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SYNOPSIS

Molecules which emit light upon photoexcitation are useful as luminescent
probes for bioimaging whereas photosensitizers that generate singlet oxygen are
useful for photodynamic therapy (PDT). However, design of biocompatable,
photochemicaly stable and long wavelength emitting probes is a challenge.
Similarly, molecules with high singlet oxygen generation efficiency are required for
PDT applications. Even though there are several reports on individual luminescent
probes and PDT agents, molecules, which are useful for both imaging and PDT are
rare. Therefore, design of luminescent probes for simultaneous imaging and therapy
in cancer cells are essential for diagnostic and therapeutic applications. Inspired by
the recent progress in the design of synthetic molecular probes for organelle
targeted imaging and therapeutic applications, we explored a few fluorescent
organic molecules and cyclometalated Ir(I11) complexes having bipyridyl moieties
for bioimaging for PDT applications. The work described in the present thesis is
organized into four chapters. In the first chapter, an introduction and recent
developments in the area of molecular probes for bioimaging and PDT applications
are described. Especially, the bipyridine based ligands are well explored in the
literature for the preparation of Zn** sensors and metal complexes. The mechanism
of bipyridine based probes for organelle targeted Zn®* imaging by showcasing
various examples are described followed by the different types of photosensitizers
used for PDT applications. In the present context, cyclometalated Ir(lll) based
photosentizers and their importance in imaging and PDT applications were

discussed.

In the second chapter, synthesis and studies of lysosome targeting carbazole-
bipyridine conjugates, CBL1-3 and CBG, where bipyridine acts as the receptor for

Zn** and morpoline acts as the lysosome targeting agent are described. Zn** is a

XVi



biologically relevant cation and is involved in various cellular processes including
immune function, signal transduction, neurotransmission, etc. The CBL probes
form nano-aggregates in aqueous medium and these nano-aggregates were
successfully used for monitoring the variations in pH and for sensing of Zn*".
Detailed studies revealed that CBL2 is the best candidate for imaging and Zn**
sensing. Fluorescent imaging experiments on cancer cells revealed that the CBL2
nanoprobe is capable of localizing at lysosomes and facilitates the detection of
endogenous Zn?* and pH variations. Furthermore, the lysosomal Zn** variation with
external stimuli induced programmed cell death was visualized using the

nanoprobe.
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In Chapter 3, the synthesis and studies of cyclometalated Ir(l11) complexes,
IrL1 and IrL2 are described. Since CBL2 (described in Chapter 2) was found to
localize in lysosome, we used it as the ancillary ligand to prepare IrL1, to target
lysosome which is identified as one of the most effective organelles for apoptotic
cell death during PDT. We found that IrL1 serves as a good photosentizer for
lysosomal targeting PDT applications. For a comparative study, we used a highly
conjugated ancillary ligand and synthesized another complex IrL2. The detailed
tansient absorption studies and singlet oxygen quantum yield measurement showed
better efficiency for IrL2. The HOMO — LUMO and triplet energy calculation

revealed that the energy transfer from the probe to ground state oxygen is highly

XVil
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favaourable in the case of IrL2. The cellular studies were also conducted with the
same probe. The apoptotic experiments were conducted with MD-MBA-231 cell
lines and the mechanism of the cell death was analyzed by flow cytometry and

caspace-3/7 detection agent. However, the luminescence quantum yield was found

to be low which limited its application as a theranostic probe.
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In Chapter 4 we designed and synthezied a cyclometalated Ir(l111) complex
for organelle targeted theranostic application. The synthesized photosentitizer, Ir-
Bp-Ly showed good luminescence (11%) and singlet oxygen quantum yields (79%
at pH 4) under aqueous condition. It showed strong energy transfer to triplet oxygen
leading to efficient generation of singlet oxygen. The singlet oxygen quantum yield
was unaffected by changes in pH and hence was successfully used for imaging
applications. The complex was found to localize well in lysosomes which was
confirmed by co-localization experiments. The detailed theranostic investigations
were done in the Rat brain tumor C6 glioma cells. The cell death mechanism
followed the apoptotic pathway which was studied through flow cytometry analysis.
Thus, the developed Ir(111) complex was identified as an efficient photosensitizer
with high singlet oxygen quantum yield that can localize in lysosomes and induce

cell death via apoptosis which is highly favorable for therapeutic applications.
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In summary, the present thesis describes detailed investigation on organic
fluorophores namely CBL1-3 and CBG, for lysosomal pH and Zn*" imaging and
cyclometalated Ir(l1l1l) complexes namely |IrL1, IrL2 and Ir-Bp-Ly for
photodynamic therapeutic and theranostic applications. These probes were
designed to target the subcellular organelle, lysosome which serves as the main site
for macromolecule degradation and apoptosis. The incorporation of morpholine
moiety to the probe helps to accumulate in lysosome through lysosomotropism. The
higher co-localization values, sensing properties and efficient singlet oxygen
generation are the advantages of the described probes. The insights gained from
these studies are expected to help the development of new and efficient theranostic

probes for diagnostic and therapeutic applications.
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Chapter 1

Luminescent Probes for Organelle Targeted Imaging,
Photodynamic Therapy and Theranostic Applications:
An Overview
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1.1. Abstract

Fluorescent probes for simultaneous detection of organelle specific multiple
analytes in cancer cells are essential for diagnostic applications. Among various
analytes present in the biological systems, Zn®" is involved in many biological
processes including regulation of immune function, signal transduction,
neurotransmission, etc. The detection of Zn?" in specific subcellular organelle
helps to evaluate subcellular functions and other related diseases. Therefore,
detection of Zn** in specific subcellular organelle is of great significance. Therapy
is the attempted remediation of a health problem usually following diagnosis.

However, in photodynamic therapeutic applications photosensitizers with essential



2 Chapter 1

properties like high singlet oxygen quantum vyield are required. Recently, Ir(lll)
based metal complexes are well explored in this area because of its exceptional
photophysical properties and good cell compatibility. This introductory chapter
will first give an overview of the different fluorescence based sensors and
organelle targeted imaging of Zn?". This will be followed by different types of
photosensitizers and recent advances in the use of Ir(lll) complexes in the

biological systems. The aim and the outline of the thesis are then discussed.

1.2. Introduction

Bioimaging aims to detect and monitor various biomolecular processes in cells,
tissues, and living organisms in clinical studies. Contrast agents make molecular
processes visible, quantifiable, and traceable over time. Various contrast agents are
used to assess specific molecular targets in different imaging modalities such as
positron emission tomography, magnetic resonance imaging, fluorescence

imaging, etc.'?

Among various analytical techniques, optical assay based on fluorescence
has been extensively studied owing to its advantage including high sensitivity, fast
response time, visual signal transduction, real-time in situ responses and low cost.
Numerous signaling mechanisms have been developed and widely used for the
optical detection of different species. These include photoinduced electron transfer
(PET), fluorescence resonance energy transfer (FRET), intramolecular charge
transfer (ICT), twisted intramolecular charge transfer (TICT), excited state
intramolecular proton transfer (ESIPT), excimer/exciplex formation, aggregation

induced enhanced emission (AIEE) and many others.*>

Apart from molecular sensors, molecular self-assembly has also been
widely used for analyte sensing and imaging.®® Quantitative determination of
specific analytes is essential for a variety of applications ranging from diagnosis to
therapy. Among various metal ions present, Zn** plays essential roles in various

physiological processes in living systems, and the investigations on Zn?* related
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physiology and pathology are major research interest.” 2,2-Bipyridine,
dipicolylamine and terpyridine, are the key receptors for Zn**. Among them,
bipyridine based probes have got much attention and have several Zn** imaging
probes including multi-photon active probes were developed.”® The subcellular
localization of the newly developed probes is helpful for deeper understanding of

biological processes.**

Therapy is the attempted remediation of a health problem usually following
diagnosis. Among various therapeutic techniques, photodynamic therapy, which
involves the generation of highly toxic and reactive oxygen species (ROS) upon
excitation of a photosensitizer (PS) which ultimately destroy the tumor tissue, is a
widely accepted clinical technique.*? Transition metal based PSs are commonly
used in PDT due to their efficient spin orbit coupling induced by heavy atom
effect. Among the various transition metal based PSs, Ir(I11) complexes offer
multiple advantages compared to poor cell permeability of Ru(ll) complexes and
labile ligands of Pt(ll) complexes. The detailed investigations about the uptake
efficiency and cytotoxicity helps to increase the efficiency of newly synthesized

Ir(111) complexes.*®

Luminescent PSs are not only restricted to therapeutic generation of singlet
oxygen but also for imaging to improve drug’s efficacy and its distribution to the
tumor tissue. High photostability, high singlet oxygen quantum yield and efficient
cellular uptake of the complexes make them a potential candidate for theranostic
applications. By attaching specific targeting group or the modification in the
ligand itself will help the complex to target the specific organelle like lysosome,

mitochondria, etc.!*
1.3. Bioimaging

Understanding the molecular interactions in living system in their native habitat is
a great challenge, particularly in the area of chemical biology and clinical

diagnostics. Much of the qualitative understanding of molecular processes came
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from the traditional test tube biochemical experiments using purified or isolated
biomolecules. These kinds of approaches are highly useful but the cellular
conditions are fundamentally different from the experimental conditions. In order
to understand the chemistry of living cells, we have to consider the cell itself as the
test tube which helps to visualize cellular process and cell diagnosis. Light
microscopes allow visualizing various molecular events within the cells, which are
about 20-50 times smaller than the smallest thing that we can see with our naked
eye. A simple light microscope displays the cell surface in a monochromatic
fashion from which one cannot discriminate the working and constituents of the

individual cells.?

Use of contrast agents along with highly sensitive instrumentation is a
successful strategy to detect, localize and monitor critical molecular processes in
cells, tissues, and living organisms. Contrast agents make molecular processes
visible, quantifiable and traceable over time, aiming to probe molecular
abnormalities. The key is to scrutinize the molecular abnormalities that are the
basis of disease rather than to image the end effects of these molecular alterations.
This will help in earlier detection of disease, direct molecular assessment of
treatment effects, and a more fundamental understanding of the disease. Various
contrast agents are used to assess specific molecular targets in different imaging
modalities such as positron emission tomography, single photon emission
computed tomography, magnetic resonance imaging, fluorescence imaging,
ultrasound, etc. Fluorescence imaging technique allows real-time, non-invasive
monitoring of biomolecules of interest in their native environments with high

spatial and temporal resolutions.®

1.4. Fluorescence Imaging

Fluorescent chemosensors for ions and neutral analytes have been widely applied
in many diverse fields such as biology, physiology, pharmacology, and

environmental sciences. Fluorescence is the dissipation of energy in the form of
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light from electronically excited states generated by the excitation of a molecule or
material by providing suitable energy. The fluorescence processes is directed by
three important events, all of which occur on time scales that are separated by
several orders of magnitude (Figure 1.1a). Initially, a photon of energy (hv) is
supplied to the susceptible molecule, which results in the absorption of light,
creating an excited electronic singlet state (S;'). This process occurs in
femtosecond (10 s) timescale, and then the molecule partially dissipates the
energy via vibrational relaxation of excited state electrons to the lowest energy
level (S,), which is measured in picoseconds (10™2 s). Finally a longer wavelength
photon is emitted (hve,,) When the molecule returns to the ground state, which
occurs in the relatively long time period of nanoseconds (10 s). The entire
molecular fluorescence lifetime, from excitation to emission, is measured only in
one billionth of a second; the phenomenon is a remarkable indicator of the
interaction between light and matter that forms the basis for fluorescence
microscopy. Because of the extremely sensitive emission profiles, spatial
resolution, and high specificity of fluorescence investigations, the technique has

become an important tool in understanding cell biology."?
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Figure 1.1: (a) Jablonski diagram illustrating fluorescence. (b) Fundamental concept under pinning
fluorescence microscopy

The majority of fluorescence microscope, especially those used in the life
sciences are of epifluorescence design, where excitation of the fluorophore and

detection of the fluorescence are done through the same light path (i.e., through the
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objective) as shown in the Figurel.l.b. Light of the excitation wavelength
produced by passing light from a lamp through a wavelength selective exciter filter
is reflected through the microscope objective lens to the specimen using a dichroic
mirror. If the specimen fluoresces, the collected emission then passes through the
dichromatic mirror and is subsequently filtered by a barrier filter that blocks the

excitation light from the fluorescent light.

1.4.1 Small Molecular Fluorogenic Probes for Sensing and
Imaging

Fluorogenic probes are described as reagents for which the physicochemical
properties change upon interaction with a chemical species so that a change in
fluorescence is produced, which in turn can detect the presence of an analyte. They
have been extensively investigated and widely explored in many fields because of
their exquisite sensitivity, and in particular in offering greater temporal and spatial
visualizing capability for in vivo imaging studies. Significant effort has been
devoted to the development of new fluorogenic probes, based on small fluorescent
organic molecules®, fluorescent proteins'®, polymers'’, metal nanoparticles®,
quantum dots™®, etc. To date, the most popular fluorogenic probes are small
molecular dyes owing to their good biocompatibility and small sizes that are ideal
for intracellular target labeling. Typically, small molecular fluorogenic probes are
comprised of three different moieties: (1) a recognition moiety that provides
selective binding with target analytes; (2) a transducer component for signaling the
binding event; (3) a suitable spacer or linker that connects the two former moieties
(sometimes the two moieties are integrated without any linker (Figure 2a)). The
selectivity in sensing event is largely determined by the affinity between target
analyte and recognition units, where the sensitivity usually depends on the
fluorescence brightness of the probe and the contrast between the emission before
and after the binding of the probe to an analyte. So far, various small molecular
fluorogenic probes with superior properties have been developed to creatively

couple the recognition process with the photophysical behaviors.?
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A “turn-on” emission or a shift in excitation/emission profiles is preferred
over a turn-off quenching response. A “turn-on” response gives a bright signal
against a dark background, which maximizes spatial resolution. The fluorescence
measurement by an increase of the fluorescence intensity without much shift of
either excitation or emission wavelength can be influenced by many factors, such
as the localization of the probe, changes of environment around the probe (pH,
polarity, temperature, and so forth), emission collection efficiency, effective cell
thickness in the optical beam and changes in the excitation intensity. To reduce the
influence of such factors, ratiometric measurement is utilized, namely,
simultaneous recording of the fluorescence intensities at two wavelengths and
calculation of their ratio. Likewise, a shift in excitation/emission maxima can be
used for ratiometric imaging, which allows for internal calibration of reacted and
unreacted probe to minimize artifacts that may arise from variations in light
intensity, sample thickness and heterogeneity, and dye distribution.?’ This
technique provides greater precision than measurement at a single wavelength and
is suitable for cellular imaging studies. In the context of ratiometric fluorescence
sensing, a number of strategies, including internal charge transfer, excited state
intramolecular proton transfer, fluorescence resonance energy transfer, through-
bond energy transfer, and monomer-excimer formation, have long been the subject
of study.”> The schematic representation of various methods for the analyte

detection through photophysical methods are summarized in Figure 1.2.

1.4.2 Self-assembled Molecular Probes for Sensing and Imaging

Molecular self-assembly refers to the spontaneous association of molecules to
create a larger aggregate species through a number of non-covalent interactions.’
These molecules undergo self-association forming hierarchical structures. To make
use of this molecular self-assembly, the molecules should be designed in such a
way to ensure that its building blocks are capable of undergoing stepwise
interactions and assemblies through the formation of numerous non-covalent

chemical bonds. The primary interactions which drive these molecules to assemble
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into well-defined and stable hierarchical macroscopic structures include hydrogen
bonds, electrostatic and van der Waals interactions. Although each of these
interactions are rather weak, their collective interactions can result in very stable
structures and materials. Once the molecules are aggregated they will not be

easily distorted until there is a drastic change in their environment.

Photophysical change
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Figure 1.2: (a) Schematic representation of fluorescence based sensing. (b) to (g) Schematic

representations of mechanisms for analyte sensing based on fluorescence.

Molecular self-assembly is not much exploited in sensing applications
because of the aggregation caused quenching (ACQ) which is the quenching of
emission when a fluorophore undergoes aggregation. Therefore, aggregation is
generally considered detrimental in the probe development and is generally
unfavorable. Recently some research groups have utilized ACQ to design
fluorescent probes by using the disaggregation nature of the assembly in the
presence of a specific analyte that bring “turn-on” fluorescence.® The sensing
mechanism based on signal amplification using disaggregation of probes has
several advantages. First, due to the formation of aggregates, the original signal of

the monomer is largely quenched which makes this kind of probe to exhibit
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negligible background signal and large fold enhancement in the signal intensity
upon binding with analytes. Second, the enhancement or the recovery of the signal
by disaggregation renders the probe with “turn-on” property with high sensitivity.
Third, ACQ is a very common phenomenon among most of the fluorophore;
therefore, aggregation-disaggregation process would be applicable to a variety of
probes. Based on the mechanism, the aggregation based probes are classified into

two, which are discussed in the following sections.

1.4.3 Disaggregation from Template-Aggregate

The aggregate formation usually occurs at high concentration of the probe.
However, in some cases, molecules can be deliberately brought together and
allowed to form aggregates using a template (induced aggregation). Such a
template can serve as an assembling core (e.g., metal ion) or backbone (e.g.,
nucleobases in DNA) and its disaggregation occurs specifically in presence of a
particular analyte. The stronger interaction of the analyte with the template results
in the breakage of the interaction between the probe and the template, which
releases the monomer molecule with a “turn-on” fluorescence response.

Many fluorescent molecules such as rhodamine, cyanine and styryl
derivatives are positively charged. They tend to form aggregates in the presence of
negatively charged polyanions, (e.g., nucleic acids) due to electrostatic interaction.
In contrast, when the interaction is disturbed or weakened by the addition of an
analyte, the aggregates will disassemble. Utilizing such a mechanism, Yu and co-
workers, designed an aptamer induced aggregate of PBI derivative (1) as a “turn-
on” sensor for lysozyme (Figure 1.3).? An aqueous solution of 1 containing both
monomeic and aggregated species exhibit strong fluorescence due to the existence
of the free monomer of the dye. Addition of an anti-lysozyme aptamer (5'-ATC
AGG AAA GAG TGC AGA GTT ACT TAG-3) resulted in the aggregation of 1
due to the strong electrostatic interaction between the dye and the multiple
negatively charged phosphate functional groups in the backbone of aptamer

molecule. The enhanced dye aggregation resulted in a significant decrease in the
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fluorescence intensity of the dye. Addition of lysozyme to this solution, however,
would weaken the interaction between 1 and the aptamer due to the specific
binding of lysozyme to the anti-lysozyme nucleic acid aptamer resulting in the
regeneration of the fluorescence of 1 at 545 nm. This method achieved a detection
limit of 70 pM.
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Figure 1.3: (a) Schematic representation of the strategy for selective lysozyme sensing based on the
aggregation of 1 mediated by DNA aptamer and disaggregation in the presence of lysozyme. (b) Changes in
emission spectrum upon addition of different concentrations of lysozyme to the mixture of compound 1 (5
nM) and the anti-lysozyme aptamer (0.5 nM). (c) Plot of the fluorescence intensity at 545 nm against the

lysozyme concentration; inset: expanded linear region of the curve.

1.4.4 Disaggregation from Self-Aggregates

The inherent tendency of certain molecules to form aggregates has been used as a
specific strategy to develop probes in several cases.”® For example, Hamachi and
co-workers introduced the disassembly approach for specific sensing of proteins.?
The fluorescent probe 2 consists of a fluorophore tethered to a recognition ligand,
which self-assembles in buffer, resulting in significant red-shift of the absorption

maximum and quenching of fluorescence. Atomic force microscopy (AFM)
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measurement revealed the formation of spherical particles with diameters ranging
from 100 to 200 nm. When the probe binds to the specific protein (human carbonic
anhydrase I, hCA), a clear fluorescence “turn-on” signal was detected due to the
recognition-driven disassembly of the nanoprobes. This probe provides good
selectivity to hCA with a detection limit of 70 nM. Researchers have succeeded in
developing these probes for specific visualization of over expressed folate receptor
(FR) and hypoxia-inducible membrane bound carbonic anhydrases (CA) on the
surface of live cancer cells, both of which are tumor specific biomarkers (Figure
1.4).
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Figure 1.4: (a) Schematic presentation of recognition driven disaggregation approach to design “turn-on”
fluorescent probe for cell surface protein imaging. (b) Chemical structure of self-assembling probe 2. (c)
AFM image of probe 2 (10 uM, HEPES buffer (pH 7.2, 150 mM NaCl)). (d) Fluorescent spectral changes of
probe 2 (10 pM) upon addition of hCA1 (0-20 pM). (e) Fluorescence images of hypoxia-cultured A549 cells
treated with probe 2 (10 uM) in the presence of CA inhibitor EZA (100 nM). Scale bar, 40 um.

Squaraine molecules are well exploited in aggregation based probes. For
example, there is a recent report on a self-assembled squaraine nanoprobe for the
selective sensing of a protein in blood serum.”* The dye self-assembles to form
nonfluorescent nanoparticles (D, = 200 nm) which selectively respond to human
serum albumin (HSA) in the presence of other thiol-containing molecules and

proteins by triggering a green fluorescence. This selective response of the dye
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nanoparticles allowed detection and quantification of HSA in blood serum with a
sensitivity limit of 3 nM. The sensing mechanism involves HSA specific
controlled disassembly of the squaraine nanoparticles to the molecular dye by a
non-covalent binding process and its subsequent reaction with the thiol moiety of
the protein, triggering the green emission of the fluorophore present in the dye
(Figure 1.5).
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Figure 1.5: (a) Schematic representation of the specific recognition of the probe 3 towards thiols. (b) TEM
images of 3 showing spherical assemblies obtained from 25 mM phosphate buffer at a pH of 8.0.(c)
Emission spectral changes of the squaraine nanoparticles upon addition of BSA protein (0-14 uM) (Aexc =
380 nm) and photograph showing the corresponding fluorescence turn-on. (The authors choose BSA

instead of HSA since the former is easily available and cheaper but structurally similar to the latter.)

1.5 Metal Ion Imaging in Biological System

All life forms have an absolute requirement for metals, as metals play critical roles
in fundamental processes such as osmotic regulation, catalysis, metabolism,
biomineralization, signaling etc.” Group I and Il metals (alkali and alkaline earth
metals such as sodium, potassium, calcium, and magnesium) are abundant in most
biological organisms. Transition metals that are generally recognized to play
critical roles in biological process include iron, zinc, copper, manganese, cobalt,

nickel, molybdenum, tungsten, chromium, and vanadium. These elements are
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often referred to as trace elements because they are present at much lower amounts
than the group | and Il metals. However, iron and zinc are often found in
substantial amounts. While biologically relevant metals occur ubiquitously
throughout the cell, higher concentrations are found in certain organelles
depending on their biological role.?> The details are given in the Figure 1.6.2%%’

Biological metals may exist in different forms, including as hydrated ions,
tightly bound forms such as metal-bound co-factors and protein or nucleic-acid
bound species, or loosely bound forms in association with a diverse heterogeneous
buffer, which can consist of low molecular weight species such as amino acids,
glutathione, or citric acid, and labile species. The total metal content comprises of
the sum of all of these diverse forms.?** Zinc is the second-most abundant
transition metal ion in the human body following iron.*® The total amount of zinc
in an adult human body is estimated to be 2-3 g. Long term insufficient intake of
zinc will cause stunted growth in children.*** The total zinc concentration in a
mammalian cell is reported to be in several hundreds of micromolar range. The
homeostasis of Zn*" in living systems is exquisitely regulated by three classes of
proteins, namely, Zn*" buffer proteins, Zn?* transporters and Zn** sensor proteins.
The thiol-rich metallothioneins, which can bind a large number of Zn%" and release
Zn*" in the presence of oxidative stress, act as Zn?* buffers and storage proteins.
Zn** transporters have opposite functions, and they control the cellular uptake and
excretion of Zn*".

It has been proposed that labile Zn®* in living systems initiates transient
signals that stimulate various physiological processes. Substantial evidence have
demonstrated that Zn®* plays an important role in apoptosis®, and that both labile
Zn** regulation and Zn**-associated DNA/RNA polymerases are involved in
apoptosis.®* Labile Zn** are also associated with the regulation of gene expression
and insulin secretion. Moreover, labile Zn** is believed to play important
neurological roles and is considered to be a neurotransmitter.*® In a complete
synaptic transmission, labile Zn®* ions are co-released with glutamate from

synaptic vesicles of a presynaptic neuron; they traverse the synaptic cleft and then
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arrive at a postsynaptic neuron. In this signalling pathway, Zn®" is recognized to be
a second messenger, similar to Ca®* in the hippocampus, for long-term

potentiation.*®
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Figure 1.6: (a) Organelle-specific metal distribution in a eukaryotic cell. (b) Proposed scheme of Zn?*

homeostasis in living systems.

1.6 Fluorescent Chemosensor for Zinc Ions

Of all the methods known for the detection of any analyte, fluorescence technique
outstands owing to its high sensitivity, fast response, simple instrumentation and
reliability. A large number of zinc ion sensors are available based on efficient
chromophoric systems and a wide range of receptors are also known for efficient
binding of Zn*.? The most well studied and mostly applied mechanisms of
fluorescence signal transduction in the design of Zn®* chemosensors are based on
photoinduced electron transfer and intramolecular charge transfer based. Also, the
most widely used receptors for Zn** binding are 2,2-bipyridine, dipicolylamine
and terpyridine. In the following sections, we will briefly discuss the mechanism

of sensing and bipyridine receptor used for Zn** sensing and imaging.*’
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1.6.1 Mechanism of Sensing of Zinc Ions

A general design for a PET based fluorescent sensor has a ‘fluorophore-spacer-
receptor’ format (Figure 1.7).*” Upon photoexcitation of the fluorophore, an
electron transfer occurs from the receptor to the fluorophore resulting in a
quenched emission of the fluorophore. The binding of the analyte with the receptor
restricts this processes leading to the regeneration of the native fluorescence. A
rule of thumb deduced from various literature reports till date shows that for
efficient PET to occur the receptor should have a lower oxidation potential than
the fluorophore leaving the sensor system in an off-mode and the reverse happens
when PET is arrested.

In an ICT based fluorescent sensor system, the design strategy comprises of
an electron acceptor unit (A) in conjugation with an electron donor (D) generating
a push-pull 7 system (Figure 1.7).®® The metal binding to the acceptor part
enhances the acceptor strength creating an efficient push-pull system and
ultimately leading to a bathochromic shift in the absorption and emission
spectrum. However, if the metal binds to the donor, the electron donating character

Is decreased leading to a hypsochromic shift in the spectrum.

1.6.2 Bipyridine Based Zn** Sensors

Binding-induced conformational restriction of biaryl fluorophores can
efficiently increase the fluorescence intensity. For hetero biaryl fluorophores (e.g.,
bipyridyl), the coordination of metal ions, through the combination of two
signaling mechanisms, that is conformational restriction and intramolecular charge
transfer, will produce an enhanced red-shift in fluorescence emission.*® Since
bipyridine ligands bind with different transition metal ions producing similar
absorption spectral responses, it is difficult to use them as specific sensors.
However, excited state dynamics may vary widely, depending upon the metal ion
and hence the fluorescence signature in each case can be the tool to identify the
nature of the metal ion. Generally, binding induced conformational changes leads

to planarization which induces a red-shifted emission.
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Figure 1.7: (a) Fluorophore-spacer-receptor design strategy for fluorescent PET sensors. (b) Fluorescence
‘off’ state due to PET. (c) Fluorescence ‘on’ state upon binding of analyte due to the restriction of PET. (d)

and (e) Ratiometric sensing behavior in ICT-based fluorescent probes.

Ajayaghosh and co-workers have developed several 2,2'- bipyridine
receptor based Zn*" probes that are ratiometric in nature (Figure 1.8).**** Pyrrole
end-capped divinyl aromatic systems are known to be strongly fluorescent
building blocks for the synthesis of electrochromic and low band gap polymers.
Hence, the high fluorescence of such systems was exploited for metal ion sensing
by introducing a bipyridyl moiety for the metal chelation. The probe 4 showed an
emission maximum at 547 nm in buffered aqueous acetonitrile solution (1:9)
which was shifted bathochromically to 635 nm upon titration with Zn?*.*® The
titration with Cu®*, on the other hand, led to quenching of emission. However, the
addition of Zn?* to the non-fluorescent Cu**-complex caused the appearance of
emission corresponding to that of the Zn** complex. The probe, thus facilitated the
ratiometric and visual sensing of Zn** amidst other competing metal ions.

The role of donor moiety linked to the bipyridyl unit in modulating the
fluorescence behavior upon interaction with Zn** has been reported.** Different

derivatives having different donor groups such as pyrrole (4), thiophene (5) and
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aniline (6) were prepared and their fluorescence response towards Zn®* were
investigated. The excited state charge transfer behavior of 4 and 5, and the
generated fluorescent states with Zn®** renders them excellent fluorescent
ratiometric Zn** probes. However, the enhanced charge transfer process in 6
ultimately quenches the emission with Zn** as well as a variety of other cations,
and hence is not suitable for the sensing of these ions.
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Figure 1.8: Bipyridine based ratiometric sensors for Zn#, 4 -13.

Smith and co-workers have reported a fluorescent sensor 7 for the selective
detection of zinc ion by a sterically-encumbered bipyridyl based receptor.* In this
case, a meta-terphenyl moiety was selected as a steric shield for the chromophore-
derivatised bipyridyl ligand. The zinc ion binding resulted in a red-shifted
absorption and an immediate 21-fold increase in the emission intensity. Later, Zhu

and co-workers incorporated two zinc ion binding ligands to develop a highly
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efficient fluorescent system 8 for Zn?*.** The ditopic ligand, however, is
nonfluorescent due to the PET from the electron donating high affinity Zn®*
binding site (dipicolylamino site) to the excited arylvinyl-bipy fluorophore. Their
experiments revealed a sequential binding of the metal implying a higher affinity
of Zn?* towards the dipicolylamino site over the bipyridyl unit giving a certain
fluorescence output. Gradually, as the concentration of Zn®* increased, they
observed co-ordination to the bipyridyl unit with an entirely different fluorescence
output. Larger number of different 4,4'-disubstituted-[2,2']-bipyridine based
fluorophores 9-12 have been reported as Zn”* sensors.* Bipyridine receptor was
also integrated on to a squaraine backbone for the ratiometric sensing of Zn** by
Fu and coworkers. The probe 13 was found to detect Zn?* in acetone with a 22 nm
bathochromic shift in the emission with a limit of detection of 6.1 x 10® M.*®

Ajayaghosh and co-workers have reported a ratiometric two photon (2P)
probe 14 carrying a bipyridine moiety at the center (acting as the acceptor) with
carbazole units on either side (acting as the donor) (Figure 1.9).*” Spectrochemical
titration of a solution of 14 in 1:1 acetonitrile/water (HEPES, pH 7.2) with
Zn(ClQO,), caused a red-shift in the emission from 530 nm to 610 nm. A 13-fold
enhancement in 2PA cross section and a 9-fold enhancement in 2P brightness upon
interaction with Zn?* as compared to the free ligand were observed. The probe was
then used for the detection of Zn*" and its significantly high 2P brightness was
utilized for in vivo 2P tissue imaging of live hepatocytes of rats.

Zhao and co-workers have reported a donor-acceptor system as a three
photon active probe for the imaging of Zn**.*® Their molecular system, 15
comprises of aniline and pyrrole as the two donor units, each of which is
connected to 2,2'-bipyridine acceptor via vinyl linkage and bridged together using
a triazole unit. The molecule exhibited a 1:2 binding stoichiometry upon addition
of Zn** with a red-shift in both absorption and emission profiles. They observed
intense emission features at respective emission wavelengths, 426 nm for the
probe and 591 nm for the Zn?* bound complex when excited at 1200 nm, proving

the 3P activity of the system. The 3P absorption cross section was found to be 1.38
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x 107" cm® s® photon for the probe and 3.03 x 107® cm® s? photon for the
complex. The ability of the probe for the detection of exogenous Zn®" in live HeLa
cells by 3P excitation was also demonstrated. Later, Ajayaghosh and co-workers
have developed a 3P active donor-w-acceptor type fluorophor that can effectively
signal and image Zn®* in biological specimens.”® The GMP probe, (16) exhibited
selective ratiometric response to Zn?* in the visible region upon excitation at 1150
nm. The observed o3 and o313 values are among the highest of reported 3P active
fluorophores. Good cell viability, high fluorescence quantum yield, large 3P cross-
section and high 3P brightness of GMP facilitate the 3P imaging of free zinc ions
in live cells. The demonstration of the 3P hippocampal slice imaging further
indicates the viability of GMP as an efficient ratiometric 3P fluorescent probe for

deep tissue Zn®* imaging.
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Figure 1.9: (a) Schematic illustration of 2P response of 14 before and after addition of Zn%, (b)
corresponding 2P action spectra and (c) in vivo 2P imaging using 14 (Aex = 820 nm, Aem = 530 nm) and 14 +

Zn% (Aex = 820 nm, Aem = 650 nm) in hepatocytes in live rat after intravenous injection.
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Figure 1.10: (a) Chemical structure of 15 and schematic representation for the modulation of the 3P
absorption upon interaction with Zn#. (b) 3P Micrscopy images of Hela cells incubated with 15 under
excitation at 1200 nm before (upper panel) and after (lower panel) ZnZ* binding. (c) Zn?* chelation induced
emission changes from GMP (16) upon 3P excitation at 1150 nm; molecular structure and scheme. (d) 3P
microscopy images of hippocampal slices of Wistar rats after incubating GMP (16). 3P excited fluorescence
from 16 (Aex= 1150 nm, Aem= 530 nm) 16-+ ZnZ* (Aex = 1150 nm, Aem = 600 nm), Overlay image of slices and

3P excited fluorescence intensity profiles. Scale bars are 250 pum.

