Physiology in 1998 for their remarkable discoveries concerning "nitric oxide as a
signaling molecule in the cardiovascular system”. The subsequent researches unveil that the
presence of nitric oxide in lower concentration (nanomolar or picomolar range) is beneficial,
whereas aberrantly high amounts (micromolar level) of nitric oxide causes the generation of
cytotoxic reactive nitrogen species causing DNA damage.” Therefore, Nitric oxide is acquainted
as a striking player to the researchers for this dichotomous role. NO coins an integral role in the
regulation of growth, vascular smooth muscle relaxation and also in the defense signaling against
microbial pathogens. It led researchers to further explore the mechanism of action of this gaseous
molecule in the living organisms. Meanwhile, the one-electron reduced and protonated cousin of
NO such as nitroxyl (HNO), has become the spotlight in this area of research, as physiological
and pathological effects of HNO have not yet been fully elucidated. The subsequent investigation
discloses the pharmacological potential of HNO for the treatment of cardiovascular diseases and
also in the regulation of cellular function.” Consequently, these versatile contributions of
NO/HNO to physiological systems demand modern scientists to enrich the field of research on
sensitive, selective detection and quantification of NO/HNO levels in biological systems by

synthesizing some convenient strategies to clearly elucidate their biological roles.
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1.1. Nitric Oxide (NO) and its kin Nitroxyl (HNO)

Nitric oxide (NO), one of the smallest and simplest biologically active gasotransmitter, has
acquired an immense attention because of its unique and engrossing chemistry. NO is a colorless,
highly reactive and heteronuclear diatomic gaseous molecular radical with paramagnetic
behavior. High reactivity of NO due to its transient half-life (in the order of milliseconds to
seconds depending upon the local oxygen and reactive biomolecules concentration)® poses a
significant challenge to the investigators in eliciting the mechanism of its action in physiological
systems. In biological milieu, L-arginine acts as a primary precursor of this intracellular
signaling molecule, however, in case of HNO although it could be produced from various
metabolites, the question of its biosynthesis remains unresolved till date.” In spite of their close
structural resemblance, HNO exhibits distinct biological and chemical properties from that of
NO.#*? Even though the biological targets (for example thiols, metalloproteins and radicals) are
identical, the mechanism of their interactions are different. Depending on the reaction conditions,
HNO provide either sulfinamides or disulfides by interacting with thiols, whereas, NO provide
S-nitrosothiol as an initial product through oxidation to an ‘NO™ (nitrosonium) equivalent
species.'®* Another major discrimination between NO and HNO is that NO* scavengers such as 2-
(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-1-oxy-3-oxide(carboxy-PTIO) and
hydroxocobalamin are capable of scavenging NO* but not HNO.***" Furthermore, HNO is
regarded as the sibling of Nitric oxide because of its some similarities with NO, yet recent
researches have enlightened that HNO and NO serves as potent vasorelaxants and both are

utilized in the treatment of cardiovascular diseases.*®*°

1.2. Endogenous synthesis of NO and its biological influence

Concisely, conversion of L-arginine into L-citrulline is the pivotal resource for NO production.
This transformation proceeds under the influence of molecular oxygen, nicotinamide adenine
dinucleotide phosphate (NADPH), and other biological factors such as tetrahydrobiopterin
(BH,), flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN).?° In this whole
metabolization, the major constituent is the Nitric oxide synthases, a class of heme proteins
which regulate the production of NO from L-arginine as depicted in Figure 1.1a.*%® Generally,

nitric oxide synthases emerge in three isomeric forms in mammalian organisms and these are:
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neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS). (the most

abundant isomeric form in body). All these NOS isoenzymes are comprise of an oxygenase

domain and a reductase domain which are linked through a Ca®*/calmodulin binding region.?*?
Endogenous synthesis of NO Biologicalrole of NO
NH 0 =~y e
Jj\ /\/\Hk T =t ‘
HoN N OH . )
H - , Neurotransmission
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Figure 1.1.a. The most common endogenous synthetic pathway of NO. b. The pivotal role of
NO in physiological systems.

In the process of generating NO from L-arginine, all these enzymes must cycle twice resulting in
the formation of N®-hydroxy-L-arginine as an intermediate.?® The first step of reaction pathway
involves the generation of N®-hydroxy-L-arginine from L-arginine whereas the second step is
associated with metabolization of N®-hydroxy-L-arginine to L-citrulline and NO. Although there
is a global consensus regarding the mechanism of conversion of L-arginine to N®-hydroxy-L-
arginine, yet again there is a lot of controversy concerning the pathway by which NOS
isoenzymes metabolize N®-hydroxy-L-arginine to L-citrulline and NO.%

On the basis of biological perspective, the most significant job that nitric oxide play in the
physiological system is the activation of soluble guanylate cyclase (sGC) in vascular smooth
muscle. As a result, intracellular levels of cyclic guanosine 3',5’-monophosphate increase, and
this causes smooth muscle cell relaxation and vasodilation.?”* In the nervous system, NO acts as
a neurotransmitter because NO has a major contribution in synaptic signaling and also in the

regulation of memory and neurogenesis.*® Further emerging researches unveil that NO influence
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the immune functions*, apoptosis®?, wound healing and angiogenesis®®, anticancer activities*,
inhibition in platelet aggregation, adhesion® and so on. Thus, the diverse biological roles of NO
(Figure 1.1b) encouraged various scientists to develop numerous NO detection techniques to
understand NO chemical biology in vitro and in vivo. Moreover, some biological activities of NO

still remain elusive towards researchers.

1.3. Popular Methods for monitoring the unprecedented role of Nitric Oxide

Numerous techniques have been developed to detect as well as to analyze the activities of nitric
oxide, in the living organisms till date. The most widely adopted techniques for the detection of
NO are (a) Griess analysis (b) Chemiluminescence (c) Electrochemical detection (d)
Fluorometric detection. Among all these reported techniques, some are available for direct
analysis of NO, some are capable to measure the concentration of NO, and others methods are
effective for unveiling the activities of NO adequately. The utilization of all these existing
methods varies with what researchers want to explore in the field of nitric oxide chemical

biology.

1.3.1. Griess Analysis

After the discovery of this method for nitrite (NO;) detection in the year 1879 by Johann Peter
Griess®, according to the name of this German chemist, it is termed as Griess Analysis. This is
an example of indirect approach of NO detection because by estimating the amount of NO, with
the help of griess assay, the amount of NO can be quantified as NO directly converts to NO;

under aerobic condition (given below).*’

2NO + 0, - 2NO, (D)
NO + NO, - N,04 (2)
N,0; + H,0 - 2NO5; + 2H™ 3)

Primitively, sulfanilic acid and a-naphthylamine were utilized for recognition of NO; but later
slightly modified so that it can be marketed as NO detection kits. In modified case, sulfanilamide
(SA) and N-(1-naphthyl)ethylenediamine (NED) are used, in which after interaction with nitrite,
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an azo dye with high molar absorptivity (€) via azo coupling reaction is formed as delineated in
Figure 1.2.%®

NO,” H,0

H,NO,5—_H—nH, AN H N0~ _H-N,*

oG

H,NO s—.—N ~NH;
2M2 N'NH

Figure 1.2. Modified form of Griess Analysis.

From which nitric oxide is estimated approximately. This method is not widely used as there are
some major drawbacks reported. Firstly, this not a direct approach for NO detection, secondly,
highly acidic medium needed for this to happen and lastly, during formation of NO from

nitrite (NO;), nitrate (NO3) is generated as a byproduct.®’

1.3.2. Chemiluminescence

Chemiluminescence (luminescence that is produced by a chemical reaction to induce the
transition of an electron from its ground state to an excited electronic state) analyses are found to
be the most sensitive NO detection tool. Till now, two types of Chemiluminescence approaches
have been reported®®, among which the ozone gas involvement technique is one of the most
common approach for NO detection. The following reaction justifies that if during the analysis
other conditions remain constant, the signal intensity of emitted photon is directly proportional to

the concentration of nitric oxide from NO donor samples.*

NO + 05 - NO; + 0, 4)
NO; - NO, + hd (5)

In addition, for sensitive detection of NO another Chemiluminescence analysis was initiated by
Kikuchi et al.** Though, this method is widely utilized in research, it also has some shortcomings

for the detection of NO.
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1.3.3. Electrochemical detection

Electrochemical sensors deal with the electro oxidation or electroreduction of NO. The major
advantage of synthesizing these sensors are, their capability for real-time detection of NO.** The
selective recognition of nitric oxide by these electrochemical sensors are quite challenging task,
as NO has great reactivity and structural resemblance with CO. Nonetheless, in NO chemical

biology various investigations are explored by utilizing these electrochemical sensors.

1.3.4. Fluorometric detection

Among all the above mentioned techniques involved in the selective and sensitive detection of
nitric oxide, fluorometric detection have acquired an immense attention of scientists, because of
its experimental simplicity and high sensitivity towards target analyte.** The direct or indirect
detection of Nitric oxide in biological systems are accomplished by fluorometric analysis
depending upon the nature of fluorescent probes. So far, numerous fluorescent probes have been
constructed for monitoring NO, its role as well as its production in cellular systems through in
vitro and in vivo analysis. Therefore, for an efficient, selective and sensitive nitric oxide
fluorescent sensor, the probes should be synthesized by considering the below facts:

a. High specificity and sensitivity towards NO even in the presence of other biologically
reactive species.

b. The probe should have excitation wavelength (Aex) more than 400 nm to interrupt the
cell damage by UV rays and emission wavelength (Aemy> 500 nm is required to avoid
interference from auto-fluorescence..

c. The quantum yield should be high enough.

d. Sensors should have sufficient cell permeability.

Till today, so many fruitful fluorescent NO sensors have been enlisted with their various positive
and negative traits. Now, in brief, the recent growth in NO chemical biology related to
fluorescent probes (by our and other research groups) has been delineated with all possible

reaction mechanisms.
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1.4. Outline of Reported Strategies for the Recognition of NO by Fluorescent
Molecular probes

From the perspective of the most effective nitric oxide sensing mechanisms reported so far, two

approaches are found out to be the most impressive ones as outlined below.

1. NO sensing probes based on purely organic molecules and

2. NO sensing probes based on transition metal complexes of fluorescent molecules.
1.4.1. NO sensing probes based on purely organic molecules

The backbone of this approach is the synthesis of various attractive fluorophoric entities with

different NO recognition sites as given below.

1) O-phenylenediamine (OPD) leading to triazole formation through cyclization
reaction.
(2 Aromatic amines like
(a) N-nitrosation of aromatic secondary amines,
(b) Oxidative deamination of aromatic primary amines,
(c) Cyclization of 0-amino-3'-dimethylaminophenyl aromatics
3) Dihydropyridine and
4) Others.

The widespread application of nitric oxide in living organisms has encouraged researchers to
synthesize numerous nitric oxide sensing probes capable of revealing the activities of this
messenger molecule precisely by targeting specific organelles (mitochondria, lysosomes and so
on). This type of structural modification in fluorophoric entity to target specific organelle is
mainly accomplished by utilizing the above mentioned organic entity based approach.

1.4.1.1. O-phenylenediamine leading to triazole formation through cyclization reaction

e General reaction mechanism

Upon exposure to NO, the o-phenylenediamine attached fluorophores become highly fluorescent

in most of the cases. Generally, a photoinduced electron transfer (PET) mechanism is operative.
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Briefly, in the absence of nitric oxide, the electron density is transferred from the highly electron
rich region (o-phenylenediamine moiety) to the fluorophore causing negligible or no
fluorescence response — a phenomenon called PET-ON, fluorescence OFF. However, in the
presence of NO under aerobic conditions leads to the formation of an electron deficient triazole
moiety which disfavors the PET process resulting fluorescence ON which is also called PET

Blocked, Fluorescence ON. This causes the generation of an intense fluorescence.

Nagano group** was pioneer to disclose the involvement of this mechanism for the sensing of
NO by numerous fluorophores containing o-phenylenediamine moiety as the NO receptor. Thus,
various derivatives of fluorescein (1-8) (Figure 1.3) appended with o-phenylenediamine showed
negligible fluorescence due to the prevalence of spirolactum ring in the fluorescein moiety.
However, on treatment with NO, an electron deficient triazole ring is formed which favors the
opening of spirolactum ring. As a result an intense fluorescence was observed. The LOD value
lies ~5 nM. In case of probes* 7 and 8 there are N-substituted o-phenylenediamine moiety
which might be responsible for the dependence of fluorescence intensity on the pH of the

medium and needs some alterations to make them biocompatible.

NH, N=N
NH, NH PET
}

Fluorophore Fluorophore

-
m
-

Non Emissive
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HN-N

Figure 1.3. Under aerobic condition Fluorescein based NO probes.
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The aforementioned sensing strategy has been exploited to explore the activities of this
messenger molecule to understand the NO chemical biology. Some interesting reported OPD
based fluorophoric systems are discussed in below.

In the year 2012, Jin et al.“® reported a new two-photon lysosome targeted highly sensitive and
selective nitric oxide fluorescent sensor 9 (Figure 1.4) in which o-phenylenediamine embedded
naphthalimide moiety was anchored as NO recognition site. The sensor 9 exhibits a dramatic
enhancement (16 times) in fluorescence intensity at 530 nm upon excitation at 440 nm on
addition of 5 equivalents NO. The two-photon fluoresce behaviour of 9 with detection limit in

1.4 also

the nanomolar range (5 nM) makes it suitable to recognize NO in lysosome. Cho et a
reported a new OPD connected 2-acetyl-6-dialkylaminonaphthalene (acedan) based highly
efficacious two photon probe 10 (Figure 1.4). On excitation at 370 nm, Probe 10 displayed a 68
fold increase in fluorescence intensity in response to NO at 502 nm. The one and two photon
excitation ability of the probe makes it highly suitable to analyze the activities of NO in living

cells.

NH HN-N

/ EPZNHZ

PET\ OO

o
Lysosome

]
targetable IN
Lo
9

NO o
—
/\I

NO recognition site

R,=H, R,=OCH,
R,=OCH,, R,=H

Figure 1.4. Some NO probes with OPD unit as NO recognition site.

Since, in case of mammalian cells, Mitochondrion is the main organelle to produce NO by
inducible NOS enzymes, therefore, it encourages the scientists to further track NO in

10
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mitochondria. In 2013, first mitochondria targeted nitric oxide sensitive fluorescent probe was
introduced by Jin and his coworkers.*® Probe 11 (Figure 1.4) upon exposure to NO displays a 60
fold enhancement in fluorescence intensity at 585 nm without any biological interference. The
most striking feature of this probe is that it is capable to exhibit real time monitoring of
mitochondrial NO in living organism. In the same year, Zhang and his team*® developed two bis-
methoxyphenyl-boron dipyrromethene (BODIPY) embedded fluorophoric systems 12 (Figure
1.4), which were identified as potential candidates for cellular studies of NO due to their large
Stoke shift (38 nm).

In 2016 Wang team™ introduced a new NO sensitive BODIPY based fluorescent probe 13
(Figure 1.5). The amphiphilic behavior of the probe makes it suitable for monitoring the
diffusion of nitric oxide across the cell membrane. Along with the low LOD value (0.83 nM), the
dramatic enhancement and quick response of the probe towards NO at 529 nm, has attracted

immense attention in the research area of NO sensing.

(0

[ ] Lysosome
N targetable
&

Os-N
NH,
NH,
15

Figure 1.5. Examples of some OPD based Nitric Oxide sensors.

Meanwhile, considering the fact that for nitric oxide related intracellular studies the solubility of
the probes in aqueous medium is the main factor, Liang and his research team®" synthesized a
sensor 14 (Figure 1.5) in which 3,4-diaminobenzoic acid is attached to two amino acids to
improve its water solubility. Here, 14, on treatment with NO, displays about 73 nm blue shift
from 440 nm due to involvement of ICT mechanism. Inspired by Jin et al.*, Xu and his

11
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colleagues® in 2016 developed another lysosome targeted probe 15 (Figure 1.5) with high pH
(4-12) stability and LOD (4.57 uM). An overlap between the images of the probe and lysosome
specific dye (Neutral Red), obtained by fluorescence localization assay, evidences the efficacy of

the probe to target lysosomes.

Ding and his research group® revealed a more advance way to sense more accurately the
lysosomal nitric oxide relevant to pathological processes, where a NO specific donor-acceptor-
donor (D-A-D) entity 16 (Figure 1.6) was framed by exploiting benzothiadiazole-diamine as an
acceptor system and two alkyloxy moieties as an electron donor. On reaction with NO a
benzotriazole ring is formed which induces a strong ICT process, as evidenced from a red shift
Aem from 565 nm to 625 nm. The real time monitoring of variation in lysosomal NO
concentration was executed in an acute liver injury mouse model, which clearly demonstrates the

potentiality of the probe for therapeutic treatment of liver injury.
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Figure 1.6. D-A-D sensing strategy followed NO sensors.

A similar D-A-D strategy was employed by Zheng and his group™ to fabricate a novel
photoacoustic NO probe 17 (Figure 1.6) in which benzothiadiazolediamine entity acts as a
bridge between two oligoether embedded diphenylamine. Here, the role of oligoether is to
enhance its amphipathic and cell-penetrating properties. Here, also ICT mechanism was found to

12
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being operated. The excellent photoacoustic imaging capabilities of the probe was verified by

performing an experiment to recognize nitric oxide in infected mouse tissue.

In 2022, Ji et.al®® synthesized a new hemicyanine-based fluorescent probe 18 (Figure 1.7) that
quenches the fluorescence signal in presence of NO rather than enhancement due to the
involvement of ICT process instead of normal PET mechanism. The consecutive addition of NO
results in decreasing the fluorescence intensity at 490 nm on excitation at 420 nm giving a
detection limit of 20 nM.

Hypoxia is a well-known term in tumor therapeutic studies. Now, under hypoxic conditions NO
is overproduced in tumor cells causing tumor cell proliferation and metastasis. Consequently, to
better understand the interplay between hypoxia and NO precisely, in 2018, the Singh group®®
open up a new ground in tumor physiology by reporting a dual-analyte fluorescent probe 19
(Figure 1.7) to detect both hypoxia condition and NO concentration in live cells. Probe 19 was
designed by linking anticancer drug Chlorambucil with nitrocoumarin through an ester bond
which in hypoxic atmosphere generates NO trapping unit (diaminocoumarin) through the
reduction of -NO, to NH, resulting green fluorescence. Now, this anticancer drug embedded
diaminocoumarin based probe reacts with NO to give fluorescence in the blue region and the

resulted triazole entity can also be photoirradiated leading to release of the drug.
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Figure 1.7. Some simple OPD based Probes 18, 20 and probe 19 is drug linked NO sensor.

Although o-phenylenediamine acts as a NO recognition site, there are some limitations

exhibiting false positive fluorescent signals by other interfering species such as dehydroascorbic
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acid (DHA), ascorbic acid (AA), and methylglyoxal (MGO) which are present in the biological
systems. One way to overcome this hurdle is to reduce the reactivity of OPD by protecting one of
the amino groups. Based on this concept, Wang and his research team®” introduced a modified
OPD based amphiphilic sensor 20 (Figure 1.7), where the quaternary ammonium unit attached
to OPD enhances the hydrophilicity, whereas the N-alkyl side chain attached to naphthalimide
fluorophoric unit increases the hydrophobicity. The treatment with NO leads to 16.7 fold
enhancement in fluorescent intensity. The visualization of the brain slice image clearly displays
the location of this concerned two photon probe on cell membrane and imaged nitric oxide
discharged from cells. Now, the direct linking of one of the amino groups of OPD with
fluorophore also provides aromatic secondary amine. So, keeping this strategy in mind, Guo et
al.>® reported a silicon-substituted xanthene embedded near-infrared (NIR) probe 21 (Figure 1.8)
which emits at 710 nm after reaction with NO and favors the monitoring of mitochondrial NO in
real time. The interrelation between Endoplasmic reticulum (ER) and NO has encouraged
scientists to develop ER targeting NO probe, as the significant role played by ER is perturbed by

NO causing ER stress and cell apoptosis.

ER-targetable group

Figure 1.8. NO sensors based on modified form of OPD.
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In 2018, by adapting similar sensing approach, Li and co-workers>® designed a two-photon probe
22 (Figure 1.8) in which napthalimide is linked between an OPD unit and Endoplasmic
reticulum (ER) targeting methyl sulfonamide group (emission 538 nm). Investigation in mice
model treated with Tunicamycin (TM, a drug that promotes ER-stress) clearly demonstrates that
it can detect the ER stress in animal by recognizing NO. Probe 23 (Figure 1.8) has also been
synthesized by Zeng research group® utilizing a similar modified OPD strategy. In probe 23
rhodamine was used as fluorophoric entity and the presence of cationic charge enhances its water
solubility and cell-membrane penetrating power. In 2019, a novel BODIPY based dual-channel
analyzing probe 24 (Figure 1.8) was reported by Niu et al.** for monitoring NO and GSH . Here,
treatment of probe 24 with NO displays an enhancement in fluorescence signal at 528 nm (green
region) and reaction with GSH shows changes in spectral intensity at 558 nm (red region).
Therefore, biological investigation was applied to delineate the precise recognition of both NO
and GSH in inflamed RAW 264.7 cells. This enlighten a new path in NO research area regarding

physiological correlation between NO and GSH.
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Figure 1.9. Rhodamine based NO sensing probes.
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Attachment of OPD with rhodamine fluorophoric moiety generates a spirolactam ring which
under acidic condition provides aromatic secondary amine as a NO trapping unit. Both the
probes 25 (Figure 1.9) and 26 (Figure 1.9) reported by different research groups,®® ® follows
the same reaction mechanism. Here, Si-rhodamine was exploited as a fluorophoric entity for the
former (25) whereas rhodamine-B is utilized for the later (26). In both cases under acidic

condition reaction with NO provides enhancement in fluorescence signal.

By following the similar sensing strategy Wang group® reported a lysosome targeting Si-
rhodamine system 27a (Figure 1.9) attached with OPD. In lysosome under acidic condition in
the presence of NO, the spirolactum ring opens up, resulting an increase in the fluorescence
intensity at 680 nm. The suitability of the probe for analyzing the lysosomal NO activites was
illustrated by conducting biological assays with RAW 264.7 macrophages induced by interferon-
y and LPS. Recently, Zhang et al.** has introduced a nucleus targeted ratiometric nitric oxide
sensing probe 27b (Figure 1.9) by conjugating the Hoechst part to the rhodamine spirolactam.
The spectral changes upon addition of NO are indicated by an increase in the fluorescence
intensity at 603 nm and a decrease at 463 nm. Biological investigations further confirm that the
probe has the capability to sense NO in the nucleus and also recognize NO in inflamed living
organisms due to its high sensitivity (58 nM), selectivity and low cytotoxic effect. Now, based on
OPD related sensing strategy, Song et al.®® developed a rhodol system 27c (Figure 1.9)
(difference in emission wavelength before and after NO addition by 154 nm) by conjugating
OPD as a NO recognition entity to monitor the fluctuations of NO in live cells and also studied
the detection of NO in Inflamed mice model. Now, the pivotal role of NO in physiological
system is widespread. As chronic liver inflammation causes excess generation of endogenous
NO leading to liver cancer, it is obvious to design hepatocyte targeting probes for better
understanding the role of NO in liver cells. In 2018, Zhang group® has introduced a rhodamine-
B based probe 28 (Figure 1.10) interlinked with galactose and OPD units which on treatment
with NO displays emission at 580 nm. High water solubility as well as high sensitivity (LOD =
1.62 nM) and specificity towards NO facilitate its application for visualizing heptacellular NO in

HepG2 cells and zebrafish.
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Figure 1.10. Galactose conjoined rhodamine based NO sensing probe.

1.4.1.2. N-nitrosation based sensing approach

Sensing mechanisms related to (a) N-nitrosation of aromatic secondary amines, (b) oxidative

deamination of aromatic primary amines and also (c) cyclization of o0-amino-3’-

dimethylaminophenyl aromatics are considered to be more appealing approaches as in these

cases the biological interference by the reactive species (RNS, ROS and RCS) can be safely

excluded.

Figure 1.11. BODIPY based NO sensors with aromatic secondary amine.

17



CHAPTER 1

1.4.1.2 (a) N-nitrosation of aromatic secondary amines

In 2015, Guo group®’ designed a N-nitrosation based fluorescent probe 29 (Figure 1.11) in
which BODIPY is attached to a N-benzyl-4-hydroxylaniline group which acts as a NO trapping
unit. 92-fold enhancement in fluorescence signal at ~ 518 nm (A& = 490 nm) with 4.8 nM
detection limit makes it a potential candidate to recognize NO in mitochondria. Later, the same
research group® in 2019 reported the same fluorescent probe 30 (Figure 1.11) with slight
modification converting phenolic OH to corresponding methoxido group that exhibits a change
in fluorescence property. The probe now can detect both NO and ONOO in living cells with
higher selectivity and lower LOD (0.4 nM).

Inspired by the previously reported BODIPY based NO sensor, Chen and coworkers®® introduced
a series of BODIPY based probes 31 (Figure 1.12) that are capable of targeting both
mitochondria and lysosomes by appropriate tuning of 5-amino-2-methoxy-phenyl system. All
these probes on reaction with NO display increase in fluorescence intensity at 515 nm, leading to
its beneficial role for analyzing the localized nitric oxide in specific organelles. Now, by utilizing
4-methoxy-N-methylaniline entity (which was first introduced by Guo group as NO trapping
unit), Liu group’ has developed two photon Si- rhodamine based NIR sensor 32 (Figure 1.12) in
2017. Both excitation (633 nm) and emission (672 nm) of the probe in NIR region with quick
response towards NO (90 s) and low detection limit (14 nM) enable it for in vivo nitric oxide
recognition in xenograft tumor mouse model. The investigation has revealed the generation of

NO during tumor progression.

Figure 1.12. NO probes that follows N-nitrosation sensing strategy
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In the same year the same research group’* developed a novel two photon benzocoumarin based
NIR probe 33a (Figure 1.13) by attaching modified p-phenylenediamine through amide bond.
This probe is also enlisted as a good NO sensor due to its high selectivity and sensitivity with
low detection limit (37 nM). The unique capability of the probe to detect NO generation during
ischemia reperfusion injury (IRI) process in mice kidneys was successfully revealed for the first
time through an experiment. The success in this experiment introduces a new role of NO in
physiological systems. They also reported an OPD based probe 33b (Figure 1.13) for NO by
exploiting Nile red as a fluorophoric unit.”” The two photon excitation ability of the probe with

high selectivity and sensitivity towards NO enhances its application in mouse model.
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Figure 1.13. Two different NO sensing strategies reported by same research group.
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Figure 1.14. NO sensing probes based on Photoacoustic N-nitrosation sensing mechanism.
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Photoacoustic imaging is now gaining a lot of attention due to its ability to acquire high
resolution images at centimeter depth. In 2018, the Chan research group’® developed a series of
new N-nitrosated photoacoustic probes based on o-methoxy methyl aniline embedded BODIPY
dye. A PEGylated tetraalkylammonium entity has been linked to the concerned probe 34a
(Figure 1.14) to enhance its water solubility, resulting better cellular investigations. Among all
the series of PA probes reported, probe 34a stands out to be the best one because of its high
specificity towards NO and rapid conversion to the N-nitrosated product with a hypsochromic
shift in Amax by 91 nm. The detection of NO by the probe 34a in LPS (lipopolysaccharide)
induced inflamed murine model without the sacrifice of animal reveals that PA imaging are
always superior compare to other imaging techniques. Now, recently, due to its diverse
biomedical applications, the same research team’ first successfully designed a novel NIR-II
acoustogenic probe 34b (Figure 1.14) for detection of endogenous, cancer-derived NO in deep-
tissue. Herein, aromatic secondary amine, the NO recognition unit acts as a bridge between p-
anisidine and IR-1048. The most important feature of this probe is that the interaction with nitric
oxide has an absorption maximum at 1080 nm without any spectral overlap with the probe. As a
result, the breakthrough approach of this probe in NO chemical biology was displayed by

executing the endogenous detection of nitric oxide in cancer murine models.

Figure 1.15. Some simple N-nitrosated based NO sensors.
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1.”® in which

Another N-nitrosation based sensor 35 (Figure 1.15) was developed by Song et.a
BODIPY was linked with an active secondary amine unit as NO receptor. This probe (LOD=10
nM) displays enhancement in fluorescence signal at 585 nm on reaction with NO. However,
quenching of fluorescence intensity that is developed after NO treatment was found to be
suppressed significantly on further treatment with GSH. Deep tissue penetrations as well as
biocompatibility arising out of emission light in the NIR region are the important aspects of NIR
probes. However very few reports on the NO sensing by NIR probes are available in the
literature. NIR probe 36 (Figure 1.15) has been designed by employing cyanine as a
fluorophore’® in which the halide atom is replaced by methyl amine to form a secondary amine
unit. Now, it reacts with nitric oxide (within a 5 min) by following ICT mechanism to form N-
nitrosated product giving emission at Aem = 800 nm. Excitation at 760 nm reveals its successful
application to determine the NO level in vitro by cell imaging studies. In 2020, by following the
similar ICT reaction mechanism, Wang research group’’ synthesized an anthracene carboximide
based moiety 37 (Figure 1.15) in which the presence of secondary amine at the 6™ position of
the fluorophoric entity served as a NO recognition unit. The unique feature of this probe is that
on interaction with NO, there is a change in fluorescence emission wavelength from red (Aem =
625 nm) to green (Aem = 525 nm) which makes it a good NO probe (LOD= 4.05 nM) and useful
for its application in analyzing the endogenous NO in Raw 264.7 macrophage cells as well as in

zebrafish in ratiometric pattern.

Figure 1.16. N-nitrosation of the probes in primary (39 and 40) and secondary amine (41).
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N-nitrosated probes 38 (Figure 1.15) and 39 (Figure 1.16) were designed by different research
groups using rhodamine’® as the fluorophore for the former and rhodamine 6G" for the latter. In
both the cases, fluorescence intensity was increased due to their spirolactum ring opening
reaction followed by N-nitrosation. Moreover, the biological studies by the probe 39 in inflamed
zebrafish model manifest its potentiality to diagnose various NO related diseases. In 2021, Zheng
et al.®° designed a dual analyte (HOCI and NO both) recognizing fluorescent probe 40 (Figure
1.16) in which 1,8-naphthalene diamine act as a reactive unit. Inhibition of PET process
operating within this moiety causes enhancement in fluorescence signal (Aem = 512 nm) upon
treatment with NO within 20s. This probe is capable of detecting both HOCI and NO for in vitro
and in vivo studies. The Guo research group® has recently synthesized a BODIPY embedded N-
nitrosated probe 41 (Figure 1.16) that on reaction with NO enhances its signal intensity at ~600
nm like any other good nitric oxide probe. Now, encapsulation of the probe into the core of the
copolymer m-PEG-DSPE 2000 (amphiphilic in nature) increases its water solubility, so that the
modified probe is able to detect NO through the enzymatic pathway (eNOS) in living cells.

1.4.1.2 (b) Deamination of aromatic primary amines in presence of NO
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Figure 1.17. NO sensors involving sensing strategy of deamination of aromatic primary amines.
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Another NO sensing mechanism involving oxidative deamination of aromatic primary amines
has gained much attention because false positive response by AA (ascorbic acid), DHA
(dehydroascorbic acid), MGO (methylglyoxal), etc can be safely avoided. Wang et al.?? first
reported this sensing mechanism by considering fluorescein-based aromatic amino ester as a
probe (42) (Figure 1.17) in which the interaction with NO causes an increase in fluorescence
intensity (Aem=524 nm) by blocking the PET process. The high specificity, sensitivity and also
the biological applications make it an impressive NO probe. Both the probes 43 and 44 (Figure
1.17) were synthesized by the same research group® (Guo et al.). For probe 43 BODIPY (hex =
475 nm, Aem = 519 nm) and probe 44 cyanine, (Aex =750 nm and Aem = 794 nm) have been used
as a fluorophoric platform. In both the cases p-methoxyaniline unit acts as a NO recognition site.
The sensing strategies of both the probes are very similar but for probe 44 the fluorescence
emissions in the NIR region makes it superior compare to 43 due to its tissue penetration ability.

So, probe 44 was applied for further biological studies in an inflammatory mouse model.

OCH,

Figure 1.18. Reported various NO sensors based on deamination of aromatic primary amines.

Luis, Galindo and their research groups®* introduced a series of NO sensitive fluorescent probes
(45-a, 45-b, 45-c, 45-d) (Figure 1.18) among which 45-c (Aem =550 nm, Aex= 470 nm) is found to
be the best with higher sensitivity (83 fold) as well as selectivity towards NO with LOD 2.1 uM.
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X-ray crystallographic studies revealed that the sensing mechanism of the probe with nitric oxide
occurs through oxidative de-amination. Now, in 2021, the same research group® developed a
new mitochondria targeting pyrylium based sensor 46a (Figure 1.18) without linking any
mitochondria targeted unit. The probe exhibits enhancement in fluorescence intensity at 585 nm
with high selectivity and sensitivity (LOD = 88 nM). The superiority of this probe was
established by executing various biological experiments related with endogenous and exogenous
detection of NO. An interesting dual channel NO sensor 46b (Figure 1.18) was designed by Liu
and coworkers® by utilizing oxidative deamination sensing mechanism on dicarboxyimide
anthracene moiety. Due to ICT, on treatment with NO the probe changes its emission from red to

green and this enhances its better applicability for analyzing endogenous NO in live cells.

1.4.1.2 (c) Cyclization of o-amino-3'-dimethylaminophenyl aromatics:

Figure 1.19. Sensing of NO through cyclization of 0-amino-3'-dimethylaminophenyl aromatics.
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Another approach involving N-nitrosation of aromatic amine in o0-amino-3'-
dimethylaminophenyl aromatics plays a crucial role of NO trapping leading to the formation of
highly fluorescent ortho- or para- azoic isomers.®” In 2017, Zhou, Song and their research team®
fabricated a novel NO sensitive probe 47 (Figure 1.19) in which 6-position of 5-aminoquinoline
is directly linked with 3-dimethylaminophenyl moiety through C-C bond formation by exploiting
Suzuki coupling reaction. Now, the reaction with NO generates two azoic regioisomers through
the formation of diazonium ion as an intermediate. Among these two azoic regioisomers, one p-
form is capable of enhancing fluorescence intensity through intramolecular charge transfer (ICT)
mechanism. This p- form of azoic regioisomer is capable of detecting both endogenous and
exogenous NO during biological studies under one and two photon environment. In the same
year Zhang and coworkers® reported naphthalimide embedded mitochondria specific two-photon
ratiometric NO probe 48 (Figure 1.19) using the same sensing strategy. The unique feature of
this probe is that it changes its fluorescence region at 595 nm, a yellow region, to 540 nm, a
green region, after addition of NO. This enhances its potentiality for recognizing NO in living
cells and also in mice model. Another ratiometric probe 49 (Figure 1.19) was synthesized by
Yoon et al.*® in 2017. Upon exposure with NO the fluorescence region of this probe is also
changed from blue to yellow (470 nm to 560 nm) by following the ESIPT sensing mechanism.
The probe is also able to detect NO in living cells. The same research group®® in 2021 has
developed a new ratiometric NO sensitive probe 50 (Figure 1.19) which is actually the
positional isomer of reported NO sensitive probe 47. Quick response of the probe towards NO
enhances its capability to detect both exogenous and endogenous NO. The azoic product that
produced upon addition of NO interacts with natural DNA. As in presence of natural DNA,
fluorescence intensity of the probe 47 increases, indicating higher sensitivity towards NO

(mainly in nucleus).
1.4.1.3. DIPY (dihydropyridine) based sensing strategy:

Literature survey reveals that for designing various nitric oxide sensitive fluorescent probes
dihydropyridine entity can be employed as NO trapping unit.”> On interaction with NO,
dihydropyridine undergoes aromatization reaction to generate pyridine which may result in
fluorescence either increase or decrease through PET mechanism. In 2014, this dihydropyridine

based sensing strategy is exploited by He et. al.*® to design a new probe 51a (Figure 1.20). Now,
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by considering this probe another nitric oxide sensitive probe 51b (Figure 1.20) was
subsequently synthesized by the same research group® and this probe (51b) is actually a
positional isomer of 51a. Both these NO probes are highly sensitive, selective and superior to
other probes particularly for biological applications. The same research group® has synthesized a
probe 52 (Figure 1.20) by creating a distance by two carbon atoms through an alkyl chain
between the fluorophore (7-methoxy coumarin) and the dihydropyridine unit to analyze the long
range interaction towards fluorescence sensing of NO via PET-Off mechanism. Probe 52
exhibits an enhancement in fluorescence signal (~80 fold) at 392 nm with high sensitivity
(LOD=17nM) and is also capable of successful recognition of endogenous NO. Again, the
introduction of a quaternary ammonium unit (hydrophilic part) into the probe 52% leads to the
development of the new probe 53 (Figure 1.20) with emission at 450 nm. The low LOD value of

this probe makes its application successful for endogenous NO recognition.
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Figure 1.20. Reported dihydropyridine based NO sensor.

Lu, He and their research group®” * has developed two new dihydropyridine embedded
BODIPY based mitochondria targeting 54 (Figure 1.20) and lysosome specific 55 (Figure 1.20)
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nitric oxide sensors. The 63 fold enhancement of fluorescence intensity in greener region
(Aex=470 nm and Aem=525 nm) for probe 54, and 140 fold for probe 55, (Aex =475 nm and Aem
=535 nm) were achieved on interaction with NO supporting the fact that both the probes are
stand out to be a good NO sensitive sensors. Both the probes are applicable for endogenous and
exogenous imaging of NO. Mahapatra et. al.,* has introduced two DHP based NO sensitive
probes 56 (Figure 1.20) and 57 (Figure 1.20) that employ pyrene and triphenylamine units as
fluorophoric units. Cellular applications were executed by utilizing probe 57 in thin epithelium
Vero cells as it shows increase in fluorescence signal (Aex =308 nm and Aem =502 nm) on addition
of NO. However, pyrene based NO sensor 56 displays fluorescence quenching with high LOD
value (2.6 uM).

Now, Zhang, Li and their research team'® have designed an unique probe 58 (Figure 1.21) that
cleaves the C-C bond following the FRET process instead of following the normal aromatization
reaction pathway in NO sensing. Since this ratiometric NO sensitive probe (Aem =525 nm, Aex=
490 nm) demonstrates an approximately 8-fold difference between Freund's adjuvant-stimulated
paws and normal rat paws after intravenous injection during biological investigations, it is the
first successful example of fluorescence imaging of endogenous NO in mammals for cell

imaging studies.

Figure 1.21. Unique mechanism of dihydropyridine based NO sensor.
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1.4.1.4. Unusual sensing strategies:

Recently, various fluorescent probes have been reported where unusual/ unprecedented NO
sensing mechanisms were operative showing high selectivity and sensitivity for exogenous and
endogenous detection of NO in living organisms. Inspired by Ohsawa et al.'*, Song et al.'?
designed a BODIPY based probe 59 (Figure 1.22) in which hydrazine was attached at its 8"
position. Now, addition of NO generates a mixture of products where the major component is
BODIPY and the minor component is 8-azido BODIPY. Enhancement (50 fold) in fluorescence
intensity in greener region (Aex = 480 nm and Aey = 512 nm) is due to generation of BODIPY, as
8-azido BODIPY is non-fluorescent in nature. The probe is capable of detecting endogenous NO
in RAW 264.7 cells.

HaN-NH

NO,0,

\
3 59\|= F_F

Figure 1.22. BODIPY based NO Sensor.

103 | i and Co-workers'® also designed a two-photon

Inspired by the work of Hrabie’s group
Schiff base-based NO probes 60a and 60b (Figure 1.23). Here, treatment with NO causes
enhancement in fluorescence due to formation of the fluorophoric aldehyde by the cleavage of
azomethine bond of the Schiff base. The faster response time, lysosome targeting property and
higher enhancement of fluorescence intensity (7.5-fold visa-vis 2.8 fold) for probe 60a towards

NO over 60b makes 60a more potent for biological applications.
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Figure 1.23. Schiff based related NO sensor.
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Ali and co-workers'® 1% has introduced a new sensing strategy for NO detection by synthesizing
quinoline embedded thiosemicarbazide linked NO probe 61a (Figure 1.24) which on reaction
with NO generates 1,3,4-oxadiazole through elimination of thionitrous acid (HSNO) in
quantitative yield. This gives an idea about the interconnection between NO and H,S in
biological systems. The probe 6la has good sensitivity, high selectivity as well as a great
biological application. Now, again the same research group has reported another new NO
sensing strategy by considering the same fluorophoric entity with slight modification. The
sensing pathway displays the formation of 1,2,3,4-oxatriazole in presence of NO upon excitation
at 380 nm. The probe 61b (Figure 1.24) is capable of detecting NO endogenously similar to
probe 6la. Kinetics assessment of both the probes indicates the first-order and 2"-order

dependencies on probe and NO concentrations, respectively.
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Figure 1.24. NO sensing strategy by forming oxadiazole and oxatriazole.

