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Synopsis

The contents of this thesis entitled “Design and synthesis of Fluorogenic and Chromogenic
probes for the Detection of lonic Guests in Solution and Biological medium” have been
divided into six chapters based on the results of experimental work performed during the research

period.

Chapter 1: Introduction

lonic species especially metal ions and anions have immense importance in chemistry, biology
and environment. In the last few decades selective and specific detection of those ionic species
has become a significant field in chemistry and biochemistry. There is a great demand for the
development of selective, sensitive and easy techniques to detect biologically and
environmentally important ions. Sensing of target ions by chromogenic and florigenic probes have
been established as a prominent technique among other methods. Optical chemosensors are
becoming popular increasingly due to their ability to work in a relaxed condition, high sensitivity,
and low detection limit. A chemosensor with fluorescence turn ON/OFF response upon
interaction with ionic guests is of immense importance. Hence, designing of selective
chemosensor is of paramount importance. Chemosensors which can work in aqueous medium or
in physiological condition are even better than those who have the limitation of performing in
physiological condition, as these probes can be applied for biological studies. Thus, the
development of new small organic sensor molecules for specific ions which can work in
physiological condition, have ultra-sensitivity, have emission in the higher wavelength is highly

desirable.

Chapter 2: Experimental methods and characterization

This chapter explains comprehensive information about the various materials used in the synthesis
of the receptors/probes, detail synthetic techniques, crystallization details, binding studies;
specifications of instruments used for the characterization of the synthesized compounds were
discussed.

Chapter 3: Selective Detection of Zn®* and PPi in Physiological Conditions and Application
in Bacterial Cell Number Estimation

This chapter describes the thorough investigation of the binding properties of a diformyl-

quinoline based receptor (L;) which exhibits selective colorimetric and fluorometric sensing of
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Synopsis report
Zn?* in aqueous medium at pH 7.4 based on ICT process. The in situ formed phenoxo-bridged

complex, Li.2Zn can selectively and specifically sense PPi among all the other biologically
important anions including ATP through reversible binding. The detection limit for Zn?* and PPi
were found to be approximately 56 ppb and 2 ppb respectively. The unique selectivity of the PPi
by Li-Zn ensemble could be used as an analytical tool to probe PPi generation in a prototype PCR
setup and track DNA amplification with higher sensitivity as compared to conventional agarose
gel electrophoresis. Interestingly, the principle of PPi estimation in PCR rendered rapid estimation
of bacterial cell numbers with a limit of detection of 10 CFU of E.coli MTCC 433 in as early 10
PCR cycles. The proposed method of PPi sensing offers interesting application potential in PCR-
based rapid diagnostics for pathogenic agents and microbiological quality control.

Intensity (a.u)

ZnPPi

_ 450 500 550 600 650
A= 480 nm Wavelength (nm)

Scheme 1. A comprehensive representation of the research work included in chapter 3.

Chapter 4: A novel chemosensor with visible light excitability for sensing Zn®" in
physiological medium and in HeLa cells

In this chapter a imine-hydrazone based fluorescent chemosensor (L) have been designed which
was used for efficient and selective sensing of Zn>* over other biologically important metal ions in
physiological conditions is reported. Enhancement in fluorescence emission intensity of the
developed probe with a red shift of ~25 nm was observed with Zn®**, whereas other metal ions
failed to reveal any significant change in the emission spectra. Interestingly, the receptor
functioned in completely physiological condition (99.7% HEPPES buffer) and has visible light
excitability. Sensing of Zn?* was investigated in detail through absorption spectroscopy, emission
spectroscopy, DFT calculation, 'H-NMR titration experiment and ESI-MS experiment.
Association constant between L, and Zn** was found to be 5.58 x 10° M™%, The receptor could
detect as low as 69 ppb Zn?*. Sensing of Zn®" is proposed through switch-on of intramolecular
charge transfer (ICT) and chelation enhanced fluorescence (CHEF) process after the introduction
of Zn** to the free ligand. The developed receptor was non-toxic and rendered intracellular

sensing of Zn?* in HeLa cells through fluorescence imaging studies.
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Scheme 2. A comprehensive representation of the research work included in chapter 4.

Chapter 5: A lab-on-a-molecule: Traffic signal like sensing of AI**, Zn* and F~

This chapter gives detailed information about a novel dialdehyde-based multi-analyte sensor (Ls)
which renders distinctive emission spectra for AI**, Zn?* and F ions. The ligand exhibited
different types of interactions with these three different ions resulting into the enhancement of
fluorescence intensity at three different wavelengths. All the sensing processes were studied in
details by absorption spectroscopy, emission spectroscopy and 1H-NMR titration experiment. The
ligand has the working ability in a wide pH range including the physiological pH. The ligand is
non-toxic and amicable for sensing intracellular AI** and Zn* in live Hela cells.

LF)

A, =575 nm

Zn? A= 550 nm

Scheme 3. A comprehensive representation of the research work included in chapter 5.

Chapter 6: A Near-Infrared (NIR) emissive AI** sensing platform for specific detection in
solution, cells and probing DNase activity
The final chapter describes a new tricarbocyanine-based chemosensor (L4) which exhibited a

dramatic AI**-specific fluorescence turn-on response in the Near-Infrared (NIR) region. The

I**

receptor was found to be highly selective towards AI°" over other metal ions in physiological

condition. The sensor was also capable to sense AP in complex medium like environment

samples (tap water, lake water and river water). The sensor was non-toxic and could thus be

13

employed as an imaging probe for detecting intracellular AI°™ in live cells. Interestingly, upon

s

interaction with DNA in solution, the L4-AlI°" ensemble rendered tracking of DNase activity in

solution through a systematic reduction in the fluorescence emission intensity.
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Scheme 4. Schematic illustration of the research work incorporated in chapter 6.

Conclusion and future perspective
In conclusion, the overall thesis elucidates some important results in the field of chemosensor for
biologically and environmentally important analytes in solution and in biological medium. We
have designed, synthesized and investigated some unique receptor systems (Li-L4) ranging from
simple to complex structures and also spectral responses ranging from UV-region to near-IR
region which can detect various analytes in aqueous solution and inside living cells.
Receptor L; can selectively sense Zn** in physiological condition with a turn-on (green
fluorescence) response. The in situ formed complex, L;.2Zn can selectively and specifically sense
PPi among all the other biologically important anions. The unique selectivity of the PPi by L;-Zn
ensemble could be used as an analytical tool to probe PPi generation in a prototype PCR setup and
track DNA amplification with higher sensitivity as compared to conventional agarose gel
electrophoresis. Interestingly, the principle of PPi estimation in PCR rendered rapid estimation of
bacterial cell numbers of E.coli MTCC 43. Receptor L, can also specifically sense Zn** in
complete physiological medium with a turn-on response (yellow fluorescence). The receptor was
non-toxic and sense Zn?* in HeLa cells. L3 can sense AI**, Zn** and F ions (green, yellow and
orange fluorescence respectively) with three distinctive emission spectra. The ligand can work in
a wide pH range including the physiological pH and was also applied for sensing intracellular
APP* and Zn?* in live HeLa cells. In chapter 6, we have discussed about L4 which can selectively
and specifically recognize AI** among all other cations with turn-on responses (red fluorescence).
Both the absorption (710 nm) and emission (730 nm) responses were in the NIR region.
Interestingly, upon interaction with DNA in solution, the L,-AI** ensemble rendered tracking of

DNase activity in solution through a systematic reduction in the fluorescence emission intensity.

Vi
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Chapter 1

1.1. Fluorogenic Chemosensors: An Introduction

Luminescence, a stunning and bewildering phenomena among many other amazing Natural
wonders. Luminescence (Latin: Lumen = light), whether man-made or created by Nature itself, is
the only phenomenon that lightens up “life”, besides the visible radiation from combustion and
photon emission as a consequence of nuclear fusion of hydrogen by the yellow dwarf star (G2V)
that shines on our planet. Interestingly, a photon produced in the core of the sun will take
thousands of years to travel from the core to the surface, but only 8 minutes to reach our planet.
Commonly, people identify at least two types of luminescence: fluorescence and
phosphorescence. However, luminescent processes comprise a large group of related phenomena

that have purely physical, chemical, and/or biological/biochemical origins.**

Among many dramatic visual phenomenon occurring within the laboratory, switching of
luminescence of chemosensors by specific analytes became more famous among scientists from
different fields. The past two or three decades offer plenty of indications that this spectacle
continues to amuse scientists in laboratories around the world in good numbers. It was not
surprising that such an inexpensive and feasibly practical indicator will be employed for the noble
use in the quantification of chemical species of various kinds, that is, chemosensors serve real-life
needs in the wider world. The need of organic chemistry is crucial behind all these creativity,
because design, synthesis and characterization of small organic molecules leads the demonstration

of luminescence switching.*?

Generally, chemosensors are abiotic molecules which can specifically and selectively bind the
target analyte of interest in a reversible manner with a consequential alteration in one or more
properties of the system, such as redox potentials, absorption or fluorescence spectra ** **. In
general, two different processes are occurring simultaneously during analyte detection, i.e.
molecular recognition and signal transduction. So, chemosensors can be constructed with three
possible different constituents (Fig. 1.1): (i) a receptor, (ii) a fluorophore and, (iii) a mechanism

for communication between the two former moieties. *°

Fluorescent chemosensors have their own advantages over other chemosensors such as:

fluorescence measurements are usually very sensitive (single molecule detection is possible),
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inexpensive, easy to execute, and adaptable, very low detection limit with submicron visualisation

and high sensitivity > . Moreover, the photophysical properties of a fluorophore can be
modified by introducing different processes such as proton-, energy- and electron-transfer
processes, the presence of heavy-atom effects, changes of electronic density, and the
destabilisation of a non-emissive nn* excited state **. So, by just altering a simple process,
different efficient chemosensors can be designed and developed. The signal transduction of a
chemosensor after binding with the target analyte offers the possibility to monitor analyte
concentration in real-time and real space. Chemosensors are receiving fascination and attention in
the scientific community, especially from chemists, biologists, physicists and material scientists.
In biochemistry, clinical and medical sciences, and cell biology, freely mobile sensor molecules
are employed extensively in microscopy, a use that offers the possibility of performing real-space
measurements. There is a massive necessity for developing the real time detection toolkits in
analytical chemistry and environmental sciences. These tools has stretched the opportunity of
carrying out remote real-time measurements with optical sensors (optodes) by observing
variations in the absorption or luminescence spectra of chromogenic or fluorescent compounds
immobilized on polymer matrix on the tip of a fibre. So, with the help of a micro sized optical
fibre, detection and analysis of a specific analyte is possible at almost any location at any time

instantly.>®

The field of chemosensors started to bloom only after the late 1970s when Pedersen, Cram and
Lehn developed the revolutionary supramolecular chemistry. On the other hand, the improvement
of photochemistry provided the foundation for designing systems which can produce changes in
absorbance or fluorescence spectra after binding with the analyte. Developing chemosensors for
metal ions got special interest from the scientific community, because metals are required for
almost all the living organisms, as metals play crucial roles in fundamental processes, including
osmotic regulation, catalysis, metabolism, bio-mineralization, and signalling. Group I and Il
metals (alkali and alkaline earth metals) are highly abundant in most biological organisms.
Gradients of group I and Il metals across membranes represent a classical way to store potential
energy, and these ions play roles in osmotic regulation, generation of action potentials, and
signalling. Transition metals especially iron, zinc, copper, manganese, cobalt, nickel,
molybdenum, tungsten, chromium, and vanadium play significant roles in several biological
processes. " These are termed as the trace elements because of their small abundance in the
biological organisms compared to the group I and Il metals although iron and zinc are often found
in substantial amounts. On the other hand, anions also play fundamental roles in a wide range of

chemical and biological processes.’®
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The signal transduction of a fluorophore may undergo through various mechanisms such as ICT

(internal charge transfer), PET (photoinduced electron transfer), EET (electronic energy transfer)
FRET (Fourier resonance energy transfer), CHEF (chelation-enhanced fluorescence), monomer-
excimer formation and many more. Among them, ICT, PET, CHEF, MEF are the most
extensively studied processes which are used for signal transduction.? Several scientific papers
have been published concerning fluorescence or colorimetric sensors for metal ions and anions

with the help of the above mentioned mechanisms.™***°

In general, (1) Protonation-
deprotonation; (2) complexation (direct complexation and competitive displacement
complexation); (3) cleavage and formation of covalent bonds; and (4) redox reaction, are the
common approaches used for the analyte detection. Among all these approaches, complexation
(direct complexation and competitive displacement complexation) dependent sensor molecules
have been designed, synthesized and their properties have been investigated in details in this

thesis. Some examples from the literature have been shown in the next two sections.

1.2. Different Design Strategies

Complexation based chemosensors can be divided into two different sections, one is direct
complexation and the other is competitive displacement complexation. In the first case, a spacer
connects the binding site with the signalling unit. The target analyte binds with the binding unit
via any of the following ways: coordination, electrostatic interaction, or hydrogen bonding
rendering the signal transduction of the signalling unit. This is one of the most extensively used
strategy for the development of chromogenic and fluorogenic probes which have the advantages
of rapid spectroscopic response and excellent reversibility which again benefits real time
detection of a specific analyte easily in no time.

Unlike the first approach, in displacement approach the binding site and the signalling subunit are
not attached covalently rather they form a coordination complex (one part of the host-indicator
assembly that is used in indicator displacement).**” The indicator is replaced from the binding site
by the target analyte, ensuing a change from a coordinated to non-coordinated state. Generally,
the spectroscopic characteristics of the signalling subunit in a coordinated state are different from
the non-coordinated state. So, the analyte binding process is coupled to a signal modulation. Thus,
it can be assumed that the stability constant of the complex formed between the binding site and
the analyte should be higher than the complex formed between binding site and the signalling
unit. The displacement approach has great advantages like no need to incorporate the signalling
unit into the structures of receptor or analyte, high reversibility, recyclable, exchangeable
indicators. Also, the detection mechanism of this method is independent of the analyte

structure.**8
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Figure 1.1. Different types of design strategies for chemosensors.

1.3. Recent Developments in Chemo-sensing arena

Suzuki et al. has reported a near-infrared fluorescent probe (1) for calcium™*® (Fig. 1.2.). The
probe was composed of two moieties, a fluorescent moiety and a Ca** binding moiety. The probe
has excellent spectroscopic properties such as sharp fluorescence spectra (in NIR region) with
high extinction coefficients and high quantum vyields, as well as the fine-tuning ability of the
absorption/emission spectral bands in the visible-NIR region and applicable for real-time dual-
color intracellular Ca** imaging. They have used the well-known Ca®* chelator, BAPTA (O, O*
bis(2-aminophenyl) ethyleneglycol-N,N,N',N'- tetra acetic acid) as the and binding site for Ca*".
The PET (photoinduced electron transfer) from the electron-rich ion chelating moiety to the
fluorescent dye moiety quenches the fluorescence of the whole system. As soon as Ca®" was
introduced, the PET process was prohibited which resulted into enhancement in the emission
intensity of the probe.

Mallet and coworkers had developed a new visible-light red-emitting receptor (2) for Ca** (Fig.
1.2.).%%° The large molar extinction, high quantum yield, high photostability and large red shift of
the receptor ranks this receptor among the brightest red-fluorescent Ca?*-sensitive dyes. With its

spectral properties, they respond to the demands of many biological multicolor fluorescence
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applications, specifically when imaging cells expressing enhanced green fluorescent protein

(EGFP).
Watkinson and coworkers have reported two cyclam-based macrocyclic sensors which were

prepared using click chemistry to link fluorophores to the macrocyclic receptors (Fig. 1.2.)%%%.

These sensor molecules exhibited high selectivity for Zn(1l) over a other important metal ions
with turn-on responses in the emission spectra over a wide pH range. The sensor molecules can
access biologically available zinc in mammalian cells, sensing the Zn(lI1) flux that exists during

apoptotic cell death.

n=1 (3a)
n=0 (3b)

Figure 1.2. Structures of probe 1, 2 and 3a, 3b.

Hong and co-workers have developed a naphthalene-based fluorescent sensor, 4*%. The Zn-
complex of this ligand selectively detects PPi with high affinity in aqueous solution over a wide
pH range (Fig. 1.3). Their system showed remarkable selectivity for PPi over other anions,
including strong competitors such as HPO,* and ATP. The zinc complex had low fluorescence in
solution but after the addition of PPi its fluorescence enhances drastically due to the release of

zinc as Zn-PPi complex resulting in the free ligand.

Figure 1.3. Response of probe 4.2Zn towards PPi and ATP.

Kim and coworkers have reported a zinc(ll) complex with a two-dipicolylamine-substituted 1,8-
naphthalimide (Fig. 1.4.) for recognition of PPi with ratiometrical fluorescence changes in

aqueous solution®. They have also monitor the intracellular PPi by the observation that the
5
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fluorescence of 5 was enhanced by the presence of the Zn®* ion and was quenched by addition of

PPI.
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Figure 1.4. Sequential sensing of Zn?* and PPi by probe 5.

Yoon, Park and coworkers devised a simple method for detecting CN™ ion in aqueous solution at
pH 7.4%?* The fluorescent probe 6 displays a fluorescence quenching effect with Cu®*, which
shows fluorescence ON upon the addition of CN" ion (Fig. 1.5). This sensing system has been
incorporated into a microfluidic platform, in which the fluorescent sensor 6-Cu?* displays green
fluorescence upon the addition of CN™ ion. Finally, studies of biological applications using
Caenorhabditis elegans demonstrated that their system can be employed for the in vivo imaging of

cyanide.

Fluorescenlt atpH7.4(On) Fluorescent at pH 7.4 {Qn) Less Fluorescent at pH 7.4 (Off)

Figure 1.5. Sequential sensing of Cu?* and CN" by probe 6.

Jiang et.al had designed one selective Ag™ sensor (7) using a quinaldine moiety as fluorophore
attached with an azacrown'?. It provides ratiometric measurements for Ag* with high sensitivity

and selectivity in aqueous solution (Fig. 1.6). Keeping in mind about the low solubility product of
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AgX (X -halide) in water they had used the in situ formed Ag complex for the sensing of I-

through sequestrating Ag* from the complex via formation of Agl precipitates in aqueous media.

Figure 1.6. Sequential sensing of Ag”* and I by probe 7.

8126 which

Recently our group had synthesized a new indole functionalized rhodamine derivative
specifically binds to Cu®* in the presence of other competing ions with observable changes in its
spectral behaviour. The receptor could be employed as a resonance energy transfer (RET) based
sensor for detection of Cu®* based on the process involving the donor indole and the acceptor
Cu?* bound xanthene fragment. Studies reveal that 8-Cu complex is selectively and fully

reversible in presence of sulphide anion (Fig. 1.7).