1.6.3 Subcellular Zn?* Imaging Using Organelle Targeting Groups

Mammalian cells are the most commonly used biological specimens for
intracellular Zn** imaging. These cells contain many subcellular compartments
such as mitochondria, lysosome, Golgi apparatus, and endoplasmic reticulum (ER)
which play different roles in intracellular Zn?** homeostasis.”® Labile Zn**
concentrations in these organelles vary from one to another. It is reported that the
labile Zn** levels in the ER and Golgi apparatus of HeLa cells were in the range of
~ 1 pM, and those in cytosol and nucleus were about two-orders of magnitude
higher, whereas in mitochondria, the level was 10-fold lower.*® Moreover, labile

Zn* level in the same organelle vary with the cell lines, cell phases, and
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physiological processes. Therefore, it is highly appealing to visualize labile Zn?*
within specific subcellular compartments for the study of inter- and intra-organelle
Zn** physiology. Considerable efforts have been devoted to this subject during the
past few years. The subcellular localization of a tested sensor can be evaluated by
co-staining experiments with commercially available fluorescent markers with
known specific subcellular localization patterns, but with no emission (or
excitation) overlap with the tested sensors. Colocalization parameters, such as
Pearson’s correction coefficient, which is given by imaging software, are used to
quantify the degree of colocalization between sensor and organelle marker.>*
Mitochondria, the energy-generating primary subcellular compartments in
eukaryotic cells play vital roles in various physiological processes including
proliferation and apoptosis.”>*®* Many Zn**-dependent enzymes are located in
mitochondria, and Zn®* pools are essential for maintaining mitochondrial protein
functions.* Most of the ROS/RNS in living systems are generated in the
mitochondria during the production of ATP, which mobilizes mitochondrial Zn?*,
Mitochondria have a slightly basic pH value of ~ 8.0 with a negative cross
membrane potential (c.a. -180 mV, outer to inner). In general, fluorescent sensors
with a lipophilic cationic nature tend to accumulate in mitochondria driven by the
cross inner membrane potential within the mitochondria.>® The first mitochondrial
Zn?* imaging was reported by Weiss and co-workers in 2003 using a Zn?* sensor
rhodZin-3, which exhibited a 75-fold fluorescence enhancement upon Zn?* binding
with a dissociation constant of 65 nM.***” Triphenylphosphonium (TPP), another
lipophilic cationic group, is one of the most commonly used targeting groups for
mitochondria.”® Sensors containing a TPP group, such as SZn-Mito, SZn2-Mito,
and FZn-Mito,**® have been tested for TPM turn-on Zn?*. SZn-Mito (17) showed
a 7-fold TPEF enhancement in response to Zn®* with a dissociation constant (K™
) of 3.1 nM. SZn2-Mito (18) exhibited a 70-fold TPEF enhancement in response to
Zn** with a K™y of 1.4 nM. The TPEF intensity of FZn-Mito increased by 16-fold

upon Zn** addition and the related K"y was determined to be 17 nM. These
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sensors were found to localize in mitochondria with Pearson’s correction

coefficients ranging from 0.85 to 0.89.
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Figure 1.11: (a) Structures of SZn-Mito (17) and SZn2-Mito (18). (b) TPM and OPM images of HeLa cells
co-labeled with 18 (1 mM) and Mitotracker Red FM (1 mM) respectively and colocalized image. (c)
Molecular structure of 19. (d) Confocal fluorescence image of HelLa cells loaded 2.5 uM 19, bright-field

transmission image of the cells and overlay of images.

Lysosomes containing various acidic hydrolases serve as the main sites for
macromolecule degradation.”* Zn** appears to be a link between oxidative stress
and lysosomal membrane permeabilization (LMP).®* Fluorescent Zn®* sensors for
lysosomal Zn®* are developed to study the lysosomal Zn?*-related oxidative stress
and downstream markers for LMP. Considering the acidic pH of lysosomes (4.5-
6.0), weakly basic aliphatic amines tend to accumulate in lysosomes through a
lysosomotropism process.®® It is worth noting that the interference from protons
should be considered while designing the Zn?* sensors, especially the PET based
ones. The protonation of the electron donor (usually as Zn** chelator) could also
induce a fluorescence enhancement, which will lead to false signaling. To
minimize the interference from protons in lysosomal Zn** imaging, a Zn®* sensor
should have a lower pK,, which keeps its fluorescence unchanged even in a
slightly acidic environment. The detailed discussion is given in the Chapter 2,

section 1.



Luminescent Probes for Various Biological Applications

Imaging of labile Zn*" at the cell membrane is crucial for investigating the
equilibrium between intracellular and extracellular Zn?*, which requires sensors
with cell membrane-targeting ability. Cholesterol tail or long alkyl chains are
common targeting groups that anchor cell membrane because of their strong
hydrophobic affinity to membrane lipids.** A cholesterol-conjugated fluorescence
Zn** sensor based on the fluorescein platform 19 was synthesized by Yamamoto
and co-workers and successfully imaged Zn®" in the cell membrane.®* Several
probes achieved the specific localization at Golgi apparatus and ER,*>® however,
there was no specific targeting group observed for these organelle. Zn*" plays
essential roles in numerous nuclear proteins such as transcription factors,
polymerases, and DNA remodeling factors. The penetrating ability of most of the
synthesized probes are very less to the nucleus and there are very less number of

Zn* probes reported for nucleus.®’

1.7 Basic Aspects of Photodynamic Therapy

Therapy is the attempted remediation of a health problem usually following
diagnosis. There are hundreds of different therapeutic techniques available today
and most of them are in clinical use. In this section, we will be discussing the
importance, photophysical aspects, classification and applications of
photodynamic therapy.

Photodynamic therapy research draws much attention as it is an alternative
to the traditional cancer treatments due to its high selectivity in the destruction of
tumor cells over normal cells. Over the past decade, the clinical use of PDT has
greatly increased. The use of PDT to treat bacterial and fungal infections is in
practice for over 30 years.®®® PDT involves the generation of highly toxic and
reactive oxygen species upon excitation of a photosensitizer which ultimately
destroy the tumor tissue. It has several advantages over conventional therapies
because of its noninvasive nature, selectivity, ability to treat patients with repeated
doses without initiating resistance or exceeding total dose limitations (as

associated with radiotherapy), fast healing process resulting in little or no scarring,



24 Chapter 1

ability to treat patients in an outpatient setting, and less side effects associated.
PDT comprises mainly four stages- first stage involves the administration of the
sensitizer into the body.”®" The sensitizer will then selectively accumulate around
the tumor tissue when allowed for a suitable period of incubation in the stage 2.
The target tissue will be irradiated in the stage 3 using a light stimulus, and the
cytotoxic agents such as ROS will be generated due to the excitation of the
sensitizer. These species react with the biological targets such as proteins, amino
acids, lipids, nucleotides and nucleic acids thereby disrupting the normal functions
of the cell and causing cell death in stage 4. A sensitizer in PDT can, therefore, be
regarded as a ‘stimuli-responsive system’, being inactive in dark and becomes

active only when irradiated with light of an appropriate wavelength.
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Figure 1.12: Schematic representation of the sequence of administration, localization and light activation of
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the PS for PDT or fluorescence imaging.

Although most PDT processes are oxygen-dependent and are only initiated
in oxygenated conditions, PDT can take place even in hypoxic environments,
without the presence of oxygen.” Based on the different photochemical reaction
processes, PDT can be divided into two types: type | PDT and type Il PDT. After
light activation, the PS is transformed from the ground singlet state (Sp) to the
excited singlet state (S;), and then to an electronically excited triplet state (T;); T,
triggers the photochemical reaction via two different (type | and type Il) paths
(Fig.). For type | PDT, T, participates in a hydrogen- or electron-transfer process

to react directly with a biological substrate to form free radicals, which can interact
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with triplet oxygen (30,) and water to produce superoxide anions (O,” and
hydroxyl radicals (OH’), respectively. During the type Il PDT process, T,
undergoes a type Il photochemical reaction to convert the surrounding ®0, into
cytotoxic singlet oxygen (*O,) via direct energy transfer. Therefore, type Il PDT
dominates in well-oxygenated environments, while type | PDT can occur under

hypoxic conditions (Figure 1.13).”
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Figure 1.13: Scheme of the photochemical reactions for type | and type Il PDT.

The mechanism of cell death, whether occuring through apoptosis or
necrosis, is dependent upon the localization of the photosensitizer within the cell
and the amount of singlet oxygen generated. Some evidence suggests a
photosensitizer localized in the mitochondria or the endoplasmic reticulum is a
better inducer of apoptosis, whereas a photosensitizer localized in the plasma
membrane or in lysosomes is more condusive to necrosis. PDT cause acute local

inflammation, inducing an immune response against cancer cells.”

1.8 Generation of Singlet Oxygen

Singlet oxygen generation can be achieved either chemically or photochemically.
The major chemical reactions include the decomposition of triethylsilyl
hydrotrioxide generated in situ from triethylsilane and ozone, aqueous reaction of
hydrogen peroxide with sodium hypochlorite and from phosphite ozonides.” An

advantage of this method is that it is amenable to non-aqueous conditions.
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Photosensitized generation is a simple and controllable method for *O, production
which requires oxygen, light of an appropriate wavelength, and a photosensitizer
capable of absorbing and using that energy to excite oxygen to its singlet state.

The PS is the key element involved in PDT, and takes responsibility for
ROS generation upon wavelength-selected light irradiation. Generally, a PS is a
single chemical compound with pure quality and good stability. An ideal PS
should have a high singlet-to-triplet intersystem crossing efficiency, extremely low
dark toxicity, minimized phototoxic damage to normal tissues, and maximum
absorption at a long wavelength. The principal photophysical processes involved
in triplet excited state (So-S;-T; or Sg-S;-T,-T;) are basically quantum
mechanically forbidden.

Population of the T, state of an organic chromophore requires a non-radiative
transition S;-Tn or S;-Ty, i.e., inter system crossing. This transition involves two
different spin states. Energy and the total angular momentum (orbital and spin)
have to be conserved during ISC. The most important interaction that couples two
spin states and that provides a means of conserving the total angular momentum is
the coupling of the electron spin with the orbital angular momentum, i.e., the spin-
orbit coupling (SOC).”® The various factors that enhance ISC are:

e Heavy atom effect

e Low-lying n-m* transitions

e Exciton coupling

e Intramolecular spin conversion

1.8.1 Heavy Atom Effect

Atoms with large atomic number can induce strong SOC leading to an enhanced
ISC. An electron moving in the vicinity of a nucleus with a positive charge Z will
be accelerated to relativistic velocity resulting in a strong coupling of the spin (us)
and orbital (p. ) magnetic momentum. This heavy atom effect is a nuclear charge
effect and scales with Z* (Z is the nuclear charge). Typical heavy atoms include Ir,
Pt, Ru, Os, Re, Rh, | and Br, etc.”’
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1.8.2 Low-Lying n-n* Transitions

For n-n* transition, the exchange integral and consequently the energy gap
between S,/T; states is small. The energy difference between S; and T, states is
large for the compounds with low lying n-n* transitions. According to El-Sayed’s
selection rule for ISC, Si(n, n*) — Ty(n-n*) is an allowed transition because the
angular momentum is conserved and the S,/T; state energy gap is small.”"

1.8.3 Exciton Coupling

When two identical chromophores are incorporated into one molecule in close
vicinity without m-conjugation, the exciton coupling, i.e. the interaction of the
transition dipole moments of the chromophores, can lead to two delocalized
excited states for every local excitation of the singlet chromophore. If the lower of
the two singlet exciton states is closer in energy to the triplet state, ISC can be
d.77a, 78

enhance

1.8.4 Intramolecular Spin Conversion

The development of a general molecular motif for triplet PSs is highly desired for
chromophores which lack heavy atom effect, and thus ISC property cannot be
predicted. Generally, a dyad as a triplet PS can be constructed, in which an
intramolecular energy acceptor with intrinsic ISC property is used as a spin
convertor together with a light harvesting energy donor. The most promising
aspect of this strategy is that the ISC of these heavy atom free chromophores is

predictable. At present Cqy is used as a spin convertor.”

1.9 Types of Photosensitizers

There are several groups of UV-vis absorbing molecules that have shown singlet
oxygen generating ability. The different classes of photosensitizers include:

¢ Organic dyes and aromatic hydrocarbons

e Porphyrins, phthalocyanines, and related tetrapyrroles

e Semiconductors

e Transition metal complexes
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1.9.1 Organic Dyes and Aromatic Hydrocarbons

Dyes such as Rose Bengal (20), eosin (21), and methylene blue (22) are very
effective photosensitizers, as they possess triplet states of appropriate energies for
sensitization of oxygen. Methylene blue is a phenothiazinium dye with strong
absorbance in the range of 550-700 nm, and a significant singlet oxygen quantum
yield (¢, = 0.52).%° Aromatic hydrocarbons such as napthalenes, anthracenes, and
biphenyls have also been studied for their photosensitizer ability. These studies
found that the competition of charge transfer interactions with the energy transfer
pathway was of greater importance for biphenyls than for the napthalenes.®
Guiterez et al. have obtained the singlet oxygen quantum yields from a range of
quinone and anthraquinone derivatives (23) and these compounds were found to be
excellent sensitizers for singlet oxygen in aprotic solvents (¢,= 0.69 for
anthraquinone-2- sulfonic acid and 1,8-dihydroxyanthraquinone, for example), as
well as moderate quenchers of 'O, by physical deactivation.®” Hypocrellins have
sizeable singlet oxygen quantum yield values, for example, hypocrellin B (17) has
d,= 0.76, but they lack strong absorptivity at energies greater than 600 nm, which
has limited their application to date.®® Boron dipyrromethene (Bodipy) is one of
the most extensively investigated organic chromophores for their triplet state
studies also. The formation of the triplet state of Bodipy upon photoexcitation, can
be achieved via the well-known approach such as the heavy atom effect (including
I, Br, Ru, Ir, etc.), and the new methods, such as using a spin converter (e.g., Cgo),
charge recombination, exciton coupling, etc. All the Bodipy-based triplet
photosensitizers show strong absorption in visible or near IR light and the long-
lived triplet excited state, which are important for PDT. For example, Ramaiah and
co-workers reported iodinated azaBodipy as a triplet photosensitizer (25) shows
-1 84

absorption at 666 nm, with a molar absorption coefficient of 69 900 M cm™.

1.9.2 Porphyrins, Phthalocyanines and Related Tetrapyrroles

Recently, the attention on photosensitizers has been focused on porphyrins and

their analogues (26 and 27) because their presence in natural systems makes them
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ideal candidates for use in biological singlet oxygen generation. These
photosensitizers generally lack cytotoxicity in the absence of light, which makes

them important in certain applications.
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Figure 1.14: Some common examples of triplet photosensitizers.

A well-studied porphyrin used in the photosensitized production of singlet
oxygen is haematoporphyrin. Although its triplet quantum vyield and singlet
oxygen production quantum yields are high (0.83 and 0.65 respectively) its
absorption at 630 nm (¢ = 3500 M™ cm™) is weaker than that of an ideal

85a

photosensitizer.”™ A long triplet lifetime and a relatively high triplet quantum

yield, which are useful qualities for a photosensitizer and metallophthalocyanines
containing diamagnetic metal ions such as AI** or Zn*" possess these properties.®*
The major problems associated with these systems are aggregation and bleaching
in presence of singlet oxygen. Napthalocyanines are macrocycles with a second
benzene ring added on the periphery of the phthalocyanine ring. This additional
conjugation leads to the absorption of longer wavelength light than the
phthalocyanines (770 compared with 680 nm) that could prove useful in the

treatment of highly pigmented tumors in PDT.®
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1.9.3 Semiconductors

Singlet oxygen production from photoexcited semiconductors such as TiO, and
ZnO has received little attention when compared to that of active oxygen species
such as hydroxyl radicals and superoxide anion.®”® Two-photon excitation
nanoparticle-based PSs that combine the advantages of TPE and nanotechnology
have emerged as attractive therapeutic agents for NIR light excited PDT for cancer
treatment. For example, In 2013, Chou et al., used a core-shell CdSe/CdS/ZnS
qguantum dot as the TPE energy donor to sensitize electrostatically absorbed
sulfonated aluminum phthalocyanine (28) molecules upon two-photon irradiation
with an unfocused 800 nm femtosecond pulsed laser beam.®” The FRET mediated
10, generation and PDT was subsequently studied in vitro in cultured human HeLa

and KB cancer cells.

1.9.4 Transition Metal Complexes

Most of the studies in singlet oxygen photosensitization involve organic molecules
but there are also inorganic complexes that have shown to be efficient
photosensitizers. Atoms with large atomic number can induce strong SOC, and as
a result enhance ISC. Therefore, one straightforward approach to prepare triplet
PSs is to attach heavy atoms to a chromophore and these complexes can be used as
triplet PSs if the absorption in the visible region is strong.®® PSs with bromo- or
iodo- substituents and the transition metal complexes belong to this category. Due
to heavy atom effect of transition metal atoms such as Pt(Il), Ir(111), Ru(ll), etc.,
efficient ISC were usually observed for these complexes. Dramatic developments
have occurred in the use of metal complexes for PDT in biomedical research in the
last few years. Among several organometallic complexes, Ir(l11) complexes offer
multiple advantages when compared to poor cell permeability of Ru(ll) complexes
and labile ligands of Pt(ll) complexes. In addition, high photostability, long
lifetime, good phosphorescence quantum yield, large stokes shift, colour tunability

and importantly ROS generation under normoxic or hypoxic conditions of Ir(l1)
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organometallic complexes offer a potential PSs candidate for diagnosis via
imaging and therapeutic applications in cancer.”® The common classes of Ir(111)
complexes used for photodynamic therapy and imaging applications is given in the
Figure 1.15.
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Figure 1.15: Examples of common classes of Ir(lll) complexes used for photodynamic therapy and imaging

applications.

1.10 Singlet Oxygen Generation by Iridium Complexes

Several classes of Ir(111) complexes are now been developed with a view to study
singlet oxygen generation.”®> You and Nam reviewed the rapid expansion of
chemistry and application of cyclometalated Ir(I111) complexes, including a handful
studies that have looked at the photogeneration of singlet oxygen.** As with
selected Ru(ll) species, Ir(I11) complexes can show impressive ¢, value upto unity.
Ir(111) complexes incorporating two cyclometalated ligands and an ancillary
diketonate (i.e. [Ir(C"N),(0"0O)]) (31) have shown both energy and electron
transfer pathways to yield singlet oxygen.” Murata has extensively studied about
Ir(111) complexes (33-36) and looked at the influence of ligand type upon
photooxidation performance. ¢, values range from 0.26 for [Ir(pip).(acac)] (pip =
2-phenylimidazo-4,5-f-1,10-phenanthroline) (33) to 0.97 for [Ir(ppy).(bpy)] (ppy =
2-phenylpyridine) (36) and the authors propose that difference in oxidation
potential of the sensitizer and the triplet energy levels influence 'O, generating
efficiency.®® For these studies, 1,5-dihydronaphthalene was used as a 'O,-

scavanging agent, allowing the photodegradation kinetics of ‘O, to be determined.
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Importantly, the cationic complexes in the series [Ir(ppy)2(NAN)]* (29) did not
show any photodegradation, whilst impaired photooxidation performances from
some of the neutral species was attributed to poor photochemical stability.

Sun et al., have extended this work and studied a range of Ir(l111) complexes
based on the [Ir(ppy).(phen)]” core, investigating the influence of extended
conjugation of the phenanthroline ligand, thereby increasing the absorption
coefficient of the visible region bands around e4g5nm = 50000 M cm™ (37).% This
enhancement in absorption efficiency was also accompanied by a dramatic
extension in the triplet lifetimes of the complex and singlet oxygen production via
energy transfer. In a subsequent development, together with Zhao, Pope and co-
workers investigated the photooxidation characteristics of the first example of
pyrene based chromophores cyclometalated to Ir(111) (38).” Complexes of the
neutral cyclometalated [Ir(C*N)z] or heteroleptic cationic [Ir(C*N),(N*N)]* were
synthesized and showed singlet oxygen photogeneration. Of the complexes

studied, the cationic species performed most effectively.
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Figure 1.16: Examples of various types of Ir(lll) complexes used for the generation of singlet oxygen 33-38.

Recently, several modification was done in Ir(ll1) complexes which
improved its efficiency. A polymer complex (39) was synthesized by binding
bis(cyclometalated) Ir(ppy),” fragments (ppy = 2-phenylpyridyl) to phenanthroline
(phen) pendants of a poly-(amidoamine) copolymer (PhenISA, in which the phen
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pendants involved ~6% of the repeating units) (39) by Maggioni and co-workers.*
The corresponding molecular complex [Ir(ppy).(bap)]” (1m, bap = 4-(butyl-4-
amino)-1,10-phenanthroline) (40) was also prepared for comparison. In water
solution 39 gives nanoaggregates with a hydrodynamic diameter of 30 nm in
which the lipophilic metal centers are presumed to be segregated within polymer
tasks to reduce their interaction with water. Photoreaction of O, with 1,5-
dihydroxynaphthalene showed that 39 is able to sensitize 'O, generation but with
half the quantum vyield of 40. Cellular photodynamic therapy tests showed that
both 40 and 39 are able to induce cell apoptosis upon exposure to Xe-lamp
irradiation. The fraction of apoptotic cells for 40 was higher than that for 39 (74
and 38%, respectively) 6 h after being irradiated for 5 min, but cells incubated
with 39 showed much lower levels of necrosis as well as lower toxicity in the
absence of irradiation. More generally, the results indicate that cell damage
induced by 40 was avoided by binding the iridium sensitizers to the
poly(amidoamine).

Natrajan et. al., developed a new Ir(l1l) cyclometalated complex bearing a
fluorenyl 5-substituted-1,10-phenanthroline ligand ([Ir(ppy)2(L1)][PFs], ppy = 2-
phenylpyridine, L1 = ancillary ligand given in the Figure 1.17) which exhibits
enhanced triplet oxygen sensing properties up on two-photon excitation (41).% The
complex [Ir(ppy)2(L1)][PFs] exhibit relatively high two photon absorption
efficiencies for the lowest energy MLCT electronic transitions with two-photon
absorption cross sections that range from 50 to 80 GM between 750 to 800 nm.
Also, Sun and co-workers studied the photodynamic therapeutic effect of six
cationic biscyclometalated Ir(IIl) complexes with extended m-conjugation on the
diimine ligand and/or the cyclometalating ligands.”® Extending the n-conjugation
on the cyclometalating ligand affects both ground-state absorption and the nature
of the emitting triplet excited states. The phototherapeutic margin for complex 42
is observed to be very high for an Ir(l111) complex PS having broad visible or red

light activation, and its interaction with plasmid DNA suggests that a
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photocytotoxicity mechanism other than singlet oxygen sensitization may be

operative.
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Figure 1.17: (a) Molecular structures of Ir and I (39 and 40), (b) Percentages of dead cells resulting from
apoptotic or necrotic events upon PDT treatments (6 h after being irradiated for 5 min) in control samples
and samples sensitized by 39 or 40. (c) Molecular structure of 41 and (d) Molecular structure of 42, having

highest singlet oxygen quantum yield among the six complexes prepared by Sun and co-workers

1.11 Use of Iridium (III) Complexes in Biological System

There are several requirements for the synthesized complex to use in the biological
system and several modifications in the ligand helps to attain more efficiency.

Three major criteria are discussed below.

1.11.1 Uptake Efficiency

An important requirement for an intracellular PDT/imaging reagent is efficient
uptake by cells, preferably in a controlled manner. The cellular uptake of Ir(llI)
complexes is known to be closely related to lipophilicity, and therefore
cyclometalated Ir(I11) polypyridine complexes show more efficient cellular uptake

when compared to their chloro counterparts, as a result of increased lipophilicity
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caused by the cyclometalating and polypyridine complexes.”” Velders et. al.,
reported a series of Ir(Il1) mono-, bis- and tris- amino acid complexes, 43-51
which show variable cellular uptake.”® The number (mono-, bis-, tris-) and type
(glycine, alanine, lysine) of amino acids influence both the cellular uptake and, to
a lesser extent, intracellular localization of the complex. All three mono substituted
Ir(111) complexes gave a remarkably higher cellular uptake than the bis- and tris-
substituted complexes. Ir (111) complexes conjugated to lysine in general exhibit a
higher uptake with respect to the correspondingly substituted glycine and alanine
derivatives (43). These differences are believed to be due to the lipophilicity of the
complexes. The lipophilicity of the complexes [Ir(N~C),(bpy-C Hzn:1)]" (n = 18,
10, 2) bearing an aliphatic alkyl chain ranges from -0.34 to 9.89.%° Although
efficient internalization of the complex is supposed to be assisted by high
lipophilicity, the most liphophilic complex of this family is taken up least

efficiently by cells due to higher degree of self-aggregation in aqueous solution.

1.11.2 Uptake Mechanism

The cellular uptake mechanism of Ir(Il1l) polypyridine complexes have been
investigated by studying uptake efficiency at different temperature using various
uptake inhibitors. The complex [Ir(ppy)2(bpy-(C4),]" forms a diffuse emissive
background with cytoplasmic granules upon internalization into HeLa cells at 37
°C.® The disappearance of the cytoplasmic foci upon incubation of HelLa cells
with this complex, either at 4 °C or in the presence of endocytic inhibitors, suggest
that the complex enters cells by both passive diffusion and endocytosis pathways.
The attachment of biological substrates to Ir(l111) polypyridine complexes is found
to affect their intracellular distribution and cellular uptake mechanisms.’®* For
example, the internalization of the indole complexes is via an energy requiring
process such as endocytosis. Mao et al., reported four different biscyclometalated
Ir(111) complexes 52 - 55 where no biological substrates were attached. Incubation
of A549 cells with 52 at lower temperature (4 °C) results in a reduced cellular

uptake efficiency as revealed by confocal microscopy.'® Pretreatment of the cells
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with metabolic inhibitors, 2-deoxy-D-glucose and oligomycin, can lower the
cellular uptake levels of the complexes, while the endocytosis modulator
chloroquine shows no effect on the ability of complexes to cross the plasma
membrane. Thus it is clear that 52 penetrate the cell membrane through an energy
dependent mechanism and do not rely on the endocytic pathways. The same group

reported similar observations in other similar derivatives.**
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Figure 1.18: (a) Molecular structures of mono-, bis- and tris- amino acid substituted Ir(lll) complexes (43-
51). (b) Confocal microscopy images of the cellular distribution of the various lysine substituted Ir(lll)
complexes 43-45. Difference in distribution of the number of lysine residues from left to right: mono- (43),
bis- (44), and tris- (45) substituted complexes. Cells were incubated for 1 h at 4 °C (top row) or 37 °C
(bottom row) with 10 uM complex in 0.3% DMSO/cell culture medium. Cell transmission images were
overlaid with the luminescence image. (c) Cellular uptake mechanisms of complex 52. A549 cells were
incubated with 52 (10 uM, 1 h) under different temperature, pretreated with chloroquine (50 uM) or metabolic
inhibitors (2-deoxy- D-glucose (10 mM) and oligomycin (3 uM)). Aex = 405 nm; Aem = 630 £ 20 nm. Scale
bar: 10 ym. (d) Molecular structures of complexes 52 -55.

1.11.3 Cytotoxicity

Many Ir(111) complexes suffer from high cytotoxicity, which limits their use as live

cell imaging/PDT agents. Decreasing lipophilicity of these complexes can
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efficiently reduce the cytotoxicity by lowering their uptake efficiency. This
problem of high cytotoxicity has been circumvented by the incorporation of
poly(ethyleneglycol) (PEG) into complexes. The long PEG chains protect the
complexes from interacting nonspecifically with intracellular biomolecules and/or
organelles.'®® Recently complexes with specific organelle targeting moieties also

found to have less cytotoxicity because of the specific localization of the probe.

1.12 Activatable Photosensitizers for Imaging and Therapy -
Theranostic Applications

Photosensitizers are not restricted solely on therapeutic generation of singlet
oxygen. Many of the photosensitizers tend to emit in the near infrared region of the
spectra in addition to the bright fluorescence which are useful for in vivo
imaging.”®" Theranostic refers to an appealing formulation of combining therapy
and diagnosis to improve drug’s efficacy and its distribution to the tumor-affected
site. Theranostics play a key role in the assessment of chemotherapy by visualizing
the tumor size and providing feedback information on the therapy status.
Fluorescent signals may also be used as optical biopsy, that differentiate between
benign and malignant cell and avoiding standard histological evaluation. In
addition, evaluation of the success or failure of treatment may be monitored
through the photosensitizer fluorescence (as target cells are destroyed,
fluorescence signal decreases), which may be a useful dosimetric guide for real
time modification during therapy.”

Luminescent photosensitizers can aid in determining photosensitizer
localization and degree of photosensitizer uptake by diseased tissue. These
photosensitizer characteristics can be further exploited in photosensitizers that are
only active in the presence of target molecule upon which fluorescence and singlet
oxygen production occur. While conventional photosensitizers often can serve as
fluorophores suitable for in vivo studies, extraneous phototoxicity to non-target
tissues can occur in the course of imaging and photosensitizer localization.

Photosensitizers that are not phototoxic outside activation or target site would
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therefore be more powerful imaging probes due to a reduction in non-specific
phototoxicity. Activatable photosensitizers are ideal imaging probes as molecular
activation distinguishes target cells from normal cells. Another utility of
photosensitizers is that they may be conjugated to agents from other imaging
modalities. Radio-labeled photosensitizers and MRI contrast agent-conjugated
photosensitizers have been described and provide a multifunctional probe with the
capability of two imaging modalities as well as therapeutic function.™

Ir(111) complexes possess many advantageous characteristics for their use as
biological reagents; for example, the possible utilization of a wide range of ligands
enables fine tuning of their physical and chemical properties. Many of these
complexes, especially those with polypiridine ligands, show intense, long lived
and environmental sensitive emission, which would allow the complexes to serve
as reporters of their local surroundings and intracellular biological events. The
intracellular trafficking and distribution of these complexes can also be followed
conveniently by fluorescence method such as laser scanning confocal microscopy.
The long-lived phosphorescence of these complexes facilitates the use of
phosphorescence life time imaging (PLIM), which offers very high sensitivity. The

detailed examples are discussed in the following sections.™

1.13 The Basic Organelle-Targeting Methods of Metal Complexes

Cells are the fundamental functional units of all life on earth, and organelles are
essential part of a cells structure and its function. The various organelles found in
eukaryotic cells include the cytomembrane, lysosome, mitochondrion, Golgi
apparatus, ER, and nucleus, located from the periphery to the core. Each organelle
plays its respective role to support the normal functions of cells and thus the life of
the whole body. Organelle dysfunction can lead to a series of diseases, including
cancer, Parkinson’s disease, Alzheimer’s disease, and diabetes. '

As a result of the clinical success of cisplatin in the early 1960s, metal

complexes for biological applications have made considerable progress over the
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past half-century.’®*% In recent years, anticancer metal complexes have been
designed to specifically target organelles in order to increase their therapeutic
effect.’”” Meanwhile, for high photostability, large Stokes shifts, and long
luminescence lifetimes, luminescent metal complexes have been employed as
organelle-targeting probes to study the functions of organelles.