Influenced by Ali et al.'?, Zhang group'®’ reported a new NO sensor 62 (Figure 1.25) in which

instead of quinoline, coumarin was used as fluorophore and thiosemicarbazide as NO receptor.
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Figure 1.25. Coumarin embedded NO sensor.
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This probe 62 follows the similar sensing mechanim to that was exhibited by probe 61a and there
is an increase in fluorescence due to restriction of N-N bond rotation by forming oxadiazole.
Biological investigations regarding endogenous and exogenous NO detection were executed in
zebrafish model.

Another thiosemicarbazide linked naphthalimide based probe 63 (Figure 1.26) was reported by
Kang, Lee and their research team.*® The probe is capable of detecting cellular viscosity and NO
simultaneously. The probe is non-fluorescent in nature but with increase in viscosity of the
medium the rotation around the NH—NH bond in the Ph-NH-C(=S)-NH-NH-C(=0)- fragment
is somehow restricted leading to an enhancement (Aem= 470 nm, Ae = 405 nm) in fluorescence
intensity. However, in case of NO detection, the sensing pathway is different. NO reacts with N-
(4-nitrophenyl)  thiosemicarbazide moiety followed by the cleavage of the
Naphthalimide—N—C(=0) bond to generate Naphthalimide—NH, that is responsible for turn-
ON response at 550 nm.
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(\0/\,0\"/
o) o o]
Viscosity
HN O Increase NO/O
HN o] >
HN NH
)-_'5 O,N 'NH NH,
0N N»§S Fluorescence on
Fluorescence on H ICT on
Restricted rotation Fluorescence off
Molecular rotor
63 .
rotation

Figure 1.26. Naphthalimide based NO probe.

Recently, Lin et al.'®® designed a new cyanine-7 based mitochondria-targeted NO probe 64
(Figure 1.27) which instead of fluorescence enhancement (Aem=460 nm and 581 nm, Ae= 400
nm) becomes non-fluorescent on treatment with NO due to the formation of electron deficient
4H-pyrazole ring which inhibits the ICT process occurring between two indolium units. The
biological applications of this mitochondria targeted probe were checked in HeLa cells and
zebrafish model.

30



CHAPTER 1

Figure 1.27. Unique sensing of cyanine7 based probe towards NO.

1.4.2. NO recognition strategy by utilizing metal-complex probe

Usually, fluorescent sensors based on organic molecules employed amines as NO recognition
units where fluorescence enhancement occurs either due to (i) cyclization or (ii) N-nitrosation as
the major reaction pathways. In many cases, these sensing approaches towards NO are interfered
in biological environment. To overcome these limitations, researchers have been immensely

interested in synthesizing various metal complex based fluorescent NO sensors.

(a) Fluorophore Displacement without Metal Reduction
- NO
FL=M™ Loy <= NO—M"-L,, + [F

OFF ON

(b) Metal Reduction without Fluorophore Displacement

NO, ROH

OFF ON

(c) Metal Reduction with Fluorophore Displacement

NO

OFF ON

Figure 1.28. NO sensing pathways for metal bound probes.

The idea of utilizing transition metal complexes as NO sensing probes was advanced by Lippard

110-117

and coworkers, which fall under three categories as outlined in Figure 1.28 and described

below.
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e Fluorophore Displacement without Metal Reduction

This type sensing strategy involves fluorescent quenching of the probe on coordination with the
metal ion, which must be paramagnetic in nature. Now, the treatment of NO causes the
restoration of fluorescence intensity by forming metal nitrosyl adduct with simultaneous release

of fluorophore from the metal center (Figure 1.28a)."'%'%°

e Metal Reduction without Fluorophore Displacement

In this sensing strategy the presence of NO resulted in the restoration of fluorescence signal by
reducing the paramagnetic metal ion to the diamagnetic one. The main requirement for this
sensing strategy is the presence of protic solvent (ROH) which on interaction with NO form an
alkyl nitrite (RONO) (Figure 1.28b)."*

e Metal Reduction with Fluorophore Displacement

The last one is the most widely used sensing mechanism for NO. Copper based nitric oxide
probes are included in this sensing approach. Here, reduction of metal ion from paramagnetic to
diamagnetic state causes regeneration of fluorescence signal either by releasing the free probe or
by coordinating nitric oxide with metal center/ bonding with free probe to form N-nitrosated
adduct (Figure 1.28¢).*?**%

1.4.2.1. Reported Metal-based fluorescent sensors for NO detection

Chao et al.®® designed a new iridium(IIl) complex 65 (Figure 1.29) for mitochondrial NO
sensing which contains two monodentate 2-phenylquinoline and one 5,6-Diamino-1,10-
phenanthroline ligands. The latter being used as a receptor of NO causing a 48 fold
phosphorescence enhancement and also suitable for NO detection in living cells, 3D
multicellular spheroids and also in Zebra fish. Inspired by this strategy, Ma and coworkers'*®
introduced a similar iridium(l11) complex 66 (Figure 1.29) that displays a 15 fold enhancement
in fluorescence intensity at 580 nm through blocking of PET process by forming electron
deficient 1,2,3-triazole. The biological studies by using this probe have yielded positive results.
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Figure 1.29. Iridium(l11) complex based NO sensor.

Organelle specific fluorescent sensors are always interesting and more demanding for
researchers due to their potentiality to in vivo applications. Various organelles specific NO
sensors have been reported till now, but most of them suffer from some limitations like photo
bleaching and accumulation of the probes in the organelles thereby increasing their local
concentration which are highly essential to be overcome. Song, Yuan and their research
groups™® reported a lanthanide complex 67 (Figure 1.30) as luminophore to detect NO. Here,
piperazine acts as a bridge between luminescent terbium (Tb**) complex (LTC) as an energy
donor and 5-carboxy-N,N,N’,N'-tetramethyl rhodamine (CTMR) as an energy acceptor.

Long lived Tbh** emission H,N

Figure 1.30. An example of lanthanide complex based ratiometric NO sensor.
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Now, the probe 67 itself delineates the luminescence due to inhibition of LRET (luminescence
resonance energy transfer) mechanism which is not because of CTMR unit rather LTC, whereas
the presence of NO favored the LRET process occurring from Th** complex to rhodamine results
in the generation of remarkable fluorescence emission (lses/ls40, 28.8 fold) due to removal of
triazole unit followed by spirolactum ring opening. The probe can detect NO in Daphnia magna,
an important species in ecosystem without any interference and Dye co-localization analyzation

also supports its ability to detect NO in lysosome precisely.
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Figure 1.31. Some reported metal bound NO sensor.

In most of the transition metal complex based NO probes, Cu(ll) is the most frequently used due
to its efficient complexation with the fluorescent receptor molecules to give non-fluorescent
species and easy reduction to the corresponding diamagnetic Cu(l) ion by NO to restore its
fluorescence. In most of the cases, the mechanism involves the reduction of the metal by
fluorophore displacement with or without N-nitrosation. Ford and his research group™*’ designed
an anthracene-tetraamine cyclam based Cu(ll) complex 68 (Figure 1.31) which follows the same
sensing pathway by forming N-nitrosated product of the anthracene-tetraamine cyclam. Lippard
et al.™*® also introduced two water soluble probes 69 and 70 (Figure 1.31) which exhibit 6 and 8
fold enhancement in fluorescence signal, respectively. In addition to that, the same research
group™! reported a series of seminaphtho-fluorescein based probe 71 (Figure 1.32) which also
follows the same NO sensing strategy. Biological experiments for endogenous nitric oxide
recognition were performed in RAW264.7 cells without any interference.
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ReH H  OCH,CO,Et OCH,CO,Et

Figure 1.32. Series of seminaphtho-fluorescein based NO sensor.

James and his colleague’®

reported a good NO probe 72 (Figure 1.33) by employing 1,8-
naphthalimide as a fluorophore and 8-aminoquinoline as a Cu(ll) binding site. The unique
feature of this probe is that it has the potential to detect both NO and HNO simultaneously in
living organisms where N-nitrosation of the free probe is responsible for fluorescence

enhancement (for NO ~18 fold and for HNO ~32 fold).

> G i

Figure 1.33. Reported metal bound NO probes with different fluorophoric entities.
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.13 reported a good NO sensing probe 73 (Figure 1.33) where coumarin serves the

Norton et a
role of fluorophore (Aem = 445 nm, Aex = 405 nm) and is able to detect mitochondrial NO. Vilar
and coworkers™* designed a copper complex based NO probe 74 (Figure 1.33) by attaching a
linker between pyridyl unit and a 4-N-octyl-N-methylaminosulfonyl-7-chloro-2,1,3-
benzoxadiazole which on treatment with NO enhances the fluorescence intensity (Aem =580 nm)
by releasing the free probe. Lippard and his coworkers™® has reported first ratiometric copper(I1)
complex based probe 75 (Figure 1.33) by using piperazine as a spacer between the derivatives of
hydroxycoumarin and fluorescein for the detection of nitric oxide. Enhancement in fluorescent
intensity (Fuorescein/Feoumarin= ~11 fold) arises due to formation of N-nitrosated derivative of the

probe by following the Forster resonance energy transfer (FRET) process.

Figure 1.34. Rhodamine and benzoresorufin based NO sensor.

Another ratiometric Cu(ll) complex based NO sensor 76 (Figure 1.34) was reported by Patra et
al.**® by using the same piperazine unit as a spacer between rhodamine B and dansyl entity. The
intensity of green fluorescence arising out of dansyl groups is quenched upon treatment with
Cu(ll) ions but the presence of NO reduces Cu(ll) to Cu(l) facilitating the rhodamine emission
(at 580 nm, ~750 fold with LOD value 1nM) through FRET process. Lippard and his
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coworkers**’ has synthesized a series of benzoresorufin-based Cu(Il) bound probes 77a, 77b, 77¢c
(Figure 1.34) which exhibit enhancement in fluorescence intensity at 625 nm on treatment with
NO/HNO. For NO, the enhancement is due to formation of N-nitrosated derivative of the metal
free probe whereas for HNO, no N-nitrosation reaction occurs. Both NO and HNO detections
have successfully done in biological samples indicating the potentiality of the probe to recognize
biological NO/HNO.

Duan and his research team®®

reported a rhodamine embedded triethylene tetraamine (tren)
based copper(ll) bound probe 78 (Figure 1.35). In the presence of NO the probe forms N-
nitrosated spirolactum ring opened rhodamine derivative which is responsible for the increase in

fluorescence signal.
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Figure 1.35. Example of metal complex based NO sensor.

The unique feature of probe 78 is the 700 fold fluorescence enhancement in pure aqueous
medium (LOD= 1nM) making it suitable for endogenous NO recognition in living organisms.

Mondal et. al.,**°

also reported a new Cu(ll) complex based probe 79 (Figure 1.35) in which
dansyl fluorophore is attached to a tridentate N-donor ligand. The non-fluorescent Cu(ll) probe
exhibits an increase in fluorescence intensity (8.3 fold, Aem =~555 nm) in the presence of NO
where the paramagnetic Cu(ll) is reduced to diamagnetic Cu(l). Duan et. al.,**° designed a new

NO sensor 80 (Figure 1.35) containing napthalimide as a fluorophore unit and N4O donor unit
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as receptor. Here, formation of N-nitrosated probe in metal free state results in fluorescence
enhancement (Aem=530 nm, Aex =466 nm, ~ 8-fold). Cellular studies were also executed for
testing its in vitro application.

O~

HNO/NO N N,
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Figure 1.36. Example of metal complex based NO sensor

Ali et. al.**" %2 synthesized two new fluorescent probes 81 (Figure 1.36) and 82 (Figure 1.36)
with dansyl as fluorophore moiety for the former and phenazine for the latter. Both follow a
similar sensing mechanism where complexation with Cu(ll) ion causes quenching of
fluorescence. However, on further treatment with NO reduction of Cu(ll) to Cu(l) occurs as
evidenced by EPR studies, leading to restoration of fluorescence properties (for 81 Aem= 532 nm,
hex= 345 nm, ~15 fold and for 82 Aer= 560 nm, A= 400 nm ~5 fold). Biological investigations
indicate the superiority of these probes to recognize nitric oxide.

1.5. Nitroxyl

Recent advances in nitric oxide chemistry reveal that both nitric oxide and other nitrogen oxides
play a key role in various physiological and pathophysical processes. Moreover, among all other

nitrogen oxides, ""azanone', an electron-reduced and protonated derivative of NO, has acquired
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an immense attention from researchers.” The existence of HNO during the photolysis of methyl

nitrite in an argon matrix was established spectroscopically by Brown and Pimentel in 1958.'*

1.5.1. Why HNO, among all other nitrogen oxides?

e Among various simple nitrogen oxides, HNO is found to be relatively stranger in
comparison to others. Now, because of its shorter life time, (rapid dimerization followed
by its dehydration to nitrous oxide (N,O)) the endogenous detection of HNO is still a
challenging task for chemists.

HNO + HNO — = HON=NOH — 3 N,0 + H,0  *+sesese+(0)

Researchers are not fully familiar with the physiological mechanisms for endogenous

generation of HNO yet.'*

e There are some specific thiol proteins (mostly related to heart failure response) that are
used as biological targets for HNO. This is because interaction with HNO causes slight
modification in cysteine residues, but why this specification towards this kind of thiol

proteins are still remain undiscovered.**

The physiological and pathological roles of HNO in biological systems are still a matter of
debate.

e Essential key role of HNO (nitroxyl) in biological milieu

HNO acts as a potent vasorelaxant as exhibited by NO. Recent studies revealed the potentiality
of HNO as a pharmacological agent to treat heart failure, alcoholism and so on.**® These
observations motivated the researchers to develop drugs which can be a source of HNO for
treating heart diseases. It has been evidenced that HNO interacts with thiol proteins and peptides
that are present in our living systems, such as myocardial thiol proteins, to recover from heart
failure through opening of voltage-gated Ca®* channels facilitating the release of CGRP
(Calcitonin gene-related peptide).**” HNO is also considered as an EDHF (endothelium-derived
hyperpolarizing factor) similar to EDRF (Endothelium-derived relaxing factor) exhibited by NO
in vascular system.™ So, chemists and biologists are actively engaged in exploring the

contribution of HNO in biological systems.
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1.5.2. Source of HNO

Now the usage of HNO donors is essential as HNO undergoes rapid dimerization followed by its
dehydration to nitrous oxide (N2O). Various stable HNO donors for example 1. Angeli's salt 2.
Piloty's acid and derivatives 3. Diazeniumdiolates 4. Nitrosocarbonyls 5. Hydroxylamine 6.
Cyanamide 7. Acyloxy nitroso compounds are synthesized and discussed below briefly.

1.5.2.1. Angeli's salt

Most of the research related to pharmacological as well as physiological role of HNO have been
performed by considering Angeli's salt (AS), sodium trioxodinitrate (Na;N,QO3), as the source of
HNO. 8 19 It is easy to synthesize and undergoes decomposition to produce HNO and NO, in
neutral aqueous solution. Now this conversion from Na,N,O3to HNO and NO, is pH dependent.
Though AS is stable at higher pH, but generates NO at acidic pH.'*® So, precautions have to be

taken while executing experiments in acidic conditions.
N,0% + H* - HNO + NO; RN ¢ )
1.5.2.2. Piloty's acid and derivatives

To avoid the pH limitation of AS, Piloty's acid (N-hydroxysulfenamides) and its derivatives are

H' where rate of release of HNO is enhanced with increase in

used as HNO source at lower p
pH. The major drawback of Piloty's acid is that it liberates NO, instead of HNO at biological

pH 151

QN 9
s:N-oH “oH S-G
@ o — + HNO

..(8)
1.5.2.3. Diazeniumdiolates

Diazeniumdiolates (( X—N(O)=NO") mostly referred as “NONOates”) generates both NO or

152

HNO depending upon the nature of the nucleophile (X) =< used as given below:

(a) X =0 diazeniumdiolate is nothing but AS, a source of HNO,
(b) X=RNH, acts as an exclusive source of HNO

(c) X=R2N, acts as an exclusive source of NO
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o
/7
X—N N X=Nucleophile
N—O"
A  X=0,
[O—N(0)=NO] — 3= HNO+ NO; . 9)
B) X=RNH,
[RNH—N(0)=NO] === [RN=N(O)-NHO|" — 3 HNO + RNNO" .......... 10)
©) X=NR2:
0} o o
N — —— N o
RN+ N—0 e A RN + N~
2 I ! R,NH
2
H H
2NO ... (11)

1.5.2.4. Nitrosocarbonyls

Nitrosocarbonyls [RC(O)(NO)], unstable species, produce HNO and the corresponding

carboxylic acid (RCOOH) in aqueous solution.
0
0]
R + HOo— _I * HNO
R
OH N V)
1.5.2.5. Hydroxylamine

It is experimentally found that successive reduction of NO produces NH,OH by forming HNO,
N, (as well as -NHOH) as an intermediate. **

1.5.2.6. Cyanamide

Cyanamide is an anti-alcoholism drug and also serves as HNO donors (Egn. 13) in

cardiovascular related diseases.**
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catalase/H,0, HO,

NH,CN » N-CEN——> HNO+ CN + H*

e (13)

s’

1.5.2.7. Acyloxy nitroso compounds

King et al.™ has developed a new a-acyloxy-C-nitroso based compounds that act as a source of
HNO and can be prepared by the oxidation of oximes (Eqn. 14). Under biological conditions
these compounds are able to release HNO either through ester hydrolysis or via esterase activity
but the HNO release rate depends upon the nature of organic groups. Because of this structural

adjustability, this type of HNO donors plays a significant role in drug related researches.

oo rr  HO i i
RXR'E —_— HNO + RJ'LR"" "R"u‘oH

1.5.3. HNO detection

Now, HNO detection is more challenging compare to NO because HNO undergoes self-
dimerization to produce nitrous oxide (N,O) and water (Eqn. 6). As N,O or other side products
are being produced quantitatively during decomposition of HNO, this may be quantified
indirectly through headspace gas chromatography for N,O, high-performance liquid
chromatography, mass spectroscopy (HPLC-MS), and electron paramagnetic resonance (EPR)
spectroscopy for other side products.*>**® Fluorescence imaging is thought to be the most
promising approach in comparison to others for analyzing endogenous HNO and its biological
role. Various fluorescence strategies that are involved in recognition of HNO (Figure 1.37) in

physiological systems are:

(A) Non-fluorescent copper-bound probes (Figure 1.37A).

(B) Triphenylphosphine-based probes (Staudinger ligation) (Figure 1.37B).
(C) N-nitroxide-based probes (Figure 1.37C).

(D) 2-mercapto-2-methylpropionic acid with the fluorophore (Figure 1.37D).
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Fluorescence based HNO probes are best suited to locate and estimate the level of HNO in

biological systems.

fluorescent
Non-fluorescent

P g gt
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0 Ph A O
N N Fluorescent %
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D.
Cl a Cl
HO (0} A
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Q o ¢ HNO P a ONH — 3 a O-NH
Weak-fluorescent O fluorescent

Figure 1.37. The reported recognition strategies of HNO like A. reduction of Cu(ll) r complex,
B. Staudinger ligation of triphenylphosphine, C. proton abstraction by nitroxide radical, D

fluorophore regeneration from 2-mercapto-2-methylpropionic acid.
1.5.3.1. Cu(Il) complex based HNO Probes

Doctorovich and team™® has proposed the discrimination between HNO and NO by synthesizing
Mn(l11) porphyrins 83 (Figure 1.38) that are insensitive towards NO. Upon treatment with HNO
donors (AS and TSHA), Mn"' porphyrins generates {MnNO}’ which is responsible for quick and
specific interaction of the probe with HNO.
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Figure 1.38. Probe that discriminate NO and HNO.

Now, the interaction of HNO with metal complexes was further extended by Lippard et al.**®

2 Z ~
\ch::—N \CN—NH \h-'l H

a \oﬁjo o O "\o\é:o s o\ (E(o A
87a S 87: t 87c

Figure 1.39.Copper complex based HNO sensor.

A Cu(ll) bound BODIPY-based probe 84 (Figure 1.39) was used, for the first time, to detect
HNO in biological systems having both excitation and emission wavelengths in the visible

region. In this case, a triazole unit acts as a bridge between a tripodal dipicolylamine based
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receptor and BODIPY fluorophore. Treatment with Angeli’s salt reduces Cu(ll) to Cu(l) with 4.3
fold (Aex = 450 nm) enhancement in fluorescence intensity at 526 nm. Inspired by this sensing
strategy, Yao and group™® developed a probe 85 (Figure 1.39), similar to 84 having coumarin
fluorophore instead of BODIPY. In this case, HNO induced Cu(ll) ->Cu(l) reduction was
supported by fluorescence enhancement and EPR spectroscopy. The Cu(ll) = Cu(l) reduction
leading to 17.3 fold enhancement in fluorescence intensity at 499 nm making it suitable for
HNO detection in biological systems. The same group®* also reported another HNO probe 86
(Figure 1.39) keeping fluorophoric unit intact but replacing one of the pyridine unit by an ester
group for better cellular applications (in vivo). The probe 86 suffers from some limitations like
high energy absorption (in UV or near UV region) and a relatively short Stokes shift. To
overcome this problem, Lippard’s group™®’ developed a series of benzoresorufin appended NIR-
based Cu bound probes 87a, 87b and 87c (Figure 1.39) with slight modifications. Here the
sensing strategy is different from the probes cited above on the fact that here Cu(ll) ->Cu(l),
makes the complex unstable facilitating the release of free Cu(l) resulting an enhancement in
fluorescence intensity. In 2014, the same research group introduced a NIR based fluorescent
sensor'®? capable of detecting HNO selectively over other biological interfering species. The Cu
bound probe 88 (Figure 1.40) is also designed by employing dihydroxanthene (DHX) as a
fluorophore and a cyclam derivative as a Cu(ll) binding site to detect HNO in physiological
systems. Another breakthrough approach regarding HNO recognition was proposed by the same
research group™® by fabricating a HNO probe 89 (Figure 1.40) with a linker between
tetramethyl-rhodamine unit and the copper chelating scaffold cyclam. The ability to discriminate

nitroxyl with thiols (Aem = 580 nm) makes this probe suitable for analyzing the biological HNO.

1.3 reported new water soluble Cu bound probe 90 (Figure 1.40) where

James et a
ethylenediamine acts as a bridge between two fluorophoric units like napthalimide and 8-
aminoquinoline. This probe is capable of detecting both NO and HNO employing a new sensing
strategy for HNO where it forms N-nitrosated product of the metal free probe resulting an
increase in fluorescence intensity. Wang et al."®* developed a new benzothiazole based copper
bound probe 91 (Figure 1.40) where reduction of Cu(ll) to Cu(l) is responsible for the
enhancement in fluorescence signal (Aem= 450 nm, Aex = 358 nm, LOD= 9.05 uM). Biological
applications were check by using zebrafish model and living organisms. Xing and coworkers*®

reported a dual sensor 92 (Figure 1.40) for H,S and HNO by employing hemicyanine attached
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carbazole as a fluorophoric unit and bipyridine-triazole-Cu(ll) complex as a receptor. On
treatment with HNO, there is an increment (Aery =595 nm) in fluorescence emission and was

found to be successful in biological applications.

Figure 1.40. Reported various HNO sensors with copper bound fluorogenic unit.
1.5.3.2. Triphenylphosphine-based (Staudinger ligation) HNO probes

Triphenylphosphine (Staudinger ligation) based HNO probes immensely useful due to its abiotic
behavior and unreactive nature towards various biomolecules in living systems.**® **” Compared
to metal based HNO probes, metal-free triphenylphosphine-based HNO probes are mostly
reductant-resistant and display high positive fluorescence response. This sensing strategy
involves the generation of transient five membered cyclic intermediate by an intramolecular
attack of ylide amine to the carbonyl center of the ester unit. Now, it acquires stabilization by the
release of an alcohol and the resulting species undergoes hydrolization to produce benzamide

phosphine oxide, the HNO recognition unit. (Figure 1.41)
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Figure 1.41. Mechanistic pathway for Staudinger ligation based HNO sensor.

Following this sensing strategy, Nakagawa et al.'®® first reported a metal free and reductant
resistant HNO probe 93 (Figure 1.42) which was derived by employing acylated derivative of
amino rhodol as a fluorophoric unit. Huge increment in fluorescence intensity makes this probe
highly preferential for recognition of HNO as supported by cellular studies in A549 cells. The
probe has attracted an immense attention of the researchers to study the role of HNO in

biological systems.

Figure 1.42. First Staudinger-ligation based HNO sensor reported by Nakagawa.

Zhang and co-workers*®® have designed a coumarin based HNO sensor 94 (Figure 1.42) which

displays an increment in fluorescence signal at 450 nm in aqueous solution. The same
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experiment when repeated with bovine serum, the reactivity is somewhat less due to interaction

of HNO with thiols but the probe is able to detect HNO in the presence of BSA.

Various Staudinger-ligation based HNO sensors 95-105 are men

characteristics and biological applications (Figure 1.43).170-182

tioned here with their salient
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Figure 1.43. Triphenylphosphine linked intensity based HNO sensors.
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Figure 1.44. Probe 106 follows Staudinger based cascade reaction.

In 2021 as reported by Zhang et al.’®® another HNO sensitive

imino-coumarin (Figure 1.44). The high selectivity and quick response (Aem= 520 nm, LOD= 9
nM) of the probe towards HNO makes its application successful in live HeLa cells and zebrafish

larvae.

probe 106 exhibits a slightly
different sensing mechanism which is associated with HNO-induced cascade reaction to produce

107
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* Bio imaging applications.
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Figure 1.45. Probe 107-112 follows Staudinger ligation based sensing strategy.

Zhang et al.*®* first synthesized a multichannel probe 107 (Figure 1.45) to detect peroxynitrite,

hypochlorite (Aem = 450 nm, blue emission) and HNO (Aem = 540 nm, green emission).
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Figure 1.46. Probe 113 involves different sensing mechanism for HNO.

The probe 107 holds the capability of recognizing peroxynitrite together with nitroxyl in Hela

cells in real time. Now, here also various triphenylphosphine linked intensity based HNO sensors

108-112 (Figure 1.45) are reported by different research groups.
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Figure 1.47. An example of various kind of intensity based HNO sensor.

Gao, Gui, Qin and their coworkers'® has designed a HNO probe 113 (Figure 1.46) in which

benzeneboronic acid pinacol ester was employed as a HNO recognition site instead of

triphenylphosphine. The generation of aromatic alcohol through hydrolysis in presence of HNO,

is responsible for the increment in fluorescence signal at 555 nm. Successful biological
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experiments on mouse model and live cells to detect HNO demonstrated that the probe is a good
HNO sensor.

For monitoring the fluctuations in HNO concentration in living cells and tissues, some another
fluorescent HNO sensors™® ™" 114-120 (Figure 1.47) has been synthesized by exploiting
triphenylphosphine based HNO sensing mechanism. Among all these reported HNO sensors,

first bioluminescent HNO sensor 116 (Figure 1.47) was suggested by Li et al.**

. This probe
116 is highly sensitive (LOD = 10 nM) and selective towards HNO. The biological applications

were done in mouse model. All the above discussed HNO probes are intensity based.

Now, first ratiometric probe 121 (Figure 1.47) was reported by Zhang et al.'*® by exploiting
naphthalimide as a fluorophoric unit. The presence of HNO shifted the emission region from
blue (at 418 nm) to green (at 546 nm) without any interference by other biological species.
Moreover, a promising approach for HNO recognition in living cells and tissues is the synthesis
of various ratiometric HNO probes 122-127, 128-132 (Figure 1.48 and Figure 1.49)."99%%
Among all these reported HNO sensors, some are discussed in detail due to their attractive

applications in living organisms.
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Figure 1.48. Triphenylphosphine based ratiometric HNO sensor.

Sun, Zaho and their research team?®*® have revealed for the first time a new ratiometric BODIPY

embedded nanoprobe 129 (Figure 1.49) for determination of HNO precisely both in vivo and in
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vitro. Interaction with HNO causes the changes in fluorescence intensity in ratiometric manner
(Aex = 480 nm, Aem = 601 nm (increase) and Aem = 568 nm (decrease)). By uitilizing this probe
endogenous HNO determination were performed in zebrafish larvae. In 2021, Li and his research
team®®® has fabricated for the first time an aggregation induced ratiometric HNO probe 132
(Figure 1.49). The sensitive (LOD = 157.6 nM) and selective enhancement (~10 fold) in
fluorescence signal in presence of HNO makes its biological investigations successful in living

organisms.
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Figure 1.49. Some reported ratiometric HNO sensors.
1.5.3.3. Nitroxide-based prefluorescent probes:

The interaction of HNO with 4-Hydroxy-TEMPO (TEMPOL) through abstraction of the
hydrogen atom from HNO by the nitroxide radical inspired Toscano et al.*® to synthesis a
nitroxide based probe 133 (Figure 1.50) by bridging an amide unit between TEMPO and
acridine. The weak fluorescent nature of the probe becomes highly fluorescent (Aem = 430 nm) on

treatment with HNO with great selectivity.
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Figure 1.50. Nitroxide-based prefluorescent probes.

1.5.3.4. Mercapto-2-methylpropionic acid-based fluorescent probes:

A new sensing strategy was introduced by Chan et al.***

in which HNO recognition unit 2-
mercapto-2-methylpropionic acid is attached with two fluorescent dyes one is coumarin 134
(Figure 1.51) and the other is fluorescein 135 (Figure 1.51). In both the cases on treatment with

HNO the fluorescent intensity increases by following the same sensing mechanism.

cl
al HO 0
040 0T|><SH O O ZEXSH
NS o) O (0]
134

135

Figure 1.51. 2-Mercapto-2-methylpropionic acid linked HNO probes.

The sensing strategy involves the generation of an intermediate (i.e. an analogous N-
hydroxysulfenamide species) which in the next step releases the fluorophore followed by

cyclization. This causes enhancement in fluorescence intensity. Now, the fluorescein based probe
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is highly specific towards HNO over other biological species indicating its better potentiality to

study the role of HNO in living cells.
1.6. Objective and aim of the thesis

Most of the reactive oxygen (ROS) and nitrogen (RNS) species are either neutral or anionic
small molecules being commonly present in our physiological systems playing vital roles in
many biological processes. Literature study reveals that the concentrations of ROS/RNS to
certain levels are beneficial and physiological as it regulates various biological functions,
whereas higher ROS/RNS concentration relates with pathological processes.* As for example
Alzheimer’s disease (AD), cardiovascular disease cancerous tumor, diabetes mellitus and aging
are the result of pathological processes. For some time, the physiological role of reactive
nitrogen species (RNS) has attracted an immense attention of researchers due to their intriguing
behavior. Now, among the various reactive nitrogen species, nitric oxide (NO) and its kin
nitroxyl (HNO) are being studied more extensively because of their interesting and unexplored
roles in physiological systems. The endogenous production of NO in living cells by the nitric
oxide synthase (NOS), a class of enzymes, and its rapid diffusion across the cell membrane,
influences a variety of physiological processes. However, the misregulation of NO production
turns the physiological role of NO into a pathological one, resulting cancer, cardiovascular
disease, damaging of biomolecules (DNA, nucleic acids, lipids, proteins etc) and so on.
Therefore, the diverse role of NO in mammalian cells encourages researchers to unveil its
physiological role more precisely by developing suitable NO detection tools. But its engrossing
physicochemical properties like short life span (in the order of milliseconds to seconds) and

ready diffusion across lipid membranes make its detection quite challenging.

Similarly, Nitroxyl (HNO), the one electron reduced and protonated derivative of NO, have an
unique and interesting physicochemical properties in comparison to other reactive nitrogen
species. Though for both NO and HNO biological targets are same but their mechanism of
interactions are different.®** NO interact with thiols to form S-nitrosothiol whereas HNO gives
disulfide or sulfinamide. The efficacy of HNO as a pharmacological agent in heart failure,
alcoholism, IR (ischemia reperfusion) injury prevention, etc. further motivate chemists and

biologists to investigates the biological roles of HNO. There is still a debate on the issues like
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endogenous synthesis of HNO and some physiological roles of both HNO and NO. As a result,
in the current Ph.D. research endeavor attempts have been taken to design of various sensing
strategies for the recognition of NO and HNO to enlighten the unexplored area of NO and HNO.
Now, considering all these challenging aspects and the important characteristics of these two
biomolecules (NO and HNO), we have designed some NO and HNO fluorescent sensors that are
capable to interact with NO/HNO through a novel mechanism to avoid the limitation
encountered in the previously reported NO/HNO probes. We have synthesized some smart
molecular probes (136-139) (Figure 1.52) for selective and sensitive sensing of NO and HNO.
The water fair solubility, least cytotoxicity, reasonable bio-compatibility enhances their efficacy
for biological applications. Now, my research works are related with synthesizing of NO and

HNO probes that are depicted elaborately in this thesis.

/\N /\N

H
N<
N NH
H/\g, ,
136

Figure 1.52. Structures of the targeted probes for NO and HNO sensing.

1.7. Physical measurements

0] 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.
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UV-vis spectra: UV-vis spectra were collected on an Agilent diode-array
spectrophotometer (Model, Agilent 8453).

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

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

Life time measurements: Lifetimes were calculated in Horiba—Jobin-Yvon on a
Hamamatsu MCP photomultiplier (R3809) and surveyed using IBH DAS6 software.
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).

Cell imaging: Cell imaging experiments have been carried out using fluorescence
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

A Novel N-nitrosation based Highly Sensitive and
Selective Turn-On Fluorescent Sensor for NO: Kinetic
appraisal, DFT studies and Biological application

Abstract:

Nitric oxide (NO) is an ubiquitous messenger molecule playing a keystone role in
various physiological and pathological processes. However, the selective turn-on
fluorescence response of NO is a challenging task due to (a) very short half-life of NO
(typically in the range of 0.1-10 s) in biological milieu; (b) false positive response to
reactive carbonyl species (RCS) (e.g. dehydroascorbic acid and methylglyoxal etc.) and
some other reactive oxygen/nitrogen species (ROS/RNS), especially by o-
phenylenediamine (OPD) based fluorosensors. To avoid these limitations NO sensors
should be designed in such a way that it react spontaneously with NO to give turn-on
response within the time frame of t1/2 (typically in the range of 0.1-10 s) of NO and Aem
in the visible wavelength along with good cell permeability to meet up with
biocompatibility. With these views in mind, a new N-nitrosation based fluorescent
sensor, NDAQ, has been developed which is highly selective to NO with ~27 fold
fluorescence enhancement at Aem = 542 nm with high sensitivity (LOD=7 nM) and
shorter response time, eliminating the interference of reactive species (RCS/
ROS/RNS). Furthermore, all the photophysical studies of NDAQ have been performed
in pure aqueous medium at physiological pH, indicating its good stability under
physiological condition. The kinetic assay illustrates the second-order dependency
w.r.to [NO] and first order with [NDAQ]. The biological studies reveal the successful
application of the probe to track both endogenous and exogenous NO in living
organisms.
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CHAPTER 2

2.1 Introduction

Nitric oxide (NO) is conceded as a versatile player in the area of biochemistry, immunology and
neuroscience because of its integral role in the cardiovascular system as a vasodilator, in the
immune system as a protective agent and also in the nervous system as a neurotransmitter." ™ In
the year 1992, NO was declared as the “Molecule of the Year”.>® In 1998, it was discovered that
NO is a potent vasodilator identical to the role played by endothelium-derived relaxing factor
(EDRF) in the vascular endothelium. Since then its selective detection in living systems has
attracted much more attention of chemists and biologists.” NO is synthesized during the
conversion of L-arginine to L-citruline through the enzymatic activity of nitric oxide synthases
(NOS) which consist of an oxygenase domain and a reductase domain that are linked through a
Ca’"/calmodulin binding region.*"* Recent studies have revealed that at low concentration (pM-
nM), NO exerts the protective and proliferative roles in living cells. However, at high
concentration range (>1 uM), it promotes cell cycle arrest, senescence and apoptosis. The
misregulation of NO and its biotransformation products (such as peroxynitrite (ONOO),
dinitrogen trioxide (N,O3) and others (RNS)) are associated with damaging of lipids, DNA and
proteins.' To treat the detrimental effects of NO, determining the exact concentration of it in the

biological systems is of utmost importance.

To delineate the spatial and temporal distributions of NO in living systems, bioimaging
techniques are found to be the most promising one among various NO detection tools.”*™® In
comparison to other NO imaging techniques, fluorescence imaging studies have acquired an
immense attention due to its noninvasive detection and high sensitivity as well as selectivity
towards analytes. By considering all these facts, numerous nitric oxide fluorescent probes have
been developed to date, which conventionally exploit the specific reactions of this ubiquitous
signaling agent with o-phenylenediamine (OPD)*’ and metal-ligand complexes.*® However, in
most of the cases fluorescent NO probes suffer from some serious limitations like (a) very short
half-life of NO in biological milieu (typically in the range of 0.1-10 s); (b) false positive
response to reactive carbonyl species (RCS) (e.g. dehydroascorbic acid and methylglyoxal etc.)
and some other reactive oxygen/nitrogen species (ROS/RNS), especially by o-phenylenediamine
(OPD) based fluorosensors; and also (c) high pH sensitivity as particularly at lower pH (<4.0)
the triazole moiety gets protonated causing autofluorescence. Whereas, in case of NO sensors

with metal ion receptors attached to fluorophoric unit suffer from metal ion toxicity. Therefore,
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designing of fluorophoric moieties for selective and sensitive detection of NO is an extremely
demanding and challenging task. Over the last few years, various novel NO sensing strategies
have acquired an immense attention from the chemists and biologists.

Dij]érent new NO sensing strategies

Recent NO sensitive probes with
traditional NO sensing strategies

Scheme 2.1 Various approaches for designing the fluorescent probes for NO sensing and
bioimaging.

Now, to understand more precisely the role of NO in physiological systems, some modern NO
sensing strategies are enlisted e.g.(1) oxidative deamination of aromatic primary monoamines®®,
(2) the diazo ring generation from o0-amino-3’-dimethylaminophenyl aromatics®’(3)
aromatization of the Hantzsch ester and (4) others®**. However, the conventional NO sensing

strategies such as, (5) the nitrosation reaction with a secondary amine®®, (6) the formation of the
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triazole unit®’ in a modified form have also been implicated to date in determining the influential

role of this messenger molecule (NO) in living organisms (as shown in Scheme 2.1).

In recent times, by conceiving all the previously mentioned concerns, N-nitrosation based
fluorophoric entities acquired special interest due to its outstanding sensitivity, selectivity and
prompt positive response towards NO. In N-nitrosation based fluorophoric probes, the presence
of an aromatic secondary amines (as a NO recognition center) produce N-nitroso products on
interaction with NO. This causes an obvious change in fluorescence intensity via obstructing

either the intramolecular charge transfer (ICT) or PeT processes.?* 24-%

In our current research endeavor, we have designed a new N-nitrosation based fluorescent probe
for selective and sensitive recognition of NO in biological systems. Here, ethane-1,2-diamine act
as a spacer between two fluorophoric systems — one is quinoline which functions as an electron
donating group and the other is NBD (4-Chloro-7-nitro-2,1,3-benzoxadiazole) which performs as
an electron-withdrawing group (Scheme 2.2). As a consequence, weak ICT reaction mechanism
operates due to the generation of Donor-Acceptor model of the concerned probe as confirmed
from DFT studies (vide supra). Now, the ICT process is further strengthened by the formation of
N-nitrosoamine under aerobic conditions, resulting in the generation of fluorescence signal in the
green region (shown in Scheme 2.3) (~542 nm). The high specificity and sensitivity of NDAQ
towards NO in ~100% HEPES buffer at pH 7.2 makes this probe highly suitable to track both
exogenous and endogenous NO without any interference from other biological species that are

present in the living organisms.