340 nm\

//\p Cu*

O
“ \/</ N‘\CN N+
g o) NS

K 490 nm CuS

Figure 1.7. Sequential sensing of Cu®* and S* by probe 8.

Recently another new fluorescent chemosensor 9%’ have been reported by our group which
exhibited relay recognition of Zn?* and pyrophosphate anion in a mixed buffer solution at
physiological condition. The probe exhibited excellent Zn** induced turn-on response in emission
spectroscopy and it can detect Zn** as low as 71ppb. Furthermore, addition of the pyrophosphate
ion led to quenching of the fluorescence signal of the 9-Zn?* ensemble. The sensitive
fluorescence behaviour of the 9 rendered a useful probe for in vitro assays of the intracellular Zn?*

and PPi ions in a model human cell line (Fig. 1.8).

7
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Figure 1.8. Sequential sensing of Zn?* and PPi by probe 9.

A highly selective inorganic pyrophosphate (PPi) sensor (10) have been designed, synthesized and
reported by our group lately™?. The novel phenylbenzimidazole functionalized imine containing
chemosensor could sense PPi through “turn-on” colorimetric and fluorimetric responses in a very
competitive environment. The overall sensing mechanism is based on the aggregation-induced
emission (AIE) phenomenon. Moreover, a real time in-field device application was demonstrated
by sensing PPi in paper strips coated with 10. Interestingly, detection of intracellular PPi ions in
model human cells could also be possible by fluorescence microscopic studies (Fig. 1.9).

[i\’l 530 nm —
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d(}ﬂ = '\——’ /Q\'/;\'(‘\

Figure 1.9. AIE induced sensing of Zn?* by probe 10.

Tang et al. have developed an excellent zinc sensor using the tricarbocyanine unit and that was
the first NIR zinc sensor (11).*?° The sensing mechanism of 11 is based on PET and gave a 20-
fold turn-on response for detecting zinc. The probe has a large Stokes shift and is highly sensitive
and selective to zinc. Moreover, 11 is cell-permeable and can respond to zinc quickly, which

demonstrated that 11 is an excellent NIR fluorescence probe for zinc imaging (Fig. 1.10).
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Figure 1.10. AIE induced sensing of Zn** by probe 11.

The first NIR fluorescent sensor for sulphide anions was developed, synthesized and reported by
Cao et al. based on the displacement approach’*°. The sensing ensemble is composed of a cyanine
dye, a piperazine linker, an 8-aminoquinoline ligand, and copper. The ensemble has several
advantages such as large NIR fluorescence turn-on signal in aqueous ethanol, high sensitivity, and
high selectivity (Fig. 1.11).

L
M.—"

~

12 12-Cu** complex

Figure 1.11. AIE induced sensing of Zn?* by probe 12.

1.4. Real-life Applications of Chemosensors: from design to deployment

Owing to the numerous advantages and potentiality of the Chemosensors, they have been
employed in various fields. Luminol is used by the crime scene investigators to detect very trace
amount of blood in the crime scenes. It emits blue fluorescence when it comes in contact with
blood and it has very low detection limit. So even if the criminal has tried to clean off the blood
from the crime scene, luminol still can detect that much of blood sample. Chemosensors have
been also employed in medical sciences as well. The electrolyte levels in the blood sample of a
car accident victim are determined rapidly and reliably on the accident spot by the paramedics
with a family of fluorescent PET sensors (133" and 14'*?). So, when the victim is transferred to

the hospital, a blood bag balanced with electrolytes matching the patients’ blood has already been
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prepared and it’s ready for use. Probe 13 is used to determine the level of Na*, while probe 14 is

used to determine the K* level. The sensor molecules are covalently immobilised on an amino
cellulose fibre substrate. Before engagement with the sensor molecules, the blood is filtered
through the cellulose fibre mat, so that only the comparatively colourless serum makes the
passage. As soon as the serum encounters with the sensor molecules, the Na* in the serum binds
with the appropriate fraction of the sensor molecules. Now, as the Na*-bound fraction is strongly
fluorescent and it emits a green-yellow fluorescence, upon exciting all the sensor molecules by an
inexpensive blue light-emitting diode, the Na*-bound molecules emit green-yellow fluorescence
while the free molecules remain practically silent. The intensity of the green-yellow light flash is
measured by an inexpensive photodiode and easily converted into a blood Na* level.

MuD/Eb fﬂ‘c-’gj
Sl e
(_ﬂuﬂ_? Hk@"m NDMG
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13 14

Figure 1.12. Structures of probe 13 and 14.

1.5. Concluding Remarks and objective of thesis

The literature review evidently reveals the popularity and importance of the Chemosensors for
their significant advantages and applications. The scientific community has developed thousands
of Chemosensors in the last few decades. However, most of them have some limitations, like
requirement of organic solvent as working media, low sensitivity and selectivity, emission at
shorter wavelengths, made of expensive materials or obtained after multistep reactions. Due to the
above mentioned limitations many of them are not suitable for practical employment. So, though
a number of chemosensors are reported, there is still need of sensors which will have better
solubility especially in physiological conditions, high selectivity, inexpensive, made via simple
steps, emission at longer wavelength and cell permeable.

10
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The literature also shows that most of the chemosensors developed during the last few decades are

based on the following mechanisms: ICT, PET, CHEF and FRET. Depending on the above
mechanisms switch on-off, switch off-on and ratiometric chemosensors have been designed and
synthesized. Switch off-on probes are better than the switch on-off or ratiometric probes due to
their capability of effortless detection of low-concentration difference relative to a “dark”
background, which is rather suited for qualitative analysis due to the high sensitivity. On the other
hand, ratiometric probes are better for quantitative analysis. Although ratiometric calculations
need much more time for ratio calculation/measurement, but this process can eliminate the
influence of several variants (e.g., probe concentration, instrumental efficiency, and
environmental conditions) by built-in correction of two emission bands, which is why this process
is perfect for precise quantitative analysis.

Development of fluorescent probes with absorption and emission in the near infrared (NIR) region
(650-900 nm) are highly desirable due to the reduced propensity of photo-damage to biological
samples, increased sample penetration and minimum background auto-fluorescence, which would
significantly assist bio-imaging studies and in-vivo imaging.®3?°%*® Therefore, design of
chromogenic and fluorogenic probes for biologically important cations and anions with longer

emission wavelength is our first target.

So, from all the above discussions it is obvious that development of new probes with the
following properties will be much appreciated. First of all, they should be very simple in design,
inexpensive and easy to synthesize. Secondly, they should have the potential to work in
physiological conditions which will empower practical applications of the probes in biochemical
studies (especially for cell imaging studies). And last of all, probes with spectral responses at

longer wavelengths are highly anticipated for better biochemical applications.

So, finally the focus of the thesis-work is 1) to design and synthesize simple, stable fluorogenic
receptor molecules or chemosensor molecules with the potential to work in physiological
conditions for optical detection n of ionic analytes, 2) application of the developed chemosensors
in environmental or biological samples and 3) evolution of new receptor molecules which will
have spectral responses in the longer wavelength region.
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2.1.1. General Information and Materials

All the materials used for synthesis were purchased from commercial suppliers and used
without further purification. 2,6-Diformyl-4-methylphenol was prepared by modification
of the literature method.** Absorption spectra were recorded on a Perkin-Elmer Lamda-25
UV-vis spectrophotometer using 10 mm path length quartz cuvettes in the range of 250—
700 nm wavelength. Fluorescence measurements were conducted on a Horiba Fluoromax-
4 spectrofluorometer using 10 mm path length quartz cuvettes with a slit width of 5 nm at
298 K. All the mass spectra were obtained using Agilent Technologies 6520 Accurate
mass spectrometer. NMR spectra were recorded on a Varian FT-400 MHz instrument. The
chemical shifts were recorded in parts per million (ppm) on the scale. The following
abbreviations are used to describe spin multiplicities in *"H NMR spectra: s = singlet; d =
doublet; t = triplet; m = multiplet. Elemental analyses were performed with a Perkin-Elmer

2400 elemental analyzer.

2.1.2. UV—-visible and Fluorescence Spectroscopic Studies of L;

Stock solutions of various ions (1x10 % mol L) were prepared in deionized water.
Perchlorate, chloride or nitrate salts of metal ions were used to prepare metal stock
solutions. Tetra butyl, tetraethyl or sodium salts of the corresponding anions were used for
anion sensing experiments. In the experiment with Ca?*, chloride salt was used. A stock
solution of L; (1x10°2 mol L™*) was prepared in DMSO. The solution of L; was then
diluted to 1x107° mol L™ with MeOH: aqueous HEPES buffer (1 mM, pH 7.4; 3:2 v/v).
All the spectroscopic experiments have been performed in a mixed solvent MeOH:
aqueous HEPES buffer (1 mM, pH 7.4; 3:2 v/v). In titration experiments, a solution of L;
(1x107® M) was filled in a quartz optical cell of 1.0 cm optical path length, and the ion
stock solutions were added gradually by using a micropipette to achieve a concentration of
1x107° mol L™ . In selectivity experiments, the test samples were prepared by interacting
appropriate amounts of the anions/cations stock into 2 mL of L, solution (2x10 °mol L™).
For all the samples, the spectra were recorded following 1 min of the addition of the ions.
For fluorescence measurements, excitation was set at 400 nm and emission was recorded
from 420 nm to 650 nm.The selective binding of L; with Zn? among all other metal ions

was also studied by fluorescence emission spectroscopy of the solution of L; (10.0x10°
TH -1492 11612226



Chapter 2
M) in the absence and presence of an excess (10 eq) of each of the metal ions in mixed

solvent. Reversible behavior of L; upon the sequential addition of Zn** and PPi was
carried out in the same mixed solvent. Based on this experimental result molecular logic

gate has been designed.

2.1.3. Evaluation of the Apparent Binding Constant for the Formation of L;-2Zn*"

A stock solution of Zn(ClO4)2 having a concentration of 0.5x10° M, in an aqueous
HEPES buffer (pH 7.4) solution was used. Receptor L; with an effective concentration of
10.0x10°° molL™ in mixed solvent was used for the emission titration studies. The
effective Zn?* concentration was varied between 0 and 10x10°> M for this titration. The
solution pH was adjusted to 7.4 using an aqueous HEPES buffer solution having an
effective concentration of 1.0 mM.

The apparent binding constant for the formation of the respective complexes were
evaluated using the Benesi—Hildebrand (B—H) plot (equation 1).%?

1/(1-10)=2H{K (Imax—10) C}+ 1/ (1 max—10) (2.1)
lo is the emission intensity of L; at A = 480 nm, I is the observed emission intensity at that
particular wavelength in the presence of a certain concentration of the metal ion (C), I max IS
the maximum emission intensity value that was obtained at A = 480 nm during titration
with varying metal ion concentration, K is the apparent binding constant (M™*) and was
determined from the slope of the linear plot, and C is the concentration of the Zn** ion
added during titration studies.

2.1.4. Detection Limit for Zn?* ion and PPi

The detection limit was calculated on the basis of the fluorescence titration. The
fluorescence emission spectrum of L; was measured 10 times, and the standard deviation
of blank measurement was achieved. To gain the slope, the ratio of the emission intensity
at 480 nm was plotted as a concentration of Zn?*. The detection limit was calculated using
the following equation

Detection limit = 3o/k (2.2)
where o is the standard deviation of blank measurement, and k is the slope between the
ratio of emission intensity versus [Zn®*]. Detection limit for PPi was also calculated as per

the above mentioned process.

2.1.5. Detection of PPi in PCR Experiment
Escherichia coli (E.coli) MTCC 433 was grown for 6h aerobically at 37°C in nutrient
broth (NB) medium. Template DNA was isolated from the cells using the urea—SDS—

14
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NaOH method as described previously.*®* PCR was performed with triplicate samples,

each consisting of 2.0 pL of the extracted template DNA along with universal primers for
bacterial 16S rRNA gene (Forward primer: 5°- AGAGTTTGATCCTGGCTCAG3’ and
reverse primer: 5’- GGTTACCTTGTTACGACTT3’). In a total reaction volume of 25.0
puL, the PCR mix contained PCR buffer (diluted from a 10X stock), 200 uM of each
deoxynucleoside triphosphate (ANTP), 1U of Tag DNA polymerase (Bioline, India) and 50
pmol each of forward and reverse primers. The template DNA was initially subjected to
denaturation for 2 min at 94°C followed by amplification cycles in a programmable
thermal cycler (CG Palmcycler). Separate set of samples in triplicate were subjected to
varying duration of PCR ranging from 5 to 35 cycles. Each cycle included denaturation for
1.0 min at 94°C, primer annealing for 1.0 min at 55°C and extension for 1.0 min at 72°C.
A final extension for 10 min at 72°C followed the last cycle for every sample. Following
PCR, the reaction mixture was allowed to come down to room temperature. To ascertain
the level of PPi generated in the PCR experiments, a 10 pL aliquot of PCR mixture from
every sample (5 to 35 cycles) was then added separately to 400 pL of 10 mM HEPES
buffer (pH 7.4) containing 5 UM of L;.2Zn complex and the fluorescence emission
intensity was measured at 540 nm. The mean fluorescence intensity from triplicate samples
and the standard deviation was calculated and statistical analysis was performed by a one-
way analysis of variance (AOVA) using Sigma Plot version 11.0. To visualize the PCR
products, the generated amplicons corresponding to various samples (5 to 35 cycles) were
also subjected to agarose gel (0.8%) electrophoresis.**

2.1.6. Detection of PPi in PCR Experiment and Estimation of Bacterial Cell Numbers
Cells of Escherichia coli MTCC 433 were grown as mentioned previously. Subsequently, the
culture was serially diluted to achieve a cell concentration ranging from 1.0 CFU ml™to 10° CFU
mL™. Template DNA was isolated from this series using the method reported earlier %* and PCR
was performed with bacterial universal primers as mentioned previously. The level of PPi
generated in the PCR experiments from various cell numbers and intermittent cycles (5 to 35
cycles) was measured by interacting the PCR products with L;.2Zn complex and measuring the
fluorescence change at 540 nm as mentioned before.

Template DNA was isolated from an overnight grown culture of E. coli MTCC 433 and PCR was
performed with universal primers for bacterial 16S rRNA gene. Following PCR, the level of PPi
generated in intermittent cycles (5 to 35 cycles) was ascertained by interacting the PCR mix with
L1.2Zn complex and measuring the fluorescence emission intensity at 540 nm. Rapid estimation
of bacterial cells numbers was pursued by measuring PPi generated in PCR experiments from

various cell numbers (1.0 CFU mL™ to 10° CFU mL™). The detailed experimental protocol for

15
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PPi sensing in PCR and estimation of bacterial cell numbers is mentioned in the Supporting

Information.

2.2.1. UV-visible and Fluorescence Spectroscopic Studies of L,

Stock solutions of various ions (1x10~2 molL ™) were prepared in deionized water. Perchlorate,
chloride or nitrate salts of metal ions were used to prepare metal stock solutions. A stock solution
of Ly (1x10° molL ™) was prepared in DMSO. The solution of L, was then diluted to 1x10°
molL ™! with aqueous HEPES buffer (1 mM, pH 7.4). All the spectroscopic experiments were
performed in aqueous HEPES buffer medium (1 mM, pH 7.4) containing 0.33% of DMSO. In
titration experiments, a solution of L, (1x10°° molL ™) was filled in a quartz optical cell of 1.0 cm
optical path length, and the ion stock solutions were added gradually to achieve a concentration of
1x10~° molL™ . In selectivity experiments, the test samples were prepared by interacting
appropriate amounts of the cations stock into 2 mL of L, solution (2x10™> molL™). For all the
samples, the spectra were recorded following 1 min of the addition of the ions. For fluorescence
measurements, excitation wavelength was set at 470 nm and emission was recorded from 480 nm
to 700 nm. The selective binding of L, with Zn* among all other metal ions was also studied by
fluorescence emission spectroscopy of the solution of L, (10.0x10°® molL ™) in the absence and
presence of an excess (10 eq.) of each of the metal ions in mixed solvent.

2.2.2. Evaluation of the Apparent Binding Constant for the Formation of L,-2Zn?*

A stock solution of Zn(Cl0O4),, having a concentration of 0.5x10 2 molL *, in an aqueous HEPES
buffer (pH 7.4) solution was used. Receptor L, with an effective concentration of 10.0x10°°
molL™ in the aforementioned HEPES buffer medium was used for the emission titration studies.
The effective Zn®* concentration was varied between 0 and 10x10~> molL ™" for this titration. The
solution pH was adjusted to 7.4 using an aqueous HEPES buffer solution having an effective
concentration of 1.0 mM.

The apparent binding constant for the formation of the respective complexes were evaluated using
the Benesi—Hildebrand (B—H) plot (equation 2.1). Iy is the emission intensity of L, at A =550 nm,
| is the observed emission intensity at that particular wavelength in the presence of a certain
concentration of the metal ion (C), Inax is the maximum emission intensity value that was obtained
at A = 550 nm during titration with varying metal ion concentration, K is the apparent binding
constant (M) and was determined from the slope of the linear plot, and C is the concentration of

the Zn®* ion added during titration studies.

2.2.3. Detection Limit for Zn®" ion
The detection limit was calculated on the basis of the fluorescence titration. The fluorescence

emission spectrum of L, was measured 10 times, and the standard deviation of blank
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measurement was achieved. To gain the slope, the ratio of the emission intensity at 550 nm was

plotted as a concentration of Zn?*. The detection limit was calculated using equation 2.2 where o
is the standard deviation of blank measurement, and Kk is the slope between the ratios of emission

intensity versus [Zn*].

2.2.4. Cytotoxicity assay for L, and L,-Zn complex

A standard MTT assay was performed to determine the cytotoxic effect of L, and L,—Zn complex
on HeLa cells. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution was
procured from Sigma-Aldrich, USA. Initially HeLa cells were grown in 25 cm? tissue culture
flask in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% (v/v) fetal bovine
serum (FBS), penicillin (100g/mL) and streptomycin (100pg/mL) at 37°C in a CO; incubator.
Prior to MTT assay, cells were seeded onto 96-well tissue culture plates (approximately 10* cells
per well) and incubated with various concentrations of compound L, and L,—Zn complex (5.0uM,
12.5uM, 15pM, 25uM and 50uM) made in DMEM for a period of 24h. HelLa cells treated with
DMSO or Zn(ClO4), alone were also included in parallel sets. Following 24 h incubation, the
growth media was carefully aspirated and fresh DMEM containing MTT solution was added to
the cells and incubated for 3—4 h at 37-C. Subsequently, the MTT solution was removed and the
insoluble colored formazan product was solubilized in DMSO and its absorbance was measured in
a microtitre plate reader (Infinite M200, TECAN, Switzerland) at 550 nm. MTT assay for every
sample was performed in six sets. Data analysis and calculation of standard deviation was
performed with Microsoft Excel 2010 (Microsoft Corporation, USA).