There are two basic methods for metal complex targeting of organelles: one
of them is the coordination of a metal center with organelle-targeting moieties, and
the other is regulating the relative properties of a metal complex to satisfy the
requirements of organelle-targeting. The above mentioned organelle-targeting
moieties can be divided into peptides and small molecules. A major difference
between the above two is that the efficacy of peptides as targeting moieties be
degraded by enzymes where small molecules remain unaffected. Despite this
problem, the two different moieties are used widely. Another strategy for targeting
of organelles involves varying the ligands of a complex to regulate the relevant
property desired for the targeting of a specific organelle.**

There are two strategies for designing lysosome-targeting metal complexes
(LyTMCs). First one is the incorporation of lysosome targeting moieties in the
metal complex. These moieties generally include amine groups, among which
morpholine is the commonly used moiety. Once lipophilic LyTMCs diffuse into
lysosomes, the acidic environment will protonate the amine groups and the
positively charged LyTMCs accumulate inside the lysosome trapped by their
inability to cross the membrane. It is believed that the amine groups could achieve
a 100-fold enrichment in the lysosomes. The second strategy depends on the
endocytic pathway. Hydrophilic cationic metal complexes cannot freely diffuse
into cells but can enter cells by endocytosis. As lysosomes are the final
destinations of endocytosis, the process can be used to selectively target metal
complexes to lysosomes.'*®

Mao et al., developed two Ir(I1l) complexes that can specifically image
lysosomes and induce an autophagic response in live cells. These two features

make them ideal probes to track autophagic lysosomes.’®® The probe, 56 exhibit
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TPA and emission properties, which greatly enhance their sensitivity and expand
their compatibility with other staining methods by minimizing the interference
with the background noises and other labeling agents. The same probe has been
used for photodynamic therapeutic applications and serves as theranostic agents.
The detailed description is given in Chapter 4, section 2. Chao and co-workers also
worked on the organelle targeted Ir(l111) complexes and recently reported a water
soluble effective two-photon phosphorescent lysosomal probe 57 for long-term
tracking.™® Due to its large Stokes shift, low cytotoxicity, superior photostability,
long-term specifically localized in the lysosomes, and excellent two-photon

properties, 57 has been used to track lysosomes during cell migration and

apoptosis.
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Figure 1.19: (a) Molecular structure of lysosome targeting probe, 56. (b) Two-photon excited real-time
tracking of lysosomes in A549 cells stained with 56 (10 um) at 37 °C for different time intervals; 0.25 h, 0.5
h,1h,1.5h,2h,4h,6h, and bright field. (c) Molecular structure of lysosome targeting probe, 57. (d) OPM
and TPM images of HeLa cells colabeled with 57 (2 uM, 0.5 h) and LTR (50 nM, 0.5 h). Scale bar: 20 pym.

Horobin et al., suggested that a molecule with a log(P) value (probe
lipophilicity) between 0 and 5 and a cation number greater than 0 showed a high
probability of mitochondrial localization and that the cation with a log(P) value
between —5 and 0 showed a high probability of lysosomal localization.*** Thus,

Chao and co-workers synthesized five different biscyclometalated Ir(l1l)
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complexes were the ancillary ligand was 4-(4-pyridin-2-yl)benzyl)-morpholine 58-
62.12 The size of the conjugated aromatic rings of the main ligands decreased
gradually. The complexes 58 and 59 were found in the mitochondria because of
their lipophilicity and 60-62 were found in the lysosomes because of their

hydrophilicity.
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Figure 1.20: (a) Chemical structures, (b) n-octanol/water partition coefficients, (c) cellular localization, and
cellular uptake mechanisms of complexes 58-62 (Aex = 405 nm, Aem = 570 £ 20 nm). “Energy-independent
pathway” means the complex (58) do not need energy to enter cells, “energy-dependent pathway” means

the complexes (59-62) need energy to enter cells.

Due to the proton pumping effect induced by mitochondrial oxidative
phosphorylation, the mitochondrial outer membrane possesses a strong negative
potential as high as 180-200 mV.*** Considering also the lipophilicity of the outer
membrane, most MiTMCs (Mitochondria targeting metal complexes) that have
been developed are lipophilic cations. Some MITMCs have intrinsic cationic
lipophilicity and can target mitochondria without any modification. The extrinsic
MiTMCs have no preference towards mitochondria and must be modified with a
mitochondrial targeting group. The group could be a lipophilic cation to take
advantage of the mitochondrial membrane potential or a mitochondrial targeting
peptide to take advantage of the protein import machinery. Currently, TPP is

considered to be most popular lipophilic cation for mitochondrial targeting.*** The
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positive charge of TPP makes an effective electrostatic attraction between TPP to
the negatively charged mitochondrial membrane.

A new class of phosphorescent cyclometalated Ir(ll1)  polypyridine
poly(ethylene glycol) complexes for mitochondria targeted PDT (63) has been
reported by Lo and co-workers.*®> Their PEG free counterparts were also studied.
Compared to their counterparts, the PEG complexes did not show cytotoxicity in
dark, but were highly toxic under light. The localization of these complexes in
mitochondria allows rapid necrotic cell death upon light activation. Generally
complex incorporates a minimum planar aromatic system and an overall positive
charge that tends to localize inside the nucleus.™® The Li research group designed
a new strategy to fabricate a non-emissive reaction based Ir(l1l1) complex for
visualizing nuclei of living cells (64)."" The complex was able to rapidly and
selectively illuminate the nuclei and showed very low dark cytotoxicity. A cellular
uptake assay indicated that the complex entered the nucleus via an energy-
dependent pathway within a few minutes.
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Figure 1.21: (a) Molecular structure of mitochondria targeting probe, 63. (b) Laser-scanning confocal
microscopy images of HelLa cells upon incubation with complex 63 (Aex = 405 nm) and then by MitoTracker
Red (Aex = 633 nm) at 37 °C. (c) Molecular structure of nucleus targeting probe, 64. (d) Three-dimensional
luminescence images of live KB cells loaded with 10 uM 64 in DMSO/PBS (pH 7.4, 1:99, v/v) for 10 min at
25 °C. (e) Molecular structure of ER targeting probe, 65. (f) Confocal fluorescence images of MCF7 cells
treated with 65 (Aex = 405 nm and Aem = 550-610 nm ). CellLight ER-GFP (Aex = 488 nm and Aem = 490-540
nm) and merged image.

Recently, the ER was also chosen as a target for PDT. For the large

lipophilic membrane of the ER, the required features of intrinsic ER targeting
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metal complexes are lipophilicity, a positive charge and moderately-sized
conjugated ligands.'*® Extrinsic ER targeting complexes are made by addition of
ER-targeting signal peptides, which can avoid lysosomes via the clathrin-
independent pathway. In 2014, Gupta and Ray developed a series of heteroleptic
phosphorescent cyclometalated Ir(l11l) complexes as photosensitizers with an
imidazolyl modified phenanthroline ligand.'®® Due to strong intramolecular
hydrogen bonding interactions and cationic nature, complex, 65 was found in the
ER by coloalization study. The use of Ir(ll1) complexes for imaging and PDT

applications is now a rapidly growing area.

1.14 Objectives and Methodologies of the Present Investigation

Inspired by the recent progress in the design of synthetic molecular probes for
organelle targeted sensing and therapeutic applications, we decided to explore the
possibility of utilizing a few fluorescent organic molecules having bipyridine
moieties for sensing and imaging. In addition, a few cyclometalated Ir(Ill)
complexes were designed for photodynamic therapeutic and theranostic
applications. The bipyridine based ligands are well explored in the literature for
sensing applications and for the preparation of metal complexes. Therefore, we
focused on developing a few bipydine based ligands incorporated with organelle
targeting moieties to achieve targeted imaging as well as some photosensitizers for
efficient PDT applications.

With the above objectives, we performed the synthesis of lysosome
targeting carbazole-bipyridine conjugates, CBL1-3 and CBG, where bipyridine is
a well-known receptor for Zn* and morpoline is identified as the best organic
moiety to target lysosome. We carried out a detailed investigation on the
photophysical and sensing properties. The dual analyte sensing was achieved due
to the formation of nano-aggregates. After the detailed investigations, we choose
the best probe, CBL2 to use in the biological system. HeLa cells were employed
for pH and Zn?* imaging in lysosome and we studied the effect of pH regulators,

oxidative stress and apoptotic studies.
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Next we choose the probe CBL2 as the ancillary ligand to make Ir(ll1)
complex, IrL1 for photodynamic therapeutic applications. For a comparative
study, we used a highly conjugated ancillary ligand and synthesized another
complex IrL2. The detailed triplet state studies and singlet oxygen quantum yield
measurement showed better efficiency for IrL2. The morpholine moiety attached
to the complex helps to target lysosome. The cellular studies were also conducted
with the same probe. The luminescence intensity was found to be less for this
molecule. The apoptotic experiments were planned with MD-MBA 231 cell lines
and the mechanism of the cell death was analyzed by flow cytometry and caspace-
3/7 detection agent.

We then designed a lysosome targeting cyclometalated Ir(I11) complex for
both imaging and photodynamic theraperutic applications. The synthesized probe,
Ir-Bp-Ly showed good luminescence and singlet oxygen quantum vyields with
high water solubility. The detailed investigations were done in the C6 glioma cells.
In short, we discuss the synthesis and detailed investigation of organic molecules
and cyclometalated Ir(11l) complexes for diagnostic, therapeutic and theranostic

applications.
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Chapter 2

pH-Controlled Nanoparticles Formation and Tracking of
Lysosomal Zinc lons in Cancer Cells by Fluorescent

Carbazole-Bipyridine Conjugates
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2.1. Abstract

Fluorescent probes for simultaneous detection of multiple organelle specific
analytes in cancer cells are essential for bioimaging applications. During
abnormalities in cells, among other important parameters (metal ions, reactive
oxygen species, enzymes, etc.), pH and Zn** are also altered. Herein, we report the
formation of nanoparticles of fluorescent molecules, based on carbazole-
bipyridine conjugates (CBL1-3) and their use as nanoprobes to simultaneously

detect Zn** and pH variations in lysosome. Upon increasing the pH from 4-6,



54 Chapter 2

these probes form nanoparticles with increased size and enhanced fluorescence at
510 nm. Among CBL1-3, nanoparticles of CBL2 upon Zn** binding, exhibit pH
responsive intensity change only at lysosomal pH window at 610 nm and become
silent above pH 7. Fluorescent imaging experiments on cancer cells revealed that
the CBL2 nanoprobe is capable of localizing at lysosomes and facilitates the
detection of endogenous Zn** and pH variations. Furthermore, the lysosomal Zn?*
variation with external stimuli induced programmed cell death was visualized

using the nanoprobe.

2.2. Introduction

Lysosomes, as membrane-bound organelles, contain a large variety of hydrolytic
enzymes and secretory proteins that are active at an acidic pH range (~4.0 to 5.5).
They are primarily responsible for degrading bio-macromolecules into low-
molecular-weight materials.*®> To degrade bio-macromolecules (malfunctioning
organelles, obsolete biomolecules and foreign species) from different pathways
(autophagy and endocytosis), more than 60 types of acid hydrolases exist in
lysosomes, including specific membrane proteins, lipases, sulfatases, peptidases,
proteases, glycosidases, nucleases, and phosphatases.® Aside from their role as the
cells garbage disposal units, lysosomes are also involved in a number of key life
activities including intracellular transportation, apoptosis, cholesterol homeostasis,
and plasma membrane repair.* Lysosomal dysfunction can lead to lysosomal
storage disease, cardiovascular disorders, neurodegenerative disorders, silicosis,
and inflammation.> In addition, tumor invasion and metastasis are largely
associated with altered lysosomal trafficking, as are increased lysosomal enzyme
expression and activity. Effective techniques to fluorescently label lysosomes of
cancer cells and solid tumor models are therefore of significant interest to study
lysosomal trafficking and its role in invasion.®

In order to understand the biological activities of lysosomes, a limited

number of fluorescent probes derived from Neutral Red (toluylene red) and
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acridine  orange  (V,N,N' N'-tetramethylacridine-3,6-diamine)  have  been
developed.” However, most of the commercial probes require a rather short
excitation wavelength (seriously limiting their use in tissue imaging due to low
penetration depth), the need for biomolecular conjugation, pH sensitivity, poor
water solubility, and poor photostability.? In 2010, Belfield and co-workers
reported very effective hydrophilic fluorine derivative, LT1 (1), as a lysosomal
marker for two-photon fluorescence cell imaging.® The probe has a number of
properties that far exceed those of commercial lysotracker probes, including higher
two-photon action cross section, high lysosomal selectivity, good fluorescence
quantum vyield, and importantly, high photostability, all resulting in a superior
figure of merit. The tertiary amine group present in the fluorophore helps the probe
to accumulate in the lysosome through lysosomotropism as discussed in Chapter 1,
section 1.6.3.

Later Peng et al., chose Nile Blue as a new type of fluorophore for
designing lysosomal probes by using 2-morpholinoethylamine as the targetable
group.’® The authors developed a Nile Blue based NIR lysotracker, NBM (2) with
excellent photostability and biocompatibility. It can easily localize in lysosomes of
various live cells quickly with a relatively low concentration (25 nM) and emit
strong fluorescence which was observed using laser confocal microscopy. More
importantly, 2 was successfully used to observe the morphological changes of
lysosomes during cell apoptosis and the disappearance and reproduction of
lysosomes during cell division. Apart from small molecule based targeting groups,
scientists have developed peptide based sensor for imaging lysosome. Tian, Wu
and co-workers have demonstrated that synthetic peptide with spiropyran units (3)
can be used as a switchable sensor to reversibly track lysosomes in live cell lines
in real-time.** Upon accumulation in intracellular lysosomes, the low pH of
lysosomal lumen promotes the ring-opening of the spiropyran units, which, as a
result, makes it possible for 3 to serve as a lysosomal sensor. Moreover, as the
process can be tuned by pH and visible light, it enables us to reversibly label

lysosomes.
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Figure 2.1: (a) Molecular structure of two-photon active fluorescent probe for lysosome imaging, 1. (b)
Colocalization images of HCT 116 cells incubated with 1. (c) Molecular structure of NIR active fluorescent
probe for lysosome, 2. (d) Intracellular distribution of 2 compared to LysoTracker Green in MCF-7 co-
cultured with 2. Scale bars represent 10 um. (e) Molecular structure of peptide based lysosome targeting
probe, 3.

Intracellular pH (pH;) plays many critical roles in cell, enzyme, and tissue

activities, including proliferation and apoptosis, multidrug resistance, ion
transport, endocytosis, and muscle contraction.'? Monitoring the pH changes inside
living cells is also important for studying cellular internalization pathways, such as
phagocytosis, endocytosis, and receptor ligand internalization.”* Changes of pH;
affect the nervous system too, by influencing synaptic transmission, neuronal
excitability, cell-cell coupling via gap junctions, and signal cascades.** Abnormal
pH; values are associated with inappropriate cell function, growth, and division
and are observed in some common disease types such as cancer and Alzheimer’s."
The acidic environments in lysosomes (pH 4.5-5.5) can facilitate the degradation
of proteins in cellular metabolism. Thus, cellular dysfunction is often associated
with abnormal pH values in organelles and there are many probes developed for
the imaging of lysosomal pH.*

Peng and co-workers developed a fluorogenic rhodamine-lactam pH sensor,

RIyso (4), which exhibited high selectivity and sensitivity for intracellular pH.*®
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The probe can selectively stain lysosomes in live cells and this staining ability is
due to the presence of methylcarbitol group, which avoids the ‘alkalizing effect’
on lysosomes by the current lysosomal sensors with nitrogen-containing side
chains (Figure 2.2). There is more than a 50-fold increase in the emission
intensities within the pH range of 7.4-4.5. It has a pK, of 5.47, which is useful to
detect minute pH changes in 4.5-6.0 range, and that covers both normal and
abnormal lysosome pH. Again, 4 was used to quantitatively detect the chloroquine
induced increase in lysosomal pH and monitor changes in the acidity of lysosomes

during apoptosis in live cells.
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Figure 2.2: (a) Chemical structure of 4 and its proton triggered ring opening. (b) Chemical structure of
lysosomal pH imaging probe 5. (c) Fluorescence emission spectra of 5 (10 um) in phosphate buffer (0.2 M)
at different pH values. (d) Relationship between lysosomal pH and heat shock in HeLa cells monitored by 5.

(e) Lysosomal pH changes with temperature in HeLa and MCF-7 cells.

Recently, Ma et al., developed a new lysosome targeting near-infrared
ratiometric pH probe by incorporating morpholine into a stable hemicyanine
skeleton (5) (Figure 2.2).}” The probe exhibited maximum absorption band at A =
598 nm in pH 4.0 medium and is red-shifted to A = 681 nm in pH 7.4 medium,
with a concomitant color change from blue to green. Upon excitation at 4 = 635

nm, the near-infrared emission intensity at A = 670 nm of 5 decreases slightly with
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the change in pH values from 4.0 to 7.4. This change in intensity is accompanied
by a large increase of fluorescence intensity at A = 708 nm, which provides the
basis for achieving a ratiometric (lg7o/l708) detection. The authors also studied the
change of lysosomal pH with temperature. The detailed investigation of heat shock
induced irreversible lysosomal pH change was demonstrated for the first time
(Figure 2.2).

Zinc, a potential endogenous trigger of oxidative stress in the brain, is
abundant in glutamatergic vesicles of the forebrain association pathways and
released with neuronal activity or depolarisation.*® Within brain tissue, zinc is non-
uniformly distributed and most abundantly in the hippocampus, amygdala,
neocortex and olfactory bulb regions.™ In the hippocampus, a region of the brain
essential for learning and long-term memory storage, Zn** concentrations can
reach up to 300 pM."® In hippocampal neurons, the majority of the zinc-containing
vesicles are lysosomes. Over the past decade, significant efforts have been made to
develop Zn**-selective probes. However, lysosomal Zn®* detection needs to meet
the following requirements: (1) it must reliably monitor Zn** concentrations under
acidic conditions, since the vast majority of reported Zn®* probes are proton-
sensitive at a pH range of 4.5 to 6.0 with high pK, values; (2) it must have high
selectivity towards Zn?** over other potential competing species; and (3) it must
deliver the Zn?* probes into lysosomes.?* Also, compared with fluorescence
intensity-based probes, ratiometric probes can realize quantitative detection more
effectively by measuring the ratio of the fluorescence intensities at two different
wavelengths, thus, ratiometric probes are ideal tools for quantitative analysis.
There are very less number of probes reported for the sensing and imaging of
lysosomal Zn**.*

In 2012, Jiang and co-workers have reported DQZn4 (7) as a ratiometric
fluorescent probe with a nanomolar level Ky (16 nM) toward Zn*" in acidic
aqueous solution (Figure 2.3).? Titration of Zn?* resulted in the quenching of

emission around 543—700 nm with emergence of a new blue-shifted emission peak

at 495 nm (¢ = 0.17) with an isoemissive point at 543 nm. The ratio of emission
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intensity at 495 and 542 nm increased linearly from 0.37 to 1.88 upon titration
with Zn?* until the [Zn*]/probe ratio reached 1:1, supporting the 1:1 binding
stoichiometry as well. The authors applied 7 to detect Zn** in intracellular
lysosomes by using single-excitation dual-emission ratiometry. They prepared
another derivative 6 without targeting group, that doesn’t show organelle
specificity. The imaging experiments were done in the NIH 3T3 cells with 7 (10
uM) (Figure 2.3).

Figure 2.3: (a) Chemical structure of the lysosomal Zn?* imaging probe, 7 and the control 6. (b) Ratiometric
imaging of Zn? in 7-labeled NIH 3T3 cells (ZnSO4 = 30 pM, 2- mercaptopyridine N-oxide (MNO) = 15 uM
and TPEN = 50 pM for 5 min) and average Fgreen/Freq ratios (Aex = 405 nm, scale bar: 20 um; ratio bar). (c)
Chemical structure of FRET based probe, 8 for lysosomal Zn?* imaging.

Later Zhu et al., demonstrated a strategy to modify the Zn** sensitivity of a
fluoroionophore with low photostability and a broad emission band to a bright and
photostable fluorophore with a narrow emission band (Figure 2.3).?* The two
fluorophores are covalently connected to afford an intramolecular (FRET)
conjugate. The FRET donor in the conjugate is a Zn®'-sensitive aryl-vinyl-
bipyridyl fluoroionophore, (8), the absorption and emission of which undergo
bathochromic shifts upon Zn?* coordination. The broad emission band of the
donor/zinc(11) complex is transformed into the strong, narrow emission band of the
Bodipy acceptor in the FRET conjugates, which can be captured within the narrow

emission window that is preferred for multicolor imaging experiments..
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To investigate lysosomal zinc functions in neurons with high spatial and
temporal reliability, Peng and co-workers in 2014 reported a ratiometric probe,
LysozZn-1(9) (Figure 2.4).2* It is derived from the styryl-Bodipy-DPA (DPA = Di-
2-picolylamine) scaffold with a lysosome-targeted 2-morpholinoethylamine
moiety to allow localization in lysosomes. Upon Zn** binding, 9 exhibits obvious
fluorescence enhancement (Fs7g nm) and ratiometric (Fs7g nm/Fsso nm) Changes. The
emission intensities of 9 and 9 + Zn** do not change significantly under lysosomal
pH ranging from 4.5 to 6.0. Confocal imaging experiments indicate that 9 is able
to localize within the lysosomes in neural stem cells (NSCs), MCF-7 and HelLa

cells and detect exogenous Zn?* levels in NSCs and MCF-7 cells (Figure 2.4).

Probe + TPEN

(c)

Probe only

d)-

Figure 2.4. (a) Chemical structure of 9. (b) Fluorescence ratio images (Fs7s-620 nm/Fess-755 nm) Of 9 (1 UM)

Control

labelled NSCs in the presence of 100 uM chloroquine at different time points and plot of the emission ratio
as a function of time after chloroquine was added. (c) Chemical structure of two-photon active lysosomal
Zn?* imaging probe, 10. (d) Two-photon microscopic imaging of Zn(ll) in mouse brain (hippocampus)
tissues.

Ahn, Cho and co-workers have developed a probe, where a morpholine

group and a N,N-di-(2-picolyl)ethylenediamine ligand were introduced into a
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naphthalimide dye (Figure 2.4).® The probe, detect Zn?* in the lysosomal pH
range (pH = 4.5-5.5). The fluorescence measurement at various pH values shows
that the molecule 10 has negligible fluorescence, whereas its Zn** complex emits
strong fluorescence in the lysosomal pH range (¢4 of probe = 0.03 and ¢ of 10—
Zn** = 0.23 in pH 5 buffer). Also, 10 shows low fluorescence intensity at cytosolic
pH (7.4) even after binding with Zn**. The authors were able to image Zn?* in deep
tissues of mouse brain (hippocampal slice) under two-photon excitation conditions
at 900 nm. The two photon microscopic images of the tissue slice incubated with
probe 10 show strong fluorescence apparently due to endogenous free Zn®* in the
mouse brain, whereas the tissue without probe treatment (used as the control) does
not show any fluorescence (Figure 2.4).

Self-assembled nanoprobes of small molecules are equally powerful when
compared to single molecular probes in terms of the response towards target
analytes.”® Recently, self-assembled gold nanoparticles, small molecular
aggregates and polymeric nanoparticles have been extensively applied for sensors
design.?” Although molecular assemblies have been used for sensing certain
analytes, they have not been much explored for sensing of bioanalytes in cellular
system. External stimuli, especially, pH induced molecular self-assembly that can
influence the optical properties may become more attractive to develop novel
fluorescent nanoprobes for metal ion sensing and imaging in specific organelle in
cellular system.

The precise localization of the probe to the lysosome and selective
recognition of the Zn?* which are associated to apoptosis is the prime concern of
the present work. Simultaneous, monitoring of pH variations and Zn?*
concentration is the major bottleneck to develop a robust diagnostic probe. To
date, many attempts have been tried to overcome this issue. So far, very few
probes including two-photon probes and FRET based probes have been reported to
target lysosomal Zn?*?**However, none of them endeavor for simultaneous
imaging of Zn** with pH inside lysosome and during apoptosis. The present work

is therefore focused on the design and development of a photostable, self-
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assembled fluorescent nanoprobe for monitoring pH and Zn®* in lysosome under

oxidative stress and apoptotic conditions.
2.3. Results and Discussion

2.3.1. Synthesis of CBL1-3 and CBG

0 _OEt

NBS AIBN Br P OEt
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(1 2- or 1,4- or 1,6-) O Morpholine
Na2003 |2
e

K2C03,DMF
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o\)
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Scheme 2.1: Steps involved in the synthesis of CBL1-3
Considering the above aspects, we have designed fluorophores containing a

carbazole, linked with a morpholine (pK.~7.2) which is conjugated to a 2,2'-
bipyridine (pK,~4.2) moiety. The morpholine moiety facilitates targeting of
lysosome whereas the 2,2'-bipyridine moiety helps binding of Zn**. The lysosome
targeting carbazole-bipyridine conjugates named CBL1-3 were synthesized from
the phosphonate ester 13 and the corresponding morpholine attached aldehyde of
carbazole, 21-23 by Wittig-Horner-Emmons olefination reaction (Scheme 2.1).
The trans conformation of the vinyl linkage was confirmed from *H NMR which
showed a coupling constant (J) value of 16 Hz. The compound was isolated with
60% yield by column chromatography over silica gel using 6%

methanol/dichloromethane as the eluent. The molecule, CBG (28) was also
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synthesized by the same strategy as discussed above and the glycol chain is
attached instead of morpholine group (Scheme 2.2). All the final molecules were
obtained as yellow solid powders. The intermediates and final compounds were
characterized by various spectroscopic techniques such as *H NMR, *C NMR,
HRMS and elemental analyses (Table 2.1). The synthetic strategy adopted is
represented in Scheme 2.1 and 2.2.

p-Toluenesulfonyl chloride

/0\/\0/\/0\/\0H - /o\/\O/\/o\/\OTs
NaOH, THF, water
27 0°C,6h 28
CHO
POCI3 DMF

H
NaH, DMF 0°Ctort 10h N

0°C to rt, 60 hrs R

R = ;{/\o/\/o\/\o/ 13

14 29

31 (CBG)

Scheme 2.2: Steps involved in the synthesis of CBG

Compound  Melting Point Elemental Analysis
% C % H % N
[Expt. (Calcd.)]  [Expt.(Caled.)]  [Expt. (Calcd.)]
CBL1 2188°C+1  78.01(7845)  6.28 (6.37) 8.20 (8.28)
CBL2 160.7°C+1  7852(78.85)  6.53(6.82)  11.63(11.81)
CBL3 1415 °C+1  78.95(79.21)  6.98(7.22)  10.94 (11.15)
CBG 625°C+1  7528(7571)  6.32(6.55)  10.43(10.56)

Table 2.1: Melting point and elemental analysis data of CBL1-3 and CBG
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2.3.2. Solvent Dependent Absorption, Emission and Aggregation
Properties

The photophysical properties of all the molecules were first studied in different
solvents. The absorption spectrum of CBL2 (25) in acetonitrile (¢ = 10 uM)
showed a maximum at 360 nm (Figure 2.7). However, in phosphate buffer at pH 7,
the absorption spectrum is significantly red shifted with broadening, indicating the
possible aggregation of the molecule. The emission maximum is found to be at
490 nm in acetonitrile. Also, the solvent dependent emission shift shows the
solvatochromic behavior of the molecule. CBL1, CBL3 and CBG show similar

phenomena in different solvents. CBL2 has a quantum vyield of ¢ = 0.35 in

acetonitrile.
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Figure 2.5: (a) Absorption and (b) emission spectra of CBL2 in different solvents, (c) absorption spectra of
CBL2 in different pH (4 — 7) and (d) pH dependent TEM images of nanoparticles in aqueous solution at pH 4

and 6 (¢ =10 PM, Aex = 360 nm).
The absorption spectra of CBL2 in different pH show broad spectra with

different absorption maxima. This is due to the formation of different types of

aggregates (or nanoparticles) depending on pH (Figure 2.5). The aggregated
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molecules formed nanoparticles that are confirmed by transmission electron
microscopy (TEM) analysis (Figure 2.5). At pH 4, particles formed were around
50 nm in size whereas at pH 6, the size of spherical particles was significantly

increased as it can be seen in Figure 2.5.
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Figure 2.6: (a) Temperature dependent emission spectra of CBL2 at pH 4, (b) secondary plot of emission
intensity monitored at 475 nm in each pH (4, 5 and 6) (¢ = 10 UM, Aex = 360 nm) with increasing acetonitrile
concentration, (c) and (d) DLS analysis of CBL2 at pH 4 and 6 (¢ = 10 pM).

Detailed studies on the pH dependent aggregation are performed with

CBL2 in acetonitrile—water mixture at different pH (4, 5 and 6). The emission
maximum at 510 nm corresponding to the aggregates disappeared and the
monomeric emission of CBL2 at 490 nm appeared (Figure 2.6) with increasing the
acetonitrile percentage and shows maximum intensity in acetonitrile. Formation of
the aggregates is further confirmed by the temperature dependent changes in the

emission spectra (Figure 2.6). DLS study confirmed the formation of nanoparticles
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at pH 4 and 6 (Figure 2.6) as illustrated with the size distribution histograms. The
size of the particles was gradually increased with increase in pH of the media.

Similar observations were found for other derivatives also.

2.3.3 pH-Dependent Emission Changes.

The absorption maxima of CBL derivatives at pH 2 and 3 appear at 395 nm and
are almost non-emissive. While increasing the pH from 4 to 6 at lysosomal pH
window, the emission intensities at 530 nm were increased by 10 fold with a
hypsochromic shift of 20 nm (Figure 2.7). Below pH 4, the morpholine and 2,2'-
bipyridine are protonated causing the quenching of the fluorescence intensity.
Above pH 4, the protonation may gradually be localized at the morpholine unit.
Thus, hypsochromic shift occurs probably due to weaker excited state charge

transfer above pH 7.
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Figure 2.7: pH dependent fluorescence emission spectra of (a) CBL1, (b) CBL2, (c) CBL3 and (d) CBG (c =
10 UM, Aex = 365 nm). Insets show the intensity change with pH from 2 - 10.
CBL1 and CBL3 also show similar behavior (Figure 2.7). However, in the

case of CBG, the emission intensities increased slowly from pH 4 to 8 at 510 nm

as there is no morpholine unit (Figure 2.7). This observation suggests that CBG is
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not suitable for lysosomal analysis. The pH dependent quantum vyield values are
tabulated in the Table 2.2.

2.3.4 Stability, Reversibility and Photostability of Nanoparticles

To evaluate the stability of these aggregated nanoparticles, we measured the
emission properties in buffer solution at different pH for 24 h. Interestingly, there
was no significant change for the emission indicating that these nanoparticles are
stable in physiological conditions. Also the particles exhibited reversible size

variation with change in pH as illustrated with pH 4 and 6 without the loss of
fluorescence intensity for at least 10 cycles (Figure 2.8). Notably, prepared
agueous solution was transparent at the experimental conditions and no
precipitation was observed for at least one week. This phenomenon suggests that
these molecular assemblies are useful in monitoring the pH variations once

incubated with lysosome since lysosomal pH can alter during pathologies.

Compound[ @ (Probe alone) }[ @ (Probe + 10 Eq. Zn?*) ]
ACN pH4 pHS5 pH6 pH7 ACN pH4 pHS5 pH6 pH7
CBLA1 0.35 0.021 0.038 0.052 0.053 0.16 0.032 0.029 0.028 NA

CBL2 0.35 0.032 0.073 0.122 0.123 0.16 0.122 0.102 0.061 NA

CBL3 0.35 0.031 0.062 0.081 0.083 0.16 0.082 0.081 0.08 NA

CBG 0.35 0.022 0.032 0.043 0.052 0.16 0.022 0.032 0.044 NA

Table 2.2: Quantum yield of CBL1, CBL2, CBL3 and CBG in acetonitrile and different pH (4 to 7) before

and after zinc binding (error limit = £0.001).

At low pH values (pH < 4) due to the protonation at the bipyridyl nitrogen
and morpholine nitrogen, molecules become hydrophilic to form non-emissive
particles. Above pH 4.2, protonation specifically occurs at the morpholine site,
leading to an amphiphilic behavior to the fluorophore. The amphiphilic character
of the molecule facilitates spherical assembly in which the hydrophilic morpholine
units are aligned towards the outer surface and 2,2'-bipyridine unit stay in the inner

part.
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Figure 2.8: (a) Time dependent emission of CBL2 at pH 4, 5 and 7; (b) Reversibility of the aggregates of

CBL2 in different pH (4 and 6). The pH is changed manually and the emission intensity is measured in each

case (PBS buffer, ¢ =10 uM and Aex = 365 nm).

