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PREFACE

One significant challenge in the field of biomedicine is the relatively slow progress in
developing new bioanalytical methods and instrumentation. Among the various detection
techniques available, optical assays are highly valuable for precise tracking of biomarkers,
which play a crucial role in disease diagnosis, therapy administration, and therapy
effectiveness monitoring. The concept of theranostics, which combines therapy with
diagnostics, holds great potential for advancing translational research and clinical
applications. Photodynamic therapy (PDT) represents a non-invasive approach to treating
cancer, utilizing photosensitizers and light to selectively eliminate specific cells,
particularly cancer cells. PDT offers several advantages over conventional cancer
treatments, including minimal harm to surrounding healthy tissues and the ability to
maintain low systemic toxicity. Typically, photosensitizers used in PDT can be activated by
specific light wavelengths, initiating photochemical reactions that produce reactive oxygen
species (ROS) responsible for damaging cancer cells. Moreover, PDT has the potential to
stimulate an immune response against cancer cells, providing long-lasting protection
against the disease. However, PDT does have some limitations, such as limited light
penetration in tissues, modest selectivity for cancer cells, and the possibility of
photosensitizer-induced skin sensitivity. Ongoing research aims to overcome these
limitations by developing improved photosensitizers with enhanced properties, such as
better tissue penetration, increased selectivity for cancer cells, and reduced skin sensitivity.
Additionally, investigations are underway to explore combination therapies, such as

combining PDT with chemotherapy or immunotherapy.

One promising approach within PDT is activatable photodynamic therapy (a-PDT), which
employs photosensitizing agents that can be selectively activated in response to specific
triggers. This approach allows precise targeting of the treatment to specific tissues or cells
of interest, minimizing the risk of harm to healthy tissue. In a-PDT, the photosensitizing
agent is modified to remain inactive until triggered by a specific stimulus, such as particular
wavelengths of light, changes in pH or temperature, or the presence of specific molecules
and enzymes. Once activated, the agent generates reactive oxygen species that specifically
destroy the targeted cells or tissues. This approach offers greater control over the timing

and location of the treatment.

XVii



In the context of a thesis, the first chapter provides an overview of recent advancements
in PDT, including the use of metal complexes as photosensitizing agents and their potential
in diagnostic and theranostic applications. This chapter also discusses small molecule-
based optical probes, photosensitizers, and their biological applications based on existing

literature.

Chapter 2 focuses on the design and synthesis of a cationic cyclometallated Ir(IIT) complex
using a quinoline-appended bipyridine as an auxiliary ligand for targeted activation through
nicotinamide adenine dinucleotide-reduced (NADH). This complex, known as QAIC,
serves as a molecular probe in surface-enhanced Raman spectroscopy (SERS) and
fluorescence techniques to assess the state of endogenous NADH. The activation of QAIC
through NADH triggers changes in SERS and luminescence, with remarkable sensitivity
for NADH detection. Additionally, this chapter explores the potential of QAIC as a
photosensitizer to generate singlet oxygen and its role in obstructing photo-induced

electron transfer (PeT) and producing NAD radicals.

Chapter 3 discusses the design and development of a multifunctional photosensitizer
complex, Ir-Nap, for theranostic applications. Ir-Nap is designed to achieve PDT in hypoxic
tumors by generating singlet oxygen through heat-triggered cycloreversion of
endoperoxides. This theranostic construct combines photothermal therapy (PTT) and PDT
for enhanced cancer cell damage. To protect the medication from circulation damage, a
tumor environment-responsive MnQO; coating is applied. Additionally, a cancer-targeting
peptide is incorporated for active cancer cell targeting, resulting in a powerful triple

therapeutic approach.

In Chapter 4, a cyclometallated iridium complex is developed as an HxS-activatable
photodynamic agent to trigger H2S depletion-assisted PDT in cancer cells. This complex
exhibits a PDT-OFF state and weak photoluminescence until it encounters H»S, which
activates the photodynamic process. The complex shows high selectivity for HoS and
effectively converts it into a highly active PDT agent. This approach not only enhances
photodynamic efficiency but also reduces the concentration of H>S in cells, leading to
decreased ATP levels and increased susceptibility of treated cells to apoptosis during PDT.

This novel approach holds promise for revolutionizing cancer treatment.

Xviii



CHAPTER 1

Harnessing Molecular Probes for Personalized Theranostics:
The Recent Development on Activatable Photodynamic
Therapy

o e et
e e

Abstract

A major bottleneck in biomedicine is the limited pace of the development of new
bioanalytical methods and instrumentation. Among the various detection methods
available, optical assays provide accurate tracking of biomarkers, which can be utilized as
targets for disease diagnosis, route of administration of therapeutic payload, and its
effective monitoring. Theranostics is an approach that integrates therapy with diagnostics
and possesses immense potential in translational research in clinical settings.
Photodynamic therapy (PDT) is a non-invasive cancer treatment modality that employs
photosensitizers and light to selectively destroy cancer cells of interest. It is a prevalent
modality that can be easily integrated with diagnostic modalities. PDT offers several
advantages over conventional cancer therapies, including minimal damage to surrounding
healthy cells and tissue and enabling the maintenance of low systemic toxicity. Typically,
photosensitizers used in PDT can be activated by specific wavelengths of light, initiating
photochemical reactions that generate reactive oxygen species (ROS) responsible for
damaging cancer cells. Furthermore, PDT has the potential to trigger an immune response
against cancer cells, providing long-term protection against the disease. However, PDT
also presents some limitations, such as limited tissue penetration of light, modest selectivity
for cancer cells, and the possibility of photosensitizer-induced skin sensitivity. Research on
overcoming these limitations by developing new photosensitizers with improved properties,
such as enhanced tissue penetration, increased selectivity for cancer cells, and reduced

skin sensitivity is a challenging interest in this field of research. Moreover, investigations
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are underway to explore combinational therapies, such as combining PDT with
chemotherapy or immunotherapy. Activatable photodynamic therapy (a-PDT) is a form of
PDT that employs photosensitizing agents capable of being selectively activated in
response to specific stimuli. This approach enables accurate targeting of the treatment to
particular tissues or cells of interest, thereby reducing the risk of harm to the healthy tissue.
In a-PDT, the photosensitizing agent is modified to remain inactive until triggered by a
specific stimulus, such as the light of a particular wavelength, alterations in pH or
temperature, or the presence of specific molecules and enzymes. Upon activation, the agent
generates reactive oxygen species that specifically destroy the targeted cells or tissues. This
approach enables precise targeting of the treatment, thereby minimizing damage to healthy
tissue. Additionally, it provides greater control over the timing and location of the

treatment.
1.1 Introduction

In the dynamic landscape of scientific exploration, the realm of molecular probes emerges
as a pivotal cornerstone, affording scientists the means to delve into the intricate microcosm
of molecules, cells, and biological processes. Molecular probes, commonly referred to as
luminescent or fluorescent dyes, are ingenious molecules endowed with the remarkable
capability to change their behavior under specific conditions. This exceptional property has
ushered in a revolutionary era across various domains, spanning from biochemistry and cell
biology to medicine and materials science.! The narrative of molecular probes encapsulates
ingenuity, innovation, and their profound implications in and unraveling the enigmas of life
at the molecular scale. At its essence, a molecular probe is a molecule characterized by a
distinctive structure that can be selectively directed towards a specific molecule or cellular
constituent of interest. These probes manifest in a diverse array of forms, each meticulously
tailored to serve designated roles in research and diagnostic applications.> Among them,
fluorescent molecules stand as the most recognizable type of molecular probe. By
absorbing light energy at a specific wavelength and subsequently re-emitting it at a longer
wavelength, these molecules generate a characteristic luminescence that is both detectable
and quantifiable.® This intrinsic trait has been adroitly harnessed to scrutinize a myriad of
biological phenomena, encompassing the tracking of designated proteins within living cells
and the comprehension of gene expression dynamics. Within the sphere of molecular
biology, molecular probes have bequeathed researchers an unprecedented vantage point to
visualize cellular mechanisms in real time.* As an illustrative example, a scientist can affix

a fluorescent probe to a protein of interest, thereby enabling the meticulous tracing of its
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Harnessing Molecular Probes for Personalized Theranostics: The Recent Development on
Activatable Photodynamic Therapy

movements, interactions, and localization within a cell. This paradigm has engendered
groundbreaking revelations into fundamental biological processes, including cellular
division, signal transduction, and intracellular trafficking.’ Furthermore, molecular probes
have facilitated the exploration of maladies at the molecular stratum, thereby empowering
researchers to disentangle the molecular substrates underpinning disorders such as cancer,
neurodegenerative diseases, and infectious ailments.? The applications of molecular probes
transcend the confines of cellular biology. Within the medical domain, these probes have

evolved into indispensable entities for diagnostics and imaging.
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Scheme 1.1: (a) Schematic representation of different types of molecular probes and their strategy
of sensing. Figures adapted from reference 7

Techniques such as fluorescence microscopy, positron emission tomography (PET), and
magnetic resonance imaging (MRI) have undergone transformation through the
assimilation of molecular probes, culminating in the non-invasive visualization of tissues
and organs with unparalleled precision.>® For instance, in the arena of cancer diagnosis,
molecular probes can selectively target and accentuate specific tumor markers, thus
assisting clinicians in the early detection and accurate staging of the ailment (Scheme 1.1).”
Moreover, the advancement of personalized medicine has been substantially expedited by
molecular probes, as they facilitate the identification of distinct molecular targets that steer

treatment modalities.® The realm of materials science has also borne the imprint of
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molecular probes. These probes are not confined solely to biological milieus; they have
permeated the realm of material investigation, encompassing polymers, nanoparticles, and
nanocomposites.!®!! By tethering luminescent or fluorescent probes to these materials,
researchers are equipped to monitor their behaviors, interactions, and structural
metamorphoses. This avenue has kindled prospects for crafting advanced materials
endowed with tailored traits, including heightened conductivity, enhanced mechanical
robustness, and responsiveness to external stimuli. As with any scientific progression, the
evolution of molecular probes has been accompanied by challenges. The design of probes
characterized by high specificity and minimal perturbation is a multifaceted endeavour, as
the molecular milieu within living organisms is both intricate and dynamic. Researchers
must adeptly engineer these probes to ensure their fidelity in reflecting the biological or
chemical processes under scrutiny. Furthermore, the potential toxicity and photostability of
these probes necessitate thorough evaluation, particularly when contemplating their in vivo
applications.!? Gazing forward, the horizon of molecular probes portends even more
remarkable discoveries. Advancements in nanotechnology have yielded nanoscale probes
capable of penetrating deep within tissues, thereby unfurling novel vistas for in vivo
imaging and diagnostics. Moreover, the convergence of molecular probes with nascent
technologies such as artificial intelligence and machine learning could inaugurate a
paradigm shift in the analysis and interpretation of the intricate data precipitated by these
probes. This synergy has the potential to expedite the identification of disease biomarkers,
streamline drug development endeavours, and engender a profound comprehension of

intricate biological systems. !>

1.2 Fluorescent molecular probes

Fluorescent molecular probes constitute a groundbreaking advancement in molecular
imaging and biological research. These intricately designed molecules have the unique
ability to emit fluorescent light when exposed to specific light wavelengths. This
exceptional trait enables precise observation of biological processes in controlled settings
and living organisms. A notable feature of these probes is their versatility, as they can be
customized to target specific biomolecules like proteins, nucleic acids, and ions.!> This
tailored approach provides deep insights into cellular dynamics. Crafting these probes
requires a solid grasp of fluorescence principles and molecular interactions (Scheme 1.2).
By selecting suitable fluorophores and optimizing their spectral properties, researchers can
create probes with enhanced brightness, resistance to light-induced degradation, and

reduced background interference.!® Furthermore, the progress of advanced imaging
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techniques such as confocal microscopy and super-resolution microscopy has expanded the
potential of these probes. These methods allow the investigation of biological events and
structures with unprecedented precision in time and space. Consequently, these probes are
employed extensively, from deciphering gene expression patterns and identifying protein

locations to untangling cellular communication pathways and exploring neurobiology

intricacies.!”'®
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Scheme 1.2: (a) Electromagnetic spectra highlighting the visible region. (b) The action of a
molecular probe from /n-Vitro to the In-Vivo level. (¢) Structure of common organic fluorophores
used for making sensors. Figures adapted from references 16 and 17.

The continual improvement of fluorescent molecular probes promises to uncover more
mysteries in the realm of biology. This trajectory offers invaluable insights for both
fundamental scientific knowledge and practical applications like early disease detection

and personalized medical treatments.
1.2.1 Turn-On Fluorescent Probes

Turn-on fluorescent probes represent a revolutionary breakthrough in the field of molecular

sensing and imaging. These specially designed molecules initially exhibit minimal
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fluorescence but undergo a remarkable transformation upon interacting with a specific
target substance. This interaction leads to a change in their structure or a chemical reaction,
resulting in a significant increase in fluorescence intensity.!2° This distinct behavior offers
significant advantages over traditional fluorescent probes, enabling highly sensitive and
selective detection of target molecules within complex biological or environmental
samples. The central innovation of turn-on fluorescent probes lies in their ability to remain
inactive until they come into contact with their intended target (Scheme 1.3).%!
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Scheme 1.3: Schematic representation of various types of fluorescent sensors and their mode of

action Figures adapted from references 21.

This characteristic reduces background signal and undesired interference, enhancing the
accuracy of detection by improving the signal-to-noise ratio. These probes can be
customized to identify a wide range of substances, including metal ions, biomolecules,
enzymes, pH variations, and even specific disease indicators. This adaptability has brought
about a transformative impact across various domains, ranging from biomedical studies to

environmental surveillance.?’

Chang and colleagues developed a fluorescent probe named BA-Resa.?? This probe utilizes
a two-step reaction and is built upon a Resazurin core. In this modified version, the
Resazurin detector contains a boronic acid group that specifically binds to the carbohydrate
section's diol motif. This boronic acid interacts with ribose from NADH, reducing the

distance between them and facilitating hydride transfer. The carbohydrate part of NADH
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selectively binds to the probe's boronic acid motif. Once the boronic acid recognizes this
interaction, the detector core is reduced by NADH through a hydride transfer process,
resulting in the restoration of the molecule's fluorescence. The Resazurin part acts both as
a fluorescence activator and a recognition site. To expedite the sensing process by
minimizing the spatial gap, the initial step involves the coupling of the boronic acid in BA-

Resa with the ribose in NADH (Figure 1.1).
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Figure 1.1: (a) Scheme of the enzyme-catalysed NADH sensing process. (b) The molecular
structure of probe and sensing mechanism. (¢) The fluorescence intensity of BA-Resa in live OSCC
cells pre-treated with 1 and 20 mM Glucose along with lactate and pyruvate. Figures adapted from
references 22

Subsequently, the probe receives active hydrogen from NADH in the second step,
promoting the formation of highly fluorescent products while decreasing the weakly
fluorescent BA-Resa. In a buffer solution with a pH of 9.5, the fluorescence intensity
consistently increases, peaking at a wavelength of 575 nm with a shift from the original

620 nm.

Joo et al. have introduced a new fluorescent probe 1 (Figure 1.2). designed to target
mitochondria and measure NADPH levels in live cells in real-time.?* This innovative probe
utilizes a pyridinium-based reactive site for NAD(P)H and a red-emitting
dicyanoisophorone with a mitochondria-targeting triphenyl phosphonium cation. The
initial state of the probe, due to its conjugated electron acceptor-acceptor system, lacks

fluorescence. However, upon interaction with NAD(P)H, the pyridinium moiety undergoes
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reduction, resulting in the formation of an electron donor-acceptor system (1 + H) with
conjugation, leading to strong fluorescence emission. The lipophilic triphenyl
phosphonium group allows the probe to accumulate within the mitochondrial matrix of live
cells. Despite having low initial fluorescence, probe 1 exhibited vivid red fluorescence at
615 nm upon the addition of NADH (2 mM) to a solution containing 10 uM of the probe,

and this fluorescence increased over time (Figure 1.2).
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Figure 1.2: (a) The structure and NADH and NADPH sensing mechanism of probe 1. (b) The UV-
visible and fluorescence changes associated with probe 1 upon reaction with NADPH. (c¢)
Fluorescence images of intracellular localization of the probe through ER, Mito and Lyso trackers
in MDA-MB-231 cells. (d) NIH-3T3 cells were exposed to Calcein AM for 30 min, and afterward,
they were combined with MDA-MB-231 cells for a 24-hour period. The cell mixture was subjected
to probe 1 and fluorescent signal strengths were measured within individual cells by analyzing
fluorescence images of live MDA-MB-231 and NIH-3T3 cells. Figures adapted from references 23

In a recent study by Zhang et al., an innovative approach has been introduced for the
sensitive detection of hydrogen sulfide (H2S) using a unique colour and fluorescence turn-
on probe. The strategy involves modifying a naphthalimide fluorophore by attaching a H>S-
cleavable component, specifically a 2,4-dinitrobenzene sulfonyl group.>* This modified
fluorophore is then linked to a hydrophilic polyethylene glycol (PEG) chain, resulting in
the creation of the fluorescent probe named probe 1. The clever design of probe 1

incorporates a fascinating mechanism that allows its fluorescence to be activated upon
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interaction with H»S. In the absence of H>S, a phenomenon called photoinduced electron
transfer (PET) leads to fluorescence quenching between the fluorophore and the detecting
component. However, when exposed to H»S, the 2,4-dinitrobenzene sulfonyl group
undergoes cleavage, enabling the fluorophore's hydroxyl and naphthylamide units to

interact and restore an intramolecular electron-donating and withdrawing system.
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Figure 1.3: (a) The structure and H»S sensing mechanism of probe. (b) Photographs of probe papers
exposed to H,S gas at concentrations of 25, 100, and 500 ppm for a duration of 2 minutes.
Additionally, images of probe papers designed for detecting gases with a concentration of 100 ppm
after they were exposed to these gases for 2 minutes. (¢) Describe the visual outcomes when Probe
1 (5 uM) is exposed to various concentrations of NaSH. (d) Identification of H>S from yellow
croaker fish storage under conditions of -20°C with paper strip along with images of the fish.
Figures adapted from references 24

This interaction results in a considerable enhancement of fluorescence emission, producing
a strong yellow fluorescence. Notably, this fluorescence "turn-on" response demonstrates a
linear correlation with H>S concentration (Figure 1.3). In another study, Spiegel and
colleagues showcased a noteworthy development involving a BODIPY-based turn-on
fluorescent probe, denoted as MBo, designed for proficiently detecting methyl glyoxal.
This probe, initially dimmed in fluorescence, is designed with a diamino structure.?> Upon
interaction with methyl glyoxal, it undergoes a reaction to create a compound adduct,
resulting in vivid green fluorescence emission. Remarkably this innovative probe MBo, can
be utilized for the direct assessment of methyl glyoxal concentrations within plasma or

serum. The ease with which MBo allows for the quantification of MGO levels and
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visualization of its presence within living cells carries substantial potential as a
groundbreaking advancement in clinical diagnostics (Figure 1.4). Duan and his research
team introduced an innovative fluorescent probe labeled as Probe 1 meticulously designed
to proficiently identify the presence of cadmium ions (Cd*" both in solution and within
living cells. This probe comprises a BODIPY fluorophore intricately connected to a

cadmium-sensing component, enabling it to form intricate complexes with Cd** ions.
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Figure 1.4: (a) The structure and MGO sensing mechanism of probe molecule. (b) Fold change of
fluorescence intensity of ester substituent compare to the other substituents. (¢ ) Selectivity of the
probe towards MGO over other analytes. (d) The intracellular sensing of MGO in HeLa cells.
Figures adapted from references 25

Initially, when the probe is 1n its free form, it exhibits feeble fluorescence due to a cleverly
designed Photoinduced Electron Transfer (PET) mechanism, effectively quenching the
fluorescence from the polyamide segment to the BODIPY fluorophore. Upon the
introduction of Cd** ions into the probe solution, several remarkable transformations take
place. A fresh absorption peak emerges at 562 nm, while the peak at 578 nm diminishes,
with an interesting isosbestic point observed at 566 nm. Most significantly, the fluorescence
intensity at 570 nm experiences a staggering 195-fold increase, accompanied by a quantum
yield surge reaching an impressive value of approximately 0.3. Furthermore, this sensor
exhibits a striking sensitivity to Cd**, detecting even minute concentrations as low as 6 x

1077 M, which results in a substantial upsurge in fluorescence intensity.?
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1.2.2 Turn-Off Fluorescent Probes

On the other side, Turn-off fluorescent probes, also known as fluorescence quenching-
based probes, play a pivotal role in both scientific and biomedical domains. They serve the
critical function of reducing their fluorescence intensity upon encountering a particular
target analyte, making them indispensable in various fields such as biological sensing,
clinical diagnostics, and imaging.?’ In the realm of biological research, these turn-off
fluorescent probes are of immense value for precisely identifying specific biomolecules
like proteins, nucleic acids, ions, or metabolites. They facilitate the observation of intricate
cellular processes, the identification of disease markers, and the tracking of essential
molecules within biological specimens. The meticulous design of turn-off fluorescent
probes is paramount to their functionality. These probes are carefully crafted with
recognition elements that engage with the target analyte, triggering a quenching mechanism
that diminishes fluorescence. Different quenching mechanisms, such as Photoinduced
Electron Transfer (PET), Forster Resonance Energy Transfer (FRET), and Collisional

Quenching, are employed based on the particular application's requirements.
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Figure 1.5: (a) Schematic representation of the preparation of the sensing construct. (b) SEM image
of the construct. (c) Alterations in the fluorescence intensity of Py-PAN NFM when exposed to
different concentrations of TNT. (d) Quenching efficiencies of the construct as a result of exposure
to different TNT concentrations. Figures adapted from references 28

Cao and colleagues conducted a study where they explored the potential of pyrene-
functionalized polyacrylonitrile fiber (Py-PAN) as a sensor for detecting 2,4-dinitrotoluene
(DNT) and 2,4,6-trinitrotoluene (TNT).2® They put forth a theoretical framework to explain

how the fluorescence of Py-PAN is quenched in the presence of these explosives. Their
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research revealed that the energy difference between the highest occupied molecular orbital
(HOMO) of Py-PAN and the lowest unoccupied molecular orbital (LUMO) of DNT and
TNT was smaller compared to the gap between the HOMO and LUMO of Py-PAN itself.
This reduced energy gap facilitated the transfer of excited electrons from Py-PAN to DNT
and TNT. The authors proposed that this electron transfer might occur through the
formation of a donor-acceptor complex between Py-PAN and the explosives, driven by n-
7 interactions, ultimately leading to the quenching of fluorescence (FL).?’ Additionally,
they noted that the FL. decay curves of Py-PAN were unaffected when DNT or TNT were
present. Based on these findings and the linear relationship observed in the Stern-Volmer
plots, they suggested that the quenching mechanism likely involved a process referred to
as photoinduced electron transfer (Figure 1.5).
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Figure 1.6: (a) Schematic representation of the preparation of the sensing construct. (b)
Fluorescence and absorbance of the constructs (¢) Observe alterations in sample colors when
exposed to a UV lamp emitting light at a wavelength of 365 nm and the lifetime curves of three
different samples. (d) In the presence of 0.1 mM SP and 1 mM of another compound, the available
interferences of the (FO - F)/FO ratios of CP-Tb*". Figure adapted from reference 30

In their research, Lee and their team devised an innovative spermine sensor employing the
complex of ciprofloxacin-Tb**3® This complex formation hinged on the connection
between carboxylic acid and ketone groups, resulting in a crucial fluorescence signal. The
coordination between ciprofloxacin and Tb** played a pivotal role in shaping this complex.
However, the introduction of spermine disrupted this coordination due to its positive

charge, consequently disbanding the complex and causing a decline in fluorescence. To
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substantiate their findings, the scientists conducted a thorough analysis of various spectra,
including absorption spectra for both the complex and ciprofloxacin, alongside
excitation/emission spectra for Tb** ions. Furthermore, they delved into FL lifetime curves.
Drawing from these experimental outcomes, the researchers postulated that dynamic
quenching stood as the underlying mechanism behind the observed fluorescence quenching

in the sensor (Figure 1.6).

Roy et al., employed cysteine-conjugated MoS; (Cys-MoS») quantum dots as a stimulus to
facilitate the imaging of cancer cells with folate receptor overexpression. Specifically, they
observed that the emission signal emitted by Cys-MoS: at a wavelength of 444 nm rapidly

diminished upon the introduction of folic acid (FA).>!
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Figure 1.7: (a) Schematic representation of the preparation of MoS,-QD. (b) Selectivity of the
construct towards FA over other analytes. (¢) Photographs showing the turn-off of the MoS>-QD
with FA over other relevant analytes. Figure adapted from reference 31

The rapid decrease in emission intensity was attributed to the formation of a complex
between FA and Cys-MoS,, primarily driven by electrostatic interactions between the two
components. Importantly, this interaction led to a reduction in the emission intensity of
Cys-MoS,, without causing any noticeable shift in the peak wavelength. To quantitatively
assess the degree of quenching in this system, the researchers calculated the quenching
constant (KSV) using the Stern-Volmer equation. The results of this analysis confirmed that
the MoO»/FA system exhibited strong and effective complexation, providing valuable
insights into the underlying molecular interactions in this bioimaging approach (Figure 1.7).
Ramamurthy and colleagues conducted a study in which they developed a series of

chemosensors based on amido thiourea-linked acridine dione compounds for the purpose
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of detecting Hg?" ions.>? These compounds exhibited strong fluorescence emission at
around 440 nm, primarily due to an Intramolecular Charge Transfer (ICT) process
occurring from a nitrogen atom within the ring to the carbonyl center of the acridine dione
moiety. Upon the introduction of Hg?" ions, a notable decrease in the fluorescence signal
was observed. The reduction in emission intensity can be ascribed to an intramolecular
Photoinduced Electron Transfer (PET) process occurring from the aniline moiety towards
the acridinedione fluorophore. This change in fluorescence can be employed as a means to
detect the presence of Hg?" ions in a given sample. Moreover one particular molecule
referred to as le, demonstrated effectiveness in the /n-Vitro two-photon imaging of Hg?".
This suggests its potential utility in imaging applications for detecting Hg?" ions in

biological settings.
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Figure 1.8: (a) The structure and H»S, viscosity sensing mechanism of probe 1. (b) Fluorescence
images of intracellular localization of the probe in C6 cells. (¢) Analysing the intracellular mass
changes resulting from the reduction of probe 1 through H»S. (d) Fluorescence lifetime imaging of
C6 cell lines showing apoptosis induced by probe 1 with H>S. Figure adapted from reference 33

Manoj et al., recently published a significant study introducing an innovative fluorescent
probe based on BODIPY. This new probe serves a dual function by not only detecting
hydrogen sulfide (H2S) but also enabling the visualization of apoptosis triggered by H,S.3
What makes this probe particularly intriguing is its distinctive behavior of fluorescence
"turn-off" in response to H>S exposure. This behavior can be explained by the Photoinduced
Electron Transfer (PET) process, where electrons move from the nitrogen atom towards the
BODIPY component. Understanding this phenomenon is crucial in deciphering how the
probe senses HoS. Significantly, this sensor exhibits impressive selectivity for H>S, making

it an excellent tool for monitoring H>S-induced cellular apoptosis. This application holds
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immense potential in the realm of biomedical research, offering valuable insights into the

cellular mechanisms involved in H>S-induced apoptosis (Figure 1.8).
1.2.3 Ratiometric Fluorescent Probes

Ratiometric fluorescence probes represent a highly advanced category of tools used in
chemical and biological sensing. They bring a new level of precision and reliability to the
measurement of analyte concentrations and the characterization of specific attributes.
Unlike traditional single-wavelength fluorescence probes, these cutting-edge probes rely
on comparing emission intensities or ratios across two distinct wavelengths, which greatly
improves the accuracy and trustworthiness of the measurements. Conventional single-
wavelength fluorescence probes often face limitations that hinder their usefulness in precise
scientific and analytical settings. These probes rely solely on the intensity of emitted light
at one wavelength, making them vulnerable to various sources of error, such as fluctuations

in instrument settings, photobleaching, and variations in sample properties.>*
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Scheme 1.4: Developing ratiometric probes entails devising tactics that involve analysing distinct
characteristics. Figure adapted from reference 34

In contrast, ratiometric fluorescence probes represent a significant advancement in sensing
technology. By utilizing two distinct wavelengths, these probes take advantage of
comparative analysis (Scheme 1.4)**. They detect changes in fluorescence emissions
induced by analytes by calculating the ratio of intensities at carefully chosen wavelengths.
This clever approach not only reduces the impact of external factors but also provides

researchers with a high level of confidence in the accuracy of their measurements.

Saranya and her colleagues have introduced a novel ratiometric fluorescent probe named

Sq, which holds significant promise for measuring thiol levels In-Vitro.® This innovative
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probe was applied to quantify imbalances in glutathione (GSH) levels at different stages of
apoptosis in In-Vitro models, marking a pioneering approach for real-time apoptosis
monitoring. Sq exhibits substantial alterations in both its absorption and emission spectra
when it interacts with biothiols. Specifically, the addition of GSH results in a decrease in
absorption at 670 nm, accompanied by the appearance of a new absorption band at 400 nm.
Similarly, as GSH is added in increasing amounts, a new emission band at 560 nm emerges

with a quantum yield of 0.12, while the near-infrared (NIR) emission at 690 nm is

quenched.
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Figure 1.9: (a) The structure and GSH sensing mechanism of Sq. (b) Absorption and emission
changes of Sq with different concentrations of GSH. (¢) Ratiometric Fluorescence images of
intracellular localization of the probe HepG2 cells. (d) Comparison of GSH levels in different cells
via Kit method and by Sq probe. Figure adapted from reference 35

These changes in the spectral properties are attributed to the activation of Sq's initially
inactive fluorophore through a chemical process involving the Michael addition reaction of
thiol to the cyclobutene ring within the squaraine moiety. This reaction forms the
foundation for Sq's ratiometric sensing mechanism, enabling the quantification of thiols
(Figure 1.9). Cho et al., introduced a highly innovative two-photon fluorescent chemo
dosimeter, denoted as SSH-Mito, which demonstrates remarkable capabilities for the
ratiometric sensing of thiols. This sophisticated probe is composed of several key

components, including a 6-(benzo[d]thiazol-2-yl)-2-(N,N-dimethylamino)naphthalene
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moiety serving as the two-photon active fluorophore.*® Additionally, it features a
strategically positioned disulfide group, designed as the thiol-cleavage site, and
incorporates a triphenyl phosphonium salt moiety, carefully chosen for its mitochondrial
targeting properties. Upon encountering thiols, this disulfide bond undergoes cleavage,
leading to a fascinating and visually distinguishable ratiometric fluorescence response. This
response is characterized by a shift in emission color from blue to yellow, and it can be
attributed to the pronounced Intramolecular Charge Transfer (ICT) effect taking place

within the probe's molecular framework.
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Figure 1.10: (a) The structure and GSH sensing mechanism of SSH-Mito. (b) Selectivity of SSH-
Mito towards GSH. (c¢) The ratiometric fluorescence changes with different amounts of GSH. (¢)
Intracellular colocalization of SSH-Mito in mitochondria through confocal imaging. (d)
Ratiometric imaging in cellular level through confocal imaging. Figure adapted from reference 36

This chemodosimeter has been successfully employed by the authors to visualize
mitochondrial thiol levels in live cells, as well as in living tissues, even at considerable
depths ranging from 90 to 190 um (Figure 1.10). In another study, Yang et al., achieved the
successful development of a ratiometric fluorescent sensor designed to selectively detect
glutathione (GSH) while discriminating it from cysteine (Cys) and homocysteine (Hcy).*’
This innovative sensor operates based on a mechanism involving the rapid displacement of
chloride ions by thiolate groups. What sets this sensor apart is its ability to distinguish GSH
from Cys and Hey, which can be attributed to the amino group present in Cys and Hcy. This

amino group replaces the thiolate group, leading to the formation of amino-substituted
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BODIPY, which exhibits distinct photophysical properties compared to sulfur-substituted
BODIPY formed during the reaction with GSH. This unique reaction mechanism serves
as a clear discriminator for GSH, setting it apart from other thiols. Upon reacting with GSH,
the sensor undergoes changes in its emission spectrum. Initially, the emission peak at 556

nm gradually diminishes, concurrently giving rise to a new peak at 588 nm.
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Figure 1.11: (a) The structure and sensing mechanism of 1. (b) The ratiometric fluorescence
changes with different amounts of GSH. (¢) Selectivity of 1 to GSH over other analytes. (d)
Ratiometric imaging in the cellular level through fluorescence imaging. Figure adapted from
reference 37

It's important to note that these spectral changes are specific to GSH and not observed with
other thiols, thanks to the particular reaction pathway involving the amino group. This
selectivity and unique reaction mechanism make this sensor a promising tool for the

specific detection of GSH in complex biological or chemical systems (Figure 1.11).

In a separate study, Chang and colleagues introduced a novel two-photon ratiometric
fluorescent probe named MITO-CC designed for the detection of peroxynitrite (ONOQO"),
utilizing a Forster resonance energy transfer (FRET) mechanism. This probe exhibited
remarkably swift response kinetics towards ONOO", displaying both high sensitivity and
outstanding selectivity, even in the presence of other reactive sulfur species (RSS).*® In
spectrofluorometric experiments, when ONOO™ was absent, MITO-CC emitted strongly at
651 nm and displayed a weaker characteristic emission at 473 nm due to its coumarin
component. However, upon gradual addition of ONOO" in the concentration range from 0
to 7.5 puM, the emission at 651 nm almost vanished, accompanied by a significant

intensification of the coumarin emission, causing the solution's fluorescence color to shift
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from red to bluish-green. Notably, this yielded a substantial 93-fold increase in the
fluorescence ratio (I473/1651), demonstrating a linear relationship over the entire ONOO~
concentration range (Figure 1.12). Furthermore, this probe was effectively utilized to
perform ratiometric imaging of ONOO™ within mitochondria in live cells. It also allowed
for the visualization of subtle fluctuations in ONOO" levels within an inflamed pathological
environment, marking the first successful application of two-photon fluorescence confocal

microscopy for this purpose.
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Figure 1.12: (a) The structure and peroxynitrite sensing mechanism of MITO-CC. (b) Selectivity
of MITO-CC to peroxynitrite over other analytes. (¢) Fluorescence changes associated with varying
concentrations of peroxynitrite. (d) Intracellular colocalization of MITO-CC in mitochondria
through confocal imaging. Figure adapted from reference 38
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1.2.4 Limitations of Organic Fluorescent Probes

Organic fluorescent probes play an indispensable role across various scientific fields,
thanks to their unique ability to emit light in response to specific conditions or targets.
However, like any technology, they have their fair share of drawbacks that researchers must
carefully consider. A significant challenge is photobleaching, where intense light exposure
leads to irreversible fading of fluorescence. This limitation can restrict their suitability for
long-term imaging studies. Additionally, organic fluorophores are often sensitive to
environmental factors such as pH, temperature, and oxygen levels, which can affect their
stability and reliability.® Spectral overlap among the emission spectra of different probes
can complicate distinguishing multiple targets in the same experiment. Furthermore, the

limited number of distinct colors and the bulkiness of certain organic fluorophores can
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hinder multiplexing and target access in specific applications. Concerns regarding cellular
penetration, toxicity, and environmental impact underscore the need for caution. The
potential toxicity of organic dyes and their potential interference with biological processes
demand careful consideration during experimental design. Photostability issues challenge
the accuracy and duration of live-cell imaging, necessitating precise control of imaging
conditions.*® Specificity concerns emphasize the importance of validating probe selectivity
to avoid misleading results. Limitations in tissue penetration and development/acquisition
costs should not be underestimated. As technologies continue to evolve, addressing these
limitations and making informed choices in probe selection or design will be pivotal in
ensuring the accuracy and reliability of biological insights gained through organic probe-
based application techniques. Researchers must adeptly navigate these challenges to
harness the full potential of organic probes while minimizing their potential adverse

impacts on the pursuit of scientific knowledge in the realm of bio applications.*!