2.2 EXPERIMENTAL SECTION
2.2.1 Materials and Apparatus

All the starting materials such as 8-aminoquinoline, bromoethylamine hydrobromide, 4-Chloro-
7-nitrobenzofurazan and triethylamine were procured from Sigma-Aldrich and used as received.
All the metal ions in the form of nitrates and chloride salts and all the anions in the form of
sodium/ammonium salts and other reactive oxygen/nitrogen species were purchased from
commercial sources and were utilized without further purification. Unless otherwise mentioned,

all the solvents like dimethylformamide (DMF), acetonitrile (MeCN) etc were of analytical grade
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and dried before use by applying standard procedure. 'H and *C NMR were operated on Bruker
300 MHz spectrometer in DMSO-ds (Trimethylsilane (5 = 0) as an internal standard). The High
resolution mass spectra (HRMS) of the designed probe (NDAQ) and the N-nitrosated adduct
(NDAQ—NO) were executed on QT of Micro YA263 spectrometer. The UV-Vis absorption
spectra, emission spectra and also the infrared spectra have been acquired by utilizing the

instruments of same model described in our previous work.*

2.2.2 Preparation of Stock Solution of Analytes

Mili-Q-Millipore water was used in every experimental study even in the preparation of stock
solutions of various analytes (cations, anions and others). For the preparation of the solutions of
"OH, HNO and ONOO™ the same procedures have been adopted as described in the literature.*
The solution of NO having concentration 1.73x 10~ M was prepared by following the reported
method.”? The stock solution of the probe (NDAQ) with concentration 1.0 x 107 mL™" was
prepared in CH3CN by adding minimum amount of DMSO. All the experimental studies for
estimating the sensitivity of the probe towards NO were done in 10 mM HEPES buffer at pH 7.2.
Probe concentration was adjusted to 20 uM by adding 50 pL (1.0 x 10 M) of the probe to 2.5 ml
of 10.0 mM HEPES buffer taken in a cuvette, and the fluorescence spectra were then recorded

after an incremental addition of NO (0-44 uM) in each case.

2.2.3 Kinetic Studies

By considering pseudo-first-order conditions, kinetic studies were accomplished with variable
concentrations of NO in the range 5-30 uM keeping NDAQ as a minor component (2 uM) at 15
"C in 10 mM HEPES buffer (pH 7.2, p = 0.10 M NaCl). Similarly, while NO is considered as a
minor component, the concentration of NDAQ was varied from 5 to 50 uM to determine the rate
dependency on [NDAQ] keeping [NO] at 2 uM. The confirmation of first-order dependency
w.r.t. [NDAQ] was supported from the slope {(1.03 + 0.09) with R = 0.988} of the plot logkobs
vs. log[NDAQ]. Similarly the slope {(2.16 = 0.07) and R = 0.998} of the plot logk,ps vs. log[NO]

demonstrates the second order dependency on [NO].
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2.2.4 Calculation of LOD
The Limit of Detection of NO is estimated by using the 36/slope method (eqn.1)
LOD=3xS4S .l (1)

Where, the standard deviation of the blank is denoted by the term Sy’ and the slope of the plot

F.I. (a.u.) vs. [NO] in fluorescence titration data is denoted by the term S’.

2.2.5 Quantum Yield

Fluorescence quantum yields (@) of NDAQ and NDAQ—NO were calculated with the help of
eqn.2.

qDsample = (ODstd X Asample)/(ODsample X Astd) X (Dstd e (2)

Where, the respective areas under the fluorescence spectral curves of the sample and the
standard are symbolized as Agmple and Agq. The optical densities of the standard and the sample
are represented by ODgq and ODgampie, respectively at A.,=460 nm. Here, aqueous acidic solution

of quinine sulfate was used as the standard with ®@y4= 0.54.

2.2.6 Computational method

For the theoretical investigations we have carried out the computational data analysis by the DFT
method™ coupled with the conductor-like polarizable continuum model (CPCM).*?7 In this
study, the Becke’s hybrid functions™ with the Lee-Yang-Parr (LYP)* correlation function are
also adapted. To get an idea about the fully optimized geometry of NDAQ and NDAQ—NO, we
have used 6-31G (d,p) basis set and for electron density plots Gauss View 5.1 software was
accepted. Absorption spectra of both the compounds were evaluated by TD-DFT method using
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 applied Gauss Sum

2.1 software.*!
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2.2.7 Cell Imaging Experiments
2.2.7.1 Cell viability assay

Human lung adenocarcinoma cells (A549) and murine macrophages Raw 264.7 cells were grown
in Dulbecco's modified Eagle's (DMEM) medium provided with 10% FBS and 1% antibiotic at
37 °C with 5% CO,. Cell viability of the probe NDAQ for A549 and Raw 264.7 cells were
analyzed with NDAQ for 24h by MTT assay.”

2.2.7.2 In-Vitro Cell incubation and imaging

A549 cells were grown on glass coverslips in 35x10 mm culture dishes to detect exogenous NO.
A549 cells were treated in the presence and absence of DEA-NONOate, the source of NO (5 uM
and 10 pM) and then incubated with 5% CO; for 30 mints at 37°C and then cells were washed
with media. Now, A549 cells were further treated with NDAQ (5 uM and 10 pM) for about 30
mints and then washed. The live cell imaging experiments were performed by fluorescence
microscope (Leica DM3000, Germany) with an objective lens of 40X magnification. For
endogenous NO detection, Raw 264.7 cells were co-stimulated with LPS (1.0 mg/mL) and IFN-y
(1000U/mL) for 4h, and then further incubated with NDAQ (5 uM) for 30 mints without co-
stimulant (control). The generation of green fluorescence intracellularly was due to endogenous
formation of NO which was confirmed by NO scavenger PTIO (2-Phenyl-4, 4, 5, 5-
tetramethylimidazoline-1-oxyl-3-oxide) treatment. Raw 264.7 cells were co-stimulated in the
absence and presence of LPS (1.0 mg/mL) and IFN-y (1000 U/mL) for 4h, along with PTIO (200
mM) followed by treatment with the probe NDAQ (5 uM) for 30 min. Now, the live fluorescence

images were performed.

2.2.8 Synthesis
2.2.8.1 Synthesis and characterization of AmQNH

AmQNH has been synthesized by utilizing the following procedure. Both 8-aminoquinoline and
2-bromoethylamine hydrobromide were mixed together in anhydrous toluene and refluxed under
nitrogen atmosphere for about 1 day. After removing the solvent under reduced pressure, the
residue was dissolved in 20% aqueous solution of NaOH. Now, the resulted solution was

extracted with dichloromethane (50 ml in each time) three times and finally dried over anhydrous
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sodium sulphate. Now, the solvent was reduced under vacuum and the resultant crude product
was subjected to silica gel chromatography for further purification (CH,Cl,: CH3;0H: Et;N, 100:
0.5: 0.25, v/v/v). The solvent of the effluent was removed under reduced pressure to get yellow
oil which was washed with pet ether to obtain the desired whitish yellow product in pure form.
Yield: 52%. C;1H;3N3. Molecular Weight: 187.1109. '"H-NMR (300 MHz, DMSO-d)(8, ppm):
8.75 (dd, 1H, -NH), 8.23 (dd, 1H, ArH), 7.96 (s, 1H, -NH,), 7.50-7.54 (m, 1H, —ArH), 7.39 (t,
1H, -ArH), 7.12 (d, 1H, —ArH), 6.83-6.77 (m, 2H, -ArH), 3.50-3.60 (m, 2H, -CHy), 3.10 (t, 2H,
-CH,)(Figure 2.1). °C NMR (75 MHz, DMSO-ds): 147.00, 144.06, 137.65, 136.04, 128.40,
127.75, 121.84, 113.98, 104.50, 40.25, 37.74 (Figure 2.2). ESI MS'(m/z): (AmQNH + Na")
228.1086 (experimental);(Figure 2.3).
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Figure 2.1. '"H NMR spectrum of AmQNH in DMSO-d.

85



CHAPTER 2

88 83 <erR% & a8 0 X
£ BB 8&s = & g5
rTON7 Y [ Wi

@ i) g @ )

(c)
70 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

Figure 2.2.*C NMR spectrum of AMQNH in DMSO-d.
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Figure 2.3. Mass spectrum of AmQNH in MeCN.




CHAPTER 2

2.2.8.2 Synthesis and characterization of NDAQ

Triethylamine (4.5 mmol, 0.4550 g) was slowly added to the stirred solution of AmQNH (1.8
mmol, 0.3370 g) in anhydrous DMF (3 ml) under inert atmosphere. After stirring at room
temperature for 1 hour, a solution of 4-Chloro-7-nitrobenzofurazan (1.8 mmol, 0.3590 g) in
anhydrous DMF was added drop wise to the reaction mixture and allowed to stir for overnight.
Subsequently, the solvent was removed under reduced pressure and the crude product was
purified by silica gel chromatography using ethyl acetate: hexane = 3.5:7.5 as an eluent to obtain
the desired reddish brown product. Yield: 82%. C;7H4N¢Os. Molecular Weight: 350.3326. -
NMR (300 MHz, DMSO-de)(8, ppm): 9.61 (s, 1H, -NH), 8.71 (d, 1H, ArH), 8.41 (d, 1H, -ArH),
8.19 (d, 1H, —ArH), 7.50-7.46 (m, 1H, —ArH), 7.36 (t, IH, —ArH), 7.05 (d, 1H, -ArH), 6.95 (s,
1H, -NH), 6.80 (d, 1H, -ArH), 6.44 (d, 1H, -ArH), 3.76-3.69 (s, 4H, -CH,)(Figure 2.4); °C
NMR (75 MHz, DMSO-d¢): 147.50, 146.82, 145.31, 144.36, 144.07, 137.76, 137.52, 135.95,
128.39, 127.74, 121.70, 120.80, 113.45, 104.30, 99.37, 42.52, 40.58 (Figure 2.5); ESIMS"(m/z):
(NDAQ + H") 351.0535 experimental (Figure 2.6).
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Figure 2.4. "H NMR spectrum of NDAQ in DMSO-dg.
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2.2.8.3 Synthesis and characterization of NDAQ—NO

NDAQ (0.24 mmol, 84 mg) was dissolved in dry dichloromethane. After that NO gas was
allowed to bubble through the dry DCM solution for about 15 minutes under pressure. As a
result, the color of the solution changes from brown to yellow with bright green fluorescence.
The resultant solution was then washed with saturated NaHCO35 solution and then brine mixture.
It was dried over anhydrous sodium sulphate. After filtration, the solvent was allowed to
evaporate to get crude product which was then purified by silica gel chromatography (ethyl
acetate: hexane= 3:7 as an eluent).This provided pure NDAQ—NO as Orange crystalline
compound. Yield: 25 %. C;7H;3N;O4. Molecular Weight: 379.3360. 'H-NMR (300 MHz,
DMSO-dg)(d, ppm): 9.41 (s, 1H, -NH), 8.92 (d, 1H, ArH), 8.50-8.42 (m, 2H, -ArH), 8.09 (d, 1H,
—ArH), 7.89 (d, 1H, —ArH), 7.72-7.62 (m, 2H, —ArH), 6.42 (dd, 1H, -ArH), 5.84 (td, 1H, -NH),
3.86 (d, 2H, -CH,)(Figure 2.7). °C NMR (75 MHz, DMSO-d6): 151.30, 142.26, 141.87,
137.65, 136.87, 135.13, 130.23, 129.88, 129.48, 128.88, 127.60, 126.50, 126.40, 122.47, 122.38,
99.51, 45.58 (Figure 2.8). ESIMS" (m/z): (NDAQ+H,0) 397.0566 experimental (Figure 2.9).
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Figure 2.7."H NMR spectrum of NDAQ—NO in DMSO-d.
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23 RESULTS AND DISCUSSION

Herein, to employ N-nitrosation sensing mechanism a NO sensitive probe, NDAQ, has been
fabricated as portrayed in scheme 2.2. To derive the targeted probe, two very important
fluorophores (Quinoline and NBD) are connected by ethylenediamine as a spacer. The quinoline
moiety bears an excellent photostability*? while NBD exhibits its vast applications in the field of
biology.*** As portrayed in Scheme 2.2 the reaction between 8-amino quinoline and 2-
bromoethylamine hydrobromide affords N-(2-aminoethyl)quinolin-8-amine (AmQNH), which in
the next step reacted with 4-Chloro-7-nitro-2,1,3-benzoxadiazole (NBD) at room temperature to

get N-(2-(7-nitrobenzo[c]-[1,2,5]oxadiazol-4-ylamino)ethyl)quinolin-8-amine (NDAQ).

NO,
=N, | ~
~ 0 -
N N
Cl HN
BN HN o~ X Dry DMF, NEt, j
I - Br I - —_— HN
N dry Toulene, N Overnight at Room temp. -
reflux ~24 hour - o,
NH2  ynder inert atmosphere HN Cg -
N
HN NO,
AmQNH NDAQ

Scheme 2.2. Schematic representation of synthesis of NDAQ

In the presence of NO under aerobic conditions, NDAQ is converted to its N-nitrosated product,
NDAQ—NO (Scheme 2.3). All the compounds have been well characterized by various

spectroscopic techniques.
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Scheme 2.3. Schematic representation of Nitric Oxide sensing by NDAQ.
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2.3.1 Uv-Vis study

Photophysical studies (UV-Vis and fluorescence) are carried out to analyze the response of
NDAQ (20 uM) towards NO in 10 mM HEPES buffer (pH 7.20, p = 0.10 M NaCl at 25 °C).
NDAQ displays two absorption bands with peaks centered at about 349 nm (minor) and 485 nm
(major). Upon consecutive addition of variable concentration of NO (0-42 uM ~2.1 equivalent),
the absorbance of the probe slightly increased at 485 nm (major band) with ~ 8 nm blue shift and
there is also a slight increase in absorbance at 349 nm (minor band) with ~ 6 nm blue shift in the
wavelength (Figure 2.10(a). The linear part was easily solved by utilizing eqn (3) under the
condition 1 > cx" andn= 1.

_(@+bxcxx™)
14+ cxaxn

y - (3)

Where parameters a and b denote the absorbance of the probe in the absence and presence of
excess NO, respectively and c is the formation constant designated as Ky The slope (b x c)
obtained from the curve (using b = absorbance in the presence of a large excess of NO) gives ¢ =
Ky. Here K¢ = (2.22 + 0.016) x 10* M for Uv-vis studies. Based on absorption titration data the
formation constant was evaluated to be (2.22 + 0.016) x 10* M by applying previously reported
equation (Figure 2.10(b)).2 Upon addition of NO, the color of the solution also changes from
lightish brown to yellow, indicating a possibility of NDAQ to detect NO colorimetrically.
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Figure 2.10. (a) UV/Vis absorption changes of NDAQ (20 uM) with incremental addition of NO
(0-42 uM) in 10 mM HEPES buffer (pH 7.20, p = 0.10 M NaCl at 25 °C). Inset: Images of visual
changes in color of NDAQ and NDAQ—NO; and (b) The plot of absorbance vs. [NO].
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2.3.2 Emission study

The fluorimetric studies showed a significant change in fluorescence spectra upon addition of
NO to a 10 mM HEPES buffer solution of NDAQ (pH 7.20, p = 0.10 M NaCl at 25 °C). As
expected, on excitation at 460 nm (3 X 3 slits) this probe exhibits very weak fluorescence but
upon continuous addition of variable concentration (0-44 uM) of NO, a drastic increase in
fluorescence intensity (~27 fold) was observed (Figure 2.11(a)). The appearance of a vivid green
fluorescence at 542 nm arises due to the formation of N-nitrosated compound NDAQ—NO. The
probe displays a good linear relationship between fluorescence intensity and NO concentration
ranging from 6.96 uM to 17.4 uM which helps to extract the binding constant value [Kr =(8.29 +
0.23) x 10* M with the help of the reported method(Figure 2.11(b)).>* The excellent
compatibility between two Ky values derived from absorption and fluorescence titrations justifies
the logical consistency of our results. Quantum yields were determined for both NDAQ and

NDAQ—NO which were found to be 0.0135 and 0.276 respectively.
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Figure 2.11. (a) Spectral changes in fluorescence (Aex = 460 nm, Aey =542 nm) of NDAQ (20
uM) to NO (0-44 uM) in 10 mM HEPES buffer (pH 7.20, p = 0.10 M NaCl at 25 °C); and (b)
The plot of fluorescence intensity vs. the concentration of NO at 542 nm and the images of

changes in fluorescence of NDAQ and NDAQ—NO.

93



CHAPTER 2

The fluorescence emission spectra of NDAQ and NDAQ in presence of 2.2 equivalent NO were
also investigated in various organic solvents of different polarity (Figure 2.12(a) & Figure
2.12(b)). It is noteworthy that in the solvents with lower polarity like dioxane and THF the probe
displays emission maxima at 523 nm and 525 nm respectively for in situ generated NDAQ—NO.
On the contrary, in highly polar solvents like DMSO or aqueous HEPES buffer, the emission
maxima appear at 539 nm and 542 nm respectively ascertaining a red shift (~20 nm) with respect
to that in dioxane solvent (Figure 2.12(a)). Based on these observations it may be concluded that
the NDAQ displays fluorescence enhancement via ICT mechanism on N- nitrosation. It is to be
mentioned here that among all the solvents tested for fluorescence studies for the reaction
between NDAQ and NO, aqueous medium was found to be the best one as it displays the highest
enhancement (~27 fold) of fluorescence intensity upon reaction with NO (Figure 2.12(b)). Thus
the emission wavelength (~542 nm) and the sensing medium (aqueous) clearly validate the

suitability of the probe NDAQ in recognizing NO in living organisms.
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Figure 2.12. (a) Normalized spectra of the in situ generated N-nitrosated product (NDAQ—-NO)
in various solvents; and (b) Spectral changes of the probe (NDAQ) (20 uM) and in situ generated
N-nitrosated product (NDAQ—NO) in various solvents.

2.3.3 Kinetic Study

To get a thorough perception about the rate of the reaction operating in between NDAQ and NO
at pH 7.2 (10 mM HEPES buffer, p = 0.10 M NaCl at 15°C), kinetic studies are executed
fluorimetrically at 460 nm under pseudo-first-order conditions keeping one of the reactants as

minor component. During this study, the concentration of NDAQ (2 uM) has been kept constant
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and the concentration of NO is altered in the range between 5 to 30 uM. The plot of Kqps (PSeudo-
first-order rate constant) vs. [NO] delineates a nonlinear curve with upward curvature (Figure
2.13), while, the plot of kes vs. [NOJ? displays the linearity, elucidating the second order
dependency on [NO]. This statement has been further validated when the plot log(kobs) Vs.
log[NO] gives a straight line with a slope (=2.16 + 0.07) with R=0.998 (Figure 2.14(a)). Now, to
determine the rate dependency w.r.to [NDAQ], the second experiment has been performed
keeping [NO] = 2 uM at different concentration of NDAQ (5-50 uM). Again, a plot of log(Kops)
vs. log[NDAQ)] gives straight line with slope =1.03 + 0.09 (R=0.988) indicating a first-order
dependence of rate on [NDAQ] (Figure 2.14(b)). Thus the reaction of NDAQ and NO was
found to be overall third-order, second-order on NO and first-order on NDAQ. The most

conceivable reaction sequences are outlined as:

k
2NO +0, > 2NO, ... 4)
ks
NO, + NO-> N,O; ... ®))
k
N,Os; + H,0 > 2H* +2NO; ... (6)
k
N,O3+L-> L—NO+NO; +H* ... (7)
INOIEM2
0.06 0;0 3.0xll(l 6.0xl10 9.0xll(J 0.06
*
0.05 F J0.05
0.04 F J0.04
003k o’ .
£ 5
= 002t @ o Jo.02 =
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Figure 2.13. The kqps vs. [NO] plot depicts an upward curvature (red circles), while a plot of kops
vs. [NOJ* depicts a straight line (blue circles). Experimental conditions are: [NDAQ] = 2 pM and
[NO] = (5-30) uM, temperature = 15 °C in 10 mM HEPES buffer (pH = 7.2, NaCl = 0.10M). All

the analyzation was done using the fluorescence technique.
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Figure 2.14. (a) Plot of log(keps) Vvs. log [NO] and (b) Plot of log(kops) vs. log [NDAQ].

Eq.7 depicts the interaction of NDAQ (here represented as L) with N,Os thereby generating N-
nitrosated product (here L—NO signifies NDAQ—NO). The literature survey reveals the
magnitude of these above mentioned rate constants. So, here, k; = 6.33 x 10°M2s ' Yk =1.1 %
10° M s and k3[H,0] = 1.6 x 10° s '.* Now, considering all these parameters, we may
illuminate that as both NO, and N,O; are contributing negligibly, they must behave like a
reactive intermediates. As a consequence, Eq.8 has been constructed by considering the steady

state approximation on the [NO;] and [N,0O3] for the formation of L-NO.

d[L — NO] kyka[L]

dt - 2(ks [H,0] + k4[L]) [No]g[OZ]t ...(8)

As we have mentioned previously that the rate of the reaction pursues the second order and first
order kinetics with respect to NO and NDAQ respectively, therefore we may assume that

ks[H,0] > k4[L]. So now Eq.8 modifies to Eq. 9

d[L —NO] _ kika[L]
dt  2k3[H,0]

[NOJ?[0,]: e (9)

Eq.9 now modified to eq.10 where ko= {d[L-NO]/dt}/[L], while studying the kinetics of the
reaction under pseudo-first- order conditions with L as a minor component, in aerated

environment (the dissolved [O;]; = 2.5 mM at 25°C).
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k,ps = kK'[NO)Z ... (10)
Where,
o= —aka 0., . (11)
2ks[H,0]

Here, k' represents the slope of the plot Agps Vs. [NOJ? with a value of (6.33 +0.29) x 10’ M % s
~!at 15 'C. Now, by employing the previously recorded values of ki, k&3[H,O] and &' in eq.11, the

magnitude of k4 is evaluated which is of the same order of 107 as referred in the literature.>
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Figure 2.15. (a) Spectral variation in fluorescence intensity of NDAQ (5 uM ) over time (0-24
mints) on addition of NO (11 uM) in HEPES buffer (10 mM, pH 7.2) at 15°C; (b) The
corresponding kinetic growth plot; and (c) Kinetic traces of NDAQ (10 uM) in HEPES buffer
(10 mM, pH 7.2) at 15°C after addition of NO (10, 12, 15, 19, 22 uM).

Now, the time dependent fluorescence experiment was further carried out to investigate the
spectral signature of the probe NDAQ in presence of NO. It is obvious that the treatment of 2.2
equivalent of NO (11 pM) in 10 mM HEPES buffer solution (pH 7.2) of NDAQ (5 uM) at 15°C
causes enhancement in fluorescence intensity at 542 nm (Figure 2.15(a)). The steeper nature of

the curve commences to attain plateau within ~7 mints (Figure 2.15(b)). The kinetic traces of the
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probe (NDAQ) were also recorded by altering the concentration of NO with a fixed 10 uM
[NDAQ)] at 15°C. Here, with an increase in the concentration of NO, the nature of the curve
becomes more and more steeper, implying an increase in the rate of the reaction (Figure
2.15(c)). The kinetic traces of the probe also illustrates that once the plateau nature of the curve

is attained, the fluorescence intensity of the probe remains unaffected, indicating higher photo

stability of the N-nitrosated product (NDAQ—NO).

2.3.4 Selectivity study

Selectivity studies have been carried out to judge the potential application of a NO sensitive
probe in complicated biological systems. Here, selectivity studies of NDAQ were conducted by
interacting with various interfering biological species such as ‘OH, O, , Cl1O", NO, ascorbic acid
(AA), H,O,, TEMPO radical, NO;, etc. in 10 mM HEPES buffer (pH 7.2, p = 0.10 M NacCl at
25°C). The result displays no significant change in fluorescent intensity at 542 nm even if they
are taken in excess amount (~10 equivalents) (Figure 2.16). To evaluate the specific response of
NDAQ towards NO, the similar selectivity analysis was also performed in Uv-Vis
spectrophotometer which delineates no characteristic change in spectral signature of the probe
except NO (Figure 2.17). Now, the specificity of probe NDAQ towards NO was further ensured
by performing reactivity studies with various cations and anions fluorimetrically (Figure 2.18(a),
Figure 2.18(b)). Here, in this analysis, the addition of these analytes (~200 uM) to the solution
of NDAQ (20 uM) failed to trigger the enhancement in fluorescence intensity at 542 nm except
Cu(Il) (~44 pM) which exhibits a small enhancement in fluorescence intensity (~2.4 fold)
compare to NO (~27 fold) manifesting the very high selectivity of NDAQ towards NO over all
the metal ions tested (Figure 2.19(a)). For further strengthening the selectivity of NDAQ
towards NO in the presence of 44 uM Cu(Il), ~44 uM NO was added to a 10 mM HEPES buffer
solution of NDAQ (20 uM) which displays a negligible drop in fluorescence intensity as was
found in the absence of Cu(Il) demonstrating practically no influence towards the NO detection

(Figure 2.19(b)).
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Figure 2.16. Changes in fluorescence Spectra for the probe NDAQ towards several reactive
species that are recorded in HEPES buffer (10 mM, pH 7.2) NDAQ= 20 uM, X = 200 uM
(1I=TEMPO, 2=0CI, 3=AA, 4=KO,, 5=H,0,, 6=OH’, 7=ONOO’, 8=NO, 9=HNO, 10=NO, A
=460 nm at 25°c and the bar plot at 542 nm.
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Figure 2.17. Selectivity study of the probe NDAQ in 10 mM HEPES buffer (pH 7.20, p = 0.10
M NaCl at 25 °C) with 10 equivalent various reactive species such as TEMPO, OCI’, AA, KO,
H,0,, OH, ONOO", NO;" in Uv-vis.
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Figure 2.18. Selectivity studies of NDAQ (20 pM) with various (a) Cations (~200 uM) (1=Mn*",
2=Co%", 3=Al*, 4=Cr*, 5=Fe**, 6=Fe®*, 7=Zn**, 8=Hg?*, 9=Ni**, 10=Mg**, 11=Na", 12=K",
13=Pb?*, 14=Cd**, 15=NH,", 16=NO) and (b) Anions (~200 uM) (1=HSO4, 2=NO,’, 3=NOg,
4=H,P0,, 5=N3, 6=F, 7=SCN’, 8=PPI, 9=CH;COO", 10=S,05", 11=CIO,’, 12=SH", 13=BrOy,
14=CNS’, 15=I', 16=Br’, 17=CI’, 18=NO) in 10 mM HEPES buffer (pH 7.20, p = 0.10 M NaCl
at 25 °C).

This slight drop in fluorescence intensity for the reaction between NDAQ and NO in the
presence of Cu(Il) might be the consequence of a reaction between NO and Cu(II) to give Cu(l),
thereby reducing the effective concentration of NO. In the same way, the over-selectivity of

NDAQ—NO reaction was performed in the presence of 10 equivalents of various cations (Mn®",
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Co*", Zn*™, Fe*", Cr'", Mg*", Cu*", Ca*") and anions (Br, F', N3, CH;COO", CNS’, SCN") that
are being present in our physiological systems. The reactivity profile diagram of NDAQ displays
no significant change in fluorescence intensity at 542 nm, indicating its excellent sensitivity and
specificity towards NO (Figure 2.19(b) and Figure 2.19(c)). Based on the above observations
one might conclude that NDAQ is highly efficient in every aspect to detect NO precisely in a

complicated biological systems.
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Figure 2.19. (a) Selectivity comparison study of NDAQ (20 uM) with Cu?* (~44 uM) and NO
(~44 uM) in 10 mM HEPES buffer (pH 7.20, p = 0.10 M NaCl at 25 °C); (b) Sensitivity of the
probe towards NO (~44 uM) in presence of various cations (~200 uM) Mn?*, Co**, Zn?*, Fe**,
cr¥*, Mg?, , Ca®* except Cu** (~44 uM) in 10 mM HEPES buffer (pH 7.20, 1 = 0.10 M NaCl at
25 °C); and (c) Sensitivity of the probe towards NO in presence of various anions (~200 uM) in
10 mM HEPES buffer (pH 7.20, u=0.10 M NacCl at 25 °C).
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2.3.5 Limit of detection

In order to get an idea about the sensitivity of the probe NDAQ towards NO in physiological
systems, the LOD value which is ~7 nM was evaluated by 3o/slope method (Figure 2.20(a)),
thereby, justifying its capability to detect NO in cellular systems where NO concentration was

found to be in the micro to nanomolar range.>

2.3.6 TCSPC studies

TCSPC (Time-correlated Single Photon Counting) studies were also performed by treating 10
mM HEPES buffer (pH 7.2, p = 0.10 M NaCl at 25°C) solution of NDAQ (20 uM) in the
albescence and presence of 44 uM NO solution. Here, on excitation at 482 nm, both displays
single exponential decay profile which give 1ty = 1.05 ns for NDAQ and 19 = 1.46 ns for
NDAQ—NO. The increase in lifetime for N-nitrosated product over NDAQ itself indicates the
higher stability of the N-nitrosated product in the excited state (Figure 2.20(b)).
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Figure 2.20. (a) LOD (Limit of detection) of NDAQ and (b) Life time calculation plot for
NDAQ (20 uM) and NDAQ—NO (44 puM) in 10 mM HEPES buffer (pH = 7.2, NaCl = 0.10 M
at 25°¢).

102



CHAPTER 2

2.3.7 pH Study

The excellency of a fluorescence probe for biological applications in living organisms depends
on its pH tolerance over a wide physiological pH range. Therefore, interaction between the probe
and NO was monitored at different pH levels (2-12). As displayed in Figure 2.21, the probe is
most suitable to detect NO over a wide range of pH (2-8). In the low pH range, the electron push
pull framework becomes highly dominating as the -NH proton adjacent to the quinoline moiety
is protonated and upon further treatment with NO, the electron acceptance property of the
benzofurazan moiety is increased due to N-nitrosation of the -NH proton attached with NBD.
Furthermore, in basic medium the probe exhibits moderate sensitivity towards NO (Figure 2.21)
because under this condition N,Os, produced during the reaction between NO, and NO (eq.5),
undergoes rapid decomposition (eq.6). Consequently, there is a lower availability of N,O; to
interact with NDAQ. All these outcomes lead to the interpretation that the probe has the

capability to track NO in physiological systems from all perspectives.
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Figure 2.21. pH (2-12) tolerance of NDAQ and its N-nitrosated product after adding 2.2
equivalent NO at 25°C.
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2.3.8 Confirmation of Nitric Oxide Sensing Mechanism

The designed fluorescent sensor NDAQ was synthesized from AmQNH. Both the compounds
were characterized thoroughly by conventional spectroscopic studies. (For AmQNH, 'H NMR
(Figure 2.1), BC NMR (Figure 2.2), HRMS (Figure 2.3) whereas for NDAQ, '"H NMR (Figure
2.4), °C NMR (Figure 2.5), HRMS (Figure 2.6)). Now, in order to verify the sensing
mechanism of NDAQ towards NO, the dry DCM solution of the probe was bubbled for about 15
minutes by NO gas. Within 5 minutes, the color of the solution changes to yellow with the
generation of vivid green fluorescence. The yellow color solution was now washed with brine
followed by saturated solution of NaHCOs; to neutralize the acidity generated through the
reactions (1 to 4). After removing the solvent in vacuum, the reaction mixture was subjected for
column chromatography (ethyl acetate: hexane= 3:7) to get the orange crystalline product
(NDAQ—NO) in pure form. 'H NMR (Figure 2.7), °C NMR (Figure 2.8), HRMS (Figure 2.9)
and IR (Figure 2.22(a)) studies of NDAQ—NO reveal the sensing mechanism of NDAQ
towards NO. The 'H-NMR spectra of probe NDAQ and NDAQ—NO delineates that the N-
nitrosation reaction mechanism being operative with the concerned probe. The peak corresponds
to —NH proton attached with the NBD moiety at 6.95 ppm vanishes in the spectra of
NDAQ—NO. This strongly elucidates that NO is attached to —NH proton of the NBD moiety.
This is quite logical based on the fact that the NH group attached to the highly electron
withdrawing NBD moiety becomes more acidic and easily replaceable by NO. A comparison of
the IR spectra between NDAQ and NDAQ—NO convincingly favors the N-nitrosation at -NH
group adjacent to NBD. Here, IR spectra of NDAQ—NO clearly depicts the appearance of a new
peak at 1490 cm™ corresponds to -N-N=0O unit.>* The stretching frequency for both the NH
protons (the quinoline —NH and the NBD —NH) appears at ~3305 cm™". Upon addition of NO,
there is a decrease in -N-H stretching intensity with simultaneous shifting in frequency from
~3305 cm™ to 3343 cm™, due to replacement of one of the —NH proton with NO (Figure
2.22(a)). HRMS studies also support the N-nitrosation sensing mechanism giving a molecular
ion peak (ESI-MS") at 397.0566 corresponding to (NDAQ—NO + H,0). The Uv-Vis absorption
spectra of in situ generated NDAQ—NO (incremental addition of 0-42 puM of NO in 20 uM
NDAAQ solution) and isolated pure NDAQ—NO (~ 200 uM) in 10 mM HEPES bufter (pH 7.2, p
= 0.10 M NaCl at 25°C) matches well to each other as in both cases there is ~8 nm blue shift
(Figure 2.22(b)). All these observations lead to the conclusion that the addition of NO causes a
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change in spectral pattern of the probe due to formation -N—N=O product. The presence of
Donor-Acceptor framework within the concerned probe NDAQ facilitates the slight transfer of
charge density from the donor site (quinoline unit) to the acceptor site (NBD unit). This results in
a very weak fluorescence of the probe (weak ICT). Now, the NBD site of the NDAQ—NO
becomes somehow stronger accepter unit in compare to that in NDAQ itself due to the presence
of electron withdrawing —N- N=O functionality. As a result, there is a significant drifting of
electron density from the quinoline (donor) site to the NBD site (acceptor) leading to an
enhancement in fluorescent intensity owing to the effective intramolecular charge transfer (ICT)
process (scheme 2.3). The above NO sensing strategy by following ICT mechanism is also

supported by photo-physical studies of the concerned probe in various solvent (Figure 2.12(a))
and also through DFT studies.
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Figure 2.22. (a) IR spectrum of NDAQ and NDAQ—NO; and (b) Comparison of Uv-Vis
absorption spectra of in-situ generated NDAQNO (where NDAQ is ~ 20 uM) and isolated pure
NDAQNO (~200 uM) in 10 mM HEPES buffer (pH = 7.2, NaCl = 0.10M) at 25°C.

2.3.9 DFT studies

The feeble Donor-Acceptor model of the concerned probe NDAQ results in a weak ICT.
However, it is envisioned that, on exposure to NO, there is amplification of ICT due to a stronger
D-A infrastructure in NDAQ—NO through the incorporation of NO- a strong electron-
withdrawing group adjacent to NBD moiety. The preceding section favors this sensing
mechanism through DFT calculations. To validate the sensing mechanism as depicted in scheme

2.3, the DFT and TDDFT analysis of the probe (NDAQ) and it’s NO treated product
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(NDAQ—NO) have been accomplished. The optimized structures of both these compounds
belong to C; point group. Mass spectroscopy also clearly demonstrates the formation of N-
nitrosation adduct of the concerned probe upon exposure to NO. All these information are

utilized to elucidate the skeletal composition of these compounds (Figure 2.23).

Figure 2.23. Optimized geometries of NDAQ and NDAQ—NO.

The geometrical parameters of the optimized geometries of NDAQ and NDAQ—NO are listed
in tabular form (Table 2.1 and Table 2.2). For the NDAQ—NO the N-O bond distance is 1.21
A, whereas the N—N bond distances is 1.37 A.

Table 2.1. Some selected geometrical parameters (bond lengths and bond angles) of NDAQ
in ground state calculated at B3LYP/6-31G (d,p) Levels.

Bond Lengths (A) Bond Angles (°)
C22-N25 1.45064 C2N17C19 121.669
C19-N17 1.46740 C27N25C22 123.301
C22-C19 1.52881 C22C19N17 111.981

C2-N17 1.40135 N25C22C19 110.337
N25-H26 1.02813 C28C27C29 114.972

Table 2.2. Some selected geometrical parameters (bond lengths and bond angles) of

NDAQ—NO in ground state calculated at B3LYP/6-31G (d,p) Levels.

Bond Lengths (A) Bond Angles (°)
N25-N40 1.37369 N25N40041 113.840
C22-N25 1.47033 C2N17C19 122.531
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C19-N17 1.46931 C26N25N40 116.134
C22-C19 1.53693 C22C19N17 113.158
C2-N17 1.40515 N25C22C19 115.271
N40-O41 1.21632 C28C26C27 116.589

The HOMOs of these two compounds were localized over entire molecular backbone of 8-
aminoquinoline entity whereas the LOMOs were mainly residing on benzofurazan unit, the
electron withdrawing moiety. The HOMO-LUMO band gap in NDAQ—NO is 2.15 eV which is
somehow lower than that found in NDAQ (2.84 eV) supporting the relative stability of
NDAQ—NO over NDAQ. DFT studies also support the N-nitrosation at N atom of —NH group
adjacent to NBD moiety instead of N atom adjacent to quinoline entity. The N-nitrosation on —
NH proton near the quinoline entity resulted in a substantially high HOMO -LUMO energy gap
(3.28 eV) which disfavors its thermodynamic stability. This strongly ensure that NDAQ upon
exposure to NO provides the N-nitrosated adduct NDAQ—NO in which NO is attached in the
secondary amine, adjacent to the NBD moiety (Figure 2.24).

Figure 2.24. Frontier molecular orbitals of probe NDNHNO, NDAQ and NDAQ—NO.

The UV-Vis absorption spectral pattern of NDAQ was inspected at room temperature exhibiting
an absorption band at 334 nm. This practical approach is consistent with theoretical TDDFT
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studies where peak appeared at ~321 nm due to Sy— S5 electronic transitions with considerable
oscillator strength (f= 0.2712) (Figure 2.25 (a) & Table 2.3). Similarly, in case of NDAQ—NO,
the theoretical absorption peaks at 346 nm (So— Sy) and 470 nm (Sp— S,) matched well with the
experimental peaks at 341 nm and 476 nm respectively (Figure 2.25 (b) &Table 2.4). So, all

these information strongly support that there is a good correlation between the theoretical and

experimental data.

Table 2.3. Vertical excitation energy and oscillator strength (fca) of low-lying excited singlet
states obtained from TDDFT// B3LYP/6-31G(d,p) calculations of NDAQ which is matched
with the experimental one

Electronic Composition Excitation Oscillator Cl hexp (NM)
transition energy strength
(fcal)
So— Sy HOMO-1-LUMO+1 3.86 eV f=0.2712 0.68283 334 nm
(90 —93) (320.95 nm)

Table 2.4. Vertical excitation energy and oscillator strength (f.) of low-lying excited singlet states

obtained from TDDFT// B3LYP/6-31G(d,p) calculations of NDAQ—NO which is matched with the
experimental one.

Electronic Composition Excitation Oscillator Cl hexp (NM)
transition energy strength
(fcal)
So— S HOMO-1-LUMO 2.6356 eV f=0.0288 0.45114 477 nm
(97—99) (470.42 nm)
HOMO-4—LUMO+2 0.18623
(94—101)
HOMO-3—->LUMO+2 0.10432
(95—101)
So— So HOMO—LUMO+3 3.5802 eV f=0.0955 0.67106 344 nm
(98—102) (346.31 nm)
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Figure 2.25. (a) Frontier molecular orbitals of NDAQ in UV-vis absorption and Uv-vis

absorption spectra of NDAQ in pure MeCN; and (b) Frontier molecular orbitals of NDAQ—NO
in Uv-Vis absorption and Uv-Vis absorption spectra of isolated pure NDAQ—NO in pure MeCN.

2.3.10 Cell viability assay

By utilizing A549 and Raw 264.7 cells the cytotoxicity of the probe NDAQ was evaluated.
Herein, it is observed that an administration of substantially high concentration (i.e. 100uM) of
NDAQ resulted in an existence of more than 70% living cells indicating a well-toleration

(Figure 2.26) of NDAQ and manifesting its biocompatibility as NO sensor in living cells.