2.2.5. Detection of Zn*" in HeLa Cells by fluorescence microscope analysis

HeLa cells (human cervical carcinoma cells) were initially cultured in a 25 cm? tissue culture
flask containing DMEM medium supplemented with 10% FBS, penicillin (100 pg/mL) and
streptomycin (100 pg/mL) in a CO, incubator. Prior to cell imaging studies, HeLa cells were
seeded into a 6 well plate and grown in DMEM medium at 37-C till 80% confluency in a CO;
incubator. Subsequently, the cells were washed thrice with sterile phosphate buffered saline
(PBS), incubated with 25 uM L, in DMEM at 37-C for 1 hr in a CO, incubator and their images
were acquired using a fluorescence microscope (Eclipse Ti—U, Nikon, USA) with a filter that
allowed green light emission. The cells were further washed with sterile PBS in order to remove
excess L, and then incubated for 1 hr with 50 puM Zn(CIO,4), made in sterile PBS. The images of
the cells were again acquired with a fluorescence microscope as mentioned earlier.

2.3.1. UV—Vis and fluorescence spectral studies with L3

Stock solutions of various ions (1x10~° mol L™*) were prepared in deionized water. Perchlorate,

chloride or nitrate salts of metal ions were used to prepare metal stock solutions. In case of anions
17
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tetra-butyl or tetra-ethyl ammonium salts were dissolved in deionized water to prepare the stock

solutions. A stock solution of Lz (1x10™* mol L™) was prepared in DMSO. The solution of L
was then diluted to 1x10° mol L™ as required in different cases. All the spectroscopic
experiments of the cations were performed in aqueous HEPES buffer medium (1 mM, pH 7.4)
containing 0.33% of DMSO. In titration experiments, a solution of Lz (1x10™> mol L™) was filled
in a quartz optical cell of 1.0 cm optical path length, and the ion stock solutions were added
gradually to achieve a concentration of 1x10~> mol L *. Spectroscopic studies of L3 in presence of
different anions were performed in acetonitrile medium containing 0.33% DMSO. In selectivity
experiments, the test samples were prepared by interacting appropriate amounts of the cations
stock into 2 mL of L solution (2x10~° mol L™). For all the samples, the spectra were recorded
following 1 min of the addition of the ions. For fluorescence measurements, excitation

wavelength was set at 450 nm and emission was recorded from 460 nm to 720 nm.

2.3.2. Evaluation of the binding constant

Stock solutions of AI** and Zn**, having a concentration of 0.5x10°° molIL™, in aqueous HEPES
buffer (pH 7.4) solution were used. Receptor L3 with an effective concentration of 10.0x10°
molL™" in the aforementioned HEPES buffer medium was used for the emission titration studies.
The effective Zn?* concentration was varied between 0 and 30x10™°> M for this titration. The
solution pH was adjusted to 7.4 using an aqueous HEPES buffer solution having an effective
concentration of 1.0 mM. The basic equation (2.3) for determination of the ligand—metal
complexation is:

D+nM=C (2.3)
where D is the ligand molecule; M is the metal ion, and C is the complex. The binding constant K
of the metal complex was determined by Eq. (2.4), assuming the concentration of free metal is
about equal to its total concentration ([M] = [M]y),

I1-1o/1-Im=[C)/[D] =K [M]" (2.4)
where g, 1, and |, are the corrected fluorescence emission intensity (at A = 500 nm for AI** and A
= 550 nm for Zn**) of the complex at initial, interval t, and the final state at which the complex
was fully formed upon addition of metal ion, respectively. The binding constant K was
determined from the plot of the linear regression of log[(I — Io)/(Im— 1)] vs. log[M] in Eq.(2.5),
derived from Eq. (2.4), to obtain the intercept as log K and the slope as n:

log[(I — Ip)/ (Im — )] = log K + n log[M] (2.5)
The apparent binding constant for the formation of the Ls;-F complex was evaluated using the
Benesi—Hildebrand (B—H) plot (equation 2.1). I is the emission intensity of L at A = 575 nm, I is

the observed emission intensity at that particular wavelength in the presence of a certain
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concentration of ion (C), Imax is the maximum emission intensity value that was obtained at that A-

value during titration with varying ion concentration, K is the apparent binding constant (M) and
was determined from the slope of the linear plot, and C is the concentration of ion added during

titration studies.

2.3.3. Detection Limit of L3 for different ions

The detection limit was calculated on the basis of the fluorescence titration. The fluorescence
emission spectrum of L; was measured 10 times, and the standard deviation of blank
measurement was achieved. To gain the slopes, the ratios of the emission intensities at respective
A’s were plotted against the concentration of different ions. The detection limits were calculated

using the equation 2.2.

2.3.4. X-ray crystallography

Block shaped crystal of suitable size was selected from the mother liquor and immersed in
silicone oil, and it was mounted on the tip of a glass fiber and cemented using epoxy resin. The
intensity data were collected using a Bruker SMART APEX-II CCD diffractometer, equipped
with a fine focus 1.75 kW sealed tube Mo-Ka radiation (A = 0.71073 A) at 298(3) K, with
increasing o (width of 0.3° per frame) at a scan speed of 5 s per frame. The SMART software was
used for data acquisition. Data integration and reduction were undertaken with SAINT and
XPREP?? software. Multi-scan empirical absorption corrections were applied to the data using the
program SADABS.*® Structures were solved by direct methods using SHELXS-97%" and refined
with full-matrix least-squares on F2 using SHELXL-97. All non-hydrogen atoms were refined
anisotropically and hydrogen atoms attached to all carbon atoms were geometrically fixed and the
positional and temperature factors were refined isotropically. Structural illustrations have been
drawn with MERCURY-1.3 for Windows.*®

2.3.5. Cytotoxicity assay

The cytotoxic effect of L3, Ls—Al complex and L3—Zn complex on HelLa cells (human cervical
carcinoma cells) was ascertained by MTT assay. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) solution was procured from Sigma-Aldrich, USA. HelLa cells were
initially grown in 25 cm? tissue culture flask in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin (100g/mL) and streptomycin
(100pg/mL) at 37°C in a CO; incubator. Subsequently, the cells were seeded onto 96-well tissue
culture plates (approximately 10* cells per well) and incubated with various concentrations of
compound L3, Lsz—Al complex and Ls—Zn complex (10 uM, 20 puM, 30 uM, 40 uM, 50 uM and
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100 pM) made in DMEM for a period of 24h. HeLa cells treated with DMSO or the metal salts

were also included in parallel sets as control. Following 24 h incubation, the growth media was
carefully aspirated and fresh DMEM containing MTT solution was added to the cells and
incubated for 4 h at 37°C. Subsequently, the MTT solution was carefully removed and the
insoluble colored formazan product was solubilized in DMSO and its absorbance was measured in
a microtitre plate reader (Infinite M200, TECAN, Switzerland) at 550 nm. MTT assay for every
sample was performed in six sets. Data analysis and calculation of standard deviation was
performed with Microsoft Excel 2010 (Microsoft Corporation, USA).

2.3.6. Cell imaging studies

Initially HeLa cells were propagated in a 25 cm? tissue culture flask containing DMEM medium
supplemented with 10% FBS, penicillin (100pg/mL) and streptomycin (100pg/mL) in a CO;
incubator. Prior to imaging studies, the cells were seeded into a 6 well plate and grown in DMEM
medium at 37°C till 80% confluency in a CO, incubator. Subsequently, the cells were washed
thrice with sterile phosphate buffered saline (PBS) and incubated with 25 uM L3 in DMEM at
37-C for 1 h in a CO> incubator. The cells were again washed thrice with sterile PBS to remove
excess ligand and bright field and dark field images were recorded in separate sets using an
epifluorescence microscope (Nikon eclipse Ti) having a filter that allowed blue light excitation
and UV excitation. The cells were subsequently incubated in sterile PBS in separate sets with
either 50 uM of aluminium nitrate or 50 uM of zinc nitrate salt for 1 h. Following in incubation,
the cells were washed thoroughly with sterile PBS. Bright field and dark field images of the cells
were again recorded in an epifluorescence microscope using blue light excitation (green emission)

for AI(111) and UV excitation (yellow emission) for Zn(I1).

2.4.1. UV-visible and Fluorescence Spectroscopic Studies of L4

Stock solutions of various metal ions (1x10™° molL™) were prepared in deionized water.
Perchlorate, chloride or nitrate salts of metal ions were used to prepare metal stock solutions. A
stock solution of L4 (1x10 > molL™*) was prepared in DMSO. The solution of L4 was then diluted
to 1x10°° molL"* with aqueous HEPES buffer (5 mM, pH 7.4). All the spectroscopic experiments
were performed in mixed solvent medium methanol: HEPES buffer (2:3) medium (5 mM, pH 7.2)
containing 0.33% of DMSO. In titration experiments, a solution of L4 (1x10° molL™) was filled
in a quartz optical cell of 1.0 cm optical path length, and the ion stock solutions were added
gradually to achieve a concentration of 1x10° molL ™. In selectivity experiments, the test samples
were prepared by interacting appropriate amounts of the cations stock into 2 mL of L, solution

(2x10"° molL ™). For all the samples, the spectra were recorded following 1 min of the addition of
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the ions. For fluorescence measurements, excitation wavelength was set at 640 nm and emission

was recorded from 650 nm to 900 nm. The selective binding of L4 with AI** among all other
metal ions was also studied by fluorescence emission spectroscopy of the solution of L,
(10.0x10°® molL™) in the absence and presence of an excess (10 eq.) of each of the metal ions in

mixed solvent.

2.4.2. Evaluation of the Apparent Binding Constant for the Formation of L4-AI**

A stock solution of AI(NOs)s, having a concentration of 0.5x10 % molL ™, in an aqueous HEPES
buffer (pH 7.4) solution was used. Receptor L, with an effective concentration of 10.0x10°
molL™" in the aforementioned HEPES buffer medium was used for the emission titration studies.
The effective AI** concentration was varied between 0 and 10x10™> molL™ for this titration. The
solution pH was adjusted to 7.4 using an aqueous HEPES buffer solution having an effective
concentration of 5.0 mM.

The apparent binding constant for the formation of the respective complexes were evaluated using
the Benesi—Hildebrand (B—H) plot (equation 2.1). I was taken as the emission intensity of L4 at A
=730 nm, | is the observed emission intensity at that particular wavelength in the presence of a
certain concentration of the metal ion (C), Imax IS the maximum emission intensity value that was
obtained at A = 730 nm during titration with varying metal ion concentration, K is the apparent
binding constant (M) and was determined from the slope of the linear plot, and C is the

concentration of the AI** ion added during titration studies.

2.4.3. Detection Limit for AF* ion

The detection limit was calculated on the basis of the fluorescence titration. The fluorescence
emission spectrum of L, was measured 10 times, and the standard deviation of blank
measurement was achieved. To gain the slope, the ratio of the emission intensity at 730 nm was
plotted as a concentration of AI**. The detection limit was calculated using equation 2.2, where ¢
is the standard deviation of blank measurement, and k is the slope between the ratio of emission

intensity versus [AI**].

2.4.4. Cytotoxicity assay for Lsand L4-Al** complex

A standard MTT assay was performed to determine the cytotoxic effect of L4 and L,—Al"*
complex on HelLa cells. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide)
solution was procured from Sigma-Aldrich, USA. Initially HeLa cells were grown in 25 cm?
tissue culture flask in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum (FBS), penicillin (100g/mL) and streptomycin (100pg/mL) at 37°C in a CO;
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incubator. Prior to MTT assay, cells were seeded onto 96-well tissue culture plates (approximately

10* cells per well) and incubated with various concentrations of compound L, and LAl
complex (5.0 uM, 12.5 pM, 15 puM, 25 pM and 50 pM) made in DMEM for a period of 24h.
HelLa cells treated with DMSO or AI(NOs3); alone were also included in parallel sets. Following
24 h incubation, the growth media was carefully aspirated and fresh DMEM containing MTT
solution was added to the cells and incubated for 3—4 h at 37°C. Subsequently, the MTT solution
was removed and the insoluble colored formazan product was solubilized in DMSO and its
absorbance was measured in a microtitre plate reader (Infinite M200, TECAN, Switzerland) at
550 nm. MTT assay for every sample was performed in six sets. Data analysis and calculation of
standard deviation was performed with Microsoft Excel 2010 (Microsoft Corporation, USA).

2.4.5. Detection of AI** in HeLa cells by fluorescence microscope analysis

HeLa cells (human cervical carcinoma cells) were initially cultured in a 25 cm? tissue culture
flask containing DMEM medium supplemented with 10% FBS, penicillin (100 pg/mL) and
streptomycin (100 pg/mL) in a CO; incubator. Prior to cell imaging studies, HelLa cells were
seeded into a 6 well plate and grown in DMEM medium at 37°C till 80% confluency in a CO,
incubator. The cells were then washed thrice with sterile phosphate buffered saline (PBS) and
DAPI stain (6.0 uM in PBS) was added to the cells and incubated for 5 min. The cells were again
washed with sterile PBS to remove excess DAPI stain. Subsequently the cells were incubated with
25 uM L4 in DMEM at 37°C for 1 hr in a CO; incubator. The cells were then washed with sterile
PBS in order to remove excess L, and their images were acquired using a fluorescence
microscope (Eclipse Ti-U, Nikon, USA) with a filter that allowed UV excitation for DAPI and
green light excitation for ligand. The cells were further incubated for 1 hr with 50 uM AI(NO3)3
made in sterile PBS. The images of the cells were again acquired with a fluorescence microscope

as mentioned earlier.

2.4.6. Interaction with calf thymus DNA (CT-DNA) and tracking DNase | activity

CT-DNA was procured from Sisco Research Laboratories (SRL, Mumbai) and a 1.0 mg/mL stock
solution was made in nuclease-free MilliQ water. Deoxyribonuclease |1 (DNase 1) ex Bovine
pancreas was procured from Sisco Research Laboratories Pvt. Ltd., India. A stock solution of
DNase | (10,000 Units/mL) was prepared in 10 mM HEPES-KOH (pH 7.9) supplemented with 30
mM CaCl,, 30 mM MgCl, and 50% (v/v) glycerol. The DNase | treatment experiments were
carried out in multiple sets in a reaction buffer consisting of 50 mM Tris-HCI (pH 7.5) solution
supplemented with 10 mM MgCl,. In these experiments, 500 ng of CT-DNA was interacted with

2.0 units of DNase | at 37°C for various time periods (0 min, 5 min, 10 min, 15 min, 20 min, 25
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min and 30 min) in a total reaction volume of 40 L. Following the specified incubation time, the

reaction mixtures were added in separate sets to 1.0 mL solution of L,-AIF* complex (2.5 uM)
made in 5.0 mM HEPES buffer: MeOH (3:2) and the contents were mixed thoroughly by
inverting the tubes. Subsequently, the fluorescence emission intensity of the samples was
measured at an excitation wavelength of 640 nm and collecting the emission spectra in scanning

mode from 660 nm to 800 nm.

2.5. Synthesis and characterization of the compounds

2.5.1. Synthesis of L

2,6-Diformyl-4-methylphenol was prepared by modification of the literature method.?* Detail of
the sources of the chemical, characterization data and analytical instrument used is listed earlier.
The ligand L; was synthesized following Scheme 3.1 as a deep red colored compound. Lic was
synthesized and characterized according to the reported procedure.??

'H NMR [400 MHz, DMSO-ds, J (Hz), 8 (ppm)]: 9.12-9.10 (2H, d, J = 8), 8.68 (2H, s), 8.44-8.42
(2H, d, J = 8.4), 7.90-7.88(2H, d, J = 7.6), 7.73-7.71 (2H, d, J = 3.6), 7.53 (2H, s), 7.50-7.47 (2H,
t, J = 8.8), 7.32 (2H, s), 2.26 (3H, ). *C NMR [100 MHz, DMSO-ds, SiMe4, § (ppm)]: 164.0,
155.1, 154.2, 147.1, 136.1, 130.9, 130.5, 128.9, 128.6, 127.0, 126.0, 124.1, 120.0, 110.8, 20.1.
ESI-MS (positive mode, m/z) Calculated [L;+H,O+H] = 435.4971, Found 435.4931.

2.5.2. Synthesis of L,

The synthetic routes of the two compounds L, and L,c are depicted in scheme 4.1.

2.5.3. Synthesis of picolinichydrazide

Picolinic acid was dissolved in ethanol and in ice cold condition thionyl chloride was added drop
wise over a period of 30 min with constant stirring. After 1 hour stirring, the hazy mixture was
refluxed overnight. After evaporation of the solvent, water was added and the pH was adjusted to
8.0 by the addition of sodium bicarbonate. Subsequently the mixture was extracted with ethyl
acetate (3x50 ml). The organic layer was dried over sodium sulphate and evaporation of the
solvent gave the ethyl ester of picolinic acid as a colourless liquid. This ester was used without
further purification. This ester was then treated with excess hydrazine monohydrate in ethanol.
The mixture was heated to reflux for overnight. After evaporation of the solvent and the excess
hydrazine under reduced pressure, a white solid was obtained, which was dried in vacuum and

was used in the next step without further purification.
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2.5.4. Synthesis of L;

2,6-Diformyl-4-methylphenol (1 mmol) was dissolved in ethanol. Picolonic hydrazide (2 mmol)

was added to the above solution and the mixture was refluxed for 4 hours to give a yellow
crystalline product. Yield 72%. *H NMR [400 MHz, DMSO-ds, & (ppm)]: 11.47 (2H, s), 11.26
(1H, s), 7.84 (2H, s), 7.67 (2H, d, J = 4.4 Hz), 7.08 (2H, d, J = 7.6 Hz), 7.01 (2H, t, J= 7.8 Hz),
6.62 (2H, t, J = 5.8 Hz), 6.48 (2H, s), 1.25 (3H, s). *C NMR [100 MHz, DMSO-ds, & (ppm)]:
160.8, 155.0, 149.3, 148.8, 147.8, 138.2, 130.8, 128.4, 127.3, 122.9, 120.1, 20.0. ESI-MS
(positive mode, m/z) Calculated for C»1H19NO3 [L, +H] = 403.1519, Found 403.1546.