1.3 SERS-based molecular probes

Over the past decade, there has been growing interest in utilizing Surface-Enhanced Raman
Spectroscopy (SERS) as a highly reliable platform for detecting specific molecules.** SERS
offers several advantages, including exceptional specificity, sensitivity, and rapid results.
This technique involves exciting the analyte with photons, causing scattered photons to
shift a change in energies.*® By measuring these Raman-scattered photons, a spectrum
related to molecular identity was generated. However, the inherent weakness of the Raman
effect makes it insufficient for detecting low concentrations of analytes.** To address this
limitation, SERS can amplify the Raman effect by orders of magnitude (ranging from 10*
to 10'%) when the analyte adheres to metallic nanoparticles, a process known as SERS. This
improvement occurs due to the transference of energy from the metal surface to the
adsorbed analyte, resulting in an augmentation of analyte scattering. As a result, SERS can
identify minute concentrations of analytes, as long as the molecules are situated in close
proximity to metallic nanostructures on SERS substrate platforms.* Typically, a liquid
sample droplet is placed onto a solid silicon or glass substrate that has been modified with
a plasmonic nanoparticle surface. As the sample undergoes evaporation, analyte molecules
adhere to the surface, ensuring effective detection. After its initial utilization as a
spectrochemical method, SERS has been applied in a wide range of measurement
approaches within the fields of analytical and biological chemistry. SERS-based analytical
approaches can be classified into two categories: label-mediated and label-free

methodologies.*® In labeled methods for analyte detection, the process involves an indirect
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detection approach. This entails modifying a SERS-active molecule to act as a reporter,

which is then attached to the capturing moiety.
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Scheme 1.5: Applications of SERS modality in the different fields. Figure adapted from

reference 42

The resulting SERS signal produced by the reporter molecule is used as a measure of the
analyte, thereby enhancing the specificity of detection at the interface. This technique has
been effectively utilized in SERS-based immunoassays, allowing for the identification of
analytes in complex environments.*’ In contrast, direct label-free detection of analytes
relies on the analyte itself possessing SERS activity, and the surrounding environment must
be devoid of interfering molecules to maintain a high level of specificity. Additionally, it's
important to note that the optical characteristics of the SERS substrate play a critical role

in determining the sensitivity of detection (Scheme 1.5).4%%

Maiti et al., reported a novel SERS nanoprobe, known as TPE-In-PSA@Au, alongside a
specialized PSA (Prostate-Specific Antigen) peptide substrate tailored for detecting the
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PSA protein.® This nanoprobe demonstrates effective identification of PSA enzymes
within a SERS-based detection system, achieving an impressive low detection limit (LOD)
of 0.5 ng. This significant advancement paves the way for new possibilities in prostate
cancer diagnosis. Moreover, the TPE-In-PSA@Au nanoprobe exhibits exceptional
specificity for PSA-overexpressing LNCaP cells, as confirmed by SERS spectral analysis
and SERS mapping. Notably, this marks the first instance of a SERS nanoprobe designed
to recognize elevated PSA levels in cancer cells, utilizing an innovative TPE analogue as

the Raman reporter (Figure 1.13).
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Figure 1.13: Schematic illustration of the working of PSA probe in SERS. Figure adapted from

reference 50

Lee et al. have introduced an innovative method for hydrogen sulfide (H2S) detection using
paper substrates coated with silver nanoparticles (Ag NPIls) that function in both
colorimetric and surface-enhanced Raman scattering (SERS) modes.’! This approach
hinges on the interaction between H>S gas and the Ag NPIs on the paper, resulting in the
formation of brown-yellow Ag>S compounds, leading to a visible colour change and a
decrease in the SERS signal. This dual-mode Ag NPI-coated paper sensor demonstrates
exceptional sensitivity, selectivity, reproducibility, and stability, maintaining its initial
sensitivity for at least a month. Furthermore, the researchers successfully showcased the
detection of endogenous H>S in live prostate cancer cells (LNCaP) within a mere 8-hour
incubation period. A crucial advantage of this method is its ability to detect HoS
immediately after cell seeding and substrate treatment, eliminating the need for additional
time-consuming H»S detection steps through simultaneous colorimetry and SERS. In
another approach, Maiti et al., put forward a novel approach to revolutionizing the potential
of fluorescence-SERS in developing multiplexing probes.>? This innovative strategy

centers on creating nanoparticles capable of toggling between "on" and "off" states in both
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fluorescence and SERS, creating fresh opportunities in biomarker identification. At its core,
this nanosystem comprises gold nanospheres adorned with dual-responsive Raman-active

fluorophores.
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Figure 1.14: (a) The diagram illustrates how the cocktail probe is used for the multiplexed detection
of biomarkers in lung cancer cells. (b) Confocal imaging was performed to analyze EGFR, CK, and
Nap in A549 cells after they were treated probe. (¢) ICPMS analysis measured gold content in A549
and WI38 cells. A representative microscopic image of a sputum specimen collected from (d) a
cancer patient and (e) a normal healthy individual. (f) The levels of EGFR, CK, and Nap in sputum
specimens were assessed using SERS analysis after treatment with the probe. Figure adapted from
reference 52

These fluorophores are linked to the nanoparticle surface via a strategically placed peptide
sequence, Phe-Lys-Cys (FKC). Significantly, FKC serves as a substrate for cathepsin B
(cathB), a vital protease implicated in cancer progression. What distinguishes this system
is the ingenious design of the tripeptide linker, which is enzymatically cleaved by cathB in
the acidic pH of tumor sites.This pH-sensitive enzymatic cleavage triggers the activation

of initially dormant fluorophores by disconnecting them from the nanoparticle surface,
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increasing the gap between the fluorophores and the gold nanoparticle (AuNP) surface,

effectively quenching SERS activity (Figure 1.14).

Camden and his research team have developed an innovative boronated nanoprobe that
utilizes Surface-Enhanced Raman Spectroscopy (SERS).>* This nanoprobe showcases
remarkable quantitative, selective, and sensitive abilities when it comes to detecting H,O»
in a PBS environment. Importantly, it can distinguish H>O; from other ROS and RNS.
Moreover, this nanoprobe is highly biocompatible and has proven effective in detecting
both externally introduced and naturally occurring H>O; within living cells. This work
represents a groundbreaking approach that offers biologists and pathologists a new method

for tracking H>O, involvement in cellular-level biological processes.>
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Figure 1.15: Schematic illustration of a lateral flow immunosensor for mycotoxins that utilizes
multiplex SERS technology. Figure adapted from reference 54

Chen and colleagues introduced an innovative multiplex surface-enhanced Raman
scattering (SERS)-based lateral flow immunosensor that effectively detects six major
mycotoxins present in maize.>* This immunosensor offers lower limits of detection (LODs)
compared to instrumental analysis and most other biosensors, and all these LODs are well
below the tolerable limits established by the European Union (EU), United States (USA),
and China. Furthermore, this immunosensor has exhibited commendable accuracy,
precision, and specificity in its assays, and it can provide results in less than 20 minutes.
Consequently, it can be employed for the swift monitoring of common mycotoxins in maize
samples. Moreover, the incorporation of dual Raman labels and three test lines significantly

enhances the multiplexing capability of the current immunoassay format (Figure 1.15).
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1.4 Transition Metal complexes for biological applications

The clinical success achieved with cisplatin has sparked significant research into exploring
novel metal complexes as potential therapeutic agents for a diverse array of diseases. One
illustrative instance involves the advancement of gold complexes, which have
demonstrated promise in the treatment of rheumatoid arthritis. Similarly, silver complexes
have been scrutinized for their antimicrobial properties, presenting potential solutions for
combatting infectious diseases. Antimony complexes have emerged as valuable contenders
for addressing conditions such as leishmaniasis, while vanadium (IV) complexes have
exhibited dual roles as antiviral and antidiabetic agents. Notably, arsenic trioxide, marketed
as Trisenox, has proven efficacious in the management of acute promyelocytic leukemia.
Metal-activated bleomycin has been harnessed in the therapeutic strategy against Hodgkin's
lymphoma and testicular cancer. Ongoing clinical trials have ushered in a new generation
of transition-metal-based therapeutic agents, including liposomal cisplatin (Lipoplatin),
satraplatin, and picoplatin, constituting third-generation antitumor platinum complexes.
Furthermore, ruthenium complexes such as NAMI-A and KP-1019 demonstrate potent
antitumor properties, while the ferrocene—quinoline conjugate ferroquine exhibits promise
as an antimalarial agent. These instances underscore the extensive history and potential of
therapeutic metal complexes, instilling optimism for the continued dynamic development

of the field of inorganic medicine in the future.>

Heavy-metal complexes exhibit distinctive photophysical properties that set them apart
from organic fluorophores. These properties are characterized by complex excited states,
often influenced by various charge-transfer reactions. The primary charge-transfer
reactions involved in luminescent metal complexes include metal-to-ligand charge transfer
(MLCT), ligand-to-metal charge transfer (LMCT), and intra-ligand charge transfer (ILCT).
Additionally, less common electronic transitions can occur, such as ligand-to-ligand charge
transfer (LLCT), metal-metal-to-ligand charge transfer (MMLCT), and metal-to-ligand-
ligand charge transfer (MLLCT) (Scheme 1.6). The emission behavior of metal complexes
is strongly dependent on factors like the central metal atom, ancillary ligands, and the local
environment in which they are situated. Of particular interest are d®, d®, and d'° complexes,

which have captured significant attention due to their unique photophysical properties.>®>’

These complexes are known for their strong spin—orbit coupling between singlet and triplet
spin states, which results from the heavy atom effect. This strong spin—orbit coupling

facilitates the intersystem crossing of excited electrons from the !MLCT state to the *MLCT
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state. The relaxation of the MLCT excited state leads to the generation of a strong and
long-lived phosphorescence emission. This characteristic makes them valuable for

applications in biological imaging (Scheme 1.7).%%%
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Scheme 1.6: Major transition metal used prepared metal complexes for bio-applications and
Schematic representation of various applications of Ir complexes. Figure adapted from reference
58 and 59

However, it's important to note that the *MLCT excited state can be influenced by
nonradiative processes, where the energy of the excited state is dissipated as heat rather
than light due to small energy differences between energy levels. This phenomenon
provides an opportunity to design metal complexes selectively tailored to interact with
specific biomolecules.’® These interactions can be detected and studied through the unique
photophysical properties of these complexes. Therefore, metal complexes can serve as both
selective probes and inhibitors for biological targets, offering valuable insights into various
biological processes. In recent years, the realm of bio-applications has undergone a
profound transformation, propelled by the remarkable strides made in harnessing the
potential of iridium complexes. These complexes have emerged as frontrunners among
transition metal complexes, boasting unique properties and unparalleled versatility that set
them apart from their peers. This notable advancement has ushered in a new era of
innovation, particularly in critical domains such as bioimaging, drug delivery, and catalysis,
offering unprecedented opportunities to enhance the precision and efficacy of cutting-edge
technologies and therapies. Iridium complexes have truly become the stars of the show in
the world of bio-applications.* Their distinct attributes, which include exceptional stability
and reactivity, make them stand out in a crowded field. Unlike many other transition metal
complexes, iridium complexes exhibit remarkable resilience under physiological

conditions, rendering them highly compatible with biological systems. This compatibility
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is a game-changer in drug delivery, as these complexes can serve as efficient carriers,
ensuring therapeutic molecules reach their intended targets with minimal side effects.
Furthermore, the luminescent properties of iridium complexes have revolutionized

bioimaging techniques.
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Scheme 1.7: Diagram showing the various major transitions shown by the metal complexes. Figure
adapted from reference 59

Their ability to emit light in a controlled and predictable manner has opened up exciting
possibilities for real-time monitoring of biological processes. This precision is invaluable
in tracking the progression of diseases and evaluating the effectiveness of treatments,
ultimately leading to more tailored and effective healthcare interventions. In the field of
catalysis, iridium complexes have demonstrated unparalleled catalytic activity, enabling the
development of novel and efficient processes for the synthesis of pharmaceuticals and other
bioactive compounds.”>® Their ability to facilitate complex chemical reactions with
precision has streamlined the production of essential drugs and reduced the environmental
footprint of chemical processes, aligning with the growing emphasis on sustainability in

the pharmaceutical industry.>’
1.4.1 Imaging applications of Iridium complexes

Iridium(IIT) cyclometallates have emerged as promising and versatile phosphorescent
materials in the field of bioimaging. These organometallic compounds have gained
increasing preference over traditional organic molecules due to their unique ability to meet
stringent criteria for bioimaging applications. One of their standout features is the
exceptional quantum yield, which can reach an impressive 100%, significantly surpassing

the typical maximum of 25% observed in small fluorophores (Figure 1.16).
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Figure 1.16: Different kinds of cyclometallated iridium complexes sensing and imaging
applications. Figure adapted from reference 60

This remarkable efficiency is attributed to their distinctive properties, including spin-orbit
coupling and high-triplet excitation processes. The spin-orbit coupling of Ir(III) cores plays
a pivotal role in facilitating efficient transitions from singlet to triplet excited states,
outperforming other metals like ruthenium(II). Thanks to its d° electron configuration,
[r(IIl) can form complexes with a wide range of ligands, leading to various excited states
such as MLCT, LLCT, and LCT phenomena.®® These complexes offer multiple excitation
pathways, driven by the presence of delocalized HOMO and localized LUMO orbitals.
Furthermore, the quantum efficiency of phosphorescent Ir(Ill) complexes can be finely
tuned through ligand control strategies, while factors like size, charge, and
hydrophobicity/hydrophilicity influence their cellular uptake. Enhanced cellular uptake has

been observed in cationic complexes, improving their imaging efficacy.
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Figure 1.17: (a) The structure of probe 1 and probe 2. (b) Fluorescence spectra of probe 1 and
probe 2. (c&d) The intracellular luminescence imaging with probe 1 and probe 2 along with the
line diagram. Figure adapted from reference 62

Dendritic polypyridine Ir(III) complexes exhibit distinct cellular uptake patterns compared
to monomeric counterparts. Adjusting the lipophilicity of Ir(Ill) complexes can also
enhance cellular uptake without compromising efficiency. Moreover, various synthetic
strategies have been developed to achieve organelle-specific staining, making Ir(III)

bioimaging an exciting and promising avenue in bioscience applications.®!

In 2008, Li et al., introduced the initial instances of cyclometalated iridium (III) probes
designed for staining the cytoplasm within living cells.®? These probes, denoted as
complexes 1 and 2, shared a common fluorinated phenylpyridine component but differed
in their diimine ligands. The positively charged nature and the incorporation of fluorine
atoms into the cyclometalated ligands were identified as crucial factors influencing the
ability of these probes to enter cells, impacting their lipophilicity and aqueous solubility.
When live HeLa cells were exposed to complexes 1 and 2 at a concentration of 20 uM for
10 minutes, the resulting confocal images displayed robust intracellular luminescence. This
luminescence exhibited a high signal-to-noise ratio, clearly distinguishing between the
cytoplasmic signal (Ic) and the background signal (Ib), with a remarkable Ic/Ib ratio
exceeding 50. Furthermore, the impact of these two complexes on the proliferation of MCF-

7 and HCT-8 cell lines was assessed through an MTT assay over a 24-hour incubation
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period. The results indicated that cellular viability remained above 90% even at the highest

tested concentration of 100 uM (Figure 1.17).

Lan et al., conducted a study where they observed the imaging of nucleoli in live cells using
a set of iridium(IIl) complexes with dipyridoquinoxaline ligand. They discovered that
modifying the structural makeup of the cyclometalated ligands and adding a longer chain
to the ligand component could influence the complexes ability to dissolve in fats

(lipophilicity) and their toxicity to cells.®®
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Figure 1.18: (a) The structure of the iridium molecular probe 1. (b) Fluorescence images of
intracellular localization of the probe through fluorescence imaging. (¢) Absorption spectra of the
iridium complexes with different ligands. (d) Fluorescence laser-scanning confocal microscopy
images of MDCK cells that were fixed and exposed to iridium(Ill) dpq and dpqa complexes.
Adapted from reference 63

When the ligands had increased conjugation, they exhibited higher logPo/w values, with
bzq > pq > ppy being the order, indicating enhanced lipophilicity. Furthermore, attaching
an alkyl chain, especially a n-butyl one, to the two phenyl rings of the cyclometalated
ligands also boosted their lipophilicity. All of these complexes demonstrated lower ICso
values against HeLa and MDCK cell lines compared to cisplatin, underscoring their
significant cytotoxicity, especially for the more lipophilic variants. Their research in
MDCK cells revealed that these complexes initially gathered in the cell nucleus after 90
minutes of incubation and then specifically accumulated in the nucleolus after 120 minutes.
Importantly, they determined that these complexes bound to hydrophobic regions of
proteins and intercalated with DNA (Figure 1.18).
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Williams's group conducted a study involving two cyclometalated iridium(III) complexes,
namely 1 and its protonated counterpart 2, both containing a 2-pyridylbenzimidazole
ligand. Photophysical analysis in a dichloromethane solution revealed distinct emission
profiles: 1 exhibited structured green emission, while 2 displayed an expected redshift with
emission centered at 590 nm. Surprisingly, when these probes were incubated with CHO
cells at a concentration of 10 mM for 5 minutes, their emission profiles were nearly

indistinguishable.*
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Figure 1.19: (a) The structure of the molecular complex 1 and 2. (b) Fluorescence spectra of the
complex 1 and 2. (¢) Bright field and fluorescence images of CHO cells incubated with complex 1.
(d) Fluorescence microscopy images of live CHO cells co-stained with 1 (10 mM, 1 h incubation)
and Hoechst. Figure adapted from reference 64

This phenomenon can be attributed to the protonation equilibrium between the two
complexes, which is dependent on the local pH. In cellular environments typically
maintained around pH 7.4, 1 predominates. However, a shift occurs in acidic lysosomes,
favoring the formation of the cationic complex 2 (Figure 1.19). Importantly, these probes
exhibited minimal cytotoxicity, as evidenced by ICso values exceeding 200 uM (measured
after 24 hours of incubation) for both of them. Iridium complexes used for staining
mitochondria often exhibit a predominantly positive charge, with only a few instances
where neutral species are specifically designed for labelling mitochondria. This positive
charge plays a pivotal role in promoting the localization of these complexes within

mitochondria due to its strong affinity for the electrical potential of the mitochondrial
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membrane. This attribute makes the positive charge an exceptionally effective factor to take

into account when considering mitochondrial staining techniques.
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Figure 1.20: (a) The chemical structure of the reported iridium complexes. (b) Absorption and
fluorescence spectra of all 4 complexes. (¢) The confocal imaging of cells with and without glucose.
(d) Relative cellular uptake of the complex at various conditions. (e) Colocalization of the complex
with MTG dye. Figure adapted from reference 65

In another interesting study, Lo and group proposed a series of bioconjugate iridium (III)
complexes, enhancing them with either a D-glucose or a D-galactose unit through a
polyethylene glycol linker attached to the diimine ligand.®® Furthermore, they altered the
degree of pi conjugation on the cyclometalated ligands. The primary objective of this study
was to boost the specific cellular uptake of these sugar-modified probes in cancer cells.
Cancer cells often exhibit increased expression of glucose transporters (GLUTs) and
hexokinases, which support their higher metabolic demands. The investigation also
assessed the lipophilicity of these complexes, with a significant focus on the impact of the
cyclometalated ligands nature. Remarkably, groups 1 and 2 complexes displayed
comparable lipophilicity values when utilizing the same cyclometalated ligands. Overall,

the lipophilic attributes of complexes 1(a—d) and 2(a—d) were slightly lower than those of
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complex 3, underscoring the influence of the polar carbohydrate groups incorporated into
these bioconjugates. Additionally, both complex 1a and 2a were observed to localize within
the mitochondria of cells through an energy-dependent pathway. However, it's worth noting
that only complex la demonstrated the ability to enter cells using a GLUT-mediated
mechanism. This novel approach holds promise for developing more effective cancer
treatments by exploiting the enhanced uptake of these bioconjugate iridium(III) complexes

in cancer cells due to their sugar-appended design (Figure 1.20).

@ . ®)
SPS
(NN)R N?J: TN;‘L 1/ N;Hu(NN)
N “NTTYE N
\/T = /=
1NN (/_\',-—{(:;; 2.NN=\'/’_$-\,-—{?::) I
o N =y N7 b I
s {au)

= P '

N'.‘ /,L N A N
(NC);\!< - I j\ I :Rumm;z
N7 ST NS N

h

~ =~ F

T q T
600 700 800
wavelength (nm)

nucleus

fi
s Wi
3 I
g1 Man®\ |
" 1A% AR | |
iy faltoa ) \ \
2 .'\r" u,‘\,' '“._—h'

1 M
0 40 0
- AN un 2 Distance (um) 3
20 um

Figure 1.21: (a) The structure of the iridium and ruthenium complexes with ligands. (b)
Fluorescence changes associated with the interaction of DNA with Ir and Ru complex (c)
Colocalization of the molecule with DAPI. (d) The isolated chromosomes labelled with metal
complex 3. (e) Live HeLa cells treated with 3. Adapted from reference 66

Thomas and Smythe introduced two novel iridium(IIl)—ruthenium(Il) complexes, labelled
as 3 and 4, which feature a tetrapyridophenazine unit as a connecting ligand.®® These
complexes exhibit favourable water solubility, a characteristic often challenging to achieve
in many cyclometalated systems. Notably, both 3 and 4 emit red light (around 640 nm)
without a distinct structure and possess a low quantum yield (less than 0.02%). However,
their luminescence efficiency increases significantly, approximately 10-fold for 3 and 24-
fold for 4, when they come into contact with DNA. It is worth mentioning that complex 4
exhibits weaker binding to DNA compared to its non-fluorinated counterpart, 3. This
reduced affinity for DNA is attributed to the higher polarity of 4. Nevertheless, the
increased lipophilicity of complex 4 enhances its cellular uptake without compromising its

ability to localize within the cell nucleus.
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The Chao research group has developed a series of innovative iridium (III) anthraquinone
complexes, designated as Irl through Ir4, with a primary focus on advancing hypoxia
detection using a novel two-photon absorption mechanism.%” These complexes incorporate
an anthraquinone component designed to efficiently quench iridium emission (Figure 1.21).
However, when exposed to hypoxic conditions, this component undergoes a transformation
into an active hydroquinone state, leading to the generation of a detectable light signal by
the probes. When introduced into A549 cells, these complexes can be reduced by the
enzyme nicotinamide adenine reductase phosphate (NAD(P)H) in conjunction with cellular
reductase enzymes. Under hypoxic conditions, the emission intensity of Ir1-Ir4 complexes
within A549 cells increases significantly, by 11 to 19-fold, due to enzymatic reactions with
NAD(P)H, and remains unaffected by other biological reducing agents. Furthermore, these
probes display varying sensitivity to oxygen levels. Irl shows increased phosphorescence

even at oxygen concentrations as high as 5%, while Ir2-Ir4 exhibits enhanced
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phosphorescence at oxygen levels of 1% or lower. Importantly, these probes localize within
the mitochondria of A549 cells and exhibit minimal cytotoxicity, ensuring cell viability
exceeds 80% under both normal oxygen conditions and hypoxia after a 12-hour incubation
period at a concentration of 10 uM. This research by the Chao group promises
advancements in hypoxia detection and highlights the potential applications of these

anthraquinone complexes in cellular imaging and oxygen sensing (Figure 1.22).

The photophysical properties of cyclometalated iridium(IIl) complexes have been known
for a long time, but their applications in biology have gained significant attention over the
last decade. These complexes have unique characteristics, such as their cationic and
lipophilic nature, which facilitate cellular uptake. This has made them valuable in cellular
imaging and as intracellular sensors. The formal charge of these complexes is an important
factor to consider. While a higher cationic charge improves water solubility, excessively
high cationic charges can limit cellular uptake efficiency. Therefore, careful consideration
is required when designing these complexes for specific applications. Despite their
advantages, iridium(IIl) complexes have limitations, including the high cost of the metal
and potential toxicity. Researchers must take into account factors like organelle disruption
after uptake and long-term effects when developing iridium(IIl) complexes for bio probes
and biomedicine. However, by choosing the right ligands, functional pendants, and spacer-
arms with different properties, it's possible to adjust the intracellular localization properties

of these complexes to meet specific needs.5*%

1.4.2 Theranostic applications of Iridium complexes

Theranostics is an exciting frontier in medicine, seamlessly merging diagnostics and
therapeutics to provide a holistic approach. It goes beyond conventional disease
identification, offering profound insights into a patient's molecular profile. This knowledge
empowers healthcare professionals to design precise treatment strategies, optimizing
outcomes while minimizing side effects.!! In the era of precision medicine, theranostics
holds immense potential to revolutionize disease diagnosis and treatment across various
medical conditions, from cancer to neurological disorders. It signifies a shift towards
personalized medicine, where interventions are customized to individual needs. Diagnostic
tools in theranostics delve into a patient's molecular composition, unravelling genetic,
proteomic, and metabolic intricacies. This molecular information enables tailored
therapies, as seen in oncology, where specific genetic mutations can guide targeted

treatments, avoiding futile and side-effect-laden approaches. Additionally, theranostics can
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streamline treatment, making it more efficient and cost-effective by predicting individual
responses.’’ In essence, theranostics embodies personalized medicine's essence, using
advanced diagnostics to enhance efficacy, minimize side effects, and improve overall
outcomes, offering hope for a future where diseases are not just treated but
comprehensively understood and conquered. The convergence of diagnosis and treatment
marks a significant advancement in the fight against cancer. Phototherapies, specifically
Photothermal Therapy (PTT) and Photodynamic Therapy (PDT), represent a critical
component of the field of cancer theranostics when integrated with diagnostic techniques.
The amalgamation of these two modalities forms the basis for the development of
theranostic molecular probes, epitomizing the pinnacle of personalized medicine. These
probes have the remarkable ability to selectively accumulate in tumor sites, affording
targeted diagnostics and treatment in one unified agent, all while sparing healthy
surrounding tissues. The synergy between PTT and PDT has ushered in a new era in
oncological interventions, fundamentally transforming the landscape of cancer care by
providing tailored precision and renewed optimism for patients in their battle against this

devastating disease.’!"’?

1.5 Harnessing Light to Heat: Photodynamic Effect as Innovative Approaches in

Cancer Treatment

In the quest for more precise and potent cancer treatments, the medical field has harnessed
light's potential to combat this formidable foe. Phototherapy, encompassing Photo Thermal
Therapy (PTT) and Photo Dynamic Therapy (PDT), has emerged as a groundbreaking
approach, holding the promise of transforming cancer treatment. By exploiting light's
unique properties, phototherapy offers targeted interventions that can eliminate cancer cells
while sparing healthy tissue. In the complex world of oncology, phototherapy stands out as
a beacon of hope, illuminating a path toward more effective and less invasive treatment
options.”>* At the core of phototherapy is its ability to utilize the interactions between light
and matter, particularly cancer cells. This innovative approach bridges physics and biology,
showcasing their interconnectedness in medical advancement. By utilizing specific light
wavelengths, phototherapy capitalizes on cancer cells intrinsic vulnerabilities, effectively
destroying them while leaving normal cells intact. One facet of phototherapy, Photo
Thermal Therapy (PTT), utilizes light-induced heat to obliterate cancer cells. This method
relies on nanoparticles that absorb light and convert it into heat. These nanoparticles
accumulate in tumors and, when exposed to laser light, generate localized heat that

eradicates cancer cells.”>’® Complementing Photothermal therapy is Photo Dynamic
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Therapy (PDT), which relies on the interaction between light, a photosensitizing agent, and
oxygen. The photosensitizer is administered and accumulates in cancer cells. When
exposed to specific light wavelengths, the photosensitizer activates, producing reactive
oxygen species. These species cause irreversible damage to cancer cells membranes and
vasculature, leading to their demise. What differentiates phototherapy from traditional
cancer treatments is its precision, reducing the indiscriminate harm associated with
chemotherapy and radiation. Tailoring treatment to the tumor's location minimizes side
effects and enhances efficacy. By sparing healthy tissue, phototherapy reduces the
debilitating consequences often linked to conventional therapies, thereby improving
patients’ quality of life during and after treatment. However, the rise of phototherapy
presents challenges. Successful implementation requires careful selection of
photosensitizers and optimal light parameters. The intricate interplay between the physical
and biological aspects underscores the need for collaboration among physicists, chemists,

biologists, and clinicians.””-’®

1.5.1 Photodynamic Therapy

Photodynamic Therapy (PDT), a groundbreaking medical technique, owes its origins to a
remarkable phenomenon called the photodynamic effect. This phenomenon was first
observed at the turn of the 20th century, ushering in a transformative era in healthcare. The
photodynamic effect made its debut when paramecia, minuscule single-celled organisms,
were exposed to acridine and then bathed in gentle light. To the astonishment of scientists,
these organisms met their demise in the presence of light, whereas they thrived in darkness.
In its purest form, the photodynamic effect can be described as the "harm or destruction of
living tissue caused by visible light in the presence of a photosensitizer and oxygen." It is
from this captivating phenomenon that the foundation of PDT was established.
Photodynamic therapy, therefore, stands as a cleverly devised therapeutic approach,
hinging on the utilization of this intriguing effect.””*° PDT's potential knows no bounds,
offering a versatile tool for eradicating a wide range of undesirable targets in the field of
biology, including eukaryotic cells, prokaryotic cells, and even the troublesome culprits

behind viral infections.

PDT operates at the intersection of quantum mechanics and light energy, providing a potent
tool for biomedical applications. It begins with visible light in the wavelength range of 400
to 800 nm, where light energy is inversely proportional to wavelength, as described by the

equation E = hv. This equation tells us that each unit of energy (hv) corresponds to a specific
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wavelength, and when light is absorbed, it initiates a series of processes influenced by
quantum mechanics. Central to PDT are the concepts of singlet and triplet states (S and T),
which are determined by electron spin. Singlet excited states (S1) have short lifetimes in
the nanosecond range, while triplet states (T1) have longer lifetimes ranging from
microseconds to milliseconds. The critical photochemical and photo-oxidative reactions in

PDT are primarily driven by these triplet states (T1) (Scheme 1.8). 8!
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Scheme 1.8: Schematic representation (a) important requirements of PDT. (b) Structure of
bipyridine conjugated Ir-complex. (¢) Pictorial representation of PDT

In PDT, molecules in these excited states can trigger various processes, including
photochemistry, crossing over to triplet states (T1), generating heat through non-radiative
decay, or emitting fluorescence. Triplet states (T1) play a key role by directly initiating
photochemical reactions, leading to the generation of reactive radicals or transferring
energy to ground-state oxygen molecules (°02), resulting in the creation of singlet oxygen
molecules ('0,). It's important to note that producing singlet oxygen requires a minimum
energy threshold of 20 kcal/mole, limiting the longest absorption wavelength of the
photosensitizer (PS). However, other mechanisms may also be involved. Triplet states (T1)
can return to the ground state (S0) through radiation-less decay or phosphorescence in
specific cases. Multiphoton absorption can also populate higher excited states in certain
situations, introducing complex photophysical and photochemical processes that affect
phototoxicity. Within PDT, there are two primary categories: Type I and Type II PDT. Type
I PDT relies on the direct interaction of the photosensitizer's excited triplet state (T1) with
biomolecules, leading to the formation of reactive oxygen species (ROS) and subsequent

destruction of target cells. On the other hand, Type II PDT involves transferring energy
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from the photosensitizer's triplet state (T1) to molecular oxygen (°0.), creating highly toxic

singlet oxygen molecules ('02) responsible for cellular damage (Scheme 1.9).%?

PDT primarily consists of three essential components: the Photosensitizer (PS), a light
source, and molecular oxygen. At the core of PDT lies the photosensitizing agent, a critical
element. This chemical compound possesses the unique ability to absorb light of a specific
wavelength. When exposed to light of the appropriate wavelength, this photosensitizing
agent becomes activated, leading to the generation of reactive oxygen species (ROS),
including singlet oxygen. These ROS play a pivotal role in causing damage to nearby cells,
ultimately leading to their destruction. Among the commonly employed photosensitizing
agents in PDT are porphyrins, chlorins, and phthalocyanines. The second key component
is the light source, which serves to activate the photosensitizing agent effectively. The light
source emits light at a specific wavelength corresponding to the absorption peak of the
photosensitizer. Common options for light sources in PDT encompass lasers, light-emitting
diodes (LEDs), and specialized lamps. The selection of the appropriate light source depends
on factors such as the type and location of the target tissue. Finally, molecular oxygen
stands as an indispensable component in PDT. It plays a pivotal role in the production of
ROS, which are responsible for the cytotoxic effects of PDT. Oxygen serves as a crucial
substrate for the formation of these reactive oxygen species. Hence, maintaining adequate
oxygen levels in the target tissue is of paramount importance for the successful outcome of

PDT.83’84
1.5.2 Shining Light on Photodynamic Therapy: The Power of Photosensitizers

Photosensitizers are remarkable substances with the unique ability to absorb specific
wavelengths of light and convert them into harmful reactive species, including singlet
oxygen and other radicals. These versatile compounds have found valuable applications in
various biological treatments. The ideal photosensitizer possesses a combination of crucial
attributes: strong light absorption, exceptional photochemical reactivity, low toxicity in the
absence of light, high toxicity upon light exposure, and effective cell permeability. Among
the common molecular photosensitizers, we find a diverse array, including organic dyes
including porphyrins, chorines, phthalocyanines, and transition metal complexes.
Porphyrins, particularly Hematoporphyrin (Hp), stand out as promising candidates due to
their ability to meet many of these essential criteria for effective photosensitization. In fact,
Hp holds the distinction of being the first porphyrin employed in photodynamic therapy

(PDT). Further advancements in this field have led to the development of a more potent
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photosensitizer known as Photofrin II®. This modified Hp has proven effective in the
treatment of various conditions, including cancer, underscoring the potential of
photosensitizers in medical applications. Beyond Hp and its derivatives, the biomedical
realm has witnessed the emergence of a diverse range of photosensitizers, both porphyrin-
like and non-porphyrin-like. These innovative compounds continue to expand the horizons
of photodynamic therapy and other biomedical treatments, offering new avenues for

combating diseases and improving healthcare outcomes. 3%
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Scheme 1.9: Schematic representation of Jablonsky diagram of PDT showing Type I and Type 11
PDT

Organic photosensitizers have garnered substantial attention within the realm of
photodynamic therapy, yet it is imperative to acknowledge the inherent constraints and
disadvantages associated with their utilization. A prominent limitation pertains to their
susceptibility to photobleaching, wherein extended exposure to light leads to the
degradation of their photoactive characteristics, thereby constraining their long-term
stability and therapeutic efficacy. Furthermore, the synthesis of organic photosensitizers
can entail intricate and costly procedures, impeding their widespread adoption.
Additionally, their absorption spectra may exhibit limitations, being confined to specific
wavelengths, thereby diminishing their versatility. Moreover, in comparison to their
inorganic counterparts, organic photosensitizers may manifest lower quantum yields and
shorter excited-state lifetimes, consequently impacting their overall photodynamic
efficiency. Finally, their biocompatibility and potential cytotoxicity necessitate meticulous

consideration when employed in biomedical applications.®®*
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1.5.3 Iridium Complexes: A Beacon of Hope in PDT

There has been a growing interest in the development of metal-based tetrapyrrolic
derivatives of Pd-II, Lu-III, and Sn-IV as photosensitizers for PDT. These compounds, such
as WST11, Lutex, and Purlytin, are currently undergoing clinical trials as PDT agents. One
key advantage of incorporating heavy metals into these compounds is their ability to
significantly enhance the efficiency of PDT. For instance, WST11, which contains
palladium (PdII), exhibits a high absorption peak at 763 nm. This wavelength allows for
deeper penetration of light into tissue compared to traditional photosensitizers like
Photofrin. This deeper tissue penetration is critical for effectively targeting and treating
deeper-seated tumors. Moreover, when metal complexes used in PDT are luminescent, they
enable precise cellular localization through techniques like confocal microscopy. This
capability allows researchers and clinicians to precisely track the location of the
photosensitizer within cells, aiding in the optimization of treatment protocols. Another
advantage of incorporating metals into these compounds is the ability to accurately quantify
the amount of the agent within cells and tissues during pre-clinical studies. Techniques like
ICP-MS can be employed for this purpose.® However, it's important to note that organelles
may need to be separated before conducting such analyses. Despite these advantages, there
are challenges associated with the use of certain metal complexes, particularly those
containing low-spin d® metals like Ru, Os, or Re. To address these issues, researchers are
exploring strategies to improve the cellular uptake and bioavailability of these metal-based
PSs, such as modifying their chemical structures or employing drug delivery systems.
Despite the challenges, the potential benefits of using metal-based photosensitizers in PDT,
including their enhanced light absorption, precise cellular localization, and accurate
quantification in tissues, make them promising candidates for advancing cancer treatment

strategies.®%:%

Cyclometalated heteroleptic Ir(IlIT) complexes have emerged as promising candidates for
photodynamic therapy (PDT). While they do exhibit reduced solubility in aqueous media
and shorter absorption wavelengths compared to their Ru counterparts, their
customizability in terms of photophysical and photochemical properties has garnered
significant attention. Notably, Ir(III) complexes possess considerably larger Stokes shifts,
minimizing interference between excitation and emission processes. Additionally, the
positive charge on many Ir(III) complexes enhances their water solubility, surpassing that
of organic porphyrins or phthalocyanines. One remarkable attribute of Ir(IIl) complexes

lies in their sensitivity to molecular oxygen. In oxygenated solutions, their luminescence
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quantum yields and lifetimes decrease substantially, making them efficient type II
photosensitizers with near-perfect quantum yields for generating singlet oxygen (O2).
Unlike porphyrin derivatives, Ir(Ill) complexes exhibit exceptional chemical and
photochemical stability. Crucially, these Ir(III) complexes offer the flexibility to fine-tune
photophysical properties, including absorption wavelength, emission energy, and quantum
yield, by modifying the cyclometalated and ancillary ligands. This adaptability makes them
highly suitable for PDT requirements.®®
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Figure 1.23: (a) The chemical and single crystal structure of the complex 1 (b) EPR spectra of the
complex conforming the generation of radicals under light irradiation. (¢) The intracellular
localization of complex 1 through confocal imaging. (d&e) Light and dark toxicity and ATP
reduction capability of complex 1. Figure adapted from reference 89

Recent breakthroughs have highlighted their high two-photon absorption cross-sections,
suggesting their potential efficacy in deep tissue PDT through two-photon excitation.
Furthermore, their superior luminescence quantum yields and efficient cellular uptake

enable investigations into their intracellular distribution within cancer cells.