110+
100

(o]
o
]

704

% Cell Viability
o5,
o
I

—— RAW 264.7

60
—=— A549
20 — T T T T T T T T 1
e lclellicllcllellellellollollo)
~ N ® T O O K © > O

Concentration (uM)

Figure 2.26. Cell Viability Assay of the probe NDAQ.
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2.3.11 Cell Imaging studies of NO (Exogenous and Endogenous)

In Raw 264.7 cells, tracking of endogenously generated NO by NDAQ was examined.
Lipopolysaccharide (LPS) (1.0 mg/mL) and Interferon-gamma (IFN-y) (1000 U/mL) were co-
stimulated in the cells for 4 hours and then treated with NDAQ (5uM). Obviously, the stimulated
cells exhibit an intense green fluorescence than an unstimulated one (Figure 2.27). Raw 264.7
cells were further incubated with the NO scavenger PTIO (2-Phenyl-4, 4, 5, 5-
tetramethylimidazoline-1-oxyl-3-oxide) (200 mM) for 4 hours in the presence or absence of LPS
+ IFN-y co-stimulus and then treated with NDAQ (5 uM) for 30 minutes. The green fluorescence
was shed off, this clearly manifests that endogenous NO generation is responsible for the turn on
green fluorescence intracellularly (Figure 2.27 (A),(B)). We have also performed the exogenous
NO detection using DEANONOate as a source of NO in the A549 cells. It is obvious that in this
case also an intense green fluorescence was detected intracellularly (Figure 2.28 (A),(B). This
leads to the conclusion that NDAQ acts as a potential candidate to track both endogenous and

exogenous NO.

(A) (B)
NDAQ NDAQ+PTIO NDAQ NDAQ+PTIO
Without LPS Without LPS LPS+IFN-y  LPS+IFN-y

v .
»
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»
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LPS+IFN-y - - + +
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Figure 2.27. (A) Fluorescence image of Raw 264.7 cells stimulated with LPS (1.0 mg/mL) +
IFN-y (1000 U/mL) in presence and absence of iNOS inhibitor PTIO (200 mM) for 4h followed
by stimulation with NDAQ (5 uM) for 30 min. Intracellular green fluorescence was observed in
response to interaction of NO with NDAQ and all the Images were obtained at 40X objective.
(B) Quantified fluorescence (Mean + SD) turn-on in Raw 264.7 cells after stimulation with LPS
(1.0 mg/mL) and IFN-y (1000 U/mL) for 4h in the presence of NDAQ (5 uM) with or without
iNOS inhibitor PTIO compared to control. (a.u.) = arbitrary unit.
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Figure 2.28. (A) Fluorescence imaging of A549 cells incubated with NDAQ (5 uM) only,
NDAQ (5 uM) + DEANONOate (5 uM), and NDAQ (10 uM) + DEA-NONOate (10 uM),
Increase in green fluorescence was observed with the increase in concentration of NO donor. All
the images were taken at 40x objective. (B) Quantified fluorescence (Mean = SD) turn-on in
AS549 cells after treatment with NO donor DEA-NONOate in the presence of NDAQ. (a.u.) =

arbitrary unit.

2.4 CONCLUSION

In a concise manner, we are reporting here a smart fluorogenic sensor NDAQ for tracking
endogenous and exogenous NO selectively in living organisms. The formation of N-nitrosated
product (NDAQ—NO) by interaction between NDAQ and NO, results in the generation of vivid
green fluorescence at ~542 nm through ICT mechanism confirmed by the solvent dependency of
emission spectra in solvents of varied polarity. The spectroscopic techniques and computational
studies firmly support the formation of N-nitrosated product (NDAQ—NO). The novelty of the
probe lies on the simple and easy synthetic procedure with cheap starting materials, fast positive
response, high sensitivity (LOD ~7 nM) and specificity towards NO. The probe NDAQ has good
stability at physiological pH as all the photophysical studies were performed in pure 10 mM
HEPES buffer at pH = 7.2. This enhances its applicability to monitor the role of this ubiquitous
messenger molecule (NO) in living cells and tissues. On the other hand, the 1* order dependency
w.r.t. NDAQ and 2™ order w.r.t. NO clearly manifests the N-nitrosation sensing strategy being

operative. Beside all of these, the probe NDAQ exhibits its effectiveness to track NO in
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biological milieu because of its least cytotoxicity, bio-compatibility and also no interference by
other biological species that are present in complicated biological systems. However, the pH
studies display prompt positive response of the probe towards NO even at low pH indicating the
successful application of the probe in physiological systems. Now, all the photophysical studies

and biological investigations strongly validate the wide usage of this probe to recognize in vivo

NO.
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A smart molecular probe for selective recognition of
nitric oxide in 100% aqueous solution with cell imaging
application and DFT studies

Abstract:

Herein, a simple, least-cytotoxic as well as an efficient fluorescent sensor HQEN4go was
prepared from (quinolin-8-yloxy)-acetic acid ethyl ester (L1) and N,N-dimethyl
ethylene diamine to recognize NO in 100% aqueous solution. Its marked selectivity
and sensitivity towards NO, makes it a highly suitable probe for nitric oxide under in
vitro conditions with the possibility of in vivo monitoring of NO. Upon addition of 3.5
equivalents of NO, there is an approximately 7 fold enhancement in fluorescence
intensity in aqueous solution with a corresponding K value of (1.75 + 0.07) x 104 M-1.
Quantum yields of HqEN4go and [HqQEN4g0-NO] compounds are evaluated to be 0.04
and 0.22, respectively, using acidic quinine sulphate as a standard. In terms of the
30/slope method, the LOD for nitric oxide was found to be 53 nM thus, making the

probe highly suitable to track NO in biological systems.
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3.1 Introduction:

Nitric oxide (NO), originating from L-arginine by the action of nitric oxide synthases’ (NOS),
has not only been identified as a highly reactive gaseous free radical but also as a signaling agent
for its various functions in the cardiovascular, immune, and central nervous systems.? Nitric
oxide modulates gene transcription®* and m-RNA translation through binding with iron-
responsive elements.>® It also regulates the production of post-translational modifications of
proteins by adenosine 5'- diphosphate ribosylation”® indicating its pivotal role in the human
body. However, in high concentration NO exhibits a toxic effect on all cells, including the cells
that are able to produce it. Misregulation of NO production may cause diseases like stroke,
cancer, hypertension, neurodegeneration and endothelial dysfunction.”™ Nitric oxide with a
half-life less than 10 seconds makes its detection quite challenging in biological systems.*® To
date, various techniques such as electrochemical, fluorescence, electron spin resonance etc. have
been utilized widely to monitor NO generation and its biological activities in living cells.**
Compared to all other approaches, the fluorescence technique is the most favorable one due to its
high sensitivity and experimental feasibility. Most of the fluorescent probes are mainly of two

15-21 and the other is based on metal

types: one is based on the o-phenylenediamine (OPD) moiety
ligand complexes.”?" Now, between these two, the former one produces triazole derivatives
upon treatment with NO under aerated condition with concomitant generation of fluorescence
intensity. Some limitations still exist with the OPD based probes. Firstly, they may undergo self-
oxidation due to the existence of an electron rich diamino-benzene fragment. Secondly they may
exhibit a false positive response towards dehydroascorbic acid (DHA) and ascorbic acid (AA)
resulting in a wrong interpretation of the data. Another important drawback of this strategy is pH
dependency of fluorescence intensity of the product as the formed triazole contains a secondary
amine which can be protonated. The metal-complex based nitric oxide sensors also possess

2228 easy leakage from the cells®® or side

various disadvantages like biological incompatibility,
effects from the metal ions.*® Considering these aforementioned limitations for the detection of
NO, recently a few novel strategies have been developed which include (1) the nitrosation

3132 (2) the reaction with thiosemicarbazide® leading to the formation of oxadiazole, (3)

reaction,
the reaction with acylhydrazide leading to the formation of 1,2,3,4-oxatriazole,®* (4) the

generation of the Se—NO bond® and so on (Scheme 3.1). Usually, most of the organic
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fluorescent probes are associated with poor water solubility which is contrary to the real

physiological conditions.

Typical mechanism for NO detection :-
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Scheme 3.1. Different strategies for the detection of NO.

All the above discussions lead to the conclusion that a fluorescent nitric oxide probe should
satisfy some basic requirements like low cytotoxicity and good water solubility along with high
NO selectivity and specificity. Taking all these parameters in mind, we have been interested to
design an N-nitrosation based probe on the quinoline platform which could display a positive
response towards nitric oxide selectively in purely agueous medium (Scheme 3.2). Quinoline has
an excellent photostability and the presence of the pyridine moiety magnifies its fluorescence
properties by acting as an electron acceptor.*® The present probe HGEN.g shows good response
to NO and is inert towards various reactive oxygen, nitrogen and sulphur species present in a

biological milieu. Here in HQEN,go, NO directly reacts with the secondary nitrogen atom of the
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amide group to generate the N-N=0 moiety leading to an enhancement in fluorescence intensity
through blocking of the PET process. The fluorescence based bio-imaging experiment has also
been executed in HepG2 cells by using HQEN 4so.

Scheme 3.2. General mechanism for NO sensing using a N-nitrosation based probe.

Reactive site

3.2 EXPERIMENTAL SECTION

3.2.1 Physical measurements

An IR 750 series-1l FTIR (Nicolet Magna) spectrophotometer was used to record IR spectra in
the solid state for both pure ligand (HQEN4s0) and its NO product (HQEN4g0-NO) in the range of
400-4000 cm* on KBr pellets. Electronic spectra of the probe as well as the product of its
reaction with NO were recorded on an Agilent 8453 Diode-array Uv-Vis spectrophotometer
using HPLC grade H,0 as a solvent with a 1 cm quartz cuvette in the range of 200-900 nm.
Fluorescence studies were performed on a PTI (model QM-40) spectrofluorimeter. *H NMR
spectra were recorded in DMSO-ds as well as in CDCI3 on a Bruker 300 MHz instrument while
3¢ NMR spectra were recorded on a Bruker 75 MHz instrument using trimethylsilane (6 = 0) as
an internal standard. ESI-MS*(m/z) spectra were 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 DASG6 software. To obtain cell images, a fluorescence microscope (Leica DM3000,
Germany) was used. The pH values of the reaction solutions were measured with a digital pH
meter (model: Systronics 335, India) in the pH range of 2-12 which was prior calibrated using
buffers of pH 4, 7 and 10.
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3.2.2 Materials and methods

8-Hydroxyquinoline, ethyl-bromoacetate, N,N-dimethylethylenediamine (Sigma-Aldrich) and
propylamine (Sigma Aldrich) were used to synthesize the ligands. Salts of Cd**, Sm**, Co*",
Mg, Mn?*, Na*, K*, zn*, Dy*', Eu®*, Ni**, Cu®*, Cr**, Hg**, Fe**, Pb®*, A", F~, PPi, N,
CO5”", CI', CH3COO, ClO4, SO4*, NOs~, S,04>, HoPO4~, NO,~, S*7, other biological anions
like H,0,, O, , TEMPO radical, CIO", ascorbic acid, ONOO™, DHA, NO*, HNO etc. as well as
all the amino acids were purchased either from Sigma-Aldrich or from other commercial
suppliers and used without further purification. Solvents like EtOH (ethanol), MeCN

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

3.2.3.1 Preparation of (quinolin-8-yloxy)-acetic acid ethyl ester (L)

A mixture of 8-hydroxyquinoline (5 mmol, 0.73 g), ethyl bromoacetate (7.5 mmol, 1.25 g) and
anhydrous K,CO3 (12.5 mmol, 1.73 g) in acetonitrile was refluxed on a water bath for 8 h. After
cooling, the reaction mixture was filtered and then the solvent was removed under reduced
pressure. The resulting oily product was further purified by column chromatography on silica

gel, using ethyl acetate: pet ether (3: 2) as the eluent to afford L* (85% yield).

3.2.3.2 Preparation of N-(2-dimethylamino-ethyl)-2-(quinolin-8-yloxy)- acetamide
(HAEN4g0)

The resulting (quinolin-8-yloxy)-acetic acid ethyl ester (L) (1.0 mmol) and N,N-
dimethylethylenediamine (10 mmol) in ethanol were refluxed on a water bath for 6 h. After
cooling, the reaction mixture was concentrated under vacuum and the resulting oily product was
subjected to column chromatography on silica gel (60-120 mesh) by using DCM as the eluent to
obtain HGEN,g in pure form. Yield: 85%. *H NMR (300 MHz, DMSO-ds) dppm: 2.14 (m, 6H, —
CHs, —CHj3), 2.33 (m, 2H, —CH,), 3.28 (m, 2H, —CH,), 4.72 (s, 2H, —-CH,), 7.28 (d, 1H, —ArH),
7.61-7.49 (m, 3H, —~ArH), 8.34 (d, 1H, —ArH), 8.37 (d, 1H, —ArH) and 8.90 (m, 1H, —NH)
(Figure 3.1). *C-NMR: (75 MHz, DMSO-ds) Spom: 36.41, 45.10, 57.95, 69.15, 112.16, 121.15,
122.08, 126.85, 129.17, 136.17, 139.83, 149.40, 153.79, 167.80 (Figure 3.2). ESI-MS™ (m/z):
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296.22 (HOEN4g + Na' ) (Figure 3.3). IR spectrum: —NH (3411 cm™?), -C=0 (1668 cm )
(Figure 3.4).
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Figure 3.1. *H NMR spectrum of spectrum of (HQEN.go) in DMSO-d.
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Figure 3.2. **C NMR spectrum of spectrum of (HGENg0) in DMSO-ds.
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Figure 3.4. IR spectrum of HQEN,go in solid state.
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3.2.3.3 Preparation of N-propyl-2-(quinolin-8-yloxy) acetamide (HqPA)

L' (1 mmol) was dissolved in 25 mL of EtOH. To this ethanolic solution propylamine (10
mmol) was added dropwise and refluxed for 5 h. The reaction mixture was then cooled to room
temperature and the formed precipitate was filtered, washed with cold ethanol, and dried in an air
affording a white solid. Now HgPA was further purified by recrystallization from ethanol. Yield:
80%. ESI-MS* (m/z): 269.01 (HgPA + H,0 + Li*) (Figure 3.5). *"H NMR (300 MHz, CDCls)
dppm: 0.86 (d, 3H, —CHj3), 3.59 (m, 2H, —CH), 3.91 (m, 2H, —CH,), 4.67 (s, 2H, —-CH,), 7.05 (m,
1H, —ArH), 7.43-7.49 (m, 3H, -ArH), 8.18 (d, 1H, ~ArH), 8.85 (d, 1H, ~ArH) and 9.11 (s, 1H, —
NH) (Figure 3.6).
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Figure 3.5. Mass spectrum of HgPA in MeOH.
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Figure 3.6. '"H NMR spectrum of HgPA in CDCls.
3.2.4 Solution preparation for UV-Vis absorption and fluorescence studies

To study the UV-Vis and fluorescence response of HQENg, and HgQPA towards NO, stock
solutions of 1.0 x 107 M of the probes were prepared in Milli-Q Millipore water. The stock
solution of nitric oxide (1.74 x 10 M in deoxygenated deionized water) was prepared by
bubbling nitric oxide gas for 15 min in a sealed vial with the help of a syringe. The nitric oxide
gas was purified by passing through a drying tube containing solid NaOH pellets.*” The OH" and
ONOO" solutions were prepared by the reported methods.*® HNO was synthesized from Angeli’s
salt.*® The solutions of other metal ions as well as anions were prepared either in H,O or in
alcohol. An aqueous solution of 10.0 mM 4-(2-hydroxyethyl)piperazine-1- ethanesulfonic acid
(HEPES) buffer was prepared and the pH was adjusted to 7.20 by using HCI and NaOH. The
ionic strength of the buffer solution was maintained at 0.10 M (NaCl) throughout the
measurements. Then 2.5 mL of this buffer solution was pipetted out into a cuvette to which 20

uM of the probe HqEN4go or HQPA was added and then NO was added incrementally in a regular
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interval of volume and fluorescence spectra were recorded for each solution using 5 nm x 3 nm
slit width

3.2.5 Calculation of LOD

The analytical detection limit was obtained by performing fluorescence titration of HQEN4go with
NO by adding aliquots in a micromolar concentration of NO to 20 pM HqENgo in 2.5 mL buffer
and the LOD was calculated by the 3o/slope method.

Where Sy is the standard deviation of the intercept of the blank (HQENg only) obtained from a
plot of fluorescence intensity (FI) versus [HQENgo], and S is the slope obtained from the linear
part of the plot of FI versus [NO].

3.2.6 Calculation of the quantum yield

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

(psample=(0Dstd X Asample)/(ODsample X Astd) X Psta (2)

Here, Asample and Asq represent the areas under the fluorescence spectral curves. The optical
densities of the sample and standard are designated as ODgzmple and ODyyq, respectively, at the
excitation wavelength. Here, acidic quinine sulphate was taken as the standard (®sqy = 0.54) for

the quantum yield calculation of HQEN4gp and HQEN4g0-NO.
3.2.7 Computational details

The optimization of ground state electronic structures of both the ligand and NO adduct was
performed by 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 applied throughout the study. The geometries of the ligand and the NO product
were fully optimized without any symmetry constraints. On the basis of the optimized ground
state geometry, the absorption spectral properties of HQEN4go and [HQEN4go- NO] in water were
calculated by time-dependent density functional theory (TDDFT** associated with the
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conductor-like polarizable continuum model (CPCM).** We have computed the lowest 40
singlet-singlet transitions and the presence of electronic correlation in the TDDFT (B3LYP)
method* enables to obtain accurate electronic excitation energies. For H, C, N and O atoms, we
employed 6-31+G basis sets for the optimization of the ground state. The calculated electron
density plots for frontier molecular orbitals were constructed by using Gauss View 5.1 software.
All the calculations were done with the Gaussian 09 W software package.*® The Gauss Sum 2.1

program*’ was utilized to calculate the molecular orbital contributions from groups or atoms.
3.2.8 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
tg ml™). The cells were cultured at 37 °C in 95% air, 5% CO, incubator.

3.2.9 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 10 uM solutions of HqEN,g9, prepared by dissolving HQENgo in the
mixed solvent DMSO: water = 1 : 9 (v/v) and incubated for 1 hour at 37 °C. To study the adduct
formation of HQEN4go with intracellular NO, HepG2 cells were pre-incubated separately with 10,
20 and 40 puM of sodium nitroprusside (SNP) for 60 min at 37 °C, followed by washing them
thrice with 1x PBS and subsequent incubation with 10 uM HQEN4g for 60 min at 37 °C.
Fluorescence images of HepG2 cells were obtained using a fluorescence microscope (Leica

DM3000, Germany) with an objective lens of 40x magnification.
3.2.10 Cell cytotoxicity assay

In order to evaluate the cytotoxic effect of the ligand HQEN.go, a cell viability assay was done by
using 3-(4,5-dimethylthiazol-2- yl)-2,5-diphenyltetrazolium bromide (MTT).*® HepG2 cells (1 x
105 cells per well) were cultured in 96-well plates and incubated at 37°C with variable
concentrations of HQEN,go (starting from 5, 10, 20, 40, 60, 80 and 100 uM) for 24 hours. After
incubation, 10 pl of MTT solution [5 mg ml*, dissolved in 1x phosphate-buffered saline (PBS)]
were added to each well of a 96-well culture plate and incubated at 37 °C for 4 hours. Media

were decanted from wells followed by incorporation of 100 uL of 0.04N acidic isopropyl alcohol
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into each well so that intracellular formazan crystals (blue-violet) thereby formed become easily
soluble. The absorbance of each solution was measured at 595 nm (EMax Precision MicroPlate
Reader, Molecular Devices, USA). Values were calculated as mean + standard errors of three
independent experiments. The cell viability was represented as the optical density ratio of

treatment to control.

3.3 RESULTS AND DISCUSSION

As delineated in Scheme 3.3, the receptor HqQEN4g, was designed in order to achieve the
selective detection of NO over other commonly interfering species (such as ascorbic acid, ROS,
RNS and so on) by the reaction between (quinolin-8-yloxy)- acetic acid ethyl ester (L*) and N,N-
dimethylethylene diamine in alcoholic medium. The receptor, designated as HQEN4go, was well-
characterized by *H NMR (Figure 3.1), *C NMR (Figure 3.2), HRMS (Figure 3.3) and IR

(Figure 3.4).
BrCH,COOEt NH,CH,CH,NMe,
K,CO, i A Ethanol | N
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Scheme 3.3. Synthetic route for the probe HGEN 4go.

In aqueous buffer the receptor exhibits sensitive and selective fluorogenic response towards NO.
The negligible or no reactivity of this probe to other ROS and RNS arises due to the controlled
electron density by the introduction of a carbonyl group such as CONH.*® Here
hydroxyquinoline is suitable as a fluorophoric moiety because of its many biological activities

such as fungicides, antibacterial properties, etc.
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3.3.1 Spectral response of HQENgo to NO
3.3.1.1 Uv-Vis absorption studies

HQEN4go exhibits high selectivity as well as high sensitivity towards NO. By keeping the
concentration fixed for the probe HGEN4go (20 uM) in 10.0 mM HEPES buffer (pH = 7.20), the
addition of NO generates a new absorption peak at 355 nm which increases gradually with the
gradual addition of NO (Figure 3.7a). The linear dependence of absorbance as a function of
[NO] was analyzed with the help of egn (3)** which under the conditions 1 > ¢ x with n = 1

becomes eqn (4)

_ (atbxoxx™
- (1+cxx™) . (3)
y=a+(bXc)x ...... (4)

Where a = absorbance of the free probe, b = absorbance of the probe in the presence of excess of
NO, and ¢ = formation constant, Ks. It is interesting to note that linear least-squares analysis of
Uv-Vis titration data gives K¢ = (3.35 + 0.06) x 10* M (Figure 3.7h).
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Figure 3.7. (a) Changes in Uv-Vis absorption spectra of HQEN4gp (20 uM) in aqueous HEPES
buffer (10 mM) at pH 7.20 and p = 0.10 M NaCl with various amounts of NO (0-0.8
equivalents); (b) plot of absorbance vs. [NO]. Scheme 3.4. Schematic representation of N-

nitrosation based fluorescent probe HQEN,g for NO.
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3.3.1.2 Fluorescence studies

To analyse the emission spectral behaviour of the probe HQEN4go, we have performed the
fluorescence studies in purely aqueous medium (10.0 mM HEPES buffer, pH = 7.20) at Aex = 390
nm. The probe HQEN.gy in aqueous solution is weakly fluorescent because of PET from the
amide nitrogen atom to the quinoline fluorophoric moiety. However, on reaction with NO the
PET is blocked, leading to the formation of an electron deficient N-N=0O moiety (Scheme 3.4).
The apparent formation constant (Ks) of HQEN4go- NO, formed by the reaction between HQEN g0
and NO, was determined by performing the fluorescence titration of HQEN4g (20 puM) in
aqueous solution (2.5 ml) with NO (0-70 uM) at 25 °C. The fluorescence spectra displays a
gradually increased emission band at 480 nm (Figure 3.8(a)) resulting in an approximately 7-
fold enhancement in fluorescence intensity which is adequate to detect nitric oxide

intracellularly.
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Figure 3.8. (a) Fluorescence titration of HQEN4go (20 uM) with variable concentrations of NO
(0-70 uM) at 25 °C in aqueous HEPES buffer (10 mM) at pH 7.20 and p = 0.10 M NaCl. (b)
Plot of FI vs. [NO]. (c) UV exposed emission image of HGQEN,go and HQEN4g0-NO.
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By adopting eqn (3)* under the conditions 1 > ¢ x x with n = 1 (where a, b and ¢ represent the
same denotation as mentioned for Uv-Vis studies previously but in terms of fluorescence
intensity), the slope of the curve gives b x ¢, which ultimately provides ¢ = K¢ = formation
constant = (1.75 + 0.07) x 10* M (taking b = 2.60 x 10° ) (Figure 3.8(b)). The excellent
agreement between two K; values obtained from absorption and fluorescence titrations definitely
proves the self-consistent nature of our results. Again, at Aex = 350 nm, a plot of F.I. vs. [NO]
also shows enhancement in fluorescence intensity approximately about ~8 fold but it is not
suitable for biological applications (Figure 3.9a). So, the entire fluorescence studies were

performed at Aex = 390 nm.
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Figure 3.9. (a) Fluorescence titration of HQEN4g with NO in aqueous HEPES buffer at
Lex=350nm. (b) Fluorescence titration of (HgPA) with NO in aqueous solution at ;,=390nm.

To compare the fluorescence behaviour of HQEN,g towards NO we have synthesized a N-
nitrosation based fluorescent analogue, HgPA, following the same synthetic procedure. The
fluorescence titration of HgPA with NO under identical reaction conditions displays a ~4 fold
enhancement in fluorescence intensity at the same excitation and emission wavelengths (Aex =
390 nm, Aem = 480 nm) while HQENygo displays ~7 fold fluorescence enhancement (Figure
3.9(b)). The slightly improved fluorescence response of HQEN4so towards NO compared to
HgPA may arise due to the presence of a terminal —-CH,CH,NMe, group whose electron
donating capability is higher than the —-CH,CH,CHj; group making the probe HQEN4g more
sensitive towards NO. For HQPA, we have also performed the selectivity studies by various ions
(Figure 3.10).
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Figure 3.10. Selectivity of HgPA towards NO over various ions (a) Cd**, Sm*", Na*, zn**, al**,
Fe**, pb®*, K*, Eu*. (b) CHsCOO™, NO, , CI", N3, SCN", NOg’, PPi, $* .

3.3.2 Sensing mechanism

Usually, the N-nitrosation based probes display a “turn-on” fluorescence response specifically
towards NO without interference from the other commonly known reactive species. Herein, we
designed a probe HQEN.g based on quinoline as a fluorophoric moiety along with N,N-
dimethylethylenediamine. The role of a side chain having terminal -NMe; is quite attractive.
Here the —~NMe, group functioning as an electron rich centre facilitates the amide (-CONHR)
nitrogen atom to be more reactive towards NO. As expected, the newly designed HQEN4go probe
is weakly fluorescent because of the considerable fluorescence quenching through a
photoinduced electron transfer (PET) process from the amide nitrogen atom to the quinoline
moiety but HQEN,g, is capable of exhibiting large fluorescence magnification in response to NO
through blocking of the PET process with concomitant formation of the electron deficient N—
N=0 moiety (Scheme 3.4).

3.3.3 Confirmation of the sensing mechanism

To investigate the mechanism responsible for the gradual increment of fluorescence intensity of
the probe HQEN,g, in response to NO, the water soluble probe was allowed to react with excess

NO in aerated MeCN medium. After evaporating, the desired product HqEN4g-NO was isolated
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and the detailed analyses were performed by using *H NMR (Figure 3.11), **C NMR (Figure
3.12), ESI-MS™ (Figure 3.13) and FT-IR (Figure 3.14) spectrometers.
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Figure 3.11. 'H NMR spectrum of HGEN4go-NO in DMSO-ds.
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Figure 3.12. 3C NMR spectrum of HgEN4g-NO in DMSO-d.
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The investigation reveals that the peak at 338.3941 (HQEN4g-NO + 2H,0) arises due to the
reaction of HGEN4g with NO resulting in the formation of the N-N=0 moiety. The ‘H-NMR
spectra also reveal that the single peak responsible for the amide —NH proton of HqQEN,go at 8.90
ppm vanishes on treatment with NO leading to a conclusion that the NO is attached to the amide
—N atom. There is also evidence in favor of this sensing mechanism through IR studies which
clearly demonstrate that upon reaction with NO, the product HQEN4go-NO shows a new peak at
1382 cm* corresponding to N-N=0 with concomitant suppression of N-H stretching
frequency at 3411 cm ™. So we easily conclude that nitric oxide is attached with the amide —N
atom. The N-nitrosation based fluorescent analogue, HgPA, also goes through a similar sensing

mechanism that is also characterized by *H NMR (Figure 3.15).
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Figure 3.15. *H NMR spectrum of HqPA-NO in DMSO-d.

The magnitude of quantum yield for the compound HQEN45o-NO was @ = 0.22 and that for the
ligand (HQENs0) was 0.04 (using acidic quinine sulfate as the standard). In terms of the 3o/slope
method the magnitude of limit of detection (LOD) for nitric oxide was found to be 53 nM
(Figure 3.16 (a) and 3.16 (b)) indicating that the probe HQEN.g is highly suitable for tracking
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NO in biological systems. From the absorption data the detection limit (LOD) of NO was
determined (using 3o/slope method) to obtain a value of 1 uM (Figure 3.16(c)). So, based on all
the above experiments, results and discussions it is apparent that the probe HQEN4go is an

efficient nitric oxide sensor.
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Figure 3.16. (@) LOD of (HQEN4g-NO) from fluorescence study (c¢) LOD of (HQEN4g-NO)
from UV-vis study.

3.3.4 TCSPC studies
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Figure 3.17. Lifetime plot of HJEN4g0 and (HQEN4go + NO) at 25 °C in aqueous HEPES buffer
(10 mM) at pH 7.20 and p=10.10 M NacCl.
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The average life-time of the probe HQEN4go (tavg = 4.03 ns) increases upon treatment with ~70
uM NO (HgEN4g0-NO, 19 = 8.89 ns) and the nature of the decay curve also changes from the bi-
exponential to mono-exponential one (Figure 3.17). This study reveals that the addition of NO

results in greater stability of the product HQEN4g0-NO in the excited state.
3.3.5 Selectivity study

The specificity of the probe HQEN4g, was verified by recording the fluorescence spectra of
HOEN.go in the presence of various metal ions (Na*, Cu®*, Mg*, K*, Dy**, Eu*, Zn®*, Sm**,
Co?*, Ni%*, Pb?*, Cr**, Cd®*, Mn**, Fe**, AI**, Hg®") (Figure 3.18(a)), anions (S**, SO4*", NO3 ,
NO, ", H,PO, ", S04, CIO,, OAc™, HCOs', CI7, COs™, PPi, N3, F") (Figure 3.18(b)), amino
acids (alanine, arginine, cysteine, homocysteine and so on) (Figure 3.19(a)) including biological
interfering species (OCI™, ascorbic acid, OH" , O, , tempo, ONOO ", HNO, H,0,, DHA, NO",
NO) (Figure 3.19(b)). However, in aqueous solution for the above cases, there is no remarkable
change in fluorescence intensity except for NO, where the probe HQENyg, exhibits ~7 fold
increment in fluorescence intensity. As a result, the fluorescence emission spectra clearly shows

that HQEN.go is highly selective and specific towards NO in aqueous solution at pH = 7.2.
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Figure 3.18(a). (i) Fluorescence response of HGQEN480 in the presence of various cations (Na*,
Cu®*, Mg?, K*, Dy**, Eu®, Zn?*, Sm*", Co*, Ni?*, Pb?*, Cr®*, Cd**, Mn?*, Fe®*", AI**, Hg®") (100
uM) in the aqueous solution of HqQEN4g0 (20 M) (Aex = 390 nm); (ii) the corresponding bar plot.
Figure 3.18(b). (i) Fluorescence response of HQEN4g, towards NO over various anions (ii) the
corresponding bar plot.
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Figure 3.19. (a) Fluorescence response of HQEN4g, towards various amino acids in aqueous
HEPES buffer at A¢=390 nm. (b) The corresponding bar plot c. Bar plot illustrating fluorescence
responses of HQEN480 towards NO over other reactive species. (OCI, ascorbic acid, OH", O, ,
tempo, ONOO ™, NO3 ", NO,, HNO, H,0,, DHA, NO" and NO gas).
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Figure 3.20. (a) Uv-Vis absorption spectra of HQENag towards various reactive species
(X=H,0,, DHA, TEMPO, KO,, ONOQO", AA and NO); and (b) Bar plot of Competitive study of
ions over NO at Ae=390nm.

139




CHAPTER 3

B HQEN, +NO+X SESHGEN A
480 -t . » q N
0.08L B HgEN,,,+NO —HgEN  +NO+X N
il 2.8x10°F .
_~ s[
20.04} 2.4x10
i 4 g
= 03' 2.0x10°
. W — b
o | S 1.6x10°
& g 5[
80.02F — 1.2x10°}
T [ 4
8.0x10
2 0.01 |
-: ; 4.0x10
0.00 S LEALIE 0.0 Q
,\—; NNFFLELY P X=£ & & & O + O s‘

Figure 3.21. Bar plot of Competitive study of reactive species over NO from fluorescence at

Lex=390nm and Uv-Vis absorption method.

The selective behaviour of HQEN,g, towards NO over other ROS/RNS was further deliberated
by using the Uv—Vis absorption method as illustrated in Figure 3.20(a), whereas the over
selectivity study was also performed to further strengthen the selectivity of the probe towards
NO (as shown in Figure 3.20(b)). Interestingly, both the fluorescence and absorbance spectra of
the probe HQEN g, reveal selectivity towards NO even in the presence of various competing ions
(such as hydrogen peroxide, peroxynitrite, ascorbic acid, dehydroascorbic acid and so on)
(Figure 3.21).

3.3.6 pH study

To analyse the pH effects on the ability of the probe HqEN4go to sense nitric oxide, we recorded
the fluorescence spectra by taking 20 uM HqENgy with 3.5 equivalents (70 pM) of NO at
various pH values in HEPES buffer. As displayed in (Figure 3.22) the probe HQENgo is weakly
fluorescent as well as stable and shows good detectable response towards NO over a wide range
of pH = 4-10. However, the probe displays the best response towards NO in the pH range of 5-7
leading to the conclusion that the probe is suitable for monitoring NO in living systems.
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Figure 3.22. pH dependent fluorescence responses of HGQEN,g and HGEN.g-NO at 25 °C in aqueous
HEPES buffer (10 mM) at pH 7.20 and p=0.10 M NaCl

3.3.7 Geometry optimization and electronic structure

Herein, the receptor, HqEN4g, is able to show selective positive response towards NO resulting
in the formation of the N-nitrosated product, [HqQEN4g0-NO], which leads to electronic as well as

structural changes in their geometries.

HqEN 4 [HQEN,5,-NO]

Figure 3.23. Optimized geometry of ligand HqEN4go and the NO product [HQEN4go-NO].
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In order to have a detailed idea about the photophysical properties of the probe HGEN4go and its
N-nitrosated product, we have carried out DFT and TDDFT calculations at the B3LYP/6-31G
level of the Gaussian 09 program. The optimized geometries of HQEN4g, and its NO bound form,
[HOENg0-NQ], are shown in Figure 3.23 (Table 3.1 and 3.2).

Table 3.1. List of some selected bond lengths of HQEN,g, in the ground state calculated at
B3LYP Levels.

Bond lengths (A°)

017-C18 1.450 C21-N23 1.351
C18-C21 1.522 N23-C25 1.459
C21-022 1.255 C25-C28 1.532

Bondangle (°)

017-C18-C21 108.92 022-C21-N23 124.97
C18-C21-022 118.72 C21-N23-C25 122.24
C18-C21-N23 116.30 N23-C25-C28 109.87

Table 3.2. Some selected geometrical parameters for [HQEN.g-NO] in the ground state
calculated at B3LYP Levels

Bond lengths(A°)

C10-017 1.385 C21-022 1.238
017-C18 1.453 N23-N39 1.385
C18-C21 1.517 N39-040 1.246
C21-N23 1.404 N23-C24 1.473

Bondangle (0)

C10-017-C18 118.56 C21-N23-C24 121.78
017-C18-C21 105.62 N23-N39-040 114.22
C18-C21-N23 116.94 C21-N23-N39 116.47
C18-C21-022 122.09
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HQEN4go and [HQEN.g-NO] both belong to the C; point group. The nature of all stationary
points for both free ligand and its NO product were identified by performing normal mode
analysis and all the frequencies turned out to be positive indicating their global minima. In the
ground state for HQEN4g,, HOMO—1 molecular orbitals carry the electron density mainly over
the 8-methoxyquinoline ring moiety and the LUMO molecular orbitals resides on quinolin-8-ol
portion of the ligand. On the other hand, for HOMO molecular orbitals, the electron density
resides mainly on the ethyl-dimethyl-amine fragment of the ligand HqEN4so. For the free ligand,
the energy gap between HOMO and LUMO is 4.17 eV (Figure 3.24). In the case of [HQENg0-
NO], the HOMO and HOMO-1 molecular orbitals carry most of the electron density in the
ethyl-dimethyl-amine fragment and 8-methoxyquinoline moiety of the N-nitrosated ligand,
whereas for the LUMO orbital, the electron clouds are mainly distributed over the N-
nitrosoformamide fragment. For LUMO+1, the electron cloud localized on the quinolin-8-ol
moiety and the contribution of electron density for LUMO+2 orbitals originate from the N-

nitroso-2-hydroxyacetamide portion respectively.
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Figure 3.24. Frontier molecular orbital of ligands HQEN4so and [HGQENgo- NOJ.
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Figure 3.24 shows that for the NO product, the HOMO-LUMO energy gap is 2.75 eV which is
less than that of HQENgo (4.17 eV). Enhancement in fluorescence intensity for the NO product
arises mainly due to the electron withdrawing nature of the -N—-N=0O moiety blocking the PET
process. The ligand HQEN4go shows absorption bands at 314.00 nm at room temperature and the
corresponding calculated absorption band is found at 307.10 nm which indicates an excellent
agreement with our experimental results. This band arises due to Sy — S, electronic transitions
(Figure 3.25a). The absorption energies as well as their oscillator strengths are described in
Table 3.3. The complex [HQEN4g-NO] shows an absorption bands at 304.47 nm at room
temperature. These absorption bands can be assigned to the So — Sg transitions (Figure 3.25b).
For [HQEN4g0-NO], the absorption energies and their oscillator strengths are also given in Table

3.4.
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Figure 3.25a. Frontier molecular orbitals involved in the UV-Vis absorption of HQENgo. b.

Frontier molecular orbitals involved in the UV-Vis absorption of [HQEN4g-NO].
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Table 3.3. Vertical excitation energies and oscillator strengths (fcy) of some low-lying
excited singlet states obtained from TDDFT// B3LYP/6-31G calculations of HQEN4so.

Electronic Composition Excitation Oscillator Cl hexp

transition Energy strength (f) (nm)

So— S, HOMO -1— LUMO 4.0372 eV 0.1045 0.69360 | 314
(307.10 nm)

Table 3.4. Vertical excitation energies and oscillator strengths (f.) of some low-lying excited
singlets obtained from TDDFT// B3LYP/6-31G calculations of [HQENg-NO].