On the contrary, above pH 7, molecules are hydrophobic in nature which
facilitates m-stacking, leading to large spherical assemblies. In the case of CBG,
random aggregates were formed at different pH. Interestingly, the molecular
assemblies of CBL probes show better photostability when compared to the
monomer and lysotracker green, and no change of intensities were observed even
after 30 min of light irradiation and hence are suitable for bioimaging of long time

cellular dynamics in lysosome (Figure 2.9).
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Figure 2.9: The change in emission of CBL2 (¢ = 10 uM) monitored in acetonitrile (Aem = 475 nm), pH 4
(Aem = 530 nm), pH 5 (Aem = 525 nm) and pH 6 (Aem = 520 nm) and Lysotracker Red (Aem = 600 nm) in
DMSO by irradiating with 370 nm long pass for 30 min.
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2.3.5 DFT Calculations of Protonation Effect on CBL2

To understand the absorbance behavior and HOMO-LUMO energy at different
pH, DFT calculations of the molecule CBL2 in the ground states were carried out
using M06X/6-311G(d,p) level as implemented in Gaussian09. HOMO energy
level of CBL2 (neutral), CBL2(H)" (protonation only at morpholine nitrogen),
CBL2(HH)"™ (protonation both at bipyridine and morpholine nitrogen) were found
to be nearly unchanged while the LUMO energy level of CBL2(HH)™" showed
significant stabilization compared to that of CBL2 (Figure 2.10). The calculated
absorption spectra are in good agreement with the experiments. A minimal blue
shift in absorption maximum was observed for CBL2(H)", at pH 6 due to
protonation at morpholine nitrogen, whereas a significant red shift of absorbance
wavelength was obtained for CBL2(HH)™, at pH 4 due to protonation of both
bipyridine and morpholine units (Figure 2.11).

= q B

A\ : - 9”7:
A mQ AO&L‘. L -3
€ W »
e wsb“ :.O' s ol .QQO 0?94 e ol 9,@9(2%9&*
fﬁ LUMO (-1.13) % LUMO (-1.14) ¥ LUMO (-1.90) @ /"G
5 5 &
o 8’0” = o &DO’?} e ﬂé& »
'\ - @ 3\ g M A k DO, )
& f \ “ Y ‘ﬂ &‘I fﬁ w ' o a& a*’ . 3
HOMO (-6.5) HOMO (-6.65) HOMO (-6.59)
CBL2 CBL2(H)* CBL2(HH)*

Figure 2.10: HOMO and LUMO features of CBL2, CBL2(H)* and CBL2(HH)**. All the optimized structures

were confirmed as energy minima by vibrational frequency analysis at 298.15 K and 1.0 atm pressure.

2.3.6 pH-Dependent Zn** Binding

CBL2 exhibits maximum fluorescence response at the lysosomal pH window of 4-
6 and hence is ideal for probing lysosomal pH variations. Upon addition of
Zn(Cl0O,),, the emission maximum at 530 nm is shifted to 610 nm with 80 nm red

shift (¢ = 0.12). While increasing the pH to 6, the emission intensity was decreased
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Figure 2.11: The simulated absorption spectra of CBL2, CBL2(H)+ and CBL2(HH)++.

on addition of Zn(ClOy), (¢ = 0.06). This observation suggests that after binding
to Zn?* the molecular aggregates are even stronger and non-radiative. In the case
of CBL1, up on Zn?* binding, the intensity is reduced from pH 4 to 5 after which
no change is observed. CBL3 binds with Zn** and no change in emission intensity
at 610 nm was observed depending on pH. For all these cases, above pH 7, the
emission is shifted to the molecular aggregates suggesting very less interaction
between the aggregates and Zn®*. CBG derivative show random behavior in Zn®*
binding depending on pH and it is not suitable for imaging in lysosomal pH
window.

Among the three derivatives, only CBL2 shows pH dependent emission
changes up on Zn®* binding. Especially at pH 5, the ratio (530 nm / 610 nm) was
gradually decreased with increase in Zn** concentration (Figure 2.14). Similar
phenomena were observed at pH 4 and 6. The red shift is due to the internal charge
transfer from the donor to the acceptor. At lower pH (pH 4-6), since the particle
size is smaller, the surface area available for interaction with Zn?" is more,
resulting in faster response. However, in basic pH since the molecule forms strong
and larger aggregates, the surface area available for interaction with Zn?* is less
and have weaker response by Zn®* (Figure 2.13). Similar phenomenon was

observed with other CBL derivatives also.
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Figure 2.12; (a) Absorption and (b) emission spectra of CBL2 on addition of 10 equivalent of Zn?* in
different pH (¢ = 10 UM and Aex = 390 nm); (c) The photograph of fluorescence change with respect to pH

and on addition of Zn2*.
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Figure 2.13: The emission intensity change of a) CBL1, b) CBL3 and ¢) CBG with respect to pH (¢ = 10 uM
and Aex = 365 nm) and the corresponding secondary plot for the emission change of d) CBL1, e) CBL3 and
f) CBG in the pH range 2-11.
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Subsequently we studied the Zn?* binding of CBL2 in different
concentration of Zn*". It was found that, 1.7 eq., 2.8 eq. and 5.4 eq. of Zn** were
required to attain saturation at pH 4, 5 and 6, respectively, suggesting that there
may be steric hindrance at higher pH. While increasing the pH, the aggregates are
becoming strong and the interaction with Zn?* is less (Figure 2.14). The DLS
analysis also show that even after binding with Zn®", it exists as aggregates but the
size varies on changing the pH. The aggregate size increased on binding with Zn*
than the corresponding molecular aggregate at the same pH (Figure 2.15).

We have also tested Zn** sensing in MES buffer at different pH and the
phenomena are similar as in PBS buffer. Thus, we continued rest of the
experiments in PBS buffer for mimicking the physiology. In addition, we also
measured the dissociation constant of nanoparticles with Zn?* at different pH (pH
4:1.03+0.4%x10°M;pH5:1.92+0.3x10° M; pH 6:3.78 0.4 x 10 M) and
the detection limits of Zn% ranged from 89 nM, 154 nM, and 369 nM at pH 4, 5
and 6, respectively. The HOMO energy level is nearly unchanged while the
LUMO level of the Zn®" complexes shows significant stabilization compared to

the neutral form.
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Figure 2.14: The emission intensity change of CBL2 on reacting with Zn>* at a) pH 4, b) pH 5 and c) pH 6
(c=5uM, Aex =390 nm, MES buffer). The corresponding secondary plots are shown in d), e) and f).
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Figure 2.16: HOMO and LUMO features of CBL2-Zn?*. All the optimized structures were confirmed as

energy minima by vibrational frequency analysis at 298.15 K .and 1.0 atm pressure.

2.3.7 Selectivity

The selective binding towards Zn** when compared to other cations was
investigated by conducting detailed metal ion titration experiments in the presence
of a variety of metal cations at different pH (4 to 6). Biologically relevant and
abundant cations such as Na*, K*, Mg®*, Cu**, Fe**, Co®* and toxic metal ions such
as Pb?* and Hg*" showed negligible responses (Figure 2.17). However, Cd?*, a
toxic but least abundant cation in cellular component showed a partial fluorescence
enhancement, however may not interfere since Cd?* is not a biologically relevant

cation. Obviously, the maximum emission intensity at 610 nm in presence of Zn**
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IS much higher when compared to other ions and hence CBL2 nanoprobe is
suitable for Zn?* sensing in physiological conditions. Other derivatives also
showed the same behavior towards different metal ions but, no distinct emission
change in lysosomal pH window. Hence, CBL2 is selected as the best fluorescent
nanoprobe that can be used for the targeted imaging of lysosomal Zn** and pH

simultaneously.
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Figure 2.17: Fluorescence intensity change of, CBL2 on reaction with various metal ions (10 eq.) (¢ = 10

MM and Ae = 390 nm).

2.3.8 MTT Assay
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Figure 2.18: Cell viability of normal (3T3L1) and cancer (HeLa) cells after 3 h incubation with CBL2 at
different concentration. Cells were incubated in DMEM (10% FBS) at 37 °C, at 5% CO.. Spectra were
measured at 450 nm.

Cytotoxicity of the nanoprobe was evaluated on human cervical cancer
(HeLa), and fibroblast-like murine pre-adipocyte (3T3 L1) cell lines by MTT
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assay. The cell viability at different concentrations of the probe, CBL2 is shown in
the Figure 2.18. No measurable cytotoxicity was observed even at 10 mM probe

concentration.

2.3.9 Colocalization Experiments

Subsequently, cells were co-stained with CBL2 along with Lysotracker Red, Mito
Tracker Red and a nucleus staining dye Hoechst 33342, to check its specificity in
cellular organelles. As shown in Figure 2.19, CBL2 displayed reasonably good
colocalization with Lyso Tracker Red with a Pearson coefficient of 0.96. However,
there was either very poor or no colocalization observed with Mito Tracker Red
and Hoechst 33342, respectively. These results suggest that CBL2 nanoprobe has
great potential for lysosomal study without interference of other cellular organelles
in cell. The colocalization was calculated using Pearson’s correlation coefficient

(r) and Mander’s overlap coefficients (R) as given in the Figure 2.19.

Lysotracker Red

Hoechst 33342

Mitotracker Red

Figure 2.19: Fluorescence images for intracellular localization of CBL2 (¢ =10 uM, DMEM culture media) in
HelLa cells and imaged after counter stained with (a) Lyso-Tracker, (b) Hoechst 33342 and (c) Mito-Tracker.
Scale bar corresponds to 50 um.

Zhu et.al., reported that glycol moiety can be used for targeting lysosome

when the fluorescent scaffold was rhodamine.?* However, in the case of the
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carbazole derivative CBG attached with glycol moiety, no such localization in
lysosome was observed. The Pearson’s colocalization coefficient was found to be
0.07 (Figure 2.20).

Figure 2.20: Fluorescence images for intracellular localization of CBG (¢ = 10 uM) in Hela cells and

imaged after counter staining with Lyso Tracker. Scale bar corresponds to 50 uM.

2.3.10 pH dependent Emission Change
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Figure 2.21: Change in fluorescence of Hela cells incubated for 30 min in K* buffer of various pH values
with Nigericin (10 pM) and finally treated with CBL2 (10 pM) under (a) yellow channel and (b) green
channel. Scale bar corresponds to 30 um. Effect of pH on the relative emission intensity (at FITC Channel)
of CBL2 and relative emission intensity (at TRITC Channel) of CBL2 +Zn?* in HeLa cells. Data are the mean

+ SD of three independent experiments.
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Detailed studies on pH dependent emission changes were performed at the
cellular level. HeLa cells were incubated for 30 min in K* buffer of various pH
values with Nigericin (10 mM) and finally treated with CBL2. The emission
intensity was checked in the yellow channel (for zinc complex) and green channel
(for the probe). Interestingly, the emission intensity was found to reduce in the
yellow channel and increased in the green channel as seen in the fluorescent
images and intensity graph in Figure 2.23. These results clearly indicate the use of
the probe for monitoring both pH and Zn* in lysosome since the emission

intensity change occurs in the pH range of 4-6.

2.3.11 Effect of pH Regulators
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Figure 2.22: Evaluation of pH change using CBL2 (c = 10 uM) on HeLa cells incubated with intracellular pH
regulators such as Chloroquine (200 pM), Bafilomycin (100 nM) and Dexamethasome (2 pM) using (a)
fluorescence microscope and (b) its quantification using Image J software. Scale bar corresponds to 30 uM.

Data are the mean + SD of three independent experiments.

Since Chloroquine, a lysomotropic agent and Baflomycin Al, a selective
inhibitor of the vacuolar-type H" ATPase can cause increase of lysosomal pH, and
dexamethasome which decreases the cytoplasmic pH and initiate apoptosis, we
examined these external pH regulators for monitoring the emission intensity
change in cancer cells. As expected, when pH regulators along with CBL2
nanoprobe were incubated to study intracellular pH, the fluorescence intensity was

decreased for Chloroquine and Baflomycin Al, whereas intensity was increased
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for Dexamethasome (Figure 2.22) at yellow channel. It is worth noting that CBL2

probe simultaneously responds to intracellular Zn?* along with pH regulators.

2.3.12 Zn?* Sensing in Oxidative Stress

Control H,0, TPEN
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Figure 2.23: Imaging of Zn? using intracellular Zn# generators and chelators in HelLa cells. Cells were
treated with either hydrogen peroxide (50 uM) for 30 min or TPEN (20 pM) for 20 min. After the respective
treatments, cells were incubated with the CBL2 (¢ = 10 uM) for 30 min, washed and observed under an (a)
inverted fluorescence microscope, (b) counter stained with Hoechst 333422 and (c) merged image. (d)
Emission intensity change monitored from the cell. () Fluorescence intensity change of CBL2 on reaction
with H0; at different pH.

Imaging of Zn?* in lysosome was performed by incubating CBL2 in HeLa
cells. It was confirmed that the emission intensity of the Zn** bound nanoprobe
was gradually decreased when the pH was changed from pH 4 to 6 in TRITC
channel (Figure 2.23). At the same time, the emission intensities were increased at

FITC channel. As mentioned earlier, at low pH, the molecules formed weak
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aggregates and readily interacted with Zn**, whereas at higher pH, the aggregates
are stronger and interact less with Zn?*. Thus at pH 7, we observed intense green
emission.

Upon treatment with the cell-permeable metal ion chelator TPEN, the
emission intensities were reduced drastically, suggesting the decrease of Zn** level
in the cellular lysosome (Figure 2.23). Furthermore, lysosomal Zn®* under
oxidative stress was monitored by addition of H,O, with CBL2 probe (Figure
2.23). During oxidative stress, a rapid influx of hydrogen peroxide takes place
which causes the oxidation of cysteine residues in the Zn-bound metallothioneins
and subsequently releases the Zn**. Thus, the administration of hydrogen peroxide
causes to release Zn?* within the cells and rapidly accumulated near the lysosome
area. The CBL2 nanoprobe is capable of detecting this endogenous Zn®" in cancer
cells (Figure 2.23). Hydrogen peroxide was administrated at low concentration (50
uM) to elicit any cell membrane damage. This observation clearly suggests that
CBL2 probe can efficiently monitor the intracellular Zn** release under oxidative

stress.

2.3.13 Zn?* Sensing in Apoptotic Conditions

In endothelial cells, Zn** is occasionally associated to the protection of cells
against apoptosis. Kolenko et al., reported that in human peripheral blood T
lymphocytes, Zn** depletion may induce cell death due to DNA fragmentation in
nuclei. However, the effect of Zn®" in cancer cell proliferation and the apoptosis
are not yet clearly studied. Here we studied the efficiency of CBL2 probe to
monitor the role of Zn*" in apoptosis. Thus, a cell permeable zinc chelator, TPEN
that induces apoptosis and alters the Zn®* concentration in cancer cells was treated
along with CBL2 probe to investigate the alteration of Zn*" (Figure 2.24). The
apoptotic assays clearly differentiated the viable and nonviable cells at different
time interval. It is to be noted that TPEN induced apoptosis was accompanied with
a reduction of Zn** that can be clearly monitored by the probe. Furthermore, a

standard chemotherapeutic agent, doxorubicin that induces apoptosis was
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incubated and the Zn?* concentration was monitored. Interestingly, even though
there is significant cell death caused by apoptosis (Figure 2.24) no change of Zn*
concentration was observed. Here, doxorubicin does not alter the zn?*
concentration significantly during apoptosis. In this condition, CBL2 probe
effectively detects the endogenous Zn”*. Thus, CBL2 probe is successfully used to
monitor Zn?* in any biological conditions such as oxidative conditions and

apoptosis caused by standard drugs and/or metal chelator.
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Figure 2.24: Evaluation of Zn?* status using CBL2 nanoprobe (¢ = 10 uM) during programmed cell death in
Hela cells. Fluorescence images for intracellular Zn?* and live dead assay after (a, b) TPEN (30 uM) or (c,
d) Dox (1 uM) treatment for 0 - 18 h. Images were analysed using Image J software and Zn2* concentration
were quantified for TPEN (e) and Dox (f) treatment. Scale bar corresponds to 50 um (a & ¢) and 20 um (b &
d). Data are the mean £ SD of three independent experiments.

2.4 Conclusions

In conclusion, we have successfully designed fluorescent nanoprobes based on the
self-assembled fluorescent molecules, CBL1-3. These molecules display pH
dependent formation of fluorescent nanoparticles, exhibiting enhanced emission on

increasing the pH. They simultaneously respond towards pH and Zn?* in lysosome
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and are silent above or below pH 6-4. The protonation of nitrogen atoms at the
donor and the acceptor sites regulate the hydrophilicity and the self-assembly
properties. Interestingly, the CBL2 nanoprobe display better photostability when
compared to the corresponding monomer as well as commercial markers. Among
CBL1-3, CBL2 based fluorescent nanoprobe is promising for the imaging of Zn**
and pH variations within lysosomes in cancer cells. In addition, this probe is
effectively capable to monitor the alteration of Zn*" under the complex conditions
of apoptosis where most reactive oxygen species or free radicals are involved.
Thus, CBL2 nanoprobe turns out to be a potential tool for gaining insights on zinc

ion dynamics in cancer cells.

2.5 Experimental Section

2.5.1 Materials and Methods

Unless otherwise stated, all starting materials and reagents were purchased from
commercial suppliers (Sigma Aldrich, Alfa Aesar, Fluka, Merck or Spectrochem)
and used without further purification. DAPI, Lyso Tracker Red, Mito Tracker Red
were also purchased from Sigma Aldrich. Reactions were monitored using thin
layer chromatography on silica gel 60 F254 (0.2 mm; Merck) accomplished with
UV light source at 254 nm and 365 nm. Normal-phase chromatography was
carried out using silica gel (particle size: 60-120 mesh and 100-200 mesh). ‘H
NMR spectra were recorded on Bruker Advance 500 NMR spectrometers, and
chemical shifts are expressed in parts per million (ppm). Cell imaging was carried
out in an Epifluorescent Inverted microscope. Acetonitrile used for photophysical
measurements was dried over P,Os and freshly distilled prior to use to ensure
extreme dry condition. PBS buffer was used for pH dependent studies and MES

buffer was used for the zinc binding studies.
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2.5.2. Synthesis and Characterization
Synthesis of 5-(bromomethyl)-5'-methyl-2,2'-bipyridine (12):

To a solution of 5,5-methyl-2,2"-bipyridine (11) ( 2 g, 10.85 mmol) in 50 mL of
dry carbontetrachloride was added N-bromosuccinimide ( 1.93 g, 10.85 mmol) and
AIBN (100 mg). The reaction mixture was refluxed for 4 h at 80 °C. After the
completion of the reaction, the mixture is filtered in hot condition and the solvent
was removed under reduced pressure. The crude was then purified by column
chromatography (SiO,, 5% EtOAc/DCM) to give a white solid. Yield: 72%.

12: *H NMR (CDCl,, 500 MHz, TMS) & (ppm): 8.60 (d, 1H, J = 1 Hz), 8.50 (d,
1H, J = 0.5 Hz), 8.36 (d, 1H, J = 8.5 Hz), 8.28 (d, 1H, J =8 Hz), 7.83 (dd, 1H, J =
8 Hz and 2 Hz), 7.64 — 7.61 (m, 1H), 4.52 (s, 2H), 2.39 (s, 3H); *C NMR (CDClI;,
125 MHz,) 6 (ppm): 153.2, 150.1, 138.3, 135, 133.2, 129.4, 121.5, 33.4, 18.0. ESI
MS (2): MS calc. for C1,H;BrN,, 263.01; Found 262.01 (100%) and 264.01(98%)
Preparation of diethyl ((5'-methyl-[2,2'-bipyridin]-5-
yl)methyl)phosphonate (13)

The monophosphonate (13) was prepared by the reaction of the corresponding
monobromoethyl derivative (12) (1 g, 3.80 mmol) with 1.3 mL (7.60 mmol) of
triethyl phosphite at 100 °C for 12 h followed by the removal of the unreacted
triethyl phosphite under vacuum. Yield: 90%.

13: *H NMR (CDCls, 500 MHz, TMS) & (ppm): 8.60 (d, 1H, J = 1 Hz), 8.50 (d,
1H, J = 0.5 Hz), 8.36 (d, 1H, J = 8.5 Hz), 8.28 (d, 1H, J = 8 Hz), 7.83 (dd, 1H, J =
8 Hz and 2 Hz), 7.64 — 7.61 (m, 1H), 4.2 (g, 4H, J = 7 Hz), 2.39 (s, 3H), 1.32 (t,
6H, J = 7 Hz); *C NMR (CDCls, 125 MHz,) & (ppm): 153.2, 150.1, 138.3, 135,
134.2, 128.4, 120.5, 62.3, 39.5, 18.3, 16.3; ESI MS: MS Calcd. for C;sH,;N,O4P,
320.13 ; Found 321.21; [M + H]+

Synthesis of 9-(2-bromoethyl)-9H-carbazole (15), 9-(4-bromobutyl)-
9H-carbazole (16) and 9-(6-bromohexyl)-9H-carbazole (17)

A mixture of carbazole (2 g, 11.97 mmol), the required dibromoalkane (1,2-
dibromoethane (23.94 mmol, 2.07 mL), 1,4-dibromobutane (23.94 mmol, 2.87
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mL) and 1,6-dibromohexane (23.94 mmol, 3.6 mL)) and K,CO; (9.9 ¢, 71.82
mmol) in dry DMF (40 mL) was stirred for overnight. Then the reaction mixture
was poured into water and extracted with dichloromethane. The organic layer was
washed with water and dried over anhydrous sodium sulphate. The crude was then
purified by column chromatography (SiO,, 2% EtOAC/ Hexane). Yield: 81 %.

15: 'H NMR (CDCls, 500 MHz, TMS) & (ppm): 8.10 (d, 2H, J = 8 Hz), 7.48 —
7.45 (m, 2H), 7.39 (d, 2H, J = 8 Hz), 7.25 — 7.22 (m, 2H), 4.35 (t, 2H, J = 7 H2),
3.37 (t, 2H, J = 6.5 Hz); *C NMR (CDCls, 125 MHz,) & (ppm): 134.3, 121.9,
120.8, 118.0, 110.2, 65.21, 31.9.; ESI MS: MS Calcd. for C;4H;,BrN, 274.16;
Found 273.02(100%) and 275.01 (97%).

16: 'H NMR (CDCl;, 500 MHz, TMS) & (ppm): 8.10 (d, 2H, J = 8 Hz), 7.48 —
7.45 (m, 2H), 7.39 (d, 2H, J = 8 Hz), 7.25 — 7.22 (m, 2H), 4.35 (t, 2H, J = 7 H2),
3.37 (t, 2H, 6.5 Hz), 2.09 — 2.03 (m, 2H), 1.94 — 1.88 (m, 2H);"*C NMR (CDCl,
125 MHz,) 8 (ppm):134.3, 121.6, 120.8, 118.2, 110.5, 58.5, 38.8, 33.4, 31.9.; MS:
MS calc. for C1gHy6Br, 302.21; Found 302.05 (100%) and 304.04 (97%).

17: 'H NMR (CDCls, 500 MHz, TMS) & (ppm): 8.10 (d, 2H, J = 8 Hz), 7.48 —
7.45 (m, 2H), 7.39 (d, 2H, J = 8 Hz), 7.25 — 7.22 (m, 2H), 4.35 (t, 2H, J = 7 Hz),
3.37 (t, 2H, J = 6.5 Hz), 2.09 — 2.03 (m, 4H), 1.94 — 1.88 (m, 4H); *C NMR
(CDCls, 125 MHz,) & (ppm): 134.3, 121.7, 120.4, 118.0, 110.7, 58.3, 33.8, 32.6,
29.5, 27.8, 26.4.; MS: MS calc. for CgH,Br, 330.26 ; Found 329.08 (100%) and
331.08 (98%).

Synthesis of 4-(2-(9H-carbazol-9-yl)ethyl)morpholine (18), 4-(4-(9H-
carbazol-9-yl)butyl)morpholine (19) and 4-(6-(9H-carbazol-9-
yl)hexyl)morpholine (20):

The bromoalkyl derivative of carbazole 15 (1.2 g, 4.77 mmol), 6 (1.3 g, 4.32
mmol) and 7 (1.2 g, 3.64 mmol)) was dissolved in 50 mL dry butanol and stirred
for 10 minutes. To this solution anhydrous Na,CO; (4.3 g, 40 mmol) and
morpholine (1.2 mL, 13 mmol) was added followed by catalytic amount of I,. The
reaction mixture was refluxed at 100 °C for 12 h. The mixture was then cooled to

room temperature and the solvent was removed under reduced pressure and then
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water was added. The organic content extracted with dichloromethane and dried
over Na,SO,. The crude was then purified by column chromatography (SiO,, 2 %
MeOH/EtOAC). Yield: 84%.

18: '"H NMR (CDCls, 500 MHz, TMS) & (ppm): 8.10 (d, 2H, J = 8 Hz), 7.48 —
7.45 (m, 2H), 7.39 (d, 2H, J = 8 Hz), 7.25 — 7.22 (m, 2H), 4.34 (t, 2H, J = 7 Hz),
3.66 (t, 4H, J = 4.5 Hz), 2.56 (t, 2H, J = 6.5 Hz), 2.34 -2.32 (m, 4H); *C NMR
(CDCls, 125 MHz,) & (ppm): 134.2, 122.9, 121.4, 109.9, 67.8, 56.9, 55.9, 52.5;
ESI MS (8) : MS Calcd. for CigH5N,0, 280.16 ; Found 281.18 ; [M + H]"

19: 'H NMR (CDCls, 500 MHz, TMS) & (ppm): 8.10 (d, 2H, J = 8 Hz), 7.48 —
7.45 (m, 2H), 7.39 (d, 2H, J = 8 Hz), 7.25- 7.22 (m, 2H), 4.32 (t, 2H, J = 7 Hz),
3.66 (t, 4H, J = 4.5 Hz), 2.34-2.32 (m, 6H), 1.97-1.91 (m, 2H), 1.60-1.54 (m, 2H);
3C NMR (CDClg, 75 MHz,) & (ppm): 134.1, 122.9, 121.4, 109.9, 67.1, 62.9, 58.2,
56.2, 28.1, 26.4; ESI MS: MS calc. for C,H»4N,0, 308.19; Found 309.20 ; [M +
H]*

20: 'H NMR (CDCl;, 500 MHz, TMS) & (ppm): 8.10 (d, 2H, J = 8 Hz), 7.48 —
7.45 (m, 2H), 7.39 (d, 2H, J = 8 Hz), 7.25- 7.22 (m, 2H), 4.32 (t, 2H, J = 7 Hz),
3.66 (t, 4H, J = 4.5 Hz), 2.34 -2.32 (m, 6H), 1.97- 1.91 (m, 4H), 1.60- 1.54 (m,
4H); °C NMR (CDCls, 125 MHz,) & (ppm): 134.1, 122.9, 121.4, 109.9, 66.7,
62.9, 58.3, 51.2, 29.4, 28.1, 27.0; ESI MS: MS Calcd. for C»,H»sN,0, 336.22 ;
Found 337.23 ; [M + H]"

Synthesis of 9-(2-morpholinoethyl)-9H-carbazole-3-carbaldehyde (21),
9-(4-morpholinobutyl)-9H-carbazole-3-carbaldehyde (22) and 9-(6-
morpholinohexyl)-9H-carbazole-3-carbaldehyde (23):

POCI; (6.3 mL, 68.4 mmol) and dry DMF (5 mL, 68.4 mmol) were taken in a two
neck round bottom flask in inert atmosphere maintained at 0 °C. The mixture was
stirred well for 2 h. Light yellow color indicated the formation of the ylide. After 2
h, the compound 18 (800 mg, 2.85 mmol), 19 (900 mg, 2.92 mmol) or 20 (850 mg,
2.52 mmol) dissolved in dry DMF (10 mL) was added to the ylide at 0 °C and
stirring was continued for 6 h. Then the reaction mixture was poured into ice and

stirred well. The mixture was boiled at 80 °C and then dilute NaOH solution was
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added. The solution was cooled to room temperature and the crude product was
extracted with dichloromethane and dried over anhydrous Na,SO, The
purification was done by column chromatography (SiO,, 4% MeOH/EtOAC).
Yield: 71%.

21: 'H NMR (CDCl;, 500 MHz, TMS) & (ppm): 10.08 (s, 1H), 8.61 (d, 1H, J =1
Hz), 8.12 (d, 1H, J = 7.5 Hz), 8.09 (dd, 1H, J = 7 Hz, and 1.5 Hz), 7.54 — 7.51 (m,
1H), 7.48 — 7.45 (m, 2H ), 7.33- 7.26 (m, 1H), 4.34 (t, 2H, J =7 Hz), 3.66 (t, 4H, J
= 4.5 Hz), 2.56 (t, 2H, J = 6.5 Hz), 2.34 -2.32 (m, 4H); **C NMR (CDCls, 125
MHz,) & (ppm): 191.0, 139.4, 135.4, 128.7, 126.5, 125.4, 121.7, 119.7, 113.5,
109.8, 66.9, 56.6, 54.0, 41.1; ESI MS: MS Calcd. for C19H»N,0,, 308.15 ; Found
309.26 ; [M + H]"

22: 'H NMR (CDCls, 500 MHz, TMS) & (ppm): 10.08 (s, 1H), 8.61 (d, 1H, J = 1
Hz), 8.12 (d, 1H, J = 7.5 Hz), 8.09 (dd, 1H, J = 7 Hz, and 1.5 Hz), 7.54- 7.51 (m,
1H), 7.48-7.45 (m, 2H ), 7.33- 7.26 (m, 1H), 4.32 (t, 2H, J = 7 Hz), 3.66 (t, 4H, J =
4.5 Hz), 2.34-2.32 (m, 6H), 1.97-1.91 (m, 2H), 1.60-1.54 (m, 2H); *C NMR
(CDCly, 125 MHz) & (ppm): 191.0, 139.4, 135.4, 128.7, 126.5, 125.4, 121.7,
119.7, 113.5, 109.8, 66.9, 58.3, 53.6, 42.9, 26.7, 24.1; ESI MS: MS Calcd. for
Cx1H24N,0,, 336.43 ; Found 337.42 ; [M + H]*

23: 'H NMR (CDCls, 500 MHz, TMS) & (ppm): 10.08 (s, 1H), 8.61 (d, 1H, J = 1
Hz), 8.12 (d, 1H, J = 7.5 Hz), 8.09 (dd, 1H, J = 7 Hz, and 1.5 Hz), 7.54-7.51 (m,
1H), 7.48-7.45 (m, 2H ), 7.33-7.26 (m, 1H), 4.32 (t, 2H, J = 7 Hz), 3.66 (t, 4H, J =
4.5 Hz), 2.34 - 2.32 (m, 6H), 1.97-1.91 (m, 4H), 1.60-1.54 (m, 4H); *C NMR
(CDCls, 125 MHz)) & (ppm): 191.0, 139.4, 135.4, 128.7, 126.5, 125.4, 121.7,
119.7, 113.5, 109.8, 66.9, 58.9, 53.7, 43.1, 28.9, 27.2, 27.1, 26.3; ESI MS: MS
Calcd. for C,3H,gN,0,, 364.48 ; Found 365.57 ; [M + H]"

Synthesis of (E)-4-(2-(3-(2-(5'-methyl-[2,2'-bipyridin]-5-yl)vinyl)-9H-
carbazol-9-yl)ethyl)morpholine (24), (E)-4-(4-(3-(2-(5'-methyl-[2,2'-
bipyridin]-5-yl)vinyl)-9H-carbazol-9-yl)butyl)morpholine (25) and (E)-
4-(6-(3-(2-(5'-methyl-[2,2'-bipyridin]-5-yl)vinyl)-9H-carbazol-9-
yl)hexyl)morpholine (26)
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The monophosphonate ester derivative (13) (100 mg, 0.3121 mmol) was taken in a
two neck RB flask in an inert atmosphere and dry THF (20 mL) was added to
dissolve the content. NaH (37 mg) dissolved in dry THF (10 mL) was added drop
wise to it using pressure equalizer at 0 °C. The stirring was continued for 15 min.
Then the required aldehyde derivative (21) 96.269 mg, 0.3121 mmol or (22)
104.99 mg, 0.3121 mmol or (23) 113.75 mg, 0.3121 mmol) dissolved in dry THF
(20 mL) was added dropwise using a pressure equalizer. The mixture was then
refluxed at 60 °C for 12 h. The excess NaH was quenched by adding methanol and
the mixture was poured into water and then extracted with DCM. It was dried
under reduced pressure and purified by column chromatography (SiO,, 6 %
MeOH/DCM). Yield: 74%.