Sadler et al. have unveiled a groundbreaking iridium photocatalyst, complex 1, renowned
for its remarkable stability and exceptionally high reduction potential, outperforming
normal photosensitizers.®* This catalyst demonstrates a staggering two-fold increase in
turnover frequency for NADH oxidation in biological settings under light, surpassing
organometallic half-sandwich catalysts. It also excels in photocatalyzing cytochrome ¢ (cyt
c) reduction in the presence of NADH, especially in hypoxic conditions. Through

exhaustive experimental and computational investigations, the team unveiled the
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mechanism, involving NADe radical trapping. Complex 1 exhibits a unique propensity for
targeting mitochondria in cancer cells, delivering nearly identical levels of
photocytotoxicity in normoxic and hypoxic environments while maintaining low toxicity
in unexposed normal cells. This research illuminates complex 1's potential as a potent and
versatile photocatalyst for diverse biomedical applications, notably in cancer therapy,

offering selective cancer cell targeting while sparing healthy ones (Figure 1.23).
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In another study, He et al, reported the discovery of two iridium (III)-based
photosensitizers, known as IrLL1 and MitolrL2, which possess the unique capability to
trigger ferroptosis.”® The researchers devised a new cyclometalated Iridium(III) complex
called IrL1, originating from benzothiophenylisoquinoline (btiq) in conjunction with
imidazophenanthroline (ipt) as an additional ligand. To enhance their photodynamic
impact, they introduced the mitochondria-targeting triphenylphosphonium (TPP) group
into IrL1, resulting in the creation of MitolrL2. When exposed to low oxygen conditions,
IrL1 and MitolrL2 exhibited the ability to generate superoxide (O2"") and hydroxyl radicals
("OH). This activity inhibited the expression of the lipid peroxidase scavenger antioxidant

GPX4, leading to an accumulation of lipid peroxides and consequently inducing
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ferroptosis. Furthermore, MitolrL2 demonstrated a specific affinity for mitochondria,
where it activated p53, leading to an increase in Bax expression while simultaneously
inhibiting Bcl-xl expression under hypoxic conditions. This dual action resulted in the
disruption of the mitochondrial membrane potential (MMP) and the suppression of

adenosine triphosphate (ATP) production, ultimately triggering apoptosis (Figure 1.24).

In a recent analysis, Brabec et al. conducted a study involving octahedral Ir(II) complexes
that featured a benzimidazole backbone containing NH groups. These complexes were
designed to specifically target malignant cancer stem cells (CSCs) and trigger
immunogenic cell death (ICD) in melanoma cells.”! To achieve this, they employed a
common 1H-benzo[d]imidazole backbone with varying NH group configurations and
utilized four different N, N ligands to synthesize PSs 1 through 4. In their investigation
using human skin melanoma cells, the researchers found that PS 4 exhibited the highest
levels of cellular uptake, photoinduced reactive oxygen species (ROS) generation, and
superior phototoxicity under both normoxic and hypoxic conditions when compared to the
other complexes in the series. Notably, despite the fact that most metal-based
photosensitizers (PSs) known to induce ICD are typically localized in the endoplasmic
reticulum (ER), compound 4 showed a preference for localization in the mitochondria.
Furthermore, the authors demonstrated that PS 4 could selectively target CSCs, specifically
CD20+ CSC-like A375 melanoma cells.

Chao ef al., recently introduced a new advancement in cancer therapy by synthesizing a
novel two-photon photosensitizer, Ir-pbt-Bpa. This new compound was created by
substituting the support ligand 2-phenylpyridine in the previously established Ir-Bpa
compound with 2-phenylbenzo[d]-thiazole.®? This modification was carefully designed to
improve its ability to absorb two photons, especially in the wavelength range of 740-800
nm, and it exhibits its highest absorption peak at 750 nm. Notably, Ir-pbt-Bpa exhibited
remarkable efficacy in initiating Immunogenic Cell Death (ICD) upon exposure to light
irradiation. The researchers went on to assess its therapeutic potential in the /n-Vivo mice
model, revealing that when combined with two-photon irradiation, Ir-pbt-Bpa effectively
suppressed both primary and secondary tumors. This outcome was attributed to the
synergistic effects of photodynamic therapy and immunotherapy, resulting in an improved
immune microenvironment and the establishment of potent, enduring immunity.
Furthermore, the study delved into the mechanisms behind Ir-pbt-Bpa's action, uncovering
compelling evidence of effective endoplasmic reticulum (ER) stress induction. This was

manifested through heightened CHOP and p-elF2a expression and the highest level of
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calcium ion release. These findings hold immense promise for the development of

innovative cancer treatments harnessing the unique attributes of Ir-pbt-Bpa (Figure 1.25).
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Figure 1.25: (a) Mitochondrial localization of Ir-Pbt-bpa and (b) Quantification of subcellular
localization. (c,d&e) Flow cytometric analysis of cells treated with iridium complex for LPO, ROS
and Ca*'(f) The apoptotic evaluation to live dead assay. (g) Western blot analysis of the A375 cells
after Ir-Pbt-bpa treatment. Adapted from Reference 92

In another evaluation, Yang and his team have successfully created a unique
phosphorescent material by blending an Ir(IIl) metal complex composed of bipyridine and
2-phenylpyridine ligands with polystyrene (PS).”> Complex 17, the resulting compound,
exhibits impressive optical characteristics, including a strong absorption peak at
approximately 450 nm, with a high molar absorption coefficient. When placed in a
phosphate buffer solution, this molecule emits an orange-red phosphorescent light with a
wavelength of 620 nm and a quantum yield of about 3%. To evaluate its ability to generate
singlet oxygen, the researchers conducted a scavenging assay using 1,3-
diphenylisobenzofuran (DPBF) and employed electron spin resonance (ESR) spectroscopy.
Additionally, they investigated the potential of complex 17 for photodynamic therapy in
vivo, utilizing a continuous wave laser with a 730 nm wavelength. This study highlights the
development of a promising phosphorescent PS material based on complex 17,
emphasizing its exceptional optical properties and potential applications in areas such as

photodynamic therapy.

In fascinating research conducted by Mao et al., they synthesized four cyclometalated

iridium (III) complexes featuring bicarboline ligands. These complexes were designed to
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serve as cell imaging agents and photosensitizers, specifically targeting lysosomes and

. . . . . o, . . . 94

becoming activated in acidic pH conditions associated with tumors.
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Figure 1.26: (a) The structure of the complexes under investigation. (b) Table showing the
photophysical properties of the complexes. (¢) The intracellular laser scanning images show the
internalization. (d) Caspase activity evaluation of the molecule in light and dark conditions. Figure
adapted from reference 94

These complexes exhibited heightened phosphorescent emission and the generation of
singlet oxygen molecules when present in environments related to tumors and lysosomes.
Further investigations into the mechanism of action revealed that PDT mediated by
Complex 2 primarily triggered apoptotic cell death that relied on caspases and reactive
oxygen species (ROS), primarily due to damage to lysosomes and the release of cathepsin
B. An intriguing aspect of Complex 2 is its capability to be used for monitoring lysosomal
integrity during PDT. This offers a convenient means of assessing the therapeutic

effectiveness in real time (Figure 1.26).

Huang and colleagues developed two distinct Ir(IIT) complexes, Ir-P(ph)3 and Ir-alkyl, with
specific targeting capabilities for mitochondria and lysosomes, respectively. These
complexes exhibited similar properties such as a high 'O, quantum yield, long-lasting

phosphorescence, and strong sensitivity to oxygen levels. When oxygen levels decreased,
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both complexes displayed increased luminous intensity and extended lifetimes. In
comparison to the lysosome-targeted complexes, cells treated with the mitochondrial-
targeted complexes showed a slower respiration rate, leading to higher levels of oxygen

within the cells under hypoxic conditions.”’
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Figure 1.27: (a) The structure of the normal and Mito-targeted iridium complexes and the
mechanism of action. (b) Cell viability evaluation of both the complexes in normoxic and hypoxic
situations. (¢) Confocal microscopy images and flow cytometry quantification of annexin V-FITC-
and PI-labelled HeLa cells. Adapted from reference 95

This effect enhanced their ability to combat hypoxic tumors, as demonstrated by the MTT
experiment. Ir-P(ph)3, in particular, exhibited excellent photodynamic therapy (PDT)
effectiveness under hypoxic conditions, confirming the positive impact of mitochondria-

targeted PDT agents in treating hypoxic cancers (Figure 1.27).

Chao et al. recently unveiled a groundbreaking advancement in photodynamic therapy
(PDT) by introducing an oxygen-independent Ir(III) complex as a photosensitizer (PS) for
two-photon excitation. Their innovation incorporates an anthraquinone moiety, which
efficiently activates the Ir(II) complex to generate highly cytotoxic carbon radicals while
concurrently quenching its luminescence.’® Remarkably, under hypoxic conditions, this
anthraquinone-modified Ir(IIl) complex exhibits a unique "turn-on" behavior, wherein its
emission is reactivated through enzymatic reduction by reductase, as illustrated in Figure
9E. Importantly, the reduced Ir(IIl) complex, when exposed to 730 nm irradiation,
effectively produces carbon radicals, resulting in the disruption of mitochondrial membrane

potential and subsequent induction of apoptotic cell death. This pioneering research
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represents a significant stride in the development of oxygen-independent PSs for two-
photon PDT, holding promise for advanced cancer therapy applications. Yuksel and
colleagues developed red-wavelength-excited Ir(III) complexes featuring two BODIPY
units. These complexes exhibited similar absorption bands to free BODIPY but had higher
molar extinction coefficients. Their 0> quantum yield (¢A) was six times greater than free
BODIPY (pA=0.06 vs. 0.01). MTT experiments confirmed that under red irradiation, the
Ir(IIT) complexes induced slight cancer cell apoptosis. However, the phototoxicity efficacy
was suboptimal, attributed to the mismatched distance between the coordination center and

the BODIPY unit, hindering energy or electron transfer.”’

(@) )

Figure 1.28: (a) The structure and sensing mechanism of the Iridium-Coumarin probe. (b)
Fluorescence spectra of the synthesized complexes and their intensity profiling. (¢) The intracellular
localization of the probe molecule through confocal imaging. (d) The quantification of ROS
production with different light irradiation. Figure adapted from reference 98

Novohradsky et al., put forward an innovative approach by developing hybrid agents that
combine Ir(IIl) cyclometallate with a suitable fluorophore for use in PDT.”® They combined
Ir(II) cyclometallate with the coumarin-appended (COUPY) fluorophore. The Ir(II1)—
COUPY complexes exhibit pronounced absorption peaks within the 500-600 nm range, and
these peaks are a result of the n— n* transitions of coumarin. Importantly, when tuning the
excitation Ir(IIN)-COUPY, the fluorescence of coumarin can also be observed, indicating
suitable energy transfer from the Ir(IIl) complexes to the coumarin fluorophores.
Interestingly, the cellular uptake pathway of the Ir(II[)-COUPY complex differs from that
of its individual components and functions through a mechanism independent of energy.

When exposed to green light, Ir(II[)-COUPY complexes exhibit significant phototoxicity.
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These findings confirm that the inclusion of coumarin in Ir(IIl) complexes extends the
range of wavelengths for photosensitizer excitation. In another study, Lin et al. pioneered
the development of nano metal-organic frameworks (nMOFSs) utilizing an Ir(IIT) complex
as a photosensitizer (PS) for deep photodynamic therapy (PDT). These nMOFs, featuring
crucial Hf atoms, efficiently absorbed X-rays and transferred energy to the Ir(IIl) complex,
leading to singlet oxygen ('O2) generation.”® With a controlled thickness of 1.2 nm, the Hf-
BPY-Ir nMOFs facilitated cellular uptake and 'O» diffusion within cells (Figure 1.28). MTT
assays on CT26 and MC38 cells revealed exceptional cytocompatibility, with cell viability
above 95% even at the highest concentration. Importantly, X-ray irradiation maintained
phototoxicity, suggesting nMOFs' potential for deep tissue PDT in tumors, as demonstrated

by shielding tests with a 1 cm-thick beef block.
1.5.4 Activatable Photosensitizers in Photodynamic Therapy: From Bench to Bedside

Activatable Photodynamic Therapy (aPDT) represents a groundbreaking advancement in
the field of medical science, ushering in a new era of precision medicine and targeted
therapy. Essentially, aPDT is a treatment strategy that utilizes the complex interplay
between light, photosensitizing agents, and cellular biology to selectively eliminate
diseased cells while preserving healthy tissue. This innovative technique capitalizes on the
high sensitivity of specific photosensitizers to particular wavelengths of light, which
triggers their activation and the subsequent production of reactive oxygen species (ROS).
What sets aPDT apart from traditional photodynamic therapy is its ability to precisely
control when and where the photosensitizer is activated, restricting its harmful effects to
predetermined cellular targets. This precision is achieved through the development and use
of advanced molecular switches or intelligent nanocarriers that respond to specific cellular
or environmental cues, providing exceptional control and minimizing collateral damage.!®
As a result, aPDT has emerged as a ray of hope in the battle against cancer, infectious
diseases, and various other health conditions, holding the potential to transform clinical
treatments by sparing patients from the often-debilitating side effects associated with
conventional therapies (Scheme 1.10). As we delve deeper into the intricate mechanisms
and applications of activatable PDT, we unlock the opportunity to reshape the medical
landscape, offering patients not only improved treatment outcomes but also a renewed

sense of optimism for a healthier future.'°!
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Scheme 1.10: (a) Schematic illustration of the new and old strategy used to impart activatable PDT
effect. Adapted from reference 88

Activatable photosensitizers have emerged as a promising strategy in the field of
photodynamic therapy (PDT) for cancer treatment. These unique compounds remain
inactive until they encounter specific triggers, such as overexpressed molecules or proteins
in the tumor environment. By eliminating factors that hinder the PDT effect, these stimuli-
responsive activators enable precise and targeted treatment. This not only enhances the
therapy's focus on cancer cells but also reduces the potential for damage to surrounding
healthy tissues, making cancer treatment more effective and selective. Activatable
photosensitizers, or PSs, can be activated by specific stimuli, making them highly effective
at targeting diseased cells characterized by overproduced biomarkers. This targeted
activation helps distinguish healthy cells from diseased ones, minimizing damage to
healthy tissues during PDT. Additionally, the same pathway responsible for generating
reactive oxygen species (ROS) during photoexcitation also leads to fluorescence emission,
allowing confirmation of stimuli-triggered PS activation and enabling imaging-guided PDT

(Scheme 1.11).'%°

Significant efforts have been dedicated to developing activatable PSs that target disease
biomarkers. One notable example is 5-aminolevulinic acid (5-ALA), which, while not
photosensitive itself, is metabolized into the photoactive protoporphyrin IX (PpIX) within
certain cells and tissues, allowing selective accumulation in tumor cells for PDT.
Researchers have explored various activation mechanisms for activatable organic PSs. An
early approach involved the aggregation-caused quenching (ACQ) effect, where high PS
concentrations were enclosed within stimuli-responsive polymeric nanostructures. Self-
quenching between PSs inhibited photosensitivity, which could be restored when the

nanocarrier disintegrated upon encountering specific biomarkers. However, this approach
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had limitations due to the unpredictable nature of polymer folding. In contrast, a newer
class of fluorophores known as aggregation-induced emission (AlEgens) displayed strong
fluorescence in the aggregated state but not in the monomeric state. AIEgens have been
adapted to develop activatable PSs, offering innovative strategies for their design. Another
early design involved the PS-quencher dyad (P-Q), where a quencher was linked to the PS

through a stimuli-responsive linker, resulting in the quenching of photosensitivity due to

).100

resonance energy transfer (RET

Scheme 1.11: Schematic representation of the mechanism of activatable PDT towards normal and
cancer cells.

When specific biomarkers were present, the linker would cleave, freeing the PS and
activating its photosensitivity. This approach provided a versatile platform for creating
activatable PSs targeting various biomarkers by modifying the stimuli-cleavable linker. A
unique activation mechanism called biomarker displacement activation (BDA) was
introduced, where a PS-loaded nanocarrier complexed with a macrocyclic amphiphile
inhibited the PS's photosensitivity. Excessive biomarkers in tumor tissues displaced the PS,
restoring its photosensitivity. Recent research has focused on chemically modifying
common fluorophores to create novel PSs, such as BODIPY, rhodamine, D-n-A dyes, and
AlEgens. These derived PSs serve as frameworks to leverage established fluorescence turn-
on mechanisms, offering researchers versatile tools for creating activatable photosensitizers
targeting different biomarkers. In the past five years, several PS activation designs based
on fluorogenic principles have emerged, including biorthogonal activatable BODIPYs,
activatable Se-rhodamine with single-cell precision, silicon phthalocyanine for targeting

oxygen levels, general D-n-A scaffolds, and AIEgens, among others. These innovations
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hold significant promise for advancing photodynamic therapy and enhancing the precision

and effectiveness of cancer treatment. !>

Akkaya et al., described a unique photosensitizer called PS-Q, which can be activated by
glutathione (GSH). This PS-Q was created by attaching a Br-conjugated BODIPY to a
thiol-cleavable 2,4-dinitrobenzenesulfonyl (DNB)unit.
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Figure 1.29: (a) Mode of action for the GSH-mediated activation of caged photosensitizers. (b)
Absorption spectra of PS-1 with GSH. (c¢) Fluorescence microscope images of Annexin-V-floors
stained HCT116 cells in the presence PS-1. (d) Light and dark toxicity of PS-1 in a concentration-
dependent manner. Adapted from reference 103

The bromine was located at the 2,6-positions of the BODIPY dye to promote intersystem
crossing (ISC), a process that enhances the generation of singlet oxygen ('02) when the PS-
Q is exposed to near-infrared (NIR) light at 660 nm.'”® The DNB quencher, which is
attached to the BODIPY dye, plays a critical role in inhibiting the production of reactive
oxygen species (ROS). It achieves this by quenching the excited state of the photosensitizer
through a non-radiative deexcitation pathway, thereby preventing the unwanted generation
of ROS. However, when glutathione (GSH) is present, it can interact with the DNB
quencher and remove it from the PS-Q molecule. This removal process effectively "turns
on" the photosensitivity of the PS-Q, restoring its ability to generate ROS upon exposure
to NIR light. This unique property of GSH-mediated activation of PS-Q was demonstrated
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within cells. Specifically, the researchers showed that HCT116 tumor cells, which have a
high intracellular concentration of GSH, could be selectively eliminated through
photoirradiation. This selective activation and removal of the DNB quencher within the
cells allowed for targeted and controlled ROS generation, resulting in the destruction of the

tumor cells (Figure 1.29).

Urano and his research team have introduced HMDESeR-bGal as an innovative
photosensitizer with precise spiro cyclization control, enabling selective cell death
induction exclusively in b-galactosidase-expressing cells, thereby minimizing unwanted
phototoxicity as the activation occurs only upon interaction with the target enzyme.'**
Notably, their Ex-Vivo investigation using larval Drosophila wing discs confirmed the
specific cell death induction in the b-galactosidase-expressing region, marking a significant
milestone as it represents the first instance of non-localized photoirradiation achieving cell
death selectivity in target cells within living tissue using a small-molecular photosensitizer.
In another approach Schnermann and his team introduced the development in the field of
oxygen-responsive photosensitizers, utilizing a uniquely structured SiPc molecule.!® This
particular SiPc derivative exhibited a dual function: it acted as a photo-uncaging agent,
releasing a chemical drug in hypoxic conditions, while also serving as an active
photosensitizer that generated reactive oxygen species exclusively in normoxic
environments. This capability of being activated only in the presence of oxygen ensured
that oxygen-consuming photodynamic therapy (PDT) treatments were administered solely
under aerobic conditions, preventing further worsening of tumor hypoxia. The SiPc
derivative efficiently underwent intersystem crossing to attain a long-lived triplet state,
facilitating either drug delivery or ROS generation depending on the prevailing oxygen
levels. Given that many solid tumors consist of diverse cellular subpopulations marked by
varying levels of hypoxia, this oxygen-responsive photosensitive agent holds great promise

for intelligent anti-tumor phototherapy.

To ensure the importance of AIE probes, Liu et al. have recently introduced a novel
bioorthogonal fluorogenic AIEgen named TPETSAI for the purpose of imaging-guided
cancer cell photoablation.'” This AIEgen is designed with alkyne groups that are
functionalized. Initially, TPETSAI exhibits dormant fluorescence, which means it does not
emit light until it anchors onto the membrane of metabolic glycoengineered cancer cells.
This attachment occurs through a click reaction with azide-functionalized glycans,
allowing for precise targeted imaging of the cancer cells. Furthermore, TPETSAI possesses

additional photosensitivity, making it suitable for efficient imaging-guided photodynamic
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therapy (PDT). Importantly, the effectiveness of this approach was demonstrated
intracellularly, showcasing its potential for cancer treatment without directly copying or

plagiarizing prior research (Figure 1.30).

(a) (b)

* -
' Click” 8
o s, i ]
| f §
g o

g
o
8

-~
o
IS
2
5

3
|
3
g

PL Intensity (a.u.)
5

PL Intensity (a.u.)

HO— f\ N Melabom,: 0 T T T T : . == ; ] - =ity

MR o 550 60 60 TO TH0 800 550 600 650 700 750 800
((;)a Wavelenath (nm) Wavelength (nm)

° — (d)

—— TPETSAl
o oo TPETSAFCU ITHPTA
== TPETSAHSA
| - - - TPETSACU™/THPTA | |
1SA P

-

204

104

Intensity (a.u.)

TPETSA

10 100 1000
Diameter (nm) Wavelength (nm)
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Metal complexes exhibit excellent potential as activatable photosensitizers (PS) for
photodynamic therapy (PDT). These complexes possess unique features that set them apart
from their organic counterparts. One distinguishing characteristic is their inherent triplet
excited state, which contributes to their high singlet oxygen quantum yield. This property
makes metal complexes highly advantageous for enhancing the efficacy of activated PDT.
Furthermore, metal complexes offer versatile mechanisms for quenching their PDT
capability and emission characteristics. These mechanisms encompass electron transfer
processes, aggregation phenomena, and Forster resonance energy transfer (FRET)
interactions. These quenching mechanisms can be harnessed strategically to modulate the
PDT activation, allowing precise control over the therapeutic process. In contrast to organic
PS, metal complexes bring a wealth of scientific opportunities to the field of PDT. Their
inherent triplet excited state and versatile quenching mechanisms make them valuable tools
for tailored and efficient PDT activation, paving the way for innovative approaches in the

development of advanced photodynamic therapies.
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Yi et al., have innovatively developed an Ir(III) complex, denoted as Ir-1, which exhibits
distinctive characteristics, notably its aggregation-induced emission (AIE) property, as well
as a robust phosphorescence peaking at approximately 630 nm and an impressively large

Stokes shift of 227 nm.'"’
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Figure 1.31: (a) The structure and absorption spectra of the probe Ir-1. (b) Aggregation induced
emission property of the probe with different water fraction. (¢) Intracellular ROS generation of the
probe with laser irradiation through DCFDA assay. (d) /n-Vivo animal modal studies with tumor
reduction and H&E staining. Figure adapted from reference 107

In the realm of photodynamic therapy (PDT), the effectiveness of Ir-1 in generating singlet
oxygen ('0») stands out, surpassing that of Rose Bengal by a factor of 2.3, when evaluated
in an ethanol/water mixture solution with a volume ratio of 1:9. Importantly, in In-Vitro
experiments, Ir-1 displayed superior biocompatibility and a heightened level of
phototoxicity in comparison to established clinical photosensitizers. This compelling
evidence underscores the potential of Ir-1 as a promising photosensitizer for image-guided
PDT in the treatment of cancer, highlighting its significant contributions to advancing this
therapeutic approach (Figure 1.31). In different case studies, Wong and colleagues devised
a strategy to enhance the singlet oxygen generation capacity and precision of organelle
targeting in the rhodamine-containing cyclometallated iridium(III) system, Ir-Rho-G2.!%
This strategy involved a straightforward substitution of the original cyclometallating

ligand, 2-phenylpyridine (ppy), with 2,3-diphenylquinoxaline (dpgx) within the complex.
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Subsequently, they further refined this design, creating a second-generation derivative, Ir-

Rho-G2, by modifying the dpgx ligand to achieve a lower-lying excited state.
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The enhancements achieved in Ir-Rho-G2 were remarkable, notably in its capacity to
generate singlet oxygen and precisely target the endoplasmic reticulum (ER) within cells.
These advancements translated into highly effective photodynamic therapy (PDT) results,
causing cancer cell death when exposed to light due to ER dysfunction. The primary goal
was to extend the excited state's lifetime, leading to improved PDT outcomes. Ir-Rho-G2
exhibited exceptional efficiency in generating reactive oxygen species in both solution and
cells, along with specific ER targeting, which correlated with cancer cell apoptosis upon
light exposure. Importantly, it demonstrated low toxicity in the dark, high photostability,
and a preference for uptake by tumor cells. /n-Vivo experiments, including near-infrared
fluorescence (NIRF) imaging and tumor PDT, confirmed its ability to accumulate at tumor

sites and effectively suppress tumor growth (Figure 1.32).

Zhao and co-researchers put forward a class of photosensitizers, namely Irl and Ir4,

designed to be triggered by the presence of glutathione (GSH), a molecule abundant in

56

295°0-0d

=0d

9LL'0




Harnessing Molecular Probes for Personalized Theranostics: The Recent Development on
Activatable Photodynamic Therapy

cancer cells. These photosensitizers are constructed using iridium (III) complexes,
featuring benzyl pyridinium groups that facilitate photoinduced electron-transfer (PeT)
reactions.!” When GSH is detected, it initiates nucleophilic substitution reactions, resulting
in alterations in the photosensitizers' phosphorescence properties, including intensity,

wavelength, and lifetime.
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Figure 1.33: (a) The structure and the singlet oxygen activation mechanism of the GSH sensing
activatable probe. (b) Emission and lifetime analysis of the probe with different concentrations of
GSH. (¢) Imaging of intracellular GSH level in different cells with and without GAH inhibitor. (d)
Apoptotic evaluation through viability assays in presence of light. Adapted from reference 109

This heightened sensitivity to GSH is pivotal. It allows these photosensitizers to selectively
pinpoint cancer cells versus healthy ones through luminescence and lifetime imaging,
capitalizing on the elevated GSH levels in cancer cells. Importantly, GSH activation
significantly amplifies the generation of singlet oxygen. This distinct attribute not only
enables precise cancer cell targeting but also enhances PDT's efficacy in eliminating tumor
cells due to the elevated GSH levels. The proof of a GSH-responsive mechanism was
demonstrated by substituting the pyridinium group in Irl with hydroxyl, yielding a new
complex, Ir2, which exhibited blue-shifted, intensified emission, extended lifetime, and

increased singlet oxygen production (Figure 1.33).

57



CHAPTER 1

Yuan et al., presents a novel iridium (III) complex probe, [Ir(ppy)2(NTY-bpy)](PF6),
designed for the detection of cysteine (Cys) both in laboratory settings and in living
organisms. The development of this probe involves the incorporation of a strong electron-
withdrawing group, nitroolefin, into the bipyridine ligand of the Ir(IIl) complex. The
luminescent properties of the probe are initially quenched due to an intramolecular charge
transfer (ICT) process but are subsequently activated by a specific recognition reaction with
Cys. This compound, [Ir(ppy)2(NTY-bpy)](PF6), demonstrates high sensitivity and
selectivity in detecting Cys and is biocompatible. Furthermore, its long-lasting emission
enables time-gated luminescence analysis of Cys in both cellular and human serum
samples, making it a practical choice for phosphorescence and time-gated luminescence

imaging, as well as flow cytometry analysis of Cys in live samples.'!°
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Figure 1.34: (a) The structure and the mechanism of action of the activatable probe. (b) Absorbance
studies to confirm singlet oxygen generation with ABDA assay. (c¢) Live -dead assay with different
combinations of the probe with and without laser. (d) In-Vivo analysis showing the imaging and
tumour reduction studies. Adapted from reference 78

In their study, Gou and colleagues developed an iridium(IIl) complex, IrDAD, featuring a
unique D-A-D type ligand with strong near-infrared absorption and efficient
Intramolecular Charge Transfer (ICT). [rDAD displayed a remarkable contrast in its
behaviour between monomeric and aggregated states, as it generated no Reactive Oxygen
Species (ROS) in the former but exhibited significant ROS production in the latter, a
departure from typical aggregation-caused quenching (ACQ) dyes. This property,
combined with the advantageous intermolecular interactions and intramolecular motion,
resulted in IrDAD's ultralow radiative transition, allowing for maximized conversion of

photo energy into ROS and heat for both Photodynamic Therapy (PDT) and Photothermal
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Therapy (PTT). To enhance its therapeutic potential, [rDAD was further developed into
nanoparticles (IrDAD-NPs) by conjugating it with polyethylene glycol (PEG). In-Vivo
experiments demonstrated that 'DAD-NPs exhibited preferential tumor accumulation and
led to significant tumor regression, showcasing their potential for advanced cancer

phototherapy (Figure 1.34).7
1.6 Objectives and methodologies for the present investigation

In the field of cancer diagnostics and therapy, one of the most challenging tasks is to
comprehensively understand the cellular-level changes that occur within biological systems
in their natural environment. To overcome these challenges, scientists are actively
exploring the development of new functional materials with enhanced sensing capabilities
with therapeutic potential. This thesis focuses on a systematic exploration of the design,
synthesis, and evaluation of cationic cyclometalated iridium (III) complexes with
biosensing properties, specifically for the applications in activatable photodynamic therapy
in cancer treatment. . The key innovation lies in the precise activation of these complexes
at the target site, thereby enhancing the treatment's effectiveness while minimizing
systemic toxicity. The synthesis of several cationic metal complexes based on iridium metal
is presented, followed by an investigation of their optical properties, which are harnessed
for various sensing, imaging, and photodynamic therapy-based treatments in combination
with other strategies. These functional materials have the potential to create therapeutically

relevant probes for applications like point-of-care diagnosis and personalized treatment.

The thesis comprises four chapters, each delving into different aspects of this research. The
first chapter provides an overview of recent advancements in photodynamic therapy,
emphasizing the use of metal complexes as photosensitizing agents and their potential in
cancer diagnostic and theranostic applications for effective therapeutic outcomes. It also
includes a review of existing literature on functional small molecule-based optical probes,

photosensitizers, and their biological applications.

Chapter 2 details the design and synthesis of a cationic cyclometallated Ir(IlI) complex
using a quinoline-appended bipyridine as the auxiliary ligand. This complex is designed
for targeted activation through nicotinamide adenine dinucleotide-reduced (NADH), a
crucial molecule in cellular homeostasis. The complex serves as a molecular probe for
assessing the state of endogenous NADH using surface-enhanced Raman spectroscopy
(SERS) and fluorescence techniques. The activation of this probe upon interaction with

NADH enables the switching of SERS and luminescence, achieving remarkable detection
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limits. Furthermore, the activated complex is explored for its potential as a photosensitizer

in producing singlet oxygen for cancer treatment.

Chapter 3 focuses on the creation of a multifunctional photosensitizer complex with
theranostic applications. This complex, called Ir-Nap, is designed to enable efficient
photodynamic therapy in hypoxic tumors by generating singlet oxygen through heat-
triggered cycloreversion of endoperoxides. The complex is integrated into a magnetic
nanoparticle (MNP) platform with photothermal capabilities, allowing for a combination
of oxidative and photothermal damage in tumor cells. To protect the therapy from
circulation-related issues, a responsive MnO> coating is applied to the MNP surface, and a
cancer-targeting peptide is incorporated for active cell targeting. This approach results in a

potent triple therapeutic combination effect on cancer cells.

Chapter 4 introduces a novel H>S activatable photodynamic agent for cancer treatment. The
cyclometallated iridium compound initially exhibits weak photoluminescence but becomes
highly active in the presence of H>S. This activation is achieved by blocking the photo-
induced electron transfer process, leading to the regeneration of emission and the activation
of photodynamic therapy. The complex demonstrates exceptional selectivity for HoS and
effectively transforms it into a potent PDT agent while reducing ATP levels in cells, making
cancer cells more susceptible to apoptosis during treatment. This innovative approach has
the potential to revolutionize cancer treatment through depletion-assisted activatable PDT

with highly photoactive iridium complexes.
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CHAPTER 2

NADH-Depletion Triggered Energy Shutting with
Cyclometalated Iridium (III) Complex Enables Bimodal
Luminescence-SERS Sensing and Photodynamic Therapy
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Abstract

The nicotinamide adenine dinucleotide-reduced (NADH) maintains intracellular redox
status by functioning as a hydride (H) carrier in cellular homeostasis and its imbalance is
reflected in many diseases including cancer. Here we report a quinoline appended iridium
complex (QAIC) as a bimodal molecular probe with respect to fluorescence and surface-
enhanced Raman spectroscopy (SERS), to assess the endogenous NADH in cancerous cells.
NADH-triggered activation of QAIC enabled complementary luminescence turn-ON and
SERS turn-OFF switching patterns and furnished a detection limit of 25.6 nM in
luminescence and 15 pM in SERS w.r.t. NADH. Transition state modeling using density
functional theory calculations proved that a facile migration of H—from NADH to QAIC
transformed the activated QAIC (denoted as NAD---QAICH i.e., N-QAIC) with an energy
span of 19.7 kcal/mol. Furthermore, N-QAIC is probed as a photosensitizer which
subsequently generates singlet oxygen upon laser irradiation to source the photodynamic

therapy (PDT) by blocking the photo-induced electron transfer (PeT) during the hydride
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transfer process. Interestingly, N-QAIC-triggered NAD radicals were observed during the
intracellular reduction of cytochrome c in hepatocellular carcinoma cells (HepG2) as
identified by the signature Raman fingerprint at 750 cm™. Therefore, light-triggered radical
generation of iridium complex propelled the toxic NAD radical without the requirement of
molecular oxygen, illustrating a new way of oxygen-independent PDT. The current
approach with the active shutting of energy production via NADH depletion followed by
image-guided PDT by the cyclometalated iridium complex unveiled a futuristic candidate

for cancer theranostics.
2.1 Introduction

Altered cellular metabolism is a hallmark of cancer! where, the excess energy required for
various anaplerotic reactions is managed by the intracellular levels of nicotinamide adenine
dinucleotide in reduced form (NADH).? As a cofactor, NADH performs vital roles in the
metabolic activities of cells including energy production, response to stimuli, redox
balancing, electron transport and regulates the redox homeostasis.® The classical Warburg
theory and the modern symbiotic theory of cancer metastasis eventually spotlight the
significance of NADH in cancer progression.* Since cancer cells intuitively prefer to
transform pyruvate to lactate, elevated NADH levels can be considered as a marker for
tumorigenesis. Therefore, selective depletion of NADH can shut down the energy
production, forcing the cells into a redox uncertainty.> Tumor develop a hypoxic core and
create a barrier to most of the therapies. Screening of metabolites related to low oxygen
conditions figure out the elevated level of NADH, making it as a key targeting modality
towards tumor hypoxia.® In this regard, it is worth to explore NADH detection using new
generation molecular probes which enable to direct both sensing and therapy.” Molecular
probes built upon metal complexes with the capacity for the simultaneous detection of
NADH and exerting therapeutic effect will hold certain merits.® The fascinating
photophysical features, high quantum yield, ease of synthesis and tunable emission
characteristics of iridium based cyclometalated complexes satisfies the requirements of a
molecular sensor. Moreover, the activated singlet oxygen conversion efficiency and
elevated aqueous solubility are added advantages of iridium complexes over other organic
sensor moities.”!* So far, there is no report on the selective detection of intracellular NADH
using cyclometalated iridium complexes. Recent studies established that iridium metal
complex can act as photo redox agents to produce carbon-centered free radical from

specific metabolites including NADH.!!
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Photodynamic therapy (PDT) has received attention in precision medicine due to its
localized therapeutic possibilities over the conventional cancer treatment modalities. The
practical application of PDT depends on the availability of efficient photosensitizers (PS)
capable of producing reactive oxygen specious (ROS) in type-I and other free radicals in
type-1I upon light trigger.!>!3Free radical scavenging activity of antioxidants in the cellular
environment reduces the efficiency of PS and hence a molecule which selectively activated
in tumor micro environment could be useful in clinical settings. Hypoxic nature of most
tumours hampers the production of ROS and thereby restrains the PDT process. Moreover,
PDT itself, by utilizing the intracellular oxygen reserves, leads to severe hypoxia, thereby
making the situation more complex. Therapeutic approaches for handling hypoxia and

t.!* Since reduced

enhance the efficiency of PDT is the hallmark of antitumor treatmen
oxygen concentration is the major bottleneck of PDT, researchers are focusing on
approaches that work without the need of oxygen i.e. oxygen independent PDT.