2.5.5. Synthesis of Ljc

Isophthaldehyde (1 mmol) was dissolved in ethanol, picolonic hydrazide (2 mmol) was added to
the above solution and the mixture was refluxed for 4 hours to give a white crystalline product.
Yield 75%. 'H NMR [400 MHz, CDCls, & (ppm)]: 11.09 (2H, s), 8.60 (2H, d, J=8 Hz), 8.32 (4H,
d, J = 8.4 Hz), 8.17 (1H, s), 7.94-7.89 (4H, m, J = 3.6 Hz), 7.52-7.47 (3H, s). *C NMR [100
MHz, CDCl3, SiMes, 6 (ppm)]: 160.4, 149.2, 148.3, 148.1, 137.8, 134.4, 129.6, 129.3, 127.7,
127.0, 123.1. ESI-MS (positive mode, m/z) Calculated for CyHi17NsO2 [Loc +H] = 373.1413,
Found 373.1426.

2.5.6. Synthesis of L3

The synthetic route of Lj is illustrated in scheme 5.1. Quinaldicic acid was dissolved in ethanol
and in ice cold condition thionyl chloride was added drop wise over a period of 30 min with
constant stirring. After 1 hour stirring, the hazy mixture was refluxed overnight. After evaporation
of the solvent, water was added and the pH was adjusted to 8.0 by the addition of sodium
bicarbonate. Subsequently the mixture was extracted with ethyl acetate (3x50 ml). The organic
layer was dried over sodium sulphate and evaporation of the solvent gave the ethyl ester of
quinaldic acid as a colourless liquid. This ester was used without further purification. This ester
was then treated with excess hydrazine monohydrate in ethanol. The mixture was heated to reflux
for overnight. After evaporation of the solvent and the excess hydrazine under reduced pressure, a
white solid was obtained, which was dried in vacuum and was used in the next step without
further purification.

2,6-Diformyl-4-methylphenol (Immol) was dissolved in ethanol. Quinaldicic hydrazide (2mmol)
was added to the above solution and the mixture was refluxed for 4 hours to give a yellow
product. *H NMR [400 MHz, CDCls, & (ppm)]: 11.60 (1H, s), 11.23 (2H, s), 8.67 (2H, s),
8.37(2H, d), 8.32(2H, d), 8.17 (2H, d), 7.89 (2H, d), 7.82 (2H, q), 7.65 (3H, t), 1.69(3H,s). **C
NMR [100 MHz, CDCI3, 3 (ppm)]: 160.2, 155.8, 148.9, 146.6, 147.8, 138.0, 130.6, 129.9, 129.8,
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129.1, 128.5, 128.0, 119.3, 20.4. ESI-MS (positive mode, m/z) Calculated [Ls +H] = 503.1832,

Found 503.1867.

2.5.7. Synthesis of L4

The receptor L, was synthesized according to the step illustrated in Scheme 6.1.>*° The rationale
guiding the design of the fluorescence-based sensor essentially involved the selection of a
carbocyanine unit as an NIR-emissive fluorophore and tethering of an imidazole sidearm for
metal chelation.

2.5.8. Synthesis of N-ethyl-2, 3, 3-trimethyl-3H-indolium iodide (1)

To a solution of 2,3,3-trimethyl-3H-indole (16 mmol) in acetonitrile, ethyl iodide (30 mmol) was
added in a 50 mL round-bottomed flask. The mixture was heated under an N, atmosphere at 75 °C
for 24 h. After being cooled to room temperature, the solid was filtered off and dried under
vacuum to afford compound 1 (yield: 93 %), which was then used for next step reaction without
further purification.

2.5.9. Synthesis of 2

At 0 °C, phosphorus oxychloride (0.12 mol) was added dropwise from a pressure-equalizing
addition funnel to anhydrous DMF (0.17 mol). After 30 min, cyclohexanone (0.053 mol) was
added and the mixture was refluxed for 1 h. Next, with constant cooling at 20 °C, an aniline/EtOH
[1:1 (v/v), 18 mL] mixture was added drop wise. Reaction was continued for an additional 30 min
after aniline addition, and then the deep purple mixture was poured into ice cold H,O/
concentrated HCI (10:1, 150 mL). Crystals were allowed to form for 2 h in an ice bath, then
filtered, washed with cold H,O and Et,0, and then dried in vacuo: yield 87%.

2.5.10. Synthesis of Cy.7.Cl (3)

N-ethyl-2, 3, 3-trimethyl-3H-indolium iodide (1) (2 mmol) and salt 2 (1 mmol) were dissolved in
30 ml of absolute ethanol in an oven dried round bottom flask. Anhydrous sodium acetate (6
mmol) was added to the above mixture and the mixture was refluxed under N, atmosphere for 4
hours. After cooling overnight at -10 °C, the green crystals are filtered out, washed with water,
with a little amount of cold ethanol and plenty of diethylether. Yield 81%. *H NMR (CDCls) &
(ppm) 1.47 (t, J=7.3 Hz, 6H), 1.73 (s, 12H), 2.02 (quint., J=6.6 Hz, 2H), 2.76 (t, J=6.6 Hz, 4H),
4.27(q, J=7.3 Hz, 4H), 6.22 (d, J=14.0 Hz, 2H), 7.16e7.46 (m, 8H), 8.36 (d, J=14.0 Hz, 2H). m/z
511.3.
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2.1.4. Synthesis of L4

Cy.7.Cl (1 mmol) was dissolved in 7 ml of dry DMF in an oven dried round bottom flask and to

this 1-(3-Aminopropyl) imidazole (3 mmol) was added. The above mixture was stirred at 85 °C
for 6 hours. The final solution was cooled to the room temperature and after that the solution was
poured into 200 ml of ice cooled water with constant stirring. The resultant precipitate was
collected through filtration. The crude product was separated by column chromatography. *H
NMR (CDCls) & (ppm): 0.79 (t, J= 7.2 Hz), 1.20 (t, J=7.2 Hz), 1.26 (t, J=6.6), 1.70 (s), 1.87 (T,
J=6 Hz), 2.71 (quint., J=6 Hz), 3.47 (q, J=7.2 Hz), 5.54 (d, J=12.6 Hz), 6.52 (d, J= 7.8 Hz), 6.59
(d, J= 7.8Hz), 6.68 (d, J= 7.8 Hz), 6.73 (t, J= 7.2 Hz), 6.82 (t, J=7.2 Hz), 7.14 (m), 7.47 (d, J=
7.2 Hz), 8.45 (d, J= 13.2 Hz). *C-NMR (CDCls) & (ppm): 11.2, 14.4, 22.6, 28.0, 28.7, 29.7, 30.3,
36.9, 38.7, 44.9, 45.9, 66.0, 92.3, 105.7, 11.8, 116.2, 118.0, 119.4, 121.8, 123.0, 125.2, 125.8,
127.7,127.7, 127.8, 132.4, 137.3, 139.5, 144.6, 146.8, 152.0, 156.9, 165.0. m/z 600.44.
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Figure A2.3. Mass spectrum of L;, Calculated [L;+H,0+H] "= 435.4971, Found 435.4931(Mass
spectrum obtained in positive mode).
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Figure A2.4. Mass spectrum of L;-Zn complex, Calculated [L;+2Zn+3Br+H,0+2H] = 805.9891,
Found 805.9085(Mass spectrum obtained in positive mode).
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Fig. A2.6: Expanded ‘H- NMR spectra of L, in DMSO-d.

29
TH -1492_11612226



Chapter 2

§ g
: £
23, 5z 3 8
-~ o L
SEaMdde 2 g3 B 5
R B az a3 P o
£ 3 g 2o g
T r i g
| |
|
|
| |
ol |
1
S NS ‘ - ) — . : R
180 160 140 120 100 80 60 40 20 ppm
. .13 H
Fig. A2.7: ~°C- NMR spectra of L, in DMSO-d.
1100 rmunm;
OBSERVE C13, 100.5431092 MHz
DECOUPLE El, 399.8548987 MHz
Power 42 dB
eentinucusly on
WALTZ-16 modulated
DATA PROCESSING
Line broadening 0.5 Hx -
PT slze 65536 -
Total time 7 hr, 37 min s 3 :5; - g,.. 5 =
[ 2 TR 8 1 a5 R
g H T s 8 54 i g
5 i ] g 8 8
‘ 7
oty J L l
T T T T T T T T T T
170 160 150 140 130 120 110 ppm

Fig. A2.8: Expanded *C- NMR spectra of L, in DMSO-ds.
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Fig. A2.10: Expanded *H- NMR spectra of L,c in CDCls.
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Fig. A2.11: ®C- NMR spectra of Lac in CDCls.
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Fig. A2.12: Mass spectrum of L, (positive mode), Expected m/z for Ca1HigNgOs (Lo+H)™ =
403.1519, Found 403.1546.
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Figure A2.14. Expanded mass spectrum of zinc complex of L, (positive mode).
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Fig A2.18: *C-NMR spectra of L in CDCls.
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Figure. A2.20: "H-NMR of 3 in CDCls.
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Figure. A2.28: ESI-MS spectra of 3.
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Figure. A2.29: ESI-MS spectra of L.
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3.1. Background and Focus of the Chapter

Zinc, is an essential element involved in a plethora of biological processes, such as cellular
metabolism, neurotransmission, and apoptosis and is also implicated in the patho-physiological
consequences manifested in many diseases.®*! Zinc has been known to act as a structural
component of proteins or in the catalytic site of enzymes.>? Zn?* is an essential micronutrient
whose deficiency can lead to impaired cognition, immune dysfunction, diarrhea, and death,
particularly in children under the age of 5 years.** The human genome has been shown to encode
two dozen Zn** specific transporters and many metal-buffering proteins, which are expressed in a
tissue specific manner.>* Zinc is also important for environmental safety as it is a harmful
pollutant. > Recognizing the physiological significance of zinc and its biomedical relevance there
is a growing interest in developing selective and sensitive zinc sensors. But, unlike other
biologically important transition metal ions (viz. Fe**, Mn?*, Cu®*), Zn?* ion is spectroscopically
and magnetically neutral. Consequently, common analytical techniques, such as Mossbauer,
NMR, and EPR are unable to detect a typical zinc ion in complex biological systems. Hence
development of innovative methods for selective and sensitive detection of zinc ions in complex
biological milieu is in great demand.®®*”

Development of selective and efficient signaling units for detection of various chemically and
biologically important anions by colorimetric and fluorescent methods has been of considerable
interest to chemists and biologists.*® Notably, sensing of trace amounts of pyrophosphate (PPi)
has come into limelight, given the fundamental role of PPi in many biological processes and in
DNA sequencing applications.> In recent times, phosphate sensing using metal ion complexes
has been adopted as a common strategy owing to the specific metal ion—anion interactions.**° In
this regard, the strong affinity of Zn?" towards phosphates has been particularly exploited to
develop fluorescence-based PPi sensors.*** However, developing a sensor for PPi compatible with
physiological condition and with high selectivity over other biologically important anions and
structurally similar phosphates such as ATP, ADP, other nucleotide analogues and DNA is still a

formidable challenge to the analytical chemist.

In this chapter we have described the synthesis, characterization and selective recognition
behavior of a simple Schiff’s base (L;) of a diformyl core with 8-amino quinoline. The ligand
exhibits selectivity towards Zn** in mixed solvent medium. Sensing properties of the zinc
complex, Li.2Zn has been exploited to recognize PPi selectively among the other biologically

important phosphates in solution. We envisaged that the hydroxyl group and the N-atom of the
TH -1492 11612226
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quinoline ring in L; is responsible for the sensing behavior, which was further validated by

employing a control compound Lic (Scheme 3.1). The in situ formed zinc-complex can
selectively detect PPi among all other anions even in the presence of an excess amount of other
anions. In the context of biological application, the ability of L;.2Zn complex to sense minute
levels of PPi has been explored to track DNA amplification in a prototype PCR setup. Finally, the
potential of the developed PPi sensor to afford rapid bacterial cell estimation through DNA

amplification reaction is also demonstrated in the present work.

All the materials used for synthesis were purchased from commercial suppliers and used without
further purification. 2,6-Diformyl-4-methylphenol was prepared by modification of the literature
method. **2 Detail of the sources of the chemical, characterization data and analytical instrument
used is listed in the supporting information. The ligand L; was synthesized following Scheme 3.1
as a deep red colored compound. L;c was synthesized and characterized according to the reported

procedure. 33

Y NH,
X
%y EtOH, RT
O -0 t L 71%
R

=-OH, X=-N,Y=-Me, L,
R=-H,X=-CH,Y=-H, L,

Scheme 3.1. Synthesis of the receptor Ljc.

3.2. Absorption Spectroscopic Studies of L; in Presence of Metal ions

L, displayed two characteristic absorption peaks at ~350 nm and ~ 460 nm, which may be
attributed to the m—m* transitions and long conjugation present in the polyaromatic system. Upon
interaction with 5.0 equivalent of various metal ions (Na*, K*, Mg?*, Ca?*, Co*", Ni?*, Cu**, Cd*,
Ag’, Pb?*, Hg®*, A", Cr¥, Fe®*, Zn®") only Zn** caused a change in the absorption spectra of L;
(Fig. 3.1a), indicating the specificity for Zn?* ion. Upon addition of Zn** ion, the absorbance at
~350 nm decreases with an emergence of a new shoulder at ~430 nm, while absorbance at ~460
nm increases with two isosbestic points at 329 nm and 370 nm. Incremental addition of Zn?* ion
resulted in gradual increase in the absorption at ~ 430 nm and 450 nm while the absorption at 350
nm decreases gradually (Fig. 3.1b). The color of the solution changes from light yellow to deep

yellow during the titration experiment (inset Fig. 3.1b).
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Figure 3.1. UV-Vis absorption of L; upon addition of (a) 5.0 equivalent of various metal ions, (b) incremental
addition of Zn*".

3.3. Emission Spectroscopic Studies of L; in Presence of Metal ions

Upon excitation at 350 nm, L; exhibited a weak emission at ~540 nm. Addition of Zn®** enhanced
the emission intensity of L; remarkably (Fig. 3.2a), while interaction with other metal ions
resulted in considerable quenching of its emission band. Interestingly, this dramatic fluorescence
change with only Zn?* was visualized under UV lamp (inset Fig. 3.2b). This result also supports

the specific interaction of L, with Zn** as observed in UV-Vis studies. An incremental addition of

a
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Figure 3.2. Changes in the fluorescence emission of L, upon addition of (a) various metal ion solution; (b) Zn?*

ion.Inset: Changes in the fluorescence intensity (lus0) vs. [Zn?], inset (b) Visual changes in fluorescence of L; in
presence of Zn?*,
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Zn?* (upto 2 eq.) led to the emergence of a new peak at ~480 nm with concomitant increase in the

emission intensity at ~ 540 nm accompanied by a small blue-shift of the order of about 20 nm
(Fig. 3.2b). Job’s plot of the data revealed a 1:2 complex formation between Lj and Zn?* (Fig.

314 and

A3.1a.), which was also supported by ESI-MS experiment. The association constant
detection limit of L; for Zn** was observed to be 3.97x10°> M (Fig. A3.1b.) and approximately
56 ppb, respectively.

For a realistic appraisal of L; as a specific Zn®* sensor and for its potential application in the bio-
analytical regime, the selectivity of the ligand for Zn?* over other competing metal ions in the
biological milieu is critical. Hence, the response of L, towards Zn?* over other metal ions was
investigated in the presence of each of those metal ions (5eq.) mimicking the physiological
condition. It was indeed encouraging to observe that the Zn*" induced fluorescence of L; was
preserved in each of the cases clearly suggesting the high selectivity of L; towards Zn** even in

presence of these metal ions (Fig. A3.2a.).

Binding mode of L; was investigated using ESI-MS experiment, the peak at m/z 805.9085
indicated the mass of [L;+2Zn+3Br+H,O+2H] i.e. the 1:2 binding mode was re-established.
Another peak at m/z 725.0488 indicated the mass of [L;+2Zn+2Br+H,0+3H] (Fig. A3.5.). The
proposed binding mode of the Zn®* ion is illustrated in Scheme 3.2. In the absence of any metal
ions intra ligand charge transfer (ICT) was prohibited within L; which perhaps results in very low
fluorescence. It is also possible that the weak fluorescence of L; is a consequence of free rotation
around the azomethine (C=N) carbon which brings flexibility within the ligand. As shown in
Scheme 2, in presence of Zn**, L, forms a rigid phenoxo-bridged binuclear zinc complex which
switched-on the ICT process and restricts the free rotation around the azomethine carbon which
results in enhancement of fluorescence intensity. A similar mode of metal ion binding was also

recorded for analogous ligands. **°

3.4. Spectroscopic Studies of L;.2Zn Complex in Presence of VVarious Anions

Given the selective recognition of zinc by L; in physiological conditions even in a competitive
environment, it was conceived that the generated binuclear L;.2Zn complex could be an effective
binding ensemble for anions. This hypothesis was verified by UV-vis spectroscopy of L;.2Zn
complex in the presence of different anions. Only a noticeable change in the absorption spectra of
L1.2Zn was observed with PPi while the other anions did not affect the absorption spectra of
L1.2Zn (Fig. 3.3a). Upon addition of PPi, the resulting spectra almost resembled the spectra of
free L which suggested decomplexation of L;.2Zn and regeneration of L. Titration of L;.2Zn

complex with different concentration of PPi resulted in lowering of the intensity of the absorbance
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bands at 430 nm and 450 nm, while the absorption peak at 350 nm increased marginally (Fig.
3.3b).
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Figure 3.3. Changes in the UV-visible absorption spectra of L;.2Zn (10 uM) upon addition of (a) various anion

solution (10 eq), (b) increasing amount of PPi.

Complexation of Ly with Zn** resulted in the formation of a binuclear phenoxo-bridged metal

complex®*®

(Scheme 3.2) which contained an anion binding site in each of the metal center. The
secondary sensing behavior of the in situ generated highly fluorescent L;.2Zn complex toward
different anionic species (e.g., F~, CI~, Br, I, NOs, HSO;, SO,*~, ClO,, ClOs~, CN™, S*,
H,PO,~, PO4~, AMP, ADP, ATP, H,P,0;*") was investigated and it displayed highly selective
fluorescence quenching in presence of inorganic pyrophosphate (PPi) only (Fig. 3.4a) and
complete quenching was observed at >1.0 equivalent PPi (Fig. 3.4b). It is to be noted that the
other phosphate-based anions revealed no noticeable change in fluorescence of L;.2Zn complex
even at higher concentrations. Careful analysis of the Job’s plot revealed a 1:1 binding
stoichiometry between L;.2Zn and PPi (Fig. A3.3a.). The apparent association constant (K) was
determined to be 1.76x10* M™ for L1.2Zn and PPi (Fig. A3.3b.). Based on these emission spectra,
the detection limit of L;.2Zn complex for PPi was determined to be 2 ppb. The changes in the
color of the solutions of L;.2Zn complex in presence of different anions was studied under UV
light (365 nm). It was observed that in presence of PPi, the L;.2Zn complex solution became non-
fluorescent, akin to a solution of L; alone, while the bright green fluorescence of the complex
solution remained unaffected in presence of all the other anions (inset Fig. 3.4b). This is attributed
to the binding of PPi to the L;.2Zn complex followed by sequestration of Zn?* in the form of
Zn*PPi complex, thus releasing the free L.