24: 'H NMR (CDCls, 500 MHz, TMS) & (ppm): 8.78 (d, 1H, J = 2 Hz), 8.51 (s,
1H), 8.36 (d, 1H, J = 8.5 Hz), 8.30 (d, 1H, J = 8 Hz), 8.25 (d, 1H, J = 1 Hz), 8.13
(d, 1H, J=7.5Hz), 8.00 (dd, 1H, J =6 Hz and 2.5 Hz), 7.70 (dd, 1H, J =7 Hz and
1.5 Hz), 7.63 (dd, 1H, J = 7 Hz and 2 Hz), 7.50-7.47 (m, 1H), 7.43-7.40 (m, 3H),
7.28-7.25 (m, 1H), 7.16 (d, 1H, J = 16 Hz), 4.44 (t, 2H, J = 7.5 Hz), 3.70 (t, 4H, J
= 6.5 Hz), 2.78 (t, 2H, J = 3 Hz), 2.55 (t, 4H, J = 4 Hz), 2.31 (s, 3H); *C NMR
(CDCl, 125 MHz,)) & (ppm): 154.5, 153.5, 149.6, 147.8, 140.7, 140.4, 137.4,
133.3, 133.2, 133.0, 131.6, 128.2, 126.1, 124.6, 123.3, 122.9, 122.1, 120.6, 120.5,
120.4, 119.4, 119.0, 108.9, 108.8, 66.9, 56.6, 54.0, 41.1, 18.38; HRMS: MS
Calcd. for C3;H3N4O, 474.24 ; Found 475.2492 ; [M + H]"

25: 'H NMR (CDCls, 500 MHz, TMS) & (ppm): 8.78 (d, 1H, J = 2 Hz), 8.51 (s,
1H), 8.36 (d, 1H, J = 8.5 Hz), 8.30 (d, 1H, J = 8 Hz), 8.26 (d, 1H, J = 1 Hz), 8.13
(d, 1H, J = 7.5 Hz), 8.00 (dd, 1H, J = 6 Hz and 2.5 Hz), 7.70 (dd, 1H, J = 7 Hz and
1.5 Hz), 7.62 (dd, 1H, J = 7 Hz and 2 Hz), 7.50-7.47 (m, 1H), 7.43-7.40 (m, 3H),
7.28-7.25 (m, 1H), 7.16 (d, 1H, J = 16 Hz), 4.33 (t, 2H, J = 7.5 Hz), 3.67 (t, 4H, J
= 6.5 Hz), 2.39 (s, 3H), 2.37-2.32 (m, 6H), 1.96-1.90 )m, 2H), 1.59-1.54 (m, 2H);
3C NMR (CDCls, 125 MHz) & (ppm): 154.5, 153.5, 149.6, 147.8, 140.8, 140.4,
137.4, 133.3, 133.2, 132.9, 131.6, 128.0, 125.9, 124.5, 123.3, 122.8, 122.0, 120.6,
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120.5, 120.4, 119.2, 119.0, 108.9, 108.9, 66.9, 58.3, 53.6, 42.9, 26.7, 24.1, 18.3;
HRMS: MS Calcd. for C33H3,N40, 502.27 ; Found 503.2801 ; [M + H]"

26: '"H NMR (CDCl;, 500 MHz, TMS) & (ppm): 8.78 (d, 1H, J = 2 Hz), 8.51 (s,
1H), 8.36 (d, 1H, J = 8.5 Hz), 8.30 (d, 1H, J = 8 Hz), 8.25 (d, 1H, J = 1 Hz), 8.13
(d, 1H, J = 7.5 Hz), 8.00 (dd, 1H, J = 6 Hz and 2.5 Hz), 7.70 (dd, 1H, J =7 Hz and
1.5 Hz), 7.63 (dd, 1H, J = 7 Hz and 2 Hz), 7.50-7.47 (m, 1H), 7.43-7.40 (m, 3H),
7.28-7.25 (m, 1H), 7.16 (d, 1H, J = 16 Hz), 4.44 (t, 2H, J = 7.5 Hz), 3.69 (t, 4H, J
= 6.5 Hz), 2.34 (s, 3H), 2.29-2.26 (m, 4H), 1.90 (t, 2H, J = 7.5 Hz), 1.47-1.42 (m,
2H), 1.40-1.34 (m, 6H); **C NMR (CDCl;, 125 MHz) & (ppm): 154.5, 153.5,
149.6, 147.8, 140.8, 140.5, 137.4, 133.4, 133.2, 133.0, 131.7, 127.9, 125.9, 124.5,
123.2, 122.8, 122.0, 120.6, 120.5, 119.2, 119.0, 108.9, 108.8, 66.9, 58.9, 53.7,
43.1, 28.9, 27.2, 27.1, 26.3, 18.39; HRMS: MS Calcd.. for CzsH33N4O, 530.30 ;
Found 531.3119 ; [M + H]+

Synthesis of 2-(2-(2-methoxyethoxy)ethoxy)ethyl 4-
methylbenzenesulfonate (28)

Sodium hydroxide (12 g) was dissolved in 50 mL water taken in a 250 mL round
bottom flask. To this 15 g triethylene glycol monomethyl ether (dissolved in 20
mL THF) was added dropwise and stirred well at ice cold temperature. p-
toluenesulfonyl chloride (30 g) dissolved in 50 mL THF was added drop wise to
this reaction mixture at the ice cold temperature. The stirring was continued for 6
more hours. The reaction mixture was added to water taken in a beaker and
extracted with water. The organic layer was washed several times with water to
remove all sodium hydroxide present. The organic layer was then concentrated and
dried under reduced pressure. The product was obtained as colourless liquid.
Yield: 60 %. The product was directly used for the next reaction.

Preparation of 9-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-carbazole
(29)

A solution of carbazole (5 g, 29.9 mmol) in dry DMF was added drop wise under
argon atmosphere at 0 °C to a suspension of NaH (2.145 g, 149 mmol) in DMF (

10 mL). The resulting white suspension was stirred for 30 min. A solution of 28
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(12.29 g, 38.87 mmol) in dry DMF (20 mL) was added drop wise and the reaction
mixture was stirred at ambient temperature for 60 h. The mixture was then poured
in to 500 mL of ice water to give a brown suspension that was washed with hexane
and extracted with ethyl acetate. The crude solution was then dried under reduced
pressure and purified by column chromatography (SiO2, 80% Ethyl
acetate/Hexane). Yield: 77%.

29: 'H NMR (CDCls, 500 MHz, TMS) & (ppm): 8.10 (d, 2H, J = 8 Hz), 7.48 —
7.45 (m, 2H), 7.39 (d, 2H, J = 8 Hz), 7.25 — 7.22 (m, 2H), 4.51 (t, 2H, J = 6 Hz),
3.89 (t, 2H, J = 6 Hz), 3.55 — 3.42 (m, 8H), 1.65 (s, 3H); *C NMR (CDCls, 125
MHz,) 6 (ppm): 134.1, 122.8, 121.7, 109.6, 71.8, 71.2, 70.64, 70.5, 69.3, 57.4; ESI
MS: MS Calcd for C;9H,3NO;, 313.17 ; Found 314.20; [M + H]*

Synthesis of 9-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-carbazole-3-
carbaldehyde (30)

POCI; (6.3 mL, 68.4 mmol) and dry DMF (5 mL, 68.4 mmol) were taken in a two
neck round bottom flask in an inert atmosphere and at 0 °C. The mixture was
stirred well for 2 h. A light yellow colour indicated the formation of the ylide.
After 2 h, the compound 29 (1 g, 3.13 mmol) dissolved in dry DMF (10 mL) was
added to the ylide at 0 °C and the stirring continued for 6 h. Then the reaction
mixture was poured into ice and stirred well. The mixture was boiled at 80 °C and
dilute NaOH solution was added. The reaction mixture was cooled to room
temperature and the crude product was extracted with dichloromethane and dried
over anhydrous Na,SO,. The purification was done by column chromatography
(Si0,, 4 % MeOH/EtOAC). Yield: 60 %.

30: *H NMR (CDCl,, 500 MHz, TMS) & (ppm): 10.08 (s, 1H), 8.61 (d, 1H, J =1
Hz), 8.12 (d, 1H, J = 7.5 Hz), 8.09 (dd, 1H, J = 7 Hz, and 1.5 Hz), 7.54- 7.51 (m,
1H), 7.48- 7.45 (m, 2H ), 7.33- 7.26 (m, 1H), 4.51 (t, 2H, J = 6 Hz), 3.89 (t, 2H, J
= 6 Hz), 3.55- 3.42 (m, 8H), 1.65 (s, 3H); *C NMR (CDCls, 125 MHz,) & (ppm):
189.1, 139.8, 135.4, 126.7, 119, 109.6, 71.8, 71.2, 70.64, 70.5, 69.3, 57.4; ESI
MS: MS Calcd for C,oH,3NO, , 341.16 ; Found 341.19 ; [M]”
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Synthesis of (E)-9-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-3-(2-(5'-
methyl-[2,2'-bipyridin]-5-yl)vinyl)-9H-carbazole (31)

The monophosphonate ester derivative (13) (200 mg, 0.624 mmol) was taken in a
two neck RB flask in an inert atmosphere; dry THF (20 mL) was added. NaH (76
mg) dissolved in dry THF (10 mL) was added dropwise to it using a pressure
equalizer at 0 °C. The stirring was continued for 15 min. Then the aldehyde
derivative (20) (213 mg, 0.624 mmol) dissolved in dry THF (20 mL) was added
dropwise using a pressure equalizer. The mixture was ten refluxed at 60 °C for 12
h. Excess NaH was quenched by adding methanol and the crude solution was then
poured in to water and then extracted with DCM. The organic layer was collected,
dried under reduced pressure and the residue was purified by column
chromatography (SiO,, 6 % MeOH/DCM). Yield: 78%.

31: 'H NMR (CDCls, 500 MHz, TMS) & (ppm): 8.78 (d, 1H, J = 2 Hz), 8.51 (q,
1H, J=0.5Hz), 8.36 (d, 1H, J = 8.5 Hz), 8.30 (d, 1H, J=8 Hz),8.25(d, 1H,J =1
Hz), 8.12 (d, 1H, J = 7.5 Hz), 8.00 (dd, 1H, J = 6 Hz and 2.5 Hz), 7.69 (dd, 1H, J =
7Hzand 1.5 Hz), 7.62 (dd, 1H, J =7 Hz and 2 Hz), 7.48-7.46 (m, 1H), 7.43 — 7.40
(m, 3H), 7.28- 7.25 (m, 1H), 7.16 (d, 1H, J = 16 Hz), 4.51 (t, 2H, J = 6 Hz), 3.89
(t, 2H, J = 6 Hz), 3.55- 3.42 (m, 8H), 2.40 (s, 3H), 1.65 (s, 3H); *C NMR (CDCls,
125 MHz,) 6 (ppm): 154.5, 153.5, 149.6, 147.8, 141.1, 140.7, 137.47, 133.3,
131.7, 128.2, 126, 124.5, 123.35, 122.9, 122.05, 120.69, 120.50, 119.4, 118.9,
109.1, 109.1, 71.8, 71, 70.6, 70.5, 69.3, 58.9, 18.4; ESI MS: MS Calcd. for
C32H33N303, 507.25 ; Found 508.2606 ; [M + H]*

2.5.2 Measurements

Optical Measurements: Electronic absorption spectra were recorded on a
Shimadzu UV-2600 UV-Vis spectrophotometer and emission studies were
performed on Horiba Fluorolog — 3 Jovin Yoon. The stock solution of all the
molecules and Zn(CIO,4), was prepared in dry acetonitrile. The pH solutions were
made by using phosphate buffer/ MES buffer and pH was adjusted using dilute
HCI/NaOH solution.
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Determination of the detection limit: The detection limit was calculated based
on the fluorescence titration curve of CBL2 in the presence of Zn** (0-10 puM).
The fluorescence intensity of CBL2 and the standard deviation of the blank
measurement were determined three times. The detection limit was calculated with
the following equation:

Detection limit = 3o/kK
where ¢ is the standard deviation of the blank measurement, and K is the slope
between the fluorescence intensity and Zn** concentrations.
Cell Culture: The human cancer cell line HelLa (cervical cancer) was obtained
from American Type Culture Collection (ATCC, Manassas, VA, USA). The
fibroblast-like murine pre-adipocyte cell line 3T3L1 was obtained from the Inter-
University Centre for Genomics and Gene Technology, University of Kerala
(Thiruvananthapuram, India). Cells were maintained in DMEM with 10% FBS and
under an atmosphere of 5% CO, at 37 °C.
Cytotoxicity Experiments: The growth inhibition capacity of the probe CBL2
was evaluated on cancer (HeLa) and normal cells (3T3 L1) by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as previously
reported. Cell suspension of 5x10° cells/well (100 pL ) were seeded in a 96 well
plate and 100 pL of CBL2 at various concentrations (1 pM to 1M) and
doxorubicin (Dox,1 uM ) was similarly added as a positive control. The plates
were then incubated for 24 h in a CO, incubator. After incubation, 20 uL MTT (5
mg/mL) was added to each well and incubation was continued for an additional 2
h. The insoluble formazan crystals formed were solubilized by the addition of 100
puL MTT lysis buffer (SDS and dimethyl formamide) followed by an incubation of
4 h and the absorbance was measured at 570 nm using a microplate
spectrophotometer (BioTek, Power Wave XS).
Proliferation [%] = Asample / Acontrol X 100
Inhibition [%] = 100 - % Proliferation
Subcellular Colocalization Imaging: For fluorescence imaging, the culture

medium was removed and the cells were washed with phosphate buffered saline
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(PBS pH 7.4) twice. For labeling of lysosomes and mitochondria, HeLa cells were
treated with Lyso-Tracker Red (50 nM) and Mito-Tracker Red (100 nM) in PBS
(pH 7.4), 20 min prior to imaging and for nuclear staining, cells were treated with
Hoechst 33342 (1 pg/mL) in PBS, 15 min prior to imaging. The cells were then
co-stained with 10 uM CBL2 for 20 min and fluorescent images were acquired as
described above. Images were collected in the wavelength range of 440-480 nm
(blue) for Hoechst 33342 and 640—700 nm (red) for Lyso-Tracker Red and Mito-
Tracker Red. Similarly co-localization experiments were also performed with non-
targetd probe CBG (1 mM) against Lysotracker as explained above. Fluorescence
imaging experiments were performed under an inverted fluorescence microscope
using a green, red and yellow channel (Olympus 1 X 51, Singapore). The
fluorescence was collected in the wavelength range of 540-580 nm (green), 590-
650 nm (yellow) and 640—700 nm (red), respectively. Image processing was
performed with Progress software. Image analysis was performed with Image J
and Matlab R2014a software. The co-localization was calculated using Pearson’s
correlation coefficient (r) and Manders overlap coefficients (R). The Pearson’s
correlation and Manders overlap coefficients (r and R, respectively) are defined by
z (S1i — Slmean)= (52i— S 2mean)

F=
.JE (51i— Slmean)” = (S2i— §2mean)”

D S1ixS2i
R= _ _
VD (S1)? x 3 (S2i)?

where S1i represents signal intensity of pixels in the channel 1 and S2i represents

signal intensity of pixels in the channel 2; SImean and S2 mean reflect the average
intensities of these respective channels. r is invariant to background and intensity
scales, and thus, a robust estimator for co-localization. All data were expressed as
mean + standard deviation.

Intracellular pH Dependent Studies: Cells (HeLa) were incubated at 37 °C for
30 min in high K" buffer (30 mM NaCl, 120 mM KCI, 1 mM CaCl,, 0.5 mM
MgSO,;, 1 mM NaHPO4, 5 mM glucose , 20 mM sodium acetate, 20 mM
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MES) of various pH values ( pH 4- 7). Next 25 puL (10 uM), a H'/K" antiporter
Nigericin was added and incubated for 15 min to equilibrate the intracellular pH
with the pH buffer. The cells were then incubated with 25 pL of the probe CBL2
(10 uM) for 30 min, washed and observed under an inverted fluorescence
microscope using a green and yellow channel (Olympus 1X51, Singapore). Image
processing was performed with Progress software and Image analysis was
performed with Image J.

Zn** Generation and Chelation Studies: The efficiency and sensitivity of CBL2
towards varying concentration of intracellular Zn* were evaluated using
intracellular zinc generators and chelators. HeLa cells (60% confluent cultures in
serum free medium) were treated with a membrane permeable metal ion chelator
N,N,N' N'-Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN, 20 uM) for 20 min
(25uL). Similarly, cells were incubated with hydrogen peroxide (H,O,, 50 uM) for
30 min which is a strong oxidant and an endogenous Zn*" generator. Further,
another set of experiment was performed on cells after subjecting them to TPEN
exposure (20 uM) for 20 min after their treatment with H,O,, (50 uM) for 30 min.
Subsequently, cells were incubated with CBL2 (c = 1 x 10 M) for 30 min,
washed and observed under an inverted fluorescence microscope after counter
staining with Hoechst 33342 as described above.

Tracing Intracellular pH Changes with Regulators. HeLa cells grown under
serum free conditions were incubated with various regulators proven to alter
cellular H* concentration. HeLa cells were exposed to a 200 uM chloroquine (20
pL) solution for 30 min which can cause an increase in lysosome pH. Similarly,
HeLa cells were incubated with 100 nM bafilomycin (30 pL) for 60 min.
Dexamethasome can cause a decrease in the cytoplasmic pH and could initiate
apoptosis at higher concentrations. In order to study the apoptosis, cells were
incubated with 25 pL dexamethasome (2 puM) for 30 min. Along with the
respective treatments, CBL2 (c = 1 x 10™ M) was also incubated with the cells
and kept at 37 °C, washed and observed under an inverted fluorescence

microscope as mentioned before.
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Intracellular Zn** Variation During Apoptosis: It was established that the Zinc
chelator TPEN at higher concentration could induce ROS formation through Zinc
depletion and initiate DNA damage and subsequent apoptosis. For this HeLa cells
were nutrient starved and was treated with 25 uLL TPEN (30 uM) for 6-24 h under
an atmosphere of 5% CO, at 37 °C. After the respective treatment period is over,
cells were incubated with CBL2 and images were observed as described before.
In order to confirm TPEN induced apoptosis, acridine orange —ethidium bromide
staining assay was perfomed on cells after TPEN treatment. Acridine orange-
ethidium bromide dual staining is commonly used to detect apoptosis in vitro
based on the differential uptake of two fluorescent DNA binding dyes by viable
and nonviable cells and the experiments were performed as described previously.
Cells were observed under an inverted fluorescence microscope in the green
channel (Olympus 1X51, Singapore) to view apoptotic or non-apoptotic cells.
Apoptotic cells will change the color from green to yellow/red, which is associated
with other apoptotic features such as the presence of apoptotic bodies, damaged
cell membrane, and nuclear condensation. Further, the effect of Zn%* on apoptosis
induced by a known chemotherapeutic agent (Dox) which is not an ion chelator
was also investigated in the same manner as mentioned above after administration
of 1 uM Dox for the above mentioned intervals.

Statistical Analysis: The data are expressed as the mean + standard deviation (SD)
of three replicates. Images were analysed using Image J software (version 1.48,
NIH, USA) and MATLAB R 2014a software (The MathWorks, Inc. USA) using

custom made algorithms.
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L
Lysosome Targeting Cyclometalated Ir(1ll) Complexes

with Extended n-Conjugation as Potential Sensitizer for
Photodynamic Therapeutic Applications
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3.1. Abstract

Cyclometalated Ir(I11) complexes facilitate efficient intersystem crossing due to
their large spin-orbit coupling value which leads to quantitative/higher population
of the triplet excited state of the molecule. This property of Ir(l111) complexes make
them potential candidates as photosensitizers for photodynamic therapy of tumors
and skin diseases. However, the molar absorption coefficient in the visible spectral
region is small, which limits their therapeutic applications. Here we report two
cyclometalated Ir(l11) complexes, IrL1 and IrL2 having good molar absorption
coefficient values in the visible region. We carried out detailed photophysical

studies including triplet quantum vyield, singlet oxygen quantum vyield and
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photostability, clearly revealing the efficiency of IrL2 over IrL1 as PS. IrL2
localizes mainly in lysosome and displayed notable PDT effect in MDA-MB-231
cells, due to efficient generation of reactive oxygen species with a quantum yield of
0.79 at pH 4. The mechanism of cell death was studied through caspase-3/7 and

flow cytometry analyses that clearly established the apoptotic pathway.

3.2. Introduction

Photodynamic therapy is a clinically approved non-invasive therapeutic strategy
which can be employed for cancer treatment. PDT reagents are inactive when they
are alone and can transfer its triplet energy to *0, which in turn is converted to 'O,
upon photoexcitation.>? These reactive oxygen species thus formed is used to cure
the disease and thus is used as an attractive non-invasive modality for cancer
treatment. Organometallic complexes based on ruthenium (Ru) and platinum (Pt)
have been developed as PDT reagents and overcome most of the limitations
associated with commercial PDT drugs based on hematophorphyrin derivatives.’
Later, it was observed that Ru(ll) complexes result in long cell permeation time
and require relatively high concentration because of its poor cell permeability.
Also, Pt (1) complexes were found to induce side effects at unintended sites.”

In the past decade, there has been a significant increase in the use of
cyclometalated Ir(111) complexes for biological applications including cancer
research.’ Ir(111) usually facilitates efficient intersystem crossing due to its large
spin-orbit coupling value which leads to quantitative/higher population of the
triplet excited state of the molecule. The cellular uptake of the cyclometalated
Ir(111) polypyridine complexes are high due to its greater lipophilicity.® The
inherent cytotoxicity of these cyclometalated Ir(ll1) complexes has been
circumvented by the incorporation of ligands including polyethylene glycol
linkage or specific organelle targeting group.’

The molar absorption coefficient in the visible spectral region are small,
which  limits Ir(l1ll) complexes to be used as triplet PSs for therapeutic
applications.® The weak absorptivity of the cyclometalated Ir(l11) complexes in the

visible spectral region is due to two reasons (i) the lack of coordination ligands
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that show strong absorption of visible light. For example, the typical diimine
ligand, 2,2'-bipyridine, shows absorption only in the UV region. (ii) The typical Sq
— MLCT transition is featured by weak absorption.” Furthermore, these
complexes usually show a short T, lifetime. An approach to prepare Ir(lll)
complex that shows strong absorption in the visible region is to attach a visible
light-harvesting chromophore, to the coordination center. However, this method
generally does not lead to the formation of Ir(l1l1l) complexes having effective
absorption of visible light, i.e., the excitation energy harvested by the chromophore
cannot be funneled efficiently to the coordination center or the triplet excited state
manifold.™

Transition metal complexes showing strong absorption in the visible region
can be prepared by introducing m-conjugation between the coordination center and
the light-harvesting antenna, or by direct metalation of the light-harvesting
ligand.**™® The chromophore of Bodipy, dipyrrinato ligand is generally used for
the preparation of Ir(I11) complexes that shows strong absorption in the visible
range (complexes 1-7, Figure 3.1).** All these complexes show strong absorption
around 470-485 nm (¢ = 38000 M™ cm™). There is an earlier report on Bodipy-
containing Ir(111) complex, 8 which shows strong absorption of visible light (¢ =
83600 M™ cm™ at 501 nm) and a long lived Bodipy-localized °IL state (tr = 25
us).’* However, the m-core of the Bodipy unit is not directly linked to the
coordination center, thus the heavy atom effect is not prominent. Connecting the nt-
core of Bodipy to the Ir(lll) coordination center via alkyne bond may improve
ISC. Following this idea, Zhao et al., prepared two Ir(l1l) complexes, 9 and 10
where the Bodipy unit is tethered to the ligand in 9 (no m-conjugation exists
between the coordination center and the Bodipy unit).* In 10, however, the
Bodipy unit is directly n-conjugated to the coordination center via a C-C triple
bond. Strong absorption of the visible light was observed for both 9 (¢ = 71400 M™
cm™ at 499 nm) and 10 (¢ = 83000 M cm™ at 527 nm). Singlet oxygen quantum
yield for 10 was found to be 97% and that of 9 was 52% which indicated the

efficiency of ISC. These results indicate that attaching a fluorophore to the
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coordination center via a m-conjugation linker is a useful method for the design of

Ir(111) complexes that show effective strong absorption of visible light.
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Figure 3.1: Molecular structures of 1-1

Yang and coworkers designed and synthesized a phosphorescent cationic
Ir(111) complex (11) with a donor-n-donor type unit as a N*N ligand and 2-
phenylpyridine as a C*N ligand."™ The complex 11 exhibits an intense absorption
peak centered at ~ 450 nm with a large molar extinction coefficient (¢) ~ 2.4 x
10* M~' cm™" and also have highly efficient orange-red phosphorescence located at
620 nm with a quantum efficiency of ~3% in PBS buffer solution at room
temperature. The singlet oxygen generation (*O,) by 11 was observed by 730 nm
continuous wave (CW) laser irradiation owing to its reverse saturable absorption
property, which was confirmed by the 'O, scavenger of 1,3-diphenylbenzo[c]furan
(DPBF) and ESR spectra. The photodynamic therapy effect of 11 in vivo by a 730
nm CW laser was further assessed by histological examination and

immunohistochemistry.
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Figure 3.2: (a) Molecular structure of compound 11. (b) Absorption spectra of the N*N ligand (black solid
line) and 11 (red solid line) and phosphorescence spectra of the NAN ligand (black dashed line) and 11 (red
dashed line) in DMSO/PBS (1/49 v/v) solution. (d) Molecular structure of 12.

Drape et al., have reported Bodipy bridged binuclear Ir(111) complex 12.'°
The strong visible light-harvesting ability of 12 is due to the presence of a second
metal center, and hence performs better than their mononuclear transition metal
analogues. The fluorescence of the Bodipy moieties was substantially quenched by
efficient intersystem crossing. The strong intraligand (°IL) character of the T; state
is responsible for the long-lived triplet excited states of the complex. The authors
also prepared a binuclear Ru-complex where Ir was replaced by Ru in 12. This
complex was used as a triplet PS for two triplet—triplet energy transfer related
processes, TTA (Triplet-Triplet Annihilation) upconversion and singlet oxygen
generation. In both applications, 12 exhibited improved performance when
compared to other reported complexes. With DPA as a triplet acceptor, 12 shows a
high upconversion quantum yield (FUC = 25.5%). The singlet oxygen quantum
yield of 12 was observed to be 74.9%. The photodynamic activity of the complex

12 was studied in the HeLa cells and showed minimal cytotoxicity in the dark. The
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complex 12 exhibits unusual low energy and intense absorption and hence is an
effective PS for PDT. The cytotoxicity was found to increase up on laser

irradiation and the cell death mechanism follows the apoptotic pathway.®
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Figure 3.3: (a) Molecular structures of 13-15. (b) Internalized 13 and 14 detected inside HelLa cells after
incubation for 24 h with 5 x 107 M. Scale bar: 5 um. (¢) Hela cells survival after exposure for 24 h to 13
and 14 at different concentrations followed by 6.8 J cm2 of green or red light irradiation (for 13 and 14,

respectively). Cell viability was evaluated by MTT assay 24 h after each treatment.

The biscyclometalated Ir(I11) complexes reported by Palao and co-workers
have Bodipy-based ancillary ligands, where the Bodipy unit is grafted to different
chelating cores (acetylacetonate for 13 and 14, and bipyridine for 15) at the meso
position.” These complexes with the Bodipy moiety directly grafted to
acetylacetonate (13 and 14) exhibit higher absorption coefficients (¢ = 4.46 x 10*
M™ cm™ and 3.38 x 10* M™* cm™ at 517 nm and 594 nm, respectively), higher
moderate fluorescence emission (¢ = 0.08 and 0.22 at 528 nm and 652 nm,
respectively) and, in particular, more efficient singlet oxygen generation upon

visible-light irradiation (¢, = 0.86 and 0.59, respectively) than that exhibited by 15

(da = 0.51, but only under UV light). Phosphorescence emission, nanosecond time-
resolved transient absorption, and DFT calculations suggest that Bodipy-localized

long-lived ®IL states are populated for 13 and 14. In vitro PDT activity studied for
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13 and 14 in HelLa cells shows that such complexes are efficiently internalized into
the cells, exhibiting low dark- and high photocytoxicity, even at significantly low

complex concentration, making them potential therapeutic agents.*’
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Figure 3.4: (a) Molecular structures of 16-19. (b) UV-Vis spectra and fluorescence emission spectra of 16-

Ir complex Overlay

19 (20 uM) in acetonitrile at 298 K. The Ir(lll) complexes were excited at 405 nm. (c) Colocalization of 16
with Lysotracker Red (10 uM, 1 h) and LTDR (Lyso Tracker Deep Red)(150 nM, 0.5 h, Aex = 633 nm). (d)
pH-dependent 'O, quantum yields of 16-19 in PBS. Ir(lll) complexes were excited at 425 nm by an light-
emitting diode light array (4 mW c¢m-2, 300 s).

Mao and co-workers have reported four phosphorescent cyclometalated

Ir(111) complexes containing benzimidazole moiety (16-19) (Figure 3.4). Among
the four Ir(l11) complexes, 19 have the maximum value of molar extinction
coefficient, 3.12 x 10* M™* cm™ at 380 nm."®* These complexes show potent
antimetastatic and lysosome-damaged PDT effects. The complexes 16-19 can
inhibit several key cancerous events, including cell migration, invasion, colony
formation, and in vivo angiogenesis. Because of their pH-dependent
phosphorescence, they show an enhanced emission in lysosomes. Upon low-
energy irradiation, 16-19 can initiate cancer cell apoptosis through ROS elevation,
caspase activation, and lysosomal damage. The complex 19 also shows potent in
vivo antitumor effect after PDT. The major problem associated with these PSs is

the weak absorption in the visible region. Thus, synthesis of organelle targeted
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Ir(111) complexes having high absorption coefficient in the visible region is of
great significance.

As we mentioned earlier, the incorporation of highly conjugated
chromophore is considered as one of the best methods to achieve high molar
extinction coefficient in the visible region. In Chapter 2, we discussed about the
lysosome targeting organic probe, 20 (Figure 3.5a) for lysosome targeted pH and
Zn*" imaging.'® Previously, we have reported a highly efficient two photon active
Zn** imaging probe 21 as shown in the Figure 3.5b.%° The molar extinction
coefficients reported for the molecules are 4.15 x 10* M cm™ at 362 nm for 20
and 7.3 x 10* M™* cm™ at 400 nm for 21. Considering the red shifted absorption of
21 when compared to 20, we have designed two new Ir(lll1) complexes 29 (IrL1)

and 30 (IrL2) in which the lysosome targeting moiety, morpholine is attached.
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Figure 3.5: (a) and (b) Molecular structure of 20 and 21 respectively. (c) Absorption spectrum of 21 in
acetonitrile (c = 10 uM). (d) Absorption spectra of 22 in chlor oform, acetonitrile and PBS buffer (pH 7) (c = 6

M)
Generally, small molecule based targeting groups or ligand modification is

used for specific organelle targeting since the peptide based targeting moieties are
limited for enzymatic degradation.?* Lysosomes are digestive compartment of the

cell in pH range of 4.5-6, containing more than 60 types of acid hydrolases that are
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involved in the degradation of bio-macromolecules into low molecular weight
materials.?? The presence of morpholine group in the complex helps the probe to
localize in the lysosome through lysosomotropism.?

Among the two cyclometalated Ir(111) complexes, IrL1 (29) and IrL2 (30),
IrL2 showed better photophysical properties such as high triplet and singlet
oxygen quantum yields. Accumulation of IrL2 in lysosome was proved by
colocalization with Lyso Tracker Green. The photodynamic therapy study in
MDA-MB-231 cells showed good cytotoxicity upon photoexcitation when
compared to the control, [Ru(bpy)s]Cl,.

3.3 Results and Discussion

3.3.1 Synthesis and Characterization

8 Q;D,OE:
NBS, AIBN = r P(OEt) = N
7\ - . 7 N\ N/ o. (AR \ OEt
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Scheme 3.1: Synthesis of ligand 26 and Ir(lll) dimer 28 (The synthetic protocol for 25 is described in the
Chapter 2, section 2.3.1).
Considering the requirement of an effective PS having good molar

extinction coefficient value in the visible region, we choose ligands 20 and 26 for

preparing the targeted complexes 29 and 30 respectively. The ligands were
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synthesized by multistep synthetic strategy as shown in the Scheme 3.1, where the
synthesis of ligand 20 was explained in the Chapter 2, section 2.3.1. The
morpholine moiety facilitates targeting of lysosome whereas the 2,2'-bipyridine
react with Ir(I11) dimer to form the complex.

The cyclometalated intermediate Ir(ll1) dimer 28 was prepared as per
reported procedure. Reactions of 20 (or 26) and 28 in a 3:1 (v/v) mixture of
ethanol/dichloromethane under argon atmosphere and reflux condition followed by
anion exchange with NH4PF¢ resulted in IrL1 (29) (or IrL2 (30)). The purification
was performed using silica gel column chromatography followed by precipitation
in dichloromethane/hexane mixture with 42 % yield. The details of the synthetic

steps are shown in Scheme 3.1 and 3.2.
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Scheme 3.2: Synthesis of cyclometalated Ir(Ill) complexes IrL1 (29) and IrL2 (30).

The final molecules and intermediates were characterized by 'H NMR, **C
NMR and HRMS analyses. The HRMS, both in the positive mode (1003.3675
corresponding to CssHsolfNgO; [M]* (IrL1) and 1321.5445 corresponding to
C76H721rNgO,; [M]* (IrL2) and in the negative mode 144.9643 corresponding to
PFs for both IrL1 and IrL2) were in agreement with the calculated values of
1003.37 , 1321.54 and 144.96 respectively. The melting point of IrL1 and IrL2
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was observed to be 212 + 1 °C and 285 + 1 °C, respectively. Elemental analysis
was comparable with the calculated value as shown in the Table 3.1. *H NMR and
3C NMR spectra of IrL1 and IrL2 were in agreement with their chemical

structures.