Herein, an oxygen independent PDT approach has been demonstrated using an in-house
iridium-based metal complex wherein 1-methylqunolium moiety appended bypyridine was
positioned as the ancillary ligand. The newly designed complex named as ‘I-
methylquinolium Appended liridium Complex’ (QAIC); can selectively monitor the
dynamics in the cytosolic NAD+ and NADH redox states via performing a redox reaction
between NADH and QAIC. The ancillary ligand in the QAIC was introduced to promote a
redox reaction with NADH, with high specificity and fidelity. As a new insight, the unique
Raman signature peak of iridium at around 1042 cm™ facilitates real-time monitoring of
the complex through surface enhanced Raman spectroscopy (SERS). A fine-tuned turn-
ON luminescence and turn-OFF SERS signals was observed when QAIC gets reduced by
NADH. It was hypothesized that, the reaction of QAIC with NADH could stop the process
of photo induced electron transfer (PeT) and concomitant activation of both luminescence
and PDT with a charge reversal promotes a decline in the SERS signals. Our molecular
probe expected to exhibit the following processes, (i) real-time detection of endogenous
NADH in cancer cells, (ii) turn-ON luminescence and turn-OFF SERS switching bimodal
detection, (ii1) tracking the molecular events via SERS fingerprint analysis, (iv) possibility
of NADH depletion triggered cancer therapy, (v) NAD radical generation capability and
(vi) inducing enhanced PDT towards both normoxic and hypoxic conditions. So far, this is
the first demonstration where the NADH triggered “ON—OFF” sensing approach
synchronizing the detection as well as phototherapy with iridium-based metal complex by

SERS and fluorescence-based bimodal strategies (Scheme 2.1).
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Scheme 2.1: Schematic illustration of NADH sensing and light assisted therapeutic action by
QAIC. (a) The mechanism of NADH detection with QAIC, and light triggered additional events
monitored after the sensing process. (b) QAIC internalisation followed by sensing of NADH in
HepG2 cells by dual model imaging and (c) corresponding NADH depletion mediated therapy and
laser triggered therapeutic mechanism of NADH activated QAIC in normoxic (with singlet oxygen)
and hypoxic (with NAD radical) situations

2.2 Results and discussion

2.2.1 Design and synthesis of quinolone appended iridium complex (QAIC).

The cyclometalated iridium (III) complex QAIC is synthesized through a three-step
process. The constitution of Ir (III) complex is furnished by two 4-(2-pyridyl) benzene
(ppy) ligands and one bipyridine ligand which is appended with 1-methylqunolium unit at
4 and 4’ positions. The quarternized N-centers of the qunoline moiety provide two positive
charges to this ligand. The ligand is abbreviated as (Nq'Nq") where the N stand for the N-
donor ligands of the bypyridine and s stands for the 1-methylqunolium substituents at 4
and 4 positions. Thus, QAIC can be written as [Ir(ppy)2(Nq"™Nqg")] © with a total charge on
the complex is +3. The detailed description of the synthetic procedures adopted and all the
characterization steps are described in the supporting information (Scheme 2.1). The
hypothesis is based on NADH mediated activation of QAIC effectively turn-ON the

luminescence with the simultaneous induction of localized PDT by blocking the PeT via
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selective shutting of electron transfer between iridium metal center (PeT donor) and the

electron deficient nitrogen of quinoline moiety (PeT acceptor)!® (Scheme 2.3).

Scheme 2.2: Reagents and conditions: (a) Aq-K,COs—Toluene, Pd(PPhs)s TBAB-24 h, 90°C. (b)
2-ethoxyethanol/water (1:2), reflex(90°C) 24 h. (¢) DCM-MeOH (1:1) —reflex (40°C) 12 h. (d)
AcCN-Mel- reflex(110°C) 24 h

Compared to the available NADH sensing organic probes'®, the enhanced water solubility
due the tri-cationic structure, synthetic easiness and the targeted activation of PDT up on
NADH trigger through image guided manner along with NADH depletion effect resembles
QAIC as a potential NADH probe.
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Scheme 2. 3: Mechanism of reaction between NADH and QAIC to form N-QAIC
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2.2.2 Photophysical assessment and activation of QAIC by NADH.

UV-Vis absorption spectrum of the complex (10 uM in HEPES buffer, pH 7.4) showed
energy absorption bands at 316 - 350 nm which corresponds to spin-allowed ligand-
centered n-n* transitions for cyclometalated (ppy) and ancillary (Nq'Nq") ligands. The
mixed singlet and triplet metal-to-ligand charge-transfer (MLCT and *MLCT) and ligand-
to-ligand charge-transfer (LLCT) transitions are responsible for the weak and low-energy

bands between 400 to 510 nm.'”'8
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Scheme 2.4: Schematic illustration of NADH-triggered targeted activation of QAIC and its dual
model sensing capability

A change in colour from pale yellow to orange is observed due to a new band at 475 nm in
the UV spectra upon incubation of QAIC with 2 equivalents of NADH (20 uM, 1 h at 37°C)
(Figure 2.1 a). QAIC displayed negligible luminescence at 565 nm (excitation 475 nm, slit
width 4 nm) after incubation with 2 equivalents of NADH about 20 minutes, exhibited a
12-fold enhanced blue shifted emission from 565 nm to 555 nm (Figure 2.1 b). Also, the
emission turn-ON response at 555 nm was observed with increasing the NADH
concentration with a linear response R’ value of 0.9969 (Figure 2.1¢).

The observed luminescence turn-ON behavior of QAIC can be attributed to the quenching
of PeT due to the reduction of QAIC by NADH. The Ir(Ill) centre in cyclometalated
complex is known for its PeT behavior when positively charged nitrogen centre is
incorporated in the aromatic ligands.!” Here PeT switch-OFF occurs due to the hydride
transfer from NADH to QAIC. The reduction would eliminate the net charge on the
nitrogen and convert QAIC to the activated N-QAIC (Scheme 2.4). The diminished
electron acceptance capacity of N-QAIC causes a decrease in PeT and also facilitates the
inter system crossing (ISC) to improve the luminescent properties of the complex.'® The
NADH-QAIC redox reaction in the sensing process was further confirmed by mass

spectrometric analysis. HRMS analysis for the peak at 315.157 (calcd for Cs;HaolrNg>* with

o
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m/z 313.164, where z =3) for QAIC is changed to 943.312 (calcd for Cs;Ha2IrNg" with m/z
943.310) upon NADH addition which confirms the hydride transfer from NADH to QAIC.
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Figure 2.1: (a) UV-Visible changes associated with NADH mediated activation of QAIC (red) and
QAIC with NADH (blue) after incubation (10 uM). (b) Emission characteristics of QAIC with
increasing concentration of NADH (0-100 pM) followed by 1 h incubation in HEPES (pH 7.4, ,
excitation 475 nm, emission 555 nm, slit width: 4 nm/4 nm) and (c¢) Linear correlation graph
between emission intensities and concentrations of NADH (with r>=0.996) (d) Study of QAIC (10
uM) from SERS-ON state (red) to SERS-OFF state (blue) upon incubation with NADH for 1 h. (e)
The SERS switching OFF process with 60 nm AuNP as SERS substrate (excitation wavelength 633
nm).(f) The linear correlation of SERS intensities and concentrations of NADH (withr?=0.9660).

Additionally, SERS analysis using negatively charged citrate-stabilized spherical gold
nanoparticles (AuNP) as substrate was performed to trace the Raman fingerprints of QAIC.
An intense Raman peak at 1042 cm™! is observed due to the aromatic ring chain vibrations
while peaks corresponding to 1228, 1277 and 1310 cm™' are assigned to the ring breathing
C-H bending of the phenyl moieties. Upon treatment with 2 equivalents of NADH, a sharp
quenching in the characteristic Raman peaks of QAIC occurred indicating a clear SERS
turn-OFF response towards NADH detection (Figure 2.1d). Further, a linear response of
hydride transfer between QAIC and NADH in the Raman channel is observed by recording
the SERS spectra with increasing NADH concentration. The well resolved spectra can be
attributed to the strong electrostatic interaction between the positively charged (Ng"Nq")
ligand in QAIC with the negatively charged citrate stabilized AuNPs. The reduction of
QAIC by NADH converts the charged (Nq'Nq") to the neutral (NqNq) which weakens the
interaction with AuNPs, rendering a SERS turn-OFF phenomenon (Figure 2.1e) with a
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linear response of R’ = 0.966 (Figure 2.1f). When AuNPs was treated with QAIC (0 to 100
nM), a change in the zeta potential from -30 to +13 was observed which validated the strong
electrostatic interaction between AuNP and QAIC (Figure 2.2a). These results suggest
QAIC as a powerful SERS based biosensor. Remarkably, the response of QAIC to NADH
at low concentrations (0—5uM) also showed linearity with detection limit as low as 25.6
nM (Figure 2.2b) which is high compared to the reported NADH probes. Selectivity and
sensitivity of QAIC towards NADH is also illustrated against different ions, amino acids,
metabolites and NADH mimics compounds (Figure 2.2¢). The sensing performance of

QAIC is found to be unaltered over pH fluctuations in the range 5.5 to 8.5 (Figure 2.2d).
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Figure 2.2: (a) Zeta potential changes of colloidal AuNP associated with the interaction of QAIC,
Insets shows the naked eye colour changes associated with the interaction of QAIC with AuNP (b)
Limit of detection of QAIC towards NADH via fluorescence method (c¢) Selective activation of
QAIC with NADH over other biologically relevant molecule and metal ions (QAIC, a-Na*, b-K",
c-Ca*", d-Mg?, e-Fe*, f-Cr*", g-H,0,, h-GSH, i-Glycine, j- Alanine, k- Glucose, 1- Cysteine, m-
pyruvate, n- Lactate, o-FADH, p-NADPH, q-NADH). (d)pH dependence of emission spectral
changes of N-QAIC at different pH starting from 5.5 to 8.5(excitation 475 nm, slit width 4nm)

The dispersion and solvation effect included density functional theory (DFT), viz.
wB97xD/SMD/BS2//wB97xD/BS1 is used (solvent = acetonitrile) to derive the structures
of NADH...QAIC and NAD...QAICH complexes and the transition state (TS1) for the
redox reaction (Figure 2.3a-e). The interaction energy (Ein) for the NADH...QAIC adduct
formation is 22.3 kcal/mol which indicates strong electrostatic binding between the tri
positively charge QAIC and neutral NADH. The structure of TS1 suggests the hydride

migration from the nicotinamide ring of NADH to the 4™ position of 1-methylquinolium
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unit of QAIC with an energy span of 19.7 kcal/mol. The product complex NAD...QAICH
is more stable than the reactant complex by 10.0 kcal/mol indicating that stronger

electrostatic interaction exists between the cationic NAD and di positively charged QAICH.

NADH NADH...QAIC complex NAD...QAICH complex

©)

0.0 -

0.0
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-20.0 A

-25.0 - NADH...QAIC
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-35.0 - NAD...QAICH
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Transition state TS1

Figure 2.3: The optimized chemical structure of (a) NADH (charge = 0), (b)NADH...QAIC
complex, (¢) NAD...QAICH complex and (d) transition state TS1. (e)The hydride transfer from
nicotinamide ring to quinolone ring is happening through TS1 wherein the activated C-H distances
are given in A. Many H atoms are omitted for clarity.

The high exothermic character of this reaction suggests the spontaneous conversion NADH
to NAD due to the strong ability of QAIC to abstract a hydride from the C-H bond of
NADH (the reaction is exergonic by 10.9 kcal/mol). The hydride transfer from NADH to
QAIC, followed by the PeT Turn-OFF behaviour suggests a novel sensing mechanism for
NADH by QAIC. The Ir(II) centre in cyclometalated complexes were reported to possess
PeT effect with positively charged nitrogen in an aromatic ring.!” The observed
luminescence turn-ON phenomena can be attributed to the blockage of PeT by NADH. The
hydride transfer from NADH will cause a reduction of the 4™ position in the quinoline ring.
This reaction would eliminate the net charge on the nitrogen and convert the complex to an

NADH activated iridium complex (NAD--QAICH: N-QAIC).
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2.2.3 NADH homeostasis by QAIC under cellular physiology.

The intracellular concentration of NADH varies between cancer cells of different origin.?’
Therefore, the NADH level was evaluated in different human cancer cell lines, viz. cervical
(HeLa), breast (MCF-7) and hepatocellular carcinoma (HepG2) and normal fibroblast cells
(WI-38) with the aid of a commercially available NADH quantification kit. Among all,
HepG2 cells maintained the highest levels of NADH (Figure 2.4a). Hence, further studies
were conducted with HepG2 cells. Most of the molecular probes failed to assess the
intracellular NADH due to the poor water solubility and aggregation caused in cellular

medium.
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Figure 2.4: (a) Quantification of intracellular NADH from different cancer and normal cell lines.
Quantification of extent of internalization by analyzing the iridium metal content in treated HepG-
2 cells via ICP-MS analysis in a (b) concentration and (¢) time dependent manner.

In the case of QAIC, the (Nq"Nq") ligand environment improves its hydrophilicity and
also reduces the aggregation behavior. Cytotoxicity evaluation confirmed the
biocompatible nature of the QAIC. Moreover, QAIC was observed to be resistant against
photo bleaching in cells (475 nm laser with 0.5 W/cm? power) as well as in solution state
(475 nm laser with 0.5 W/cm? power). To study the cellular uptake efficiency of QAIC,
ICPMS analysis was performed which displayed a time and concentration-dependent
uptake in HepG2 cells with more than 50 % of internalization based on iridium metal under
ambient conditions (Figure 2.4b&c).

QAIC exhibited a measurable, time-dependent luminescence turn-ON response towards
endogenous NADH in HepG2 cells, gradually from 15 min onwards and indicated most
prominent at around 60 min (Figure 2.5a). Complementing to the luminescence analysis,
intense Raman signals was observed at the beginning (within 0 to 15 min) upon incubation

of QAIC, which gradually decreases and eventually SERS turn OFF occurred at around 60
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min (Figure 2.5a). The most intense peak around 1042 ¢cm’!, the C-H bending mode of
QAIC was utilized for SERS mapping in HepG?2 cells.
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Figure 2.5: (a)Time dependent fluorescence imaging of HepG2 cells showing the fluorescence-ON
process via activation of QAIC by NADH shown in the left panel. Corresponding Time dependent
SERS imaging of HepG2 cells showing the Raman-OFF process via activation of QAIC by NADH
shown in the right panel. (b) Fluorescence enhancement of QAIC from cells incubated with
exogenous NADH. (¢)Effect of pre-incubation of various glycolytic intermediates on the NADH
sensing by QAIC (A-control, B-10 mM glucose, C-20 mM glucose, D-5 mM pyruvate, E-10 mM
pyruvate, F-5 mM lactate, G-10 mM lactate). (d) The activation of QAIC in the presence of
Rotenone in Normoxic and Hypoxic situation (e¢) Quantification of intracellular NADH from
HepG?2 cells incubated with QAIC using commercially available kit

To further confirm NADH-mediated selective activation of QAIC, HepG2 cells were
treated with different metabolic precursors, viz. glucose, pyruvate and lactate that either
promotes or reduces intracellular NADH level. A concentration—dependent increase was
noticed in the luminescence signals when HepG2 cells were pre-treated with NADH
(Figure 2.5b). It is well known that the glycolytic pathway uses glucose as a precursor

molecule for energy production leading to the formation of NADH.?! The increase in the
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luminescence intensity from HepG2 cells pre-incubated with glucose suggests the redox
reaction between NADH and QAIC. Also, intense luminescence signals are observed when
the cells are treated with pyruvate due to the utilization of intracellular NADH by the
enzyme lactate dehydrogenase. This enzyme elevates the NADH levels significantly when
exogenous lactate is supplied (Figure 2.5¢). Intracellular glutathione (GSH) plays a central
role in maintaining the redox balance and homeostasis of cells.?> Cells pre-treated with
GSH displayed a reduction in the luminescence intensity, while the administration of GSH
inhibitor helps to regain the fluorescence. Recently our group reported that clinically used
chemotherapeutic paclitaxel causes a reduction in the cellular GSH level.?> An amplified
luminescence with the paclitaxel treatment not only confirmed this drug mediated GSH
reduction, but also displayed the efficiency of QAIC to precisely monitor NADH kinetics.
To further illustrate the cross talk between GSH and NADH, cells were treated with a GSH
inducer a-Lipoic acid, which bring about a noticeable reduction in the luminescence
intensity. An increased luminescence from the HepG2 cells maintained under hypoxic
conditions upon comparison with the cells maintained under normal oxygen concentrations
evidently proved the inflated NADH level in low oxygen conditions. The increased
luminescence with low oxygen status is assumed to be due to the interruption of partially
preserved mitochondrial respiration which caused an accumulation of intracellular NADH.
In order to validate this hypothesis, an electron transport chain blocking agent rotenone was
employed, which will elevate NADH concentration.?®> Under normoxia, rotenone enhanced
the luminescence of QAIC whereas in hypoxia, no notable changes were observed. This is
due to the partially preserved mitochondrial respiration, which itself reduce the activity of
respiratory Complex-I in hypoxia (Figure 2.5d). Elevated antioxidant levels in hypoxia
make PDT a challenging treatment option. Treatment of cells with resveratrol, a potent
antioxidant enhances the fluorescence in hypoxia whereas, no changes can be observed in
normoxia. 2* QAIC is capable of sensing tiny fluctuations in the cellular levels of NADH
associated with various events. It is worth to mention that NADH depletion can interrupt
redox homeostasis to initiate a cascade of physiological process including apoptosis. As
an interesting observation, a reduction in the intracellular NADH level upon treatment of
QAIC was monitored using NADH quantification kit. Beside NADH sensing, QAIC
played the role of NADH scavenger which will ultimately trigger a redox imbalance with

an energy shutting process >° (Figure 2.5¢).
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2.2.4 Evaluation of photo-oxidation of NADH by QAIC.

The unique performance of iridium metal complexes towards light contributes
miscellaneous photo-activities like radical generation from co-enzymes including NADH. !
Upon treatment with QAIC, there was a decline in the intensity with the absorption and
emission band of NADH with an increasing time of laser irradiation, irrespective of
temperature change (Figure 2.6a). It is obvious that the 1-methylquinolium part on the
ancillary ligand of QAIC is selectively reduced in presence of NADH. However, this
localized reduction does not impart any change in the chemical behavior of the metal
complex. In this context, it is envisaged that in the presence of light, NADH activated QAIC
(N-QAIC) is capable to generate NAD radicals. To confirm the generation of NAD radicals,
a semi-quantitative analysis was performed using 2,7-dichlorifluorescin diacetate (DCF-
DA) with Fenton system (H202/Fe3+) as the positive control. A sharp increase in the
emission intensity for DCF was monitored at 545 nm upon laser (475 nm with 0.5 W/cm2
power) irradiation, which indicated the production of NAD radicals as it converts the

DCFH to DCF (Figure 2.6b).
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Figure 2.6: (a) NADH degradation by QAIC under different external stimuli, i- without external
stimulus, ii-Under temperature incubation at 37°C, iii- light mediated degradation (475 nm laser)
(b) Schematic representation of radical generation process followed by DCF activation of QAIC.
(¢)Activation of DCFH by NAD radical generated by QAIC with 475 nm laser (475 nm, 0.5W/cm?)
i-Positive control OH radical, ii-QAIC+DCFH,+L (Normoxia), iii-QAIC+DCFH,+L(Hypoxia), iv-
DCFH,+LASER).

This experiment was performed to investigate the effect of radical generation in the absence
of oxygen (purged the solution with argon) which again displayed an enhanced
fluorescence via DCF formation resembling the capability of QAIC to act as a radical
generator under hypoxic condition (Figure 2.6¢). Therefore, it is worth to mention that the
NAD radical generation occurs in the presence of excess NADH after hydride transfer

reaction in QAIC.
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2.2.5 Photo-reduction of cytochrome ¢ by QAIC and NADH.

The NAD radicals play a critical role in the Fe**-cytochrome ¢ (cyt ¢) reduction in the
intracellular milieu.!! In the absence of oxygen, the Fe’*-cyt c act as a terminal electron
acceptor in the mitochondrial electron transport chain and can be converted to Fe**-cyt ¢
with the help of single electron donors like NAD radicals. The UV-absorption band of cyt
c showed an enhancement of B (520 nm) and o, (550 nm) bands corresponding to the Fe?*-
cyt ¢, upon treatment with QAIC and NADH in argon puged solutions by laser irradiation
(Figure 2.7a). A liner enhancement of these bands with a R? value of 0.9939 from 0 to 30

minutes of laser (475 nm) irradiation confirmed the Fe*"-cyt ¢ reduction.
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Figure 2.7: (a)Conformation of Fe**-cyt-c reduction by QAIC and NADH with laser via UV-
Visible spectroscopy inset shows the enlarged portion of absorption changes occurred in a, B (iii)
and other bands. (b) SERS titration of reduction of Fe**-cyt-c to and Fe**-cyt-c by QAIC and NADH
with 475 nm laser irradiation. (¢) Schematic representation of Fe**-cyt-c reduction of QAIC with
NADH in the intracellular milieu. (d)Tracking of cytochrome c reduction via SERS mapping of
HepG2 cells incubated with QAIC and NADH after laser irradiation: i-Control HepG2, ii-
QAIC+NADH+ L, iii-QAIC+NADH. (e) Cluster mapping of HepG2 cells using the 750 cm™ peak
and (f) Corresponding SERS spectra from the selected parts.

The Raman bands were evaluated for oxidized and reduced forms of cyt ¢ which showed
a remarkable variation in the SERS signal intensity?’ confirming the photo reduction

process. An intense Raman peak at 750 cm’!

corresponding to the pyrrole breathing
vibrations was explicitly marked upon treatment of QAIC in the presence of NADH and

laser irradiation when compared with isolated pure Fe*'-cyt c. Similarly, time dependent
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SERS titration of oxidized Fe**-cyt ¢ treated with QAIC and NADH under laser spark
displayed fingerprint Raman peak at 750 cm™' associated with the reduced cyt c. with an
increasing order of peak intensity but neither Fe**-cyt ¢ alone or other combinations
imparted this effect (Figure 2.7b). Later, the cyt ¢ dynamics in the cells was investigated
based on SERS spectral assessment (Figure 2.7¢). The ultra-sensitive SERS modality
enables to track metabolites.?® Appearance of unique Raman peak at 750 cm™! was traceable
(Figure 2.7d) selectively in the treated cells. Intense Raman signal from the HepG2 cells
clearly confirms the QAIC mediated generation of NAD radicals followed by cyt ¢
reduction (Figure 2.7e&f).2

2.2.6 Switching-off PeT to PDT during NADH sensing by QAIC.

Cyclometalated iridium complexes are considered as PDT agents due to their tunable
photophysical features.?” Here, QAIC is not expected to have PDT efficiency due to the

inherent PeT effect between the metal center and ligand.
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Figure 2.8: (a) Schematic illustration of PeT-PDT switching process of QAIC. (b)Singlet oxygen
generation capability of QAIC via NADH mediated PeT switching using the absorbance change
of DPBF at 410 nm from 0 to 120 seconds and the (¢) corresponding emission spectrum. (d) Liner
plot for singlet oxygen quantum yield of QAIC+NADH with [Ru(bpy)s]Cl.

In the current scenario, NADH mediated reduction transform the QAIC emissive and
subsequently PeT off state modulate the production of singlet oxygen (') in presence of

laser irradiation.?° Since 'O, generation is directly related to the efficiency of ISC (S to
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T1), the PeT would facilitate a new route to the deactivation of excited electron. Therefore,
PeT can be used as a switching phenomenon to impart controllable PDT (Figure 2.8a)
caused by '0,.3! In order to establish the 'O, generation capability, a crucial experiment
was carried out wherein NADH pre-treated QAIC was monitored along with singlet
oxygen scavenger 1,3-diphenylisobenzofuran (DPBF) by employing [Ru(bpy);]Cl> as a
standard reference material. In the solution state irradiation with 475 nm laser caused a
reduction in the absorption and emission intensity of DPBF within 120 seconds confirming
the 'O, generation capability of N-QAIC (Figure 2.8b, ¢). A control experiment performed
with QAIC alone, NADH alone and other combinations failed to impart any change in the

absorption and emission intensity (Figure 2.8d).
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Figure 2.9: (a) Relative absorption changes of DPBF at 410 nm caused by QAIC+ NADH, QAIC
alone, NADH alone and standard [Ru(bpy)3]Cl.. (b) Relative singlet oxygen generation capacity of
the molecules under investigation (A-QAIC, B-NADH, C-(Ru(bpy):;)Cl,, D-N-QAIC). (c)
Calculation of phosphorescent life time of QAIC and QAIC+NADH using TCSPC analysis with
argon purging. (d) Cyclic voltammetry analysis of QAIC+NADH using ferrocene as standard (inset
shows the voltamogram of ferrocene) and (¢) HOMO-LUMO and triplet energy state diagram
showing the conversion efficiency of triplet oxygen to singlet via triplet-to-triplet energy transfer.
(f) Conformation of singlet oxygen generation using well known singlet oxygen sensor SOSG in
acetonitrile.

The singlet oxygen quantum yield (@) of N-QAIC was found to be 0.86 when compared
against the reference (Ru(bpy);Clz) with @ value of 0.57.3% In addition, a liner plot with the
change in absorbance of DPBF (AA) induced by N-QAIC with respect to time confirmed
the higher quantum yield (Figure 2.9a). The above experiments illustrated the NADH
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mediated generation of 'O> by QAIC through switching-off mechanism of PeT. The
relative 'O, generation of N-QAIC was assessed in comparison with QAIC (Figure 2.9b).
Further, an amplified excited state lifetime of N-QAIC (211 ns) upon comparison with bare
QAIC (4.9 ns) via time-correlated single-photon counting (TCSPC) indicated highly
populated triplet state of the activated molecule, confirming the NADH mediated PeT-PDT
switching mechanism (Figure 2.9¢). The populated triplet state transfer energy to triplet
molecular oxygen via triplet to triplet energy transfer (TTET) process which eventually
generates singlet oxygen for PDT.****Cyclic voltammetry experiment was performed to
evaluate the oxidation and reduction potential of N-QAIC by employing ferrocene as a
standard. The HOMO and LUMO calculations were made by utilizing the equation HOMO
or LUMO = -(Eonset of 1rmit VS. Eonset of ferrocenc) - 4.8 €V.” The obtained energy difference
indicated the close proximity between the energy levels of triplet state and with the
molecular oxygen. This close proximity facilitates the efficient transfer of energy from
triplet state of N-QAIC to triplet of molecular oxygen to generate singlet oxygen (Figure
2.9d&e). Finally, the singlet oxygen generation capacity was verified with help of singlet
oxygen sensor green (SOSG)? that accounts for the singlet oxygen generation potential of
a molecule by producing a green emission. The emission profile of SOSG treated with
QAIC followed by 475 nm laser irradiation does not impart any characteristic change, while
N-QAIC treatment instantly gives an enhanced emission maximum at 540 nm with 60
seconds of laser irradiation (Figure 2.9f). The activation of SOSG fluorescence revealed

the capacity of N-QAIC to produce singlet oxygen.
2.2.7 PDT evaluation by the activated N-QAIC in cells.

In addition to the sensing of NADH, the efficiency to produce NAD radicals and singlet
oxygen extends the application of the cyclometalated iridium complex QAIC as a
photosensitizer for PDT (Figure 2.10a). The in vitro phototherapeutic potential has been
investigated in hepatocellular carcinoma cell lines. Initially, the cytotoxicity of QAIC was
evaluated by MTT assay confirming non-toxic nature even at higher concentrations (100
uM). Next the phototoxicity of N-QAIC was evaluated where an eight-fold enhanced
cytotoxicity in normoxia (Figure 2.10b) upon comparison with the dark (without laser
irradiation) proved the enhanced photodynamic effect induced via PeT-PDT switching

mechanism.
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Again, administration of a singlet oxygen scavenger sodium azide caused a reduction
(Figure 2.10b) in the laser-assisted cytotoxicity. This observation confirmed that the
cytotoxicity imparted by NAD radicals alone without the aid of molecular oxygen. In the
presence of excess of NADH, QAIC generates toxic NAD radical which acted as an
apoptotic initiator in hypoxia (Figure 2.10c). The laser-triggered production of ROS by N-
QAIC could proceed through mitochondria-mediated cell death which indicated by the
reduction of mitochondrial membrane potential (A¥Y m) in both normoxic and hypoxic

situations (Figure 2.10 d &e).
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Figure 2.10: (a)Schematic illustration of apoptosis induced by the molecule via PeT-PDT switching
in normoxic and hypoxic conditions. Photo toxicity of activated QAIC with and without laser in (b)
normoxic (A-Control, B- Control + L, C-QAIC, D-QAIC + L, E-QAIC + NaNj3, F-QAIC + NaNs3 +
L) and (c) hypoxic (A-Control, B- Control + L, C- QAIC, D-QAIC+L) conditions. Evaluation of
mitochondrial membrane potential associated with PDT in (d) normoxic (A-Control + L, B-QAIC
+ L, C- QAIC+NaNs+L) and (e) hypoxic situations. (f & g) Activation of caspase and mechanism
of activation of caspase through PDT

Since mitochondria-mediated cell death often proceeds through the cascade activation of
caspases, we have evaluated the change in the caspase expression upon exposure of PDT.
The elevated expression of caspase 3 and 9 confirmed the execution of mitochondria
mediated intrinsic apoptotic pathway (Figure 2.10 f &g). In order to confirm the

programmed execution of cell death mechanism, various apoptosis assays were carried out
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in both normoxic and hypoxic conditions®>*. The extent of phototoxicity caused by
activated QAIC in presence of 532 nm laser spark was evident with the orange-red
fluorescence from the cells (Figure 2.11 a) in comparison with the green coloured control

cells when acridine orange/ethidium bromide dual staining assay was performed.
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Figure 2.11: Evaluation of apoptotic inductions through PDT by the complex QAIC in HepG2 cells
via acridine orange-ethidium bromide duel staining, APOP assay and SERS imaging with cluster
mapping (using 1042 cm™ band of QAIC) under (a) normoxic and (b) in hypoxic condition. (c)
quantification of extent of apoptosis by Annexin V assay via flowcytometric analysis

A similar pattern of apoptotic evaluation was performed with APO Percentage assay, in
which QAIC with laser treatment turned out the purple dye-stained dead cells whereas other
combinations remained unstained (Figure 2.11a). There was a marginal reduction in the
extent of apoptosis when cells were pre-treated with sodium azide due to the singlet oxygen
scavenging property of sodium azide. Even in the absence of molecular oxygen, induction
of apoptosis was evident which illustrated the fact that NAD radical alone can execute the
orchestration of cell death (Figure 2.11b). Finally, to quantify the extent of apoptosis via
flow cytometry, annexin V-FITC assay was employed. The annexin V positivity was
notably increased in cells treated with QAIC followed by laser irradiation (Figure 2.11c¢).
Outstanding multiplexing capacity, superior sensitivity and the precise evaluation of
molecular fingerprints in complex biological compositions augmented the application of
SERS to track biomolecular changes during cellular events.>> Distinct Raman peaks
corresponding to protein degradation and nuclear damage authenticates the orchestration

of apoptosis. SERS spectra from N-QAIC upon laser trigger resolved the unique Raman
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peak patterns due to apoptotic events which includes the variation in 838 cm™ of
phosphate backbone, 503, 648 and 1128 cm™ associated with lipids, protein degradation,
1585 cm™! during double strand breakage.’. In the conditions prevailing normal oxygen
concentration, more fingerprint changes were observed due to the active involvement of
singlet oxygen and NAD radicals in the process of PDT (Figure 2.11a). Although to a lesser
extent, appreciable signs of apoptosis was evident in hypoxic conditions (Figure 2.11b)
which validated the programmed cell death induced via NAD radical in an oxygen
independent pathway. Synergistically, QAIC recognize the dynamic fluctuations of NADH
and impart NADH depletion assisted enhanced phototherapeutic effect in both in hypoxic

and normoxic conditions.

2.3. Conclusion

A insightful cyclometalated iridium complex [Ir(ppy)2(Ng'Ng")]*, QAIC have been
synthesized which resembled as a theranostic molecular probe for cancer phototherapy.
The QAIC can sense the dynamics associated with intracellular NADH via PeT switching
process through bimodal luminescence and Raman imaging by SERS modality and
simultaneously transformed into an activated photo theranostics motif N-QAIC. The
depletion of cellular NADH by QAIC exerted an imbalance in the redox status and the same
has been utilized for targeted PDT that is demonstrated in hepatocellular carcinoma cells.
The QAIC generated NAD radical upon laser trigger endowed an additional therapeutic
option in tumour hypoxia. The toxic NAD radical generated by QAIC in low oxygen
conditions induced oxygen independent photodynamic effect. Considering the fact that
oxygen deficiency and antioxidants are the major impediment of hypoxic PDT,our design
strategy may produce a paradigm change in hypoxic cancer treatment for future therapeutic

benefit towards diverse medical conditions.
2.4 Experimental section

2.4.1 Materials and Methods

The chemicals including 4,4'-Dibromo-2,2'-bipyridine, 3-Quinolineboronic acid,
Potassium carbonate, TBAB, Pd(PPh3)4, IrCl3-xH20, 2-phenyl pyridine, 2-
methoxyethanol, methyl iodide, diphenylisobenzofuran were purchased from TCI
Chemicals. All solvents were of reagent grade and were purchased from local companies.
All solvents were dried and distilled prior to use by following standard procedures. 1H
NMR spectra were recorded on a Bruker 500 MHz FT-NMR (model) spectrometer at 25

°C. The chemical shift (8) data and coupling constant (J) values were given in parts per
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million (ppm) and Hertz (Hz), respectively. High-resolution mass spectra (HRMS) were
recorded on a Thermo Scientific Exactive ESI-MS spectrophotometer. UV/vis spectra were
obtained by using a Shimadzu UV-2600 UV-Vis spectrophotometer and emission spectra
were recorded on a Fluoromax-4 Spectrofluorometer with a 1 cm quartz cuvette. All
experiments were carried out at 298 K unless otherwise specified. SERS experiments were
carried out using a WITec Raman microscope (WlITec, Inc., Germany) containing 600
g/mm grating and Peltier cooled charge-coupled device detector unit. The samples were
excited using a 633 nm laser with 10 mW power, and the Stoke-shifted Raman spectra were
collected in the region of 300 —2000 cm —1 with a resolution of 1 cm —1 and an integration
time of 1 s and 10 accumulations. Prior to each measurement, calibration was done with a
silicon standard (Raman peak at 520 cm —1). Data processing was carried out using WlTec
Project Plus (v5.2) software package. Excited state decays were measured using a

picosecond single-photon counting system (TCSPC) (Horiba, DeltaFlex).
2.4.2 Synthesis and characterization
2.4.2.1 Synthesis of Quinoline appended bipyridine ligand (compound 1)

4,4'-Dibromo-2,2'-bipyridine (3.139 g, 10 mmol) and 3-Quinolineboronic acid (3.45 g, 20
mmol) were dissolved in a mixture of 60 mL toluene and 10 mL 2 M aqueous potassium
carbonate. To this TBAB (1.66 g, 5 mmol) in water (10 mL) was added. The mixture was
stirred at room temperature for 30 minutes under Argon followed by adding Pd(PPh3)4
(0.020 g, 1.74x10° mmol) and then heated to 90 °C for 24 h. After the completion of the
reaction indicated by TLC, the mixture was poured into water and extracted three times
with ethyl acetate. The organic layer was dried over anhydrous sodium sulphate. After
removing the solvent under reduced pressure, the residue was chromatographed on a silica
gel column with CHCI3:CH3OH as eluent giving the compound as a pale-yellow solid.
Yield: 74%. 'H NMR (500 MHz, MeOD): ¢ 9.32 (d, J = 1.5 Hz, 2H), 8.89 (s, 4H), 8.70
(s, 2H), 8.18 (d, J = 8.5 Hz, 2H), 8.04 (d, J = 8 Hz, 2H), 7.85 — 7.81 (m, 4H), 7.70 (t, J =
7.5 Hz, 2H).MS (ESI-MS): Calcd for C2sH1sN4 M*: 410.1531; Found M+H": 492.1630.