Electronic Composition Excitation Oscillator Cl Aexp

transition Energy strength (f) (nm)

So— Sg HOMO — LUMO +2 4.0721 eV 0.0814 0.50961 | 355
HOMO -1 —LUMO + 1 | (304.47 nm) 0.47473

3.3.8 NO detection in living cells

As HQEN4go showed extensively selective reaction with nitric oxide (NO), it had been further
checked for its NO sensing ability in living cells. A cell viability assay using MTT was
performed to check the cytotoxic effects of HQENug, by calculating the % cell viability of
HepG2 cells (Figure 3.26). More than 80% cell viability is reflected by no significant decrease
in formazan production up to 20 pM concentration of HQEN4go. Hence, further cell imaging
experiments were carried out with 10 pM of HQEN4go at which cell viability is more than 85%
and much more effective for in vitro monitoring of NO molecules. The incubation of 10 uM
HQEN4go for 1 hour exhibited no intracellular fluorescence on HepG2 cells (Figure 3.27).
However, upon incubation of HepG2 cells with 10 uM of SNP, which is provided as an
exogenous source for NO, followed by incubation with 10 uM HQEN4g, a distinct blue
fluorescence was observed inside the cells due to the reaction between the exogenously produced
NO molecules and the ligand. Fluorescence emission was mostly localized in the cytoplasmic
region of the cell, indicating the formation of HQEN4g0-NO outside the nucleus. Keeping the
HQEN4go concentration constant (10 uM) and increasing the concentration of SNP from 10 uM,
20 uM, to 40 uM a concentration-dependent increase in the intracellular blue fluorescence is
quite apparent. These results suggest that the ligand HQEN4g with low cytotoxicity and
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biocompatibility has a high potential for in vitro application as a sensor of intracellular NO

molecules, as well as for their detection in biological samples.
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Figure 3.26. Percent (%) cell viability of HepG2 cells treated with different concentrations (5—
100 uM) of HqENygo for 24 hours determined by the MTT assay.
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Figure 3.27. The fluorescence images of HepG2 cells were captured (40x) after incubation with
10 uM, 20 uM and 40 pM of sodium nitroprusside (SNP) for 60 min at 37 °C, followed by
washing thrice with 1x PBS and incubation with 10 uM of HQENg, for 60 min at 37 °C. The
fluorescence images show the absence of signal by the fluorophore HQEN4go (10 pM) in the
absence of NO molecule induced from SNP, while the fluorescence gradually increases, highly

at 40 uM of SNP concentration.
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3.4 CONCLUSION

In summary, herein we present a new fluorescent probe HgEN4go which exhibits a dramatic turn
on fluorescence response towards NO in 100% aqueous solution by utilizing the N-nitrosation
based reaction, with cell imaging applications. Its pronounced selectivity towards NO over other
interfering species makes it a suitable fluorescent probe for tracking NO in biological systems.
Moreover, the N-nitrosated product was analyzed and well characterized by ESI-MS*, NMR and
IR studies. The presence of a highly electron withdrawing group —N-N=O within the
fluorophoric moiety pulls the electron density from the amide nitrogen atom leading to blocking
of the PET process with concomitant enhancement in fluorescence intensity. The sensing
reaction of HQEN4g towards NO shows high sensitivity as evidenced from the very low
detection limit of 53 nM. Thus it clearly indicates the suitability of the probe for monitoring NO
in macrophage cultures® due to the presence of NO in micromolar concentrations in these types
of cells. Fluorescence titration gives a high formation constant, (1.75 + 0.07) x 10* M™%, for the
reaction between HQEN4go and NO at pH 7.2. Thus, low cytotoxicity towards biological systems,
water solubility, and cell-permeability along with very low LOD (53 nM) demonstrates that
HQEN.g is a highly desirable probe for tracking NO in living cells.
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A Subtle Structural Change in the Fluorophore alters
Nitric  Oxide  Mediated  Reactivity of  the

Dihydropyridine based Probe Resulting Aromatic
Nitration assisted C-C bond breaking

ABSTRACT:

A dihydropyridine based nitric oxide sensitive probe (CQME) with benzochromene as
the fluorophoric unit was synthesized. The probe exhibits ~30 fold enhancement in
the emission intensity at 615 nm on excitation at 470 nm resulting a huge stoke-shifts
of 145 nm assuring a minimum interference from the excitation light for in vivo
applications. Investigation of the cause of this enhancement reveals that the cleavage
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4.1 Introduction

Nitric oxide (NO), an essential and ubiquitous signaling molecule, is induced via oxidation of L-
arginine to L-citrulline by nitric oxide synthase (NOS) enzymes under normoxic conditions.' On
the other way, under acidic or hypoxic environment nitrite turns into a source of NO.* However,
the detailed mechanism of functioning of endogenous NO still remained elusive. The
dichotomous role of NO in biological systems is endorsed by the regulation or impairment of
various physiological processes, depending upon the certain concentration of NO. Five basic
distinct concentration levels of NO activity have been proposed as: (a) ([NO] < (1-30) nM
promotes cGMP mediated processes; (b) ([NO] = (30—100 nM) promotes Akt phosphorylation;
(c) [NO] = (100-300 nM) stabilizes HIF-1a; (d) [NO] > 400 nM promotes phosphorylation of
p53 and (e) [NO] > 1 uM exerts nitrosative stress. This leads to the conclusion that the standard
range of NO (pM-nM) can control the process of wvasodilation, immune response,
neurotransmission, apoptosis, gene expression” etc., whereas the elevated levels of NO (>1 1)
M) may cause some life-threatening diseases like endothelial dysfunction, stroke, septic shock
syndrome, Parkinson’s and Alzheimer’s disease®” etc. Excessive NO production induces the
generation of highly reactive and toxic nitrification species such as NO,, N,Os;, ONOO
(peroxynitrite) etc., resulting in a damage of DNA, proteins, enzymes and other bio-receptors as
well as cellular death."” As a result, the tracking of NO generation, distribution and activities
biological systems becomes a highly demanding as well as a challenging task to the chemists and
biologists. To unveil its contribution in live organisms, various conventional methods have been
developed which often employed are: Electronparamagnetic resonance (EPR) spectroscopy,11
amperometry,'” spectrophotometry,”® Chemiluminescence'* and fluorescence spectrophotometry
517 etc. Among all these reported techniques, the fluorimetric approach has acquired an
immense attention because of its tremendous sensitivity, good selectivity and non-invasive
visualization. The generation as well as transportation of NO in cellular entity is entirely a
challenging task. This is due to its transient life time (half-life < 10 s) in blood and high
reactivity towards endogenous biomolecules (mainly thiols)."®

So far, an extensive variety of fluorescent probes have been designed to investigate the role of
NO in living cells. Initially, most of the fluorescent probes fall into two categories: the first one

was innovated by Nagano’s group'® through attachment of o-phenylenediamino (OPD) entity as
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the NO-capturing unit with the probe, whereas the second one was related with metal-ligand
complexes, initiated by Lippard’s group.”’ Despite being promising, both these two conventional
NO sensing mechanisms have some limitations. The major drawback for OPD based probes
involve the false positive response by RCS (Reactive carbonyl species) e.g. dehydroascorbic acid
(DHA), ascorbic acid (AA) and methylglyoxal (MGO) etc. and also the high sensitivity of the
triazole unit towards acidic pH. On the other hand, the metal-ligand complexes involve the
leakage of heavy metals from the probe, inducing toxicity towards cells, and also influence the

reaction between the probe and NO.

Different new NO sensing strategies

1.

'O NO, 0
o — > G
HN o.N
NH, N

Scheme 4.1.Various NO sensing strategies.
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In recent years, various NO sensing strategies have been developed to overcome these
limitations. These include (1) nitrosation reaction,”! (2) the formation of a diazo ring by
protecting one of the amines in o-phenylenediamine,?? (3) oxidative deamination of aromatic
primary monoamines,? (4) aromatization of the Hantzsch ester,”* (5) the formation of oxadiazole
from thiosemicarbazide,” (6) generation of 1,2,3,4-oxatriazole from acylhydrazide*® and so forth
(Scheme 4.1). Among all these NO sensing strategies, Hantzsch ester, a dihydropyridine
derivative, has added advantages on selectivity towards NO, as it can react with NO without any
dependence on oxygen and is silent towards RCS. Actually, as reported to date®**”>°, upon

exposure to NO, the dihydropyridine based fluorescent probes produce the corresponding

pyridine through oxidative aromatization as demonstrated in Scheme 4.2(a).

Reported Schemes

Scheme 4.2. (a) Normal aromatization reaction from dihydropyridine to pyridine; and (b)

Breakage of C-C bond followed by aromatization of dihydropyridine to pyridine.

To the best of our knowledge, however, there is only one exception regarding the
dihydropyridine based NO sensing mechanism reported by Zang and workers®' (Scheme 4.2(b)).
Here the authors claimed that on stimulation with NO, the 1,4-dihydropyridine attached
fluorescent probe causes the cleavage of the C—C bond between the 1,4-dihydropyridine unit and
the benzyl group attached to the C,4 position of the dihydropyridine entity, though no detail
characterization of the products have been carried out except LC-MS studies.

In our current research endeavour, a new benzochromene based fluorescence probe has been

introduced for selective and sensitive sensing of NO in living organisms. This structurally simple
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fluorescent probe is designed by exploiting benzochromene moiety as the signaling unit and the
dihydropyridine unit as the NO recognition site. We prefer benzochromene as a fluorophoric
entity because of its excellent photochemical and photophysical properties as well as its
interesting role in pharmacology.*? Now, the presence of NO under aerobic condition causes the
cleavage of the C-C bond between the benzochromene moiety and the 1,4- dihydropyridine unit,
resulting in the generation of C-nitrated product (PYNO;) which is responsible for turn-on
fluorescence response in the amber region (~ 615 nm) (Scheme 4.3). Here the C-C bond
breaking is assisted by the nitration on the 2H-pyran ring of the benzochromene moiety as
well as the steric crowding generated across the carbon atoms connecting the benzochromene

and the DIPY units.

Aa70 mlexcitation) Ag15 arml€mMission)
Breaking of 0
C-C single bond
“ followed by Aromatization
cOo X
. > L
I 02 n
COME PYMAA

NO recognition site

Scheme 4.3: Schematic illustration of reaction of CQME with NO.

To the best of our knowledge, a NO turn-on fluorescent probe through the cleavage of the C-C
bond followed by the formation of the C-nitrated product (PYNO,) has never been reported.
However, it is reported that under disease conditions, tyrosine nitration occurs by the reactive
nitrogen species such as peroxynitrite anion (ONOO ) and nitrogen dioxide (*NO,) which are
formed as the secondary products of NO metabolism in the presence of oxidants.*® In that sense
this is the first example, where a subtle structural change in the fluorophore alters nitric oxide
mediated reactivity of the dihydropyridine based probe to result an aromatic nitration assisted C-
C bond breaking that occurs exogenously under mild conditions. The reaction between the
benzochromene based probe (CQME) and NO is highly sensitive and specific, as on excitation at
470 nm it exhibits a negligible change in fluorescence intensity at 615 nm over other biological
interfering species present in the biological milieu. We further synthesized another
benzochromene based probe (CQET), analogous to CQME and also a chromene based probe

SALDPY. Herein, under identical reaction conditions, CQET also generates the same C-nitrated
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product (PYNQO,;), indicating that both the probes (CQME and CQET) followed the same
mechanistic pathway on reaction with NO (Scheme 4.4). However, while dealing with the
simple chromene-based probe (SALDPY), surprisingly, the normal aromatization reaction

mechanism emerged as the major pathway (Scheme 4.4).

(o]
.- DCM O i
! ~-NO2 +\(/uﬂ0/
NO purge O b
. for1énr:1ints N

Major Major
( QME PYNO, PYMAA
DC\I /-\”
O = lo¢'1 ::rlgn:s
L Meier PYEAA
CQFT PYNO, o
NO purge Minor
for 15 mints Major | SALNO, Minor
SALPY ‘ PYMAA

SALDPY

Scheme 4.4. Reaction products of (a) CQME (b) CQET and (c) SALDPY on treatment with NO

at room temperature.

The structure of the concerned probe (CQME) and the product (PYNO,) were validated utilizing
spectroscopic studies (HRMS, 'H-NMR, "C-NMR etc.) and X-ray crystallography studies. The
biological applications of CQME clearly demonstrate its ability to track both endogenous and
exogenous NO over other biomolecules present in living organisms. This work mainly highlights
a new NO sensing strategy where exposure to NO triggers the cleavage of the C-C bond to
generate the C-nitrated product (PYNO,) via a turn-on response in fluorescence intensity at 615
nm. Most interestingly, the stokes shift was found to be 145 nm which is quite large thereby

ensuring the bypass of minimum interference from the excitation light for in vivo applications.
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4.2 EXPERIMENTAL PROCEDURES

4.2.1 Reagents and Equipments

All the synthetic reagents such as 2-Hydroxy-1 naphthaldehyde, Salicylaldehyde,
Methylacetoacetate, Ethylacetoacetate, Ammonium acetate, Acrolein, 4-Dimethylaminopyridine
(DMAP) were purchased from Sigma Aldrich and utilized as received without further
purification. Unless otherwise stated, the chemical analytes for example salts of K*, Na*, Ca?*,
Mg*, Cr¥*, AI¥*, Fe®*, Mn?*, Fe**, Cu®*, Co*, Ni**, Hg**, Zn**, Pb**, Cd*" etc., sodium salts of
anions suchlike SCN’, NO;', NO;, N3, I, Br, F, BrOz, HPO,, OAc, S;05”, S;0,*, SH,
NCS’ etc. and other reactive species for example H,0,, ‘OH, O, , TEMPO, NO3, NO, , ONOO',
ascorbic acid (AA), and DEA-NONOate (sodium salt) were obtained from commercial channels
and used without further purification. Infrared spectra of ligands (CQME, CQET, and SALDPY)
and the generated products upon reaction with nitric oxide (NO) were recorded on a Perkin-
Elmer RX | FTIR spectrophotometer on solid KBr discs. *H and **C NMR spectra were
measured uitilizing Bruker 300 MHz spectrometer in CDCl; and DMSO-ds (Trimethylsilane (6 =
0) as an internal standard). High resolution mass spectra (HRMS) of the probe and its NO
reaction products were performed on QT of Micro YA263 spectrometer. Emission spectra and
UV-Vis absorption spectra were recorded on a PTI (Model QM-40) spectrofluorimeter and an
Agilent 8453 Diode-array spectrophotometer, respectively. Single crystal X-ray diffraction data
were collected using Bruker APEX 111 D8 Venture, PHOTON |1 detector (MoKa (A =0.7107 A°)
and Bruker Kappa Apex-2, CCD Area Detector.

4.2.2 Preparation of Stock Solutions

For the preparation of NO solution at first the purification of NO was performed by passing the
NO gas through solid NaOH pellets and then the purified NO gas was bubbled through
deoxygenated deionized water for 15 min in a sealed vial. As a result, NO concentration in the
solution becomes 1.74 x 10° M. The solutions of Hydroxyl radical (OH) and Peroxynitrite
(ONOO") were prepared according to the reported procedure.?® Each stock solution (1.0 x 107
M) of inorganic cations, anions and several reactive species were prepared in Mili-Q-Millipore
water. The stock solution of the probe (CQME) was prepared at the concentration of 1.0 x 107
mL ™" in 10 mL of CHsCN. All the analytic studies were accomplished in 10 mM HEPES buffer
at pH 7.2. An equal amount of 10.0 mm HEPES buffer and MeCN were pipetted in a cuvette so
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that the volume of the solution become 2.5 ml and 50 pL of the probe (1.0 x 10° M) (CQME)
was added, which gives the probe concentration 20 uM, and then (0 - 73 pM) NO was added
incrementally and the fluorescence spectra were recorded for each solution after 3 mints.

4.2.3 Calculation of LOD
3o/slope criteria was accepted for the Limit of Detection of NO (eqn. 1)
LOD=3xS¢/S ....... (1)
Where, Sq4 represents the standard deviation of the blank and S denotes the slope generated from

the linear plot of F.1. vs. [NO] in the fluorescence titration data.

4.2.4 Cell Imaging Experiments

4.2.4.1 Cell viability assay

Human lung adenocarcinoma A549 cells and Raw 264.7 murine macrophages were cultured in
Dulbecco's modified Eagle's (DMEM) medium provided with 10% FBS and 1% antibiotic at 37
°C with 5% CO,. Cell viability of the probe CQME for A549 and Raw 264.7 cells were analyzed
with CQME for 24h by MTT assay.?®

4.2.4.2 In-Vitro Cell incubation and imaging

Raw 264.7 murine macrophages and A549 cells were exploited for endogenous and exogenous
NO detection, respectively. On glass coverslips, A549 cells were cultured for the detection of
exogenous NO utilizing 35x10 mm culture dishes. A549 cells were treated with in presence and
absence of DEA-NONOate (NO Donor, 5 uM and 10 uM) and incubated at 37°C with 5% CO,
for 30 min and then the cells were washed with media, followed by further incubation with
CQME (5 uM and 10 uM) for 30 min, washed, and then live cell imaging studies was executed
with fluorescence microscope (Leica DM3000, Germany) with an objective lens of 40X
magnification. For Endogenous NO detection, Raw 264.7 cells were co-stimulated with LPS (1.0
mg/mL) and IFN-y (1000U/mL) for 4h, and without co-stimulant (control) and further incubated
with CQME (5 uM) for 30 min. The treatment with NO scavenger PTIO (2-Phenyl-4, 4, 5, 5-
tetramethylimidazoline-1-oxyl-3-oxide) also supports the spontaneous generation of cellular
fluorescence with NO production. Raw 264.7 cells were co-stimulated in the presence and
absence of LPS (1.0 mg/mL) and IFN-y (1000 U/mL) for 4h, along with PTIO (200 mM)

followed by incubation with CQME (5 uM) for 30 min to perform live fluorescence images.
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4.2.5 SYNTHESIS AND CHARACTERIZATION

CQME was conveniently synthesized according to the synthetic route portrayed in Scheme 4.5.
The products of each step were well characterized by 'H NMR, *C NMR, HRMS and IR
spectra.

o
_U NH,0AC
CHO H-
OH H 0 ~ CHO FtOH,6 br, reflux
Y Y™ i

acetoacetate
16 hr, 65°-75°C
BZALD

Scheme 4.5. Synthetic scheme for CQME.

4.2.5.1 Synthesis of BZALD

A solution of 2-hydroxynaphthalene-1-carbaldehyde (1.03 g, 6 mmol), DMAP (0.733 g, 6 mmol)
and acrylaldehyde (~0.8 ml, 12 mmol) in anhydrous THF was refluxed under inert atmosphere
for 16 hour. After cooling to room temperature, the solvent was removed under reduced pressure
and the residue was purified by silica gel column chromatography ((60-120 mesh), DCM :
Hexane = 9:1 as an eluent) to provide yellow crystalline compound. Yield: 60%. Ci4H100;
Molecular Weight: 210.2320.
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Figure 4.1.'H-NMR spectra of BZALD in DMSO-d,
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'H-NMR (300 MHz, DMSO-dg)(3, ppm): 9.64 (s, 1H, -CHO), 8.35 (s, 1H, =CH), 8.15 (d, -ArH),
7.91 (d, 1H, —ArH), 7.83 (d, 1H,—ArH), 7.57 (m, 1H, —ArH), 7.40 (m, 1H, -ArH), 7.09 (d, 1H,-
ArH) (Figure 4.1). *C NMR (75 MHz, DMSO-dg): 190.88, 155.39, 138.31, 134.48, 130.84,

129.87, 129.47, 129.23, 128.54, 125.09, 122.07, 117.94, 114.32, 63.07 (Figure 4.2). ESIMS *
(m/z): (BZALD+H") 211.0480 (Figure 4.3).
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Figure 4.2. *C-NMR spectra of BZALD in DMSO-dj,
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Figure 4.3. HRMS Spectra of BZALD in MeOH.
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4.2.5.2 Synthesis of CQME

A mixture of BZALD (0.440 g, 2.09 mmol), methyl acetoacetate (0.728 g, 6.27 mmol) and
ammonium acetate (0.4833 g, 6.27 mmol) in ethanol was refluxed for 6 hour. After attaining
room temperature, the reaction mixture was concentrated in vacuum and subjected for column
chromatography using ethyl acetate : petroleum ether = 1: 9 as eluent. Yellowish white
crystalline product was collected as a desired compound. Yield: 75%. C,4H,3NOs. Molecular
Weight: 405.4500. *H-NMR (300 MHz, CDCl5)(8, ppm): 7.87 (d, 1H, -ArH), 7.71 (d, 1H, ArH),
7.57 (d, 1H, -ArH), 7.44 (t, 1H, —ArH), 7.30 (t, 1H, —ArH), 7.02 (d, 1H, —-ArH), 6.81 (s, 1H, -
ArH), 5.84 (s, 1H, -NH), 4.83 (s, 1H, -ArH), 4.67 (s, 1H, -CH), 3.73 (s, 6H, -CH3), 2.37 (s, 6H, -
CHs) (Figure 4.4). **C NMR (75 MHz, CDCls): 167.82, 151.13, 145.26, 137.70, 129.79, 129.43,
128.52, 128.48, 126.28, 123.44, 121.37, 117.32, 116.12, 115.29, 101.10, 67.43, 51.23, 37.83,
19.60 (Figure 4.5). ESIMS * (m/z): 405.1034 (Figure 4.6(a)). IR stretching frequencies: 3350
cm™ (-N-H stretching), 1683 cm™ (-C=0 stretching) (Figure 4.6(b)).
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Figure 4.4. "H-NMR spectra of CQME in CDCls.
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Figure 4.5. *C-NMR spectra of CQME in CDCl;.
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Figure 4.6. (a) HRMS spectra of CQME in MeOH; (b) IR spectra of CQME, PYNO, and
PYMAA in solid state.

4.2.5.3 Synthesis of CQET

O
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Scheme 4.6. Synthetic scheme for CQET.
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CQET was synthesized by following the same synthetic route as delineated for CQME (Scheme

4.6). Herein, Ethylacetoacetate was used as one of the reagent instead of methylacetoacetate.
Yield: 72%. C;6H27NOs. Molecular Weight: 433.4963.
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Figure 4.7(a). *H-NMR spectra of CQET in CDCl5
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Figure 4.7(b). *C-NMR spectra of CQET in CDCls,

'H-NMR (300 MHz, CDCl5)(3, ppm): 7.87 (d, 1H, -ArH), 7.71 (s, 1H, -ArH), 7.57 (d, 1H, -ArH),
7.44 (t, 1H, —ArH), 7.30 (t, 1H,~ArH), 7.02 (m, 1H, —ArH), 6.83 (m, 1H, -ArH), 5.74 (d, 1H, -
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NH) 4.85 (s, 2H, -ArCHy), 4.67 (s, 1H, -CH), 4.18(m, 4H, -CHy), 2.37 (s, 6H, -CH3), 1.29 (t, 6H,
-CHs) (Figure 4.7(a)). *C NMR (75 MHz, CDCls): 167.45, 151.12, 144.94, 137.97, 129.80,
129.41, 128.52, 128.41, 126.26, 123.41, 121.33, 117.33, 116.17, 115.32, 101.35, 67.58, 60.02,
38.10, 19.42, 14.38 (Figure 4.7(b)). ESIMS * (m/z): (CQET + Na"): 456.1664 (Figure 4.7(c)).
IR stretching frequencies: 3314 cm™ (-N-H stretching), 1644 cm™ (-C=0 stretching) (Figure
4.7(d)).
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Figure 4.7(c). HRMS spectra of CQET in MeOH.
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Figure 4.7(d). IR spectra of CQET, PYNO; and PYEAA in solid state.
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4.2.5.4 Synthesis of SALD

A solution of 2-hydroxybenzaldehyde (0.5 g, 4.09 mmol) and DMAP (0.499 g, 4.09 mmol) in
dry THF was stirred at room temperature for 5 mints. Then acrylaldehyde (~0.6 ml, 8.18 mmol)
was added drop-wise to the solution under N, atmosphere and was heated under refluxing
environment for 16 hour. After achieving the room temperature, the solvent was allowed to
evaporate off and the residue was allotted for further purification using silica gel column
chromatography (where Hexane : DCM = 9.8 : 0.2 was utilized as an eluent). The pure product
thus obtained was used in the next steps. Yield: 50%. CoHgO,. Molecular Weight: 160.1693. 'H-
NMR (300 MHz, CDCls)(8, ppm): 9.60 (s, 1H, -CHO), 7.34-7.22 (m, 3H, —ArH), 6.98 (t, 1H, —
ArH), 6.88 (d, 1H, —ArH), 5.05 (s, 2H, -ArCH,)(Figure 4.8(a)). *C NMR (75 MHz, CDCly):
189.85, 156.12, 141.39, 133.31, 131.76, 129.12, 121.83, 120.55, 116.59, 63.29 (Figure 4.8(b))
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Figure 4.8(a). *H-NMR spectra of SALD in CDCl;
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Figure 4.8(b). *C-NMR spectra of SALD in CDCl;

4.2.5.5 Synthesis of SALDPY

An ethanolic solution of SALD (0.4 g, 2.49 mmol), methyl acetoacetate (0.867 g, 7.47 mmol)
and ammonium acetate (0.575 g, 7.47 mmol) was heated under reflux condition for 6 hour. After
cooling to room temperature, the solvent was removed in vacuum and the obtained crude product
was further purified using silica gel column chromatography (ethyl acetate: petroleum ether =
1.5: 8.5 as an eluent). The afforded probe SALDPY is yellow in color. Yield: 75%. CyH25NOs.
(Scheme 4.7)

CHO H NH 0AC
H-'Q)'L CHO  Methyl
H , ~ acetoacetate ;
Dry THF, DMAP EtOH, 6 hr, reflux

16 hr, 65°-75°C SALD

|
SALDPY

Scheme 4.7. Synthetic scheme for SALDPY.

Molecular Weight: 383.4376. *H-NMR (300 MHz, CDCls)(5, ppm): 7.02 (dt, 1H, —~ArH), 6.89
(dd, 1H, —ArH), 6.80 (t, 1H, ~ArH), 6.71 (d, 1H, —ArH), 6.08 (s, 1H, —~ArH), 5.82 (s, 1H, -NH),
4.77 (s, 2H, ~ArCHy), 451 (s, 1H, —CH), 3.72 (s, 6H, -OCHj3), 2.34 (s, 6H, ~CHs) (Figure
4.9(a)). *C NMR (75 MHz, CDCly): 167.80, 153.10, 145.34, 139.09, 128.57, 126.36, 123.29,
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121.14, 119.14, 115.19, 100.88, 67.51, 51.22, 37.15, 19.57 (Figure 4.9(b)). ESIMS * (m/z):
(SALDPY + Na%): 378.1818 (Figure 4.9(c)). IR stretching frequencies: 3335 cm™ (-N-H
stretching), 1650 cm™ (-C=0 stretching) (Figure 4.9(d)).
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Figure 4.9(c). HRMS Spectra of SALDPY in MeOH.
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Figure 4.9(d). IR spectra of SALDPY, SALPY, SALNO,and PYMAA in solid state.
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4.2.5.6 Synthesis of PYNO,; and PYMAA from CQME

CQME was first dissolved in 5 ml of dry DCM and then NO gas was bubbled through the
CH,CI; solution for about 15-20 minutes at room temperature which exhibited the change in
color of the solution from yellow to orange with high fluorescence. The reaction mixture was
consecutively washed with saturated sodium bicarbonate and brine solution, and dried over
anhydrous Na,SO,. Hereafter, the solution was removed under reduced pressure and subjected
for purification using silica gel to give the desired products.

When the crude product was purified by column chromatography using ethyl acetate: petroleum
ether = 0.2: 9.8 as an eluent, then PYNO,, an orange crystalline compound was purified first
which is responsible for generation of yellowish orange fluorescence in the solution. Yield:
~20%. C13HoNO3. Molecular Weight: 227.2155. *H-NMR (300 MHz, CDCl3)(8, ppm): 8.54 (s,
1H, —ArH ), 8.00 (d, 1H, —ArH ), 7.87 (d, 1H, —ArH ), 7.81 (d, 1H, —ArH), 7.62 (t, 1H, —~ArH)
7.46 (t, 1H, —ArH) 7.13 (d, 1H, —ArH) 5.38 (s, 2H, —ArCH,) (Figure 4.10(a)). *C NMR (75
MHz, CDCls): 155.29, 136.75, 135.22, 131.17, 129.74, 129.19, 128.72, 126.12, 125.25, 121.31,
117.43, 111.88, 63.08 (Figure 4.10(b)). ESIMS * (m/z): (PYNO, + K") 266.1945 (Figure
4.10(c)). IR stretching frequencies: 1502 cm™ and 1303 cm™ (-NO, stretching) (Figure 4.6(b)).

BE8IBNRY

Figure 4.10(a). "H-NMR spectra of PYNO, in CDCl;.
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Figure 4.10(b). *C-NMR spectra of PYNO, in CDCl;.
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Figure 4.10(c). HRMS spectra of PYNO, in MeOH.

After complete separation of PYNO, in purified form, the polarity of the eluent was changed to

95% petroleum ether (petroleum ether: ethyl acetate = 95:5). As a result the next desired product
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PYMAA comes out in a purified form as a whitish yellow crystalline compound. Yield: ~19%.
C11H13NO,. Molecular Weight: 223.2252. *H-NMR (300 MHz, CDCls3)(8, ppm): 8.70 (s, 1H, —
ArH), 3.92 (s, 6H, ~OCHs), 2.85 (s, 6H, —CH3) (Figure 4.11(a)). **C NMR (75 MHz, CDCly):
166.21, 162.63, 141.38, 122.62, 52.32, 24.93 (Figure 4.11(b)). ESIMS® (m/z): (PYMAA+H")

224.0988 (Figure 4.11(c)). IR stretching frequencies: 1720 cm™ (-C=0O stretching) (Figure
4.6(b)).
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Figure 4.11(a). 'H-NMR spectra of PYMAA in CDCl;,

162.63
14138
6.
3
—24.93

52.32

o (a)

(¢)

T T T T T T T T T T
0 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70

60 50 40 30 20 10 of
f1 (ppm)

Figure 4.11(b). >C-NMR spectra of PYMAA in CDCl;.
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100 2240088

Figure 4.11(c). HRMS spectra of PYMAA in MeOH.

4.2.5.7 Synthesis of PYNO, and PYEAA from CQET

The same procedure as described for CQME has been followed for CQET. In case of CQET
same type of products has been isolated one is PYNO; and the other is PYEAA.

PYNO, was obtained as an orange crystalline compound. Yield: ~19 %. C13HgNO3. Molecular
Weight: 227.2155. *H-NMR (300MHz, CDCls)(8, ppm): 8.54 (s, 1H, —ArH ), 8.00 (d, 1H, —ArH
), 7.87 (d, 1H, -ArH ), 7.81 (d, 1H, -ArH), 7.62 (t, 1H, —ArH), 7.46 (t, 1H, -ArH), 7.13 (d, 1H, -
ArH), 5.38 (s, 2H, ~ArCH,) (Figure 4.10(a)). *C NMR (75 MHz, CDCls): 155.29, 136.75,
135.22, 131.17, 129.74, 129.19, 128.72, 126.12, 125.25, 121.31, 117.43, 111.88, 63.08 (Figure
4.10(b)). ESIMS * (m/z): (PYNO, + K*): 266.1945 (Figure 4.10(c)). IR stretching frequencies:
1502 cm™ and 1303 cm™ (-NO;, stretching) (Figure 4.7(d)).

After column, PYEAA was obtained in pure form which is yellow crystalline in color. Yield:
~19 %. C13H17NO,. Molecular Weight: 251.2784. *H-NMR (300 MHz, CDCl3)(3, ppm): 8.67 (s,
1H, —ArH), 4.42-4.35 (m, 4H, —-CH), 2.86 (s, 6H, —CH3 ), 1.41 (t, 6H, —CHj3) (Figure 4.12(a)).
3C NMR (75 MHz, CDCls): 165.98, 162.23, 140.93, 123.09, 61.42, 24.95, 14.28 (Figure
4.12(b)). ESIMS * (m/z): (PYEAA + H"): 252.1801 (Figure 4.12(c)). IR stretching frequencies:
1716 cm™ (-C=0 stretching) (Figure 4.7(d)).
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Figure 4.12(c). HRMS spectra PYEAA in MeOH.

4.2.5.8 Synthesis of SALPY

The same approach as delineated for CQET and CQME has been performed for SALDPY but
the outcome of the reaction between NO and SALDPY contrast with both CQME and CQET.
For SALDPY the major product is SALPY which is generated by following the normal
aromatized reaction although there is at least a little bit cleaved products SALNO, and PYMAA
are formed. SALPY, a whitish green compound is produced as the major product. Yield: ~50%.
CaoH19NOs. Molecular Weight: 353.3686. *H-NMR (300 MHz, CDCls)(8, ppm): 7.16 (dt, 1H, —
ArH), 7.02 (dd, 1H, ArH), 6.91 (dd, 1H, ~ArH ), 6.87 (d, 1H, —ArH), 6.32 (s, 1H, —ArH), 4.79 (s,
2H, —ArCH,), 3.82 (s, 6H, —OCH3), 2.59 (s, 6H, —CHs) (Figure 4.13(a)). *C NMR (75 MHz,
CDCl3): 168.11, 156.66, 153.68, 143.83, 130.12, 129.92, 127.27, 126.11, 124.39, 122.14,
121.72, 115.65, 67.93, 52.70, 23.23 (Figure 4.13(b)). ESIMS * (m/z): (SALPY + H") 354.0667
(Figure 4.13(c)). IR stretching frequencies: 1730 cm™ (-C=O stretching) (Figure 4.9(d)).
SALNO; and PYMAA have been formed by following the pathway that CQME and CQET
follows. SALNO; is yellow in colour and it is generated as a minor product. Yield: 3%.
CoH7NOs. Molecular Weight: 177.1568. *H-NMR (300 MHz, CDCls)(3, ppm): 7.79 (s, 1H, —
ArH), 7.34 (t, 1H, ArH), 7.25 (t, 1H, —ArH ), 7.01 (t, 1H, —~ArH), 6.91 (d, 1H, —ArH), 5.26 (s,
2H, —ArCH,) (Figure 4.14). IR stretching frequencies: (Figure 4.9(d)) A Spectroscopic detail of
PYMAA is narrated in previous section. Yield: ~3%. IR stretching frequencies: (Figure 4.9(d))
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4.3 RESULTS AND DISCUSSION
Our synthetic strategy involves the formation of 3H-benzo [f] chromin-2-carbaldehyde (BZALD)

from 2-hydroxy-1-naphthaldehyde in the presence of acrolein, followed by its condensation with
methylacetoacetate in an ethanolic medium to produce CQME (Scheme 4.5). Both CQET and
SALDPY were synthesized following the same synthetic procedure with the initial substrates
benzochromene—ethylacetoacetate and chromene—methylacetoacetate, respectively. The
formation of CQME is validated by 'H-NMR (Figure 4.4), >C-NMR (Figure 4.5), HRMS
(Figure 4.6(a)), FTIR (Figure 4.6(b)) and X-ray crystallographic analysis (Figure 4.15(a)).

4.3.1 Crystal structure of CQME and PYNO,

The pure compounds were dissolved in dichloromethane and allowed a slow evaporation that led
to the formation of needle shaped single crystals for CQME and flake shaped single crystals for
PYNO,. The crystal data were collected in X-ray spectroscopy and the data was analyzed
utilizing OLEX2 software.

Figure 4.15. X-ray crystallographic structure of (a) CQME; and (b) PYNO..

Table 4.1. Crystallographic data and details of the structure determination for CQME and
PYNO;

Identification code CQME PYNO,
Empirical formula C24H23NOsg C13HgNO3
Formula weight 405.43 227.21
Temperature/K 145.0 100.0
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Crystal system monoclinic monoclinic
Space group P21/c P21/n
alA 15.933(3) 8.1352(2)
b/A 10.902(2) 6.3468(2)
c/A 11.833(2) 19.8559(6)
o/° 90 90
B/° 79.85(3) 96.6300(10)
v/° 90 90
Volume/A® 2023.3(7) 1018.35(5)
Z 4 4
Pealcg/cm”® 1.331 1.482
w/mm’™ 0.093 0.888
F(000) 856.0 472.0
Crystal size/mm® - -
Radiation MoK, (A = 0.71073) CuK, (A = 1.54178)

20 range for data
collection/°

2.274 10 24.999

6.153 t0 68.199

Index ranges

-18<h<18,-12<k<
12,-14<1<14

9<h<9,-7<k<7,-
23<1<23

Reflections collected

20093

16287

Independent reflections

3561[Rin: = 0.1002,

1856[R;n: = 0.0816,

Rsigma = 00516] Rsigma = 00803]
3561/0/279 1856/0/154
1.002 1.38

Data/restraints/parameters
Goodness-of-fit on F*

4.3.2 Absorption and emission spectra

The photophysical properties of CQME (20 pM) and PYNO; (60 pM) were investigated to assess
the response of the probe (CQME) towards NO in 10 mM HEPES buffer (pH 7.20, u = 0.10 M
NaCl, containing 50% MeCN at 25°C), utilizing UV/Vis and fluorescence spectroscopies.
CQME exhibits the maximum absorption band at 355 nm, whereas the UV/Vis absorption peak
for the isolated pure PYNO; appears at 440 nm with 85 nm red shift compare to CQME (Figure
4.16(a)). The NO-mediated cleavage of the C-C bond of CQME, followed by aromatization,
generates PYNO; and also the corresponding pyridine unit (PYMAA). Therefore, as shown in
Figure 4.16(b), the UV/Vis absorption humps for isolated PYMAA (60 uM) are centered at 200
nm, 276 nm and 384 nm, indicating the presence of an aromatized unit.**
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Figure 4.16. (a) UV-vis absorption spectra of CQME (20 uM), PYNO; (60 uM) and (b)
PYMAA (60 uM) in 10 mM HEPES buffer (pH 7.20, u = 0.10 M NaCl, containing 50% MeCN
at 25°C). All the adsorption studies were carried out by preparing 10> M solutions of CQME,
PYNO; and PYMAA in pure form.

The UV-Vis titration for the reaction between CQME and NO could not be performed due to the
interference by N,O3; formed by the reaction: NO + O, - N,O3;. However, the fluorescence
titration of CQME with NO was performed without any interference from N,O3 produced in the
reaction medium in the presence of dissolved oxygen. Thus the variation in the spectral signature
of the probe (CQME) with consecutive additions of NO was investigated fluorimetrically upon
excitation at 470 nm (3 X 3 slits). As anticipated, the probe (20 uM) itself displays very weak
fluorescence. However, the incremental addition of NO (0-73 uM) leads to the NO-mediated
cleavage of the C-C bond of CQME, resulting ~ 30 fold enhancement in the emission intensity
at 615 nm (Figure 4.17(a)). Now, the fluorescence intensity (F.l.) was plotted against [NO] to
evaluate the magnitude of K¢ (the apparent formation constant) for the reaction between CQME
and NO (Figure 4.17(b)). It was observed that in the concentration range 3.48 uM to 31.32 uM,
the fluorescence intensity of the probe maintained a good linearity (R = 0.9937) with respect to
[NO] at 615 nm. The linear form of eqn. 2 where 1>> c*x with n = 1 provides ¢ = K; (egn. 3)
by considering a and b as Fluorescence intensities of CQME and the fluorescent product
(PYNO;) generated on its reaction with NO (> 73 uM), and the evaluated value is K; =
(2.85 + 0.03) x10* M™.
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As anticipated, the emission peak of an isolated pure PYNO; matches well with that of in situ
generated PYNO,, indicating the fact that the formation of PYNO; is responsible for initiating
the turn-on fluorescence response at 615 nm (Figure 4.18(a)). Now, to determine the sensitivity
of CQME towards NO, the limit of detection (LOD) was determined by employing 3o/slope
method which was evaluated to be ~42 nM, manifesting its high sensitivity to track both
endogenous and exogenous NO in living organisms (Figure 4.18(b)).
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Figure 4.17. (a) Fluorescence titration (Aex = 470 nm, Aem =615 nm) of 20 uM CQME upon
addition of increasing concentration of NO (0 -73 uM) in 10 mM HEPES buffer (pH 7.20, p =
0.10 M NaCl containing 50% MeCN at 25°C); and (b) The plot of fluorescence intensity vs.
[NO] at 615 nm.
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Figure 4.18. (a) Fluorescence spectra of in-situ generated PYNO, and isolated pure PYNO;; (b)
Limit of detection of CQME.

4.3.3 Comparison of reactivity of CQME, CQET and SALDPY towards NO

The fluorimetric analysis of CQME by incremental additions of NO in a 10 mM HEPES buffer
(pH 7.20, p = 0.10 M NaCl containing 50% MeCN) clearly manifests a strong interaction
between CQME and NO that leads to a generation of a new emission peak at 615 nm. To
ascertain the mode of interaction the detail product analysis was performed for CQME, CQET
and SALDPY (Scheme 4.4). For this purpose, NO gas was allowed to flow through a dry DCM
solution of CQME for more than 15 minutes under aerobic conditions, resulting in an intense
fluorescence in the amber region. Consequently, this yellowish orange colored solution was
washed with a saturated solution of NaHCO3 and brine mixture and then dried over anhydrous
Na,SO4. After filtration, it was subjected to evaporation followed by purification using column
chromatography to yield the desired product responsible for the enhancement in emission
intensity at 615 nm. The formation of PYNO, and PYMAA is confirmed by 'H-NMR (Figure
4.10(a) and 4.11(a)), BC-NMR (Figure 4.10(b) and 4.11(b)), HRMS (Figure 4.10(c) and
4.11(c)) and IR spectroscopy (Figure 4.6(b)). The structural framework of CQME and PYNO,
were further confirmed by X-ray crystallographic studies (Figure 4.15). The 'H-NMR spectra of
both PYNO, and CQME display the allylic proton of CQME shifts to 8.54 ppm from 6.81 ppm,
indicating the presence of a highly electron withdrawing nitro group (-NO;) in the
benzochromene entity. Moreover, the absence of all the protons of dimethyl 2,6-dimethyl-1,4-
dihydropyridine-3,5-dicarboxylate entity strongly justifies the unprecedented NO-mediated
cleavage of the C-C bond of CQME. The "C-NMR spectra of PYNO, even more clearly
delineates the absence of pyridine entity, whereas the 'H-NMR and "C-NMR spectra of
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PYMAA reveal the origin of the pyridine constituent from the C-C bond cleavage of CQME and
subsequent aromatization pathway. Again, this structural transformation of CQME on treatment
with NO was further confirmed by HRMS studies. The peaks at m/z 266.1945 [PYNO,+K '] and
224.0988 [PYMAA+H'] are consistent with PYNO, and PYMAA, respectively. In the case of
CQME, the -NH stretching frequency appears at 3350 cm™ but upon exposure to NO, the -NH
stretching band disappears for both PYNO, and PYMAA, respectively, validating the above-
mentioned sensing mechanism of CQME. Now, these entire spectroscopic observations manifest
that the probe CQME undergoes aromatic nitration assisted C-C single bond cleavage, followed
by the aromatization pathway to produce PYMAA and PYNO, as the major components instead
of a simple aromatization. The similar results were also obtained for CQET—NO reaction
indicating the NO-mediated C-C bond cleavage as the major pathway. When the same reaction
was performed with SALDPY the normal aromatized product (SALPY) was formed as the major
one with SALNO, and PYMAA as the minor products. Herein, to obtain SALPY, SALNO,, and
PYMAA in pure form, the identical synthetic procedure was followed as in case of CQME. The
"H-NMR spectra of SALPY reveals a slight shifting of the allylic proton peak from 6.08 ppm to
6.32 ppm, validating the formation of a normal aromatized product (Figure 4.9(a) and 4.13(a)).
The *C-NMR spectra of SALPY (Figure 4.9(b) and 4.13 (b))and also the generation of a new
peak at m/z 354.0667 [SALPY+H'] (Figure 4.13(c)) in HRMS analysis, indicate the formation
of a normal aromatized product. The origin of SALPY from SALDPY is also supported by IR
spectroscopic technique (Figure 4.9(d)). However, for SALNO, (Figure 4.14), the allylic proton
shifts its position from 6.08 ppm to 7.79 ppm, similar to PYNO,. This clearly manifests that the
nitro group (-NO;) is conjoined within the chromene moiety The BC-NMR spectra are not
possible for SALNO; as it is formed in extremely low amount. All the spectroscopic studies lead
to the conclusion that CQME favors the aromatic nitration assisted C-C single bond cleavage,
followed by the aromatization pathway to produce PYMAA and PYNO, as the major

components, whereas SALDPY prefers the canonical aromatization reaction as the major one.