3.3.2 Photophysical Properties

The photophysical characteristics of the complexes, IrL1 and IrL2 were
investigated in organic and aqueous solutions such as acetonitrile and phosphate
buffer, respectively. Generally cyclometalated Ir(l11l) complexes show low molar
extinction coefficient in the visible region and hence, singlet oxygen production at
visible light irradiation is lower and limits the application of these complexes for
PDT applications. In our study, interestingly both IrL1 and IrL2 showed intense
absorption in the visible region with high molar extinction coefficients (¢ = 2.82 x
104 M cm™ at 410 nm and € = 5.41 x 10* M™* cm™ at 460 nm, respectively)
(Figure 3.6a).
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Figure 3.6: (a) Absorption and (b) emission of IrL1 and IrL2 in acetonitrile (¢ = 6 UM, Aex = 420 nm for IrL1
and 460 nm for IrL2).
Both, IrL1 and IrL2 showed emission maximum at 600 nm and 640 nm in

acetonitrile, when excited at 420 nm and 460 nm, respectively (Figure 3.6b). The
relatively high emission life time of 500 ns and 800 ns for IrL1 and IrL2,
respectively, in acetonitrile indicated the phosphorescent emission of the complex.
The respective phosphorescence quantum yield of IrL1 and IrL2 in acetonitrile
was found to be 0.011 and 0.018 (absolute quantum yield). The absorption spectra
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were broadened when we measured in PBS buffer at pH 7 due to the formation of
aggregates at 6 pM concentration (Figure 3.7). Absorption maximum remained

same in all the pH conditions and then we monitored pH dependent emission. On

changing pH from 4 to 9, the emission intensity was almost unaltered, which

shows that the protonation at morpholine nitrogen has no influence in emission

intensity.
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Figure 3.7: (a) Absorption spectra of IrL1 and IrL2 in PBS buffer (pH = 7, dashed line corresponds to the

absorption in acetonitrile for a comparison, ¢ = 6 pM). (b) pH Dependent emission change of IrL1 (Aex = 420

nm) and IrL2 (Aex = 460 nm) in PBS buffer.
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Figure 3.8: DLS analysis of (a) IrL1 and (b) IrL2 in different pH from 4-8 (c = 6 uM).

The detailed investigation on aggregation of IrL1 and IrL2 was carried out

using DLS analysis. As shown in Figure 3.8, the size of the aggregates increased
with increasing pH for both IrL1 and IrL2. The aggregate size was observed to be
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less in the acidic pH which is due to the morpholine group attached to the PS
where protonation at the morpholine nitrogen favors better solubility at lower pH.
While comparing IrL1 and IrL2, in the acidic pH, size of the aggregates is less for
IrL2. The presence of two morpholine groups in IrL2 leads to higher protonation

and better solubility. The size of the aggregates is tabulated in the Table 3.2.

Compound pH4 pHS5 pH6 pH7 pHS8
IrL1 27 35 60 100 270
IrL2 10 14 25 95 450

Table 3.2: pH Dependent size (nm) variation of IrL1 and IrL2 in different pH from 4 — 8 (c = 6 pM).

3.3.3 Energy transfer efficiency
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Figure 3.9: Cyclic voltammetry analysis of (a) IrL1 and (b) IrL2 at a scan rate of 50 mV/s in
tetrabutylammonium hexafluorophosphate electrolyte dissolved in acetonitrile and insets show the CV of the
reference, ferrocene. (c) The calculated energy levels of HOMO, LUMO and triplet state of IrL1, IrL2 and

ground state oxygen (°0.) absorption.
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Cyclic voltammetry measurements were performed to determine the
oxidation potential and the HOMO of IrL1 and IrL2 while band gap was
calculated from the onset of absorption. The HOMO was measured by the onset
potential of the Ir(ll1) complex with a ferrocene reference using the equation,
HOMO = -(Egnset-of-irqiy VS: Eonsetof-ferocens) — 4.8 €V.** The triplet energy levels were
obtained from the emission maximum. Two excited states of singlet oxygen (‘g
for 762 nm and Ag for 1268 nm) associated to the absorption energy from ground
state oxygen are shown in Figure 3.9. From Figure 3.9c, it is clear that, the singlet
and triplet energy difference of IrL2 is highly favorable for the efficient energy
transfer to molecular oxygen for singlet oxygen generation when compared to
IrL1.

3.3.4 Characterization and Quantification of the Triplet Excited
States

The Ir(l11) derivatives due to their efficient energy transfer to triplet oxygen have
immense potential as efficient sensitizers in photodynamic therapy. Since the
photodynamic activity of the PSs is expected to involve the generation of singlet
oxygen, we aim at studying the excited state properties of IrL1 and IrL2. In order
to characterize the transient intermediates such as triplet excited states in these
systems, we carried out nanosecond laser flash photolysis of IrL1 and IrL2 under
similar conditions.”®> Both the derivatives have sufficient absorption at 355 nm
making it possible to excite them directly with the third harmonic of the Nd:YAG
laser. Figure 3.10 shows the transient absorption spectrum of IrL1 and IrL2 in
acetonitrile obtained after 355 nm laser excitation (500 ns, 60 mJ/pulse). Upon
excitation, IrL2 showed a fairly strong transient absorption with a maximum at
760 nm, with a bleach in the region corresponding to its ground state absorption.
The transient absorption peak for IrL1 was observed at 660 nm. The transient
formed from IrL1 and IrL2 within the laser pulse, decayed by a first-order process
and led to the recovery of the ground state absorption, thereby ruling out the

formation of any permanent products or degradation of the PS under these
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conditions. To characterize the transients involved, we checked the transient
absorption after purging with oxygen under similar conditions. We observed that
the transient absorption was readily quenched by dissolved oxygen, suggesting the

triplet energy transfer to triplet oxygen.
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Figure 3.10: Transient absorption spectra of (a) IrL1 and (b) IrL2 (6 uM) following 355 nm laser pulse
excitation; time-resolved absorption spectra recorded at (a) 0.19, (b) 0.39, (c) 0.83, (d) 1.7, and (e) 4.6 ps.
The transient decay of (c) IrL1 and (d) IrL2 monitored at 660 nm and 760 nm, respectively (Ar-purged and
O, purged).

Further, the formation of triplet excited state was confirmed and quantified
by quenching the transients using [-carotene, a well-known triplet excited state
quencher. Upon addition of B-carotene, which possesses a low energy level triplet
excited state, we observed a quenching of the transient absorption, accompanied
by the growth of a new transient absorption at 515 nm, corresponding to -
carotene triplet excited state. Since the intersystem crossing efficiency in f-
carotene is negligible, the formation of the -carotene triplet excited state upon
laser excitation of IrL1 and IrL2 clearly confirms the involvement of triplet

excited states of these PSs. Furthermore, the triplet excited state quantum yield
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(b1) of IrL1 and IrL2 was measured by energy transfer to [-carotene using
tris(bipyridyl)-ruthenium(ll) complex as the reference. The quantum yield value
was found to be 0.91 £ 0.02 for IrL2 and 0.65 = 0.02 for IrL1.

3.3.5 Singlet Oxygen Quantification
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Figure 3.11: (a, c) Absorption (b, d) emission change of DMA in presence of IrL1 and IrL2 upon irradiation (t

= 0-300 s) in acetonitrile and insets show the secondary plot (t =0 - 300 s, Aex = 360 nm, cipma) = 10 uM and

CurLanr2) = 6 UM).
Enhanced triplet quantum yields are always favorable for the efficient

generation of singlet oxygen. Hence, the efficiency of the singlet oxygen
generation upon photoexcitation by the complexes IrL1 and IrL2 were examined.
9,10-Dimethyl anthracene (DMA) was used as the singlet oxygen scavenger and
the absorption and emission was monitored in the presence of IrL1 and IrL2. As
shown in the Figure 3.11, the decrease in absorption and emission of DMA is more

for IrL.2 when compared to IrL1 on irradiating with 420 nm long pass filter over a

period of 0-300 s.
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Figure 3.12: Quantum yield calculation of IrL1 and IrL2 using DMA in methanol and [Ru(bpy)s]Cl. as the
reference standard. Here we took the optically matched solution of the three PSs and the change in
absorbance of DMA was monitored in each time interval during irradiation (t = 0-30 s, Air = 420 nm long
pass filter, coma) = 10 uM).

The quantum vyields of singlet oxygen generation were determined
indirectly by monitoring the photo-oxidation of 9,10-dimethyl anthracene through
absorption spectroscopy.? A solution of the PS (IrL1 and IrL2) and DMA was
irradiated using 420 nm long pass over a period of 0-30 s, and the decrease in the
absorption peak at 360 nm of DMA was calculated in each time interval of 5 s.
The quantum vyields for the generation of singlet oxygen were evaluated for IrL2
or IrL1 taking reference sensitizer [Ru(bpy)s]Cl, (®, = 0.83), under similar
conditions. Yields for the generation of singlet oxygen were calculated by plotting
the reduction in absorbance (AOD) of DMA in presence of IrL1 or IrL2 as well as
[Ru(bpy)s]Cl,, against the irradiation time. The plot showed a good linearity as
shown in the Figure 3.12. From the slope and by knowing the singlet oxygen
generation quantum yield of the reference sensitizer (¢, = 0.83), we have
calculated the quantum yields of singlet oxygen generation for IrL1 (0.58 + 0.02)
and IrL2 (0.85 £ 0.02).

We checked the quantum vyields for 'O, production of IrL1 and IrL2 under
light irradiation (420 nm) in aerated buffer solutions (PBS buffer) using steady
state method with 9,10-anthracenediyl-bis-(methylene)dimalonic acid (ABDA) as
the 'O, indicator and [Ru(bpy)s]Cl, as the standard (Figure 3.13). The quantum

yield value of the standard is found to be constant in all the pH range (¢, = 0.18).
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The singlet oxygen quantum yield of IrL1 was low when compared to that of IrL2
under all pH conditions. Also, it is observed that the singlet oxygen quantum yield
was reduced on increasing the pH from acidic to alkaline. This is due to the
formation of aggregates on increasing the pH as discussed earlier.

Mao et al., have reported similar phenomenon in Ir(l11l) complexes where
the ligands are designed to target the lysosome.”” However, the detailed
explanation for variable singlet oxygen quantum yield was not studied. In this
study, we found that the variable solubility of IrL1 and IrL2 in different pH buffer

regulated the quantum yields for *O, production.

'0, Quantum Yield
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Figure 3.13: Singlet oxygen quantum yield in methanol and different pH for IrL1 and IrL2 using ABDA (c =
100 pM). The value is constant in all pH range for the reference standard, [Ru(bpy)s]Cl.. The quantum yield
values for IrL1 and IrL2 change with pH (4(0.42/0.79), 5(0.36/0.74), 6(0.3/0.7), 7(0.23/0.55) and
8(0.16/0.44), respectively) (error limit = + 0.005).

The pH dependent singlet oxygen quantum vyield change was again
confirmed by the pH dependent emission change of ABDA in presence of IrL1
and IrL2 upon irradiation for 300 s. From Figure 3.14 and 3.15, it is clear that the
efficiency of generation of singlet oxygen by IrL2 is high when compared to
IrL1. Also the emission intensity was found to decrease on increasing the pH.

Thus, it is anticipated that IrL1 and IrL2 can photosensitize 'O,
production more efficiently in the acidic region like lysosome and tumor tissues.
To further confirm the singlet oxygen generation, we also monitored singlet

oxygen luminescence at 1270 nm (Figure 3.16). For direct measurement of singlet
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Figure 3.14: pH dependent emission change of ABDA (100 uM) in presence of IrL1 (6 puM) in different pH
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oxygen through NIR luminescence method, we wused Fluorolog-3
spectrofluorimeter connected with an NIR detector and 450 W, Xenon lamp as

light source.
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Figure 3.16: Singlet oxygen luminescence spectra in presence of IrL1, IrL2 and [Ru(bpy)s]Cl, (optically

matched solutions) in acetonitrile (Aex = 450 nm).

3.3.6 Photostability
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Figure 3.17: Photostability of IrL1 and IrL2 compared with the standard; [Ru(bpy)s]Cl- in acetonitrile and the
absorption maximum was monitored against irradiation time (t = 0-30 min).

Photostability is one of the foremost criteria for developing a good
photosensitizer. The absorption spectra was monitored for both the PSs along with
the standard ([Ru(bpy)s]Cl,) on irradiation using 420 nm long pass filter over a
period of 0-30 min. The change in absorption was plotted against time as shown in
the Figure 3.17. IrL2 showed better photostability when compared to IrL1 and

comparable photostability with the standard ruthenium dye.
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3.3.7 MTT Assay

From the photophysical properties and singlet oxygen quantum yield
values, we regarded IrL2 as the best probe to be of use in the biological system.
To investigate the in vitro photodynamic efficacy of IrL2 in cells, we have
adopted 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
assay, which is a standard colorimetric technique used for the measurement of
cellular proliferation (cell growth). MTT is yellow in color, but when reduced, it
transforms to purple formazan by cellular reductase enzymes present in living cells
(Scheme 3.2). The standardization of laser power was done by evaluation of the
cell morphology changes and MTT assay as shown in the Figure 3.18. The cell
morphology was found to be maintained in the laser power of 0.25 W and slowly
degrades on increasing the power. The same result was confirmed by MTT assay
in each laser power. Based on the results, a power of 0.25 W was chosen for

further studies.
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Figure 3.18: (a) The bright field images of MDA-MB-231 cells on irradiation with different laser power at 532
nm. (b) Laser power dependent MTT assay (error limit = + 3%).

The concentration dependent MTT assay was done to analyze the toxicity
of IrL2 in the absence of light. The results showed more than 97% cell viability up
to a concentration of 12 uM, confirming non-cyototoxicity of IrL2 at lower
concentration. Above 12 uM, the cell viability was found to decrease as shown in
the Figure 3.19.
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Cell viability %

Figure 3.19: Cell viability of MDA-MB-231 cells after 24 h incubation with IrL2 at different concentrations.

Cells were cultured in DMEM (10% FBS) at 37 °C, at 5% CO,. Spectra were measured at 570 nm (error limit
=+ 3%).

To determine the photocytotoxicity of IrL2, we have carried out the MTT
assay by irradiating with the probe at different concentrations. It was observed that
the cell viability at lower concentration of IrL2 at pH 7 noticeably reduced to 60%
up on 30 s of irradiation, due to photodynamic effect. At the same time, the
standard [Ru(bpy)s]Cl, showed relatively high cell viability in similar conditions.
We carried out the same experiment in three different concentrations and even
with 1 uM of IrL2, the cell viability decreased much on irradiation (Figure 3.20).

Based on the above results, we choose 1 uM concentration of IrL2 for further
studies.
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Figure 3.20: PDT effect evaluated by the MTT assay. Viability of MDA-MB-231 cells upon treatment with

different concentrations of IrL2 and [Ru(bpy)s]Cl> (10, 5 and 1 uM) in the absence and presence of laser
(532 nm, 0.25 W, t = 30 s) (error limit = £ 3%).
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3.3.8 Cellular Uptake

After standardizing the optimal non-toxic concentration of IrL2, cellular
uptake efficiency with respect to time was assessed. From three different
incubation times, the best uptake efficiency was observed to be at 1 h incubation,
when concentration was 1 uM (Figure 3.21). From Figure 3.21, it is clear that
IrL2 has the tendency to go to the nucleus. This is due to the presence of highly
conjugated planar ligand present in the PS as discussed in Chapter 1, section 1.13.
For all experiments hence forth, IrL2 incubation time is chosen as 1 h and

concentration as 1 pM.

30 min. 60 min. 120 min.

IrL2
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Figure 3.21: The time dependent uptake of IrL2 by MDA-MB-231 cells at different time points (30-120 min).

The merged images show the localization of IrL2 in nucleus.

3.3.9 Intracellular Localization

The intracellular localization of IrL2 was studied using Lyso Tracker Green and
Mito Tracker Green. The results showed that, IrL2 localizes mainly in the

lysosome with a Pearson coefficient of 0.79 (Figure 3.22). The high value is due to
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the presence of two morpholine groups present in IrL2 which helps to accumulate
in the lysosome. It was mentioned in Chapter 1 that the inherent cationic property
of the Ir(I11) complexes helps the probe to accumulate in the mitochondria. In the
present case, we calculated the colocalization with Mito Tracker Green as shown
in Figure 3.22. The Pearson’s coefficient of 0.21 clearly shows lesser extent of
localization within mitochondria. The lysosomal localization of IrL2 will help to
generate localized ROS which can damage the most important cell organelle,

thereby leading to cell death.

Figure 3.22: Colocalization study of IrL2 with (a) Lyso Tracker Green and (b) Mito Tracker Green. The

merged images show good overlap with Lysotracker Green with a Pearson’s correlation coefficient, r = 0.79.

3.3.10 Reactive Oxygen Species Generation

To understand the involvement of reactive oxygen species (ROS), we quantified
the generation of ROS in cells during the PDT treatment with IrL2, using 2',7'-
dichlorodihydrofluorescein diacetate (H,DCFDA) assay.”® In the reduced form,
H,DCFDA is non-fluorescent, but esterases mediated hydrolysis followed by
cellular oxidation of acetate groups results in a green fluorescent derivative (DCF).
When MDA-MB-231 cells were treated with IrL2 and irradiation followed by the
addition of H,DCFDA, we observed fluorescence in ca. 80% of cells. As shown in
Figure 3.23, images showed a gradual and steady increase of ROS production in
the cells with increase in the time interval of laser irradiation. In contrast, IrL2 in
the dark did not show any green fluorescence which establishes the photodynamic

effect.
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Figure 3.23: Singlet oxygen generation in the cellular level through DCFDA study. Time dependent increase
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in green emission shows that the increased production of singlet oxygen is proportional to laser irradiation.

Under control experiments without laser, no ROS production was observed
suggesting that the synthesized IrL2 do not cause any stress to the cells, in the
absence of laser. Quantitative measure of the emission intensity also shows

increased activity on laser irradiation time (Figure 3.24).
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Figure 3.24: Quantitative analysis of fluorescence intensity obtained from DCFDA images. Gradual increase

in the green fluorescence intensity is observed.

3.3.11 Nuclear Response — Cell Death Confirmation

The cells were treated with IrL2 together with the staining agent, Hoechst and

monitored the fluorescence intensity in different conditions (Figure 3.25). The
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fluorescence intensity from the nucleus was observed to decrease after treatment
with IrL2 and laser irradiation indicating major nuclear damage which is a robust
proof of progressive cell death. In contrast, the control experiments (dark and light

condition) showed negligible nuclear damage.

Cell alone Cell +IrL2 Cell + IrL2 + Laser

Figure 3.25: Confirmation of nuclear damage by Hoechst staining in MDA-MB-231 cells- a) control, b) in

presence of IrL2 and c) in presence of IrL2 and laser.

3.3.12 Mechanism of Cell Death

On laser irradiation, IrL2 exhibited high photodynamic activity in cancer cells.
Encouraged by this observation, we made an attempt to understand the cell death
mechanism. The two types of cell death mechanisms include (i) necrosis, which is
caused by factors external to the cell, such as infection, toxins, or trauma which
result in the unregulated digestion of cell components and (ii) apoptosis, which is a
naturally occurring programmed and targeted cause of cellular death. The
activation of caspase-3/7 has been identified as one of the key events in apoptosis.
As compared with the control cells in the dark, negligible increase in caspase-3/7
activity was detected in cells treated with IrL2 or with light irradiation. The green
emission from the nucleus was found to increase with the increase in irradiation
time confirming that the mechanism of cell death was through apoptosis. A
quantitative evaluation of caspase-3/7 activity in MDA-MB-231 cells after
treatment with IrL2 was also carried out at the same condition as shown in the
Figure 3.26. A similar finding of increased green emission from IrL2 treated cells

in the presence of light was observed when compared to both the controls.
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Figure 3.26: (a) Detection of caspase-3/7 activity in MDA-MB-231 cells treating with IrL2 in the absence and
presence of light (c =1 uM, 1 h). The time dependent fluorescence spectra were recorded with caspase-3/7
green detection reagent with 5 nM caspase-3/7 staining dye and imaging was done in specific time interval.
(b) Quantitative detection of caspase-3/7 activity in MDA-MB-231 cells after treatment with IrL2 in the

absence and presence of light.

To understand the mechanism of the PDT activity and cellular damage
induced by IrL2, we performed Annexin V-FITC/PI assay using flow cytometric
analysis. For this, Annexin V-FITC was used together with propidium iodide (PI).
Annexin 'V conjugated with fluorescein isothiocynate (FITC) to label
phosphatidylserine sites on the membrane surface and this phosphatidylserine, a
marker of apoptosis is on the outer leaflet of the plasma membrane during
apoptosis, whereas the Pl can only pass through dead cells. The cell populations
at different phases of cell death, namely, viable (Annexin V-FITC (-ve)/PI (-ve)),
early apoptotic (Annexin V-FITC (+ve)/Pl (-ve)) and necrotic or late-stage
apoptotic (Annexin V-FITC (+ve)/Pl (+ve)) were examined at different drug
doses. The lower left quadrant (Q3) of each panel showed the viable cells, since
they were negative for both Annexin V-FITC and PI, whereas the lower right
quadrants (Q4) represent the apoptotic cells (Annexin V-FITC (+ve)/PI1 (-ve)). The
data produced by the FACS (Fluorescence Assisted Cell Sorting) analysis showed

highest percentage of late apoptotic cells on irradiation (t = 30 s) when compared
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with the dark control (Figure 3.27). This observation confirms the capability of
IrL2 to induce apoptosis in cancer cells upon laser irradiation. On the contrary, the

control cells showed very less number of apoptotic and necrotic cells.
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Figure 3.27: Flow cytometric quantification of annexin V and propidium iodide double-labeled MDA-MB-231
with IrL2 for 2 h in the absence (a) and presence (b) of light (¢ = 10 UM, Air = 532 nm).

Cell alone

Cell with IrL2

Cell with IrL2
+ laser

Figure 3.28: Live-dead cell assay of MDA-MB-231 cells during PDT; control, IrL2 and IrL2 + laser. The
decrease in green emission in the first column indicates the cell death and since IrL2 is red emissive, red
emission cannot be compared with the standard.

The apoptotic pathway was again investigated through the live-dead cell
assay with the nucleic acid binding dyes acridine orange (AO) and PI. Here, PI

could stain only dead nucleated cells to generate red fluorescence and AO stained
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all live and dead nucleated cells to show green fluorescence. Figure 3.28 shows the
fluorescence image from the cells in various conditions. The control shows only
green emission since all the cells are alive. On treating with IrL2, cells showed red
emission due to the emission from the PS. After irradiation, since IrL2 is red
emissive, the cell death is understood through the decrease in emission intensity in

the green channel (Figure 3.28), due to the more uptake of PI in the dead cells.

3.4 Conclusions

We have developed two cyclometalated Ir(l111) complexes, IrL1 and IrL2 as PDT
agents for cancer cells. Both the PSs exhibit good molar extinction coefficient in
the visible region which improve the efficiency of PDT in cells. The triplet
quantum vyield, energy transfer efficiency and singlet oxygen quantum yield values
clearly establish the high efficiency of IrL.2 when compared to IrL1. The presence
of two morpholine units in IrL2 helps to accumulate in the lysosome. The MTT
assay in MDA-MB-231 cells showed the non-cytotoxicity of IrL2 at lower
concentrations and in dark control. The generation of reactive oxygen species in
the cellular level was studied through DCFDA fluorescence study. Finally, the
mechanism of cell death was analyzed through caspase-3/7 activity and flow
cytometry which establish the apoptotic pathway. Overall, this work provides a
new insight into the development of cyclometalated Ir(I11) complexes as organelle

targeted PDT agents having better efficiency.

3.5 Experimental Section

3.5.1 Materials and methods

Unless otherwise stated, all starting materials and reagents were purchased from
commercial suppliers (Sigma Aldrich, Alfa Aesar, Fluka, Merck or Spectrochem)
and used without further purification. DAPI, Lyso Tracker Green, Mito Tracker
Green were also purchased from Sigma Aldrich. Reactions were monitored with

thin layer chromatography on silica gel 60 F254 (0.2 mm; Merck) using UV light
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source at 254 nm and 365 nm. Normal-phase chromatography was carried out
using silica gel (particle size: 60-120 mesh and 100-200 mesh). *H-NMR spectra
were recorded on Bruker Advance 500 NMR spectrometers, and chemical shifts
are expressed in parts per million (ppm). Cell imaging was carried out in an
Epifluorescent Inverted microscope. Acetonitrile used for photophysical
measurements was dried over P,Os and freshly distilled prior to use to ensure

extreme dry condition. PBS buffer was used for pH dependent studies.

3.5.2 Synthesis and characterization

Preparation of diethyl 5,5'-bis(bromomethyl)-2,2'-bipyridine (23)

To a solution of 5,5'-methyl-2,2'-bipyridine (22) ( 2 g, 10.85 mmol) in 50 mL of
dry carbontetrachloride was added N-bromosuccinimide ( 3.86 g, 21.7 mmol) and
AIBN (100 mg). The reaction mixture was refluxed for 12 h at 80 °C. After the
completion of the reaction, the mixture was filtered in the hot condition and the
solvent was removed under reduced pressure. The crude was then purified by
column chromatography (SiO,, 8% EtOAc/DCM) to give a white solid. Yield: 63
%.

'H NMR (CDCl;, 500 MHz, TMS) & (ppm): 8.62 (d, J = 1.5 Hz, 2H), 8.34 (d, J =
8 Hz, 2H), 7.79 (dd, J = 8 Hz, 2.5 Hz), 4.47 (s, 4H). *C NMR (CDCl;, 125 MHz,)
d (ppm): 153.25, 150.28, 136.24, 129.87, 120.22, 34.23. ESI MS: MS Calcd for
Ci2H11 BrN,, 262.01; Found 262.01 (100%) and 264.01 (98%).

Preparation of diethyl tetraethyl ([2,2'-bipyridine]-5,5'-
diylbis(methylene)) bis (phosphonate) (24)

The biphosphonate (24) was prepared by the reaction of the corresponding
dibromo- derivative (23) (1 g, 2.92 mmol) with 2.4 mL (11.69 mmol) of triethyl
phosphite at 100 °C for 12 h followed by the removal of the unreacted triethyl
phosphite under vacuum. Yield: 90%.

'H NMR (CDClg, 500 MHz, TMS) & (ppm): 8.56 (s, 2H), 8.34 (d, J = 8 Hz, 2H),
7.79 (dd, J = 8 Hz, 2.5 Hz, 2H), 4.2 (g, J = 7 Hz, 8H), 3.08 (s, 4H), 1.32 (t, J = 7
Hz, 12H); *C NMR (CDCls, 125 MHz,) & (ppm): 153.55, 150.24, 135.44, 126.21,
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119.18, 65.32, 38.43, 19.21; ESI MS: MS Calcd. for CyH3N,OgP,, 456.16 ;
Found 457.16.

Preparation of 5,5'-bis((E)-2-(9-(4-morpholinobutyl)-9H-carbazol-3-
yl)vinyl)-2,2'-bipyridine (26)

The phosphonate ester derivative (24) (200 mg, 0.438 mmol) was taken in a two
necked RB in inert atmosphere, dry THF (20 mL) was added and dissolved well.
To this solution NaH (70 mg) dissolved in dry THF (10 mL) was added drop wise
using a pressure equalizer at 0 °C. The stirring continued for 15 min. Then the
aldehyde derivative (25) (324.09 mg, 0.964 mmol) dissolved in dry THF (20 mL)
was added dropwise using a pressure equalizer. The mixture was refluxed at 60 °C
for 12 h. The excess NaH was quenched by adding methanol and the crude
productwas then poured to water and then extracted with DCM. It is dried under
reduced pressure and purified by column chromatography (SiO,, 10%
MeOH/DCM). Yield: 70%.

'H NMR (CDCl;, 500 MHz, TMS) & (ppm): 8.81 (d, J = 2 Hz, 2H), 8.43 (d, J = 8
Hz, 2H), 8.27 (s, 2H), 8.14 (d, J = 7.5 Hz, 2H), 8.02 (dd, J = 7 Hz, 1.5 Hz, 2H),
7.50-7.40 (m, 4H), 7.28-7.26 (m, 4H), 7.17 (d, J = 16.5 Hz, 2H), 4.35 (t, J = 7 Hz,
4H), 3.69 (t, J = 4.5 Hz, 8H), 2.39-2.34 (m, 12 H), 1.96-1.91 (m, 4 H), 1.62-1.58
(m, 4H). *C NMR (CDCl;, 125 MHz,) § (ppm): 154.26, 147.94, 140.84, 140.51,
133.50, 132.97, 131.80, 128.05, 126.01, 124.62, 123.33, 122.89, 122.05, 120.88,
120.53, 119.29, 199.09, 108.98, 100.00, 66.85, 58.31, 53.61, 42.99, 37.21, 26.78,
24.07. ESI MS: MS Calcd. for Cs,Hs6NgO,, 820.45; Found 821.45.

Synthesis of dimer (28)

IrCl3.xH,0O (224.36 mg, 0.75 mmol) and 2-phenylpyridine (244 mg, 1.6 mmol)
were dissolved in 20 mL of 2-ethoxyethanol and water (8:2) mixture and refluxed
at 140 °C for 24 h. After the solution was cooled, addition of 40 mL of H,O gave a
yellow precipitate that was filtered and washed with diethyl ether. The crude

product was used for next reaction without further purification.
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Synthesis of IrL1 and IrL2 (29 and 30)

28 (1.0 eq.) and 20 (or 26) (2.6 eq.) and sodium carbonate (11.0 eq.) were stirred
overnight in 1:3 dichloromethane/ethanol (40 mL) at 60 °C under argon
atmosphere. The solvent was removed by evaporation under reduced pressure. The
crude product obtained was poured into a solution of NH4PFg in water and
extracted with dichloromethane (3 x 50 mL). The combined organic layers were
dried over Na,SO,. A crude residue was obtained after removal of the solvent. The
desired complex was obtained as an orange powder after the purification of crude
product by silica column chromatography using DCM/methanol in a 9:1 ratio (for
IrL1) (7:3 for IrL2) as the eluent. The product is reprecipitated in CH,Cl,/Hexane.
Yield: 40% for IrL1 and 43% for IrL2.

29: 'H NMR (CDCl,, 500 MHz, TMS) & (ppm): 8.14(dd, J = 8 Hz, 6 Hz, 2H),
7.94 (d, J = 6.5 Hz, 2H), 7.77-7.44 (m, 4H), 7.61 (d, J = 7.5 Hz, 2H), 7.59-7.55 (m,
2H), 7.92 (d, J = 1.5 Hz, 2H), 7.46-7.42 (m, 3H), 7.06-7.03 (m, 4H), 6.99-6.93 (m,
2H), 7.48 (d, J = 8 Hz, 2H), 7.41 (d, J = 8.5 Hz, 4H), 6.79 (d, J = 16 Hz, 2H), 4.32
(t, J = 7 Hz, 2H), 2.5 (s, 3H), 1.74-1.52 (m, 4H).”*C NMR (CDCls, 125 MHz,) &
(ppm): 150.28, 147.83, 142.43, 141.26, 137.54, 136.26, 134.31, 133.26, 133.11,
129.62, 127.52, 127.14, 126.11, 125.31, 122.11, 120.86, 119.82, 108.72, 107.42,
67.11, 62.74,57.11, 56.43, 28.24, 26.11, 18.40.

30: 'H NMR (CDCl;, 500 MHz, TMS) & (ppm): 8.61(d, J = 8 Hz, 2H), 8.29 (dd, J
= 6.5 Hz, 2 Hz, 2H), 8.21-8.12 (m, 2H), 8.11 (d, J = 7.5 Hz, 2H), 7.96 (d, J = 8 Hz,
2H), 7.92 (d, J = 1.5 Hz, 2H), 7.80-7.76 (m, 2H), 7.64 (d, J = 5.5 Hz, 4H), 7.58-
7.56 (m, 2H), 7.48 (d, J = 8 Hz, 2H), 7.41 (d, J = 8.5 Hz, 4H), 7.37 (d, J = 8.5 Hz,
2H), 7.28-7.26 (m, 2H), 7.15-7.13 (m, 4H), 7.08-7.01 (m, 2H), 6.79 (d, J = 16 Hz,
2H), 6.4 (d, J = 7.5Hz, 2H), 4.33 (t, J = 7 Hz, 4H), 3.67-3.55 (m, 12 H), 2.34 (t, J
= 7 Hz, 12H), 1.92 (t, J = 7.5 Hz, 4H). *C NMR (CDCl;, 125 MHz,) & (ppm):
150.12, 150.00, 144.52, 142.81, 141.81, 141.22, 141.00, 138.94, 138.21, 133.21,
128.94, 127.52, 126.98, 125.12, 122.21, 121.14, 119.28, 119.21, 112.21, 110.21,
108.45, 67.34, 62.09, 56.43, 56.64, 28.21, 25.98.
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3.5.3 Calculation of triplet excited state quantum yields

The triplet excited state quantum yields (¢r) of the iridium (I11) complexes were
determined by an earlier reported procedure of energy transfer to 3-carotene, using
Ru(bpy)s**, as the reference molecule.” For these experiments, optically matched
solutions of Ru(bpy)s?* and the iridium (111) complexes at 355 nm, were mixed
with a known volume of B-carotene solution (end concentration of B-carotene was
fixed at ca. 2.0 x 10 M). The transient absorbance of the p—carotene triplet,
generated by the energy transfer from Ru(bpy)s** or the Iridium (III) complexe’s
triplet excited state, was monitored at 515 nm. Comparison of plateau absorbance
(AA) following the completion of sensitized triplet formation, properly corrected
for the decay of the donor triplet excited state in competition with energy transfer
to B-carotene, enabled us to estimate ¢t of the triplet excited states based on the
following equation.