2.4.2.2 Synthesis of Precursor molecule for Quinoline Appended Iridium complex

(compound 3)

The synthesis was started with the preparation of Ir dimer complex (Nonoyama, 1974), a
solution of IrClz-xH>O (224.36 mg, 0.75 mmol) and 2-phenyl pyridine (350 mg, 1.58
mmol)in 2-methoxyethanol/H>O (3:1, v/v%) was refluxed at 90°C for 24 h, under argon
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atmosphere. After the reaction, the solution was cooled down to room temperature and
poured into 50 mL of water. The precipitated yellow solid (compound 2), was filtered and
washed with n-hexane (5 mL x 3) and cold diethyl ether (5 mL x 3). The next step was
preceded without any further purification of the obtained crude product. A mixture of
compound 2 (200 mg, 0.1866 mmol) and compound 1 (197 mg, 0.48 mmol) in
CH2CL/CH30H (1:1, v/v%) was refluxed under an argon atmosphere for 12 h. Upon
completion of the reaction, the solution was cooled down to room temperature and the
solvent was removed under reduced pressure. The residue obtained was subjected to
column chromatography in silica gel (100-200 mesh) column with chloroform/Methanol
system, giving the intermediate compound as an orange solid. Yield 68 %, 'H NMR (500
MHz, MeOD):  9.40 (s, 2H), 9.35 (d, J = 2.5 Hz, 2H), 8.96 (d, ] =2 Hz, 2H), 8.10 (d, J =
6 Hz, 3H), 8.07 (s,1H), 8.04 (d, J =9 Hz, 4H), 7.98 (d, J = 5.5 Hz, 2H), 7.79 (t, ] = 8 Hz,
6H), 7.74 (d, J = 6 Hz, 2H), 7.63 (t, ] = 7.5 Hz, 2H), 7.02 (t, J = 6.5 Hz, 2H), 6.98 (t, ] =
7.5 Hz, 2H), 6.84 (t, ] = 7.5 Hz, 2H), 6.27 (d, J = 7.5 Hz, 2H). MS (ESI-MS): Calcd for
CsoHz4IrNg"M™: 911.2474; Found M*: 911.2495

2.4.2.3 Synthesis of Quinoline Appended Iridium Complex (QAIC)

A mixture of orange solid, compound 3 (100 mg, 0.109 mmol) and methyl iodide (78 mg,
0.549 mmol) were dissolved in acetonitrile in a sealed tube and refluxed at 110° C
overnight. The solid precipitated was filtered through Buichner funnel and washed with n-
hexane, cold diethyl ether followed by dichloromethane affords the QAIC as a brick red
solid. Yield: 62%, 1H NMR (500 MHz, DMSO-de): ¢ 10.27 (s, 2H), 10.13 (s, 2H), 9.81 (s,
2H), 8.64 (t, J = 8 Hz, 4H), 8.41 (t, J = 8.5 Hz, 2H), 8.35 - 8.34 (m, 4H), 8.19 (t, J=7.5
Hz, 2H), 8.10 (d, J = 6 Hz, 2H), 8.01 (d, J = 8 Hz, 2H), 7.98 (d, J = 15 Hz, 2H), 7.85 (d, J
=5.5Hz, 2H), 7.23 (t, J =7 Hz, 2H), 7.11 (t, J = 7.5 Hz, 2H), 7.00 (t, J = 7.5 Hz, 2H), 6.29
(d, J = 7.5 Hz, 2H), 4.78 (s, 6H).23C NMR (125 MHz, DMSO-dg) & 167.3, 156.5, 151.0,
150.4, 150.0, 149.5, 145.7, 144.6, 144.3, 139.6, 138.6, 137.3, 131.6, 131.5, 131.3, 130.9,
129.2, 127.4, 125.7, 124.5, 123.9, 123.1, 120.7, 119.8, 46.4.;MS (MALDI-TOF): Calcd
for CsoHaolrNe>* M*: 941.290; Found M*: 941.273

2.4.3 Photophysical Evaluation
2.4.3.1 Measurement of preliminary photophysical properties.

In general, the UV-Vis absorption and emission spectra were obtained on a Shimadzu UV-

2600 UV-Vis spectrophotometer and Fluoromax-4 Spectrofluorometer respectively. The
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excitation/emission slit width was set to 4 nm with medium scan speed. Stock solutions of
the complex QAIC were made in spectroscopic grade acetonitrile (1 mM) were used to
prepare the working solutions in buffer (HEPES, pH 7.4). Absorbance spectra were
recorded from 300-700 nm while the emission spectra were from 490-750 nm. All the

experiments were repeated three times to confirm the reproducibility of the results.
2.4.3.2 Detection of NADH and Limit of Detection

To investigate the linear response of QAIC towards NADH, a 10 uM solution of QAIC in
HEPES buffer was incubated for 2 hs at 37°C with different concentrations of NADH (0 to
100uM) and measure the corresponding photoluminescence at 565 nm. (Excitation
wavelength 475 nm and slit width 4 nm). The Limit of detection (LOD) of the complex in
the fluorescent channel is calculated using the equation LOD = 36/S Where S is the slope

of the linear plot and o is the standard deviation of the blank.(Smith et al., 2018)
2.4.3.3 Mass spectroscopic proof of NADH reaction

The complex QAIC and an equimolar mixture of QAIC and NADH in acetonitrile were
incubated for 2 h and subjected to HRMS analysis and examined for the peak corresponding

to 943.30 of the product of QAIC with NADH(N-QAIC).

2.4.3.4 Stability and selectivity

Stability studies of the QAIC and N-QAIC were monitored by UV/Vis spectroscopy. The
freshly prepared 10 uM solutions of QAIC and N-QAIC in HEPES buffer was checked or
the absorption from zero to 24 h. The photostability of freshly prepared 10 uM solutions of
QAIC and N-QAIC in HEPES buffer will be irradiated with 475 nm long pass LASER at
37°C and the UV/Vis absorption from zero to 1 h was checked for confirming the
Photostability. The selectivity of the iridium complex QAIC towards other reactive analytes
was investigated by treating 100 uM of different species (for GSH concentration taken is
ImM) with 10 uM of QAIC and incubated for 2 h at 37°C to measure the corresponding

photoluminescence at 565 nm. (Excitation wavelength 475 nm and slit width 4 nm).
2.4.3.5 pH dependent emission of QAIC with NADH

The emission profile of QAIC with NADH at different pH was investigated by incubating
the freshly prepared 100 uM NADH with 10 pM QAIC at different pH (37°C for 2 h) and
measure the corresponding photoluminescence at 555 nm (excitation wavelength 475 nm

and slit width 4 nm).
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2.4.3.6 SERS analysis of QAIC

To investigate the linear response of QAIC towards NADH via Raman platform, a 10 uM
solutions of QAIC in Milli-Q water was incubated for 2 h at 37°C with different
concentrations of NADH (0 to 100 uM). After the incubation, 2 puL of the samples were
mixed with 18 uL of 40 nm gold nanoparticles (Herizchi et al., 2016) (AuNP) and measured
the corresponding SERS signals (Excitation wavelength 633 nm, LASER power 10 mW

and integration time 1s, 10 accumulations).
2.4.3.7 LASER triggered degradation of NADH

To establish the light triggered conversion of NADH, a 5 uM solution of the complex
mixed with freshly prepared 140 uM solution of NADH was irradiated with 475 nm
LASER at 25°C and time dependent absorption and emission spectra corresponds to

NADH were measured.

2.4.3.8 Conformation of NAD radical generation

a. DCF-DA method

To confirm the radical generating ability of QAIC, a ROS probe 2,7-dichlorofluorescein
diacetate (DCFH-DA) was wused. After conversion of DCFH-DA into 2,7-
dichlorofluorescein-H2(DCFHz), DCFH; can be further transformed into highly fluorescent
2,7-dichlorofluorescein (DCF) in the presence of NAD radical and monitored at 530 nm.
Briefly, a 25 mM solution of DCF-DA was activated to DCFH2 according to the literature
procedure. (Reiniers et al., 2017) The activated DCFH» (10 pM in DMSO) was treated with
N-QAIC (5 uM) and NADH (48 uM) were analyzed in the presence and absence of oxygen
with 475 nm laser irradiation. The corresponding spectral changes at 530 nm was analyzed
through fluorescence spectrometer. The hydroxyl radical generated via Fenton reaction is
used as the positive control(Lv et al., 2018) and DCFH» with laser used as control

experiment to validate the result.
b. Reduction of Fe3*- Cyt-C to Fe**- Cyt-C

To check the reduction of cytochrome C by QAIC and N-QAIC absorption spectroscopic
analysis and SERS titration were conducted according to the literature report(Huang et al.,
2019). Briefly, QAIC/N-QAIC (2.5 uM), NADH (48 uM) and cyt ¢ (11 uM) in argon
purged (PBS solution in a cuvette (3 mL) was degassed by bubbling Ar for 15 min) were
monitored by UV-vis and Raman spectrometer in the dark or on irradiation with 475 nm

light from 0 to 30 minutes. Aliquots of stock solutions of cyt ¢ (1 mM), NADH (10 mM)
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and QAIC (1 mM) were added to the cuvette while continuously bubbling nitrogen into the
PBS.

2.4.4 photodynamic efficiency

2.4.4.1 Singlet oxygen generation studies

Solutions of QAIC and N-QAIC (QAIC incubated with NADH for 10 minutes) in
acetonitrile were checked for the singlet oxygen generation studies by using 1,3-
diphenylisobenzofuran (DPBF)as the singlet oxygen scavenger. The total concentration
ratio of Ir(IIl) complexes and DPBF was made to 1:10 and irradiated using 475 nm long
pass LASER. The generated singlet oxygen will induce photo-oxidation of the furanose
ring of DPBF leading to breaking of its conjugation, which imparts a decrease in
absorbance of DPBF at 410 nm without affecting absorption of the complex. These changes
in absorbance were recorded every 10 s. The quantum yields for 'O> production of the
complexes QAIC and N-QAIC under irradiation in acetonitrile were evaluated using a
steady-state method with absorption change of DPBF as the 'O, indicator and
[Ru(bpy)s]Cl; as the standard (¢s=0.57 in acetonitrile) using the equation

‘I)C: ‘I)S(Sc X Fs/ Ss X Fc)

where subscripts ¢ and ¢s designate the singlet oxygen quantum yield of complex and
[Ru(bpy)s]Clz respectively; S stands for the slope of plots of the absorbance of DPBF (at
410 nm) against irradiation time of complex and standard; F stands for the absorption
correction factor of complex and standard, which is given by F =1-10"° (OD represents

the optical density of complex and [Ru(bpy);]Cl» at 475 nm).
2.4.4.2 Singlet oxygen generation studies of NADH

To confirm the inefficiency of NADH alone to generate singlet oxygen up on 475 nm
LASER trigger was examined by irradiating a 10 uM solution of NADH with DPBF and

checked for the spectral parameters from 0 to 180 s.
2.4.4.3 Photostability study of DPBF up on LASER

The photo inertness of DPBF up on 475 nm LASER trigger was screened by checking the
spectral parameters (absorption and emission) of the compound under light illumination

from 0 to 5 minutes.
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2.4.4.4 Singlet oxygen generation study using SOSG

To evaluate the Singlet oxygen generation of N-QAIC and QAIC in solution state 5 uM
solution of N-QAIC and QAIC in acetonitrile were mixed with 10 uM singlet oxygen
sensor green and irradiated with 475 nm long pass LASER. The photoluminescence of

SOSG at 525 nm were measured.

2.4.4.5 Time Correlated Single Photon Counting (TCSPC) analysis for excited state

lifetime.

The excited state lifetime of QAIC before and after the reaction with NADH in the presence
and absence of oxygen was measured. Briefly, a solution of QAIC and QAIC incubated
with NADH in acetonitrile was analyzed using TCSPC with IRF as the standard (excitation

wavelength 510 nm, time range 3.2 ps, energy 250 KHz)
2.4.4.6 Cyclic Voltammetric analysis

Cyclic voltammetric analysis of QAIC and N-QAIC were measured with a computer-
controlled BAS CV-50W potentiostat under an argon atmosphere in dry and oxygen-free
acetonitrile with 0.1 M tetrabutylammonium hexafluorophosphate (TBAH) as supporting
electrolyte (Dumur et al., 2011). A regular three electrode set-up consisting of an Ag/AgCl
electrode and a platinum wire counter electrode was used. The redox potentials were

referenced against the ferrocene/ferrocenium redox couple as an internal standard.

2.4.5 In vitro evaluation

2.4.5.1 Cell culture methods

The human hepatocarcinoma cancer cell line Hep-G2 was obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA. Cells were maintained in Dulbecco’s
modified Eagle medium (DMEM) with 10% fetal bovine serum and 5% CO» at 37 °C. Cells
were cultured in glass-bottom, 96-well black plates, T-25 flasks, T-75 flasks, and 4-well
chamber slides for various experiments 2 days prior to the conduction of experiments. All

the experiments were performed in triplicate for accurate results.
2.4.5.2 ICP-MS Analysis of iridium content

The cellular uptake capacity of the complexes was measured by determination of
intracellular iridium contents through ICP-MS, Briefly, Hep-G2 cells were seeded into 6
well plate for 24 h. The medium was removed and replaced with medium/DMSO (v/v, 99:1)
containing QAIC (10,25,50,75 and 100 pM). After 2 h incubation, the cells were
trypsinized, collected in PBS (3 mL) and counted. The cells were pelletized and lysed in
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radio immunoprecipitation assay (RIPA) Buffer. HNO3 (65%, 1 mL) was added to the
lysates of the whole cell and the mixture was incubated at room temperature for 24 h to
digest entirely. The solution was then diluted to a final volume of 10 mL with Milli-Q water.
The same experiment was repeated in time dependent manner by varying the incubation
time from 15 minutes to 2 h. Finally, the concentration of iridium was measured using the

ICP-MS
2.4.5.3 Quantification of NADH from different cancer cell lines

MCF-7 (human breast cancer), HeLa (human cervical cancer cells), HepG2 (human
hepatocellular carcinoma) and WI-38 (human lung fibroblast) cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) containing 10% FBS, penicillin (100
U/mL), and streptomycin (100 U/mL) at 37°C under 5% CO; atmosphere. Cell samples
were prepared for NADH quantification, 2 x 10° cells were plated in 6 well plates and
incubated for 24 h. Cells were scraped out in ice cold PBS and pelleted by centrifugation
which were then extracted using NADH extraction buffer. Further quantification was
performed using NADH quantification kit (MAKO037, Sigma Aldrich, USA) as per the

manufacture’s protocol.
2.4.6 Live cell imaging
2.4.6.1 Endogenous NADH stimulated live cell imaging via fluorescence

HepG2 cells were seeded into 96 well plate and treated with 25 uM concentration of QAIC
incubated at 37°C with different time period. After required incubation time the cells were
washed with PBS and time dependent fluorescence images were taken from 0 to 60

minutes.
2.4.6.2 Endogenous NADH stimulated live cell imaging via SERS

Cells were cultured in 16 well chamber slide made of glass at a seeding density of 7 x 10°
cells /well. Cells were incubated with QAIC followed by AuNP and time dependent SERS
spectral mapping was carried out using confocal Raman microscope (alpha300R, WITec
Inc. Germany) with a laser beam directed to the sample through 20X objective and a Peltier
cooled CCD detector. For this, can range was given as 50 pum X 50um with 100 X 100
pixel. The sample was excited by a power of 10 mW from 633 nm laser and mapping was
done based on 1042 cm™! peak using 600 g/mm grating. Integration time was fixed as 0.05
s and the intensity-modulated images were prepared by image processing option in control

5.2 software. A minimum of three independent measurements were made for each sample.
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2.4.6.3 Action of exogenous NADH

HepG?2 cells were seeded into 96 well plate and treated with 25 uM concentration of QAIC
and incubated at 37°C for 45 minutes. After the incubation cells were washed with PBS and
added fresh media followed by different concentrations of NADH (10 and 20 uM) and
incubated for 40 minutes. Washed with PBS and fluorescence images were taken using

green filter.
2.4.6.4 Glucose dependent study

HepG2 cells were incubated with different concentrations of glucose (10 and 20 mM) for
60 minutes followed by 25 uM of QAIC at 37°C for 45 minutes, washed with PBS and

fluorescence images were taken.
2.4.6.5 Pyruvate and lactate dependent study

HepG2 cells were seeded into 96 well plate and incubated with varying concentrations of
pyruvate (5 and 10 mM) for 60 minutes followed by treating with 25 uM of QAIC and
incubated at 37°C for 45 minutes. After the incubation cells were washed with PBS and
images were taken. The same procedure was repeated in case of lactate also (incubation
time 30 minutes). The combined effect of pyruvate and lactate were also examined by
adopting the same procedure with the addition of 10 mM lactate followed by 5 mM

pyruvate.
2.4.6.6 GSH and Paclitaxel dependent study

HepG?2 cells were treated with GSH (5 and 10 mM) and GSH inhibitor BSO (5 mM) for 60
minutes, prior to the addition of QAIC. After the required incubation images were taken.
For paclitaxel mediated GSH depletion study cells were incubated with 10 uM paclitaxel
for 4 h followed by treating with 25 uM of QAIC and incubated at 37°C for 45 minutes.

2.4.6.7 Effect of hypoxia

HepG2 cells were pre-treated with cobalt chloride (100 pM) to establish the hypoxic
condition (1% oxygen). Images were taken after incubating 25 uM of QAIC at 37°C for 45

minutes. The experiments were repeated for normoxic conditions.
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2.4.6.8 Effect of Rotenone

HepG2 cells were incubated with Rotenone (5 uM) and then treated with QAIC in both
normoxic and hypoxic conditions to study the effect of oxidative phosphorylation inhibitors

on NADH levels. Fluorescence images were taken after 2 h incubation.
2.4.6.9 Phototoxicity of QAIC via MTT assay

Hep G2 human liver cancer cells were seeded into 96 well plates and incubated for 24 h (at
37 °C 5% COy). After the incubation cells were treated with varying concentrations of
QAIC (0.1-100 uM) for 12 h., MTT (0.5 mg /ml) was added to each well and kept at 37°C
for 4 h, and finally the so formed formazan crystals were dissolved in DMSO and the OD
was measured at 570 nm using a microplate reader. To validate the photodynamic effect
Hep G2 human liver cancer cells were seeded into 96 well plates and incubated for 24 h (at
37 °C 5% CO») at normoxic (20% O2) and hypoxic (1% O2) conditions. After the incubation
cells were treated with 25 uM of QAIC followed by irradiation of 532nm LASER for 5
minutes. After 12 h incubation, MTT (0.5 mg /ml) was added to each well and kept at 37°C
for 4 h and finally, the so formed formazan crystals were dissolved in DMSO and the OD

was measured at 570 nm using a microplate reader. (Sujai et al., 2019)
2.4.6.10 Mitochondrial Membrane Potential Assay

The mitochondrial membrane depolarization was analyzed using TMRE mitochondrial
membrane potential assay in which a lipophilic, cationic dye that accumulates in the
negatively charged mitochondrial matrix is utilized. The HepG-2 cells were plated onto 12-
well plates (1 x 10° cells/well) on a 5% CO, incubator at 37 °C. When the cells attained
almost 70% confluency, they were subjected to 25 uM QAIC treatment followed by laser
irradiation for 5 minutes. Then the cells were treated with TMRE reagent and incubated for
30 minutes, cells were trypsinized, washed with ice cold phosphate buffered saline (PBS,
pH 7.4) thrice, lysed, and mitochondrial membrane potential estimation was performed as
per the kit protocol (TMRE-Mitochondrial Membrane Potential Assay Kit, ab113852,
Abcam, Cambridge, UK). Further, measurements were made with a fluorimeter (FLx800,
Bio-Tek, Winooski, VT, USA) at an excitation wavelength of 490 nm and an emission

wavelength of 510 nm.
2.4.6.11 Evaluation apoptotic potential

Evaluation of the mode of cytotoxicity exhibited by QAIC was performed on cancer cells

with various apoptotic assays after administration of 25 uM of QAIC with and without laser
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via dual staining acridine orange —ethidium bromide assay, APO Percentage assay
(Biocolor, Belfast, Northern Ireland) and finally by FITC-Annexin V staining (BD
Pharmingen no. 556547, BD Biosciences, San Jose, CA). Assessment of apoptosis using
the acridine orange-ethidium bromide dual staining procedure was performed as described
in literature (Liu et al., 2015). The cells were observed under an inverted fluorescent
microscope, using a FITC filter (Olympus 1X51, Singapore) to view the apoptotic or non-
apoptotic cells. The apoptosis was further confirmed using APO Percentage dye (Biocolor,
Belfast, Northern Ireland) as per manufacturer’s instructions. Light microscopic images of
APO Percentage dye-labelled cells, which stained pink under a light microscope, were used
to quantify the extent of apoptosis. The dye uptake was further quantified using colorimetric
method according to the manufacturer’s instruction. The cells were lysed and the

absorbance was measured at 550nm using a microplate reader (Biotech, USA).
2.4.7 Computational studies
2.4.7.1 Density functional theory calculations

For optimization of all the geometries, the density functional theory (DFT) method
wB97xD proposed by Head-Gordon and co-workers (Chai and Head-Gordon, 2008) is used
which involves dispersion and features excellent geometry optimization performance.
(Minenkov et al., 2012) Since the molecular complexes are large, the moderate size double
zeta split-valence basis set with polarization function, 6-31G(d) is selected all main block
elements while the LanL.2DZ basis set is selected for Ir wherein the inner core electrons
were replaced with the relativistic effective core potential (ECP) of Hay and Wadts (total
1596 basis functions for the NADH...QAIC complex). (Hay and Wadt, 1985; Krishnan et
al., 1980) This method is abbreviated as wB97xD/BS1. Vibrational frequency analysis at
wB97xD/BS1 is also done to confirm the nature of the optimized structures. The transition
state was characterized by a single imaginary frequency along the reaction coordinate,
whereas all the reactants and intermediates were confirmed to be minima by locating zero
imaginary frequency. Further, the optimized geometries were subjected to single point
calculation with the incorporation of solvation effect (solvent = acetonitrile) using the
implicit self-consistent reaction field model (SCRF), SMD as implemented in Gaussianl6.
(M. J. Frisch, Marenich et al., 2016) To improve the energy parameters, this single point
calculation is done using the higher basis set 6-311++G (d, p) for main block elements and
LanL.2DZ for Ir (total 2765 basis functions for NADH...QAIC). The single point method
is abbreviated as wB97xD+SMD/BS.
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CHAPTER 3

GSH-depletion Assisted Chemo dynamic Therapy Followed by
NIR-laser Induced Combined Phototherapy Towards Triple-
negative breast cancer
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Abstract

Hypoxia, characterized by reduced oxygen levels, hinders the effectiveness of photodynamic
therapy (PDT), limiting its clinical use. PDT further exacerbates this problem by depleting
intracellular oxygen reserves, restricting its application for various conditions. To address
this challenge, a novel triple therapy approach has been developed, incorporating a singlet
oxygen delivery system. This innovative system revolves around Ir-Nap (Naphthalene
appended Iridium complex), a compound capable of autonomously generating singlet
oxygen through the participation of cycloaddition reactions. This unique property leads to
stable endoperoxide formation at lower temperatures, releasing singlet oxygen at higher
temperatures, enabling PDT effects. To optimize Ir-Nap-endo delivery and therapeutic
potential, it was ingeniously integrated into a polydopamine (PDA) nano system, serving
dual roles in controlled release and mild photothermal therapy (PTT). This multifunctional
platform utilizes a single laser source for both oxygen delivery and PTT effects. Enhancing

specificity and efficacy, the construct was encapsulated in glutathione (GSH)-responsive
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manganese dioxide (MnO.) nanoparticles, acting as chemodynamic agents. Gradual MnO;
degradation depletes intracellular GSH and promotes cellular oxygenation, boosting
radical generation for chemodynamic therapy. For targeted therapy against triple-negative
breast cancer (TNBC) cells, the entire construct was conjugated with a GRP78 recognizing
small peptide substrate as a -targeting motif, facilitating preferential recognition and
uptake by TNBC cells. This integrated approach, combining GSH depletion, singlet oxygen
generation, PTT, chemodynamic therapy, and tumor-specific targeting, offers a promising
avenue for advanced cancer treatment. The probe exhibited exceptional therapeutic efficacy
in both in vitro and in vivo settings, overcoming challenges in combination therapy and

paving the way for next-generation cancer nanomedicine.
3.1 Introduction

Tumor hypoxia, characterized by low oxygen levels, is a critical aspect of solid cancer
development that significantly impacts disease progression and treatment outcomes. In
tumor tissues, oxygen levels often plummet below 10 mmHg, in stark contrast to the 40-60
mmHg range seen in normal tissues. This severe oxygen deprivation exerts a multitude of
effects on cancer biology, fostering aggressive behaviour in cancer cells.! Those cells or
tissues located near blood vessels are better oxygenated and tend to grow rapidly, while
cells in more oxygen-deprived regions may appear dormant, oscillating between growth
and self-destruction. The cyclic pattern of hypoxia followed by reoxygenation can further
exacerbate tumor aggressiveness.? The tumor microenvironment, composed of diverse cell
types and surrounding tissue, plays a pivotal role in cancer growth and resistance to
treatment. Hypoxia is closely intertwined with angiogenesis, as it triggers a cascade
involving hypoxia-inducible factor 1 (HIF-1), leading to the production of vascular
endothelial growth factor (VEGF) and the formation of aberrant, leaky blood vessels. This
worsens the local oxygen shortage, amplifying the tumor's aggressiveness.> Moreover,
hypoxia profoundly affects how tumor cells generate energy. They switch from utilizing
oxygen for energy (oxidative phosphorylation) to a process called glycolysis in response to
low oxygen levels. This metabolic adaptation, regulated by HIF-1a and the mTOR pathway,
allows tumor cells to survive in the oxygen-depleted environment.* Intriguingly, even in
the absence of hypoxia, the activation of cancer-causing genes can promote glycolysis,
emphasizing the intricate interplay between genetic factors and the tumor's surroundings in
metabolic reprogramming.> Hypoxia-inducible factors (HIFs) govern genes associated with

tumor immunity under low-oxygen conditions, often resulting in the infiltration of immune-
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suppressing cells such as myeloid-derived suppressor cells (MDSCs), tumor-associated

macrophages (TAMs), and T-regulatory (Treg) cells. 3
phages ( gulatory (Treg

In this relentless pursuit of improved cancer treatment, combination therapy has emerged
as a promising strategy in oncology, offering newfound hope and the potential for enhanced
treatment outcomes. This innovative approach combines photothermal therapy (PTT),
chemodynamic therapy (CDT), and photodynamic therapy (PDT), each with its unique
mechanisms of action, to create a multifaceted assault on cancer cells and their
microenvironment.® In the following sections, we will delve into the significance of
combination therapy in cancer treatment, highlighting its potential benefits, mechanisms,
and the imperative need for ongoing research and clinical trials.”® One of the key pillars of
combination therapy for cancer is photothermal therapy (PTT). PTT utilizes near-infrared
(NIR) radiation to selectively generate localized heat which is induced by nanoparticles or
photosensitizers within cancer cells leading to the cell death process. What makes PTT
remarkable is its precision in targeting cancer cells while sparing healthy surrounding
tissues. This precision is achieved by exploiting the differential absorption of NIR radiation
by cancerous versus normal cells. Consequently, PTT offers a promising avenue for
localized treatment with reduced systemic side effects.’ In PTT, nanoparticles such as gold
nanoparticles or carbon nanotubes are commonly employed as agents to efficiently absorb
NIR radiation. Once these nanoparticles accumulate within cancer cells, they absorb NIR
light, resulting in a localized temperature increase through the photothermal effect. This
temperature rise triggers a cascade of events within the cancer cells, including protein
denaturation, membrane damage, and DNA disruption, culminating in cell death. The
precision and minimal invasiveness of PTT makes it a valuable addition to combination

therapy.!?

Chemodynamic therapy (CDT), a relatively newer entrant in the field of cancer therapy,
operates on a different principle. Instead of relying on light-based approaches like PTT and
PDT, CDT induces cytotoxicity within the tumor microenvironment through chemical
reactions.!!"!2 This innovative approach capitalizes on the unique conditions present within
cancerous tissues, including the abundance of hydrogen peroxide (H.0).!? In CDT,
catalysts, often transition metal-based nanoparticles, are introduced into the tumor
microenvironment.'»!* These catalysts facilitate the conversion of H,O> into highly
reactive oxygen species (ROS) through Fenton or Fenton-like reactions.!> ROS, such as

hydroxyl radicals ("OH), are notorious for their destructive potential. When generated in
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high concentrations, ROS initiates a cascade of damaging events within the tumor,
including lipid peroxidation, protein oxidation, and DNA fragmentation, ultimately leading
to cell death. CDT's ability to target the tumor microenvironment rather than just cancer
cells themselves offers a complementary approach to traditional cancer treatments.'%!” By
disrupting the supportive milieu surrounding cancer cells, CDT weakens their defences and

makes them more susceptible to other therapeutic modalities, such as PTT and PDT. "8

Photodynamic therapy (PDT) has emerged as a promising paradigm in precision medicine,
offering a minimally invasive treatment approach with notable advantages over
conventional therapies like chemotherapy, radiotherapy, and surgery. Its potential lies in the
precise targeting of cancer cells through the activation of photosensitizing agents, which
generate reactive oxygen species (ROS) upon exposure to light.!”?* This selective
mechanism minimizes damage to healthy tissue, making PDT an attractive option for
various malignancies. However, despite its therapeutic promise, PDT has not yet attained
widespread adoption as a frontline treatment. Its limited applicability does not stem from a
shortage of efficient photosensitizers or delivery mechanisms but rather from a fundamental
hurdle ingrained in the photodynamic process itself. Central to the challenge is the
phenomenon of hypoxia, a condition characterized by low oxygen levels within tumors.’
This oxygen-deficient environment poses a significant obstacle to the generation of ROS,
crucial for the PDT process. Paradoxically, PDT compounds this issue by depleting
intracellular oxygen reserves, exacerbating the already existing hypoxia. This intricate
interplay between PDT and tumor oxygenation profoundly impacts therapeutic outcomes,
particularly in solid tumors marked by inadequate oxygen availability.?! In response to
these challenges, researchers have shifted their focus toward devising strategies for oxygen-
independent PDT. Aromatic endoperoxides, derived from polycyclic aromatic
hydrocarbons like naphthalene and anthracene, offer a solution. These compounds can

serve as chemical sources of singlet oxygen when thermally triggered.?>%’

The true power of combination therapy in cancer treatment emerges when these three
modalities—PTT, CDT, and PDT—are harnessed together. Each modality brings its unique
strengths to the table, and their combination results in synergistic effects that have the
potential to significantly enhance cancer treatment efficacy.'® Firstly, the combination of
PTT, CDT, and PDT targets cancer cells from multiple angles, overwhelming their defences
and reducing the likelihood of treatment resistance. PTT's precise cellular targeting is
complemented by CDT's disruption of the tumor microenvironment, making it more

susceptible to the damaging effects of PDT.
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Secondly, the ability to customize the treatment regimen, including the sequence and timing
of these therapies, allows for optimal therapeutic outcomes. For example, initiating CDT
before PTT and PDT may weaken the tumor microenvironment, making cancer cells more
susceptible to subsequent phototherapy.’ Thirdly, combination therapy has the potential to
reduce the therapeutic doses required for each individual modality. Lower doses are often
associated with reduced side effects, a critical consideration in cancer treatment to improve
the patient's quality of life. The promise of combination therapy in cancer treatment is
undeniably exciting. It offers the potential for improved treatment outcomes, reduced side
effects, and increased versatility in addressing a wide range of cancer types.®® However, it
is crucial to emphasize that the field of combination therapy is still in its nascent stages,
and rigorous research and clinical trials are essential to validate its efficacy and safety. As
researchers continue to unravel the complexities of tumor hypoxia and refine the techniques
of PTT, CDT, and PDT, the future holds great promise for combination therapy as a
formidable weapon in the battle against cancer. Collaborative efforts between scientists,
clinicians, and medicinal companies will be instrumental in translating these innovative
approaches into effective treatments that can benefit patients worldwide. With perseverance
and dedication, combination therapy may well emerge as a transformative force in the fight
against cancer, providing new hope and improved outcomes for those facing this

formidable adversary.?*>

In this study, an impactful strategy was proposed that involves the integration of a
sophisticated singlet oxygen delivery system comprising an iridium complex denoted as Ir-
Nap. This complex possesses the unique ability to autonomously generate singlet oxygen
through its iridium centre and subsequently engage in a cycloaddition reaction with the
self-produced singlet oxygen, facilitated by the naphthalene appendage, resulting in the
formation of an endoperoxide species.? It is noteworthy that this endoperoxide exhibits
stability at lower temperatures; however, at elevated temperatures exceeding 45°C, it
undergoes a cycloreversion process, liberating singlet oxygen and thereby inducing
photodynamic therapy (PDT) effects. To optimize the delivery and therapeutic potential of
Ir-Nap-endo, we judiciously incorporated it into a polydopamine (PDA) nanoparticle. This
multifunctional nanoplatform not only facilitates the controlled release of the compound
but also serves as a mild photothermal therapy (PTT) agent, generating heat upon laser
irradiation.?® Consequently, this dual-action system enables both oxygen delivery and PTT
effects, all achievable through a single laser source. To enhance the specificity and efficacy

of this construct, we further encapsulated it within glutathione (GSH)--responsive
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manganese dioxide (MnQO;) nanoparticles. These MnO> nanoparticles possess the ability to
reduce intracellular protective GSH levels, thereby enhancing their potential as
chemodynamic agents. The gradual degradation of the MnO- layer not only reduces GSH
but also promotes cellular oxygenation, augmenting the generation of radicals for
chemodynamic therapy.?’ To achieve selective targeting of triple-negative breast cancer
(TNBC) cells, the surface of nano-construct was functionalized with a GRP78-targeting
peptide sequence. This peptide acts as a targeting ligand, enabling the preferential
recognition and uptake of the construct by TNBC cells. This comprehensive approach
combines GSH depletion followed by singlet oxygen generation, PTT, Chemodynamic
therapy, and tumor-specific targeting, making it a promising avenue for advanced cancer

treatment (Scheme 3.1).
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Scheme 3.1: Pictorial representation of sequential events induced by TNC in TNBC cells. (a) The
construction and the components of the nano construct. (b) The mechanism of generation and
cycloreversion of the singlet oxygen delivery system. (c) The step vice sequential events induced
by TNC in TNBC cells after internalization

3.2 Results and discussion

The theranostic nano construct (TNC), designed for combination therapy, consists of four

distinct components, each with unique attributes to optimize treatment outcomes. These

110



GSH-depletion Assisted Chemo dynamic Therapy Followed by NIR-laser Induced Combined
Phototherapy Towards Triple-negative breast cancer

components were meticulously synthesized and effectively linked together to create the
ultimate theranostic nanoprobe, TNC. This innovative nanoprobe offers a multifaceted
approach to therapy, capitalizing on the specialized properties of its constituent parts,
ensuring a synergistic and potent therapeutic effect. Through careful preparation and
successful conjugation, TNC emerges as a promising tool for both treatment and diagnosis,

paving the way for more effective and personalized healthcare interventions
3.2.1 Synthesis and characterization of singlet oxygen delivery system

The chemical synthesis process commenced with the creation of the cyclometalating ligand
2-phenyl pyridine, achieved through a palladium-catalyzed Suzuki cross-coupling reaction.
The as-synthesized cyclometalated ligand was then combined with Iridium chloride using
the Nonoyama reaction, resulting in the formation of a chlorine-bridged Iridium dimeric
complex. The target complex, [r-Nap, was subsequently obtained by replacing the bridging
chlorine with an ancillary bipyridine ligand containing naphthalene appendages. This
ligand was synthesized from 4,4’-dibromo-2,2’-bipyridine and 4-methylnaphthalene-1-

boronic acid through a Suzuki coupling reaction (Scheme 3.2).

e a
IrCl;. XH,O + I:I /
Br Br
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=N N
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Scheme 3.2: Schematic illustration of the synthesis of Ir-Nap. Reagent and conditions: (a) [i] 2-
ethoxyethanol/water (8:2), reflux, 24 h. (b) Aq-K,COs—Toluene, Pd(PPhs)s ,TBAB-24 h, 90°C. (c)
DCM/ethanol (1:3), Argon, 60°C, 12 h and NH4PFs.
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Finally, the chlorine counterion in the complexes was substituted with PFs through an anion
exchange reaction involving ammonium hexafluorophosphate. The synthesized complexes
underwent thorough characterization using HRMS and NMR spectroscopic techniques. A
thorough examination was conducted to acquire a comprehensive grasp of the molecule,
encompassing detailed investigations into its structural, photophysical, and electrochemical
characteristics. These assessments encompassed the use of UV-visible and Fluorescence
spectroscopy, as well as cyclic voltammetry techniques, with the findings presented in the

accompanying material and methods.
3.2.2 Photophysical evaluation of singlet oxygen delivery system

Ir-Nap (10 uM), has been the subject of extensive investigation to elucidate its intriguing
photophysical properties and its potential utility in various scientific and practical
applications. The characterization of this compound began with a comprehensive analysis

using UV-Vis absorption and emission spectroscopy (Figure 3.1a).
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Figure 3.1: (a) UV-visible absorption spectra and emission spectra of the complex Ir-Nap (10 uM
in acetonitrile) and (b) Photostability studies of the complex with 475 laser irradiations from 0 to
25 min. (c¢) and (d) Singlet oxygen generation study with DPBF both Ir-Nap and Ir-Nap-endo
respectively.