Even in the presence of competing anions, the L;.2Zn complex could sense PPi selectively as

evident from the striking quenching of its fluorescence, which was a contrast to the complete lack
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of fluorescence quenching observed with the other anions (Fig. A3.2b.). This clearly suggests that

the L;.2Zn complex is a specific chemo-sensing ensemble for PPi.

b

L +Zn*+
Other anions

Intensity (a.u)
Intensity (a.u)
-
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Figure 3.4. Changes in the fluorescence emission spectra of L;.2Zn (10uM) in the mixed solvent upon addition of (a)
different anions and (b) increasing concentration of PPi. Inset: (b) Visual change in the fluorescence of L;.2Zn in

presence of various anions.

The change in the emission spectrum of L;.2Zn upon the addition of PPi can be understood by
considering the strong binding affinity of PPi towards Zn®*. As shown in scheme 2, one PPi unit
can effectively bind with two Zn** ions in the complex, and consequently form a more stable
ZnPPi adduct, releasing the free ligand L; in solution. Thus sequestration of Zn** ions by PPi
which results in switching-off the ICT process, which leads to quenching of the fluorescence. It
therefore can be construed that the turn-off fluorescence in L;.2Zn complex required an anion
which could simultaneously bind two Zn®* sites in the binuclear complex. This prerequisite is
perhaps met by only PPi, which resulted in the formation of L;.2ZnPPi adduct and accounted for

the selective sensing of PPi.

The 1:1 binding mode between L;.2Zn and PPi was further confirmed by ESI-MS data (Fig.
A3.6.). The peak at m/z 1009.7143 indicating the mass of the adduct of L;.2Zn and PPi
CasH27BrsN4O10P2Zn; (L1.2Zn+3Br+P,07;+MeOH+H,0+2H), Ca9H25N4O9P22Zn;
(L1.2Zn+P,07+EtOH+2H), another peak at m/z 765.9707 representing the mass of the complex
Co9H24N4O9P2Zn, (L1.2Zn+P,0,+EtOH+H) (Fig. A3.6.). A peak at m/z 685.0491 indicate the
mass of (L;.Zn+P,0;+EtOH+2H) which is due to the release of one of the two zinc atoms from
the system confirming our proposed binding mode. Further, a peak at m/z 305.6643 (Fig. A3.6.)

indicated the di-zinc complex with PPi (HO;P,Zn;) supporting the complete release of both the
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zinc ions from the complex. Hence it can be surmised that the selective PPi sensing is plausible
due to the stronger binding affinity of the PPi anion with the di-nuclear complex and regeneration
of the free L, proceeds via the formation of L;.Zn.P,O7; complex.

ZnBr
* / \ /
N “‘N
Br

ICT OFF, Fluorescence OFF ICT ON, Fluorescence ON
m/z - 417.1930 m/z -725.0488

({Zn‘—-N

O\
P\o \\

m/z -1009.7143

Scheme 3.2. Proposed fluorescence-based mechanism of Zn?* and PPi sensing.

3.5. Reversible and Recyclable Sensing Behavior of L;

The reversible sensing behavior of L; was investigated by emission spectroscopy over five cycles
by the addition of Zn®* followed by PPi. Quenching of the fluorescence emission peak of L.2Zn
at 480 nm ensues upon addition of PPi through the formation of Zn-PPi complex, which releases
the free L;. The free ligand is now able to bind Zn?* and thereafter form the highly fluorescent
L,.2Zn complex. This switch-ON and switch-OFF behavior of L; was monitored by the addition
of zZn** followed by addition of PPi over five successive cycles. Notable reversal of the
fluorescence intensity was observed in those five cycles (Figure 3.5a-b). These findings strongly
suggested that L; is a reversible and recyclable sensor for Zn®* and its zinc complex (L1.2Zn) is a

secondary sensor for PPi.

3.6. Molecular Logic Gate Based on the Reversible Behavior of L; with Sequential Addition
of Zn?* and PPi

Construction of molecular-level electronic devices®*’

is one of the niche areas of interest in

analytical chemistry. Chemical systems which undergo reversible changes under the effect of
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suitable input are exploited in the manufacture of miniaturized systems. The objective is to

replace the macroscopic semiconductors and develop molecular switches that mimic Boolean

%‘ In (zo*)| In,(PP)| Output (Ly,)
§ 0 0 0
= I 0 1
o
0 I 0
oer B G e K ! I 0
1 2 3 4 5
Cycles

Figure 3.5. (a) Visual fluorescent colour changes after each addition of Zn?* and PPi sequentially; (a) A = Ly; B = [A
+27Zn”"]; C = [B + PPi]; D = [C + Zn*]; E = [D + PPi]; F = [E + Zn*"]; G = [F + PPi]; H=[G + Zn*]; | = [H + PPi];
J=[I + Zn*1; K = [J + PPi]. (b) Reversible and recyclable behaviour of L, upon the sequential addition of Zn**
followed by PPi in the fluorescence experiment observing the changes in intensity at A = 480 nm. (c) Representation

of a two-state molecular switch based on INHIBIT logic function.

logic®*® conventions to permit electronic computing at the molecular level through encoding and
decoding of binary digits, i.e., 0 and 1, in the form of input and output. In the present study, the
reversible behavior of L; towards zinc followed by PPi could be used in the formation of two
inputs-one output INHIBIT logic gate (Fig. 3.5c). We used Zn* as input-1 and PPi as input-2 and
the emission intensity at A=480 nm as the only output. When both of them were absent (0,0) no
output was obtained (0), when Zn®* was present alone (1,0) then output was full (1), but in
presence of only PPi (0,1) output was zero (0). In the presence of both inputs (1,1) output was
again zero (0). Hence, using our receptor L,, establishment of an INHIBIT logic gate was

possible.

3.7. Detection of DNA Amplification by Sensing PPi

Development of fluorescent sensors for PPi has become a focal point of research in the realm of
bio-analytical chemistry. The considerable interest in detection of inorganic pyrophosphate anion
stems from the fact that PPi is known to play a fundamental role in many biological processes
such as DNA polymerization, and several enzyme-driven reactions.”®¢ Encouraged by the
sensitive and selective detection of PPi at very low levels in solution, we envisaged that the
L1.2Zn complex could perhaps be employed to detect PPi generated during DNA strand synthesis
in a prototype PCR setup. A measure of PPi produced in PCR cycles could in turn be extrapolated

for quantitative estimation of DNA strands produced during the amplification cycles, given that
50
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PPi formation is a direct consequence of DNA strand synthesis. To this end, PCR was performed
with bacterial universal primers to amplify the 16S rRNA gene of E.coli MTCC 433 and PPi
produced in specific cycle numbers was detected in solution with L;.2Zn complex. The PCR
amplicons generated at various cycle numbers is indicated in Fig. 3.6a. It is evident from the
figure that in agarose gel the amplicons corresponding to cycle numbers 5 and 10 could not be
visualized, perhaps due to the limitations in the sensitivity of ethidium bromide in detecting low
levels of DNA (Fig. 3.6a, lanes B-C). However, at higher cycle numbers (15-35 cycles), a specific
amplicon representing the 16S rRNA gene of E.coli MTCC 433 was visible (Fig. 3.6a, lanes D-
H). The size of the obtained amplicon was around 1.5 kbp, which coincided with the expected
amplicon size using universal primers for bacterial 165 rRNA gene. **° It is also quite apparent
from the figure that the intensity of the amplicon bands corresponding to cycle numbers 15-35
increased progressively, reflecting higher levels of DNA strand synthesis with increase in cycle
numbers.  Aliquots of PCR reaction mix from various cycle numbers were also interacted
separately with the L;.2Zn complex and the level of PPi produced in the samples was ascertained
by measuring the fluorescence intensity of the complex. It can be observed from Fig. 3.6b that
there was a systematic decrease in the fluorescence intensity of L;.2Zn complex upon interaction
with the PCR mix obtained from increasing cycle numbers. This finding was also corroborated by
% quenching of the fluorescence intensity of L;.2Zn complex, which revealed a linear correlation
with increasing cycle numbers (inset of Fig. 3.6b). It is significant to mention here that the
fluorescence intensity of Lj;.2Zn complex remained unaffected upon interaction with a no
template control PCR mix obtained after 35 cycles (Fig. 3.6b, sample A). This strongly suggested
that none of the PCR mix components, which included the nucleotide mix (ANTPs), Tag DNA
polymerase enzyme, PCR buffer, MgCl, and oligo primers interfere with the fluorescence
emission intensity of the complex and thus reiterate the exclusive specificity of the developed PPi
sensor. From Fig. 3.6b, it is to be noted that the decrease in the fluorescence intensity of L;.2Zn
complex was manifested even for samples corresponding to as early as 5 cycles whereas the
decrease in the fluorescence intensity of L;.2Zn complex for samples obtained from 10-35 cycles
was statistically significant when compared to the no template control sample. The results
obtained through fluorescence-based estimation of PPi are significant as they clearly indicated
that the L;.2Zn complex could detect very low levels of PPi generated during early cycles of
DNA amplification and rendered superior sensitivity in detecting PCR amplicons as compared to

conventional agarose gel electrophoresis.
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Figure 3.6. (a) Agarose gel electrophoresis of PCR amplicons obtained with universal primers specific for bacterial
16S rRNA gene. Lanes: (M) L DNA EcoRI/Hindlll double digest size marker; (B-H) PCR amplicons obtained from

5, 10, 15, 20, 25, 30 and 35 cycles, respectively. (b) Fluorescence intensity of L;.2Zn complex upon interaction with

y =-3.32 + 1.98x
R? = 0.99

60

Quenching (%)
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Fluorescence intensity at 540 nm
(x 108 cps

0.9=—

0.6—

PCR reaction products. Sample A: No template DNA control PCR reaction product obtained after 35 cycles; Samples
B-H: PCR reaction products obtained from 5, 10, 15, 20, 25, 30 and 35 cycles, respectively. Statistically significant
values derived by ANOVA are indicated by asterisk marks. ** indicates p value < 0.001. Inset: % of fluorescence

quenching of L;.2Zn complex following interaction with PCR reaction products corresponding to samples B-H.

3.8. Estimation of Bacterial Cell Numbers

The ability of the Li.2Zn complex to detect low levels of PPi in solution and track DNA
amplification early was encouraging and it offered a possibility of implementing the PPi sensor as
a bio-analytical tool. Given the exclusive PPi sensing capability of the L;.2Zn complex in a PCR
mix, we conceived that estimation of bacterial cells numbers by nucleic acid-based amplification
reaction could be an interesting sequel of the developed method of PPi estimation. Development
of rapid, sensitive and reliable methods of estimating bacterial cell numbers is of paramount
importance especially in the regime of clinical diagnosis, food safety, and environmental
monitoring. Conventional microbiological tools for estimating bacterial cells can be quite arduous
and prolonged and hence undesirable when rapid intervention is required as in the case of early
clinical diagnosis. In recent times, nucleic acid-based molecular tools such as polymerase chain
reaction (PCR) have come of age in the domain of pathogen detection. Development of various

formats of PCR such as multiplex and real-time PCR in conjunction with advancement in
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detection technologies has rendered high sensitivity and specificity to pathogen detection as

reported extensively in previous studies. **°

y=3.33+191x
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Figure 3.7. Fluorescence intensity of L;.2Zn complex upon interaction with PCR amplicons obtained after 10 cycles
from varying cell numbers of E.coli MTCC 433. No template DNA control PCR reaction product corresponds to 0
cell number. Statistically significant values derived by ANOVA are indicated by asterisk marks. * indicates p value <
0.05 and ** indicates p value < 0.001. Inset: % of fluorescence quenching of L;.2Zn complex following interaction

with PCR reaction products obtained after 10 cycles from varying cell numbers.

In the present study, the enhanced sensitivity afforded by the L;.2Zn complex in probing PPi
formation early in PCR motivated us to exploit the sensor in ascertaining bacterial cell numbers in
a prototype PCR setup. To this end, DNA extracted from varying cell numbers (1.0-10° CFU ml™)
of E.coli MTCC 433 was subjected to PCR for specific cycle numbers with bacterial 16S rRNA
universal primers. Subsequently the PCR products from intermittent cycles were interacted with
the L;.2Zn complex to ascertain PPi generation, which in turn provided a measure of the cell
numbers. It was observed that the change in fluorescence intensity of L;.2Zn complex upon
interaction with the PCR products obtained after 5 cycles was negligible as compared with the no
template control sample and this phenomenon was explicit across every cell number (Fig. 3.7 and
Fig. A3.7, panel a). This suggested that the amount of PPi generated from varying cell numbers
after 5 cycles was perhaps inadequate to elicit a notable change in the fluorescence intensity of
complex. However, in case of PCR products obtained after 10 cycles from varying cell numbers,
it was observed that there was a systematic reduction in the fluorescence intensity of L;.2Zn

complex for PCR products obtained from increasing cell numbers and the change in the
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fluorescence intensity of L;.2Zn complex was significant for samples corresponding to 10-10°

CFU (Fig. 3.7). This result strongly suggested that PPi generation in PCR was a function of cell
numbers and was also substantiated by a progressive increase in % quenching observed for
varying cell numbers (Fig. 3.7, inset). It is reasonable to assume that the initial template DNA
copy number is correlated to cell numbers and thus the PPi generation in PCR is markedly
enhanced in case of high cell numbers. With increase in cycle numbers from 15-35, the general
trend of a decrease in the fluorescence intensity of L;.2Zn complex upon interaction with PCR
products obtained from increasing cell numbers became more prominent (Fig. A3.7, panel b-f). In
the present study, the ability of the L;.2Zn complex to sense PPi generated as early as 10 cycles
from 10 CFU of E.coli MTCC 433 highlighted the sensitivity of the PPi sensor. Given the
pressing need to develop rapid and sensitive methods of estimating bacterial cell numbers
especially in the context of clinical diagnosis, a limit of detection of 10 CFU in as early as 10
cycles of PCR achieved in the present study holds significant implications.

3.9. Conclusions

In the present study, a novel zinc selective colorimetric and fluorimetric-chemosensor (L) has
been developed, which sense zinc by switching-on the ICT process which was prohibited in the
free ligand. Receptor L is highly selective towards Zn** among the other biologically important
cations in physiological condition. Naked eye detection of zinc was possible under visible as well
as UV light. As metal complexes offer chemo-sensing ensemble for anions, we have extended our
work for anion recognition. Among all the other anions, the in situ generated chemo-ensemble
(L1.2Zn) selectively and specifically recognized PPi in mixed aqueous medium at physiological
pH due to sequestration of both Zn®* simultaneously to form [Zn-PPi] adduct.

The ability of the developed PPi sensor to detect low levels of PPi in solution and track DNA
amplification early highlights its merit as a bio-analytical tool. Given the excellent ability of
L:.2Zn complex to quantitatively detect PPi with high specificity, it is conceivable that the
developed sensor can be applied for diverse applications, which essentially encompass PPi
estimations such as nucleic acid-based amplification reactions for detection and estimation of
cells numbers, gene expression studies and pyrosequencing. One such application is demonstrated
in the present work wherein the principle of probing PPi could be extended to sense the anion in a
prototype PCR, which in turn facilitated rapid estimation of bacterial cell numbers. This enhances
the analytical merit of the developed PPi sensor especially in the context of PCR-based rapid
diagnostics. For instance, the essential principle of estimation of cell numbers through sensing of
PPi generated in early PCR cycles can also be extended for rapid estimation of particular

pathogenic bacteria through deployment of gene specific primers directed against specific
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pathogens. Estimation of viable cell numbers is of critical importance and is a pertinent issue in

pathogen detection. In this context, it may be construed that the PPi sensing platform developed in

the present study can also be employed in a reverse transcription assay to facilitate estimation of

viable cell numbers. Given the high specificity of the PPi sensor and its robustness, inclusion of

the sensor in a real-time PCR format could be a worthwhile endeavor towards the development of

an expeditious pathogen detection system. The reliability of the PPi sensing method in estimating

cell numbers asserts its promise in the domain of pathogen detection with an additional potential

use in PCR-based detection of antibiotic resistance genes in pathogens and in microbiological

quality control operations.
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Appendix
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Figure A3.1. (a) Job’s plot between L, and Zn** ions. Xpey is the mole fraction of L; and Al is the change (I-1o) in the

intensity of the emission spectra in presence of guest. (b) Bensei-Hildebrand plot obtained from the emission

experiment studies (emission intensity calculated from 480 nm).
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Figure A3.2. (a) Normalized fluorescence responses of L; (10 uM) to various cations in mixed solvent. The blsck

bars represent the emission intensities of L in the presence of cations of interest (5 eqv.). The gray bars represent the

change of the emission that occurs upon the subsequent addition of Zn®* to the above solution. (b) Normalized

fluorescence responses of L;.2Zn to various anions in mixed solvent. The red bars represent the emission intensities

of L;in the presence of anions of interest (5 eq). The blue bars represent the change of the emission that occurs upon

the subsequent addition of PPi to the above solution. The intensities were recorded at 480 nm.
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Figure A3.3. (a) Job’s plot between L;.2Zn complex and PPi. Where Xy, = the mole fraction of L;.2Zn and Al is the

change (I-lp) in the intensity of the emission spectra in presence of guest. (b) Bensei-Hildebrand plot obtained from

the emission experiment (emission intensity calculated from 480 nm) studies.
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Figure A3.5. Mass spectrum of Lj;-Zn complex, Calculated [L;+2Zn+3Br+H,O0+2H] = 805.9891, Found
805.9085(Mass spectrum obtained in positive mode).
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Figure A3.6. Mass spectrum of Lj-Zn complex (in positive ion mode), Calculated mass for
[L;.2Zn+3Br+P,0;+MeOH+H,0+2H]" = 1009.7284, Found 1009.7143.
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Figure A3.7. Fluorescence intensity of L;.2Zn complex following interaction with PCR amplicons obtained from
varying cell numbers of E.coli MTCC 433. The PCR products were obtained from (a) 5 cycles, (b) 15 cycles, (c) 20
cycles, (d) 25 cycles, (e) 30 cycles and (f) 35 cycles, respectively. Statistically significant values derived by ANOVA
are indicated by asterisk marks. ** indicates p value < 0.001. Inset indicates % quenching of the fluorescence

intensity of L;.2Zn complex following interaction with PCR reaction products obtained from varying cell numbers.
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A novel chemosensor with visible light
excitability for sensing Zn* in physiological
medium and in HelLa cells
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4.1. Background and Focus of the Chapter
Detection and imaging of biologically relevant target molecules through fluorescence in living
systems has emerged as an area of intense interest in the chemistry-biology interface owing to its
significant biomedical implications.*! As explained earlier in chapter 3, Zn(ll) is known to play
crucial roles in the activity of various enzymes and also a key component of some transcription
factors, gene expression, apoptosis, neurotransmission and so forth.*? Perturbations in zinc
homeostasis is of high concern resulting in disorders such as impaired cognition, immune
dysfunction, type 2 diabetes mellitus (T2DM), Alzheimer’s disease, epilepsy, ischemic stroke,
and age-related macular degeneration (AMD), infantile diarrhoea. ** Being a harmful pollutant,
zinc is also important for environmental safety. **