;ngA“xK“ (Kmf_qu)

obs obs

AAref x Kref (KL - — KN

obs obs

ir __
(I)T_

wherein, superscripts ‘ir’ and ‘ref’ designate compound Ir-Bp-Ly and Ru(bpy)s®*,
respectively, Kops, IS the pseudo-first-order rate constant for the growth of the -
carotene triplet and K is the rate constant for the decay of the donor triplet, in the
absence of B-carotene, observed in solutions containing Ru(bpy)s>* or a porphyrin
at the same optical density (OD = 0.1) as those used for sensitization.

3.5.3 Singlet oxygen quantum yield

The quantum yield (¢s) for singlet oxygen (*O,) in methanol was measured by
9,10-dimethyl anthracene (DMA), a powerful 'O, indicator. [Ru(bpy)s]Cl, was
used as the standard, which has a known 'O, quantum yield of 0.83 in methanol.
Using 1 mM stock solutions, we prepared optically matched solutions for Ir(l11)
complex and [Ru(bpy)s]Cl, in methanol. DMA stock solution was prepared as 100
mM in methanol and it was added in Ir(lll) complex solution. Then, total

concentration ratio of Ir(I11) complexes and DMA was made to 1:10. This solution
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was then irradiated using a 420 nm long pass filter in the irradiation chamber for
10-60 s and the attenuation of absorbance from DMA deactivation by irradiation
was recorded in each 10 s. The experiment was repeated for the standard also. ¢s

value for the complex is obtained by the following equation.

¢, x mg X F,

O =

m, X Fg

In the above equation, ‘s’ indicates the sample and ‘std’ represents the standard,
‘S’ is the slope of DMA absorbance difference and ‘F’ is from F = 1 — 10°P.
Optical density (OD) was measured from the optically matched solution of the

complex and standard.

SOOGRE - 5L

Scheme 3.3: Singlet oxygen addition reaction with DMA

The singlet oxygen generation quantum yield was measured in different pH also

using the same method and standard. In this case, we took the water soluble

derivative of the anthracene derivative, 9,10-anthracenediyl-
bi(methylene)dimalonic acid (ABDA).
OH
o OH
(0]
OO0+ oo —— L
o)
HO R
HO

Scheme 3.3: Singlet oxygen addition reaction with ABDA
3.5.4 MDA MB-231 cell line culture

MDA MB-231 cells are basal epethelial cells which is isolated from breast tumor

of humans. These cells were cultured using DMEM medium which was
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supplemented with 10% PBS and 1% anti-anti. After thawing from cryo-
preservation, the cells were added to fresh medium to 5x dilution. Centrifugation
at 3000 rpm for 3 min was done and the cell pellet was re-suspended in 1 mL of
complete DMEM medium. This cell suspension was seed into DMEM medium in
a T-25 flask and incubated for 24 h in 5% CO, incubator at 37 °C. After the
specific incubation the cells were observed for healthy growth. After reaching the
specified confluency (80-90%) the cells were trypsinized using 0.25% (w/v)
trypsin - 0.53 mM EDTA solution. After 5 min incubation with trypsin at 37 °C the
cells were collected by adding 1 mL of complete medium. The trypsinized cells
were pipetted to separate the individual cells. Centrifugation was carried out for 3
min at 3000 rpm to get the cell pellet. This pellet was again re-suspended in 1 mL
of complete medium and was pipetted thoroughly. This cell suspension was used
to seed the required flasks and plates.

3.5.5 MTT Assay

MDA-MB-231 cells were seed into 96 well plates and then incubated for 24 h at
37 °C. After incubation the cells where added with different concentrations of
IrL2. The different concentrations of material used ranges from 100 uM to 1.0
uM. The cells were incubated with these concentrations and were given for 24 h
incubation. After this, the medium was replaced with 90 uL of fresh medium and
10 pL MTT reagent (5 mg/mL) was added. And incubated for 4 h, after that the
medium with MTT was removed. The well were then added with 100 pL of
DMSO and kept for 30 min incubation. The absorbance of colour developed was
then determined using micro plate reader at 570 nm.

3.5.6 MTT Assay with laser irradiation

After culturing of MDA MB-231 cells in 96 well plates, the cells were exposed to
different powers (0.25W, 0.5 W. 0.75 W and 1 W) of laser irradiations for 30 s
each. After irradiation, the cells were allowed to incubate for 24 h. After the
specific incubation, the cells were added with fresh serum free medium and MTT

reagent was added along with it. Then, 100 uL of DMSO was added to each well
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after 30 min incubation with MTT reagent. The cells were allowed to develop
color for 30 min and then recorded at 570 nm using a micro plate reader. Imaging
of the cells after reading was also done after removing the DMSO and adding 1x
PBS.

3.5.7 MTT Assay with Laser Irradiation

The cells were seeded into 96 well plates and then incubated for 24 h at 37 °C.
After incubation, the cells were added with 1.0, 0.75, 0.5, 0.25 uM concentrations
of IrL2 and [Ru(bpy)s]Cl,. Incubation was done for 1 h and the medium was
replaced with fresh medium. Then, 532 nm laser irradiation (0.25 W) was given to
cells for 30 s and again incubation was carried out for another 30 min. 10 pL of
MTT reagent (5 mg/mL) of DMSO was added to all the wells and was incubated
for 4 h. After the incubation of the MTT reagent, 100 pL of DMSO was added to
all wells. After 30 min the absorbance was recorded at 570 nm using a micro plate
reader.

3.5.8 Cellular Uptake Studies

Uptake efficiency of IrL2 was performed to standardize the time enquired for the
maximum uptake of material by the cells. After 24 h incubation at 37 °C, the cells
were treated with 1 pM concentration of IrL2 at different time points. The
treatments were given for 30, 60, 120 min. After each time point incubation, the
fluorescence images of the cells were captured using selective filter sets such as
HCcRED and DAPI in epifluorescence microscope.

3.5.9 Colocalization

Colocalization studies were carried out using both Mito Tracker Green and Lyso
Tracker Green. The cells were seeded and cultured on glass cover slips and were
incubated with IrL2 for 1 h in serum free medium. After the incubation the
medium was replaced with fresh medium and 5 pL of Mito Tracker Green and
Lyso Tracker Green. This was again kept for another 30 min. After the whole

incubation the cells were washed with PBS. The cover slips were then mounted on
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a clear glass slide using glycerin. The images were taken at 100x using a
fluorescent microscope.

3.5.10 Intracellular ROS generation

The cells were seed into 6 well plates and incubated in a CO, incubator for 24 h.
After the 1 uM concentration of IrL2, cells were again incubated for 1 h. This was
followed by washing the cells with PBS and replacing it with fresh serum free
media. Then irradiation was given for different time intervals ranging from 20 - 60
s. Without laser irradiation, a control was also maintained which contains IrL2
alone. After the irradiation, the cells were incubated for 30 min. Following this, 25
uL DCFDA reagent was added and incubated for another 30-45 min. The cells
were washed and the colorless serum free fresh media was added to wells. Images
were taken to find out the different rates of ROS generation using a fluorescent
microscope with available filter sets (FITC, HCRED and DAPI).

3.5.11 Nucleus (DAPI) staining

Cells were seeded in 4 well dish and provided with required incubation conditions
and time. After the cells have grown to full size, material was introduced into two
wells. After 1 h of incubation of IrL2, the medium containing the material was
removed and washed witrh PBS. Laser irradiation was given to one of the wells
with material incubated cells. DAPI stain was then added to all the wells and
incubated for 10 min. Again PBS wash was given, then fresh colorless serum free
media was added and images were then taken at 40 x (DAPI).

3.5.12 Caspase-3/7 green detection — imaging

The cells were cultured in the specific culture conditions. After specific cell
density was attained, the cells were incubated with IrL2 and exposed to laser
(0.25W, 30 sec). After the treatments, the cells were given 30 min of incubation so
that the cells could start apoptosis. After this incubation, the cells were treated with
5 nM concentration of caspase-3/7 staining dye. After 30 min incubation, cells
were washed and imaged (40x, FITC and BF)
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3.5.13 Caspase-3/7 green detection — quantitative

The cells were cultured in 96 well plate and the experiments were carried out when
the required cell density was attained. The test wells were treated with optimum
concentration of material and irradiated with 0.25 W; 532 nm laser for 30 s. In
order to compare the result, control with cell alone and with IrL2 (without laser
irradiation) were also incubated. After the treatment, the cells were washed with
PBS and serum free media was added along with caspase-3/7 dye. After 30 min
incubation with dye, the plate was read for fluorescence emission using a micro
plate reader (excitation 350 + 20 nm, emission 440 + 20 nm).

4.5.14 Flow Cytometry Analysis

Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis Kit was used to carry out this
analysis and the protocol was followed as prescribed by the manufacturer. Cells
were seeded into culture dish (6 well plates) and then incubated for 24 h to attain
complete growth. Afterwards, the cells were given a media change and IrL2 was
added to 4 wells out of the 6 wells. The remaining 2 wells were considered as
control. After the material incubation for 1 h, the cells were washed with PBS and
again fresh media was added. All the 4 wells with material added were irradiated
with 532 nm laser for 30 s. The cells were then collected and washed with PBS
using centrifugation and suspended in 100 pL of 1 x binding buffer. The
suspension of cells was then added with 5 pL of Annexin V conjugate and 2 uL of
Pl (100 pg/mL). The cells were then incubated for 15 min at 37 °C. After
incubation, the cells were washed with 1x binding buffer and again suspended in
500 pL of 1x binding buffer. The cells were then analyzed using FACS.

4.5.15 Live-Dead Cell Assay

The specific cell line was seeded into culture plates and allowed to grow for 24 h
at standard culture conditions. After the growth period, the cells were added with
the optimum concentration of IrL2 and given 1 h incubation in serum free media.
A cell alone and with material (without laser) was also incubated. The test well

was irradiated with 532 nm laser for 30 s and again kept for incubation for 30 min.
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Fresh serum free media along with acridine orange- propidium iodide mixture (1:1
in 1x PBS) was added and incubated. After incubation, the cells were washed and

imaged under fluorescence microscope.
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Chapter 4

A Cyclometalated Ir(111) Complex as Lysosome Targeted
Photodynamic Therapeutic Agent for Integrated
Imaging and Therapy in Cancer Cells

Living cell Dying cell

Imaging PDT through apoptosis

4.1 Abstract

Organelle targeted photosensitizers having luminescence properties are potential
theranostic agents for simultaneous luminescence imaging and photodynamic
therapy. Herein, we report a water soluble luminescent cyclometalated Ir(lll)
complex, Ir-Bp-Ly as lysosome targeted theranostic probe. Ir-Bp-Ly exhibits
exceptional photophysical properties of good triplet state quantum yield (0.90 in
methanol), singlet oxygen generation quantum yield (0.71 at pH 4) and long
lifetime (1.47ps). Interestingly, Ir-Bp-Ly localizes mostly in the lysosome because
of the presence of morpholine units, suggesting its potential as a Lyso Tracker. Ir-
Bp-Ly displayed notable PDT effect in C6 glioma cells, as these PS efficiently
generated reacting oxygen species owing to the close proximity of energy levels

corresponding to the triplet states of Ir-Bp-Ly and molecular oxygen (°0,). The
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mechanism of cell death was studied through caspase-3/7 and flow cytometry

analysis that clearly established the apoptotic pathway.

4.2 Introduction

Photodynamic therapy is a minimally invasive treatment that destroys target cells
when irradiated with light of a suitable wavelength in presence of oxygen and a
photosensitizer, generating highly reactive singlet oxygen.' PSs are not restricted
solely to therapeutic generation of singlet oxygen, they also tend to emit in the near
infrared region which is useful for in vivo imaging.? A fluorescently detectable
photosensitizer is beneficial for aiding in defining and adjusting parameters during
PDT treatment. If the malignant tissue retains the PS, the target site will light up to
provide opportunities for therapy and imaging.? The fluorescence/phosphorescence
spectra of a PS may differentiate normal and malignant regions, acting as an
image-guidance tool. Luminescent signatures may also be used as an optical
biopsy, differentiating benign and malignant disease avoiding standard histological
evaluation.*

Luminescent PSs can aid in determining its localization and degree of
uptake by diseased tissue. The PS characteristics can be further exploited in PSs
that are only active in the presence of a target molecule upon which luminescence
and singlet oxygen production occur.’> PSs that are not phototoxic outside
activation or target sites would therefore be more useful as imaging probes due to a
reduction in non-specific phototoxicity. Another utility of PSs is that they may be
conjugated to agents from other imaging modalities. Radio-labeled PSs and
magnetic resonance imaging (MRI) contrast agent-conjugated PSs are known in
the literature which provide a multifunctional probe with the capabilities of two
imaging modalities (fluorescence/phosphorescence imaging and positron emission
tomography/MRI) as well as therapeutic function.® The schematic representation

of a theranostic photosensitizer is given in the Figure 4.1.
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Figure 4.1: Schematic representation of PDT where PS is a photoactivatable multifunctional agent, which
upon light activation can serve as both an imaging agent and therapeutic agent.

Recently, cyclometalated Ir(l11) complexes have received much attention as
potential theranostic agents. However, to date, a very few cyclometalated Ir(lIl)
complexes are reported for specific imaging of the subcellular organelles including
nucleus, cytoplasm, mitochondria, lysosome, endoplasmic reticulum, etc. along
with therapeutic applications.” When these agents are specific to organelles,
especially lysosomes, mitochondria, etc., which play crucial role in cell apoptosis,
these offer an insight into intracellular dynamic.? Thus, targeted theranostic agents
are suitable for widespread applications since the biological functions can be
disrupted upon photo activation.’

The various methods used for organelle targeting are discussed in Chapter
1, section 1.6. In 2014, He et al., have developed two Ir(l11) complexes, Lysolrl
(1) and Lysolr2 (2) (Figure 4.2), as one- and two photon-excited theranostic

agents.’® It

is found that both 1 and 2 show pH sensitive phosphorescence in
disodium hydrogen phosphate/citric acid buffer solutions, which is ascribed to the
protonation/deprotonation of the secondary amine of the indole rings on the f-
carboline ligands. The authors then evaluated their pH-dependent emission
properties in the two-photon mode. The maximum two-photon absorption cross-
sections (Omax, Aex = 810 Nm) were measured to be 958 and 972 GM at pH 3.4 for 1
and 2, respectively. The subcellular distribution was analyzed by calculating the

Pearson’s colocalization coefficient and which indicated lysosome selectivity.
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Authors also show the specific visualization of lysosomes during the autophagic

process in live cells without any additional labeling operations using 2.
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Figure 4.2: (a) Molecular structure of 1 and 2; (b) pH-sensitive emission spectra of 2 (10 um, Aex = 420 nm)
in disodium hydrogen phosphate/citric acid buffer solutions. Inset: A plot of emission intensity of 2 at 645 nm
versus different pH values; (c) One- and two-photon images of A549 cells co-labeled with 2 (10 um, 1 h) and
Lysotracker Green (150 nm, 0.5 h); (d) Two-photon excited real-time tracking of lysosomes in A549 cells

stained with 2 (10 mm) at 37 °C for different time intervals.

In 2015, the same group reported four cyclometlated Ir(l11)-B-carboline
complexes with pH responsive singlet oxygen production and lysosome-specific
imaging properties.** These complexes show enhanced phosphorescent emission
and 'O, generation in tumor/lysosome-related acidic environments (pH < 6.5). For
example, the phosphorescence quantum yield of 4 increased significantly from
0.019 at pH 7.4 to 0.092 at pH 3.0. The pH-sensitive emission of these complexes
could be contributed by the protonation/deprotonation processes of the
imidazolyl/benzimidazolyl-NH and the indolyl-NH on the PB-carboline ligands,
which cause pH-dependent switching from the interligand-charge-transfer (ILCT)
state to highly emissive triplet ligand-to-ligand charge-transfer (*LLCT)/triplet
metal-to-ligand charge-transfer (*MLCT) excited states. Unlike the ¢, of
[Ru(bpy)s]Cl, (bpy = 2,2'-bipyridine), which was almost constant at different pH

values, the ¢, of 3-6 displayed a marked reliance on the pH of the solutions.
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Notably, the ¢, of 4 increased from 0.05 at pH 7.4 to 0.51 at pH 3.0. The authors
also demonstrated that 4-mediated PDT induces a caspase-dependent apoptosis
through lysosomal damage. The pH responsive phosphorescence of complex 4 was
used to monitor the lysosomal integrity upon PDT, which provides a reliable and
convenient method for in situ monitoring of therapeutic effect and real-time

assessment of treated outcome.
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Figure 4.3: Chemical structures of lysosome targeting theranostic probes, 3-6. (b) pH-sensitive emission
spectra of 4 (20 uM, Aex = 405 nm). (c) pH-dependent phosphorescent images of 4-labeled A549 cells (10
MM, Aex = 405 nm, Aem = 580 £ 30 nm). (d) Observation of lysosomal disruption in A549 cells caused by 4-
mediated PDT by acridine orange (5 mM) staining.

Huang et al., designed and synthesized two Ir(l11l) complexes, (7) and (8)

that specifically stain the mitochondria and lysosomes of living cells.> Both
complexes exhibited long-lived phosphorescence, which is sensitive to oxygen
quenching. The luminescent quantum efficiencies of 7 and 8 were 0.13 and 0.15 in
water, respectively. The singlet oxygen quantum yields of 7 and 8 were calculated
to be 0.17 and 0.21 using methylene blue (MB; ¢, = 0.52 in DMF) as a standard.
The photocytotoxicity of the complexes was evaluated under normoxic and
hypoxic conditions. The results showed that HelLa cells treated with the
mitochondria-targeted complex, 7 maintained a slower respiration rate, leading to a

higher intracellular oxygen level under hypoxia. As a result, this complex
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exhibited an improved PDT effect compared to the lysosome-targeted complex,
especially under hypoxia conditions, suggestive of a higher practicable potential of

mitochondria-targeted PDT agents in cancer therapy.
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Figure 4.4: Chemical structure of mitochondria and lysosome targeting theranostic probes, 7 and 8. (b)
PLIM images of a) 7-loaded fixed and living HeLa cells. The cells were incubated with the complexes (5 pm)
at 37 °C for 12 h. The images were taken under different oxygen partial pressures. Aex = 405 nm, f = 0.5
MHz. All of the images share the same scale bar of 30 um. Images were taken at 37 °C.

In 2016, Lim, Rhee, Kwon and coworkers have designed and synthesized
four Ir(111) complexes and studied the effect of ligand on theranostic applications,
9-12 (Figure 4.5).* The Ir(l1l) complexes are effective as PDT agents at low
concentrations with low-energy irradiation (< 1 J cm™) because of the relatively
high O, quantum yield (> 0.78), even with two photon activation. Based on the
onset points of UV-Vis spectrum and the oxidation potentials measured by CV, the
singlet energy levels and the corresponding energy band-gap were calculated.
Authors compared the energy level of each of the four Ir(l11) complexes and
ground state oxygen (*O,) absorption to explain the efficiency of energy transfer.
Furthermore, ¢, of the Ir(1l1) complexes was observed to be highly dependent on
their ligands [11 (0.53 £ 0.05) > 9 (0.46 + 0.02) > 12 (0.11 £ 0.01) > 10 (0.011 +
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0.001)]. The singlet oxygen quantum vyield was also found to vary largely
depending on the ligands [11 (0.95 + 0.04) > 12 (0.78 + 0.04) > 10 (0.37 = 0.01) >
9 (0.32 £ 0.04)]. Apart from these, the tuning of emission from blue to NIR was
also made possible by the authors by choosing appropriate ligands as shown in
Figure 4.5. The complexes 11 and 12 effectively triggered the death of cancer cells
through spatiotemporal cytotoxic activity via their ROS generation ability
localized at the endoplasmic reticulum (ER), even under low concentration (< 2

uM) and weak light energy (< 1 J cm™). Additionally, 11 efficiently induced
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Figure 4.5: (a) Chemical structures of ER targeting probes 9-12. (b) Two-photon optical imaging of 9, 10, 11,
and 12 using confocal laser scanning microscopy. Scale bar = 10 pym. (c) Singlet oxygen assay using the
absorbance attenuation (AA = As - Ay) of 9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA) under
light exposure. The slope corresponds to the absolute amount of 'O,. (d) Viability of human ovarian cancer
SKOV-3 cells upon treatment with Ir(lll) complexes, cisplatin, and [Ru(bpy)sJ?*.

Apart from fluorescence or phosphorescence imaging techniques, life time

imaging were also used along with theranostic probes.** Recently, modifications in
the Ir(111) complexes helped to improve the quality of the probe. Generally Ir(l11)
complexes containing bipyridyl ligands are having inherent cationic nature and

therefore without any further modification or targeting group, they are capable of
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localizing in mitochondria.’> One of the recent works make use of coumarin-
appended phosphorescent cyclometalated Ir(I1l) complexes for targeting
mitochondria. These complexes have rich photophysical properties, which
facilitates the study of their intracellular fate.*® All the three complexes were found
to specifically target mitochondria and show much higher antiproliferative
activities than cisplatin against various cancer cells including cisplatin-resistant
cells. The complexes 13-15 can penetrate into human cervical carcinoma (HelLa)
cells quickly and efficiently, and they can carry out theranostic functions by
simultaneously inducing and monitoring the morphological changes in
mitochondria. Mechanistic studies showed that 13-15 exert their anticancer
efficacy by initiating a cascade of events related to mitochondrial dysfunction.
Genome-wide transcriptional and Connectivity Map analyses reveal that the
cytotoxicity of complex 15 is associated with pathways involved in mitochondrial
dysfunction and apoptosis.
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Figure 4.6: (a) Molecular structures of 13-15. (b) Confocal microscopic images of HeLa cells colabeled with
13-15 (10 uM, 30 min) and MTDR (150 nM, 30 min). 13-15 were excited at 405 nm, MTDR was excited at
633 nm. The phosphorescence/fluorescence was collected at 600 £ 20 nm, 530 + 20 nm, 630 £ 20 nm, 665
+ 20 and 668 + 20 nm for 13, 14, 15 and MTDR respectively. Scale bar: 20 ym. (c) Real-time tracking of

mitochondria in HelLa cells stained with 10 uM 15 at 37 °C for different time intervals. Scale bar: 10 um.
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The design and synthesis of organelle targeting probe for theranostic
applications is a major area of research. The selection of ligands, targeting group,
agueous solubility, bio-compatibility and the photophysical properties of the probe
are highly important to achieve the best outcome. With a thorough literature
precedence, we designed a Ir(I11) complex, Ir-Bp-Ly, having morpholine attached
bipyridine ligand to target lysosome which can increase cellular uptake. Our probe
gives a good triplet quantum yield and high singlet oxygen generation efficiency
when compared with other reported lysosome targeting Ir(l11l) complexes in the
lysosomal pH window (pH 4.5 -6).">* The detailed cell imaging studies shows
good value of Pearson’s colocalization coefficient with Lyso Tracker Green and
the cell death mechanism shows apoptotic pathway, which is highly desirable for

PDT applications.

4.3 Results and Discussion

4.3.1 Synthesis and Characterization

Considering the requirement of an effective theranostic probe in aqueous medium
with high triplet quantum yield, high ROS generation capability, specific imaging
at subcellular level and cancer cell damaging capability upon light illumination ,
we have synthesized the Ir-Bp-Ly complex as shown in Scheme 4.1 and 4.2. For
this purpose, the bipyridine ligand 18 was prepared by reacting the corresponding
5,5'-bis(bromomethyl)-2,2'-bipyridine  with morpholine in reflux condition
(Scheme 4.1). The cyclometalated intermediate Ir(l11) dimer 22 was prepared as
per the reported procedure.”® Reaction of 18 and 22 in 3:1 (v/v) mixture of
ethanol/DCM under argon atmosphere and reflux condition followed by anion
exchange with NH4PHg resulted in Ir-Bp-Ly. The purification was performed
using silica gel column chromatography followed by precipitation in DCM/hexane
mixture with 38% yield. The high resolution mass spectrum (HRMS), both in the
positive (1099.37243 corresponding to CsgHsalfNgOs; [M]") and negative
(144.96452 corresponding to PFg’; [M]) mode was in agreement with the
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calculated values of 1099.37 and 144.96, respectively. The melting point of Ir-Bp-
Ly was observed to be 195 £1 °C. The elemental analysis was in good agreement
with the calculated values as % C = 54.15 (54.06), % H = 4.83 (4.37) and % N =
6.71 (6.75), where the experimental value is given along with the calculated value
in the bracket. '"H NMR and **C NMR spectra of Ir-Bp-Ly were in agreement with
their respective chemical structure.

The ligand 2-(naphthalen-1-yl)pyridine with ester functional groups were
incorporated with Ir(l1l) center, for enhanced aqueous solubility. Furthermore,
ancillary ligand, bipyridine attached morpholine units were integrated to render a
cationic Ir(1l1) complex with aqueous solubility, efficient cellular uptake and

subcellular localization.’

4.3.2 Photophysical Properties
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Figure 4.7: (a) Absorption of Ir-Bp-Ly in acetonitrile and PBS buffer (pH 7) and (b) Emission of Ir-Bp-Ly in
acetonitrile (¢ = 10 UM, Aex = 460 nm).

The UV-Vis spectrum of Ir-Bp-Ly (c = 10 uM) exhibited strong absorption
bands at 316 and 369 nm having extinction coefficients (g) of 4.2 x 10* and 1.9 x
10* M™* cm™ respectively, which were assigned to spin-allowed ligand centered
(*LC) m-n* transition for cyclometalated (C-N) and ancillary (N-N) ligands,
respectively (Figure 4.7). The relatively low-energy bands around 440 to 510 nm
with the extinction coefficients (¢) of 6110-2124 M™ cm™ is attributed to the
mixed singlet and triplet metal-to-ligand charge transfer (‘MLCT and ®*MLCT) and

ligand-to-ligand charge transfer (LLCT) transitions.'®
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Ir-Bp-Ly exhibited a red emission in acetonitrile (615 nm) (Figure 4.7) and
PBS buffer (620 nm) upon excitation at 465 nm (Figure 4.8). The long emission
life time of 1.47 ps in acetonitrile can be ascribed to triplet emission from the
complex. The emission intensity of Ir-Bp-Ly in acetonitrile was increased upon
purging the solution (¢ = 10 uM) with argon suggesting the presence of dissolved
molecular oxygen which favors triplet energy transfer (Figure 4.8).

The pH dependent luminescence spectra showed no remarkable change in
emission intensity within lysosomal pH (Figure 4.8) indicating that the Ir-Bp-Ly
Is suitable for lysosome (pH 4.5 -5.5) imaging. The small change in luminescence
intensity at pH 4 and 5 is due to the electron transfer to the protonated morpholine
at lower pH as Chao and co-workers have explained in their recent publication.'
The photoluminescence quantum yield of 0.11 + 0.001 (absolute quantum yield)
for Ir-Bp-Ly in PBS buffer (pH 7) proves that it is an effective bio-imaging agent

in physiological conditions.
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Figure 4.8: (a) The emission intensity change of Ir-Bp-Ly before and after purging with argon (purging for
10 minutes). (b) Emission spectra of Ir-Bp-Ly in different pH (4, 5, 6 and 7) (PBS buffer, ¢ = 10 uM, Aex =
460 nm).

4.3.3. Energy Transfer Efficiency

Cyclic voltammetry measurements were performed to determine the oxidation
potential and the HOMO of Ir-Bp-Ly. The HOMO was measured from the onset
potential of the Ir-Bp-Ly complex with a ferrocene reference (inset in Figure 4.9)

using the equation, HOMO = —(Eqnset of ir(i11) VS Eonset of ferrocene) — 4.8 €V. The energy
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band gap was measured from the onset peak of the absorption spectrum and the
triplet energy level was obtained from the emission maximum. Two excitation
states of singlet oxygen (*Eg for 762 nm and ‘Ag for 1268 nm) associated to the
absorption energy from ground state oxygen are presented in Figure 4.9.%® The
energy transfer efficiency was calculated from the triplet energy level and the
singlet energy level as the complexes show high spin-orbit coupling and the
calculated values are compared with the literature values.*® From Figure 4.9, it is
clear that, the energy difference of Ir-Bp-Ly is favorable for energy transfer to

molecular oxygen that facilitates singlet oxygen generation.
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Figure 4.9: (a) Cyclic voltammetry analysis of Ir-Bp-Ly at a scan rate of 50 mV/s in tetrabutylammonium
hexafluorophosphate electrolyte dissolved in acetonitrile. The inset is the CV of the reference ferrocene. (b)
The calculated energy levels of HOMO, LUMO, triplet state (dashed line) of Ir-Bp-Ly and ground state
oxygen (302) absorption.

4.3.4. Photostability

Photostability of the photosensitizer is a major concern for applying them in
biological system. When irradiated with 450 nm band pass filter for 30 min with an
interval of 5 min each, Ir-Bp-Ly exhibited a comparable photostability to the
standard, [Ru(bpy)s]Cl, (Figure 4.10) which is an advantage for imaging

applications.
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Figure 4.10: Photostability of Ir-Bp-Ly compared with the standard; [Ru(bpy)s]Cl, at pH 4 and absorbance
was monitored at 460 (Air = 450 nm and t = 0 to 30 min)

4.3.5 Characterization and Quantification of the Triplet Excited
States

Nanosecond transient absorption technique was used to investigate the triplet
excited state absorption, lifetime and triplet state quantum yield.”® The transient
decay and the transient absorption peaks of Ir-Bp-Ly in acetonitrile (laser
excitation 355 nm, 500 ns, 60 mJ per pulse) appeared at 410 and 550 nm as shown

in the Figure 4.11.
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Figure 4.11: (a) The transient decay of Ir-Bp-Ly (10 pM) at 550 nm (Ar- purged) and the quenching of
transient signal on purging with oxygen. (b) Transient absorption spectra of Ir-Bp-Ly (10 uM) following 355
nm laser pulse excitation; time resolved spectra recorded at a) 0.122, b) 0.322, c) 0.482, d) 0.752 and e)
1.142 ps.
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The transient intermediate formed upon laser excitation decayed by a first-
order process and led to the recovery of the ground-state absorption (Figure 4.11),
thereby ruling out the formation of any permanent products and/or degradation of
the molecule under these conditions. Also, it was observed that the dissolved
oxygen readily quench the transient absorption, indicating that the transient species
is generated from the triplet excited state. The triplet quantum vyield was
determined by the triplet-triplet energy transfer to [—carotene Dby using
[Ru(bpy)s]Cl, as the reference (¢ps = 0.90 +0.005). The detailed experimental

procedure is given in the experimental section.

4.3.6 Singlet Oxygen Generation and Quantification
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Figure 4.12: Emission change of DMA along with a) Ir-Bp-Ly b) [Ru(bpy)s]Cl. (optically matched solutions)
on irradiation using 420 nm long pass filter (Aex = 360 nm, cpmay = 10 uM).
The enhanced triplet quantum yield of Ir-Bp-Ly is favorable for the

efficient singlet oxygen generation through energy transfer. Hence, we examined
the efficacy of the Ir-Bp-Ly complex in comparison with the optically matched
standard, [Ru(bpy)s]Cl, (¢, = 0.83) in acetonitrile. Figure 4.12 shows that the
decrease in emission intensity at 425 nm of 9, 10-dimethyl anthracene is more for
Ir-Bp-Ly when compared to the reference upon irradiation with 420 nm long pass
filter for a period of 0-300 s.