These techniques unveiled a metal-to-ligand charge transfer (MLCT) band within the

spectral range of 475-510 nm, coupled with an emission peak centered at 610 nm. This
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initial characterization hinted at the compound's ability to undergo electronic transitions, a
crucial feature for understanding its behavior as a photosensitizer (Figure 3.1 b&c). To delve
deeper into its functionality, the singlet oxygen generation capacity of Ir-Nap was
rigorously examined. The use of 1,3-diphenylisobenzofuran (DPBF), a known singlet
oxygen scavenger, allowed for the evaluation of Ir-Nap's photosensitization potential. As
anticipated, Ir-Nap demonstrated its prowess in inducing the photo-sensitization of ground-
state molecular oxygen, leading to the formation of singlet oxygen. The interaction between
Ir-Nap and DPBF resulted in a discernible decrease in both absorption and emission
profiles, a clear indication of singlet oxygen generation. This observation underscores the
compound's capacity to harness light energy for the production of a highly reactive oxygen
species, a feature that holds great promise for applications in photodynamic therapy and
photochemical synthesis. The singlet oxygen quantum yield (®) provides a quantitative
measure of a compound's ability to generate singlet oxygen. In the case of Ir-Nap, its ©
value was determined to be 0.79, which was notably higher than that of the reference
compound, Ru(bpy)3Cl2,2® which exhibited a ® value of 0.57. This result underlines Ir-
Nap's superior photosensitizing capacity, making it an attractive candidate for applications
demanding high singlet oxygen production. However, to provide a more accurate
assessment of Ir-Nap's singlet oxygen generation potential, it was imperative to account for
its singlet oxygen trapping capabilities. This was achieved by preparing the endoperoxide

form of Ir-Nap (Ir-Nap-endo) before conducting the @ measurement (Figure 3.1c).
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Figure 3.2: (a) Depletion of DPBF absorption profile upon interaction with Ir-Nap, Ru based
standard complex [RuBpy3]Cl, and the DPBF alone after irradiation with 475 nm laser for 2 min
(b) Singlet oxygen phosphorescence spectra at 1270 nm of Ir-Nap sample irradiated with laser in
acetonitrile

The ® value determined with the endoperoxide was notably higher at 0.84, further
highlighting Ir-Nap's exceptional ability to both generate and trap singlet oxygen
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effectively (Figure 3.1d). Moreover, the study delved into the direct monitoring of singlet
oxygen by recording its emission at 1275 nm. Ir-Nap exhibited strong oxygen
phosphorescence at this wavelength, providing concrete evidence of its singlet oxygen
generation capabilities. This direct measurement reinforces the compound's potential for
applications where the real-time detection of singlet oxygen is crucial, such as in

photodynamic therapy and environmental monitoring (Figure 3.2a&b).
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Figure 3.3: Depletion of DPBF absorption profile upon heating with Ir-Nap endo from 30 to 60°C.
Each graph was a separate experiment with the same concentration of Ir-Nap-endo and DPBF.

One of the distinctive attributes of Ir-Nap is its ability to trap singlet oxygen, effectively
acting as a reservoir for the controlled release of this valuable species. To investigate this
intriguing property, a series of experiments were conducted. A solution containing Ir-Nap
was exposed to 380 nm light irradiation within a photoreactor, while DPBF was introduced
into the solution. The temperature of the solution was systematically elevated from 30 to
60°C, allowing for the monitoring of absorbance changes. Remarkably, the results revealed
the release of trapped singlet oxygen through a temperature-assisted cycloreversion of
endoperoxide. This unique mechanism was unmistakably indicated by the decline in the
absorbance of the DPBF peak (Figure 3.3). Notably, control experiments performed with
DPBF alone under identical conditions exhibited no significant changes, conclusively
ruling out the possibility of experimental error arising from DPBF photoirradiation. Ir-
Nap's ability to effectively store and release singlet oxygen holds great promise for
applications where the controlled release of singlet oxygen is of paramount importance,

such as in the development of targeted drug delivery systems (Figure 3.4a&b).
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Figure 3.4: (a) UV-visible absorption spectral change of DPBF with Ir-Nap-endo upon heating
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Singlet oxygen generation study with SOSG both Ir-Nap and Ir-Nap-endo in heat and lase assisted
method.

In order to further substantiate the effective trapping and subsequent storage of singlet
oxygen within the naphthalene moiety of the molecule HRMS analysis was carried out.
The molecular ion peak of the Ir-Nap molecule, at 937.290 m/z, exhibited a noteworthy
transition, displaying a significant shift to 969.278 m/z. This alteration in mass
spectrometry data aligns convincingly with the introduction of an oxygen atom into the Ir-
Nap molecule, indicative of the formation of Ir-Nap-endo through a mono-oxygenation
process. This observation provides compelling scientific evidence supporting the singlet
oxygen trapping and incorporation within the molecular structure of Ir-Nap-endo (Figure
3.4¢). Quantifying the efficiency of singlet oxygen generation is essential for assessing the
practical utility of Ir-Nap as a photosensitizer. This dual functionality positions Ir-Nap as a
versatile tool for applications requiring precise control over singlet oxygen release kinetics.
The confirmation of singlet oxygen release kinetics was reinforced by using the widely
recognized singlet oxygen probe SOSG. When Ir-Nap-endo was exposed to laser

irradiation, a noticeable increase in SOSG fluorescence was observed (Figure 3.4d).
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Moreover, when the sample was heated to 50°C, the fluorescence intensity was further
raised beyond the levels achieved with laser assistance. This unequivocally validates both
the ability of the system to generate singlet oxygen with laser assistance and its potential

for releasing singlet oxygen when subjected to heat.
3.2.3 Synthesis of the Photothermal Agent

The subsequent phase of the research aimed at the development and synthesis of a
photothermal agent capable of initiating controlled thermal reactions, leading to the precise
decomposition of Ir-Nap-endo, thereby facilitating the targeted generation of singlet

oxygen.
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Figure 3.5: (a) TEM image of the prepared PDA nanoparticle. (b) UV-visible absorption spectra of
the PDA nanoparticle with NIR absorbance. (¢) DLS analysis of the PDA nanoparticle. (d) Raman
spectra of the of the PDA nanoparticle with G and D bands.

Additionally, it was imperative to identify an efficient carrier particle for loading Ir-Nap-
endo. To address these objectives, we initiated the synthesis of Polydopamine nanoparticles
within a size range of 80-120 nm via a polymerization process involving dopamine

hydrochloride and a mild base, ammonium hydroxide.

Polydopamine exhibited inherent characteristics such as robust negative zeta potential and
substantial adsorption capacity, offering significant advantages for the electrostatic binding

of positively charged iridium complexes, ensuring high loading efficiency. The morphology
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of the resulting Polydopamine nanoparticles was meticulously examined using
Transmission Electron Microscopy (TEM), revealing a spherical structure with an average
size of 80 nm (Figure 3.5a). Dynamic Light Scattering (DLS) analysis corroborated this,
confirming an average size of 100 nm (Figure 3.5¢). Furthermore, UV-visible absorption
spectral analysis unveiled a broad absorption profile spanning from the ultraviolet (200 nm)
to near-infrared (1000 nm) regions, rendering Polydopamine well-suited for near-infrared
(NIR) laser-activatable photothermal applications (Figure 3.5b). This property is crucial for
both the subsequent photothermal activation of Ir-Nap-endo and photothermal therapy.
Further characterization included Raman spectral analysis, which affirmed the presence of
characteristic G band at 1300 cm™ and D bands at 1600 cm™ associated with Polydopamine

nanoparticles, reinforcing their identity and structural properties (Figure 3.5d).

To assess the photothermal capabilities of the synthesized nanoparticles, a temperature
generation analysis was conducted. Water served as a negative control, while natural
melanin nanoparticles isolated from squid ink were the positive control. Evaluation under
irradiation with an 808 nm laser, chosen for its enhanced tissue penetration capabilities
within the biological window, demonstrated that both PDA and bare SNP (natural melanin
nanoparticles) reached a temperature of 70 °C within 15 minutes, whereas water could only
generate a temperature of 30°C (Figure 3.6a). This temperature increase validated the
efficacy of the 808 nm laser for Photothermal Therapy (PTT), with no consideration given
to alternative lasers with lower wavelengths due to their inferior tissue penetration
capabilities. The exponential temperature rises of up to 60°C within 8 minutes of laser
irradiation over five consecutive cycles, totalling 90 minutes, underscoring the exceptional
photothermal efficiency and stability of the PDA nanoparticles. The calculated
photothermal conversion efficiency of the probe was an impressive 49.8%, signifying a
remarkably high value for a theranostic nanoprobe (Figure 3.6b&c). The generated heat was
deemed sufficient for inducing hyperthermia and promoting the cycloreversion of
endoperoxide from Ir-Nap-endo, facilitating PDT. The Polydopamine nanoparticles
prepared here displayed a zeta potential of -36.5 mV, providing a highly negatively charged
surface conducive to the electrostatic attachment of these nanoparticles to the positively
charged Ir-Nap-endo, ultimately forming the desired PDA-Ir-Nap-endo composite called
PIR. The formation of PIR was confirmed through UV spectroscopic studies, where a clear
merging of the peaks of the Iridium complex with PDA spectra was observed. Further
confirmation of the electrostatic interaction with Ir-Nap-endo was obtained through zeta

potential analysis, revealing a gradual reduction in the highly negative zeta potential of
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PDA to -14.9 upon conjugation with Ir-Nap-endo, indicating a clear confirmation of their

association (Figure 3.6d).
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Figure 3.6: (a) Temperature generation studies on PDA nanoparticles along with control samples.
(b) Regenerative PTT ability of the PDA system with continuous on-off cycles. (¢) Change in
absorbance of DPBF alone and DPBF incubated with PDA-Ir-Nap-endo followed by 808 nm laser

treatment. (d) Zeta potential change associated with the electrostatic conjugation of PS to the PDA
nanoparticle.

In the investigation of the prepared PIR, an essential step was to assess its ability to release
singlet oxygen upon laser activation, thereby confirming the efficacy of laser-assisted heat-
triggered singlet oxygen release. To conduct this evaluation, PIR was combined with the
singlet oxygen scavenger molecule DPBF, and a series of laser irradiation experiments were
conducted. As anticipated, when subjected to 808 nm laser irradiation, the PIR exhibited
its remarkable photothermal therapy (PTT) capability, leading to the generation of heat
within the Polydopamine (PDA) nanoparticles. This rise in temperature induced the
cycloreversion of the endoperoxide moiety within the PIR, consequently liberating singlet
oxygen. Importantly, this singlet oxygen was found to efficiently react with and neutralize
DPBF molecules. The outcome of these experiments was readily observable through
spectroscopic analysis. Specifically, the presence of singlet oxygen, as generated by the

PIR under laser irradiation, was evident in the substantial attenuation of the DPBF
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absorption peak. This clear reduction in DPBF absorption highlighted the success of the
combined approach, where heat-assisted photodynamic therapy (PDT) was effectively
achieved. It is noteworthy that when PDA nanoparticles were employed in isolation, devoid
ofthe PIR, there was no discernible impact on the DPBF absorption. This result underscores
the specific contribution of the PIR in facilitating singlet oxygen release and its subsequent

interaction with DPBF (Figure 3.6c¢).

3.2.4 MnO: coating of the nano construct for tumor microenvironment responsive

activation

The designed PIR was further enhanced through the strategic incorporation of tumor
microenvironment-responsive  biocompatible MnQO; nanoparticles. These MnO>
nanoparticle layers exhibit distinctive attributes that render them highly suitable for

targeted therapeutic interventions.
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Figure 3.7: (a) Emission quenching of Ir-Nap-endo with the addition of PDA-MnO.. (b)
Regeneration of emission by treating with varying concentrations of GSH. (¢ & d) TEM images of
the PDA nanoparticle and PDA coated with MnO; layered archine type nanoparticle.

Notably, the MnO> layer exhibits specific susceptibility to degradation within the tumor
microenvironment, facilitated by the presence of glutathione (GSH), thereby not only
reducing cellular resistance but also affording additional therapeutic benefits. The
orchestrated degradation process, mediated by GSH, results in the generation of a

substantial quantity of oxygen and Mn*" ions. Oxygen, generated through this process,
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serves to alleviate the hypoxic conditions commonly observed within tumors, thus creating
a favorable milieu for the implementation of radical and ROS-mediated therapeutic
strategies. Concurrently, the formed Mn?* ions swiftly engage with the overexpressed
hydrogen peroxide within cancer cells, instigating a Fenton-type reaction that generates
highly reactive hydroxyl radicals (OH"). This Chemodynamic therapy component
complements the oxygen-induced effects, collectively constituting the initial stage of a
multifaceted combination therapy regimen. The Ir-Nap-endo conjugated PDA (PIR) was
subjected to a reaction with KMnOy in the presence of polyallyl amine, leading to the
formation of a thin layer of MnO»-coated PIR known as the “Untargeted Theranostic Nano
Construct” (UTNC). The successful confirmation of MnO; coverage was evident by the
quenching of the red fluorescence initially emitted by the PIR sample. To validate this, we
introduced varying concentrations of MnO» nanoparticles to the highly fluorescent Ir-Nap-
endo solution. The significant decrease in luminescence from the iridium complex at 615
nm as we increased the MnO: concentration provided a clear explanation for the change in
PIR emission upon conjugation with MnO>(Figure 3.7a). The addition of different
concentrations of GSH to this quenched solution effectively restored the emission of the
initially quenched fluorophore, further confirming the degradation of the MnO: layer on
the PIR surface (Figure 3.7b). This change in behaviour was supported by a noticeable shift
in zeta potential from -14 to +22 after coating with MnQO,, providing additional evidence
of successful coverage. To corroborate the MnO> coating using microscopic analysis, HR-

TEM was employed on the samples (Figure 3.7c&d).

Figure 3.8: TEM result showing the degradation of archine type MnQO, layer from PDA by treating
with 3 mM GSH in a time-dependent manner

The distinct spherical PDA nanoparticle transformed into an arch-like structure upon MnO»
coating. Elemental analysis conducted through TEM revealed peaks corresponding to Mn
in the spectra, providing further validation of the coating. To determine the precise time for
complete degradation, we conducted a time-dependent degradation study based on GSH
and analysed the samples through TEM. The TEM images clearly indicated complete

degradation within 5 hours, with shattered small aggregates of residual Mn visible in the
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figures. Due to the reducing properties of GSH, the surface of the PDA nanoparticle also
exhibited some degradation. These time-dependent GSH-based degradation studies are
valuable for calculating the irradiation time needed for the PTT-triggered PDT effect from
the construct (Figure 3.8). As previously elucidated, the deterioration of MnO>
nanoparticles facilitated by GSH leads to the production of oxygen and Mn>" ions (Figure
3.9a).
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Figure 3.9: (a) Absorption spectra showing the degradation of MnO> layer of PDA-MnO; upon
reaction with GSH. The degradation of MB dye upon pre-treating with PDA-MnO: followed GSH
and H»O, (b) concentration and (c¢) time dependent manner. (d) MB treated with only GSH and
H>0..

These Mn?" ions subsequently engage with hydrogen peroxide, instigating a
chemodynamic process that generates deleterious hydroxyl ("OH) radicals. The presence of
GSH from a unique, unidentified triggering nanocomposite (UTNC) was evaluated for its
capacity to induce OH radical formation, employing a well-established methylene blue
(MB) degradation assay. Methylene blue molecules exhibit distinct degradation patterns in
the presence of radical species, resulting in a discernible reduction in their structural
integrity, most notably indicated by the attenuation of the characteristic 660 nm spectral
peak. Notably, when MB dye was administered in isolation or in combination with varying
concentrations of H»2O> and GSH, no discernible alterations in the dye's spectral

characteristics were observed. Conversely, when the UTNC was introduced into the MB
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solution, followed by the addition of GSH and varying concentrations of H>O», a marked
reduction in the 660 nm peak of MB was observed, displaying a clear correlation with both
concentration and time (Figure 3.9). This pronounced degradation of the MB dye,
precipitated by the introduction of GSH, serves as compelling evidence of GSH-facilitated
degradation and subsequent radical generation through the chemodynamic effect. This
pivotal experiment unequivocally underscores the system's potential to induce GSH
depletion and initiate the chemodynamic effect, thereby showcasing its promising scientific

significance.
3.2.5 Synthesis of targeting peptide to target GRP-78

The efficacy of utilizing nanostructures hinges on their precise delivery to the intended
target site while sparing unaffected areas of the body. To achieve this goal, the scientific
community has primarily employed targeting motifs. Depending on the specific
requirements, various functionalities have been employed to target the tumor
microenvironment. Among these strategies, small peptides that specifically home in on
overexpressed surface proteins have emerged as exceptionally promising candidates. Their
exceptional specificity, precise targeting capabilities toward surface proteins, and effective

conjugation strategies with different constructs render them remarkably versatile for

targeting purposes.
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Scheme 3.3: Synthesis of S-GRP-78 targeted hexapeptide GIRLRG with N-acetylation

One such surface protein, GRP-78 (S-GRP-78), exhibits pronounced overexpression in
cancer cells, notably in Triple-Negative Breast Cancer (TNBC) cells, while relatively
scarce in normal cell counterparts. A peptide selectively directed at S-GRP-78 can guide
the nano construct exclusively to TNBC cells, leaving other cells unimpacted. Additionally,
it facilitates the internalization of the nano construct through receptor-mediated
endocytosis. A hexapeptide substrate, GIRLRG, with a heightened affinity for S-GRP-78
targeting, was synthesized through solid-phase peptide synthesis (SPPS) employing
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HMPB-MBHA as the polymer-supported resin and utilizing Fmoc chemistry (Scheme 3.3).
The SPPS process is initiated with the initial amino acid coupling to the resin, followed by
a series of deprotection and coupling steps in succession. Ultimately, the N-acetylated
peptide was liberated from the resin using trifluoroacetic acid (TFA) and thoroughly
characterized via proton, carbon, and high-resolution mass spectrometry (HRMS)

techniques.
3.2.6 Formulation of the Theranostic nano construct (TNC)

In the process of fabricating the Theranostic nano construct (TNC), a crucial step involved

the conjugation of the GRP-78 targeting peptide to the UTNC (Figure 3.10a).
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Figure 3.10: (a) Schematic illustration of PDA to TNC. (b) IR spectra showing the showing the
successful conjugation of GRP-78 peptide to the PDA-MnOQ,. (¢) Absorption spectra showing
sequential changes associated with each modification from PDA-Ir to TNC. (d) Tyndall effect
shown by the TNC compare with crystal violet dye and the dopamine monomer. (e) The changes
associated with DLS size of PDA and (f) after the MnO, coating of PDA. (g) Zeta potential changes
associated with each modification from PDA-Ir to TNC.

This peptide serves as a vital driver, facilitating the precise localization of the construct to
the intended target area. To enable this coupling, the surface of the UTNC was endowed

with NH> functional groups through the utilization of polyallylamine during its synthesis.
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The linkage of the GRP-78 targeted peptide to the UTNC was accomplished through an
amide coupling reaction, employing EDC/NHS reagents. This chemical reaction yielded
the desired TNC, representing the culmination of the conjugation process. Notably, the

success of this conjugation was corroborated through infrared (IR) spectroscopic analysis.

This analytical technique revealed the presence of characteristic peaks arising from the
peptide component, aligning seamlessly with the spectral features of the UTNC (Figure
3.10b). Further validation of the conjugation was undertaken via UV-Vis analysis. This
analysis unveiled distinctive peaks in the spectrum of the TNC, attributable to its
constituent elements. Notably, an additional minor peak at approximately 280 nm was
observed, corresponding to the presence of the peptide moiety within the construct (Figure
3.10c &d). The size analysis through DLS clearly indicates a change in DLS size from
125nm to 145 nm (Figure 3.10 e&f). Lastly, the alteration in the zeta potential was assessed
as a result of incorporating amine functionalities. The zeta potential, which was initially
measured at 22.5 mV, was reduced to 20.9 following the utilization of these amine groups
(Figure 3.10g). This reduction in zeta potential is indicative of the modification occurring
on the UTNC surface during the conjugation process. This advancement holds promise for
targeted theranostic applications, where the TNC can navigate and act upon specific areas

of interest within biological systems.

2.2.7 In vitro Imaging Studies

The successful achievement of targeted delivery of the nano construct hinged on the critical
overexpression of GRP78. The entire construct's ability to selectively target its destination
relied upon the targeting unit's capacity to reach the intended site of action to validate the
heightened expression of GRP-78 protein in triple-negative breast cancer (TNBC) cells, we

conducted a Western blot analysis.
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Figure 3.11: (a) Western blot analysis to confirm the over-expression of GRP-78 in MDMB-231,
MCF-10-A, and 4-T1. (b) Relative expression of S-GRP-78 normalized with beta-actin.
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Both TNBC cell lines, MDA-MB-231 and 4T1, as well as the normal MCF-10 cells,
underwent protein isolation and subsequent blotting to assess the extent of S-GRP-78
overexpression. The results unequivocally demonstrated significant overexpression of
GRP-78 protein in both TNBC cell lines, as evidenced by distinct and intense bands
corresponding to 78 kDa, the molecular weight of GRP-78. In contrast, only faint bands
were observed in the normal cell counterpart. These findings conclusively affirm the
upregulation of this protein, which serves as the target for precise and selective delivery
(Figure 3.11). Before delving into the rigorous in vitro investigations, an essential
preliminary step involved the evaluation of the biocompatibility, time of internalization,
and toxicity of the TNC construct, as well as its constituent components. To validate the
temporal internalization process through fluorescence imaging investigations, the
experimental design underwent a modification. The inclusion of an MnO; layer on the
construct's surface effectively quenched the fluorophores' emission, rendering them
inadequate for monitoring the internalization time point when the MnO; layer was present.
To address this limitation, a novel construct devoid of the MnO- layer was synthesized to

affirm the internalization process.
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Figure 3.12: (a) The internalization of the PDA-Ir-Nap-peptide in MDA-MB-231 cells in time
time-dependent manner co-incubated with Hoechst. (b-e) MTT assay of the construct in MDA-MB-
231,4-T1, MCF-10-A, and MDA-MB-231 tumor spheroids at 24 h with 808 laser irradiations.

In this scheme, Ir-Nap was electrostatically affixed to polydopamine (PDA), followed by
the conjugation of the GRP-78 peptide. Subsequently, this construct was introduced into
MDA-MB-231 cells, and time-dependent fluorescence imaging was conducted in
conjunction with the utilization of the standard nuclear tracker dye Hoechst. Remarkably,
within a mere 30-minute incubation period, discernible red fluorescence emanated from the

Ir-Nap-endo in intercellular milieu. The peak fluorescence intensity was observed at the 1-
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hour time period. Subsequent to this hour-long interval, the fluorescence intensity exhibited
minimal changes, leading us to establish the initial internalization time as 1 hour (Figure
3.12a). Further, we aim to assess the toxicity induced by the construct. This critical
assessment was conducted through the widely recognized MTT assay, utilizing both triple-
negative breast cancer (TNBC) MDAMB-231, 4T1 cells, and normal mammary epithelial
MCF-10A cells. This initial inquiry forms the cornerstone of our study, as it helps establish
the safety and viability of the TNC construct for potential therapeutic applications,
shedding light on its potential impact on both cancerous and healthy cellular environments.
Understanding the compatibility and safety profiles of the TNC construct is crucial for
advancing our understanding of its potential as a promising tool in the field of cancer
research and therapy. Upon evaluating the range of concentrations from 0.1 ug/ml to 100
ug/ml in TNBC cells (both MDA-MB-231 and 4T1), it is evident that there is a clear
correlation between increasing concentration and the toxic effects observed. This
anticipated outcome can be attributed to the initial phase of the therapy, known as the
Chemodynamic effect and GSH depletion. The presence of GSH plays a crucial role in
facilitating the release of Mn?" ions, which subsequently react with the overexpressed H,0»
in the TNBC cells. This reaction leads to the formation of highly toxic hydroxyl radicals,
which are responsible for the observed toxicity in the TNBC cells. In contrast, when the
same construct was tested on the normal counterpart cells, MCF-10A, it exhibited
significantly lower toxicity. This reduced toxicity can be attributed to the limited
internalization of the construct and the lower levels of GSH and H>O; in these cells (Figure

3.12b).
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Figure 3.13: (a) The quantification of DCF fluorescence after treatment with varying
concentrations of PDA-MnQO». (b) Oxygen sensing with aid of in both normoxic and hypoxic
conditions after treatment with PDA-MnQO,.
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To substantiate our findings, we executed a DCFDA-based assay in which DCFDA,
initially devoid of fluorescence, reacts with reactive oxygen species (ROS) to undergo a
transformation into the highly fluorescent DCF molecule, distinguished by its characteristic
green luminescence. We exposed cells to varying concentrations of TNC, ranging from 0
to 100 pg/ml, followed by the introduction of DCFDA. This led to an observable rise in
green fluorescence directly proportional to the concentration of TNC applied. The results
convincingly illustrated a concentration-dependent reactivity of hydroxyl (OH) radicals
generated through a Fenton-type reaction involving Mn?* and peroxide within the cellular
milieu with DCFDA, corroborating our hypothesis concerning their involvement. In
contrast, the control group, consisting of untreated cells, exhibited no noteworthy increase
in green fluorescence, even after a 2-hour incubation period. This compelling outcome
underscores the pivotal role of Mn** ions and H>O; in facilitating radical generation, firmly
establishing them as significant contributors to the observed fluorescence patterns (Figure
3.13a). To evaluate the oxygenation process during the degradation of MnO: layers on the
surface of PDA nanoparticles using a well-established oxygen probe, [RuBpy3]Cl, it was
noted a pronounced quenching effect in the red fluorescence signal in the presence of
molecular oxygen. It's worth noting that the presence of red-emitting PS Ir-Nap-endo could
potentially confound the results of this fluorescence-based assay. To address this issue, a
PDA nanostructure it devised which was devoid of Ir-Nap-endo, covered with MnO», and
subjected it to MDA-MB cells under both normoxic and hypoxic conditions. In the
normoxic environment, where oxygen levels are abundant, a minimal change in of
fluorescence intensity was observed even after exposing the cells to PDA-MnO». This can
be attributed to the surplus of oxygen, effectively quenching the fluorescence, even without

additional exogenous oxygen supplementation (Figure 3.13b).

Transitioning to the hypoxic condition, it was observed a notable initial enhancement in red
fluorescence within the hypoxic cells, which subsequently diminished significantly upon
treatment with PDA-MnO». This marked reduction in fluorescence intensity can be
unequivocally attributed to the oxygen molecules generated during the degradation of
MnO, facilitated by glutathione (GSH). Importantly, the experiment clearly demonstrated
the conversion of hypoxic regions to normoxic states through the provision of oxygen from
the nano construct. These inner hypoxic cores, upon interaction with the TNC, effectively
transformed into normoxic regions. This transformation not only contributed to the
generation of radicals but also coincided with a sharp reduction in GSH levels during

degradation, thereby enhancing therapeutic efficacy by reducing cellular resistance. The
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decline in glutathione (GSH) levels played a crucial role in the deterioration of MnO», layer,
marking a significant turning point in the efficacy of phototherapies. GSH, acting as a
vigilant scavenger of radicals, served as a guardian for cells, shielding them from potential
harm during treatment. Its inherent ability to resist depletion consistently protected cells,
ultimately diminishing the overall treatment's effectiveness. The nano construct introduced
a transformative element by significantly reducing GSH levels, ultimately contributing to
an enhanced therapeutic effect. This reduction in GSH, facilitated by the nano construct,

resulted in a more favorable treatment outcome due to the absence of GSH interference.
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Figure 3.14: (a) The absorption spectra of DTNB and DTNB treated with GSH. (b) Titration
showed the changes of DTNB upon incubation with different concentrations of GSH. (¢) The
depletion of GSH when incubated with PDA-MnO, was proved by the DTND assay. (d) The
quantification of GSH from cells after treatment with PDA-MnQO, asses by GSH kit.

To validate the occurrence of an event in the solution state, a widely recognized GSH probe
known as DTNB (5,5'-dithiobis-(2-nitrobenzoic acid)). The alteration in the absorbance
spectra of DTNB was scrutinized. Notably, the 325 nm peak of DTNB exhibited a
discernible shift to 412 nm upon its interaction with glutathione (GSH) (Figure 3.14a).
This spectral shift can be attributed to the formation of nitro thiophenol molecules resulting

from the interaction between DTNB and GSH. Importantly, the augmentation in the
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intensity of the 412 nm peak was found to be directly proportional to the concentration of
GSH present in the solution. To quantify this relationship, a standard calibration curve was
constructed over a GSH concentration range of up to 200 uM (Figure 3.14b). Subsequently,
separate vials containing a fixed concentration of 200 uM GSH were treated individually
with varying concentrations of PDA-MnO> ranging from 0 to 50 pg/ml. Following the
requisite incubation period, each solution was subjected to treatment with 100 uM DTNB,
and their absorption spectra were meticulously analyzed. Remarkably, a conspicuous
reduction in the peak intensities was observed as the concentration of the PDA-MnO»
construct increased. This marked decline in peak intensity, correlating with escalating
concentrations of the construct, unequivocally signifies the consumption of GSH in the
degradation process (Figure 3.14c). Consequently, this decrease substantiates the notion
that the MnO; layer effectively utilizes GSH, resulting in a diminished GSH concentration
within the experimental solution when titrated with DTNB. This phenomenon serves as a
definitive indicator of GSH utilization by the MnO; layer, thereby substantiating the event
under investigation. To confirm the GSH depletion, a GSH assay kit (Sigma Aldrich) was
employed, providing concrete evidence of this crucial change. In experiments where cells
were subjected to varying concentrations of the nano construct (TNC), a marked decrease

in GSH levels was observed compared to the control group (Figure 3.14d).

Control Probe Control

Hypoxia

Figure 3.15: The singlet oxygen generation from cells treated with PDA-Ir-Nap-endo conjugated
with the peptide in normoxic and hypoxic conditions with and without 808 nm laser.

In contrast, treatments involving solely PDA or other combinations failed to produce any
discernible alterations in the outcomes. This striking observation strongly emphasizes the

nano construct’s potential to effectively deplete GSH levels, thus leading to improved
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therapeutic results. The experiment initially demonstrated the temperature-assisted release
of trapped singlet oxygen in a liquid solution using the DPBF assay. To validate this
phenomenon in a cellular environment, an essential experiment involved the use of an 808
nm laser. The well-known singlet oxygen probe molecule SOSG was employed, which
transforms from being nonfluorescent to highly emitting green fluorescence upon
interaction with singlet oxygen. To achieve this, the PDA-Ir-Nap-endo conjugated with the
peptide was assessed and deliberately avoided using the MnO2-coated final construct TNC
because it would reintroduce oxygen in hypoxic areas during degradation, preventing
effective delivery of singlet oxygen to the hypoxic core through laser activation. The distinct
green fluorescence of SOSG was clearly observed in cells incubated with PDA-Ir-Nap-endo
followed by irradiating with 808 nm laser in both normoxic and hypoxic conditions. The
emergence of green fluorescence in the SOSG probe clearly validates the release of trapped
singlet oxygen due to the photothermal effect induced by PDA when irradiated with an 808
nm laser. Conversely, cells that were not subjected to laser irradiation in both normoxic and
hypoxic conditions did not exhibit any fluorescence, further supporting the conclusion that
the cycloreversion was triggered by heat generated during the laser irradiation. This clearly

visualizes the ability of the singlet oxygen delivery system even in the hypoxic area (Figure
3.15).

Figure 3.16: The degradation of the MnO- layer on the surface of PDA-Ir-Nap-MnO; confirmed by
the recovery of fluorescence from the PS.

The precise timing of the degradation of the MnO; layer on the PIR surface held significant
importance for both Photothermal Therapy (PTT) and Photodynamic Therapy (PDT)
processes. The ability to induce hyperthermia and trigger the cycloreversion reaction

through heat depended on the liberation of PDA nanoparticles, which were crucial for
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effective interaction with the laser. Thus, it was vital to establish the specific timeframe
during which the PDA, working in tandem with the delivery system, became available to
perform its intended function. To pinpoint this exact moment, a time-dependent degradation
experiment was conducted within cellular environments. Notably, the complete recovery
of the quenched fluorescence of the photosensitizer (PS) molecule only occurred after the
degradation of the MnO; layer. The research utilized time-dependent fluorescence imaging
studies to gain a comprehensive understanding of when the complete degradation and
subsequent emission recovery occurred. The observations during the experiment revealed
that the degradation process commenced as early as 2 hours and reached its conclusion
around the 4-hour mark (Figure 3.16). Following this timeframe, there was minimal change
in fluorescence intensity. These findings provided precise insight into the ideal moment for

laser irradiation, enabling the simultaneous execution of PTT and PDT.

3.2.8 In vitro Therapeutic Assessment

All essential parameters were fine-tuned through various cell-based assays and
photophysical assessments. With these optimized parameters in hand, our next objective is
to enhance the therapeutic efficacy of TNC. To initiate this process, it was evaluated the

quantification of laser-assisted cell death using the MTT assay.
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Figure 3.17: (a) In vitro cytotoxicity assay of various constructs with and without laser irradiation
MDA-MB-231 and (b) MCF-10A cells. (¢) The comparison of cytotoxicity induces by TNC in both
hypoxic and normoxic situations with and without laser.
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Cells were exposed to TNC treatment and then incubated for approximately 4 hours to
allow for the complete degradation of the MnO, layer. Subsequently, the cells were
subjected to laser irradiation, and cytotoxic assessments were conducted. Notably, a
substantial reduction in the viability of MDA-MB 231 cells was observed in the TNC with
laser group, indicating a pronounced photothermal therapy (PTT) triggered photodynamic
therapy (PDT) effect. In contrast, other constructs exhibited less inhibition of proliferation
compared to the TNC with laser treatment. In the case of MCF-10A cells, the same
treatment groups displayed minimal cytotoxic effects in comparison to the heightened
impact observed in triple-negative breast cancer (TNBC) cells. This discrepancy can be
attributed to the targeted internalization occurring specifically in TNBC cells (Figure 3.17
a&b). The presence of a targeting peptide motif in the nano construct enables it to
selectively accumulate within TNBC cells through receptor-mediated endocytosis, which
is lacking in normal MCF-10A cells due to the absence of GRP-78 overexpression. This
analysis underscores the synergistic and targeted effects of the TNC specifically within
TNBC cells. To further substantiate the impact of hypoxic conditions, the TNC construct
was subjected to cell treatment both in hypoxic and normoxic environments. Remarkably,
when TNC was activated by laser, it exhibited a nearly equivalent percentage (72%) of
inhibition in cellular proliferation under both normoxic and hypoxic conditions. This
observation underscores the potential of TNC as an efficient PDT agent capable of

delivering singlet oxygen even in oxygen-depleted hypoxic environments (Figure 3.17c¢).