Imaging of intracellular Zn?* with fluorescent chemosensors has been established as an efficient
tool to provide chronological-spatial evidence on Zn®** homeostasis in live cells.** In general,
most fluorogenic chemosensors depend on the change of emission intensity (quenching,
enhancement, or ratiometric) of the chromophore units which acts as signalling unit for the
sensing ability.*® Even though sensing of analytes in solution can be correlated with the
systematic variations in emission intensity but the detection of analytes in cells is fraught with the
challenge of specific sensing in a complex milieu. For example, during imaging cells using
fluorescence microscopy, quenching may occur due to the photobleaching®’ and/or aggregation®®
to several degrees in different cellular environments. Furthermore, lives cell imaging with a probe
within biological cells may result in heterogeneous labelling of the sensor, which can lead to
varying emission intensities at different spatial positions.*® The aforementioned anomaly present
great challenge towards analysing signal change due to the recognition of the analytes with those
arising from variations in probe concentration within cells. Therefore, it is significant to design
new sensors which undergo profound spectroscopic changes like spectral shifts, upon binding
with the analyte like Zn**. Fluorescent probes are designed on the basis of intraligand charge
transfer (ICT), **° photoinduced electron transfer (PET), **! chelation-enhanced fluorescence
4.14

(CHEF), *** metal-ligand charge transfer (MLCT), *** excimer/exciplex formation,*** imine

4.15 4.16, 4.14e

isomerization,” intermolecular hydrogen bonding, excited-state intramolecular proton
transfer,**’ displacement approach, **® and fluorescence resonance energy transfer.*** CHEF is an
important process by which fluorescent probes detect analytes.**? When the CHEF process is in

switch-on condition, the conjugation increases drastically which leads to enhancement in the
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emission and also a red shift is expected. So, the fluorophore senses a metal ion with enhancement

in the emission intensity accompanied by a red shift.

So far, a number of fluorescent chemosensors for selective detection of Zn(l1)- have been reported
with some success in biological applications,**° but most of the reported fluorescent as well as
colorimetric sensors for Zn** work in either pure organic or mixture organic-aqueous solutions
like our previous work.*?! This restricts their applications in a physiological environment. Hence
there is a critical demand to develop fluorescent probe for Zn?* that are based on easy synthesis,
render visible light excitation, exhibit large red-shift in emission for Zn** sensing, and their

sensing capability is immune from any pH interference in the physiological range.

In the previous chapter we took the Schiff base of a diformyl core with 8-amino quinoline. In this
chapter we explored the synthesis, characterization and sensing behaviour of a simple Schiff base
of the same diformyl core with pyridine hydrazide. We changed the amine group which was a
derivative of 2-picolinic acid and the developed receptor exhibit selectivity towards Zn®* with
visible light excitability and the ability to sense the metal in completely physiological condition.
The recognition of Zn** by our receptor L, has been investigated by absorption spectroscopy,
emission spectroscopy, DFT calculation, ESI-MS experiment and *H-NMR titration. Detection of

intracellular zinc in live HelLa cells through fluorescence imaging is also demonstrated in the

study.
N]-lz
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Scheme 4.1. Synthesis of L, and Lyc.

4.2. Absorption spectroscopic studies

All the spectroscopic studies were performed in HEPES buffer medium (1 mM, pH=7.4)
containing 0.33% of DMSO. The ligand L, exhibited two characteristic absorption peaks at 305
nm (e= 4x10* M?cm™) and 367 nm (e= 1.8x10* M™cm™). Comparing with L;, the conjugation

decreases in L, due to which the peak at the longest wavelength did not appear in the case of L..
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In case of L, the conjugation breaks after the —C=0O group, so the absorption peak is resided at
much shorter wavelength (367 nm) compared to the absorption peak at 450 nm. Upon addition of
10 equivalent of different metal ions (Na*, K*, Mg®*, Ca?*, Co*, Ni?*, Cu*, Cd**, Ag*, Pb**,
Hg?*, AF*, Cr**, Fe**, zn?*) Zn®* promoted a prominent change in the absorption spectra of L,
(Fig. 4.1a). Amongst other metals, only Cd** caused a nominal change in the absorption spectra of
L,. However, this change was distinctly less in magnitude as compared to the change observed
with Zn?* (Fig. 4.1a). Upon the addition of Zn*" ion (10 eq.), the absorption peak at 305 nm (=
1.8x10* M7'cm™) decreased and shifted to 326 nm and a new peak emerged at 450 nm (&=
0.98x10* M™cm™). On the other hand, with the addition of Cd** the absorption at 305 nm (&=
3x10* M™cm™) decreased, akin to that observed with Zn**, while a new peak appeared at 436 nm
(e= 0.24x10* M™cm™). Incremental addition of Zn®" to L, resulted in three isosbestic points at 329
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0.6} | g g [ /A
O L, 3 2\
'S} 2 N O
= B =S - Q L
< L7+ Other < 3
O 04 2 . Nan|
5] metal ions o)
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250 350 450 550 250 350 450 550
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Figure 4.1. Changes in absorption spectroscopy of L, (25 uM) with (a) various metal ions (10 eq.) and (b) with
incremental addition of Zn?* (0 pM — 60 uM). Inset: Plot of absorbance at 450 nm vs [Zn?*].

nm, 352 nm and 396 nm indicating the transition of the free ligand into metal complex (inset Fig.
4.1a). A visual colour change was observed during the above process from colourless to yellow
(Fig. 4.1a). From the absorption titration experiment it was also witnessed that change in the
absorption spectra became minimum after the addition of two equivalent of metal ion (Fig. 4.1b
inset) which suggested a 1:2 binding stoichiometry between L, and Zn?*. Essentially, absorption
spectrum indicated that the receptor exhibited high selectivity towards Zn** with a marginal

response to Cd**,

4.3. Fluorescence spectroscopic studies of L, in presence of metal ions

With visible light excitability, when the receptor (L) was excited at 470 nm, a weak emission

peak was observed at ~530 nm. A set of different metal ions (Na*, K*, Mg, Ca**, Co?*, Ni**,

Cu?*, Cd®*, Ag*, Pb?*, Hg*", AP*, Cr**, Fe**, Zn?") were used to ascertain the selectivity of L.
63
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Interestingly only Zn?* caused a drastic enhancement in the emission intensity of L, with a

prominent peak obtained at 555 nm while Cd®* causes a very small enhancement in the emission
intensity (Fig. 4.2a). This observation clearly demonstrated high selectivity of L, towards Zn?*
over other metal ions including Cd*". During titration with Zn**, L, displayed a linear
enhancement in the emission intensity of the free ligand with a progressive red shift (Fig. 4.2b).
After the addition of two equivalent of Zn®" ion the change in the emission spectra became

a // \‘)\; -----
4 Z1* \
Vamn ’/“/ \
= \
< / %
E: /L, +Other\ 3
g // metal
D4 |/ ions
=1,
— / .
/ /4\ Cd* N ; NN
ettt —— S | o
500

500 600 600 700
Wavelength (nm) Wavelength (nm)

Figure 4.2. Changes in emission spectra of L, (25 uM) in presence of (a) various metal ions (10 eq.) and (b) with

incremental addition of Zn?* (0 uM - 60uM). Inset: Change in colour change under UV lamp (Aen= 365nm) upon

addition of Zn**to L,.

minimal supporting the result obtained from UV-Vis experiment (inset Fig. 4.2b). Fluorescence
quantum yields of the Zn?* complex was calculated to be 18-times higher than that of the probe
alone (0.16 and 0.009, respectively). A change in the fluorescence emission from colourless to
yellow was observed under UV-lamp after the addition of Zn** to the receptor solution (Fig. 4.2a
inset). Careful analysis of Job’s plot (Fig. A4.1a) obtained from the fluorescence titration
experiment established a 1:2 binding stoichiometry between L, and Zn®*. The association

constant*?? and detection limit of L, for Zn?* were calculated to be 5.58 x10° M (Fig. A4.1b)

and approximately 69 ppb respectively.

The amplification of fluorescence intensity of the receptor, L, by Zn** was also confirmed
through screening with competing metal cations of interest (Fig. 4.3). Except for Zn?*, only Cd?®*
among the verified cations triggered the emission enhancement, but it was negligible as compared
to that of Zn®". It is to be noted that even highly abundant intracellular alkali metal ions (Na*, K*)
and alkaline earth metal ions (Mg?*, Ca*") did not affect the emission spectra of L, even in the
presence of excess amount. The effect of different counter anions of zinc salt was also

investigated in the same condition using different zinc salts like Zn (ClO4),, Zn (OAC),, Zn
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(NOg3)2, ZnCl,, ZnBr; and ZnSO4. From the experiment it was found that the counter anions of

zinc did not influence the recognition process of Zn** by L.

i EbEdglglpil

1

Normalised Fluorescence
Intensity

Figure 4.3. Normalized fluorescence responses of L, (10 uM) at 550 nm in presence of various cations in mixed
solvent. The black bars represent the emission intensities of L, in the presence of cations of interest (5.0 eqg.). The
gray bars represent the change of the emission upon subsequent addition of Zn?* to the above solution. Display error

bars with 5% values.

4.4. pH Dependent study

The fluorescence property of the receptor, L, was checked at different pH. At lower pH (2-6), the
receptor displayed blue fluorescence whereas at higher pH (9 and above) the receptor exhibited a
yellow fluorescence with lower intensity. Possibly at lower pH, protonation or hydrolysis of the
imine bond may have resulted in a blue fluorescence. On the other hand, at higher pH
deprotonation of the hydroxyl group perhaps leads to a weak yellow fluorescence. Interestingly, it
was observed that the ligand has stable fluorescence within the pH range of 6.5-9.0. This
observation suggested that the ligand could render pH-independent fluorescence measurement in
physiological microenvironment. The high selectivity of L, towards Zn?* over other biologically
important metal ions, its sensing capability in physiological condition and a lower detection limit
enhances the analytical merit of the developed receptor (L) for the recognition of intracellular

Zn**

4.5.'H NMR Titration
We were unsuccessful to get a single crystal of the Zn** complex of L, suitable for X-ray
diffraction even after several attempts. Therefore, in order to understand the mode of interaction

between L, and Zn®" or the structural changes in L, after interacting with Zn®*, we acquired *H-
65
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NMR data. *H-NMR titration of the receptor, L, with Zn(ClO,4), was performed in DMSO-d.

During *H-NMR titration of L, with Zn*" significant spectral changes of L, were observed.
Reduction in the intensity of the hydroxyl group (-OH) indicated deprotonation as a result of
interaction with Zn?* and after the addition of two equivalent of Zn** ion, the hydroxyl group peak
was obliterated. As illustrated in Fig. A4.6, upfield shifts were observed in the case of the pyridyl
hydrogen atoms. The Schiff base hydrogen atom and the hydrogen atoms on the DFMP ring also
underwent upfield shifts whereas very little change was observed for the amide proton (-NH) as
compared to the other protons within the system. Collectively *H-NMR titration strongly
suggested the formation of a hydroxo bridged complex between L, and Zn®" resulting in the
deprotonation of the hydroxyl group and the pyridyl nitrogen atom coordinating to Zn** causing

shifts to the pyridyl hydrogen atoms.

4.6. ESI-MS Experiment

The binding mode between L, and Zn** was also investigated through ESI-MS. A peak at
869.8240 signifies the mass of the ensemble (L+2Zn+3ClO4+CH3CN)* Ca3H,:CIsN7015Zn, and
another peak at 403.1546 represents the mass of the free receptor. So, the result from ESI-MS

experiment also supports the results obtained from the UV-Vis and emission spectroscopy.

4.7. Mechanism of Zn** Sensing

The enhancement in the fluorescence intensity of the receptor, L, after interacting with Zn** may
be attributed to the CHEF and ICT process. Firstly, the low fluorescence of L, may be due to the
free rotation of the imine (-C=N) bond. As illustrated in scheme 4.2, in presence of Zn*,
chelation of the metal ion with the —OH group and with the two imine N-atoms ensues.
Consequently, the free rotation around the imine bond gets restricted and the system becomes
more rigid. Furthermore, chelation of Zn** by the hydroxide group and the Schiff base N-atoms
leads to the formation a hydroxo bridged binuclear zinc complex in which the conjugation
increases drastically resulting in a CHEF effect. On the other hand, due to the binding of Zn** the
ICT is facilitated over the w-system. This also caused sufficient enhancement in the fluorescence.
The CHEF phenomenon in conjunction with the ICT process upon interacting with Zn?*, perhaps
results in the enhancement the fluorescence intensity of the free receptor along with a red shift of
~25 nm. The proposed CHEF mechanism was verified by conducting control experiments with
the receptor L,c, which lacked the hydroxyl group. As anticipated, L,c did not show any change
in its emission spectra after interaction with Zn** owing to the lack of chelation of Zn* and a
CHEF effect thereof. This result strongly suggested that the di-imine moiety with the hydroxyl

group at the core was essentially implicated in the Zn®* sensing phenomenon.
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Scheme 4.2. Proposed mechanism of sensing.
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4.8. Theoretical Calculations of L, and L,-Zn Complex

Further, the above premise of our proposed sensing mechanism was corroborated with the

theoretical calculations of L, and its Zn complex. To understand the relationship between the

structural changes of L, and its complex with Zn?* and the optical response of L, to Zn?*, we
carried out density functional theory (DFT) calculations with the B3LYP/6-31+G(d,p) method

basis set using the Gaussian 03 program. The optimized geometry along with the highest occupied

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of L, and its
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Figure 4.4. (a) Energy diagrams of HOMO and LUMO orbitals of L, and the L,—Zn complex calculated at the DFT

level using a B3LYP/6-31+G(d,p) basis set. (b) Optimized structure of L, and its Zn** complex.
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Zn?* complex are presented in Fig. 4.4. These HOMO and LUMO energy diagrams revealed that

the energy gap for the di-nuclear Zinc complex of L, (two Zinc ions are linked through the Oxo-
bridge) was reduced as compared to the ligand alone (Fig. 4.4(a)). This perhaps led to the
occurrence of red shifted (25 nm) fluorescence emission band upon chelation of the ligand with
two Zn”* ions in the proposed fashion. Selected orbitals and their corresponding energies for both
L, and its Zn complex were provided in supporting information (Table.S1 and S2 in supporting
information) which might have been playing vital role in the optical spectral outcome.

4.9. Cellular Sensing of Zn®*

Owing to the promising response of L, towards Zn*" and its intense emission in visible region, it
was envisaged that compound L could be used for detection of intracellular Zn®* by fluorescence-
based imaging of live cells. However, to accomplish this target, it was imperative to initially
evaluate the cytotoxic potential of compound L, on live cells. The well-established MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, which is based on mitochondrial
dehydrogenase activity of viable cells, illustrated that neither L, nor its zinc complex was able to
exhibit any effect on the viability of HeLa cells (human cervical carcinoma cells), even at
concentrations as high as 50 uM (Fig. A4.2.). The results obtained from the in vitro cytotoxic
assay were encouraging and suggested that a ligand concentration upto 50 uM can perhaps be
employed for the fluorescence imaging studies of L, and L,—Zn complex in live cells. Hence, to
evaluate the efficiency of compound L, as a chemosensor for intracellular detection of Zn®* by
fluorescence microscopy, HelLa cells were treated with 25 uM L, solution for 1 h followed by
incubation with 50 uM Zn(ClO4), to promote the formation of L,~Zn complex. Fluorescence
microscope analysis revealed that compound L, alone failed to exhibit any fluorescence in HelLa
cells (Fig. 4.5). However, when treated with Zn(ClO,),, a distinct and strong turn-on green
fluorescence was observed which could be attributed to the formation of intracellular L,-Zn
complex. This observation is in well agreement with the results observed earlier in solution
studies. It may be mentioned here that brightfield images of treated HelLa cells revealed the
characteristic morphological attribute of HelLa cells, which also suggested that the cells were
viable. The fluorescence microscopic analysis strongly suggested that compound L, could readily
traverse the membrane barrier, pervade into HelLa cells, and rapidly sense intracellular Zn?*.

4.10. Conclusion

In brief, we have synthesized and demonstrated the sensing potential of an efficient receptor (L)
for Zn** in physiological condition (99.7% HEPPES buffer, pH=7.4). The ligand L, can be
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Figure 4.5. Fluorescence microscopic images of HelLa cells after adding 25 uM of L, (column A) and after

subsequent treatment with 50 uM Zn?* (Column B). Scale bar for the images is 100 um.

excited by visible light and has high selectivity towards Zn®* over other biologically significant
metal ions, even in the presence of higher concentration of competing metal ions. The judicious
choice of a DFMP core in the receptor rendered a strong CHEF-based turn-on fluorescence
following chelation of Zn?* by the hydroxide group and the Schiff base N-atoms. Theoretical
calculations of L, and L,-zn ensemble also support our proposed mechanism. Due to the high
selectivity of L, towards Zn?* in exclusively physiological medium and non-cytotoxic nature, the
newly developed receptor was successful in sensing intracellular Zn®*, wherein immensely intense
turn-on green fluorescence was manifested in HeLa cells. The non-cytotoxic behaviour of L, and
its capability of sensing intracellular Zn?* are well for future in vivo biomedical applications of the
sensor.