The singlet oxygen quantum vyield was calculated indirectly from the

absorption change of DMA during irradiation along with Ir-Bp-Ly where
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[Ru(bpy)s]Cl, was taken as the standard having ¢, = 0.84 in methanol. The plot of
AOD of DMA in presence of Ir-Bp-Ly against the irradiation time (Figure 4.13)
showed very good linearity, indicating the efficiency of the complex for singlet
oxygen generation. From the slope and singlet oxygen generation quantum yields
(d») of the reference sensitizer, we calculated the quantum yield of singlet oxygen
generation of Ir-Bp-Ly to be 0.84 + 0.005.
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Figure 4.13: Singlet oxygen ('0) assay using the absorbance attenuation (AA = As - As) of DMA under light

exposure (optically matched solutions of the complexes and cpma) = 10 pM).
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Figure 4.14: Singlet oxygen quantum values of Ir-Bp-Ly in different pH along with the standard. The
calculation was done by monitoring the absorption change of ABDA on irradiation along with the optically
matched solutions (casoay= 100 puM) (error limit = + 0.005).

The singlet oxygen quantum vyield of Ir-Bp-Ly was also evaluated in
aerated buffer solutions (PBS buffer) using steady state method in which decrease

in absorbance of 9,10-anthracenediyl-bis-(methylene)dimalonic acid (ABDA) was
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measured on irradiation and the values were compared with [Ru(bpy)s]Cl, as the
standard (Figure 4.14). The singlet oxygen quantum yield, ®, of [Ru(bpy)s]Cl,
was only 0.18, whereas the ¢, of Ir-Bp-Ly was observed to be very high (¢, =
0.71 £ 0.01) within lysosomal pH windows (pH 4-5.5) on comparison with the
literature values. Hence, Ir-Bp-Ly can photosensitize ‘O, production more
efficiently in the acidic environments of lysosomes and tumor tissues.

On increasing the pH, especially in the alkaline region, the singlet oxygen
quantum yield was found to decrease. We did the DLS analysis and confirmed the
formation of nanoparticles in the alkaline pH. Above pH 7, the protonation of
morpholine nitrogen is disfavored which leads to the formation of aggregates as
shown in Figure 4.15. Interestingly, these aggregates also generate singlet oxygen,
although less when compared to that in acidic conditions. However, this does not
limit the application of Ir-Bp-Ly since these are highly efficient in the acidic

environment of lysosomes and tumor tissues where the pH is < 5.
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Figure 4.15: DLS analysis of Ir-Bp-Ly at pH 7 and 8 (¢ = 10 uM, PBS buffer)

The high efficiency of singlet oxygen production by Ir-Bp-Ly in the acidic
region is again confirmed by the decay of ABDA in different pH as shown in
Figure 4.16. The decay is high in the acidic pH when compared to the standard on
irradiation experiment for about 30 min. The photostability of ABDA was
measured by monitoring the emission maximum at 426 nm when irradiated using
420 nm long pass filter for 30 min at pH 5. From Figure 4.16, it is clear that
ABDA is highly photostable.
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Figure 4.16: (a) Decay of ABDA (c = 100 uM) on irradiation in presence of optically matched solutions of Ir-
Bp-Ly and [Ru(bpy)s]Cl; at different pH (PBS buffer, t = 0-30 min). (b) Photostability of ABDA

10
a) | b)
= B —
ﬂj —— 10 min
> 61 —
@ ] —— 25 min
5 30 Min
E *1
T s
0_ ,z'?’/l - \'“'I — ‘\I
400 450 500
Wavelength (nm
¢) 10 gth (nm) d) i Wavelength (nm)
o ~8{ A A —
~ —— 15 min.
% > 6 - 720:::.
2 T —
5 m n.
5 B 4 FA
T e @
(VR 2.
0 . . . T
400 450 500
Wavelength (nm) Wavelength (nm)

Figure 4.17: : The emission intensity change of ABDA on irradiation along with Ir-Bp-Ly at a) pH 4, b) pH 5,

c) pH 6 and d) [Ru(bpy)s]Clz at pH 4 (Aex = 360 nm, Ciagpa) = 100 M)
Emission intensity change of ABDA on irradiation in presence of Ir-Bp-Ly

and [Ru(bpy)s]Cl, at various time intervals from 0-30 min was studied. The singlet
oxygen generation activity of Ir-Bp-Ly in the acidic pH was again confirmed by
the quenching of emission intensity in the acidic region compared to the standard
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as shown in the Figure 4.17. Decay of ABDA in presence of [Ru(bpy)s]Cl, is less
in the acidic pH. It also confirms the higher activity of Ir-Bp-Ly in the aqueous
media when compared to the standard.

In the biological environment, Ir-Bp-Ly can also undergo various
interactions with the biomolecules which in turn can affect the efficiency of the
PS. The activity of the probe was again checked in the presence of various
biologically relevant analytes including metal ions (Zn®*, Na*, Fe** and Ca?"),
thiols (cysteine and homocystein) etc., however, no significant variation was
observed (Figure 4.18).
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Figure 4.18: Singlet oxygen quantum yield values of Ir-Bp-Ly in presence of biologically relevant analysts
(we checked metal ions like Mg#, Mn?*, Cu?*, Co?, K* etc., and obtained similar results as shown above) at

different pH values(error limit = + 0.005).
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Figure 4.19: Singlet oxygen luminescence spectra in presence of Ir-Bp-Ly and [Ru(bpy)s]Cl, (optically

matched solutions) in acetonitrile (Aex = 465 nm).
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To further confirm the singlet oxygen generation, we used a direct method
by monitoring singlet oxygen luminescence at 1270 nm. For the direct
measurement of singlet oxygen through NIR luminescence method, Fluorolog-3
spectrofluorimeter connected with an NIR detector and 450 W Xenon lamp as the
light source was used. To obtain the singlet oxygen luminescence at 1270 nm in
the steady-state, we prepared optically matched solutions of the Ir-Bp-Ly and a
common reference sensitizer, [Ru(bpy)s]Cl,. The singlet oxygen generation was

confirmed by the NIR emission at 1270 nm as shown in the Figure 4.19.

4.3.7 MTT Assay

The PDT efficacy of Ir-Bp-Ly was examined in C6 glioma cells using a 3-(4,5-
dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay and
compared with a standard photoactivatable reagent, [Ru(bpy)s]**. The
standardization of laser power was done by evaluating the cell morphology
changes and MTT assay as shown in the Figure 4.20. The cell morphology is
preserved at a laser power of 0.25 W and slowly vanished on increasing power.
The same result was confirmed by the MTT assay in each laser power. Based on

the results, a power of 0.25 W was chosen for further studies (Figure 4.20).
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Figure 4.20: (a) The bright field images of C6 glioma cells on irradiation with different laser power at 532

nm. (b) Laser power dependent MTT assay (¢ =1 uM) (error limit = £ 2%).

The optimum concentration of Ir-Bp-Ly for the cells to have minimum
toxicity in the absence of light was checked through MTT assay. The concentration

dependent MTT assay showed more than 97% cell viability up to a concentration
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of 1 uM, confirming the non-cytotoxicity of Ir-Bp-Ly at lower concentrations.
However, on increasing the concentration, decreasing cell viability was observed
even with 10 uM. Therefore, we choose lower concentration for imaging and

therapeutic studies.
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Figure 4.21: Cell viability of C6 glioma cells after 24 h incubation with Ir-Bp-Ly at different concentrations.
Cells were cultured in DMEM (10% FBS) at 37 °C, at 5 % CO,. Spectra were measured at 570 nm (error

limit = + 3%).
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Figure 4.22: PDT effect evaluated by the MTT assay. Viability of C6 glioma cells upon treatment with
different concentrations of Ir-Bp-Ly and [Ru(bpy)sJ#* (1, 0.7, 0.5 and 0.25 uM) in the absence and presence
of laser (532 nm, 0.25 W) for 30 s (error limit = £ 3%).
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The preliminary studies of the photosensitizer, Ir-Bp-Ly in the cellular
system were performed with MTT assay on irradiation. It was observed that the
cell viability at lower concentration of Ir-Bp-Ly at pH 7 was noticeably reduced to
60% upon 30 s of laser irradiation, due to photodynamic effect. Whereas the
standard [Ru(bpy)s]** showed relatively high cell viability (80%) at similar
conditions. Figure 4.22 shows the effect of laser in different concentrations of Ir-
Bp-Ly and shows that, in lower concentrations also Ir-Bp-Ly is highly toxic on
irradiation. Based on the above results we choose the concentration of 0.5 uM for
further studies.

4.3.8 Cellular Uptake

After standardizing the optimal non-toxic concentration of Ir-Bp-Ly, cellular
uptake efficiency with respect to time was assessed. From three different
incubation times, the best uptake efficiency was observed to be 2 h incubation,
when the concentration was 0.5 uM (Figure 4.23). For all the experiments hence

forth, the material incubation time is chosen as 2 h and concentration as 0.5 uM.

DAPI Ir-Bp-Ly Merged

30 mns

60 mns

120 mns

Figure 4.23: The time dependent uptake of Ir-Bp-Ly by C6 glioma cells at different time points (30 t0120
min). First column shows the nuclear staining, second column with the probe and third one is the merged

image.
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4.3.9 Intracellular Localization

Subsequent to the cell uptake study, co-localization experiment was conducted to
confirm the intracellular localization with Lyso-Tracker Green and Mito-Tracker
Green. The results show that, Ir-Bp-Ly localizes mainly in the lysosome with a
Pearson coefficient of 0.86 (Figure 4.24). We also compared the co-localization of
Ir-Bp-Ly with Mito-Tracker Green to evaluate the specific subcellular targeting
and the Pearson’s correlation value, r = 0.28 (Figure 4.24b) clearly indicates that
Ir-Bp-Ly rarely co-localize to mitochondria. The lysosomal localization of Ir-Bp-
Ly will help to generate localized ROS, which causes for damaging the most

important cell organelle, leading to the cancer cell death.

a)

Figure 4.24: Co-localization study of Ir-Bp-Ly with a) Lyso Tracker Green and b) Mito Tracker Green. The
merged images show good overlap with Lyso Tracker Green with a Pearson’s correlation coefficient, r =
0.86.

4.3.10 Reactive Oxygen Species Generation

After the intracellular localization is confirmed, the efficiency of ROS generation
in the cells was evaluated using the optimized concentration and incubation period
of the material. ROS generated by Ir-Bp-Ly with laser was detected using 2',7'-
dichlorodihydro fluorescein diacetate (H,DCFDA) staining.”* The non-flourescent
molecule, H,DCFDA, upon reaction with the ROS present in cellular system
converted to DCF which is green fluorescent in nature. Thus, the intracellular

generation of ROS can be monitored by the green emission from DCF. As shown
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in the Figure 4.25, the green emission is absent in the control where the cell is
incubated with Ir-Bp-Ly and H,DCFDA only.

00 sec. 20 sec. 40 sec. 60 sec.

DAPI

DCFDA

Ir-Bp-Ly

Figure 4.25: Singlet oxygen generation in the cellular level through DCFDA study. Time dependent increase
in green emission shows that the increased production of singlet oxygen is proportional to duration of laser
irradiation.

In the next stage, there was a gradual, but steady increase in ROS
production within the cells proportional to the duration of laser irradiation from
20-60 seconds (Figure 4.25) facilitating PDT in cancer cells. Under control
experiments without laser, no ROS production was observed suggesting that the
developed Ir-Bp-Ly do not cause any stress to the cells, in the absence of laser.
The quantitative measure of the emission intensity also showed increased activity

on laser irradiation time (Figure 4.26)
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Figure 4.26: Quantitative analysis of fluorescence intensity obtained from DCFDA images. Gradual increase

in the green fluorescence intensity is observed.
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4.3.11 Nuclear Response- Cell Death Confirmation

On proving the ROS generation efficiency of Ir-Bp-Ly, its effect on cell nucleus
was also evaluated by specifically staining the nucleus with Hoechst. The
fluorescence intensity from the nucleus was observed to decrease after treatment
with Ir-Bp-Ly and laser irradiation indicating a major nuclear damage which is a
robust proof of progressive cell death. On the contrary, the control experiments
(dark and Ir-Bp-Ly alone) showed negligible nuclear damage (Figure 4.27).

Control Ir-Bp-Ly Ir-Bp-Ly + Laser

Figure 4.27: Confirmation of nuclear damage by Hoechst staining in C6 glioma cells; control, in presence of

Ir-Bp-Ly and in the presence of Ir-Bp-Ly with laser irradiation. Corresponding bright field images are also
shown.
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Figure 4.28: Time dependent luminescence change during PDT along with the bright field images using Ir-
Bp-Ly.

The cell death was also monitored by the time dependent luminescence
change and the corresponding bright field images after laser irradiation are shown

in Figure 4.28. Both these results also suggest that Ir-Bp-Ly along with laser
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irradiation is capable of inducing cell death in cancer cells. Thus, Ir-Bp-Ly alone

can be used to monitor the lysosomal integrity during apoptosis.

4.3.12 Mechanism of Cell Death

a) Bright field FITC Merged
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Figure 4.29: (a) Detection of caspase-3/7 activity in C6 glioma cells after treating with Ir-Bp-Ly in the
absence and presence of light (¢ = 0.5 M, 2 h). The time dependent fluorescence spectra were recorded
with caspase-3/7 green detection reagent; cells were treated with 5 nM caspase-3/7 staining dye and
imaging was done in specific time interval. (b) Quantitative detection of caspase-3/7 activity in C6 glioma

cells after treatment with Ir-Bp-Ly in the absence and presence of light.

On laser irradiation, Ir-Bp-Ly exhibited high photodynamic activity in
cancer cells. Encouraged by this observation, we have made an attempt to
understand the cell death mechanism. Lysosomes are found to be involved in most
of the crucial functions of any cells, such as macromolecular digestion, and any
damage to these organelles can be fatal to the cell. The activation of caspase-3/7
protein was evaluated as it is identified as one of the key events in apoptosis. As
compared with the control cells in the dark, noticeable increase in caspase-3/7
activity was detected in cells treated with Ir-Bp-Ly with irradiation. Similarly, the

green emission from the nucleus was found to increase with the increasing
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irradiation time confirming the mechanism of cell death was through apoptosis.
The increase in the fluorescence indicates that apoptosis progresses with time after

laser irradiation.
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Figure 4.30: Flow cytometric quantification of annexin V and propidium iodide double-labeled C6 glioma

cells treated with Ir-Bp-Ly for 2 h in the absence (a) and presence (b) of light (c = 0.5 pM).
A quantitative evaluation of caspase-3/7 activity in C6 glioma cells after

treatment with Ir-Bp-Ly was also carried out in the same conditions. An increased
green emission was also found from the Ir-Bp-Ly treated wells in the presence of
light when compared to both the controls (Figure 4.29). Again, the activation of
apoptosis in treated cells was quantified by flow cytometric analysis. The cells
were double labelled with Alexa Fluor® 488 Annexin VV/Dead Cell Apoptosis Kit.
The data produced by the Fluorescence Assisted Cell Sorting (FACS) analysis
showed highest percentage of late apoptotic cells on irradiation (t = 30 sec.) when
compared with the dark control (Figure 4.30). This observation confirms the
capability of Ir-Bp-Ly to induce apoptosis in cancer cells upon laser irradiation.
On the contrary, the control cells showed very less number of apoptotic and
necrotic cells.

The apoptotic pathway was again investigated through the live-dead cell
assay. Figure 4.31 shows the fluorescence image from the cells in various
conditions. The control shows only green emission since all the cells are alive. On
treating with Ir-Bp-Ly, cells show red emission which is from the photosensitizer.

After laser irradiation, since Ir-Bp-Ly is red emissive, the cell death is understood
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from the decrease in emission intensity in the green channel as shown in Figure
4.31.

Green channel Red channel Merged

B --
o .-
Ir-Bp-Ly
+ Laser

Figure 4.31: Live-dead assay of C6 glioma cells during PDT; control, Ir-Bp-Ly and Ir-Bp-Ly + laser. The

decrease in green emission in the first column indicates the cell death.

4.4 Conclusions

We developed a water soluble cyclometalated Ir(l111) complex, Ir-Bp-Ly as a PDT
agent for cancer cells via suitable ligand design strategy. It exhibits high triplet
quantum yield of 0.9 and efficient ROS generation because of photoexcited energy
levels matching with molecular oxygen. The photophysics of Ir-Bp-Ly indicate its
selective imaging applicability to lysosome and cell death through cytotoxic
activity via localized ROS generation. The singlet oxygen quantum yield in acidic
environment (¢, = 0.71 at pH 4) shows its efficacy at lysosomal pH windows. In
living cells, the Ir-Bp-Ly localizes specifically to the lysosome with minimum or
no cytotoxicity at low concentration (< 0.25uM) and noticeable cytotoxicity was
caused on laser irradiation due to the formation of ROS that leads to apoptosis. Ir-
Bp-Ly mediated PDT studies in C6 glioma cells through fluorescent imaging and
FACS analysis specify that the apoptotic cell death is through lysosomal and
nuclear damage. Overall, this work provides new insights into the development of

cyclometalated Ir(111) complexes as organelle targeted theranostic agents.
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4.5 Experimental Section

4.5.1 Materials and methods

Unless otherwise stated, all starting materials and reagents were purchased from
commercial suppliers (Sigma Aldrich, Alfa Aesar, Fluka, Merck or Spectrochem)
and used without further purification. DAPI, Lyso Tracker Green and Mito Tracker
Green were also purchased from Sigma Aldrich. Reactions were monitored using
thin layer chromatography on silica gel 60 F254 (0.2 mm; Merck) using UV light
source at 254 nm and 365 nm. Normal-phase chromatography was carried out
using silica gel (particle size: 60-120 mesh and 100-200 mesh). *H-NMR spectra
were recorded on Bruker Advance 500 NMR spectrometers, and chemical shifts
are expressed in parts per million (ppm). Cell based assays and imaging were
carried out in an Epifluorescent Inverted microscope (Olympus IX83 Inverted
Fluorescence Microscope) at Division of Bio-photonics and Imaging Laboratory,
Sree Chitra Tirunal Institute for Medical Sciences and Technology, Trivandrum.
Acetonitrile used for photophysical measurements was dried over P,O5 and freshly
distilled prior to use to ensure extreme dry condition. PBS buffer was used for pH

dependent studies.

4.5.2 Synthesis and characterization

Synthesis of diethyl 5,5'-bis(bromomethyl)-2,2'-bipyridine (17)

To a solution of 5,5'-methyl-2,2'-bipyridine (16) (1.5 g, 10.85 mmol) in 50 mL of dry
carbontetrachloride was added NBS ( 2.89 g, 16.2 mmol) and AIBN (100 mg). The
reaction mixture was refluxed for 12 h at 80 °C. After the completion of the reaction, the
mixture is filtered in the hot condition and the solvent was removed under reduced
pressure. The crude product was then purified by column chromatography (SiO,, 4%
EtOAc/DCM) to give a white solid. Yield: 67%.

'H NMR (CDCl;, 500 MHz, TMS) & (ppm): 8.68 (d, 2H, J = 2.5 Hz), 8.39 (d, 2H, J = 8
Hz, 7.85 (dd, 2H, J = 5.5 Hz, J = 2.5 Hz), 4.53 (s, 4H.); *C NMR (CDCls, 125 MHz) &
(ppm): 153.25, 150.63, 129.42, 120.71, 35.21
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Synthesis of 5,5'-bis(morpholinomethyl)-2,2'-bipyridine (18):

Compound 17 (400 mg, 1.1767 mmol) and activated K,CO3 (973 mg, 7.06 mmol) were
taken in a 100 mL round bottom flask and 50 mL benzene was added. The mixture was
stirred well for 10 min. Morpholine (4 mL, 4.706 mmol) was added and the mixture was
refluxed for 12 h at 80 °C. The solvent was removed and product was purified by column
chromatography (SiO,, 4 % MeOH/DCM) to give light yellow colored solid. Yield: 76 %.
'H NMR (CDCl3, 500 MHz, TMS) & (ppm): 8.53 (d, 2H, J = 1.5 Hz), 8.27 (d, 2H, J =8
Hz, 7.73 (dd, 2H, J = 6 Hz, J = 2 Hz), 3.65 (t, 8 H, J = 4.5 Hz), 3.50 (s, 4H), 2.41 (t, 8 H,
J = 45 Hz); °C NMR (CDCls, 125 MHz,) & (ppm): 153.21, 150.45, 136.25, 129.44,
120.71, 66.72, 58.6, 35.72; ESI MS: MS Calcd for C,oH26N4O; is 354.21; Found 355.21
Synthesis of ethyl 2-(naphthalen-1-yl)isonicotinate (21):

One equivalent of ethyl 2-bromoisonicotinate (1 g, 4.346 mmol) with 1.2 equivalents of
naphthalen-1-ylboronic acid (0.893 g, 5.216 mmol) and catalytic amount of
tetrakis(triphenylphosphine)palladium(0) were dissolved in 25 mL of dry THF. A solution
of 5% Na,CO3 (10 mL) was added and the mixture was refluxed with stirring for 24 h,
under nitrogen atmosphere. After cooling, the mixture was poured into water and
extracted with ethyl acetate. The organic layer was dried over Na,SO,4. The solvent was
removed under reduced pressure to give a crude residue. The crude product was then
purified by silica column chromatography with ethyl acetate/ n-hexane (1: 9) as the eluent
to give the final product. Yield = 70%.

'H NMR (CDCls, 500 MHz, TMS) & (ppm): 8.93 (dd, 1H, J = 4 Hz, J = 1 Hz), 8.15 (t,
1H,J=1Hz), 8.05 (t, 1H, J =1 hz), 8.04 (d, 1H, J = 2 Hz), 7.93-7.88 (m, 3H), 7.62 (dd,
1H,J=55hz, J=15Hz),7.52 - 7.46 (m, 2 H), 442 (q,2H,J =7 Hz), 1.40 (t, 3H,J =
7.5 Hz); *C NMR (CDCls, 125 MHz,) & (ppm): 165.24, 160.34, 150.28, 138.33, 137.69,
133.95, 131.02, 129.05, 128.45, 127.73, 126.74, 126.03, 125.32, 125.29, 124.23, 121.18,
61.91, 14.23

Synthesis of dimer (22):

IrCl3-xH,0 (224.36 mg, 0.75 mmol) and ethyl 2-(naphthalen-1-yl)isonicotinate (L1) (350
mg, 1.58 mmol) were dissolved in 20 mL of 2-ethoxyethanol and water (8:2) mixture and
refluxed at 140 °C for 24 h. The solution was cooled followed by the addition of 40 mL

of H,O resulting in a reddish brown precipitate that was filtered and washed with diethyl
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ether. The crude product was used for the next reaction without further purification Yield:
55%).

Synthesis of the complex, Ir-Bp-Ly (23):

23 (1.0 eq.), 18 (2.6 eq.), and sodium carbonate (11.0 eq.) were stirred overnight in 1:3
dichloromethane /ethanol (40 mL) at 60 °C under argon atmosphere. The solvent was
removed by evaporation under reduced pressure. The crude product obtained was poured
into a solution of NH4PFg in water and extracted with DCM (3 x 50 mL). The combined
organic layers were dried over Na,SO,. A crude residue was obtained after removal of the
solvent. The desired complex was obtained as an orange powder after the purification of
crude product by silica column chromatography using DCM/methanol in a 9/1 ratio as an
eluent. The product is then re precipitated in DCM/hexane. Yield: 38%.

'H NMR (CDsCN, 500 MHz, TMS) & (ppm): 9.04 (d, 2H, J = 2Hz), 8.61 (d,2 H, J =85
Hz), 8.42 (d, 2 H, J=8.5 Hz), 7.94 (dd, 4H, J=5.5 Hz, J = 0.5 Hz), 7.85 - 7.83 (m, 4 H),
7.66 (dt, 2 H, J =55 Hz, J = 1.5 Hz), 7.47 — 7.43 (m, 4 H), 7.41 (d, 2 H, J = 8 Hz), 6.46
(d,2H,J=105Hz, 4.44 (q, 4 H, J = 7 Hz), 3.37 — 3.01 (m, 10 H), 1.95 — 1.93 (m, 10 H),
1.42 (t, 6 H, J = 7.5 Hz); *C NMR (CDCls, 125 MHz,) & (ppm): 169.25, 164.01, 156.72,
154.33, 149.87, 149.61, 139.99, 139.26, 136.35, 131.80, 131.47, 130.11, 129.60, 128.03,
124.97, 124.08, 122.96, 121.77, 121.08, 66.36, 62.62, 59.14, 52.17, 14.22.;ESI MS: MS
calcd. for CsgHs4IrNgQOg, 1099.37; Found 1099.37243; [M]* MS Calcd. for PFs, 144.96;
Found 144.96452.

4.5.3 Measurements

Optical measurements

Electronic absorption spectra were recorded on a Shimadzu UV-2600 UV-Vis
spectrophotometer and emission studies were performed on Horiba Fluorolog-3
Jovin Yoon. pH Changes were achieved by phosphate buffer and pH was adjusted
by adding required amount of HCI/NaOH solution

4.5.4 Cell culture methods

4.5.4.1 C6 Cell line culture

C6 glioma cells are glial cells which is isolated from the brain tumor tissue of
Rattus norvegicus. These cells were cultured using F-12K basal medium which

was supplemented with 10% PBS and 1% anti-anti. After thawing from cryo-
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preservation, the cells were added to fresh medium to 5x dilution. Centrifugation at
3000 rpm for 3 min was done and the cell pellet was re-suspended in 1 mL of
complete F-12K medium. This cell suspension was seeded into F-12K medium in a
T-25 flask and incubated for 24 h in 5% CO, incubator at 37 °C. After the specific
incubation, the cells were observed for healthy growth. After reaching the
specified confluency (80-90%), the cells were trypsinized using 0.25% (w/v)
Trypsin - 0.53 mM EDTA solution. After 5 min incubation with trypsin at 37 °C,
the cells were collected by adding 1 mL of complete medium. The trypsinized cells
were pipetted well to separate the individual cells. Centrifugation was carried out
for 3 min at 3000 rpm to get the cell pellet. This pellet was again re-suspended in 1
mL of complete medium and was pipetted thoroughly. This cell suspension was
used to seed the required flasks and plates.

4.5.4.2 MTT assay

C6 cells were seeded into 96 well plates and incubated for 24 h at 37 °C. After
incubation, the cells were added with different concentrations of our material of
interest. The different concentrations of material used ranges from 0.25 uM t0100
uM. The cells were incubated with these concentrations and were given 24 h of
incubation in serum free medium. After this, the medium was replaced with 90 pL
of fresh medium and 10 uL. MTT reagent (5 mg/mL) was added. This combination
was given 4 h incubation and after that the medium with MTT was removed. The
wells were then added with 100 pL. of DMSO and kept for 30 min incubation. The
absorbance of color developed was then determined using micro plate reader at
570 nm.

4.5.4.3 MTT assay: laser power optimization

After culturing of C6 cells in 96 well plates, the cells were exposed to different
powers (1.0, 0.75, 0.50, 0.25 W) of laser irradiations for 30 s each. After
irradiation, the cells were allowed to incubate for 24 h. After the specific
incubation, the cells were added with fresh serum free medium and MTT reagent
was added along with it. 100 pL of DMSO was added to each well after the 30 min

incubation with MTT reagent. The cells were allowed to develop color for 30 min



Cyclometalated Ir(111) Complex for Lysosome Targeted Theranostic Applications

and then read at 570 nm using a micro plate reader. Imaging of the cells after
reading was also done after removing the DMSO and adding 1x PBS

4.5.4.4 MTT assay with laser irradiation

C6 cells were seeded into 96 well plates and then incubated for 24 h at 37 °C. After
incubation, the cells where added with 1.0, 0.75, 0.5, 0.25 pM concentrations of
Ir-Bp-Ly and [Ru(bpy)s]Cl,. [Ru(bpy)s]Cl, was used as a standard to compare the
efficiency of our material. Incubation was done for 2 h and after that the medium
was replaced with fresh medium. Then, 532 nm laser irradiation (0.25 W) was
given to cell for 30 s and again incubation was carried out for another 30 min. 10
ML of MTT reagent (5 mg/mL) was added to all the wells and was incubated for 4
h. After the incubation of the MTT reagent, 100 uL of DMSO was added to all
wells. After 30 min the absorbance was recorded at 570 nm using a micro plate
reader.

4.5.4.5 Cellular uptake studies

Uptake efficiency of Ir-Bp-Ly was performed to standardize the time enquired for
the maximum uptake of material by the cells. After 24 h incubation at 37 °C, the
cells were treated with 0.5 pM concentration of material at different time points.
The treatments were given for 30, 60, 120 min. After each time point incubation,
the fluorescence images of cells were captured using selective filter sets such as
HcRED and DAPI in epifluorescence microscope.

4.5.4.6 Colocalization studies

Colocalization studies were carried out using both Mito Tracker Green and Lyso
Tracker Green. The cells were seeded and cultured on glass cover slips and then
incubated with Ir-Bp-Ly for 2 h in serum free medium. After incubation, the
medium was replaced with fresh serum free medium and 5 pL of Lyso Tracker
green. This was again kept for another 30 min. After the whole incubation, the
cells were washed with PBS. The cover slips were then mounted on a clear glass
slide using glycerin. The images were taken at 100 x using a fluorescent

microscope.
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4.5.4.7 Intracellular ROS generation

The cells were seeded into 6 well plates and incubated in a CO, incubator for 24 h.
After incubation, 0.5 uM of Ir-Bp-Ly was added and incubated for 2 h. After
incubation, the cells were washed with PBS and replaced with fresh serum free
media. Then irradiation was given for different time intervals ranging from 20 - 60
sec. Without laser irradiation, a control was also maintained which contains Ir-Bp-
Ly alone. After the irradiation, the cells were incubated for 30 mins at 37 °C.
Following this, 25 uM DCFDA reagent was added and incubated for another 30-
45 minutes. Cells were then washed and colorless serum free media was added to
wells. Images were taken to find out the different rates of ROS generation using a
fluorescent microscope with available filter sets (FITC, HCRED and DAPI).
4.5.4.8 Nucleus (DAPI) staining

Cells were seeded in 4 well dish and provided with required incubation conditions
and time. After the cells have grown to full size, material was introduced into two
wells. After the 2 h material incubation, the medium containing the material was
removed and given PBS washes. Laser irradiation was given to one of the wells
with material incubated cells. DAPI stain was then added to all the wells and
incubated for 10 min. Again PBS wash was given, then Fresh colorless serum free
media was added and images were then taken at 40 x (DAPI).

4.5.4.9 Caspase-3/7 green detection — imaging

The cells were cultured in the specific culture conditions. After specific cell
density was attained, the cells were incubated with Ir-Bp-Ly and exposed to laser
(0.25W, 30 sec). After the treatments, the cells were given 30 min of incubation so
that the cells could start apoptosis. After this incubation, the cells were treated with
5 nM concentration of caspase-3/7 staining dye. After 30 mins incubation, cells
were washed and imaged (40 x, FITC, BF).

4.5.4.10 Caspase-3/7 green detection — quantitative

The cells were cultured in 96 well plate and when the required cell density was
attained, experiments were carried out. The test wells were treated with optimum

concentration of material and irradiated with 0.25 W; 532 nm laser for 30 sec. In



Cyclometalated Ir(111) Complex for Lysosome Targeted Theranostic Applications

order to compare the result, a control with cell alone and cell treated with Ir-Bp-
Ly (without laser irradiation) were also incubated. After the incubation, all the
wells were washed with 1 x PBS and added with serum free media along with
caspase-3/7 dye. After 30 min incubation with dye, the plate was read for
fluorescence emission using a micro plate reader (excitation 350 + 20 nm,
emission 440 = 20 nm).

4.5.4.11 Flow cytometry analysis

Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis Kit was used to carry out this
analysis and the protocol was followed as prescribed by the manufacturer. Cells
were seeded into culture dish (6 well plates) and then incubated for 24 h to attain
complete growth. Afterwards, the cells were given a media change and Ir-Bp-Ly
was added to 4 wells out of the 6 wells. The remaining 2 wells were considered as
control. After the material incubation for 2 h, the cells were washed with PBS and
again fresh media was added. All the 4 wells with material added were irradiated
with 532 nm laser for 30 s. The cells were then collected and washed with PBS
using centrifugation and suspended in 100 puL of 1x binding buffer. The suspension
of cells was then added with 5 pL of annexin V conjugate and 2 pL of Pl (100
png/mL). The cells were then incubated for 15 min at 37 °C. After incubation, the
cells were washed with 1x binding buffer and again suspended in 500 pL of 1x
binding buffer. The cells were then analyzed using FACS.

4.5.4.12 Live-dead cell assay

The specific cell line was seeded into culture plates and allowed to grow for 24 h
at standard culture conditions. After the growth period, the cells were added with
the optimum concentrations of Ir-Bp-Ly and given 2 h incubation in serum free
media. A cell alone and with material (without laser) was also incubated. The test
well was irradiated with 532 nm laser for 30 s and again kept for incubation for 30
min. Fresh serum free media along with acridine orange- propidium iodide mixture
(1:1 in 1x PBS) was added and incubated. After incubation, the cells were washed

and imaged under fluorescence microscope.
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