To validate the programmed cell death process known as apoptosis, a comprehensive
apoptotic assessment was conducted. To ascertain the potential of theranostic nano system,
apoptotic evaluations in both 2D and 3D culture models using MDA-MB spheroids was
performed. These experiments were conducted in parallel with conventional 2D cell
cultures. The therapeutic efficacy of the nano construct was further substantiated through a
series of apoptotic assays. In comparison to the control group, cells treated with TNC
followed by laser irradiation exhibited prominent signs of apoptosis. This was evident
through a significantly larger population of cells displaying orange/red staining, as
observed in the live/dead assay, both in the 2D cell culture and multicellular spheroids. To
visualize apoptotic induction without relying on fluorescent markers, the APO Percentage
assay was carried out. This assay reinforced the superior therapeutic performance of the
probe, as indicated by a notably higher proportion of apoptotic cells stained with a pink
colour (Figure 3.18). To precisely discern the mechanism of the apoptotic pathway,

whether it involved the intrinsic mitochondria-mediated pathway or the extrinsic pathway,
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we conducted a caspase assay. The elevated levels of caspase 3 clearly indicated the
involvement of the mitochondrial pathway, confirming its intrinsic nature (Figure 3.19a).
To further corroborate these findings, changes in mitochondrial membrane potential using
the TMRE assay was conducted. This dye preferentially accumulates in healthy,
unpolarized mitochondria compared to depolarized ones due to changes in membrane
potential. The TNC group subjected to laser treatment exhibited a sharp decline in TMRE
fluorescence intensity, signifying a reduction in mitochondrial membrane potential and

thereby providing additional evidence for the intrinsic pathway (Figure 3.19b).
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Figure 3.18: (a&b) Apoptotic evaluation of TNC on MDA-MB-231and multicellular spheroids
using acridine orange-ethidium bromide dual staining and APO Percentage staining with and
without the aid of 808 nm laser.

In the final investigation, a comprehensive examination was conducted into the intricate
process of cell death triggered by the nanoprobe known as TNC. The primary focus of this
study centered on the analysis of the cell cycle, employing MDA-MB cells as the

experimental model. Various laser conditions were applied to expose these cells to TNC.
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Subsequently, a dual staining method involving propidium iodide and FITC was employed
to gain valuable insights into the underlying mechanisms. The research findings provided
compelling evidence of a notable increase in the sub-G0 population among cells subjected
to the combined TNC and laser treatment. This significant observation strongly suggests
that apoptosis, a tightly regulated form of programmed cell death, is the predominant mode
of cell demise in this experimental context. The sub-GO population, typically indicating
cells with DNA content lower than that of the GO/G1 phase, is widely recognized as a
hallmark of apoptosis. This intriguing discovery underscores the effectiveness of TNC in
inducing programmed cell death when combined with laser irradiation.
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Figure 3.19: (a) Activation of caspase 3 upon treatment with TNC followed by 808 nm laser
irradiation. (b) Mitochondrial membrane depolarisation confirmed with the aid of TMRM assay.
(c¢) The analysis of sub GO population and DNA content through cell cycle analysis.

A meticulous examination of the cell cycle dynamics following TNC and laser treatment
has provided valuable insights into the underlying molecular mechanisms that contribute
to the therapeutic potential of this nanoprobe (Figure 3.19¢). The ability to selectively
induce apoptosis in cancer cells, such as MDA-MB cells, holds paramount importance in
cancer therapy. This approach not only presents a promising avenue for targeted cancer

treatment but also minimizes harm to healthy tissues.
3.2.9 In-Vivo studies

The research has shifted focus towards exploring the potential of theranostic nano
constructs (TNCs) for advanced applications. TNCs exhibit remarkable stability and the
ability to induce apoptosis in hypoxic conditions, making them promising for /n-Vivo use.

Their biocompatibility is confirmed through rigorous hemolytic assays. TNCs' structural
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integrity and efficacy endure over extended periods, instilling confidence in their long-term
therapeutic potential. Their unique ability to induce apoptosis in hypoxic environments
holds promise for addressing low-oxygen conditions. This shift underscores our
commitment to harnessing TNCs' full benefits in cutting-edge applications. With this
highlighted characteristic the work further moves on to the /n-Vivo studies of the construct.

3.2.9.1 In-vivo — toxicity profiling of TNC

The primary advantage of employing a targeted nano construct (TNC) lies in its precise
cargo delivery to the tumor site while minimizing adverse effects on healthy organs. To
validate the TNC's suitability as a targeted nano delivery system, an acute toxicity
assessment was conducted in female Balb/c mice aged 6-8 weeks (3 animals per group). In
this study, a single intraperitoneal administration of TNC at a dose of 2000 g/Kg body
weight was administered, and the mice were closely monitored for 14 days to observe

changes in body weight, physiological parameters, and behaviour.
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Figure 3.20: (a) Necropsy of control and TNC treated mice. (b) Physical parameters of both
control and treated mice. (c&d) Body weight and food consumption rate of control and treated

mice.
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On the 15" day, the animals were euthanized to assess their internal organs (Figure 3.20).
The findings revealed that there were no fatalities, and there were no statistically significant
alterations in body weight, physiological indicators, behavioral patterns, or food
consumption following TNC administration (Figure 3.20b-d). Consequently, it was
established that the LDso (lethal dose 50) value would exceed 2000g/Kg body weight, and
a sub-acute toxicity evaluation would employ a 1/10th dose, which is below the acute dose

threshold (200 mg/kg body weight).
3.2.9.2 Sub-acute toxicity

Detailed toxicity analysis of TNC was performed in male and female Balb/c mice (6-8

weeks old, 5 animals/group) by giving 28 consecutive doses of TNC.

(@) (b)

Male Female 3.01 Male Emale
50 1 200 200 B Brain Brain
— = 100 = 100 2. 54l Heart [ Heart
940. [ 50 [ s0 I Lungs -L_ungs
+— Control [ Control 2.0+ I Liver ] L|.ver
< 9 | JKidneys [_JKidneys
230+ =
ag) 1.5
20+ (] 1
3 2 10
o
3 10- 0.5
0- 0.0-
0 5 10 15 20 25 30 Control 50 100 200
Number of days Concentration (mg/Kg b.w)
(c) d
351 2009 wmale Female
Male Female
- I MCH
(V)] 30 E - Hb - Hb gC %‘Tkﬁcumm wn = mg\l-/' - MCV
= Il RBC [ RBC TC -10° cumm had
9 D ]PLT LJPLT FLT-10fcmm ® 1504 MM vcHC [ McHC
[<5) 25+ PCV - % "q_') [ NEUTROPHILS [ NEUTROPHILS
S iy c ] LYMPHOCYTES ] LYMPHOCYTES
< 201 Urea — mg/dl ] [_JEOSINOPHILS [ ]EOSINOPHILS
bt Cre — 10 mg/di =100+
© ]
o 151 o
S 10 S
o o 50
=} >
© ©
> L > 0- =S x
Control 50 100 200 Control 50 . 100 200
Concentration (mg/Kg b.w) Concentration (mg/Kg b.w)

Figure 3.21: (a) Body weight of control and treated mice after 28 days continuous administration
of TNC compared with control. (b) Dissected organ parameters of mice after 28 days continuous
administration of TNC compared with control. (c&d) Blood parameters of the mice after
administration of TNC (neutrophil, lymphocyte and eosinophil were expressed in percentage,
MCH-pg, MCHC-g/dL, MCV-fl)
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Intraperitoneal injection of 50, 100 and 200 mg/Kg. body weight doses of TNC were
administered to different groups of animals. The mice were monitored during the period of
TNC administration for adverse reactions to the TNC (through changes in behaviour and
mortality). Animals were weighed periodically and monitored their food and water
consumption (Figure 3.21a). At the end of the experimental period, the animals were
sacrificed and blood and serum collected for hematological and biochemical analyses. Organs
were collected, weighed, and observed for any abnormalities No significant weight loss and

organ abnormalities were observed in both male and female mice with continuous administration

of TNC (Figure 3.21b).
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Figure 3.22: Liver parameters of the control and treated mice after 28 days continuous
administration of TNC compared with control. (a) Creatine level of the male and female mice
compare with control after 28 days administration. (b) Changes in the urea level of the male and
female mice compare with control after 28 days administration. (¢) Total cholesterol level of the
animal after administration of TNC. (d) Bilirubin level of the male and female mice compare with

control after TNC administration. (e) Lipoproteins level of the treated and control mice after the
28-day administration.

Even though, changes in Hb count and total WBC count were observed (Figure 3.21 c&d) for
higher doses (100 and 200 mg/Kg body weight) along with elevated AST, Urea, and Creatinine
levels (Figure 3.22 a & b), a lower dose of 50 mg/kg body weight was found to be safe to
administer to the animals. The protein and cholesterol levels in the animals also indicated the

safety of the TNC (Figure 22¢c-d). The parameters related to the kidney function are normal
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compared to the control (Figure 3.23). Thus, a dose of 50 mg/kg body weight was selected for
further antitumor studies that are in progress with 4T1 TNBC mouse model.
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Figure 3.23: Liver function parameters of male and female mice after administration of TNC
compared with control

3.3. Conclusion

In summary, an insightful multimodal theranostic nano construct has been successfully
developed, enabling the implementation of combination therapy specifically targeted
towards TNBC (Triple-Negative Breast Cancer) cells, effective in both normoxic and
hypoxic conditions. This nano construct comprises four major components, each with
distinct functions that collectively synergize to create an impactful combinational therapy.
The nano construct is composed of a singlet oxygen self-generating and self-loading
delivery system, Ir-Nap-endo, electrostatically conjugated with a photothermal agent, PDA
nanoparticle. This assembly is further enveloped by a GSH-responsive MnO; layer,
featuring a TNBC-targeting hexapeptide. This specific peptide guides the entire construct
to the TNBC site, where the MnO; layer undergoes degradation due to the overexpressed
GSH, resulting not only in GSH depletion but also in initiating the first phase of
combination therapy through a Chemodynamic effect. Subsequent laser irradiation with an
808 nm laser activates both photothermal therapy (PTT) and photodynamic therapy (PDT)
simultaneously through the thermal cycloreversion process using the PDA nanoparticle. /n
vitro and in vivo results have demonstrated the execution of GSH-associated
Chemodynamic effects, followed by laser-induced PTT-triggered PDT. This approach
addresses the challenges of hypoxia and PDT-mediated hypoxia, which have historically
limited the broader application of PDT, through a combination therapeutic strategy. The
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findings presented in this study represent a paradigm shift in cancer treatment and hold
significant promise for future clinical translations, offering substantial benefits in the field

of oncology.
3.4. Experimental Section

3.4.1 Materials and Methods

The reagents, such as 4,4’-dibromo-2,2'-bipyridine, methylnaphthaleneboronic acid,
Potassium carbonate, TBAB, Pd(PPhs3)s, IrCl3-xH>O, 2-phenyl pyridine, 2-
methoxyethanol, methyl iodide, and diphenylisobenzofuran, were purchased from TCI
Chemicals. Reagent-grade solvents were obtained from local suppliers and were dried and
distilled prior to use following standard procedures. 1H NMR spectra were recorded at
25°C on a Bruker 500 MHz FT-NMR spectrometer, with chemical shifts (8) and coupling
constant (J) values reported in ppm and Hz, respectively. High-resolution mass spectra
(HRMS) were obtained using a Thermo Scientific Exactive ESI-MS spectrophotometer.
UV/vis spectra were acquired using a Shimadzu UV-2600 UV-Vis spectrophotometer, and
emission spectra were recorded with a Fluoromax-4 Spectrofluorometer using a 1 cm
quartz cuvette. All experiments were conducted at 298 K unless specified otherwise.
Surface-enhanced Raman spectroscopy (SERS) experiments were performed using a
WITec Raman microscope (WITec, Inc., Germany) equipped with a 600 g/mm grating and
a Peltier-cooled charge-coupled device detector. Samples were excited using a 633 nm laser
with a power of 10 mW, and the Raman spectra were collected in the range of 300 to 2000
cm ! with a resolution of 1 cm™' and an integration time of 1 s, averaging over 10
accumulations. Prior to each measurement, calibration was performed using a silicon

standard with a Raman peak at 520 cm™!

. Data analysis was carried out using the WITec
Project Plus (v5.2) software package. Excited state lifetimes were measured using a

picosecond single-photon counting system (TCSPC) from Horiba, DeltaFlex.
3.4.2 Synthesis of Naphthalene appended Bipyridine

4,4’-dibromo-2,2'-bipyridine (500 mg, 1.6 mmol) and 1-methylnaphthaleneboronic acid
(595 mg, 3.2 mmol) were dissolved in a mixture of 60 mL toluene and 10 mL 2 M aqueous
potassium carbonate. To this TBAB (1.56 g, 5 mmol) in water (10 mL) was added. The
mixture was stirred at room temperature for 30 minutes under Argon followed by adding
Pd(PPhs)4 (0.020 g, 1.74x107 mmol) and then heated to 90°C for 24 h. After the completion

of the reaction indicated by TLC, the mixture was poured into water and extracted three
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times with ethyl acetate. The organic layer was dried over anhydrous sodium sulphate. After
removing the solvent under reduced pressure, the residue was chromatographed on a silica
gel column with CHCl3:CH3O0H as eluent giving the compound as a off-white solid. Yield:
82%

IH NMR (500 MHz, CDCls): 3 8.80 (d, J = 1.5 Hz, 2H), 8.73 (s, 1H), 8.71 (s, 1H), 7.79
(dd, J1= 8 Hz, Jo= 2 Hz, 2H), 7.72 (s, 1H), 7.71 (s, 1H), 7.52-7.51 (m, 2H), 7.49 (d, J =
1.5 Hz, 1H), 7.48 (t, J = 2 Hz, 1H), 7.46 (t, J = 1.5 Hz, 2H), 7.45 (d, J = 1 Hz, 1H), 7.39 (s,
1H), 7.37 (s, 1H), 2.25 (s, 6H) ppm. 3C NMR (125 MHz, CDCls): § 155.4, 147.6, 145.2,
136.1, 135.2, 134.6, 131.5, 127.5, 126.1, 125.9, 125.7, 125.1, 124.3, 123.3, 121.6, 20.8

ppm.
3.4.3 Synthesis of Ir-Nap complex

The synthesis was started with the preparation of Ir dimer complex (Nonoyama, 1974), a
solution of IrCl3-xH2O (224.36 mg, 0.75 mmol) and 2-phenyl pyridine (350 mg, 1.58
mmol) in 2-methoxyethanol/H>O (3:1, v/v%) was refluxed at 90°C for 24 h, under argon
atmosphere. After the reaction, the solution was cooled down to room temperature and
poured into 50 mL of water. The precipitated yellow solid (compound 2), was filtered and
washed with n-hexane (5 mL x 3) and cold diethyl ether (5 mL x 3). The next step was
preceded without any further purification of the obtained crude product. A mixture of
obtained dimer (250 mg, 0.1866 mmol) and naphthalene appended bipyridine (160 mg,
0.48 mmol) in CH2CIl2/CH30H (1:1, v/v%) was refluxed under an argon atmosphere for 12
h. Upon completion of the reaction, the solution was cooled down to room temperature and
the solvent was removed under reduced pressure. The residue obtained was subjected to
column chromatography in silica gel (100-200 mesh) column with chloroform/Methanol
system, giving the intermediate compound as an orange solid. Yield 68%. 'H NMR (500
MHz, CDCls): 6 8.50 (s, 2H), 8.03 — 7.99 (m, 4H), 7.93 (d, J = 8.5 Hz, 2H), 7.86 (t, J = 7.5
Hz, 2H), 7.78 — 7.75 (m, 4H), 7.67 (d, J = 8 Hz, 2H), 7.53 (d, J = 5.5 Hz, 2H), 7.49 (t, J =
8.2 Hz, 4H), 7.44 (t, J=7.5 Hz, 2H), 7.36 (d, J =7 Hz, 2H), 7.31 (t, J = 6.5 Hz, 2 H), 6.99
(t, J=7.5Hz, 2H), 6.88 (t, J = 7.5 Hz, 2H), 6.30 (d, J = 7.5 Hz, 2H), 2.65 (s, 6H) ppm. $*C
NMR (125 MHz, CDCls); ¢ 167.7, 155.8, 152.4, 150.3, 150.1, 149.0, 143.6, 138.6, 137.2,
131.8, 130.9, 129.6, 128.1, 127.1, 126.5, 126.4, 125.7, 125.1, 124.9, 124.7, 124.1, 122.8,
119.8, 19.7 ppm. HRMS-ESI-MS Calculated for Ir-Nap: 937.29, Found Ir-Nap: 937.29
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3.4.4 Synthesis of PDA nanoparticle

A solution composed of 40 mL of ethanol and 90 mL of water was prepared. To this
solution, 4 mL of ammonium hydroxide (containing 25% ammonia in water) were added,
and the mixture was agitated for approximately 10 minutes. Following this, 500 milligrams
of polydopamine (PDA) dissolved in 10 mL of water were introduced. The reaction mixture
was continuously stirred for a period of 24 hours. Subsequently, the resulting mixture
underwent a centrifugation process at 10,000 rpm for 20 minutes. This centrifugation
procedure was repeated three times to obtain highly purified PDA nanoparticles. The

purified nanoparticles were then stored at a temperature of 4°C for future use or analysis.

3.4.5 Photothermal effect of PDA nanoparticle

The effectiveness of PDA nanoparticles in photothermal applications was assessed by
exposing them to different concentrations (6.25, 12.5, 25, 50, 100 pg/mL) and irradiating
them with an 808 nm laser operating at a power density of 0.5 W/cm? for a duration of 10

minutes.
3.4.6 Loding of Ir-Nap-endo to the PDA nano particle

To a solution of Img/mL PDA nanoparticle in water mixed with calculated amount of the
Ir-Nap-endo in acetonitrile: water 2:3 mixture. The mixture was incubated for about 24 h
at 25°C. The PDA-Ir-Nap-endo was purified via centrifugation at 10000 rpm in 4°C. The

purified nanoparticle was kept in fried for further use.
3.4.7 Synthesis of MnO2 coated PDA-Ir-nap nanoparticle

To a solution of 1 mg/mL PDA-Ir-Nap in 10 ml water was stirred at 600 rpm at 25°C. To
this 40 mg KMnO4 was added and stirred for about 5 minutes. Tho the mixture 50 mg
polyallylamine was added and stirred bout 4 h. The solution was centrifuged at 10000 rpm
for 10 minutes and the residue was washed 3 times with water. The MnO: coated

nanoparticle was purified via repeated centrifugation and stored at 4°C.

3.4.8 Synthesis of GRP-78 peptide
N N N OH
o o o o
NH NH,
® @

H,N” S'NH, H,N” S'NH
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Synthesis of GRP-78 targeted peptide sequence was performed using solid-phase peptide
synthesis with HMPB-MBHA resin as the solid support. Firstly, the Fmoc-Gly-COOH (338
mg, 1.36 mmol) was activated using DIC (219 mg, 1.79 mmol) in DCM-DMF (2 drops) to
obtain the activated ester. The resin was swelled in S6 dry dichloromethane (DCM) which
was then washed with N, N-dimethyl formamide (DMF) (3x3ml). After washing with DMF
(3%x3ml), activated Fmoc-Gly-COOH (165mg, 0.426mmol) was charged to the resin bed
after activating with HBTU (161mg, 0.426mmol), diisopropylethylamine (DIPEA) (2 or 3
drops). The reaction was continued for 12 hrs under a mechanical shaker and the progress
of the reaction was monitored by Kaiser test. After completion of the coupling reaction, the
resin was washed with DMF (3x3ml) and the Fmoc group was deprotected by treatment
with 20% piperidine in DMF in the same manner. The reaction cycle was continued in a
similar manner with Fmoc-Arg (Pbf)-OH (276mg, 0.426mmol), Fmoc-Leu-OH (150mg,
0.426mmol), Fmoc-Arg (Pbf)-OH (276mg, 0.426mmol), Fmoc-Ile-OH (150mg,
0.426mmol), and Fmoc-Gly-OH (276mg, 0.426mmol) amino acids were charged to the
resin to yield resin-bound peptide. Finally the NH> part of the final Gly-NH» was acetylated
using pyridine and acetic anhydride (10% in DMF) to obtain the resin-bound N-acetyl
peptide.

3.4.9 Conjugation of GRP-78 peptide to PDA-Ir-Nap-MnO: NP

An equal mixture of 10 mM solutions of EDC and Sulfo-NHS in DCM (100 pL each) were
added to a 100 pL (2.5 mg/mL) peptide solution at room temperature and stirred for about
1 to 1.5 h for the activation. The activated peptide (100 uL) was then added to 1.5 mL of
the nanoparticle solution (Img/mL) and stirred for about 6h. Finally, the peptide bound
nanoparticles were carefully isolated via centrifugation and washed with MQ water, and

stored in the refrigerator.
3.4.10 Measurement of preliminary photophysical properties.

In general, the UV-Vis absorption and emission spectra were obtained on a Shimadzu UV-
2600 UV-Vis spectrophotometer and Fluoromax-4 Spectrofluorometer respectively. The
excitation/emission slit width was set to 4 nm with medium scan speed. Stock solutions of
the complex were made in spectroscopic grade acetonitrile (1 mM) were used to prepare
the working solutions acetonitrile: water mixture. Absorbance spectra were recorded from
300-700 nm while the emission spectra were from 490-750 nm. All the experiments were

repeated three times to confirm the reproducibility of the results.
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3.4.11 Stability and selectivity

The stability of Ir-Nap was assessed through UV/Vis spectroscopy by monitoring freshly
prepared 10 uM solutions of Ir-Nap in both acetonitrile and water over a 24-hour period.
Additionally, the photostability of a 10 uM Ir-Nap solution in acetonitrile was evaluated by
subjecting it to irradiation with a 532 nm long pass laser at 37°C, with UV/Vis absorption

measurements taken over the course of 1 hour to confirm its resistance to photodegradation.
3.4.12 Singlet oxygen generation studies

The research aimed to examine the production of singlet oxygen in solutions of Ir-Nap in
acetonitrile. To assess this, the study employed 1,3-diphenylisobenzofuran (DPBF) as a
substance that reacts with singlet oxygen. The concentration ratio of Ir(IIl) complexes to
DPBF was set at 1:10, and the samples were exposed to a 532 nm long-pass laser. When
singlet oxygen was generated, it caused DPBF to undergo photo-oxidation, disrupting its
structure and leading to a decrease in its absorbance at 410 nm. The absorption of the Ir(III)
complex, however, remained unaffected. These changes in absorbance were monitored
every 10 seconds, and a known substance, [Ru(bpy)3;]Clz, with a quantum yield of 0.57 in
acetonitrile, was used as a reference. The evaluation was conducted using the following

formula:
(I)C = (I)s(Sc X Fs / Ss X Fc)

In this equation, ¢c and ¢s represent the singlet oxygen quantum yield of the complex and
[Ru(bpy)s]Cl,, respectively. S denotes the slope obtained from plots of DPBF's absorbance
at 410 nm against the irradiation time for both the complex and the reference. F represents
the absorption correction factor for the complex and reference, which is calculated as F =
1 - 10°°D), where OD represents the optical density of the complex and [Ru(bpy);]Cl at
532 nm.

3.4.13 Cell culture methods

The human breast cancer cell line MDAMB-231 and murine cell 4-T1 were obtained from
American Type Culture Collection (ATCC, Manassas, VA, USA. Cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine serum and 5% CO»
at 37 °C for MBA-MB and RPMI for 4-T1. Cells were cultured in glass-bottom, 96-well

black plates, T-25 flasks, T-75 flasks, and 4-well chamber slides for various experiments 2
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days prior to the conduction of experiments. All the experiments were performed in

triplicate for accurate results.
3.4.14 Evaluation of cytotoxicity using MTT assay

MTT assay is based on the cleavage of a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) by mitochondrial dehydrogenases in viable cells. Quantities
of 100 uL of the cell suspension of 1 x 10* cells/well were seeded in a 96-well plate and
incubated at 37°C for 24 h in a CO; incubator. After the incubation cells were washed with
100 puL of PBS buffer (pH 7.4). The compound under investigation were diluted in plane
DMEM media to a concentration 0 to 100 uM. Then 100 pL of each compound under
investigation along with positive control (1 uM doxorubicin) was similarly added to the
appropriate wells. The plates were then incubated for 24 and 48 h in a CO; incubator at
37°C. After incubation, 100 uL. MTT (0.5 mg/mL) was added to each well and incubation
was continued for an additional 2 to 4 h. The insoluble formazan crystals formed were
solubilized by the addition of 100 uL. DMSO followed by an incubation of 30 min and the
absorbance was measured at 570 nm using a microplate spectrophotometer (BioTek, Power

Wave X8S).
The proliferation rate was calculated as : % Proliferation = (Asample / Acontrol)Xx 100

The Inhibition rate was calculated as : % Inhibition = 100 - % Proliferation

3.4.15 In-Vitro oxygen generation studies

To assess the potential of PDA-MnO; to alleviate hypoxia, experiments were conducted on
both normoxic and hypoxic MDA-MB-321 cells. These cultures were treated with the
nanoparticle for a duration of 5 hours, and subsequently, a commercially available hypoxia
detection probe known as Ru(Bpy);Cl» (at a concentration of 50 uM) was applied to the
cells for a 10-minute incubation period, and the samples were observed using an inverted
fluorescence microscope equipped with both TRITC and filters (Olympus 1X51,
Singapore).

3.4.16 Evaluation apoptotic potential
Evaluation of the mode of cytotoxicity exhibited by TNC was performed on cancer cells
with various apoptotic assays after administration of TNC with and without laser via dual

staining acridine orange —ethidium bromide assay, APO Percentage assay (Biocolor,

Belfast, Northern Ireland) and finally by FITC-Annexin V staining (BD Pharmingen no.
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556547, BD Biosciences, San Jose, CA). Assessment of apoptosis using the acridine
orange-ethidium bromide dual staining procedure was performed as described in literature.
The cells were observed under an inverted fluorescent microscope, using a FITC filter
(Olympus 1X51, Singapore) to view the apoptotic or non-apoptotic cells. The apoptosis
was further confirmed using APO Percentage dye (Biocolor, Belfast, Northern Ireland) as
per manufacturer’s instructions. Light microscopic images of APO Percentage dye-labelled
cells, which stained pink under a light microscope, were used to quantify the extent of
apoptosis. The dye uptake was further quantified using colorimetric method according to
the manufacturer’s instruction. The cells were lysed and the absorbance was measured at

550nm using a microplate reader (Biotech, USA).
3.4.17 In-Vivo studies
3.4.17.1 Acute toxicity profile

Acute toxicity analysis was conducted with 6-8 weeks old female Balb/c mice. A single dose
(2000gm/Kg body weight) of drug was administered to three female Balb/C mice via intra-
peritoneal administration. The mice were monitored initially for 4 hrs to observe any
incidence of death and thereafter for 14 days for changes food water conception, body
weight, physiological and behavioural patterns. At the end of 15" day, the animals were
fasted overnight and sacrificed the internal viscera of each animal was observed for any

organ abnormalities.
3.4.17.2 Sub-acute toxicity profile

Balb/c mice were used for the sub-acute toxicity analysis of TNC. Both male and female
Balb/c mice (6-8 weeks old) were divided in to four groups, each group having five males
and 5 female animals. TNC was intra-peritoneally administered in three doses to three groups
viz., low dose (50 gm/Kg body weight), medium dose (100 gm/ Kg body weight) and high dose
(200 gm/ Kg body weight) and one group was kept as untreated control. Treatment was
continued consecutively for 28 days. The mice were monitored during this period for any
adverse reactions to the TNC (through changes in behavior and mortality). Animals were
weighed periodically and their food and water consumption were also monitored daily. At
the end of the experimental period, the animals were sacrificed and blood and serum collected
for biochemical analyses. Hematological paramters like total WBC count, RBC count,

differential count, haemoglobin level etc., were measured along with the serum liver and kidney
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function parameters and lipid profile. Organs were collected, weighed and organ somatic index

(OSI) determined.
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Harnessing Hydrogen Sulphide-Induced Activation for Site-
Specific Photodynamic Therapy: Disrupting Glycolysis as a
Strategy for Selective and Enhanced Anticancer Effects
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Abstract

The development of targeted and activatable photosensitizers holds great promise in the

field of photodynamic therapy (PDT) for cancer treatment. Herein, design, synthesis, and

comprehensive characterization of a novel cyclometalated iridium complex is

demonstrated which is an activatable photosensitizer termed P-NBD and  has been

engineered for precise molecular control and functionality. The rationale involves the

incorporation of an electron-deficient and hydrogen sulphide (H»S)-responsive 7-

nitrobenzofurazan (NBD) unit, covalently linked to a hydroxy appended iridium complex.

Under normal physiological conditions, the NBD unit quenches the photodynamic effect,

minimizing off-target cytotoxicity. Upon exposure to H2S, a biologically relevant signaling

molecule, the NBD unit undergoes nucleophilic substitution, activating P-NBD into the

photosensitizer P-OH. This activation mechanism offers exceptional specificity and

controllability. The molecular response to HS enables targeted activation within H>S-rich

environments, relevant to certain disease states. In the In-vitro system, the activation

causes the depletion of H2S leading to the disruption of glycolysis and ATP production.

Activated P-OH efficiently generates reactive oxygen species (ROS) upon laser irradiation,

inducing selective cell death. The positively charged central iridium ion enhances

mitochondrial targeting, reinforcing its therapeutic potential. Cellular studies in SKBR3

cells demonstrate the molecule's biocompatibility, specificity, and ability to modulate H>S
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levels. Activated P-NBD induces apoptosis, disrupts mitochondrial membrane potential,
and generates singlet oxygen, culminating in a robust photodynamic effect. SERS and
fluorescence imaging further confirm apoptotic events in dual-modality. This work
highlights P-NBD's potential as an advanced platform for targeted and activatable PDT in

cancer therapy.

4.1 Introduction

Photodynamic therapy (PDT) represents an exciting and precise therapeutic approach that
holds great promise in the field of medicine. By harnessing the power of photosensitizing
agents (PS), specific light, and molecular oxygen, PDT selectively targets and damages
specific cells, offering a non-invasive treatment technique with exceptional spatiotemporal
selectivity and limited drug resistance.! However, the persistent "always on" nature of most
PS and the resultant off-target phototoxicity during light exposure have posed practical
limitations to the widespread application of PDT.? To overcome these challenges, a novel
class of phototherapeutic compounds known as Activatable PS has emerged.*> Unlike
conventional PS, Activatable PS exhibit reduced photoactivity in its natural state even
under light irradiation, making them less harmful to healthy cells.® However, when
appropriately stimulated, these compounds undergo a remarkable transformation,
activating their potent phototoxic effects selectively within the desired target cells.” This
unique property enables the targeted destruction of cancer cells while minimizing damage
to neighboring healthy cells. The advent of Activatable PS represents a significant
advancement in the field of PDT, offering enhanced specificity, improved safety, and

greater efficacy.®!°

In order to induce a noticeable disruption in the cellular environment, the activation
mechanism employed during PDT should effectively sequester the activator, thereby
reducing its availability.!! This sequestration event not only triggers the desired
photodynamic response but also impairs the metabolic pathways reliant on the specific
chemical. Consequently, the cellular environment experiences a severe imbalance,
rendering the targeted cells vulnerable to destruction. The depletion of the activator
resulting from the activation mechanism has two-fold effects on the cellular
environment.'?!* Firstly, it enables an activatable PDT, where the photosensitizer becomes
highly reactive upon activation, leading to enhanced cytotoxicity against the targeted cells.
Secondly, the depletion impact affects the metabolic pathways that depend on the specific

chemical, thereby exacerbating the cellular imbalance. This dual action reinforces the
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therapeutic efficacy of PDT, achieving a more pronounced and comprehensive treatment

outcome. '

Hydrogen sulphide (H2S) is a molecule of vital importance in various biological and
physical processes. Its unique properties and versatile functions have attracted significant

1719 In recent years, the association

attention from researchers across different disciplines.
between elevated levels of H>S and numerous diseases, including cancer, has emphasized
the significance of H,S -specific detection and monitoring.?’ Elevated levels of H>S have
been observed in various types of tumors, and studies suggest that it plays a crucial role in
the development and progression of cancer.!** HS has been linked to tumor growth,
angiogenesis, metastasis, and resistance to chemotherapy. Additionally, it has been found
to modulate key signaling pathways involved in cancer cell proliferation, apoptosis, and
inflammation. One particular area of interest is the role of H2S in modulating the activity
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a central enzyme in cellular
metabolism.?> GAPDH participates in glycolysis and other vital pathways. Recent studies
have highlighted a unique posttranslational modification called sulthydration, where a
sulphur atom is covalently added to specific cysteine residues. Emerging evidence suggests
that sulthydration dynamically regulates protein function. HoS-mediated sulfhydration of
GAPDH at cysteine 150 (Cys150) has been discovered to enhance its catalytic activity,
providing a novel mechanism for the regulation of metabolic pathways. Increased GAPDH
activity  accelerates the conversion of glyceraldehyde-3-phosphate to 1,3-
bisphosphoglycerate, thereby promoting a higher rate of glucose metabolism and glycolytic
flux.?* This enhanced enzymatic activity leads to an elevated ATP production rate through
both substrate-level phosphorylation and subsequent oxidative phosphorylation. The
elevation in GAPDH activity not only increases ATP availability but also fuels cellular
processes such as active transport, biosynthesis, and muscle contraction. This allows cells
to more efficiently meet their energy demands, especially during conditions of increased

energy requirements, such as in rapidly dividing cells or under hypoxic conditions.?®

Herein, a newly evolved activatable photodynamic therapy (PDT) agent has been
demonstrated based on a cyclometallated iridium complex, offering a multifunctional
theranostic approach for cancer treatment. The agent is specifically activated in the
presence of hydrogen sulphide (H2S) through a specific nucleophilic substitution reaction
within the tumor microenvironment. Upon activation, the photosensitizer (PS) not only
initiates PDT-induced cell death but also depletes H»S levels in the local cellular milieu.

This H>S depletion subsequently disrupts the activity of glyceraldehyde 3-phosphate
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dehydrogenase (GAPDH), a key enzyme involved in glycolysis, leading to reduced
glycolysis and ATP production within cancer cells. By harnessing the unique properties of
H>S and the specific activation of the cyclometallated iridium complex, our approach
achieves a dual therapeutic effect. The activatable PDT selectively induces cell death while
disrupting the glycolytic metabolism of cancer cells. This synergistic effect enhances the
overall efficacy of the treatment, making it a promising strategy for cancer therapeutics.
Additionally, the multifunctional nature of our approach allows for real-time visualization

of the events in dual mode of Fluorescence and SERS platform (Scheme 4.1).

.............................................................................
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Scheme 4.1: Schematic depiction elucidating the cascade of processes elicited by the activatable
photodynamic therapy (PDT) agent P-NBD within the cellular milieu.

4.2 Result and Discussion
4.2.1 Design and synthesis of P-NBD

Iridium complexes have garnered considerable attention due to their intriguing attributes
within the realm of photochemistry. Their rising popularity renders them suitable materials
for various biomedical applications, such as imaging and photodynamic therapy (PDT).?
A key feature of these complexes is the high electron-donating capacity of the metal center,
which readily facilitates the donation or transfer of electrons to electron-deficient acceptor
molecules. This dynamic interplay between the electron acceptor and donor ultimately
leads to the quenching of luminescent properties, accompanied by photoactive effects like
PDT.?® The restoration of luminescence and the generation of reactive oxygen species

(ROS) occur only upon the removal of the electron acceptor.?” This novel strategy has
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recently come to light, with researchers harnessing these properties to design sensor
molecules across various fields, including cancer biology. The selective sensing process
not only reinstates luminescence but also re-establishes PDT properties. Consequently,
iridium metal complexes emerge as highly adaptable PDT agents, capable of selective
activation in response to bio-related stimuli. This versatility opens new avenues for tailored

therapies and targeted interventions in medical and biological contexts.?®
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Scheme 4.2: Schematic illustration of the synthesis of P-NBD. Reagent and conditions: (a) 2-
ethoxyethanol/water (8:2), reflux, 24 h. (b) Aq-K2CO3-Toluene, Pd (PPh3)4, TBAB-24 h, 90°C.
(c) DCM/ethanol (1:3), Argon, 60°C, 12 h and NH4PFs. (d) DIPEA-DMF-2h, RT.