So, coming from L; to L, i.e; changing the simple Schiff base to a imine-hydrazone receptor, L,
can sense Zn** in complete physiological medium whereas in the case of L, there was a need of a
mixture medium (Buffer: EtOH=7:3) for the sensing process. L, was found to be non-toxic in

behaviour which encouraged us to employ L for the sensing of intracellular Zn**. Both L; and L,
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recognized Zn*" specifically with turn-on responses but the response of L, was at higher

wavelength (550 nm, yellow fluorescence) compared to L; (480 nm, green fluorescence). Another

fact is that L;-Zn complex has the selectivity towards Ppi but L,-Zn complex has no selectivity

towards any anions.
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Figure A4.1. (a) Job’s plot between L, and Zn?*. (b) Benesi—Hildebrand plot between L, and
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Figure A4.2. MTT assay to determine the cytotoxic effect of compound L, and L,—Zn complex
on HelLa cells.
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Table S1. Selected orbitals and their energies for L, at B3LYP/6-31G(d,p).
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Table S2. Selected orbitals and their energies for L,-Zn** complex at B3LYP/6-31G(d,p).
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5.1. Background and Focus of the Chapter

Development of molecular sensors for selective cation or anion sensing is critical for a host of
pertinent environmental, biological and diagnostic applications.>! Amongst the cations, zinc plays
a critical role in a plethora of biological processes and has significant healthcare implications.>*
>3.54 Though, there are reports of zinc sensors, >* still there is a need for developing new sensors
that render selective detection in presence of analogous analytes such as Cd** and in biological
medium. Chemists have also been actively engaged in developing AI** sensors, given the

I** in neurotoxicity and neurodegenerative diseases>® and its substantial impact

profound role of A
on the environment.>’ In the context of anions, development of fluoride-specific sensors has
gained prominence, owing to its significant role in various human ailments. >® Although, research
efforts in recent years has yielded some progress in developing fluoride sensors®® sensing the
anion in a competitive and aqueous system still remains a formidable challenge for analytical
chemists.>!® With regard to the detection of environmental and biologically relevant ions,
fluorescence-based tools are conceived to be efficient as they significantly enhance the
capabilities for rapid and specific sensing of target analytes.>" >'¢ However, the analytical merit
of fluorescent sensors developed against selective ions is limited in case of multi-analyte
mixtures. To address this challenge, design and application of a single probe that renders multi-
analyte sensing in various formats has been reported in recent times. >*? To develop an efficient
multi-analyte sensor, it is critical to enhance the sensing repertoire of a single probe. This
necessitates judicious design of the sensing ligand in order to achieve a discriminating response
for various analytes.

The design principle of the reported ligand encompasses (i) incorporation of a strong fluorophore,
(i) suitable chelating ligand for binding metal ions and (iii) amide functionality for anion binding
(Scheme 5.1). Dialdehyde derivatives are well known for their strong metal binding properties
through two Schiff’s base —N atoms with the hydroxyl group present at the centre of the binding
cleft.****M The hydroxyl group readily deprotonates on binding with metal ions, which switch-
on the ICT process and the CHEF process. Now, in order to ensure efficient anion binding, the
presence of H-bonding donor is critical. Hence, in the present study, quinoline hydrazide residue
has been chosen for binding both cation and anion. Quinoline has high affinity for AI**, whereas
the —NH and the —OH will offer binding site to the anions. Based on this rationale, herein, we

report a single dialdehyde-based fluorescent probe, which can differentially sense AI**, Zn** and
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F ions and its distinct spectral properties upon target interaction and its application in live cell

imaging studies are also reported.

NH2

(i) SOCL,, EtOH
Cr:ﬁ)% 0°C, II-Ir @Ao H,NNH,.H,0O w
Reflux

\ xn H
2 -
EtOH, Reflux,
Overnight

Scheme 5.1. Synthetic route for L.

TZ
Z=

5.2. Crystal structure of L3

Block shaped single crystals of L3 were grown from slow evaporation of its propanol solution. It
crystallizes in monoclinic system with P21/c space group (Z = 8). The ligand L3 crystallizes in
monoclinic system of space group P2;/c. Crystal structure shows two arms are not planer and stay
little above the plane of central benzene ring. Close inspection in interaction pattern indicates a
intramolecular H-bonding between phenolic OH and imine N-atom (O6:-N8 = 2.624 A) is present
in each asymmetric unit which possibly holds the arm tightly. We have observed a dimeric
interaction between two ligand via carbonyl C=0 and aromatic C—H H-bond (Fig. 5.1 and Fig.
A5.9). Noticeably the only crystalline water molecule connects two ligand perpendicularly by

donating hydrogen to quinoline N-atom atom and carbonyl C=0.

Figure 5.1. (a) Crystal structure of Ls. (b) Various non-covalent interactions in the crystal.
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5.3. UV-Vis spectroscopic studies of L3 in the presence of metal ions

Interaction of L with various metal ions (Na*, K*, Mg®*, Ca®*, Co*, Ni?*, Cu®*, Cd**, Ag*, Pb*,
Hg?*, AP, Cr¥*, Fe**, Zn*") was pursued in a HEPES buffer medium (5 mM, pH 7.4) containing
0.33% of DMSO. The receptor exhibited three characteristic peaks at 289 nm (e = 4.67 x 10* M*
cm 1), 315 nm (e = 3.96 x 10* Mt cm™) and at 368 nm (¢ = 2.65 x 10* M* cm %), originating
from m—=n* transitions and the long conjugation present in the free ligand system. Amongst
various metal ions (10 equivalent of each), interaction with AI**, Zn?*, and Cu®" only resulted in a
change in the absorption spectra of Ls, with the maximum change observed with Zn** (Fig. 5.2a).

Titration experiment with gradual addition of AI**

ions resulted in diminishing of the peaks at 289
nm, 315 nm and 368 nm along with the emergence of a new peak at 430 nm (¢ = 1.97 x 10 M
cm * for AP* and € = 1.51 x 10* Mt cm™ for Zn*") (Fig. 5.2b), which can be attributed to the
strong ligand-to-metal charge-transfer (LMCT). Presence of isosbestic points at 337 nm and 395
nm established the transformation of free receptor in its aluminium complex (Fig. 5.2b). Titration
experiment with Zn** yielded analogous results as in the case of AI**, albeit a change of higher
magnitude (Fig. 5.2c). Interestingly, a visual colour change from colourless to light yellow and

deep yellow were observed with A" and Zn?*, respectively (Fig. 5.2b inset).

(A) 0.8

S o8 go'ﬁf
g +§_
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Figure 5.2. Changes in absorption spectra of L3 (25 pM) with (A) different metal ions (B) the incremental addition of
AP, Inset: colour change upon the addition of AI** and Zn?** to Ls, (C) the incremental addition of Zn?*.

5.4. Fluorescence spectroscopic studies of Lz in the presence of metal ions

When excited at 395 nm, L3 displayed a weak emission peak at 520 nm. In presence of a set of
metal ions (Na*, K*, Mg, Ca**, Co?*, Ni**, Cu®*, Cd*", Ag*, Pb*, Hg*", A", Cr**, Fe**, Zn*") in
a buffered solution, a remarkable enhancement in the emission spectra of L3 was observed only
with APF* and Zn®* at two distinct wavelengths corresponding to 500 nm and 550 nm, respectively
(Fig. 5.3a). These results validated the selectivity of L3 towards AP* and Zn**. Consequently,

green fluorescence was observed in case of AI**
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whereas greenish yellow fluorescence was
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observed upon interaction with Zn®* (Fig. 5.3a inset). Titration experiments were also performed

with gradual addition of AI** and Zn** to the solution of Ls. In both the cases, a systematic
increment in the emission intensity of L; was observed (Fig. 5.3b and Fig. 5.3c). It may be
mentioned that in both cases, enhancement in emission intensity of L; became minimal after the
addition of two equivalents of the target metal ions (Fig. 5.3a, b, insets). Job’s plot obtained from
the titration experiments yielded 1:2 stoichiometry for both AI** and Zn** (Fig. A5.1a, A5.2a).
The association constant of Ls for AFP* and Zn** derived from Bensei-Hildebrand plot>*3 > (Fig.
A5.1b, A5.2b) was observed to be 1.07 x 10° M2 and 1.75x 10°> M, respectively. The detection
limit of Ls for A" and Zn?* was 32 ppb and 35 ppb, respectively. The quantum yield of the free
receptor was 0.002 whereas quantum yields for Ls-Al and L-Zn complexes were found to be 0.42
and 0.54 respectively. The selectivity of L towards A" and Zn** was also established through

experiments in the presence of competing metal ions (Fig. A5.3a, A5.3b).
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Figure 5.3. Changes in emission spectra of L3 (25 uM) (a) with different metal ions; Inset: Visual colour change
upon the addition of AI** and Zn** to L under UV lamp (Ae= 365 nm). (b) with the incremental addition of AI*".
Inset: (b) Intensity at 500 nm vs [AI*] plot, (b) (B) with incremental addition of Zn?*, Inset: Intensity at 550 nm vs
[Zn**] plot.

5.5. UV-Vis spectroscopic studies of L3 in the presence of anions

To ascertain the sensing potential of Lz towards multi-target analyte, spectroscopic studies in
presence of different anions were performed in an acetonitrile medium with 0.33% DMSO as a
co-solvent. Among a set of different anions (F~, CI", Br, OH", I, NOs, HSO3, SO4*", ClO,4,
Clos, CN’, S, , H,PO,, PO,’7), a prominent change in the absorption spectra of L; was
manifested only upon addition of F~ (Fig. 5.4a). Titration of L3 with incremental amount of F~
resulted in a systematic decrease in the absorption peak at 368 nm and emergence of a new peak
at 506 nm (Fig. 5.4b). Two distinct isosbestic points at 340 nm and 395 nm in the titration spectra
indicated the formation of a new species. Interestingly, the colour of the solution changed from

colourless to orange during the titration process (Fig. 5.4b, inset).

80
TH -1492_11612226



Chapter 5

06 0.6
3 A 2
= s
S04 804
,_e [
= S
g |7}
£ 02 <02
p~ <
0.0 B —— — 0.0 - -
400 500 600 400 500 600

Wavelength(nm) Wavelength(nm)

Figure 5.4. Changes in absorption spectra of L3 (25 uM) with (a) the addition of different anions (b) the incremental

addition of F~. Inset: Visual colour change upon the addition of F~ to L.

5.6. Fluorescence spectroscopic studies of Lz in the presence of anions
When a set of various anions was used as target analyte, only F~ imparted a change in the emission
spectra of L3 while other anions failed to induce any variation (Fig. 5.5a). Titration of L3 with

fluoride triggered a distinct enhancement in the emission intensity at 575 nm (Fig. 5.5b) and the

F_
= o
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2 2z
] L.+ Other
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500 600
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Figure 5.5. Changes in the emission spectra of L; (25 uM) (a) with the addition of different anions (b) with the

700

incremental addition of F. Inset: Visual colour change upon the addition of F~ to L under UV lamp (Ae= 365 nm).

fluorescence of the solution also changed to bright orange (Fig. 5.5a, inset). Jobs plot derived
from the titration process revealed a 1:1 stoichiometry between L3z and F". The receptor L3 could
detect F as low as 40 ppb. The quantum yield of the free receptor was 0.002 whereas quantum

yield for Ls-F ensemble was calculated to be 0.40. The spectral and colour change were due to the
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formation of receptor—fluoride H-bonded complex. This phenomenon was validated by addition

of a small volume of water/methanol, which yielded a colourless solution.

5.7. pH dependent study

At lower pH (2-5), L3 was unable to sense any of the metal ions due to the protonation of the
receptor. In the pH range of 5.5-9.5, the sensing behaviour of L3 towards both the metal ions was
robust. At pH greater than 10, Ls could only recognize Zn?* through a turn-on response.
Interestingly, the receptor displayed stable fluorescence at physiological pH (Fig. 5.6), which
suggested that the receptor is likely to be amicable for sensing in the physiological

microenvironment and cellular milieu.

Fluorescence intensity

1 I ! I L I 1 1 1 1

2 3 4 5 6 7 8 9 10 11
pH

Figure 5.6. Effect of pH on the fluorescence intensity of L.

5.8. 'H-NMR titration experiment of Ls in presence of AP**, Zn* and F~

To probe the interaction between Ls with AP* and Zn?*, *H-NMR titration experiment was
performed for both the metal ions. Titration of Ls with AI** resulted in upfield shift for —NH
(0.020 ppm), -OH (0.049 ppm) and the Schiff base protons (0.056 ppm) (Fig. A5.4). In case of
titration with Zn?* similar trends of lesser magnitude were observed (Fig. A5.5). With the gradual
addition of Zn*, the reduction in the intensity of —OH group peak was accompanied by an upfield
shift, which indicated deprotonation of L3. The above results strongly indicated that the phenolic
—OH group and the Schiff base N-atoms bind with both the metal ions along with the
deprotonation of the phenolic —OH group. Involvement of the quinoline ring in binding with AI**
was clear from the shifts of the quinoline ring protons whereas in the case of Zn?*, quinoline ring
did not participate in binding which was also evident from the *H-NMR experiment. The changes
in the *H-NMR spectra of L were observed up to the addition of two equivalents of Zn** ions,
which supported the results obtained from the absorption and emission spectroscopy. *H- NMR
titration of L3 with tetra-butyl salt of fluoride yielded prominent changes in comparison with the
metal ions (Fig. A5.6). Deprotonation of both the phenolic —OH group and the —-NH group was
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observed on the addition of excess of F~ ion. Initially the phenolic —OH group, was deprotonated
and a downfield shift along with reduction in the intensity of the —NH proton was observed
(A8=0.055 ppm). The imine proton also confronted downfield shift of A6=0.116 ppm, whereas the
quinoline ring protons were shifted upfield but the shifts (A5) were miniscule compared to the
other changes. So, due to deprotonation of both the phenolic -OH and the —NH groups, sharp
changes were observed in the case of fluoride in both absorption and emission spectroscopy.

5.9. Plausible Mechanism of sensing

The low fluorescence of the free receptor may be attributed to the absence of intramolecular
charge transfer (ICT) and the free rotation around the imine bond. Upon interaction with the target
analytes, the free rotation around the imine bonds got restricted, which resulted in the formation
of a rigid platform. Hence, a chelation enhanced fluorescence enhancement (CHEF) process
occurred in the presence of the analytes. Further, in all cases, deprotonation triggers the ICT

process, which leads to the turning-on of the fluorescence of the receptor.

o
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Scheme 5.2. Schematic representation of sensing of AI**, Zn?* and F~ by L.

5.10. Biological studies of L3 in the presence of metal ions

On the basis of the excellent response of Ls towards AI** and Zn*" in solution mimicking the
physiological condition, we anticipated that L3 could be explored for the sensing of these target
metals in live cells. To accomplish this goal, it was significant to probe the cytotoxic effect of L
and its metal complexes on live cells. A conventional MTT assay, which is based on the

mitochondrial dehydrogenase activity of viable cells illustrated that Ls; as well as the metal
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complexes failed to affect the viability of the HeLa cells even at a concentration as high as 50 uM

(Fig. A5.7.). Subsequently, sensing of AI** and Zn?* was pursued in HeLa cells by cell imaging
studies, wherein the cells were initially incubated with 10 uM of L3 followed by addition of 20
UM each of either A or Zn*" in separate sets. HeLa cells incubated with only Ls failed to exhibit
any fluorescence, while bright green fluorescence manifested in the cells upon addition of the
target metals (Fig. 5.7.). It was noted that the fluorescence was well spread in the cell, which
suggested that the ligand could traverse across the cell membrane and diffuse throughout the cell.

It was also evident that the HeLa cells retained their morphological trait during the cell imaging

studies (Fig. 5.7), which reiterated the non-toxic nature of the developed receptor.
Bright field  Blue light Merged

Figure 5.7. Fluorescence microscopic images of HeLa cells treated with (A-C) 5.0 uM of L, (D-F) pre-treated with
5.0 uM of L followed by addition of 50 uM AI** solution, (G-1) pre-treated with 5.0 uM of L, followed by addition
of 50 uM Zn?* solution. Scale bar for the images is 100 pM.

5.11. Conclusion

In brief, we have designed and synthesized a new di-aldehyde-based sensor, which facilitates
distinctive sensing of AI**, Zn?* and F~. The present work is a judicious illustration of developing
a single fluorescence-based probe for multi-analytes, which may render useful applications in
environmental and diagnostic regime.

After receiving encouraging results by altering simple imine (L;) to an imine-hydrazone (L)),
herein we have designed L3 by just altering the pyridyl ring (L) to a quinoline ring (L3) keeping
rest of the surroundings unchanged and investigated its properties. From the above results, it was
evident that L behaved differently from L,. When L, can sense only Zn?*, L; can sense AI** and

Zn** both in complete physiological medium at two different wavelengths (500 nm and 550 nm
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respectively). In addition to that, L3 was also selective towards F in acetonitrile medium at 575

nm. L3 was established to be non-toxic in nature which encouraged us to employ Ls for the

sensing of intracellular A** and Zn**. So, L; acted as a lab-on-a-molecule which can sense A

3+
I,

Zn** and F~ at three different wavelengths (500 nm, 550 nm nad 575 nm respectively) with three

different fluorescence (green, yellow and orange fluorescence) producing a traffic signal like

sensing.
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Figure A5.1. (a) Job’s plot between Ls and AI** ions. Xy is the mole fraction of L; and Al is the change (I-1o) in the
intensity of the emission spectra in presence of guest i.e; AI**, (b) Bensei-Hildebrand plot obtained for AI** from the
emission experiment (emission intensity calculated from 500 nm) studies.
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Figure A5.2. (a) Job’s plot between L3 and Zn* jons. Xues is the mole fraction of L; and Al is the change
(I-1o) in the intensity of the emission spectra in presence of guest i.e; Zn**, (b) Bensei-Hildebrand plot
obtained for Zn?* from the emission experiment (emission intensity calculated from 550 nm) studies.
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Figure A5.3. (a)Normalized fluorescence responses of L; (10 uM) to various cations in mixed solvent. The gray bars
represent the emission intensities of L; in the presence of cations of interest (5 eqv.). The black bars represent the
change of the emission that occurs upon the subsequent addition of AI** to the above solution. (b) Normalized
fluorescence responses of L; (10 uM) to various cations in mixed solvent. The gray bars represent the emission
intensities of L in the presence of cations of interest (5 eqv.). The black bars represent the change of the emission
that occurs upon the subsequent addition of Zn?* to the above solution.
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Figure A5.4. "H-NMR titration spectras of Lz with AI** in DMSO-ds.
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Figure A5.7. MTT assay to determine the cytotoxic effects of compounds Ls, Ls—Al and Lz—Zn complex on HelLa
cells.