4.3.4 Mechanistic Insights describing the difference in reactivity of NO towards CQME,
CQET, and SALDPY

For both CQME and SALDPY, the reaction is initiated either by a simple electron transfer from
the probe (1 and 8) towards NO to produce an ammoniumyl radical (2 and 9), or through the
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abstraction of -NH proton from the dihydropyridine entity. Both the pathways (Figure 4.19)
support the formation of an aminyl radical (3a and 10). This aminyl radical is capable to
delocalize upto the oxygen end of the methylester (3a<-> 3b <->3¢) through resonance. Now, in
case of CQME due to the presence of benzochromene unit, the rotation about the pivotal bond
between the benzochromene and dimethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate
moieties is somehow restricted. As a consequence, the *O radical on the methyl ester group (3¢)
comes closer to the allylic double bond of benzochromene moiety leading to the formation of
intermediate 4 which is conjoined with the nitro radical in the next step. The excessive steric
crowding between the nitro group and the methylester moiety, originated in the intermediate (5)
facilitates the cleavage of the C-C bond leading to the formation of PYNO, (6) and PYMAA (7)
as the major products in 1:1 ratio (yield 20%).
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Figure 4.19. Probable reaction mechanism of CQME and SALDPY on treatment with NO at

room temperature.
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Meanwhile, for SALDPY, coupling of aminyl radical (10) with NO leads to the formation of N-
nitroso derivative (11), which in the subsequent step undergoes aromatization to generate
SALPY (50%) as the major product (12) through the elimination of HNO. However, SALDPY
also follows the abnormal pathway to yield SALNO; and PYMAA as the minor components in
extremely low yield (3%) (Scheme 4.4(c)).

4.3.5 Selectivity studies

The selectivity response of CQME towards NO was investigated to check the interferences
imposed by the various interfering species present in the complicated biological systems. These
interfering species are categorized as (a) Reactive carbon/oxygen/nitrogen species like ascorbic
acid (AA), TEMPO, OCI, KO,, H,0,, *OH, ONOO, NO,, NO; etc, (b) cations, or (c) anions.
Now, the variation in the spectral signature of CQME (20 uM) was analyzed utilizing these
species in excess (200 uM) in 10 mM HEPES buffer (pH 7.2, containing 50% CHsCN, at 25°C).
As expected, the presence of these biologically reactive species does not exhibit any remarkable
spectral changes in emission intensity of the probe at 615 nm (Figure 4.20(a)). The spectral
response of CQME towards various reactive species has also been checked by UV/Vis analysis
under identical reaction conditions (Figure 4.20(b)). Likewise, to ensure whether various cations
and anions have any possible interference towards the spectral signature of CQME, the
selectivity analysis of CQME were carried out with various cations and anions under identical
conditions (Figure 4.21(a), (b)). There were no characteristic changes in fluorescence intensity
as observed in case of NO. To further strengthen the specificity of the probe towards NO, the
over-selectivity analysis of CQME was performed utilizing various biological reactive species in
presence of NO which reveals that the extent of enhancement in fluorescence intensity is very
close to that observed in the sole presence of excess of NO except TEMPO (2,2,6,6-
Tetramethylpiperidine 1-oxyl). The inability of CQME to detect NO in the presence of TEMPO
strongly favors a free radical reaction mechanism operating between the probe (CQME) and NO
(Figure 4.21(c)). All of these analyses enlightened the superiority of the probe (CQME) for

tracking both endogenous and exogenous NO selectively in living organisms.
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Figure 4.20. (a) Fluorescence (Aex = 470 nm and Bar plot at 615 nm); (b) UV-vis absorption
spectra for the probe CQME toward various reactive species recorded in HEPES buffer (10 mM,
pH 7.2, containing 50% CH3CN at 25°C) CQME = 20 pM, X =200 uM.
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Figure 4.21. (a) Fluorescence response of the probe CQME towards various cations (1:Cu?*;
2:Co?"; 3:Zn%", 4:Hg*, 5:Fe*, 6:Fe*, 7:Cr¥, 8:Mn*, 9:APF, 10:Mg*, 11:NH,", 12:Cd*,
13:Ni*, 14:Pb*, 15:Ca®*, 16:Na", 17:K*, 18:NO); (b) anions (1:ClO,, 2:Ns, 3:HSO,, 4:I',
5:5,04>, 6:F, 7:CHsCOO", 8:SCN", 9:H,PO,", 10:PO,*, 11:BrOs, 12:Cl', 13:Br, 14:5,0;,
15:CNS’, 16:SH", 17:NO) where CQME =20 uM, X = 100 uM, A¢ = 470 nm and the Bar plot at
615 nm; and (c) The over selectivity of CQME (20 uM) towards NO in 10 mM HEPES buffer
(pH 7.20, p = 0.10 M NaCl, containing 50% MeCN at 25°C) in presence of various reactive

species.
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4.3.6 Reaction Kinetics

In addition, we have analyzed the Time-dependent fluorescence response of CQME at 25°C,
where, upon treatment with NO (3.6 equivalent), the fluorescence intensity of the probe
increased immediately and the corresponding growth curve at 615 nm achieved a plateau nature
within 40 min (Figure 4.22(a), (b)). The time dependent fluorescence response of CQME is also
influenced with the concentration of NO. With increasing the concentration of NO, the
fluorescence intensity versus time profile analysis reveal the steeper nature of the curve
indicating an increase in the rate of the reaction. This curve also illustrates that once a plateau is
achieved the fluorescence intensity of the probe remains unaffected indicating the higher photo
stability of PYNO, for more than 1 hour (Figure 4.22(c)).
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Figure 4.22. (a) Spectral changes of CQME in fluorescence over time (0-50 mins) upon
addition of NO (3.6 equivalent) in 10 mM HEPES buffer (pH 7.2, containing 50% CH3;CN) at
25°C; (b) The corresponding kinetic growth plot at 615 nm; (c) The Kinetic traces of CQME (5
uM) in 10 mM HEPES buffer (pH 7.2, containing 50% CH3CN) at 25°C after addition of NO
(50, 80, 100, 150, 200 uM).
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4.3.7 pH study

Next, we analyzed the fluorescence response of CQME towards NO over a wide range of pH (2-
12). The biocompatibility of a good NO sensitive probe relies on its pH tolerance over a wide
range. The practical application of this newly designed NO sensitive probe (CQME) was
evaluated by performing the effect of pH on its fluorescence intensity both in presence and
absence of NO. As shown in Figure 4.23, the FI steeply increases with the increase in pH in the
range 2-4 and then attains plateau and remains almost constant in the range pH 5-7. On further
increase in pH the FI decreases rapidly with increase in pH and becomes almost constant in the
range pH 10-12. Initial increase in FI with the increase in pH may be due to the involvement of
proton equilibrium DIPY-NH + H" © DIPY-NH," (1/K,') while in the pH range 8-12, the protic
equilibrium DIPY-NH - DIPY-N + H' (K, will be operative. Both DIPY-NH," and DIPY-
N~ disfavors the reaction between the probe and NO, as a consequence we observe lower FI both
in the lower pH range (pH <4.0) and higher pH range (pH > 8.0) as the formation of aminyl
radical is not feasible to generate the desired product (PYNO,).
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Figure 4.23. pH (2-12) tolerance of CQME and its reaction mixture on addition of 3.6
equivalent of NO at 25°C.

However, the pH experiment delineates no remarkable change in fluorescence intensity for
CQME but there is an elevation in fluorescence intensity at 615 nm on addition of NO over the

pH range from 2 - 9, proposing that CQME is able to sense NO in weakly acidic, neutral and
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even in weakly basic medium. The unaltered fluorescence intensity of CQME over a wide pH
range strongly manifests the generation of remarkable fluorescence intensity in cells is

predominantly from intracellular NO (both endogenous and exogenous).

4.3.8 Cell imaging studies (Exogenous and Endogenous) in Live Cells

Prior to the application of the probe CQME to track both endogenous and exogenous NO in
living organisms, the cellular toxicity of CQME was investigated in A549 and Raw 264.7 cells
by executing MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. On
incubation of CQME (0-70 uM) for 24 hour, more than 80% of the cells are still alive (Figure
4.24).
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Figure 4.24. Graphical representation of Cell Viability Assay performed by using probe CQME.

The least cytotoxic effect of CQME towards cell enhances its applicability for detecting both
endogenous and exogenous NO in living cells. Consequently, the well tolerance of cells towards
CQME strongly supports its biocompatibility. To demonstrate whether CQME is able to detect
endogenous NO, fluorescence microscopic analysis were performed utilizing Raw 264.7 cells
where, LPS (1.0 mg/mL) and IFN-y (1000 U/mL) were co-stimulated for 4 hours, since they are
responsible for endogenous NO generation, and then treated with 5 pM CQME. As anticipated,

the stimulated cells exhibit an intense yellowish orange fluorescence compared to the
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unstimulated one (Figure 4.25). The further incubation with PTIO (the NO scavenger, 200 mM)
for 4 h in presence and absence of LPS + IFN-y co-stimulus and then the administration with (5
uM) CQME for 30 min did not show the significant generation of fluorescence in the amber

region.

(A) (B)
CQME CQME+PTIO CQME CQME+PTIO
Without LPS  Without LPS LPS+IFN-y  LPS + IFN-y 6007

-

400+

200

CQME + NO (A.U)

0-
COME + + + +

LPS +IFN-y - - + +
PTIO . +$ - +

Figure 4.25. (A) Fluorescence cell image of Raw 264.7 cells stimulated with LPS (1.0 mg/mL) +
IFN-y (1000 U/mL) with or without iNOS inhibitor PTIO (200 mM) for 4h followed by CQME
(5 uM) for 30 min. Intracellular yellowish orange fluorescence was observed in response to NO
interaction with CQME and all the Images were obtained at 40X objective. (B) Quantified
fluorescence (Mean + SD) turn-on in Raw 264.7 cells after stimulation with LPS (1.0 mg/mL)
and IFN-y (1000 U/mL) for 4h in presence of CQME (5 uM) with or without iNOS inhibitor
PTIO compared to control. (a.u.) = Arbitrary unit.

This strongly manifests the generation of endogenous NO and its recognition by CQME (Figure
4.25(A),(B)). Now, DEA-NONOate is exploited as a NO donor for exogenous determination of
NO in A549 cells. Initially, the cells were incubated with CQME followed by an incremental
addition of DEA-NONOate (5 uM and 10 pM) resulting in a remarkably gradual increase in

fluorescence intensity at amber region (Figure 4.26).
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(A) (8)
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Figure 4.26. (A) Fluorescence imaging of A549 cells incubated with CQME (5 uM) only,
CQME (5 uM) + DEANONOate (5 uM), and CQME (10 uM) + DEA-NONOate (10 pM),
Increase in yellowish orange fluorescence was observed with the increase in concentration of NO
donor. All the images were taken at 40X objective. (B) Quantified fluorescence (Mean = SD)
turn-on in A549 cells after treatment with NO donor DEA-NONOate in the presence of CQME.

(a.u.) = Arbitrary unit.

4.3.9 Comparison Table

We have analyzed the results obtained from the recognition of NO by a number of
dihydropyridine based NO sensors (Table 4.2). Among all these reported dihydropyridine based
NO sensitive probe, our present work on the NO sensing by benzochromene probe (CQME)

seems to be superior with respect to Aeyy Aem (470/615 nm) and stokes shift resulting its deep

penetration ability and low background autofluorescence.

Table 4.2. Reported Dihydropyridine based probes

Serial No Aex/ Aem S;ﬁli(fis LOD Variety of product Reference

Simble Aromatizati Talanta 2018,
imple Aromatization i
470 /525 55 25nM of dihydropyridine to 176, 382-388.

pyridine.
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334 /450

116

13 nM

Chem Comm.
2014, 50(49),
6475-6478

323 /392

69

17 nM

RSC Adv.
2016, 6(89),
85698-85703

EtO,C CO,Et

N

308/439

131

0.08u

RSC Adv.
2016, 6(114),1
13219-113227

H
o; O
XS
o o
oy 57 oth—NeEsc
1
H

324/450

126

18 nM

Spectrochim.

Acta - A: Mol.

Biomol 2016.,
169, 1-6.

6. MeOOCmrz™Npy
s

O O 0 COOMe

MeO

365 /423

58

Photochem.
Photobiol.
Sci.2020, 19,
1230-1235.

475 /535

60

47 nM

Sens.
Actuators B
Chem. 2021,
339, 129880

346 /502

156

2.6 UM

RSC Adv.
2016, 6(114),1
13210-
113227.

490 /525

35

InnM
level.

Breakage of C-C bond
attached with DIPY and
fluorophore followed by

aromatization.

Chem. Sci.
2017, 8 (3),
2199-2203.

470/615

145

42 nM

C-C bond breaking for
the formation of C-
nitrated product
along with
aromatization of DIPY.

Present work
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4.4 CONCLUSION
In summary, we have designed a new dihydropyridine based NO sensitive probe (CQME) which

undergoes aromatic nitration assisted C-C single bond cleavage, followed by the aromatization
pathway to produce PYMAA and PYNO, as the major components instead of a simple
aromatization reaction. Notably, The probe exhibits ~30 fold enhancement in the emission
intensity at 615 nm on excitation at 470 nm resulting a huge stoke-shifts of 145 nm assuring a
minimum interference from the excitation light for in vivo applications. Moreover, the
fluorescence emission peak at 615 nm for PYNO, strongly supports its excellent biological
applications due to its deep penetration ability and low background autofluorescence. In addition
to that, the probe CQME exhibits its effectiveness to track both endogenous and exogenous NO
in biological milieu because of its least cytotoxicity, bio-compatibility and also no interference
by other biological species that are present in complicated biological systems. The pH studies
also display prompt positive response of the probe towards NO over a wide range of pH. Now,
all the photophysical studies and biological applications strongly justifies the superiority of the
probe to sense both endogenous and exogenous NO selectively over other biological interfering

species present in living organisms.
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A dual response fluorescent sensor for HNO and S*
ions using a Cu(IT) complex based probe assisted by
detailed DFT studies

Abstract:

A Cu(II) based sensor (1) was developed by complexation between (quinolin-8-
ylamino)-acetic acid hydrazide (L2) and Cu?* ions for highly sensitive and selective
recognition of HNO and S2- over other biologically abundant anions with prominent
enhancement in absorption and emission intensities. The sensor (1) exhibits weak
fluorescence due to ET (electron transfer) but upon addition of HNO and S?-, a large
enhancement in fluorescence intensity (F.l.) was observed over other possible
competitive anions on the basis of reduction of Cu(II) to Cu(I) and formation of Cus,
respectively. The 1:1 complexation was characterized by mass spectrometry (MS),
elemental analysis and Job’s plot. The corresponding Kr value for Cu2* from Uv-Vis
absorption titration was evaluated as (4.934 + 0.05) x 104 M-1. Quantum yields of L2
and [Cu-L2 + S2-] and [Cu-L2 + HNO] complexes in acetonitrile (CH3CN) are found to be

0.107, 0.09 and 0.07 respectively, using quinine sulphate as the standard.
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5.1 Introduction

In many areas and disciplines, fluorescent sensors are in high demand because of their selective
and efficient signaling properties for the detection of various chemical and biological analytes.*
Copper, an essential trace metal ion, plays an important role in various biological and metabolic
processes, the level of which can be regulated haemostatically.? Accumulation of a large excess
of copper in the brain and the liver is highly toxic and causes Alzheimer’s, Parkinson’s, Prion,
Menkes and Wilson’s diseases.® Fluorescence measurement is one of the great technique to
detect copper ion because of its high sensitivity and specificity towards analytes and also real-
time monitoring with a fast response time.” Moreover, the Cu?* complexes have the ability to
sense other substances (e.g. NO, HNO, S* etc.).® Nitric oxide (NO) is an important signaling
agent for various processes that involve the cardiovascular,” immune’® and nervous systems.**
HNO, the one-electron reduced and protonated derivative of NO, displays distinct chemistry and
biochemistry from that of NO."*™ Recent studies reveal that exogenous administration of HNO
increases the contractility of heart cells™ leading to vasorelaxation in muscle cells'® and also
decreases platelet aggregation.”” HNO also exacerbates ischemia-related injury'® and induces
neurotoxicity.® These lead to the conclusion that HNO plays a crucial role in biology. Detecting
HNO in biological systems is a challenge that has caught the attention of chemists. Difficulties
associated with HNO sensing include differentiation from NO and other biologically relevant
analytes, rapid detection in low concentrations and compatibility of the sensing mechanism with
biological environments, particularly at neutral or slightly acidic pH, high ionic strength and a
temperature of 37 °C. Considering all these, it may be concluded that the most effective strategy
for detecting HNO is to take advantage of its redox activity.**** Probes that are able to be
reduced selectively by HNO act as a sensor if an appropriate output signal is linked to the
reduction step. Although there are various chemical reactions that can be used to detect and trap
HNO,? usually, azanone (HNO, nitroxyl) reacts with copper(l1) ions, resulting in the formation
of NO and Cu*.?® This strategy is utilized for the construction of copper based pro-fluorescent
HNO probes. We discuss here on the systems that collocate a Cu(ll) coordination complex with a
fluorophoric moiety. The sensing mechanism of such probes depends on the unpaired electron of
the Cu(Il) center which quenches the fluorescence of a photo emissive ligand by either electron
or energy transfer (Scheme 5.1). Reduction of Cu(ll) to Cu(l) by HNO restores the fluorescence

of the ligand.
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Scheme 5.1. General mechanism of S*~ sensing and HNO sensing using the copper complex.

Hydrogen sulfide (H,S), a deadly chemical species, is naturally produced by geological and
microbial activities.?* Exposure to H,S can trigger eye and respiratory tract irritation.?> Inhalation
of excess H,S can result in the loss of consciousness, cardiac arrest and in extreme cases, death.”®
H,S functions as an endogenous signaling molecule and also exerts a regulative function in the
intracellular redox status.?” It can regulate the activities of ion channels and act as a tumor
suppressor and it may be the actual signaling molecule in cell signal transduction.”*>* Once
protonated, HS™ or H,S are even more toxic than sulfide (S*) itself. Abnormal concentration of
H,S can cause Alzheimer’s disease, Down syndrome and liver cirrhosis.®> Therefore, it is
essential to develop a rapid and sensitive method for the detection of sulfide anions. By utilizing
the displacement approach, the ligand metal ion “ensemble” that is non-fluorescent due to metal-
ion induced fluorescence quenching, however, becomes fluorescent on subsequent treatment of
the ensemble with an anion which displaces the metal ion from the coordination sphere of the
original organic receptor and releases the ligand into the solution with a revival of the

fluorescence®*>°

(Scheme 5.1). As sulfide is known to react with copper ions to form very stable
CuS (Ksp = 6.3 x 107%%),* among various approaches for sulfide sensing, this reversible sensing
exploiting copper sulfide affinity attracted our special attention.**= In this paper, we report a
Cu-based sensor (1) prepared by the complexation between (quinolin-8-ylamino)-acetic acid
hydrazide (L?) and Cu?* ions which has been developed for a highly sensitive and selective

recognition of HNO and S*~ over other possible competitive anions on the basis of the reduction
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of Cu(ll) to Cu(l) and forming CuS. The 1:1 complexation between the probe and Cu®* was
characterized by mass spectrometry (MS), elemental analysis and Job’s plot. The photophysical
properties and recognition behaviors of the chemosensor have been investigated in detail through

Uv-Vis absorption spectra, fluorescence spectra, MS and theoretical calculations.

5.2 EXPERIMENTAL SECTION

5.2.1 Materials and methods

8-Aminoquinoline, ethyl bromoacetate (Sigma Aldrich), hydrazine hydrate (Sigma Aldrich),
absolute ethanol and salts of Cr¥*, Co?*, Hg**, Mg®*, Mn**, Dy**, Pb**, Zn**, Sm**, F, Br, CI,
I, SCN, HSO, ", SO3”", SO4*, HSO3 " PO,>", CH3sCOO ™, N3, NO, and S* were obtained from
commercial suppliers and used without further purification. Angeli’s salt was prepared by the
reported method.** Solvents like MeOH (methanol), MeCN (acetonitrile) etc. (Merck, India)
were of reagent grade. All other reagents were procured from commercial sources and used
without further purification. Physical measurements, Elemental analyses were carried out using a
CHN analyzer (PerkinElmer 240). Infrared spectra were recorded in the solid state on a Nicolet
Magna IR 750 series-11 FTIR spectrometer in the range 400-4000 cm*. *H-NMR spectra were
recorded in DMSO-ds on a Bruker 300 MHz NMR spectrometer with TMS (8 = 0) acting as an
internal standard. ESI-MS™ (m/z) of the ligand and complexes were recorded on a Waters XEVO
G2QT of HRMS spectrometer. An Agilent diode-array spectrophotometer (Model, Agilent 8453)
was used for Uv-Vis studies. Steady-state fluorescence studies were carried out on a PTI QM-40
spectrofluorimeter. Lifetimes were measured using a Horiba Jobin—Yvon Hamamatsu MCP
photomultiplier (R3809) and data were analyzed by using the IBH DAS6 software. X-band EPR
spectra were recorded on an EPR-Spectrometer (Model: JEOL, JES-FA 200).

5.2.2 Synthesis
5.2.2.1 Preparation of (quinolin-8-ylamino)-acetic acid ethyl ester (L")

A mixture of 8-aminoquinoline (5 mmol), ethyl bromoacetate (7.5 mmol) and anhydrous K,COj3
(12.5 mmol) in acetonitrile was refluxed in a water bath for 8 h. The mixture was then filtered
and the solvent was removed under reduced pressure. The resulting oily product was purified by

column chromatography on silica gel, using DCM (dichloromethane): MeOH (methanol) (9 : 1)
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as the eluent to afford L* (85% yield). L* was characterized by *H NMR analysis. *H NMR (in
DMSO-ds, 300 MHz, ppm): ppm: 1.20 (M, 3H, ~CH), 4.17 (m, 4H, ~CH,, —CH_), 657 (d, 1H, —
ArH), 6.86 (S, 1H, ~ArH), 7.36 (m, 1H, —ArH), 7.50 (m, 1H, —ArH), 8.21 (d, 1H, —~ArH), 8.75

(S, 1H, -NH) (Figure 5.1).

® @®
® X ® V) |
oL A Jo e |
Q) (f) \.
(a)/m\o % @ i l 0 (e \
N °

‘; f
L _‘1' |

/ e

, o~ | ]

Figure 5.1. *H-NMR spectrum of L' in DMSO-ds.
5.2.2.2 Preparation of (quinolin-8-ylamino)-acetic acid hydrazide (L?)

The resulting (quinolin-8-ylamino)-acetic acid ethyl ester (1.0 mmol) and hydrazine hydrate (10
mmol) in ethanol were refluxed in a water bath for 6 h. After cooling, the solid that separated out
was filtered and washed with water, dried and recrystallized from ethanol. Needle shaped
crystals were obtained. (Yield ~70%). CHN analysis for C11H12Ng4o Calculated (%): C, 61.10; H,
5.59; N, 25.91 found (%): C, 60.90; H, 5.58; N, 25.81. ‘H NMR (300 MHz, DMSO-ds) 8ppm:
3.85 (s, 2H, —CH,), 4.27 (s, 2H, -NH,), 6.53 (d, 1H, —ArH), 6.82 (m, 1H, —~ArH), 7.35 (m, 'H, —
ArH), 7.50 (m, 1H, —ArH), 8.22 (d, 1H, —ArH), 8.75 (s, 1H, —NH) and 9.19 (s, 1H, —NH)
(Figure 5.2). *C-NMR: (300 MHz, DMSO-ds) dppm: 45.18, 105.16, 114.43, 122.25, 128.13,
128.66, 136.40, 138.01, 144.51, 147.60, 169.34 (Figure 5.3). ESI-MS+ (m/z): 239.07 (L*+ Na®)
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(Figure 5.4). IR spectrum: —NH, (3430 cm ™), -NH (3302 cm %), —-C=0 (1640 cm%) (Figure
5.5).

® @© | WS p22> | V
@ I N o
oz ©
(d)
HN ©
HN
@ N7 o
®) ” 0 @
® 0%
o M |

168, ME
B
154,433

[F4] ) 8]
() o =5 (€)
- (d)
OO
NG ®
(a)
N
- SN 0
H
(3]
0
| I N UL

Figure 5.3. **C-NMR spectrum of L? in DMSO-ds.
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Figure 5.5. IR spectrum of for L? and [Cu(L? )CI] in solid state.
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5.2.2.3 Solution preparation for UV-Vis and fluorescence studies

For both Uv-Vis and fluorescence titrations, a stock solution of 1.0 x 10> M of the ligand (L?)
was prepared in degassed CH3CN under a nitrogen atmosphere. 1.0 x 10 M stock solutions of
CuCl,-2H,0 and Na,S in water were prepared separately under a N, atmosphere. Similarly, 1.0 x
1073 M stock solution of Angeli’s salt in water was prepared in degassed water under a nitrogen
atmosphere. Stock solutions of tested metal ions as well as anions were prepared in CH3CN-H,0
under anaerobic conditions by purging nitrogen gas in a gas tight vessel. 2.5 ml of degassed
CHsCN was pipetted out in a gas tight cuvette to which 20 pM of L? was added. Then metal ions
(~ 5 equivalents) were added by injecting into the headspace of the gas tight cuvette before
measuring fluorescence. Likewise titration of the resulting complex, [Cu"(L?)]*, was carried out
by the incremental addition of Angeli’s salt (0-10 puM). The path lengths of the cells for
absorption and emission studies were 1 cm. Fluorescence measurements were performed using a

5 nm x 3 nm slit width.
5.2.2.4 Preparation of sensor (1)

Copper(1l) chloride dihydrate, CuCl,-2H,0 (65 mg, 0.5 mmol), was dissolved in 10 ml of freshly
distilled acetonitrile and to this yellow solution, ligand L? (108 mg, 0.5 mmol) was added. The
color of the solution changed to light green. The resulting mixture was stirred for 3 h. The
volume of the solution was reduced to 5 ml under reduced pressure and diethyl ether (10 mL)
was added and kept at 0 °C for 12 h to afford complex (1) as microcrystals (M.W. 314.23).
Yield: 138 mg (~80%). CHN analyses for C1;H1:CICuN,o, calculated (%): C, 42.04; H, 3.53; N,
17.83 found (%): C, 42.03; H, 3.54; N, 17.84. ESI-MS* (m/z): 320.3290 ([(L?)Cu'(CI)] + Li*)
(Figure 5.6).

5.2.3 Job’s plot

The composition of the complex was determined by Job’s method. In this method, we carried out
the absorption measurements of a series of solutions keeping the sum of two reactants constant in
a fixed volume but varying molar concentrations of Cu®* ions and plotted against the molar
fraction of the fluorophore. A minimum absorbance appeared at the molar ratio of the reactants
which was found to be 1 : 1 with respect to the ligand for the Cu?* complex.

207



CHAPTER 5

TOF MS ES+
387e8

163.8260

2189428 [LZ_ Cuz’]Cl

187 (82

Figure 5.6. Mass spectrum of [Cu(L?)CI] in MeOH.
5.2.4 Computational details

L2 was fully optimized using a Gaussian 09 W software package.** The B3LYP functional was
adopted with 6-31G as the basis set for all the atoms (C, H, N and O) and for the Cu complex we
used the B3LYP/6-31+g (d,p) basis set. The global minima of all these species were confirmed
by the positive vibrational frequencies. Time dependent density functional theory (TDDFT)**3
with the B3LYP density functional associated with the conductor-like polarizable continuum
model (CPCM)*~*° was applied for the study of the low-lying excited states of the ligand and the
complexes in CH3CN using the optimized geometry of the ground state (Sp). The vertical

excitation energies of the lowest 40 singlet states are also computed here.
5.3 RESULTS AND DISCUSSION

The ligand L? was prepared by refluxing (quinolin-8-ylamino)-acetic acid ethyl ester (1.0 mmol)
and hydrazine hydrate (10 mmol) in ethanol in a water bath for 6 h (Scheme 5.2). The final
product and all the intermediates were characterized thoroughly by CHN analysis, *H-NMR
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(Figure 5.1 and Figure 5.2) and **C-NMR (Figure 5.3), HRMS (Figure 5.4) and IR (Figure
5.5) studies.

NH, HN

N o (Lh

| 3

\ <
HN NH_N

(LZ) llz- 'lz

\

‘thanol Reflux,
0 Ghrs

NH
/
H,N

Scheme 5.2. Synthetic route to the probe L2
5.3.1 Uv-Vis absorption studies

The Uv-Vis absorption spectrum of L? with Cu?* was investigated by spectrophotometric
titration in acetonitrile solution. L? exhibits strong bands around 350 nm and 256 nm. Upon the
addition of Cu** (1 equivalent), the absorption intensity decreased at 350 nm and increased at
299 nm (Figure 5.7a) which further confirms the coordination between Cu?* and L% The
absorbance of L? at 299 nm increases with increase in the concentration of Cu®* due to ligand to
metal charge transfer (LMCT). All these data were fitted to the Benesi—Hildebrand equation to
get the formation constant and stoichiometry of complexation, where Ao and Amax are the
absorbance of the pure ligand in absence and presence of excess metal ions, respectively. A
linear least-squares fit of (Amax — Ao)/(A — Ap) against 1/[M] clearly demonstrates a 1 : 1
complexation (n = 0.99) giving an apparent formation constant K = (4.934 + 0.05) x 10* M™*
(Figure 5.7b).
(Amax — Ao) _ 1

(A—AO) —1+W .......(1)
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Figure 5.7. (a) Changes in UV-Vis absorption spectra of L? (20 uM) in MeCN solutions with
various amounts of Cu®* (0-0.8 equivalent); (b) Benesi— Hildebrand least-squares fit; and (c)

Job’s plot.

The composition of the complex was further determined by Job’s method (Figure 5.7(c)) and
also supported by mass analysis. ESI-MS* (m/z): 320.3290 ([(L?)Cu'"(CI)] + Li*)( Figure 5.6).

5.3.2 Fluorescence quenching studies

Recording of the emission spectra of L? and its fluorescence titration with Cu®* were performed
in acetonitrile solution with a fixed concentration of L? (20 uM) (Figure 5.8(a)). The
fluorescence quenching of the ligand (L? ) is characterized by a linear Stern—Volmer (SV) plot

and analyzed using the classical Stern—Volmer (SV) egn (2)*'

Where Fq and F are the steady state fluorescence intensities at the maximum wavelength in the

absence and presence of a quencher (Q), respectively, [Q] is the quencher concentration and Kgy
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is the Stern—\VVolmer constant. The evaluated parameter is Ksy = (5.32 + 0.03) x 10* M* (Figure
5.8(b)).

3.0x10° 2.8 4
s K =(5.32+0.03)x10 \Y i
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Figure 5.8. (a) Fluorescence emission changes of L? (20 pM) in MeCN solutions upon addition
of Cu?* (0-2.7 equivalent, Aex = 380 nm, Aem = 475 nm); and (b) linear Stern—Volmer plot.
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Figure 5.9. Lifetime plot of L? and (L? + Cu®") in MeCN solutions.

The addition of Cu?* into the L? solution leads to a gradual decrease in the fluorescence intensity
(F1) at 475 nm which gets saturated upon addition of ~2.7 equivalents of Cu?* yielding a ~3.0

fold decrease in F.l. arising mainly due to an electron transfer (ET) from the quinoline
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fluorophore to chelated Cu®* and is evidenced from the substantial decrease in the lifetime of the
Cu®* complex (teomplex = 0.579 ns) in comparison with the free ligand (L%) (tiigana = 1.08 ns)*®
(Figure 5.9).

Selective quenching of fluorescence of L? by Cu®* was checked for other metal ions (~5
equivalent) like Cr**, Co?*, Hg**, Mg®*, Mn®*, Dy**, Pb%+, Fe**, Zn®** and Sm*" and found to

have negligible effects on fluorescence quenching (Figure 5.10).

3.0x10°

2.5x10°
- 2.0x10°
= |
S 1.510°
....3 !
&= 1.0x10°

5.0x10°

0.0 " 1 A " 1 i
400 450 500 550 600
wavelength(nm)

Figure 5.10. (a) Fluorescence emission spectra in the presence of different cations like Cr**,
Co2+, Hg®*, Mg?*, Mn?*, Dy**, Fe**, Pb?*, Zn?*, Sm® and Cu?*; 5 equivalents of these cations

were added to L? (20 uM) in MeCN solutions; and (b) the corresponding histogram plot.
5.3.3 HNO-induced reduction of Cu** and HNO-sensing

Treatment of a 20 pM solution of [Cu"-L?]" with ~0.5 equivalent of Angeli’s salt restored the
emission intensity by ~2.8 fold that of complexed L?, owing to the reduction of the paramagnetic
Cu?" ion. The consumption of 0.5 equivalent of HNO clearly indicates that HNO acts as a 2e—

reducing agent leading to the formation of NO* as follows:*°
Cu?*t + NO - Cut + NO*

The positive ion electrospray mass spectrum of this reduced species showed a peak with (m/z)

301.0127, which corresponds to {[Cu'(L?] + Na*} complex (calculated m/z = 301.01)(Figure
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5.11). In aqueous solution, Angeli’s salt generates NO, and HNO® which on subsequent

treatment with [Cu"-L?]* reduces Cu(l1) to Cu(l) without displacement of metal ions.
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Figure 5.11. Mass spectrum of [Cu(L?)CI]* with Na,N,O3 in MeCN and H,O.
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Figure 5.12. (a) Fluorescence emission changes of [Cu"-L?]" (20 uM) in MeCN solutions upon
addition of HNO (0-0.5 equivalent), Aex = 380 nm, Aery = 469 nNm; (b) non-linear fitting plot.
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A 2.8-fold increase in the emission was observed, demonstrating fast HNO detection with
significant turn-on (Figure 5.12a). The formation constant of the [Cu"-L?]* complex with HNO
was determined by the nonlinear curve fitting method and found to be (2.07 + 0.80) x 10° M* on
the basis of the fluorescence titration experiments (Figure 5.12b). [Cu"-L?]" displayed a
negligible change in emission when treated with 100 uM of NaNOy, indicating that the turn-on
response induced by Angeli’s salt is due to HNO production and not by the NO, side product
(Figure 5.13). The selectivity of the ligand towards HNO was further checked by performing the
same experiment in the presence of NO, KO,, H,0,, NO, , TEMPO and "OH which failed to
induce significant emission enhancement of the [Cu"-L?]* complex manifesting the selectivity of
the [Cu"-L?]" complex (1) towards HNO. (Figure 5.13)
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Figure 5.13. Bar chart illustrating fluorescence responses of [Cu"-L?]* complex at 469 nm (Aex=
380 nm) towards different biological anions in CH;CN. X™ = NO, KO,, H,0,, TEMPO radical,
OH', NO;, cysteine, glutathione, sodium ascorbate and HNO.

HNO-induced fluorescence enhancement in the Cu®* systems may occur in more than one way

(please see Scheme 5.3). As revealed from Scheme 5.3, the enhancement of fluorescence
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intensity may occur by (1): turn on sensing with N-nitrosation with the removal of reduced
Cu(l); 2(A): turn on sensing by the reduction of Cu(ll) to Cu(l) with HNO without the removal
of the metal, bound to the receptor; and 2(B): turn on sensing by the reduction of Cu(ll) to Cu(l)
with HNO and the removal of reduced metal ions. In our case, mechanism 2 (A) is operative and

formation of [Cu' -L?] species is determined by the EPR (Figure 5.14) studies.

1. N-NITROSATION

® - U5

N-nitrosated
= + NO Fluorescent probe

2. REDUCTION

2 {9 ‘ / '/"-‘
(A) oracwt ( 2 Fluores,
(B) arucau' ( &bﬁri‘:-q_@
Prob. &%ﬂel -—

Free Ligand
Scheme 5.3. Typical mechanism for HNO detection.

The EPR spectrum of [Cu"-L?]", prepared separately, is typically an axial type with g, = 2.04, g;
= 2.18 and ga, = 2.11 manifesting the presence of paramagnetic Cu" ions. When this complex
was treated with a 3-fold excess of HNO generated from Na;N,O3; (a HNO donor) and the
resultant solution was subjected to the EPR study in MeCN, the previous signal vanishes to the
baseline indicating a complete reduction of [Cu"-L?]* to [Cu'(L?)] and is responsible for the

regeneration of the fluorescence properties of the complex.
5.3.4 S*” Induced displacement of Cu?** and S*~ sensing

From the earlier studies, we can conclude that L? selectively binds with Cu?* to form the [Cu'"-
L2]* complex with a remarkable change in its spectral properties. As Cu®* can coordinate with

S*" to form the stable species CuS, we conjectured that the [Cu"-L?]" ensemble can serve as a
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candidate for a turn-on fluorescent sensor for S*~. To strengthen this idea, the fluorescence
spectra of the [Cu"-L?]" ensemble were studied in the presence of ~5 equivalent of different
anions such as F, CI, Br, SOs*, NO;, SO,*, SOs*, POs", N3', HSO4 , HSOs", SCN",

CH3COO and I which did not cause any remarkable fluorescence response (Figure 5.15).
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Figure 5,15, Fluorescence studies on the selective binding of
the [Cu'-L? " complex {20pM) towards S over other anions (3
equiv.)

However, the [Cu"-L?]* ensemble shows an obvious selective fluorescence ON behavior with
S*". This fact strongly suggests that the ligand L® was freed from the [Cu"-L?]" complex in
presence of S*~. The formation constant of [Cu"-L?]* with S* was determined to be (1.89 + 0.02)
x 10* M™* on the basis of the fluorescence titration experiments (Figure 5.16). Also the
absorbance behavior of the [Cu'-L?]* complex with S** was almost a reversible process
compared to the Uv-Vis spectroscopic titration of L? with Cu®* (Figure 5.17). The absorption
peak and intensity changes were similar but in the reverse direction to the titration curve
obtained with Cu** (Figure 5.7a). This phenomenon also suggests that L? is released from the
[Cu"-L?]" complex and CuS is formed. From the above fact we can conclude that L? is
recyclable efficiently. As illustrated in Scheme 5.1, the addition of copper ions into L? caused
fluorescence quenching. Subsequently, the added sulfide ion captured copper(ll) ions, resulting
in fluorescence enhancement. Furthermore, the proposed mechanism was also well supported by
the ESI-MS™ (m/z) data (Figure 5.18).
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Figure 5.16. Fluorescence emission changes of [Cu'-L?]" (20 uM) in MeCN solutions upon
addition of S% (50uM), Aex= 380nm, Aem=478 nm );(b) Linear fitting plot.
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Figure 5.17. (a) Changes in UV-Vis absorption spectra of [Cu"-L?]* (20 uM) in MeCN solutions
with gradual addition of S*~ (0-1.8 equivalent). (b) Linear fitting of absorbance vs. [S*] plot.

From pH 7 to 10 no obvious change in the fluorescence intensity (F1) of the probe ([Cu"-L?]")
was observed; however it is comparable with the F.I. obtained when L? is quenched by Cu?* ions
in the fluorescence titration, thereby justifying the usefulness of the probe for the detection of
HNO and S*” (Figure 5.19).
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Figure 5.18. Mass spectrum of Cu-L? + Na,S in MeCN and H.0.
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Figure 5.19. pH dependence of fluorescence responses of [Cu'"-L]" complex.

5.3.5 Geometry optimization and electronic structure

In order to get some idea of the coordination mode of the ligand with Cu®* ions, we carried out

DFT optimization on L2, [(L?)Cu"CI] and [Cu'-L?] complexes. The optimized geometries of L?,

[(LY)CuCI] and [Cu'-L?] complexes are shown in (Figure 5.20).
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Figure 5.20. Optimized structures of L?, [(L?)Cu"CI] and [Cu' -L?] complexes.

The compositions of these complexes (L2 [(L?)CuCl] and [Cu'-L?]) were adopted based on
HRMS studies. L? [(L®)CuCl] and [Cu'-L?] complexes have a C; point group. The important

optimized geometrical parameters of the ligand and complexes are listed in Table 5.1.

Table 5.1a. Selective bond distance and bond angles of L?

Bond distance (A°) Bondangle (°)
N24-N26 1.39 C7 N17 C19 129.776
C22-023 1.25 C19 C22 023 122.608
C7-N17 1.37 C19 C22 N24 117.167
N17-C19 1.45 C22 N24 N26 122.772
C19-C22 152
C22-N24 1.37
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Table 5.1b. Selective bond distance and bond angles of [Cu' (L?)CI].

Bond distance (A°) Bondangle (°)
Cu27-Cl29 2.16 N17Cu27028 84.356
028-Cu27 1.90 N17Cu27N16 79.411
N16-Cu27 2.06 028Cu27CI29 101.149
N17-Cu27 2.24 N16Cu27CI29 102.904

Table 5.1c. Selective bond distance and bond angles of [Cu'(L?)].

Bond distance (A°) Bondangle (°)
N17-Cu27 2.42 N17Cu27028 85.02
N16-Cu27 1.91 N17Cu27N16 81.35
028-Cu27 1.87 N28C22N23 125.17
N23-N24 1.40

In case of the [Cu"(L?)(CI)] complex, the Cu®* center was found to adopt a distorted tetrahedral
geometry. The calculated Cu—N bond distances are found in the range of 2.06 A— 2.24 A and the
Cu-O bond distances are 1.90 A which are comparable to the reported values.”® On
complexation there is a slight increase in C—N, N-N and N-O bond distances with respect to that
in the free ligand. Table 5.2 describes the changes in bond lengths in [Cu"(L?)(CI)] compared to
the free ligand. In the case of L? in the ground state, the electron density of the HOMO and
HOMO-1 orbitals resides mainly on the quinolin-8-amine moiety, whereas for the LUMO and

LUMO+1 orbitals, it remains on the quinoline moiety.

Table 5.2 Change in bond lengths (A) for [Cu''(L?)(CI)] compared to free L? in the ground
state calculated at B3LYP levels

L? [cu''(Ld(cny
N24-N26 1.39 1.38
C22-023 1.25 1.32
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C7-N17 1.37 1.44
N17-C19 1.45 1.50
C22-N24 1.37 1.29

The energy gap between the HOMO and LUMO is 3.78 eV (Figure 5.21). In the case of the
HOMO-1 and HOMO-2 orbitals in the [Cu"(L?)(CI)] complex, the electronic contribution
comes mainly from the (quinolin-8-ylamino)-acetic acid hydrazide moiety and in the case of the
LUMO and LUMO+1 orbitals, it remains on the quinoline moiety. The HOMO-LUMO energy
gap is 2.23 eV (Figure 5.21). In case of the HOMO—-1 and HOMO-2 orbitals in [Cu'-L?]
complex, the electronic contribution comes mainly from the amino acetic acid hydrazide moiety
and (quinolin-8-ylamino)-acetic acid hydrazide moiety, whereas in case of the LUMO, it comes

from the quinolin-8-amine moiety. The HOMO-LUMO energy gap is 0.09 eV (Figure 5.21)

g
T af

-0.92 eV
LOMO - ....?“Ig?...%!___--—""—-- "
0.09 eV
HOMO —=—==—. _ _ 3.78 eV
-294 eV S.e L
< T

[Cu(l)-1?]

L? [Cu(n)-L2J*

Figure 5.21. Frontier molecular orbitals of L?, [Cu"-L?]* and [Cu' -L?] complexes.
g

The Uv-Vis absorption spectrum of the ligand used in the present work was calculated at room
temperature in CH3CN by the TDDFT method. The ligands show three well resolved bands at
200, 256 and 350 nm and all have an ILCT character. These bands are assigned to the So — S3;,
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So—S14 and Sp—Sg electronic transitions, respectively (Figure 5.22a). The absorption energies

and associated oscillator strengths are given in Table 5.3 and Table 5.4.

Table 5.3. The comparable calculated optical transitions with experimental UV/Vis values
for the ligand (L?), and [Cu"-L?] * and [Cu'-L?] complexes

Ligand and Theoretical Experimental Electronic f
Cu?*- complex (nm) (nm) transition
Ligand 331.82 350 So—Se 0.2682
Ligand 256.60 256 So— S 0.2029
Ligand 205.44 200 So—Sa1 0.1193
[Cu"-LT 331.66 352 So—S15 0.0110
[Cu"-L* 325.91 315 So—S17 0.0222
[Cu"-LT 249.88 256 So—Sas 0.0104
[Cu'-L7] 350.57 350 Se—Ss 0.0304
[Cu'-L9] 291.72 287 So—S1 0.0183

Table 5.4. Selected parameters for the vertical excitation (UV-Vis absorptions) of L?;
electronic excitation energies (eV) and oscillator strength (f), configurations of the low-
lying excited states of L?; calculation of the So—S, energy gaps on optimized ground- state

geometries (UV-vis absorption).

Electronic Composition Excitatio | Oscillator Cl | Assignment | Aexp
transition nenergy | Strength(f) (nm)
(eV)
So—Se HOMO—LUMO+1 3.7365 0.2682 0.25046 ILCT 350
So—S14 | HOMO-1 4.8318 0.2029 0.37123 ILCT 256
—LUMO+3
So—S31 | HOMO-6 6.0349 0.1193 0.35030 ILCT 200
—LUMO+4
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The Uv-Vis spectrum of the [Cu"(L?)(CI)] complex shows three absorption bands at 256, 315
and 352 nm in CH3CN at room temperature which correspond well to the TDDFT calculated
absorption bands located at 250, 326 and 332 nm. These three absorption bands can be assigned
to the Sp — Sa3g, So — S17 and Sp — S35 transitions, respectively (Figure 5.22b) originating from
an admixture of LMCT and ILCT transitions (Table 5.5).
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Figure 5.22. (a) Frontier molecular orbitals involved in the UV-Vis absorption of L? in CH;CN.
(b) Frontier molecular orbitals involved in the UV-Vis absorption of [Cu"(L?)(CI)] in CHsCN.

Table 5.5: Selected parameters for the vertical excitation (UV-Vis absorptions) of [Cu"(L?CI];
electronic excitation energies (eV) and oscillator strength (f), configurations of the low-lying excited
states of [Cu"'(L?)CI]; calculation of the S,—S, energy gaps on optimized ground- state geometries
(UV-Vis absorption

Electronic Composition Excitation | Oscillator Cl Assignment | Aexp
transition energy (eV) | Strength (nm)
()

So—S1s5 HOMO- 3.7383 0.110 0.74643 | ILCT/MLCT | 352
1-LUMO

So—S17 HOMO- 3.8042 0.0222 |0.26103 | ILCT/MLCT | 315
[-LUMO+ 1

So—S3s HOMO- 4.9618 0.0104 |0.16877 | ILCT/MLCT | 256
2—-LUMO+ 1
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The Uv-Vis spectrum of the [Cu' -L?] complex shows two absorption bands at 287 and 350 nm
in CH3;CN at room temperature (Figure 5.23a) which correspond well to the TDDFT calculated
absorption bands located at 292 and 351 nm. These two absorption bands can be assigned to the
So—S12 and Sp— Sy transitions respectively (Figure 5.23b) originating from an admixture of
LMCT and ILCT transitions (Table 5.6).
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Figure 5.23. (a) Changes in UV-vis absorption spectra of [Cu"-L?]" (20 uM) in MeCN solutions
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with various amounts of HNO (0-2.5 equivalent). (b) Frontier molecular orbitals involved in the
UV-Vis absorption of [Cu' -L?] in CH3CN.

Table 5.6. Selected parameters for the vertical excitation (UV-VIS absorptions) of
[Cu'(L?)]; electronic excitation energies (eV) and oscillator strength (f), configurations of
the low-lying excited states of [Cu'(L?)]; calculation of the Sp—S, energy gaps on optimized

ground- state geometries (UV Vis absorption).

Electronic Composition Excitation | Oscillator Cl Assignment | Aexp

transition energy(eV) | Strength(f) (nm)

So—S4 HOMO- 3.5366 0.0304 0.28325 | ILCT/MLCT | 350
2—LUMO

So—S12 HOMO- 4.2501 0.0183 0.56234 | ILCT/MLCT | 287
1-LUMO+ 2
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5.4 CONCLUSION

In summary, a new ligand, (quinolin-8-ylamino)-acetic acid hydrazide (L?), has been synthesized
and characterized. Taking this ligand a Cu(ll) based sensor (1) has been developed by the
complexation between (quinolin-8-ylamino)- acetic acid hydrazide (L?) and Cu?* ions. Complex
(1) has also been characterized by ESI-MS*, X band EPR spectrum and CHN analysis. The EPR
spectrum of [Cu"-L?]*, prepared separately, is typically an axial type with g, = 2.04, g; = 2.18
and ga, = 2.11 manifesting the presence of paramagnetic Cu' ions; however on treatment with
Angeli’s salt, the EPR signal vanishes to the baseline indicating the complete reduction of
paramagnetic Cu®* to diamagnetic Cu* ions. The sensor (1) is highly selective for the recognition
of HNO and S*> over other biologically abundant anions with prominent enhancement in
absorption and emission intensities. The sensor [Cu"-L?]* (1) shows weak fluorescence due to
ET (electron transfer) but upon addition of HNO and S*7, a large enhancement in the
fluorescence intensity (F.1.) was observed over other possible competitive anions on the basis of
the reduction of Cu(ll) to Cu(l) and formation of CusS, respectively. The 1 : 1 complexation was
characterized by Job’s plot and the corresponding Ky values were evaluated to be (4.93 + 0.05) x
10* M for Cu** obtained from Uv-Vis absorption titration. Quantum yields of L? and [Cu-L? +
$?7 and [Cu-L? + HNO] complexes in acetonitrile (CH3CN) are found to be 0.107, 0.09, and

0.07, respectively, using acidic quinine sulphate as the standard.
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After the elaborate description, the overall view of the thesis is summarized chapter wise to
highlight the aims of our project that may indicate the extent to which we have achieved our
dream for the entire titled project.

Chapter 1

This chapter deals with the short introduction about the reactive bio-molecule NO (Nitric Oxide)
and its kin HNO (nitroxyl). The endogenous synthesis of NO and HNO 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 utilizing fluorescence method.

Chapter 2

In this chapter, we have described a new N-nitrosation based fluorescent sensor (NDAQ)
utilizing 8-aminoquinoline and Nitrobenzoxadiazole as fluorophoric units. The probe exhibits
~27 fold fluorescence enhancement at Aem = 542 nm with high sensitivity (LOD=7 nM) and
shorter response time, eliminating the interference of reactive species (RCS/ ROS/RNS).
Furthermore, all the photophysical studies of NDAQ have been performed in pure aqueous
medium at physiological pH, indicating its good stability under physiological condition. The
kinetic assay illustrates the second—order dependency w.r.to [NO] and first order with [NDAQ)].
The biological studies reveal the successful application of the probe to track both endogenous
and exogenous NO in living organisms.

Chapter 3

The chapter 3 represents a simple, least-cytotoxic as well as an efficient fluorescent sensor
HQEN.go for nitric oxide (NO). The probe was synthesized utilizing (quinolin-8-yloxy)-acetic
acid ethyl ester (L') and N,N-dimethyl ethylene diamine to recognize NO in 100% aqueous
solution. Its marked selectivity and sensitivity towards NO, makes it a highly suitable probe for
nitric oxide under in vitro conditions with the possibility of in vivo monitoring of NO. Upon
addition of 3.5 equivalents of NO, there is ~7 fold enhancement in fluorescence intensity in
aqueous solution with a corresponding K; value of (1.75 + 0.07) x 10* M™. In terms of the
3o/slope method, the LOD for nitric oxide was found to be 53 nM thus, making the probe highly
suitable to track NO in biological systems.
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CHAPTER 6

Chapter 4

This chapter deals with a new dihydropyridine based nitric oxide sensitive probe (CQME) with
benzochromene as the fluorophore unit. The probe exhibits ~30 fold enhancement in the
emission intensity at 615 nm on excitation at 470 nm resulting a huge stoke-shifts of 145 nm
assuring a minimum interference from the excitation light for in vivo applications. Investigation
of the cause of this enhancement reveals that the cleavage of C-C bond between benzochromene
and 1,4-dihydropyidine (DIPY) units occurs due to nitration on the 2H-pyran ring of
benzochromene moiety leading to the formation of 2-nitro-3H-benzo[flchromene (PYNO;) and
dimethyl 2,6-dimethylpyridine-3,5-dicarboxylate (PYMAA) as major products. While the simple
chromene-DIPY based probe (SALDPY) gives dimethyl 4-(2H-chromen-3-yl)-2,6-
dimethylpyridine-3,5-dicarboxylate (SALPY) as the major product with a very small amount of
C-nitrosated product (SALNO,). Now, the biocompatibility, high selectivity and sensitivity (~42
nM) along with pH independency of CQME makes it a premier candidate to be utilized to trace
both endogenous and exogenous nitric oxide (NO) in biological systems.

Chapter 5

This chapter represents a Cu(ll) based sensor (1) for highly sensitive and selective recognition of
HNO and S*~ over other biologically abundant anions with prominent enhancement in absorption
and emission intensities. This was synthesized by complexation between (quinolin-8-ylamino)-
acetic acid hydrazide (L% and Cu®* ions. The sensor (1) exhibits weak fluorescence due to ET
(electron transfer) but upon addition of HNO and S*, a large enhancement in fluorescence
intensity (F.l.) was observed over other possible competitive anions on the basis of reduction of
Cu(ll) to Cu(l) and formation of CusS, respectively. The 1:1 complexation was characterized by
mass spectrometry (MS), elemental analysis and Job’s plot. The corresponding K; value for cu®
from Uv-Vis absorption titration was evaluated as (4.934 + 0.05) x 10* M. DFT studies also
supports the sensing mechanism of Cu(l1) based sensor (1) towards HNO and S*".
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A Cu(n) based sensor (1) prepared by the complexation between (quinolin-8-ylamino)-acetic acid hydr-
azide (L?) and Cu®* ions has been developed for a highly sensitive and selective recognition of HNO and
$2~ over other biologically abundant anions with prominent enhancement in absorption and emission
intensities. The sensor (1) shows weak fluorescence due to ET (electron transfer) but upon addition of
HNO and S~ a large enhancement in the fluorescence intensity (F.l.) was observed over other possible
competitive anions on the basis of reduction of Cu(i) to Cu() and formation of CusS, respectively. The 1:1
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complexation was characterized by mass spectrometry (MS), elemental analysis and Job’s plot. The
corresponding K; value was evaluated to be (4.934 + 0.05) x 10* M™* for Cu?* from UV-Vis absorption
titration. Quantum yields of L? and [Cu-L2 + $?7] and [Cu-L2 + HNO] complexes in acetonitrile (CH5CN)
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Introduction

In many areas and disciplines, fluorescent sensors are in high
demand because of their selective and efficient signaling pro-
perties for the detection of various chemical and biological
analytes." Copper, an essential trace metal ion, plays an impor-
tant role in various biological and metabolic processes, the
level of which can be regulated haemostatically.>
Accumulation of a large excess of copper in the brain and the
liver is highly toxic and causes Alzheimer’s, Parkinson’s,
Prion, Menkes and Wilson’s diseases.>™® Fluorescence
measurement is one of the great techniques to detect Cu**
because of its sensitivity and specificity and real-time monitor-
ing with a fast response time.” Moreover, the Cu®>" complexes
have the ability to sense other substances.®

Nitric oxide (NO) is an important signaling agent for
various processes that involve the cardiovascular,” immune'®
and nervous systems.'' HNO, the one-electron reduced and
protonated derivative of NO, displays distinctive chemistry and
biochemistry different from that of NO."* ™
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are found to be 0.107, 0.09 and 0.07, respectively, using quinine sulphate as the standard.

Recent studies reveal that exogenous administration of HNO
increases the contractility of heart cells," leads to vasorelaxa-
tion in muscle cells'® and decreases platelet aggregation.'”
HNO also exacerbates ischemia-related injury'® and induces
neurotoxicity.'® These lead to the conclusion that HNO plays a
crucial role in biology. Detecting HNO in biological systems is a
challenge that has caught the attention of chemists. Difficulties
associated with HNO sensing include differentiation from NO
and other biologically relevant analytes, rapid detection in low
concentrations and compatibility of the sensing mechanism
with biological environments, particularly at neutral or slightly
acidic pH, high ionic strength and a temperature of 37 °C.

The most effective strategy for detecting HNO is to take
advantage of its redox activity.>*>' Probes that are able to be
reduced selectively by HNO act as sensors if an appropriate
output signal is linked to the reduction step. Although there
are various chemical reactions that can be used to detect and
trap HNO,**> usually, azanone (HNO, nitroxyl) reacts with
copper(n) ions, resulting in the formation of nitric oxide and
Cu".*® This strategy is utilized for the construction of copper-
based pro-fluorescent HNO probes.

We discuss here on the systems that collocate a Cu(n)
coordination complex with a fluorophoric moiety. The sensing
mechanism of such probes depends on the unpaired electron
of the Cu(u) center which quenches the fluorescence of a
photoemissive ligand by either electron or energy transfer
(Scheme 1). Reduction of Cu(u) to Cu(i) by HNO restores the
fluorescence of the ligand.

Dalton Trans., 2018, 47, 11563-11571 | 11563


www.rsc.li/dalton
http://orcid.org/0000-0003-0756-0468
http://crossmark.crossref.org/dialog/?doi=10.1039/c8dt02784f&domain=pdf&date_stamp=2018-08-15
http://dx.doi.org/10.1039/c8dt02784f
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT047033

Paper

R}E'“'“'““j OFF

Fluorescent
Probe

Rﬂmissin ON

Probe

+

Fluorescent
Probe

issi ET
\E:“suy r\OFF
hv

Scheme 1 General mechanism of S?~ sensing and HNO sensing using
the copper complex.

Hydrogen sulfide (H,S), a deadly chemical species, is natu-
rally produced by geological and microbial activities.>*
Exposure to H,S can trigger eye and respiratory tract irri-
tation.?® Inhalation of excess H,S can result in the loss of con-
sciousness, cardiac arrest and in extreme cases, death.>® H,S
exerts a regulative function of the intracellular redox status
and functions as an endogenous signalling molecule.”” It can
regulate the activities of ion channels and act as a tumor sup-
pressor and it may be the actual signalling molecule in cell
signal transduction.*®”"

Once protonated, HS™ or H,S is even more toxic than
sulfide (S*) itself. Abnormal concentrations of H,S can cause
Alzheimer’s disease, Down syndrome and liver cirrhosis.’?
Therefore, it is essential to develop a rapid and sensitive
method for the detection of sulfide anions.

By utilizing the displacement approach, the ligand metal
ion “ensemble” that is non-fluorescent due to metal-ion-
induced fluorescence quenching, however, becomes fluo-
rescent on subsequent treatment of the ensemble with an
anion which displaces the metal ion from the coordination
sphere of the original organic receptor and releases the ligand
into the solution with a revival of the fluorescence®>*
(Scheme 1).

As sulfide is known to react with copper ions to form very
stable CuS (Kp = 6.3 x 107°°),”> among various approaches for
sulfide sensing, this reversible sensing exploiting copper
sulfide affinity attracted our special attention.*®°

In this paper, we report a Cu-based sensor (1) prepared by
the complexation between (quinolin-8-ylamino)-acetic acid
hydrazide (L*) and Cu** ions which has been developed for a
highly sensitive and selective recognition of HNO and S>~ over
other possible competitive anions on the basis of the
reduction of Cu(u) to Cu(1) and forming CuS. The 1:1 com-
plexation between the probe and Cu®>" was characterized by
mass spectrometry (MS), elemental analysis and Job’s plot.
The photophysical properties and recognition behaviours of
the chemosensor have been investigated in detail through
UV-Vis absorption spectra, fluorescence spectra, MS and
theoretical calculations.
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Experimental section
Materials and methods

8-Aminoquinoline, ethyl bromoacetate (Sigma Aldrich), hydr-
azine hydrate (Sigma Aldrich), absolute ethanol and salts of
cr’’, Co*, Hg*", Mg*", Mn*", Dy*", Pb**, zn**, sm’", F~, Br",
Cl , I, SCN™, HSO,™, SO5*7, SO,*~, HSO;™, PO,*~, CH;COO",
N;~, NO,™ and S*~ were obtained from commercial suppliers
and used without further purification. Angeli’s salt was pre-
pared by the reported method.*® Solvents like MeOH (metha-
nol), MeCN (acetonitrile) etc. (Merck, India) were of reagent
grade. All other reagents were procured from commercial
sources and used without further purification.

Physical measurements

Elemental analyses were carried out using a CHN analyzer
(PerkinElmer 240). Infrared spectra were recorded in the solid
state on a Nicolet Magna IR 750 series-II FTIR spectrometer in
the range 400-4000 cm™'. "H-NMR spectra were recorded in
DMSO-ds on a Bruker 300 MHz NMR spectrometer with TMS
(5 = 0) acting as an internal standard. ESI-MS' (m/z) of the
ligand and complexes were recorded on a Waters XEVO
G2QTof HRMS spectrometer. An Agilent diode-array spectro-
photometer (Model, Agilent 8453) was used for UV-Vis studies.
Steady-state fluorescence studies were carried out on a PTI
QM-40 spectrofluorometer. Lifetimes were measured using a
Horiba Jobin-Yvon Hamamatsu MCP photomultiplier (R3809)
and data were analyzed by using the IBH DAS6 software.
X-band EPR spectra were recorded on an EPR-Spectrometer
(Model: JEOL, JES-FA 200).

Preparation of (quinolin-8-ylamino)-acetic acid ethyl ester (L")

A mixture of 8-aminoquinoline (5 mmol), ethyl bromoacetate
(7.5 mmol) and anhydrous K,CO; (12.5 mmol) in acetonitrile
was refluxed in a water bath for 8 h. The mixture was then fil-
tered and the solvent was removed under reduced pressure.
The resulting oily product was purified by column chromato-
graphy on silica gel, using DCM : MeOH (9:1) as the eluent to
afford L' (85% yield). L' was characterized by 'H NMR ana-
lysis. '"H NMR (in DMSO-ds, 300 MHz, ppm): Sppm: 1.20 (m,
3H, -CHj,), 4.17 (m, 4H, -CH,, -CH,), 6.57 (d, 1H, -ArH), 6.86
(S, 1H, -ArH), 7.36 (m, 1H, -ArH), 7.50 (m, 1H, -ArH), 8.21 (d,
1H, -ArH), 8.75 (S, 1H, -NH) (Fig. S17).

Preparation of (quinolin-8-ylamino)-acetic acid hydrazide (L?)

The resulting (quinolin-8-ylamino)-acetic acid ethyl ester
(1.0 mmol) and hydrazine hydrate (10 mmol) in ethanol were
refluxed in a water bath for 6 h. After cooling, the solid that
separated out was filtered and washed with water, dried and
recrystallized from ethanol. Needle shaped crystals were
obtained. Yield ~70%. CHN analysis for C;;H;,N,O calculated
(%): C, 61.10; H, 5.59; N, 25.91 found (%): C, 60.90; H, 5.58; N,
25.81. "H NMR (300 MHz, DMSO-dg) &ppm: 3.85 (s, 2H, ~CH,),
4.27 (s, 2H, -NH,), 6.53 (d, 1H, -ArH), 6.82 (m, 1H, -ArH), 7.35
(m, 1H, -ArH), 7.50 (m, 1H, -ArH), 8.22 (d, 1H, -ArH), 8.75 (s,
1H, -NH) and 9.19 (s, 1H, -NH) (Fig. Slaf). C-NMR:
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(300 MHz, DMSO-dg) ppm: 45.18, 105.16, 114.43, 122.25,
128.13, 128.66, 136.40, 138.01, 144.51, 147.60, 169.34
(Fig. S21). ESI-MS™ (m/z): 239.07 (L> + Na*) (Fig. S31). IR spec-
trum: -NH, (3430 cm™"), -NH (3302 cm™ '), -C=0 (1640 cm ™)
(Fig. S47).

Solution preparation for UV-Vis and fluorescence studies

For both UV-Vis and fluorescence titrations, a stock solution of
1.0 x 107 M of the ligand (L*) was prepared in degassed
CH;CN under a nitrogen atmosphere. 1.0 x 10~ M stock solu-
tions of CuCl,-2H,0 and Na,S in water were prepared separ-
ately under a N, atmosphere. Similarly, 1.0 x 107> M stock
solution of Angeli’s salt in water was prepared in degassed
water under a nitrogen atmosphere. Stock solutions of tested
metal ions as well as anions were prepared in CH;CN-H,O
under anaerobic conditions by purging nitrogen gas in a gas
tight vessel. 2.5 ml of degassed CH3;CN was pipetted out in a
gas tight cuvette to which 20 pM of L*> was added. Then metal
ions were added incrementally starting from 0 to 24 pM in a
regular interval of volume by injecting into the headspace of
the gas tight cuvette before measuring fluorescence. Likewise
titration of the resulting complex, [Cu™(L?)]*, was carried out
by the incremental addition of Angeli’s salt (0-10 pM). The
path lengths of the cells for absorption and emission studies
were 1 cm. Fluorescence measurements were performed using
a 5 nm x 3 nm slit width.

Preparation of sensor (1)

Copper(u) chloride dihydrate, CuCl,-2H,0 (65 mg, 0.5 mmol),
was dissolved in 10 ml of freshly distilled acetonitrile and to
this yellow solution, ligand L (108 mg, 0.5 mmol) was added.
The color of the solution changed to light green. The resulting
mixture was stirred for 3 h. The volume of the solution was
reduced to 5 ml under reduced pressure and diethyl ether
(10 mL) was added and kept at 0 °C for 12 h to afford complex
(1) as microcrystals (M.W. 314.23). Yield: 138 mg (~80%). CHN
analyses for C;,H;;CICuN,O, calculated (%): C, 42.04; H, 3.53;
N, 17.83 found (%): C, 42.03; H, 3.54; N, 17.84. ESI-MS" (m/2):
320.3290 ([(L*)Cu™(CD)] + Li*) (Fig. S3at).

Job’s plot

The composition of the complex was determined by Job’s
method. In this method, we carried out the absorption
measurements of a series of solutions keeping the sum of two
reactants constant in a fixed volume but varying molar concen-
trations of Cu®" ions and plotted against the molar fraction of
the fluorophore. A minimum absorbance appeared at the
molar ratio of the reactants which was found to be 1:1 with
respect to the ligand for the Cu®* complex.

Computational details

L> was fully optimized using a Gaussian 09 W software
package.”’ The B3LYP functional was adopted with 6-31G as
the basis set for all the atoms (C, H, N and O) and for the Cu
complex we used the B3LYP/6-31+g(d,p) basis set. The global
minima of all these species were confirmed by the positive
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vibrational frequencies. Time dependent density functional
theory (TDDFT)**** with the B3LYP density functional associ-
ated with the conductor-like polarizable continuum model
(CPCM)***° was applied for the study of the low-lying excited
states of the ligand and the complexes in CH3;CN using the
optimized geometry of the ground state (S,). The vertical exci-
tation energies of the lowest 40 singlet states are also com-
puted here.

Results and discussion

The ligand L* was prepared by refluxing (quinolin-8-ylamino)-
acetic acid ethyl ester (1.0 mmol) and hydrazine hydrate
(10 mmol) in ethanol in a water bath for 6 h (Scheme 2). The
final product and all the intermediates were characterized
thoroughly by CHN analysis, 'H (Fig. S1f) and “C-NMR
(Fig. S27), HRMS (Fig. S37) and IR (Fig. S47}) studies.

UV-Vis absorption studies

The UV-Vis absorption spectrum of L> with Cu®" was investi-
gated by spectrophotometric titration in acetonitrile solution.
L? exhibits strong bands around 350 nm and 256 nm. Upon
addition of Cu®' (1 equivalent), the absorption intensity
decreased at 350 nm and increased at 299 nm (Fig. 1a) which
further confirms the coordination between Cu®" and L”. The
absorbance of L> at 299 nm increases with the increasing con-
centration of Cu®*" due to ligand to metal charge transfer
(LMCT).

All these data were fitted to the Benesi-Hildebrand
equation to get the formation constant and stoichiometry of
complexation, where 4, and A,.x are the absorbances of the
pure ligand in the absence and presence of excess metal ions,
respectively. A linear least-squares fit of (Amax — Ao)/(A — Ao)
against 1/[M] clearly demonstrates a 1:1 complexation

. & -0
:g

NH,
Ly =2

HZN

NHZ-NHZ

Ethanol Reflux,
6hrs

Scheme 2 Synthetic route to the probe L2.
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Fig. 1 (a) Changes in UV-Vis absorption spectra of L2 (20 pM) in MeCN
solutions with various amounts of Cu?* (0-0.8 equivalent); (b) Benesi—
Hildebrand least-squares fit; and (c) Job's plot.

(n = 0.99) giving an apparent formation constant K; = (4.934 +
0.05) x 10* M~ (Fig. 1b).

(Ao —40) |1
A4—4) " TrMp

Fluorescence quenching studies

Recording of the emission spectra of L> and its fluorescence
titration with Cu** were performed in acetonitrile solution
with a fixed concentration of L? (20 uM) (Fig. 2(a)).

The fluorescence quenching of the ligand (L?) is character-
ized by a linear Stern-Volmer (SV) plot and analyzed using the
classical Stern-Volmer (SV) eqn (1) *’

0 — 14 K(Q ®

where F, and F are the steady state fluorescence intensities
at the maximum wavelength in the absence and presence of a
quencher (Q), respectively, [Q] is the quencher concentration
and Ky is the Stern-Volmer constant. The evaluated parameter
is Ksy = (5.32 £ 0.03) x 10* M.

3.0x10° 28 3
. K_=(5.320.03)x10° M
2.5x10° Y
24}
B 2.0x10°F "
s 2.0}
= 1.5x10°F ~
= =
1.0x10°F 1.6}
J
5.0x10 |
0.0 . i s p _ _ _
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Fig. 2 (a) Fluorescence emission changes of L? (20 pM) in MeCN solu-
tions upon addition of Cu®* (0-2.7 equivalent, lex = 380 nm, Aem =
475 nm); and (b) linear Stern—Volmer plot.

11566 | Dalton Trans., 2018, 47, 1156311571

View Article Online

Dalton Transactions

1000

100

Log counts

10¢

Time (ns)

Fig. 3 Lifetime plot of L? and (L? + Cu?*) in MeCN solutions.

The addition of Cu®" into the L* solution leads to a gradual
decrease in the fluorescence intensity (FI) at 475 nm which
gets saturated upon addition of ~2.7 equivalents of Cu®" yield-
ing a ~3.0 fold decrease in FI arising mainly due to the elec-
tron transfer (ET) from the quinoline fluorophore to chelated
Cu** and is evidenced from the substantial decrease in the life-
time of the Cu®" complex (Tcomplex = 0.579 ns) in comparison
with the free ligand (L?) (tiigana = 1.08 ns)*® (Fig. 3).

The composition of the complex was further determined by
Job’s method [Fig. 1(c)] and supported by mass analysis.
ESI-MS™ (m/z): 320.3290 ([(L*)Cu™(Cl)] + Li*) [Fig. S3af].
Selective quenching of fluorescence of L* by Cu®>" was checked
for other metal ions like Cr**, Co**, Hg*>*, Mg”>*, Mn*", Dy*",
Pb**, Fe**, Zn>" and Sm®" and found to have negligible effects
on fluorescence quenching (Fig. 4).

HNO-induced reduction of Cu®>* and HNO-sensing

Treatment of a 20 pM solution of [Cu™L*]" with ~0.5 equi-
valent of Angeli’s salt restored the emission intensity by ~2.8
fold that of complexed L?, owing to the reduction of the para-
magnetic Cu®* ion. The consumption of 0.5 equivalent of HNO
clearly indicates that HNO acts as a 2e” reducing agent leading
to the formation of NO" as follows:*’

Cu*" + HNO — Cu' + "NO;

3.0x10°
25x10°F /\\ \\ Lig + other cations
o 200} /\ _
: \ Lig+cu® 2
E 15010°f & ¢ w2
Pac \ Yigs :
B 1.0x10° (a)
5.0x10" )
* 4
0.0 1 X 1 —
400 450 500 550 600
wavelength(nm)
Fig. 4 (a) Fluorescence emission spectra in the presence of different

cations like Cr**, Co?*, Hg?*, Mg?*, Mn?*, Dy**, Fe*, Pb?*, Zn?*, Sm**
and Cu?*; 5 equivalents of these cations were added to L2 (20 uM) in
MeCN solutions; and (b) the corresponding histogram plot.
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Cu*t +'NO — Cu’ 4 NO™

The positive ion electrospray mass spectrum of this
reduced species showed a peak with (m/z) 301.0127, which
corresponds to {[Cu'(L?)] + Na'} complex (calculated m/z =
301.01) (Fig. S3bt). In aqueous solution, Angeli’s salt generates
NO,” and HNO®® which on subsequent treatment with
[Cu™-L?]" reduces Cu(u) to Cu(r) without displacement of metal
ions. A 2.8-fold increase in the emission was observed, demon-
strating fast HNO detection with significant turn-on (Fig. 5).
[Cu”-L?]" displayed a negligible change in emission when
treated with 100 uM of NaNO,, indicating that the turn-on
response induced by Angeli’s salt is due to HNO production
and not by the NO, side product (Fig. S51).

The selectivity of the ligand towards HNO was further
checked by performing the same experiment in the presence
of NO, KO,, H,0,, NO,, TEMPO and "OH which failed to
induce significant emission enhancement of the [Cu"-L*]"
complex manifesting the selectivity of the [Cu”™-L*]" complex
(1) towards HNO (Fig. S57).

The formation constant of the [Cu™-L*]" complex with HNO
was determined by the nonlinear curve fitting method and
found to be (2.07 + 0.80) x 10° M~ on the basis of the fluo-
rescence titration experiments (Fig. 5b).

HNO-induced fluorescence enhancement in the Cu®
systems may occur in more than one way (please see
Scheme 3). As revealed from Scheme 3, the enhancement of
fluorescence intensity may occur by (1): turn on sensing with
N-nitrosation with the removal of reduced Cu(i); 2(A): turn on
sensing by the reduction of Cu(u) to Cu(r) with HNO without
the removal of the metal bound to the receptor; and 2(B): turn
on sensing by the reduction of Cu(u) to Cu(i) with HNO and
the removal of reduced metal ions. In our case, mechanism 2
(A) is operative and formation of [Cu'-L?] species is determined
by the EPR (Fig. 6) studies.

The EPR spectrum of [Cu™-L*]*, prepared separately, is typi-
cally an axial type with g, = 2.04, g; = 2.18 and g,, = 2.11 mani-
festing the presence of paramagnetic Cu" ions. When this
complex was treated with a 3-fold excess of HNO generated
from Na,N,0; (a HNO donor) and the resultant solution was
subjected to the EPR study in MeCN, the previous signal
vanishes to the baseline indicating a complete reduction of
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ED
< 1.0x10°F [ J
- | K;=(2.0720.80) x105 M |
= s o0 -

0 40x10° 80x10°
0.0 [HNO}, M
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wavelength (nm)

Fig. 5 (a) Fluorescence emission changes of [Cu"-L?]* (20 pM) in MeCN
solutions upon addition of HNO (0—0.5 equivalent), Aex = 380 nm, Aoy, =
469 nm; (b) non-linear fitting plot.
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Fig. 6 EPR spectrum of [Cu"-L%* (20 pM) and [Cu'(L?)] (generated
in situ by reduction with excess Na;N,Os3) at 298 K.

[Cu™L?]" to [Cu'(L*)] and is responsible for the regeneration of
the fluorescence properties of the complex.

$*>~-Induced displacement of Cu** and S>~ sensing

From the earlier studies, we can conclude that L” selectively
binds with Cu** to form the [Cu™L?]" complex with a remark-
able change in its spectral properties. As Cu”* can coordinate
with $>~ to form the stable species CuS, we conjectured that
the [Cu™-L*]" ensemble can serve as a candidate for a turn-on
fluorescent sensor for $>7. To strengthen this idea, the fluo-
rescence spectra of the [Cu™L?]" ensemble were studied in the
presence of 5 equivalents of different anions such as F~, Cl~,
Br~, SO,>7, NO,”, SO,*7, SO;*~, PO,*", N;~, HSO,”, HSO;",
SCN™, CH3COO™ and I” which did not cause any remarkable
fluorescence response (Fig. 7). However, the [Cu™L?]" ensem-
ble shows an obvious selective fluorescence ON behavior with
S>7. This fact strongly suggests that the ligand L*> was freed
from the [Cu™L’]" complex in the presence of $>". The for-
mation constant of [Cu™-L*]" with $>~ was determined to be

Dalton Trans., 2018, 47, 11563-11571 | 11567
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Fig. 7 Fluorescence studies on the selective binding of the [Cu"-L?]*
complex (20 uM) towards S*~ over other anions (5 equiv.).

(1.89 = 0.02) x 10* M~" on the basis of the fluorescence titra-
tion experiments (Fig. S67).

Also the absorbance behaviour of the [Cu™-L?*]* complex
with $*~ was almost a reversible process compared to the
UV-Vis spectroscopic titration of L> with Cu®" (Fig. 8). The
absorption peak and intensity changes were similar but in
the reverse direction to the titration curve obtained with
Cu®* (Fig. 1). This phenomenon also suggests that L is
released from the [Cu”™L?]" complex and Cu$ is formed.
From the above fact we can conclude that L* is recyclable
efficiently.

As illustrated in Scheme 1, the addition of copper ions
into L> caused fluorescence quenching. Subsequently, the
added sulfide ion captured copper(u) ions, resulting in fluo-
rescence enhancement. Furthermore, the proposed mecha-
nism was also well supported by the ESI-MS® (m/z) data
(Fig. S3ct).

From pH 7 to 10 no obvious change in the fluorescence
intensity (FI) of the probe ([Cu™L?]") was observed; however it
is comparable to the FI when L* is quenched by Cu®" ions in
the fluorescence titration, thereby justifying the usefulness of
the probe for the detection of HNO and $>~ (Fig. S77).
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Fig. 8 (a) Changes in UV-Vis absorption spectra of [Cu"-L?]* (20 uM) in

MeCN solutions with gradual addition of S~ (0-1.8 equivalent). (b)
Linear fitting of absorbance vs. [S?7] plot.
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Fig. 9 Optimized structures of L2, [(L)Cu"Cl] and [Cu'-L?] complexes.

Geometry optimization and electronic structure

In order to get some idea of the coordination mode of the
ligand with Cu®" ions, we carried out DFT optimization on L?
[(L®)Cu™Cl] and [Cu'-L*] complexes. The optimized geome-
tries of L?, [(L*)CuCl] and [Cu’~L?*] complexes are shown in
Fig. 9. These compositions of the complexes were adopted
based on HRMS studies. L?, [(L*)CuCl] and [Cu"-L*] com-
plexes have a C1 point group. The important optimized geo-
metrical parameters of the ligand and complexes are listed in
Table S1.t

In the case of the [Cu™(L*)(Cl)] complex, the Cu®*" centre
was found to adopt a distorted tetrahedral geometry. The cal-
culated Cu-N bond distances are found in the range of 2.06 A-
2.24 A and the Cu-O bond distances are 1.90 A which are com-
parable to the reported values.*®

On complexation there is a slight increase in C-N, N-N and
N-O bond distances with respect to that in the free ligand.
Table 1 describes the changes in bond lengths in [Cu™(L?)(C1)]
compared to the free ligand.