Figure A5.8. Crystal structure of L and various interactions presents in it.
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6.1. Background and Focus of the Chapter

Aluminium has the distinction of being the third most abundant metal on earth’s crust and its
overriding influence on environment and human health is a cause of serious concern. Aluminium
IS a neurotoxic agent, which is potentially involved in perturbations of the central nervous system
and grave neurodegenerative ailments such as Alzheimer’s.®*®® Apart from its potential role in
neuro-disorders, aluminium toxicity is considered to induce a number of other healthcare concerns
such as gastrointestinal problems, intervention with calcium metabolism, impaired liver and
kidney function and others. *4®° Given the germane role of aluminium in human health, there is
considerable motivation amongst analytical chemists working in the regime of biomedical

I** in solution as

diagnostics to generate potent sensors that would enable selective detection of A
well as in biological samples.

General methods for the detection of aluminum are graphite furnace atomic absorption
spectroscopy and inductively coupled plasma atomic emission spectroscopy. However, these
techniques are generally arduous and expensive. With regard to detection of biologically relevant
ions, it has been demonstrated that fluorescence-based and electrochemical sensors are suitable
platforms to achieve high selectivity and sensitivity.>®®*® Amongst the biologically relevant
cations, sensing of AI** is especially challenging owing to the lack of spectroscopic signatures and
poor coordination potential of the metal.®*” Hence, in comparison with transition metals, only a
limited number of fluorescent chemosensors have been reported for AI**.6*8°3! Furthermore,
these probes display absorption and emission in the ultraviolet-visible (UV/Vis) light range,
which can be a major bottleneck in biomedical applications since the high absorption and auto-
fluorescence of biomolecules in this region can significantly interfere with signal acquisition. To
circumvent this impediment, it is envisaged that Al**-selective fluorescent probes with absorption
and emission in the near infrared (NIR) region (650-900 nm) are highly desirable due to the
reduced propensity of photo-damage to biological samples, increased sample penetration and
minimum background auto-fluorescence, which would significantly abet bioimaging studies. ®**
%40 As discussed earlier, we were unable to reach the near-IR region with the previous ligands, so
in this chapter we choose a tricarbocyanine core which have its absorption and emission at the

NIR region. Based on this premise, herein we report a novel tricarbocyanine-based NIR

I3 s

fluorescent probe for AI°". The receptor can selectively detect AI°" among other trivalent and

biologically relevant cations through a remarkable fluorescence emission signal captured in the
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NIR region. The potential of the developed sensor is validated by sensing AI** in imaging studies

using a cell culture model and probing of DNase activity in solution.
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Scheme 6.1. Synthetic route to L.

6.2. Absorption spectroscopic studies of L4 in presence of metal ions

The sensing behavior of L, was explored in a mixed solvent system of 5.0 mM HEPES buffer:
methanol (3:2), pH 7.2. UV-visible absorbance spectroscopy of L, indicated a characteristic
absorption peak at 410 nm (Fig. 6.1a). When the receptor was interacted with a set of metal ions
(Na*, K*, Ca**, Mg®*, AP**, Cd**, Co**, Cr**, Fe**, Hg*", Mn?*, Ni**, Pb?*, Zn** and Ag", Ga>* and
n®"), virtually no change in the absorption peak could be observed except for AI** and Fe** (Fig.
6.1a). The high selectivity of L4 for AP* could be readily captured in the striking change in the
absorption spectra. Interaction of L with AF* resulted in the emergence of three new peaks at
343 nm, 539 nm and at 710 nm, while the signature absorption peak of the receptor at 410 nm
decreased (Fig. 6.1a). The development of the three new peaks in the absorption spectra may be
ascribed to the switching-on of the internal charge transfer (ICT) process. A similar response was
also observed with Fe**, albeit of a lesser magnitude. Titration of L, with incremental addition of

A" lead to the steady emergence of the three new absorption peaks (at 343 nm, 539 nm and at
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710 nm) and a gradual diminution of the peak at 410 nm (Fig. 6.1b). Manifestation of two
isosbestic points at 378 nm and 448 nm evidently indicated the conversion of free receptor into
the metal complex (Fig. 6.1b). From the titration experiments, it was also noted that the change in
the absorption spectra was marginal after addition of one equivalent metal ion, which may

I**. It may also be

perhaps be attributed to a 1:1 stoichiometry of interaction between L, and A
mentioned here that a visual change in the color of a solution of L, from colorless to violet was
observed during the titration experiment (Fig. 6.1b, inset), which rendered naked eye detection of

AI** in solution.
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Figure 6.1. Changes in absorption spectra of L4 (in mixed solvent medium methanol: HEPES buffer (2:3) medium (5
mM, pH 7.4) containing 0.33% of DMSO) (a) upon the addition of different metal ions and (b) upon gradual addition
of AI**. Inset (b): Visual color change on the addition of AI** to L. Inset (b) Changes in absorbance of L, at the

wavelengths 410 nm and 539 nm vs [AI**] plot.

6.3. Fluorescence spectroscopic studies of L, in presence of metal ions

Encouraged by the results obtained in UV-visible absorption spectroscopy, our next endeavour
was to pursue fluorescence-based sensing of AI**. Upon excitation at 640 nm, the receptor L, did
not exhibit any fluorescence (Fig. 6.2a). However, when the receptor was treated separately with
10 equivalents of various metal ions (Na*, K*, Ca**, Mg*, AP, Cd**, Co**, Cr**, Fe**, Hg*,
Mn®*, Ni%*, Pb?*, Zn®* Ag*, Ga®" and In*"), only AP** triggered a noteworthy turn-on response
with an emission peak distinctly residing in the NIR region of around 730 nm (Fig. 6.2a). Among
the other tested metal ions, Ga®* was able to mark slight enhancement in the fluorescence, but the
change in the fluorescence spectra of L4 by Ga>* was very minute compared to that of the AI**. It
was also noted that the fluorescence emission spectra of the receptor L, remained unaffected in
the presence of Fe®* (Fig. 6.2a), although a marginal change in the absorption spectra of L, could
be observed upon interaction with Fe** (Fig. 6.1a). This result highlighted the high selectivity of
L4 towards AI** over other metal ions including trivalent cations (Fe** Cr¥*, Ga** and In*").

Titration of L4 with the gradual addition of AI** resulted in a linear enhancement in the emission
93
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intensity of L, upto one equivalent of AI** (Fig. 6.2b). Upon further addition of AI**, the

enhancement was negligible.

1a

Intensity (a.u)

~ Intensity (a.u)
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Figure 6.2. Changes in emission spectra of L, (in mixed solvent medium methanol: HEPES buffer (2:3) medium (5
mM, pH 7.4) containing 0.33% of DMSQ) upon the addition of (a) different metal ions and (B) upon gradual addition
of AI**. Inset (A): Intensity at 730 nm vs. [AI**] plot. Inset (b): Visual color change on the addition of AI** to L,
under UV lamp.

In order to ascertain the sensing potential of L4, it was imperative to determine the selectivity of

the probe in a complex media having competing analytes. To this end, the probe, L, was treated

13

with five equivalent of AI°" in the presence of five equivalents of other metal ions. Interestingly,

>

the receptor L4 could selectively detect AI°" without any interference from other metal ions even

in a complex mixture (Fig. 6.3).
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Figure. 6.3. Normalized fluorescence responses of L, (10 uM) to various cations in mixed solvent medium methanol:
HEPES buffer (2:3) medium (5 mM, pH 7.4) containing 0.33% of DMSO. The gray bars represent the emission
intensities of L, in the presence of cations of interest (5 eqv.). The black bars represent the change of the emission

that occurs upon the subsequent addition of AI** to the above solution.

The 1:1 binding stoichiometry between L4 and AP was also established from a Job’s plot derived
from the fluorescence titration experiment (Fig. A6.la.). Interestingly a change in the
fluorescence emission of L4 from colorless to bright red was conspicuous during the titration

experiment with AI**. The detection limit of the probe for AI** was determined as 1.95x10® M,
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6.18,6.20, 6.21 and the association constant was calculated to be

6.41

which is lower than the reported ones
8.4 x 10° M™ using Benesi-Hildebrand equation.

6.4. ESI-MS Experiment

The 1:1 binding mode between L4 and AI** was also corroborated by ESI-MS experiment. A peak
at 357.1794 indicated the mass of the ensemble [L4+Al+2CI+H,0]** (Fig. A6.5). The quantum
yield of the L4-Al complex was found to be 0.54 whereas the quantum yield of the free probe was
found to be 0.006.

A comparative appraisal of the sensing properties of the reported probe indicated that AI**
detection could be achieved in the NIR region and was thus better as compared to many
previously described fluorophores, wherein sensing was mostly accomplished in the visible
region.>'8621 626631 £y thar the detection limit (1.95x10® M) reported in this study is at par with

other reported fluorophores used for AI** sensing. ®18°%

6.5. pH dependent study

Fluorescence-based sensing of A" by L, was also pursued at various pH. At lower pH (2.0-4.5),
the receptor exhibits higher fluorescence intensity and a marginal enhancement in the emission
intensity in the presence of AI** (Fig. A6.1b). This is due to the protonation of the imidazole ring
in lower pH, which stops the PET process present in the free receptor resulting in the turn-ON
fluorescence intensity of the receptor. As the imidazole ring was already protonated in this pH
range, the binding to AP will not be possible, hence only marginal enhancement in the
fluorescence intensity of L, is observed in presence of AI** in this pH range. However, in the pH
range of 5.0-12.0, the receptor have stable fluorescence intensity and a significant increase in the
fluorescence emission intensity of L4 upon interaction with A" was evident, which suggested
that the developed sensor was robust and rendered selective sensing of Al** over a wide range of
pH, including biologically relevant pH.

6.6. Plausible mechanism of AI** sensing

The plausible mechanism of fluorescence-based AI** is as follows: The low fluorescence of the
free receptor L, is attributed to the photo-induced electron transfer (PET) process occurring from
the imidazole N-atoms to the fluorophoric unit, which results in the quenching of fluorescence of
the receptor. In presence of AI**, the imidazole N-atoms bind with the metal ion resulting in
engagement of the free lone pair on the N-atom of the imidazole ring. Consequently, the PET

process is hindered leading to enhancement in the fluorescence intensity in the NIR region
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(Scheme 2). On the other hand, the visual color change may be attributed to the switching-on of

the ICT process.

Cl

N Ve
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N~ Ta

PET ON, Fluorescence OFF PET OFF, Fluorescence ON

Scheme 6.2. Plausible mechanism of NIR-based sensing of AI*".

6.7. Cellular sensing of AI**

Given the role of aluminium in imparting neurotoxicity, there is a significant interest in
developing sensors that facilitate intracellular detection of the metal. In this context, it was
envisaged that the NIR-emitting attribute of probe L, would be pertinent in pursing fluorescence-
based AP* sensing in live cells through imaging studies, with minimum interference from
autofluorescence of biomolecules. However, in this endeavor, it was imperative to ascertain the

cytotoxic potential of the probe and the AP

complex. Interestingly, an MTT assay indicated that
the viability of cultured HelLa cells (human cervical carcinoma cells) were not affected in
presence of the probe L, and L4-APF* complex at varying concentrations (Fig. A6.2a), which
suggested the non-toxic nature of the sensor as well as the metal complex. This finding motivated

us to determine the potential of the probe L, in detecting intracellular AI** by fluorescence-based
Bright field Blue Green Merged

:

Figure 6.4. Fluorescence microscope images of (a-d) HeLa cells treated with 5.0 uM of L, and (e-h) HeLa cells pre-

treated with 5.0 uM of L, followed by addition of 10 uM AI®* solution. Scale bar for the images is 50 . Blue light
excitation reveals nuclear staining in HeLa cells by DAPI and green light excitation demonstrates NIR-sensing of L4-

AIP* complex in HeLa cells.

cell imaging studies. To this end, the essential observation was that HeLa cells incubated with
only the sensor L, failed to exhibit any fluorescence apart from the prominent nucleus-associated

fluorescence manifested due to DAPI staining (Fig. 6.4, panel b-d). Interestingly, when HelLa

e

cells pre-treated with L, were incubated with AI°", a bright red fluorescence emission was
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conspicuous in the cells (Fig. 6.4, panel g). Further, upon merging of the DAPI-stained and L.-
AP stained images, it was evident that the red fluorescence emission originating from Ls-Al**
complex was essentially restricted to the cytoplasm of the cells (Fig. 6.4, panel g-h). It is
significant to mention that the characteristic morphology of HelLa cells was conserved during the
imaging studies, which reiterated the non-toxic nature of the probe L.

6.8. Interaction with DNA and tracking DNase activity by L4-AI** complex
The selective sensing AI** by L4 was encouraging and we envisioned that the NIR-emissive Lg4-
AI** ensemble could perhaps be explored as a handle to pursue interaction studies with DNA in
solution on the basis of the strong interaction of AI** with phosphate groups in DNA. Further, it
was envisaged that the solution-based interaction of the ensemble with DNA could be
subsequently explored in developing important applications in biomedical diagnostics such as
assessment of nuclease activity and DNA footprinting. Nucleases are considered to be vital in
various biological processes involving DNA replication, recombination, DNA repair, genotyping,
and mapping analysis. Literature reports also highlight the merit of developing sensing platforms

for nuclease assay.®*>®** In order to pursue this goal, Ls-APP* complex was interacted in solution
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Figure 6.5. Change in emission spectra of L,-AlI** (2.5 M) complex upon interaction with DNase I-treated CT-DNA
fragments generated at various time periods (0-30 minutes). 500 ng of CT-DNA was interacted with 2.0 units of

Fluorescence mtensity (x10° cps)

DNase | at 37°C for various time periods.

with calf thymus DNA (CT-DNA). Interaction with CT-DNA resulted in nominal reduction in the
fluorescence intensity of L,-AI** complex (Fig. 6.5). Interestingly, the utility of Ls-AFP* complex
in monitoring activity of DNase | enzyme on CT-DNA in solution could be demonstrated as there
was a systematic reduction in the fluorescence emission intensity of the complex with time (Fig.

6.5). It may be mentioned here that interaction with other biologically relevant phosphate-based
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analytes such as ATP, ADP and AMP vyielded negligible changes in the fluorescence emission

intensity of the ensemble (Fig. A6.2b).

6.9. Conclusion
In the present study, a judiciously designed fluorophoric probe based on a tricarbocyanine dye
was developed that displayed a prominent and selective turn-on response in the NIR region upon

1>

interaction with AlI°". To the best of our knowledge this study is the first report on an NIR

emitting sensor specific for AI**

alone. The developed probe could also be readily deployed in
fluorescence-based imaging studies for non-invasive and spatial sensing of AI** in live Hela
cells. Given its non-toxic nature and NIR-emissive trait, it is envisaged that the sensor can perhaps
be explored in future as a non-destructive imaging toolkit in in vivo cellular studies that
investigate the toxic basis of AI**. The L4-AIl* ensemble also rendered interaction with CT-DNA
in solution and could also be explored for label-free and time-dependent tracking of nuclease
activity. The encouraging results obtained in the present study strongly indicate the future
possibility of using this NIR-emissive sensing tool for in vivo diagnostic as well DNA-based

bioanalytical applications.
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Figure A6.1. (a) Jobs plot between L, and AI**, (b) Effect of pH on the sensing behaviour of L,. The black triangles

are the fluorescence intensities of L, at different pH whereas the black square blocks are the fluorescence intensities

of L, upon the addition of AI**.
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Figure A6.2. (a) MTT assay to determine the cytotoxic effect of compound L, and L,~Al complex on HelLa cells. (b)
Normalized fluorescence responses of L4-AlI** complex (10 pM) to various phosphate anions (5 equivalents) in mixed
solvent medium ethanol: HEPES buffer (2:3) medium (5 mM, pH 7.4) containing 0.33% of DMSO. The black bars
represent the emission intensities of L,-AI** in mixed solvent. The orange bars represent the changes in the emission

intensities of L,-AI** complex upon the subsequent addition of different phosphates to the above solution.
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Figure A6.4. Emission spectra of compound 3 before and after interaction with AlI**.
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Figure A6.5. ESI-MS spectra of L4-Al complex.
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Conclusion and Future Perspective

In conclusion, the overall thesis elucidates some important results in the field of chemosensor for
biologically and environmentally important analytes in solution and in biological medium. We
have designed, synthesized and investigated some unique receptor systems (Li-L4) ranging from
simple to complex structures and also spectral responses ranging from UV-region to near-IR

region which can detect various analytes in agueous solution and inside living cells.

Receptor Li can selectively sense Zn?* in physiological condition with a turn-on (green
fluorescence) response. The in situ formed complex, L1.2Zn can selectively and specifically sense
PPi among all the other biologically important anions. The unique selectivity of the PPi by Li-Zn
ensemble could be used as an analytical tool to probe PPi generation in a prototype PCR setup and
track DNA amplification with higher sensitivity as compared to conventional agarose gel
electrophoresis. Interestingly, the principle of PPi estimation in PCR rendered rapid estimation of
bacterial cell numbers of E.coli MTCC 43. Receptor L, can also specifically sense Zn®" in
complete physiological medium with a turn-on response (yellow fluorescence). The receptor was
non-toxic and sense Zn?* in HeLa cells. L3 can sense AP*, Zn?* and F~ ions (green, yellow and
orange fluorescence respectively) with three distinctive emission spectra. The ligand can work in
a wide pH range including the physiological pH and was also applied for sensing intracellular
AP* and Zn?* in live HeLa cells. In chapter 6, we have discussed about L4 which can selectively
and specifically recognize AI** among all other cations with turn-on responses (red fluorescence).
Both the absorption (710 nm) and emission (730 nm) responses were in the NIR region.
Interestingly, upon interaction with DNA in solution, the L4-AR* ensemble rendered tracking of

DNase activity in solution through a systematic reduction in the fluorescence emission intensity.

Fluorescence and colorimetric chemo-sensorial chemistry has grown considerably since the
pioneering work of Sousa with the naphthalene compounds. After the Nobel Prize in
supramolecular chemistry in 1987 to Charles J. Pedersen, Jean-Marie Lehn and Donald J. Cram,
the design and application of fluorescent molecular devices increased exponentially. The
possibility of a precise molecular recognition between a chemosensor and their guests has many
applications in analytical chemistry, supramolecular science, biochemistry, physical chemistry,
medicinal chemistry, toxicology, forensic sciences and applicable disciplines even to the modern
nanosciences. However, for these applications to reach their prospective basic work is in tuning
the receptor molecule in such a way that it is easily soluble in aqueous media and the spectral

response is vivid and at longer end of the spectra. Although the results included in this thesis are
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extremely useful from a fundamental viewpoint, there is other challenging aspects in
supramolecular chemistry that need to be developed, basically from an applicative approach.
Research in these areas with a focus on technological and biomedical applications, based upon the

remarkable cation, anion and neutral molecular sensing appear to be forthcoming.
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