In the case of L? in the ground state, the electron density of
the HOMO and HOMO-1 orbitals resides mainly on the qui-
nolin-8-amine moiety, whereas for the LUMO and LUMO+1
orbitals it remains on the quinoline moiety. The energy gap
between the HOMO and LUMO is 3.78 eV (Fig. 10).

In the case of the HOMO—-1 and HOMO-2 orbitals in the
[cu™(L*)(C1)] complex the electronic contribution comes

Table 1 Change in bond lengths (A) for [Cu'(L?)(Cl)] compared to free
L2 in the ground state calculated at B3LYP levels

L? [cu™(L*)(cD)]
N24-N26 1.39 1.38
C22-023 1.25 1.32
C7-N17 1.37 1.44
N17-C19 1.45 1.50
C22-N24 1.37 1.29

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Frontier molecular orbitals of L2, [Cu"-L?]* and [Cu'-L%]

complexes.

mainly from the (quinolin-8-ylamino)-acetic acid hydrazide
moiety and in the case of the LUMO and LUMO+1 orbitals it
remains on the quinoline moiety. The HOMO-LUMO energy
gap is 2.23 eV (Fig. 10).

In the case of the HOMO—1 and HOMO-2 orbitals in the
[Cu™1?] complex the electronic contribution comes mainly
from the amino acetic acid hydrazide moiety and (quinolin-8-
ylamino)-acetic acid hydrazide moiety and in the case of the
LUMO it comes from the quinolin-8-amine moiety. The
HOMO-LUMO energy gap is 0.09 eV (Fig. 10).

The UV-Vis absorption spectrum of the ligand used in the
present work was calculated at room temperature in CH;CN by
the TDDFT method. The ligands show three well resolved
bands at 200, 256 and 350 nm and all have an ILCT character.
These bands are assigned to the Sq — S31, So = S14and Sp — Se

0.69eV LUMO#4 ======="" > g{é
Comeen LUMOE 0.68eV

_——LUME} 1 -0.44eV

£-""076eV LUMOf -
il
Atheo = 331.82
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L. =256.60 Atheo = 205.44
= 0.202 f=0.1193
$o>Sa

,/
w® HOM@” -8.18 eV
*~ HoMQH -9.80eV

-11.45eV HOMO-6 —~==="7

Fig. 11 Frontier molecular orbitals involved in the UV-Vis absorption of
L2 in CHCN.
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Table 2 The comparable calculated optical transitions with experi-
mental UV/Vis values for the ligand (L?), and [Cu"-L?]* and [Cu'-L2]

complexes

Ligand and

Cu™- Theoretical ~ Experimental  Electronic

complex (nm) (nm) transition f
Ligand 331.82 350 So — S 0.2682
Ligand 256.60 256 So — S1a 0.2029
Ligand 205.44 200 So = Sz1 0.1193
[cu™rLT" 331.66 352 So — Si5 0.0110
[Cu™1?T" 325.91 315 So = S17 0.0222
[Cu™LT" 249.88 256 So = Sig 0.0104
[cu™1?] 350.57 350 So = S, 0.0304
[cu™1?] 291.72 287 So = Sis 0.0183

electronic transitions, respectively (Fig. 11). The absorption
energies and associated oscillator strengths are given in
Table 2 and Table S2.F

The UV-Vis spectrum of the [Cu™(L*)(Cl)] complex shows
three absorption bands at 256, 315 and 352 nm in CH;CN at
room temperature which correspond well to the TDDFT calcu-
lated absorption bands located at 250, 326 and 332 nm.
These three absorption bands can be assigned to the Sq —
Szs, So = S17 and S, — S;5 transitions, respectively (Fig. 12)
originating from an admixture of LMCT and ILCT transitions
(Table S37).

The UV-Vis spectrum of the [Cu"-L*] complex shows two
absorption bands at 287 and 350 nm in CH3CN at room
temperature (Fig. S8t) which correspond well to the TDDFT
calculated absorption bands located at 292 and 351 nm.
These two absorption bands can be assigned to the S, — S;,
and S, — S, transitions, respectively (Fig. 13) originating
from an admixture of LMCT and
(Table S47).

E § - LUMO+1 -1.33eV

ILCT transitions

PSS 4 a
-2.48eV LJMO -
0S5, Atheo = 331.66
=0.0110
Atheo = 249.88 So>S1s
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, Vs i A
oy U P4 o
-6.98eV "™ HOMO-1  _-°
HOMO-2 «“ -7.23eV

Fig. 12 Frontier molecular orbitals involved in the UV-Vis absorption of
[Cu"(L?)(CD] in CH3CN.

Dalton Trans., 2018, 47, 11563-11571 | 11569


http://dx.doi.org/10.1039/c8dt02784f

Paper

Y “s
’ "~ LUMO+2 -0.57eV
______ -
-2.32eV I.Ulb ————

Athoo = 291.72
£=0.0183
So>S1

HOMO-1 -5.66eV

"< HOMO-2  -6.45eV

Fig. 13 Frontier molecular orbitals involved in the UV-Vis absorption of
[Cu'-L?] in CH3CN.

Conclusion

In summary, a new ligand, (quinolin-8-ylamino)-acetic acid
hydrazide (L), has been synthesized and characterized.
Taking this ligand a Cu(u) based sensor (1) has been devel-
oped by the complexation between (quinolin-8-ylamino)-
acetic acid hydrazide (L?) and Cu®** ions. Complex (1) has
also been characterized by ESI-MS', X band EPR spectrum
and CHN analysis. The EPR spectrum of [Cu™-L?]*, prepared
separately, is typically an axial type with g, = 2.04, g, = 2.18
and g,, = 2.11 manifesting the presence of paramagnetic Cu"
ions; however on treatment with Angeli’s salt the EPR signal
vanishes to the baseline indicating the complete reduction
of paramagnetic Cu®>" to diamagnetic Cu” ions. The sensor
(1) is highly selective for the recognition of HNO and S>” over
other biologically abundant anions with prominent enhance-
ment in absorption and emission intensities. The sensor
[Cu™L?]" (1) shows weak fluorescence due to ET (electron
transfer) but upon addition of HNO and S*~ a large enhance-
ment in the fluorescence intensity (F.I.) was observed over
other possible competitive anions on the basis of the
reduction of Cu(u) to Cu(r) and formation of CuS, respec-
tively. The 1:1 complexation was characterized by Job’s
plot and the corresponding K; values were evaluated to be
(4.93 + 0.05) x 10* M~ for Cu** obtained from UV-Vis absorp-
tion titration. Quantum yields of L> and [Cu-L*> + $*>7] and
[Cu-L? + HNO] complexes in acetonitrile (CH;CN) are found
to be 0.107, 0.09, and 0.07, respectively, using acidic quinine
sulphate as the standard.
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Herein, a simple, least-cytotoxic as well as an efficient fluorescent sensor HQEN4go was prepared from
(quinolin-8-yloxy)-acetic acid ethyl ester (LY) and N,N-dimethylethylene diamine to recognize NO in
100% aqueous solution. Its marked selectivity and sensitivity towards NO, makes it a highly suitable probe
for nitric oxide under in vitro conditions with the possibility of in vivo monitoring of NO. Upon addition of
3.5 equivalents of NO, there is an approximately 7 fold enhancement in fluorescence intensity in aqueous
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Introduction

Nitric oxide (NO), originating from r-arginine by the action of
nitric oxide synthases' (NOS), has not only been identified as a
highly reactive gaseous free radical but also as a signalling
agent for its various functions in the cardiovascular, immune,
and central nervous systems.” Nitric oxide modulates gene
transcription®* and m-RNA translation through binding with
iron-responsive elements.”® It also regulates the production of
post-translational modifications of proteins by adenosine 5'-
diphosphate ribosylation”® indicating its pivotal role in the
human body. However, in high concentration NO exhibits a
toxic effect on all cells, including the cells that are able to
produce it. Misregulation of NO production may cause dis-
eases like stroke, cancer, hypertension, neurodegeneration and
endothelial dysfunction.’?

Nitric oxide with a half-life less than 10 seconds makes its
detection quite challenging in biological systems.* To date,
various techniques such as electrochemical, fluorescence, elec-
tron spin resonance etc. have emerged to monitor NO gene-
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solution with a corresponding K; value of (1.75 + 0.07) x 10* M™%, Quantum vyields of HqEN4ge and
[HQEN4g0-NO] compounds are determined to be 0.04 and 0.22, respectively, using acidic quinine
sulphate as a standard. In terms of the 30 method, the LOD for nitric oxide was found to be 53 nM thus,
making the probe suitable for tracking NO in biological systems.

ration and its biological activities in living cells."* Compared
to all other approaches the fluorescence technique is the most
favourable one due to its high sensitivity and experimental
feasibility.

Most of the fluorescent probes are mainly of two types:
one is based on the o-phenylenediamine (OPD) moiety"®
and the other is based on metal ligand complexes.
Between these two, the former one produces triazole deriva-
tives upon treatment with nitric oxide under aerated con-
ditions with concomitant generation of fluorescence inten-
sity. Some limitations still exist with the OPD based probes.
Firstly, they may undergo self-oxidation due to the existence
of an electron rich diamino-benzene fragment. Secondly they
may exhibit a false positive response towards dehydroascorbic
acid (DHA) and ascorbic acid (AA) resulting in wrong
interpretation of data. Another important drawback of this
strategy is associated with pH dependency of fluorescence
intensity of the product as the formed triazole contains a sec-
ondary amine which can be protonated. The metal-complex
based nitric oxide sensors also possess various disadvantages
like biological incompatibility,*>*® easy leakage from the
cells® or side effects from the metal ions.*®

Considering these aforementioned limitations for the
detection of NO, recently a few novel strategies have been
developed which include (1) nitrosation reaction,** (2) reac-
tion with thiosemicarbazide® leading to the formation of oxa-
diazole, (3) reaction with acylhydrazide leading to the for-
mation of 1,2,3,4-oxatriazole,® (4) generation of the Se-NO
bond®® and so on (Scheme 1). Usually, most of the organic
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Scheme 1 Different strategies for the detection of NO.

fluorescent probes are associated with poor water solubility
which is contrary to the real physiological conditions.

All the above discussions lead us to conclude that a fluo-
rescent nitric oxide probe should satisfy some basic require-
ments like low cytotoxicity, and good water solubility along
with high NO selectivity. Taking all these parameters in mind
we have been interested to design an N-nitrosation based
probe on the quinoline platform which could display a positive
response towards nitric oxide selectively in purely aqueous
medium (Scheme 2).

Quinoline has excellent photostability and the presence of
the pyridine moiety magnifies its fluorescence properties by
acting as an electron acceptor.>® The present probe HQEN,5o
shows good response to NO and is inert towards reactive
oxygen, nitrogen and sulphur species in a biological milieu.
Here, NO directly reacts with the secondary nitrogen atom of
the amide group to generate the N-N=O moiety leading to the
enhancement of fluorescence intensity through blocking of
the PET process. The fluorescence based bio-imaging experi-

I n\i\\i.y

NO/O,

cactiv
ite

@

Reactive site

Scheme 2 General mechanism for NO sensing using a N-nitrosation
based probe.
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ment has also been executed in HepG2 cells by using
HQEN 440.

Experimental section

Physical measurements

An IR 750 series-II FTIR (Nicolet Magna) spectrophotometer
was used to record IR spectra in the solid state for both pure
ligand (HqENg) and its NO product (HqEN,5,-NO) in the
range of 400-4000 cm™' on KBr pellets. Electronic spectra of
the probe as well as the product of its reaction with NO were
recorded on an Agilent 8453 Diode-array UV-Vis spectrophoto-
meter using HPLC grade H,O as a solvent with a 1 cm quartz
cuvette in the range of 200-900 nm. Fluorescence studies were
performed on a PTI (model QM-40) spectrofluorimeter. "H
NMR spectra were recorded in DMSO-de as well as in CDCl; on
a Bruker 300 MHz instrument while >’C NMR spectra were
recorded on a Bruker 75 MHz instrument using trimethyl-
silane (§ = 0) as an internal standard. ESI-MS" (m/z) spectra
were 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 fluo-
rescence decay data which were further examined by using the
IBH DAS6 software. To obtain cell images, a fluorescence
microscope (Leica DM3000, Germany) was used. The pH
values of the reaction solutions were measured with a digital
pH meter (model: Systronics 335, India) in the pH range
of 2-12 which was prior calibrated using buffers of pH 4, 7
and 10.

Materials and methods

8-Hydroxyquinoline, ethyl-bromoacetate, N,N-dimethyl-
ethylenediamine (Sigma-Aldrich) and propylamine (Sigma-
Aldrich) were used to synthesize the ligands. Salts of Cd*",
Sm‘“, C02+, Mg2+, Mn2+, Na*, K+, Zl’l2+, Dy3+’ Eu2+, Ni2+, Cu”,
cr’’, Hg*", Fe®*, Pb**, AI’*, F~, PPi, N5, CO;>7, CI7, CH;CO0™,
clo,™, S0,>7, NO;™, S,0,>7, H,PO,~, NO, ™, >, other biologi-
cal anions like H,O,, O,~, TEMPO radical, ClIO™, ascorbic acid,
ONOO~, DHA, NO*, HNO etc. as well as all the amino acids
were purchased either from Sigma-Aldrich or from other com-
mercial suppliers and used without further purification.
Solvents like EtOH (ethanol), MeCN (acetonitrile), etc. (Merck,
India) were of reagent grade and dried before use.

Preparation of (quinolin-8-yloxy)-acetic acid ethyl ester (L")

A mixture of 8-hydroxyquinoline (5 mmol, 0.73 g), ethyl bro-
moacetate (7.5 mmol, 1.25 g) and anhydrous K,CO;
(12.5 mmol, 1.73 g) in acetonitrile was refluxed on a water bath
for 8 h. After cooling, the reaction mixture was filtered and
then the solvent was removed under reduced pressure. The
resulting oily product was further purified by column chrom-
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atography on silica gel, using ethyl acetate : pet ether (3:2) as
the eluent to afford L* (85% yield).

Preparation of N-(2-dimethylamino-ethyl)-2-(quinolin-8-yloxy)-
acetamide (HqQEN,g0)

The resulting (quinolin-8-yloxy)-acetic acid ethyl ester (L")
(1.0 mmol) and N,N-dimethylethylenediamine (10 mmol) in
ethanol were refluxed on a water bath for 6 h. After cooling,
the reaction mixture was concentrated under vacuum and the
resulting oily product was subjected to column chromato-
graphy on silica gel (60-120 mesh) by using DCM as the eluent
to obtain HQEN4g, in pure form. Yield: 85%. 'H NMR
(300 MHz, DMSO-d¢) §ppm: 2.14 (m, 6H, ~CH;, ~CH), 2.33 (m,
2H, -CH,), 3.28 (m, 2H, —-CH,,), 4.72 (s, 2H, -CH,), 7.28 (d, 1H,
-ArH), 7.61-7.49 (m, 3H, -ArH), 8.34 (d, 1H, -ArH), 8.37 (d,
1H, -ArH) and 8.90 (m, 1H, -NH) (Fig. S1f). “C-NMR:
(75 MHz, DMSO-ds) Sppm: 36.41, 45.10, 57.95, 69.15, 112.16,
121.15, 122.08, 126.85, 129.17, 136.17, 139.83, 149.40, 153.79,
167.80 (Fig. Slaf). ESI-MS’ (m/z): 296.22 (HQEN,g, + Na')
(Fig. S21). IR spectrum: -NH (3411 cm '), -C=0 (1668 cm ")
(Fig. S37).

Preparation of N-propyl-2-(quinolin-8-yloxy)acetamide (HqPA)

L' (1 mmol) was dissolved in 25 mL of EtOH. To this ethanolic
solution propylamine (10 mmol) was added dropwise and
refluxed for 5 h. The reaction mixture was then cooled to room
temperature and the formed precipitate was filtered, washed
with cold ethanol, and dried in air affording a white solid.
Now HqPA was further purified by recrystallization from
ethanol. Yield: 80%. ESI-MS" (m/z): 269.01 (HqPA + H,O + Li)
(Fig. S41). 'H NMR (300 MHz, CDCl3) §,pm: 0.86 (d, 3H, ~CH3),
3.59 (m, 2H, -CH,), 3.91 (m, 2H, -CH,), 4.67 (s, 2H, -CH,),
7.05 (m, 1H, -ArH), 7.43-7.49 (m, 3H, -ArH), 8.18 (d, 1H,
-ArH), 8.85 (d, 1H, -ArH) and 9.11 (s, 1H, -NH) (Fig. S51).

Solution preparation for UV-Vis absorption and fluorescence
studies

To study the UV-Vis and fluorescence response of HQEN,go
and HQPA towards NO, stock solutions of 1.0 x 107> M of the
probes were prepared in Milli-Q Millipore water. The stock
solution of nitric oxide (1.74 x 107> M in deoxygenated de-
ionized water) was prepared by bubbling nitric oxide gas for
15 min in a sealed vial with the help of a syringe. The nitric
oxide gas was purified by passing through a drying tube con-
taining solid NaOH pellets.”” The OH' and ONOO™ solutions
were prepared by a reported methods.*® HNO was synthesized
from Angeli’s salt.>® The solutions of other metal ions as well
as anions were prepared either in H,O or in alcohol. An
aqueous solution of 10.0 mM 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES) buffer was prepared and the pH
was adjusted to 7.20 by using HCl and NaOH. The ionic
strength of the buffer solution was maintained at 0.10 M
(NaCl) throughout the measurements. Then 2.5 mL of this
buffer solution was pipetted out into a cuvette to which 20 pM
of the probe HqEN,g, or HqPA was added and then NO was
added incrementally in a regular interval of volume and fluo-
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rescence spectra were recorded for each solution using 5 nm x
3 nm slit width.

Calculation of LOD

The analytical detection limit was obtained by performing
fluorescence titration of HqEN,g, with NO by adding aliquots
in a micromolar concentration of NO to 20 pM HQEN,g, in
2.5 mL buffer and the LOD was calculated by the 36 method.

LOD = 3 x S4/S (1)

where Sy is the standard deviation of the intercept of the blank
(HQEN,g, only) obtained from a plot of fluorescence intensity
(FI) versus [HQEN,go], and S is the slope obtained from the
linear part of the plot of FI versus [NO].

Calculation of the quantum yield

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

¢sample = (ODstd X Asample)/(ODsampIe X Astd) X ¢std (2)

here, Agampie and Agq represent the areas under the fluo-
rescence spectral curves. The optical densities of the sample
and standard are designated as ODgympie and ODgyq, respect-
ively, at the excitation wavelength. Here, acidic quinine sul-
phate was taken as the standard (D = 0.54) for the quantum
yield calculation of HqQEN,go and HqEN,5,-NO.

Computational details

The optimization of ground state electronic structures of both
the ligand and NO adduct was performed by using the DFT
method*® associated with the conductor-like polarizable conti-
nuum model (CPCM).*" Becke’s hybrid function** with the
Lee-Yang-Parr (LYP) correlation function®® were applied
throughout the study. The geometries of the ligand and the
NO product were fully optimized without any symmetry con-
straints. On the basis of the optimized ground state geometry,
the absorption spectral properties of HQENygo and [HqEN,go-
NO] in water were calculated by time-dependent density func-
tional theory (TDDFT)** associated with the conductor-like
polarizable continuum model (CPCM).*! We have computed
the lowest 40 singlet-singlet transitions and the presence of
electronic correlation in the TDDFT (B3LYP) method*® enables
to obtain accurate electronic excitation energies. For H, C, N
and O atoms, we employed 6-31+G basis sets for the optimiz-
ation of the ground state. The calculated electron density plots
for frontier molecular orbitals were constructed by using
Gauss View 5.1 software. All the calculations were done with
the Gaussian 09 W software package.’® The Gauss Sum 2.1
program®” was utilized to calculate the molecular orbital con-
tributions from groups or atoms.

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™"; streptomy-
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cin-50 pg ml™"). The cells were cultured at 37 °C in 95% air,
5% CO, incubator.

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 10 uM
solutions of HqQEN,g,, prepared by dissolving HqEN,g, in the
mixed solvent DMSO:water = 1:9 (v/v) and incubated for
1 hour at 37 °C. To study the adduct formation of HqEN,g,
with intracellular NO, HepG2 cells were preincubated separ-
ately with 10, 20 and 40 uM of sodium nitroprusside (SNP) for
60 min at 37 °C, followed by washing them thrice with 1x PBS
and subsequent incubation with 10 uM HqEN,g, 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

In order to evaluate the cytotoxic effect of ligand HqEN,g,, a
cell viability assay was done by using 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT).*® HepG2 cells (1 x
10> cells per well) were cultured in 96-well plates and incu-
bated at 37 °C with variable concentrations of HqQEN,g, (start-
ing from 5, 10, 20, 40, 60, 80 and 100 pM) for 24 hours. After
incubation, 10 pl of MTT solution [5 mg ml™", dissolved in 1x
phosphate-buffered saline (PBS)] were added to each well of a
96-well culture plate and incubated at 37 °C for 4 hours. Media
were decanted from wells followed by incorporation of 100 pL
of 0.04 N acidic isopropyl alcohol into each well so that intra-
cellular formazan crystals (blue-violet) thereby formed become
easily soluble. The absorbance of each solution was measured
at 595 nm (EMax Precision MicroPlate Reader, Molecular
Devices, USA). Values were calculated as mean + standard
errors of three independent experiments. The cell viability was
represented as the optical density ratio of treatment to control.

Results and discussion

As delineated in Scheme 3, the receptor HQEN,5, was designed
in order to achieve the selective detection of NO over other
commonly interfering species (such as ascorbic acid, ROS,
RNS and so on) by the reaction between (quinolin-8-yloxy)-
acetic acid ethyl ester (L") and N,N-dimethylethylene diamine

BrCH,COOEt NH,CH,CH,N Mez
I Kz(,O, Ethanol
N/ R::ux N Reﬂux
rs Ghrs
OH O
$=() (0]
0) HN
/N

Scheme 3 Synthetic route for the probe HQEN4go.
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in alcoholic medium. The receptor, designated as HQEN,go,
was well-characterized by 'H NMR (Fig. S1f), C NMR
(Fig. S1at), HRMS (Fig. S2t) and IR (Fig. S37).

In aqueous buffer the receptor exhibits sensitive and selec-
tive fluorogenic response towards NO. The negligible or no
reactivity of this probe to other ROS and RNS arises due to the
controlled electron density by the introduction of a carbonyl
group such as CONH."® Here hydroxyquinoline is suitable as a
fluorophoric moiety because of its many biological activities
such as fungicides, antibacterial properties, etc.

Spectral response of HQEN 5, to NO

UV-Vis absorption studies. HQEN,3, exhibits high selectivity
as well as high sensitivity towards NO. By keeping the concen-
tration fixed for the probe HQEN,g, (20 pM) in 10.0 mM
HEPES buffer (pH = 7.20), the addition of NO generates a new
absorption peak at 355 nm which increases gradually with the
gradual addition of NO (Fig. 1a). The linear dependence of
absorbance as a function of [NO] was analyzed with the help of
eqn (3)** which under the conditions 1 > ¢ x with n = 1
becomes eqn (4).

_(@a+bxcxx")
T (14+cxxn)

3)

y=a+(bxo)x (4)

where a = absorbance of the free probe, b = absorbance of the
probe in the presence of excess of NO, and ¢ = formation con-
stant, K;. It is interesting to note that linear least-squares ana-
lysis of UV-Vis titration data gives K; = (3.35 = 0.06) x 10* M~"
(Fig. 1b).

Fluorescence studies. To analyse the emission spectral
behaviour of the probe HqEN,g, we have performed fluo-
rescence studies in purely aqueous medium (10.0 mM HEPES
buffer, pH = 7.20) at Aex = 390 nm. The probe HqEN,g, in
aqueous solution is weakly fluorescent because of PET from

0' ] 0 0.05
\ 0.04
? A 2 0.03 (b)
é 0.06 \ -"-; 0.02
8 -2 0.01 \
g 0.04 e = =|(A.?\::":":t 02(:1)1: 103‘4]::'0"
<
E 0.02
< .00} , , , :
300 350 400 450 500 550
Wavelength (n.m)

Fig. 1 (a) Changes in UV-Vis absorption spectra of HQEN4go (20 pM) in
aqueous HEPES buffer (10 mM) at pH 7.20 and p = 0.10 M NaCl with
various amounts of NO (0-0.8 equivalents); (b) plot of absorbance vs.
[NOL.
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Scheme 4 Schematic representation of N-nitrosation based fluor-
escent probe HqQEN,go for NO.

the amide nitrogen atom to the quinoline fluorophoric moiety.
However, on reaction with NO the PET is blocked, leading to
the formation of an electron deficient N-N=O moiety
(Scheme 4). The apparent formation constant (K¢) of HqEN ¢
NO, formed by the reaction between HqEN,g, and NO, was
determined by performing the fluorescence titration of
HQEN,g, (20 pM) in aqueous solution (2.5 ml) with NO
(0-70 pM) at 25 °C. The fluorescence spectra display a gradu-
ally increased emission band at 480 nm (Fig. 2a) resulting in
an approximately 7-fold enhancement in fluorescence intensity
which is adequate to detect nitric oxide intracellularly. By
adopting eqn (3)** under the conditions 1 > ¢ x x with n =1
(where a, b and ¢ represent the same denotation as mentioned
for UV-Vis studies previously but in terms of fluorescence
intensity), the slope of the curve gives b x ¢, which ultimately
provides ¢ = K; = formation constant = (1.75 = 0.07) x 10* M™"
(taking b = 2.60 x 10°) (Fig. 2b). The excellent agreement
between two K; values obtained from absorption and fluo-
rescence titrations definitely proves the self-consistent nature
of our results.

Z.SXIOS 'NO (a) 25x10° 0 °°
2.4X105 E 2 2.0x10°
£ 150"
= b
? 2.0x105 B [SETN ®)
- 5 s’y K=(1.75%0.07) x 10' M
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) \ .
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Fig. 2 (a) Fluorescence titration of HqQEN4go (20 pM) with variable con-
centrations of NO (0-70 pM) at 25 °C in aqueous HEPES buffer (10 mM)
at pH 7.20 and ¢ = 0.10 M NaCl. (b) Plot of FI vs. [NOI. (c) UV exposed
emission image of HQEN4g0 and HQENgo-NO.
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Again, at A, = 350 nm, a plot of F.I. vs. [NO] also shows
enhancement in fluorescence intensity approximately about
~8 fold but it is not suitable for biological applications
(Fig. S6t). So, the entire fluorescence studies were performed
at Aex = 390 nm.

To compare the fluorescence behaviour of HQEN,g, towards
NO we have synthesized an N-nitrosation based fluorescent
analogue, HqPA, following the same synthetic procedure. The
fluorescence titration of HqPA with NO under identical reac-
tion conditions displays a ~4 fold enhancement in fluo-
rescence intensity at the same excitation and emission wave-
lengths (Aex = 390 nM, ey, = 480 nm) while HQEN,g, displays
~7 fold fluorescence enhancement (Fig. S7t). The slightly
improved fluorescence response of HQEN,g, towards NO com-
pared to HqQPA may arise due to the presence of a terminal
-CH,CH,NMe, group whose electron donating capability is
higher than the -CH,CH,CH; group making the probe
HqEN,5, more sensitive towards NO. For HqPA, we have also
performed the selectivity studies by various ions (Fig. S87).

Sensing mechanism

Usually, the N-nitrosation based probes display a “turn-on”
fluorescence response specifically towards NO without inter-
ference from the other commonly known reactive species.
Herein, we designed a probe HqEN,g, based on quinoline as a
fluorophoric moiety along with N,N-dimethylethylenediamine.
The role of a side chain having terminal -NMe, is quite attrac-
tive. Here the -NMe, group functioning as an electron rich
centre facilitates the amide (-CONHR) nitrogen atom to be
more reactive towards NO. As expected, the newly designed
HqEN,g, probe is weakly fluorescent because of the consider-
able fluorescence quenching through a photoinduced electron
transfer (PET) process from the amide nitrogen atom to the
quinoline moiety but HqEN,g, is capable of exhibiting large
fluorescence magnification in response to NO through block-
ing of the PET process with concomitant formation of the elec-
tron deficient N-N=0 moiety (Scheme 4).

Confirmation of the sensing mechanism

To investigate the mechanism responsible for the gradual
increment of fluorescence intensity of the probe HQEN,g, in
response to NO, the water soluble probe was allowed to react
with excess NO in aerated MeCN medium. After evaporating,
the desired product HQEN,5,-NO was isolated and the detailed
analyses were performed by using "H NMR (Fig. $97), *C NMR
(Fig. S9at), ESI-MS" (Fig. S10f) and FT-IR (Fig. S11%) spec-
trometers. The investigation reveals that the peak at 338.3941
(HQEN,50-NO + 2H,0) arises due to the reaction of HqEN,g,
with NO resulting in the formation of the N-N=0 moiety. The
'H-NMR spectra also reveal that the single peak responsible
for the amide -NH proton of HQEN,g, at 8.90 ppm vanishes on
treatment with NO leading to a conclusion that the NO is
attached to the amide -N atom. There is also evidence in
favour of this sensing mechanism through IR studies which
clearly demonstrate that upon reaction with NO, the product
HQEN,59'NO shows a new peak at 1382 cm™" corresponding to
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-N-N=0° with concomitant suppression of N-H stretching
frequency at 3411 cm ™. So we easily conclude that nitric oxide
is attached with the amide -N atom. The N-nitrosation based
fluorescent analogue, HqPA, also goes through a similar
mechanism to that characterised by '"H NMR (Fig. $121). The
magnitude of quantum yield for the compound HQEN,5,-NO
was @ = 0.22 and that for the ligand (HqEN,g,) was 0.04 (using
acidic quinine sulfate as the standard). In terms of the 3¢
method the magnitude of limit of detection (LOD) for nitric
oxide was found to be 53 nM (Fig. S13t) indicating that the
probe HQEN,s, is highly suitable for tracking NO in biological
systems. From the absorption data the detection limit (LOD) of
NO was determined (using 3¢ method) to obtain a value of
1 pM (Fig. S13af). So, based on all the above experiments,
results and discussions it is apparent that the probe HGEN,s,
is an efficient nitric oxide sensor.

TCSPC studies

The average life-time of the probe HqENug, (7o = 4.03 ns)
increases upon treatment with ~70 pM nitric oxide (z, = 8.89
ns) and the nature of the decay curve changes from the bi-
exponential to mono-exponential one on reaction with nitric
oxide (Fig. 3). This study reveals that the addition of NO
results in greater stability of the product HqEN,4,-NO in the
excited state.

Selectivity study

The specificity of the probe HqQEN,g, was verified by recording
the fluorescence spectra of HQEN,5, in the presence of various
metal ions (Na*, Cu**, Mg**, K, Dy**, Eu*", Zn**, Sm**, Co™",
Ni**, Pb**, Cr**, cd*', Mn**, Fe**, AI’", Hg*") (Fig. 4), anions
(s*7, 80,>7, NO;~, NO, ™, H,PO,, S,0,>7, ClO,~, OAc™, HCO; ™,
Cl~, CO;>7, PPi, N;7, F7) (Fig. 5), amino acids (alanine, argi-
nine, cysteine, homocysteine and so on) (Fig. S14f) including
biological interfering species (OCI™, ascorbic acid, OH’, O,
tempo, ONOO ™, HNO, H,0,, DHA, NO', NO) (Fig. 6).

However, in aqueous solution for the above cases, there is
no remarkable change in fluorescence intensity except for NO,
where the probe HqQEN,g, exhibits ~7 fold increment in fluo-

1000
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10

40
Time (ns)

60

Fig. 3 Lifetime plot of HQEN4go and (HQEN4ge + NO) at 25 °C in
aqueous HEPES buffer (10 mM) at pH 7.20 and ¢ = 0.10 M NaCl
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rescence intensity. As a result the fluorescence emission
spectra clearly shows that HqQEN,g, is highly selective and
specific towards nitric oxide in aqueous solution at pH = 7.2.
The selective behaviour of HQEN,g, towards NO over other
ROS/RNS was further deliberated by using the UV-Vis absorp-
tion method as illustrated in Fig. S15.1 Interestingly, both the
fluorescence and absorbance spectra of the probe HQEN,g
reveal selectivity towards NO even in the presence of compet-
ing ions (Fig. S167) (such as hydrogen peroxide, peroxynitrite,
ascorbic acid, dehydroascorbic acid and so on) (Fig. S177).

PH study

To analyse the pH effects on the ability of the probe HqQEN,g,
to sense nitric oxide, we recorded the fluorescence spectra by
taking 20 pM HQEN,g, with 3.5 equivalents (70 pM) of NO at
various pH values in HEPES buffer. As displayed in Fig. 7 the
probe HQEN,g, is weakly fluorescent as well as stable and
shows good detectable response towards NO over a wide
range of pH = 4-10. However, the probe displays the best
response towards NO in the pH range of 5-7 leading to the
conclusion that the probe is suitable for monitoring NO in
living systems.

Geometry optimization and electronic structure

Herein, the receptor, HqQEN,g, is able to show selective posi-
tive response towards NO resulting in the formation of the
N-nitrosated product, [HGEN,5,-NO], which leads to electronic
as well as structural changes in their geometries. In order to
have a detailed idea about the photophysical properties of the
probe HqEN,g, and its N-nitrosated product, we have carried
out DFT and TDDFT calculations at the B3LYP/6-31G level of
the Gaussian 09 program.

The optimized geometries of HQEN,g, and its NO bound
form, [HQEN4g)-NO], are shown in Fig. 8. HqEN,g, and
[HQEN,50-NO] both belong to the C1 point group. The nature
of all stationary points for both free ligand and its NO product

3.0x10°
O\o\ —@—HqEN,
2.5x10°} 9779 | o HgEN,,+NO
—~
= 2.0x10°f
«
e SL @ 9
- 1.5x10°f
£ \
1.0x10° 0\,\
5.0x10°t \.h,__‘,/o/"*s

Fig.7 pH dependent fluorescence responses of HQEN4go and
HQEN4g0-NO at 25 °C in aqueous HEPES buffer (10 mM) at pH 7.20 and
u=0.10 M NaCl
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[HQEN 15,-NO]

HQEN g,

Fig. 8 Optimized geometry of ligand HQEN4go and the NO product
[HqEN480-NO].

was identified by performing normal mode analysis and all
the frequencies turned out to be positive indicating their
global minima.

In the ground state for HqQEN,go, the electron density dis-
tributed mainly over HOMO-1 molecular orbitals of the
8-methoxyquinoline ring moiety and LUMO molecular orbitals
of the quinolin-8-ol portion of the ligand. On the other hand,
for HOMO molecular orbitals, the electron density resides
mainly on the ethyl-dimethyl-amine fragment of the ligand
HqEN,g,. For the free ligand, the energy gap between HOMO
and LUMO is 4.17 eV (Fig. 9). In the case of [HqEN,4,-NO], the
HOMO and HOMO-1 molecular orbitals carry most of the
electron density in the ethyl-dimethyl-amine fragment and
8-methoxyquinoline moiety of the N-nitrosated ligand,
whereas for the LUMO orbital the electron clouds are mainly
distributed over the N-nitrosoformamide fragment. For
LUMO+1, the electron cloud localized on the quinolin-8-ol
moiety and the contribution of electron density for LUMO+2
orbitals originate from the N-nitroso-2-hydroxyacetamide
portion respectively. Fig. 9 shows that for the NO product, the
HOMO-LUMO energy gap is 2.75 eV which is less than that of
HqEN,s, (4.17 eV). Enhancement in fluorescence intensity for

2 )
-1.508 eV a a
LUMO 24 9,
— 2 2
N 2877V 20 @ 2
.. LUMO
\
N
ay”’
4.17eV 5 3
2.75eV
<4 >
2 9
9 9
e e 29
9 HO\IO—-_ IOV e e
3 -5.635eV
5.679eV 35e a®,
[}
g
[HGEN,5-NO]

Fig. 9 Frontier molecular orbital of ligands HqEN4go and [HQEN,4go-
NOl.
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the NO product arises mainly due to the electron withdrawing
nature of the -N-N=0 moiety blocking the PET process.

The ligand HqEN,s, shows absorption bands at 314.00 nm
at room temperature and the corresponding calculated absorp-
tion band is found at 307.10 nm which indicates an excellent
agreement with our experimental results. This band arises due
to Sp — S, electronic transitions (Fig. S18t). The absorption
energies as well as their oscillator strengths are described in
Table S3.7

The complex [HqEN,5,-NO] shows absorption bands at
304.47 nm at room temperature. These absorption bands can
be assigned to the S, — Sg transitions (Fig. S19f). For
[HqEN,45-NO], the absorption energies and their oscillator
strengths are also given in Table S4.7

NO detection in living cells

As HQEN,g, showed extensively selective reaction with nitric
oxide (NO), it had been further checked for its NO sensing
ability in living cells. A cell viability assay using MTT was per-
formed to check the cytotoxic effects of HqQEN,g,, by calculat-
ing the % cell viability of HepG2 cells (Fig. 10). More than 80%
cell viability is reflected by no significant decrease in formazan
production up to 20 uM concentration of HqEN,g,. Hence,
further cell imaging experiments were carried out with 10 uM
of HqQEN,3, at which cell viability is more than 85% and much
more effective for in vitro monitoring of NO molecules. The
incubation of 10 pM HqEN,g, for 1 hour exhibited no intra-
cellular fluorescence on HepG2 cells (Fig. 11).

However, upon incubation of HepG2 cells with 10 uM of
SNP, which is provided as an exogenous source for NO, fol-
lowed by incubation with 10 pM HqEN,g,, a distinct blue fluo-
rescence was observed inside the cells due to the reaction
between the exogenously produced NO molecules and the
ligand. Fluorescence emission was mostly localized in the cyto-
plasmic region of the cell, indicating the formation of
HqEN,5)-NO outside the nucleus. Keeping the HQEN,g, con-
centration constant (10 pM) and increasing the concentration
of SNP from 10 pM, 20 pM, to 40 pM a concentration-depen-
dent increase in the intracellular blue fluorescence is quite
apparent. These results suggest that the ligand HqEN,g, with

120

—
=3
=

%Cell Viability
= B2 & 3 B8
“4, .

Fig. 10 Percent (%) cell viability of HepG2 cells treated with different
concentrations (5-100 pM) of HQEN4go for 24 hours determined by the
MTT assay.
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HQEN g,
SNP

10 uM

Fig. 11 The fluorescence images of HepG2 cells were captured (40x)
after incubation with 10 pM, 20 pM and 40 pM of sodium nitroprusside
(SNP) for 60 min at 37 °C, followed by washing thrice with 1x PBS and
incubation with 10 pM of HgEN4go for 60 min at 37 °C. The fluorescence
images show the absence of signal by the fluorophore HqEN4go (10 pM)
in the absence of NO molecule induced from SNP, while the fluor-
escence gradually increases, highly at 40 uM of SNP concentration.

low cytotoxicity and biocompatibility has a high potential for
in vitro application as a sensor of intracellular NO molecules,
as well as for their detection in biological samples.

Conclusion

In summary, herein we present a new fluorescent probe
HqEN,g, which exhibits a dramatic turn on fluorescence
response towards NO in 100% aqueous solution by utilizing
the N-nitrosation based reaction, with cell imaging appli-
cations. Its pronounced selectivity towards NO over other inter-
fering species makes it a suitable fluorescent probe for track-
ing NO in biological systems. Moreover, the N-nitrosated
product was analysed and well characterised by ESI-MS’, NMR
and IR studies. The presence of a highly electron withdrawing
group -N-N=O within the fluorophoric moiety pulls the elec-
tron density from the amide nitrogen atom leading to blocking
of the PET process with concomitant enhancement in fluo-
rescence intensity. The sensing reaction of HqQEN,g, towards
NO shows high sensitivity as evidenced from the very low
detection limit of 53 nM. Thus it clearly indicates the suit-
ability of the probe for monitoring NO in macrophage cul-
tures®® due to the presence of NO in micromolar concen-
trations in these types of cells. Fluorescence titration gives a
high formation constant, (1.75 + 0.07) x 10* M, for the reac-
tion between HqQEN,g, and NO at pH 7.2. Thus, low cytotoxicity
towards biological systems, water solubility, and cell-per-
meability along with very low LOD (53 nM) demonstrates that
HQEN,g, is a highly desirable probe for tracking NO in living
cells.
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