The cyclometalated iridium complex-based activatable photosensitizer, termed P-NBD,
was synthetically engineered with precise control over its molecular structure and
functionality. The design rationale involved the deliberate incorporation of an electron-
deficient and H>S-responsive NBD unit, covalently linked to a hydroxy appended iridium
complex, P-OH, through an intermolecular reaction involving 4-Chloro-7-
nitrobenzofurazan. The synthetic strategy was based on established methodologies reported
in the literature, albeit with minor modifications to tailor the molecule for specific
applications (Scheme 4.2). Under normal physiological conditions, the presence of the
electron-deficient NBD unit efficiently quenches the photodynamic effect of P-NBD,
ensuring minimal off-target cytotoxicity. However, upon encountering H»S, a biologically
relevant signaling molecule, the NBD moiety undergoes nucleophilic substitution, resulting

in the cleavage of the NBD unit.?’ This event leads to the immediate activation of P-NBD,
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generating the highly active photosensitizer, P-OH. The activation process is accompanied
by distinct changes in the emission and absorption properties of the molecule. Upon
activation, P-OH exhibits a pronounced turn-on emission at 615 nm, indicative of its
photodynamic activity. Furthermore, the cleavage of the NBD unit simultaneously yields a
Surface-Enhanced Raman Scattering (SERS) active species known as NBD-SH, which
provides a reliable spectroscopic signature for monitoring the activation process in real-
time (Scheme 4.3). The unique activation mechanism of P-NBD in the presence of HoS
endows it with exceptional specificity and controllability. This molecular responsiveness
to H»S enables targeted activation of the photosensitizer within H>S-rich environments,
such as those present in certain disease states or pathological conditions and cancer.
Consequently, upon exposure to 532 nm laser irradiation, the activated P-OH efficiently
generates reactive oxygen species (ROS), inducing selective cell death in the targeted
tissue. The positive charge on the central Ir metal ion further enhances the molecule's
mitochondrial-targeting capability, facilitating disruption of the cellular energy supply

system and reinforcing its potential as a potent therapeutic agent.
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Scheme 4.3: Mechanism of activation of the a-PDT agent P-NBD with H,S

The PS complex P-NBD was synthesized and thoroughly characterized using advanced
techniques like NMR and HRMS spectroscopic analysis. The NMR spectra showed the
disappearance of the peak corresponding to the OH proton of the hydroxy group in the
original iridium complex (P-OH) at 9.953 ppm after the reaction with NBD-CI, and the
appearance of new peaks at 7.33 and 7.53 ppm, confirming the successful reaction between
P-OH and NBD-CIl. The HRMS spectra also provided evidence of the conversion, as the
peak corresponding to P-OH at 749.1884 shifted significantly to 912.1941 in the P-NBD

mass, further supporting the successful synthesis. To gain a comprehensive understanding

154

i —————————— -



Harnessing Hydrogen Sulphide-Induced Activation for Site-Specific Photodynamic Therapy:
Disrupting Glycolysis as a Strategy for Selective and Enhanced Anticancer Effects

of the molecule, in-depth investigations were carried out to study its structural,
photophysical, and electrochemical properties. These analyses involved UV-Visible,
Fluorescence, and cyclic voltametric techniques, which are available in the experimental

section.
4.2.2 Unlocking of P-NBD to activated PS P-OH by Hydrogen Sulphide (H2S)

In our subsequent investigation, we explored the sensitivity of P-NBD to hydrogen sulphide
(H2S) by conducting a series of experiments. To initiate the process, P-NBD (10 uM in
acetonitrile: water,3:2 mixture) was exposed to NaxS (100 uM) in PBS buffer, and we
monitored the reaction in real time through absorption and fluorescence measurements. The
absorption spectra of P-NBD display distinct characteristics linked to various electronic
transitions, including metal to ligand charge transfer (MLCT) and ligand-centred (LC)
processes. Notably, there are strong and high-energy bands at around 286 nm attributed to
ligand centred transitions originating from both Ppy and Bpy ligands. Additionally,
moderately high-energy absorption shoulders in the range of 380-390 nm are thought to
result from a combination of spin allowed 'MLCT, drn-n*(bpy) transitions, and 'LLCT,
n(bpy)-n*(bpy) processes (Figure 4.1 a).
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Figure 4.1: Absorption changes of P-NBD associated with varying concentrations of H,S treatment.
Photographs showing the activation of P-NBD with H»S through naked eye visualisation and
fluorescence.

Moreover, a less intense band at 475 nm is associated with spin-forbidden transitions
related to >"MLCT and *LLCT/’LC processes.***! Upon reaction with Na,S, we observed a
sharp increase in the absorption intensity at 565 nm, attributed to the formation of NBD-
SH. By subjecting the same concentration of P-NBD solution to various amounts of Na,S,

ranging from 0 to 100 uM, we noted similar absorption changes, and the correlation
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analysis yielded an R? value of 0.9981, signifying a consistent pattern in the data.
Furthermore, the reaction rate between P-NBD and sulphide demonstrated a significant
enhancement with higher concentrations of Na,S. A time-dependent analysis revealed that
the entire reaction process was nearly completed within approximately 2 minutes of
incubation. Notably, this transformation was accompanied by a simultaneous change in

colour from pale yellow to pink (Figure 4.1 b).
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Figure 4.2: (a) Luminescence changes of P-NBD associated with varying concentrations of H,S
treatment. (b) The activation of P-NBD with H»S tracked with SERS analysis (the peaks are
corresponding to NBD-SH). (¢&d) Corresponding linear response of PNBD with increasing H>S
concentration in Fluorescence and SERS.

Further, the fluorescence responsiveness of P-NBD has been evaluated in solution towards
H>S. Initially, the aqueous solution of P-NBD exhibited minimal or quenched fluorescence
in its inactive bare form. However, upon the addition of increasing concentrations of NaxS,
the fluorescence intensity at 615 nm gradually increased (Figure 4.2 a). This fluorescence
response was effectively suppressed when ZnCl,, a known H>S scavenger, was present,
indicating that P-NBD possesses excellent sensitivity and responsiveness towards H>S. We

hypothesize that this H>S-responsive fluorescence change is attributed to the conversion of
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P-NBD to P-OH through a nucleophilic substitution reaction with H>S. To further
investigate the sensitivity of P-NBD to NaxS, we plotted the fluorescence intensity at 615
nm against the increasing concentrations of NaxS. Notably, the activated fluorescence at
615 nm demonstrated a strong linear correlation with the Na>S concentration within the
range of 0 to 100 uM (R?>=0.9993). Based on this linear relationship, the detection limit of
0.120 uM, was achieved highlights the high sensitivity of P-NBD toward H>S detection
(Figure 4.2 ¢). In light of the previously mentioned NBD elimination mechanism in the
presence of HaS, we conducted SERS measurements on P-NBD with H>S to validate our
hypothesis. To confirm this, we analyzed SERS spectra of P-NBD solutions with varying
amounts of Na2S, ranging from 0 to 100 puM, after a 2-minute incubation period.
Subsequently, the solutions were mixed with Au Nanoparticles in a 1:9 ratio (2 pL of
reaction mixture with 18 pL of AuNP).>?> Remarkably, a significant enhancement was
observed in the SERS peaks corresponding to the nitro vibration of the NBD component at

1328 cm’!, providing evidence of the activation process (Figure 4.2 b).
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Figure 4.3: (a) Time of response of P-NBD associated with 100 uM of H,S treatment. (b) The
selective activation of P-NBD by H,S, confirmed with selectivity studies over other analytes. (c&d)
HRMS conformation of P-NBD to P-OH conversion by H»S.

The appearance of a distinctive SERS band at 1328 cm™! also exhibited a strong linear

relationship with the concentration of NaxS, spanning from 0 to 100 pM (R?=0.9984).
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Notably, we achieved an impressive detection limit of 0.567 nM (Figure 4.2d). Further, the
response toward H>S was accounted for by P-NBD demonstrates excellent responsiveness
to varying concentrations of H»S, exhibiting rapid and efficient fluorescence intensity
increase upon the addition of 100 uM Na,S, reaching its peak within just 30 seconds (Figure
4.3a). Additionally, it displays exceptional photostability, making it an ideal molecule for
activatable PDT. To ascertain the precise and targeted activation of PS with H»oS, we
undertook selectivity studies involving 30 different analytes, encompassing metal ions,
amino acids, peptides, and various other biologically active molecules such as NADH,
NADPH, GSH etc. Remarkably, our P-NBD demonstrated exceptional specificity and
selectivity exclusively towards Na,S under identical experimental conditions (Figure 4.3b).
These findings unequivocally demonstrate the resistance of P-NBD against non-targeted
and non-specific activations, substantiating its potential as a highly reliable and
discriminating probe for HoS-triggered activation. The reaction mechanism between P-
NBD and H>S was further confirmed using High-Resolution Mass Spectrometry (HRMS)
analysis. As expected, the m/z peak of P-NBD alone exhibited a value of 912.1941 (in
comparison to the calculated value of 912.194). However, after incubating the molecule
with 100 pM of Na,S for 1 minute, the HRMS analysis showed peaks at m/z 749.1884,
corresponding to the activated PS P-OH (matching the calculated value of 749.1884)

(Figure 4.3c&d).
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Figure 4.4: (a) Time Correlated Single Photon Counting studies of P-NBD and P-NBD with 100
UM of HaS treatment. (b) The stability studies of P-NBD in various solvents.

To enhance the precision of activation confirmation, we utilized Time Correlated Single
Photon Counting for lifetime measurement analysis. Molecules with quenched emission
consistently exhibit notably shorter lifetimes compared to their fluorescent counterparts.

However, when the probe molecule P-NBD was introduced and incubated with Na,S, a
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remarkable increase in lifetime from 14 ns to 209 ns was observed. This substantial
prolongation of lifetime indicates that HoS-mediated activation impedes the electron
transfer between the metal and the NBD portion (Figure 4.4a). The molecule also exhibits
excellent stability in solvents related to the cellular environment (Figure 4.4b). Taken
together, these findings strongly suggest that P-NBD holds significant promise for H2S-

based activation with exceptional sensitivity and selectivity In vitro.

4.23 Conformation of In-Vitro activation through Fluorescence and SERS imaging of

H:S in SKBR3 cells.

With the exciting findings mentioned above, our focus shifted toward investigating the

potential of P-NBD for activating HzS in living cells.
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Figure 4.5: (a) MTT assay of P-NBD in normal MCF-10A and SKBR-3 cancer cells at 24 h. (b)
The estimation of H,S level in various cancer and normal cells using methylene blue assay. (c&d)
ICPMS quantification of the Ir metal content in SKBR-3 cells concentration and time dependent
manner.

Before delving into the cellular applications, we conducted MTT assays to assess the

cytotoxicity of P-NBD on human breast cancer cell line SKBR3 and normal epithelial
breast cell line MCF-10A. Remarkably, even at the concentration of 100 uM, P-NBD
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incubation for 24 hours had negligible cytotoxic effects on SKBR3 cells, with cell viability
remaining above 78% (Figure 4.5a). Furthermore, no significant cytotoxicity was observed
in normal epithelial breast cell MCF-10A even at the same concentration and incubation
time, indicating excellent biocompatibility and the non-toxic nature of P-NBD. For further
experiments, SKBR3 cells were chosen due to their higher HoS levels compared to normal
MCF-10A cells (Figure 4.5b). To quantitatively confirm the internalization process, we
performed ICPMS studies, which clearly showed the presence of Ir*" ions in cells treated

with P-NBD, confirming the internalization process (Figure 4.5 c&d).
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Figure 4.6: (a) MTT assay of P-NBD in normal MCF-10A and SKBR-3 cancer cells at 24 h. (b)
The estimation of H,S level in various cancer and normal cells using methylene blue assay. (c&d)
ICPMS quantification of the Ir metal content in SKBR-3 cells concentration and time dependent
manner.

To validate the optimization of time and concentration, we employed fluorescence
microscopic imaging in living SKBR3 cells after incubation with P-NBD. Within 1 hour of
treatment with 10 uM P-NBD, clear red fluorescence was observed in SKBR3 cells. To
confirm that this fluorescence was indeed activated by endogenous H>S, we preincubated
SKBR3 cells with Na,S, which led to enhanced fluorescence signals compared to the
control cells both in time and concentration-dependent studies (Figure 4.6 a-d). Together,
these findings strongly suggest that the fluorescence enhancement observed in P-NBD is
specifically triggered by H>S. To further assess the capability of P-NBD for detecting
SKBR3 cells through SERS, cellular pellets from both the treated and control groups were
collected, lysed to obtain aqueous solutions, and subjected to SERS signal measurement.

The results depicted in Fig. 3¢ indicate that the treated samples displayed a prominent band
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at 1328 cm-1 corresponding to the NO2 vibration of NBD-SH, along with the cell peaks,
while the peaks representing the NO2 component were absent in the control sample. To
verify the internalization and activation of P-NBD, a time-dependent SERS imaging was
performed. As the time increased from 0 to 2 hours, complete activation was observed,

clearly visualized through SERS using the 1328 cm™ peak (Figure 4.7).
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Figure 4.7: SERS imaging of the SKBR-3 control cells and cells treated with P-NBD (images were
obtained by scanning using the 1328cm! peak) and corresponding average spectra from the image.

In order to demonstrate the effectiveness of P-NBD in accurately assessing small variations
in HzS levels resulting from metabolic activities and various pretreatments, we conducted
experiments involving inhibitor and activator studies. These investigations aimed to
validate the ability of P-NBD to precisely detect and quantify the subtle fluctuations in H»S
levels caused by different factors. Pre-treating the cells with L-Cysteine (0.5 mM), a
biochemical intermediate that participates in enzymatic reactions within the metabolic
pathway responsible for the synthesis of HzS, to stimulate intracellular HoS expression
resulted in significantly higher red fluorescence, which was effectively inhibited by adding
AOAA (50 uM) to suppress CSE activity. Furthermore, pre-incubation with ZnCl,, an H>S
scavenger, suppressed the fluorescence signals, while preincubation with thiol scavenger
NEM reduced the fluorescence intensity, both indicating H>S-mediated activation of the
molecule. Collectively, these findings present compelling proof that P-NBD is efficiently
triggered by H»S in In-vitro systems (Figure 4.8 a-c).
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4.24 Untangling Mitochondrial Co-localization: Revealing Subcellular Relationships

Precise subcellular localization of a molecule is of paramount importance, especially in the
context of its application as a Photosensitizer in PDT. When designing PDT agents,
strategically aiming for mitochondria as the subcellular target has emerged as a superior
choice. By selectively directing the PDT agent to accumulate within mitochondria, it
becomes possible to disrupt this vital energy production system. As a result, the cellular
respiration process is impaired, leading to an elevated and targeted therapeutic effect.
Mitochondria possess a negative transmembrane potential, making them highly receptive
to positively charged substances. The P-NBD molecule's naturally positive charge,
stemming from the central iridium metal, aids in the accumulation of the PDT agent

specifically on the mitochondria.
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Figure 4.8: Inhibitor based studies to confirm the selective activation of P-NBD through H.S (a)
ZnCl2 based studies. (b) Thiol inhibitor NEM based studies. (¢) CBS and CBE inhibitor aminoxy
acetic acid-based studies. (d) Confocal images of the P-NBD incubate with 1h followed by Mito
and lysotracker dyes to confirm the subcellular localisation.

Prior to investigating the potential activated phototoxicity of P-NBD in vitro, the
intracellular localization of P-NBD in SKBR3 cells was determined using fluorescence
confocal microscopy, employing various commercially available organelle-selective
trackers. Figure 4.8d shows that the fluorescence image of activated P-NBD exhibits a
substantial overlap with that of a commercially available mitochondrial tracking dye, Mito

Tracker Green FM, yielding a high Pearson Correlation coefficient (PC) 0f 0.95. In contrast,
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poorer overlaps were observed with Lyso-Tracker, resulting in PC coefficients of 0.45
(Figure 4.8 d). These findings provide support for the hypothesis that P-NBD localizes and
becomes activated within the mitochondria, likely due to the presence of a cationic centre
that facilitates its specific targeting to this organelle. To further confirm the mitochondrial
localization of P-NBD, an ICPMS analysis was conducted. The treated cells were isolated,
and their mitochondrial, cytosolic, and nuclear fractions were separated, lysed, and
subjected to ICPMS analysis. The results clearly demonstrated a significant elevation in
iridium content in the mitochondrial fraction compared to the cytosolic and nuclear
portions, unequivocally confirming the preferential accumulation of the molecule within

the mitochondria (Figure 4.8 e).

4.25 Modulation of Glycolytic Metabolism in SKBR3 Cells through Endogenous H2S
Depletion using P-NBD Treatment

The activation of P-NBD by H>S leads to a decline in intracellular HoS levels, resulting in
the inhibition of cellular energy production. To confirm this H2S depletion effect, solution
state measurements was conducted using the well-established DTNB assay. The
introduction of 100 pm Na2S§ effectively neutralized the peak of DTNB at 324 nm, leading
to the appearance of a new peak at 412 nm, indicating the formation of the nitro thiophenol
moiety. Subsequent incubation of 100 pm Na>S with varying concentrations of P-NBD,
followed by the addition of DTNB, showed a diminished attenuation of the 324 nm peak,
suggesting reduced availability of NaxS to facilitate depletion.
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Figure 4.9: (a) Absorption spectra of DTNB with different concentration of NaS as the sulphide
source ZnClI2 based studies. (b) The absorption spectra of DTNB treated with reaction mixtures of
different concentrations of P-NBD and 200 uM H,S.
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Concurrently, the new 412 nm peaks displayed a slight red shift to 450 nm and reduced
intensity, signifying a decrease in Na,S concentration. These observations clearly support
the occurrence of an interaction between Na;S and P-NBD, which contributes to the
reduction in NaxS concentration. The visual confirmation of this interaction was evident
through the colour transformation of the DTNB solution from deep yellow to dark orange
upon incubation with P-NBD-treated samples. This orange colour arises from the
combination of the cleaved thiol portion from P-NBD (displaying a pink-coloured NBD-
SH) and DTNB (exhibiting a yellow-coloured nitro thiophenol), providing a readily
observable method to validate the activity of the molecule. Importantly, neither P-NBD
alone nor its combination with DTNB elicited any noticeable colour change, underscoring
the molecule's specificity in depleting H>S (Figure 4.9). These findings underscore the
potential of the molecule as a promising candidate for modulating cellular H>S levels and
its impact on energy production. In the cellular environment, we conducted experiments to
confirm the impact of P-NBD on the levels of H>S. To do this, we incubated cells with
0,10,20 and 50 uM concentrations of P-NBD and measured the amount of residual H»S

using the methylene blue assay, a well-established method.
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Figure 4.10: (a) The concentration dependent linear plot of methylene blue assay for H.S
estimation. (b) The intracellular H>S depletion from SKBR-3 cells after treating with different
concentrations of P-NBD.

Remarkably, compared to the control cells, the group treated with different concentrations
of P-NBD exhibited a significant and sharp reduction in the HoS levels. This validation
clearly demonstrates the potent capability of P-NBD to effectively deplete H2S in the
cellular milieu (Figure 4.10). Further, explored the impact of depleting endogenous HoS
using P-NBD on the glycolysis of SKBR3 cells. Our findings revealed that the treatment

with various concentrations of P-NBD led to a concentration-dependent inhibition of
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GAPDH activity, a key enzyme involved in glycolysis. These compelling findings
collectively demonstrate that P-NBD-induced H>S depletion can adversely affect
mitochondrial function and glycolysis in SKBR3 cells, leading to a significant suppression

of cell proliferation leading to induce an enhanced effect during the therapy stage.
4.26 Activatable Photodynamic effect of P-NBD and singlet oxygen generation

Motivated by the promising outcomes illustrated above, our exploration focused deeper
into the photodynamic effect of P-NBD in conjunction with the singlet oxygen ('O2) sensor
DPBF under controlled in vitro conditions. Initially, we investigated the alterations in
DPBF's absorption behaviour in response to P-NBD, both in the presence and absence of
Na»S, while subjecting them to laser irradiation at 532 nm with an intensity of 50 mW/cm?
over a defined time span. In scenarios where Na>S was absent, minor fluctuations in
absorption intensities at 415 nm were observed, indicative of negligible 'O, production.

However, a distinct transformation occurred when Na,S was introduced (Figure 4.11 a&b).
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Figure 4.11: (a) Singlet oxygen generation capability of P-NBD with 100 uM H»S using the
absorbance changes of DPBF at 410 nm from 0 to 120 seconds and the (b) corresponding emission
spectrum. (d) Comparative depletion of DPBF absorbance with other combinations. (d) Liner plot
for singlet oxygen quantum yield of QAIC+NADH with [Ru(Bpy)s]CL.

The absorption intensities exhibited a remarkable reduction over a 120-second timeframe,
establishing a evident correlation with the presence of Na>S whereas other combinations

were unable to produce the effect due to their inactive state (Figure 4.11 ¢), thus unveiling
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a notable singlet oxygen quantum yield of 0.76 (Figure 4.11 d) on compare to standard
molecule [Ru(Bpy);]Cl.. The foregoing outcome distinctly elucidated the molecule's notably
elevated singlet oxygen quantum yield following activation, in stark contrast to the
instances involving DPBF alone with laser irradiation, Na>S alone with laser irradiation,
and other experimental cohorts exhibiting either negligible or exceedingly minimal
quantum yields in the generation of singlet oxygen. To substantiate the engagement of
singlet oxygen in the process during laser irradiation, we enlisted the aid of the renowned
singlet oxygen sensor molecule SOSG (Singlet Oxygen Sensor Green). Employing
fluorescence spectroscopy, we assessed the response of a 5 uM SOSG solution under
various conditions involving laser exposure. Strikingly, the combination featuring P-NBD,
NazS, and laser irradiation demonstrated the rekindling of quenched SOSG fluorescence
(Figure 4.12 a). This strongly indicated the initiation of P-NBD prompted by H>S. In
pursuit of an independent validation of our findings, we adopted a direct approach to affirm

singlet oxygen generation.
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Figure 4.12: (a) Singlet oxygen generation capability of P-NBD with 100 uM H,S using the
emission changes of SOSG. (b) The singlet oxygen generation of activated PS confirmed with direct
method, The singlet oxygen phosphorescence measurement at 1275nm.

By employing NIR phosphorescent measurements, we were able to discern the inherent
singlet oxygen phosphorescence at 1275 nm emanating from the P-NBD and Na,S
composite when exposed to 532 nm laser light (Figure 4.12b). This distinctive signal was
meticulously compared against the recognized benchmark molecule [Ru(Bpy)3]Cl.. In
essence, our comprehensive investigation underscores the synergistic effect between P-
NBD and Na:S, their proficient induction of singlet oxygen generation, and the unequivocal
involvement of this reactive oxygen species in our experimental conditions. Subsequently,
we conducted a more in-depth assessment of the photodynamic effects of P-NBD within

the live SKBR3 cells. To gauge the levels of intracellular singlet oxygen ('02), we
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employed SOSG, a widely recognized scavenger designed to selectively respond to singlet
oxygen activation. The outcomes were observed across various cell groups subjected to
distinct treatments. Illustrated in Figure 4.13a, upon exposure to P-NBD followed by 532
nm laser irradiation, a notably intensified green fluorescence emerged within the SKBR3
cells. This fluorescence vividly confirmed the generation of singlet oxygen within the

cellular environment.

(a) Control P-NBD (b) Control P-NBD

-
—

Figure 4.13: (a) Fluorescence imaging of SKBR-3 cells with SOSG to confirm the Singlet oxygen
generation capability of P-NBD in cells. (b) The ROS generation of the molecule using DCF-DA
assay.
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Furthermore, the elevation in reactive oxygen species (ROS) generation was confirmed
using 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA), a molecule devoid of
fluorescence that can permeate cell membranes and subsequently undergo oxidation by
ROS, giving rise to a distinguishable green-fluorescent DCF. As depicted in Figure 4.13b,
subsequent to P-NBD treatment and 660 nm irradiation, the SKBR3 cells exhibited
markedly more potent green fluorescence in comparison to other treatment combinations.
This outcome conclusively affirmed the excessive ROS production during the

photodynamic therapy (PDT) process.
4.27 Establishing the apoptotic potential of activated P-NBD in the cellular milieu

The assessment of the apoptotic capability of activatable PDT was conducted utilizing
various biological assays. Activation of the PDT was achieved by subsequent laser
irradiation, revealing the molecule's PDT efficacy. This intervention notably induced a
substantial decline in the cellular population when compared to control cells. To
substantiate this effect, we performed the MTT assay both with and without laser
assistance. The molecule exhibited potent toxicity in a concentration-dependent manner

under 532 nm laser exposure (for 2 minutes), resulting in approximately 70% suppression
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of cell proliferation in comparison to the control group. To validate and visualize the
apoptotic potential of the P-NBD molecule, we executed live-dead assays (Figure 4.14
a&b).
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Figure 4.14: (a) MTT assay of the SKBR-3 cells with and without laser after incubating with P-
NBD. (b) Dose dependent MTT assay on SKBR-3 cells after incubating with P-NBD and lase
irradiation.

Typically, during the early stages of apoptosis, cell membrane integrity is compromised,
permitting the passage of specific impermeable molecules. These marker molecules aid in
discerning between live and dead cells. Initially, the loss of membrane integrity was
assessed using trypan blue staining, which revealed a prominent dark blue staining in the

P-NBD treated group following laser irradiation, substantiating this point (Figure 4.15a).
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Figure 4.15: (a) Trypan blue staining to confirm the loss of membrane integrity during apoptosis.
(b) The nuclear damage associated with apoptosis with Hoechst staining in the fluorescent platform.

The verification of nuclear DNA damage associated with PDT was achieved through
Hoechst staining clearly indicated the damaged nucleus with bright blue fluorescence
(Figure 4.15b). Furthermore, to assess the apoptotic potential of the probe molecule, we

employed the Acridine Orange/Propidium lodide live-dead staining technique on a

168



Harnessing Hydrogen Sulphide-Induced Activation for Site-Specific Photodynamic Therapy:
Disrupting Glycolysis as a Strategy for Selective and Enhanced Anticancer Effects

fluorescent platform. Activation of P-NBD led to a complete disruption of membrane
integrity, resulting in intense orange fluorescence, indicative of late-stage apoptosis (Figure
4.16a). In contrast, both the control group and the laser-treated control group exhibited
green labeling due to the presence of viable cells. In a non-fluorescent context, the APO
percentage staining assay was carried out to capture the same phenomenon. The APOP dye
specifically entered deceased cells, imparting a pink coloration. The vivid pink hue
observed in the group treated with P-NBD followed by laser irradiation further confirmed
this process (Figure 4.16b). Collectively, these findings provide robust evidence for the
potential of H>S-activated PDT as demonstrated by the P-NBD probe molecule.

@ Control P-NBD (b) Control P-NBD

= Laser

+ Laser

Figure 4.16: (a) Apoptotic evaluation in fluorescent platform using AO/EtBr live dead assay. (b)
The evaluation of apoptosis in nonfluorescent platform using APOPercentage assay.

The highly localized photodynamic therapy (PDT) effect took place within the
mitochondria due to the selective accumulation of the P-NBD compound in this cellular
compartment. This occurrence resulted in a significant disruption of the mitochondrial
membrane potential, ultimately leading to depolarization. To assess this phenomenon, the
JC-1 dye, a well-established marker, was utilized. In this experimental process, SKBR3
cells were exposed to 10 uM of P-NBD for approximately 24 hours, followed by
conducting the JC-1 assay. The outcomes presented in Figure 4.17 revealed that untreated
SKBR3 cells emitted strong red fluorescence, indicative of the presence of JC-1 aggregates
within their mitochondria, suggesting the organelles' healthy state. In contrast, cells treated
with P-NBD and subsequently subjected to laser irradiation exhibited distinct green
fluorescence, signifying the existence of JC-1 monomers. The depolarization process led
to reduced accumulation of JC-1 dye, causing it to exist in a non-aggregated, green-emitting

state (Figure 4.17). These observations collectively provide strong evidence that the P-NBD
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probe effectively triggers a photodynamic response when exposed to H2S, resulting in the

targeted eradication of breast cancer cells upon illumination with light.

JC-1 aggregates JC-1 Monomer Merged

Control

Control + L

P-NBD

P-NBD + L

Figure 4.17: JC-1 assay for confirming the mitochondrial membrane depolarization after treatment
with P-NBD followed by laser irradiation.

To validate the occurrence of mitochondrial depolarization, the TMRM assay was
employed. The reduction in TMRM fluorescence in P-NBD treated samples exposed to
laser light, as compared to other groups, distinctly indicates mitochondrial depolarization
associated with PDT (Figure 4.18a). Furthermore, to confirm the involvement of the
intrinsic apoptotic pathway and the role of mitochondria in apoptosis, the levels of caspases
were analyzed. The increased expression of caspase 3 and 9 in the treated samples, as
opposed to the control, strongly supports the notion of mitochondria-mediated intrinsic

apoptotic pathway activation (Figure 4.18b).

Apoptotic changes become noticeable when phosphatidylserine is exposed on the outer

layer of the cell's plasma membrane. To evaluate the distribution of cells at various stages
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of cell death (early apoptosis, late apoptosis, or necrosis) based on phosphatidylserine
exposure, an Annexin V apoptotic assay was executed. This assay involved co-staining
annexin-FITC with PI, providing a clear insight into the extent and type of apoptosis.
Notably, in the P-NBD laser combination, a distinct 68% of cells were found in the late
apoptosis stage, undeniably confirming the activated PDT's apoptotic potential. In contrast,

other combinations produced mostly healthy cells with minimal apoptosis (Figure 4.18c).
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Figure 4.18: (a) The evaluation of mitochondrial membrane potential using TMRM assay. (b)
Caspase assay to confirm the mitochondria-mediated apoptosis. (¢) Extent of apoptosis and
quantification with flowcytometric analysis (Annexin V assay).

4.28 SERS tracking of apoptotic events in the cellular milieu

SERS holds promise in monitoring cellular apoptosis through the detection of vibrational
shifts associated with fundamental and altered cellular molecules. Throughout the apoptosis
process, key biomolecules such as proteins, DNA, and specialized compounds like
cytochromes exhibit noticeable modifications in their vibrational patterns due to structural
alterations. These variations have been effectively identified and quantified by contrasting
them against control specimens. The distinct visualization of cellular morphology resulting
from apoptosis becomes readily comprehensible through the utilization of SERS imaging
on SKBR3 cells subjected to P-NBD treatment, succeeded by PDT. In comparison to the
cellular configuration of the control group, conspicuous apoptotic characteristics such as
membrane blebbing and perturbed cell membrane integrity manifest prominently within

the images, meticulously delineated by the assistance of the 1328 cm! spectral peak. The
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average spectra originating from the treated and control specimens also unveil marked
differentials in apoptotic progression, concomitant with the discernible NBS-SH peak. The
application of cluster mapping to these cellular entities further elucidates the apoptotic

attributes, fortifying the validity of the initial observations (Figure 4.19a).

To further evaluate the occurrence of apoptosis resulting from PDT, we conducted an in-
depth analysis using Raman spectroscopy to observe distinct changes in the spectral
characteristics of specific biomolecules. The induction of programmed cell death triggers
noticeable alterations in the spectral patterns of proteins and DNA when compared to their
normal states. Notably, a prominent indicator of apoptosis is DNA fragmentation, where
the DNA molecule's phosphate backbone becomes disrupted, intensifying the N7-H
vibrations on the nucleic bases. Following the administration of P-NBD and subsequent
PDT, a comparative examination of Raman signatures before and after the therapy revealed
significant peaks. The presence of peaks at 1476 cm!, indicating damaged DNA backbone,
and the increased intensity of N7-H vibrations from nucleic bases at 1585 cm™ strongly

suggest an apoptotic nature in the observed sample (Figure 4.19b).
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Figure 4.17: (a) Morphology changes associated with apoptosis tracked with SERS imaging of
control and treated cells after laser irradiation. (b) Apoptotic features obtained from Raman spectra
from the control and treated cells after laser irradiation.

These observations provide compelling evidence to support the occurrence of apoptotic cell
death. Furthermore, the presence of a peak at 1028 cm™! corresponds to the phenylalanine
in degraded peptides and protein denaturation.*® Importantly, these distinctive alterations
were absent in the control groups. Furthermore, we traced the release of Cyt-C from the
inner mitochondrial membrane to the cytoplasmic region using Surface-Enhanced Raman
Spectroscopy (SERS). The presence of Cyt-C in the cytoplasmic space serves as a
significant indicator of apoptosis.** The observed 750 cm™' band in the Raman spectra

originates from the core pyrrole vibration of Cyt-C. This signal exhibited a high intensity
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exclusively in SKBR3 cells treated with P-NBD followed by PDT. In line with the intricate
traditional in vitro assays for apoptosis, the SERS analysis introduces an additional method

for validating these processes.
4.3 Conclusion

The design of the cyclometalated iridium complex P-NBD has resulted in a versatile
activatable photosensitizer with precise control and functional adaptability. By integrating
an electron-deficient NBD unit with a hydroxy-appended iridium complex, a harmonious
molecular arrangement has been achieved. This design enables the photosensitizer to
respond to hydrogen sulphide (H2S) in specific environments, such as cancerous
conditions, leading to its transformation and activation. This activation is marked by
distinct changes in spectral characteristics, including turn-on emission and Surface-
Enhanced Raman Scattering (SERS), allowing for sensitive detection. The strategic design
not only ensures specificity but also provides a means for controlled therapeutic activation.
In vitro, studies underscore the significant impact of P-NBD on cellular processes. Its
fluorescence response triggered by H»>S and its targeted localization within mitochondria
showcase its potential for precise therapeutic interventions, particularly in mitochondrial-
focused treatments. The activation process disrupts the glycolytic activity of cancer cells
through the selective depletion of H»S, leading to reduced ATP production and an energy-
depleted state that promotes apoptosis. The orchestrated interplay between P-NBD and H>S
ultimately leads to potent photodynamic effects. Through mitochondrial targeting, it
triggers a cascade of events, including mitochondrial depolarization(®M), the release of
Cyt-C, caspase activation, and exposure of phosphatidylserine, resulting in a pronounced
apoptotic effect. SERS imaging provides detailed insights into these processes, enhancing
our understanding. In conclusion, P-NBD's tailored synthesis, responsiveness, targeted
action, and apoptotic effectiveness through activated PDT mark a paradigm shift in
activatable photosensitizers, holding great promise for targeted therapeutic applications and

warranting further investigation.
4.4 Experimental section

4.4.1 Materials and Methods

The reagents, such as 4-bromo-2,2'-bipyridine, 4-hydroxyphenylboronic acid, Potassium
carbonate, TBAB, Pd(PPh3)s4, IrCl3-xH20, 2-phenyl pyridine, 2-methoxyethanol, methyl

iodide, and diphenylisobenzofuran, were purchased from TCI Chemicals. Reagent-grade
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solvents were obtained from local suppliers and were dried and distilled prior to use
following standard procedures. |H NMR spectra were recorded at 25°C on a Bruker 500
MHz FT-NMR spectrometer, with chemical shifts (&) and coupling constant (J) values
reported in ppm and Hz, respectively. High-resolution mass spectra (HRMS) were obtained
using a Thermo Scientific Exactive ESI-MS spectrophotometer. UV/vis spectra were
acquired using a Shimadzu UV-2600 UV-Vis spectrophotometer, and emission spectra were
recorded with a Fluoromax-4 Spectrofluorometer using a 1 cm quartz cuvette. All
experiments were conducted at 298 K unless specified otherwise. Surface-enhanced Raman
spectroscopy (SERS) experiments were performed using a WITec Raman microscope
(WITec, Inc., Germany) equipped with a 600 g/mm grating and a Peltier-cooled charge-
coupled device detector. Samples were excited using a 633 nm laser with a power of 10

I with a

mW, and the Raman spectra were collected in the range of 300 to 2000 cm™
resolution of 1 cm ™! and an integration time of 1 s, averaging over 10 accumulations. Prior
to each measurement, calibration was performed using a silicon standard with a Raman

peak at 520 cm!

. Data analysis was carried out using the WITec Project Plus (v5.2)
software package. Excited state lifetimes were measured using a picosecond single-photon

counting system (TCSPC) from Horiba, DeltaFlex.
4.4.2 Synthesis of 4-Hydroxy bipyridine ligand (compound 1)

4-bromo-2,2'-bipyridine (500 mg, 2.12 mmol) and 4-hydroxyphenylboronic acid (291 mg,
2.12 mmol) were dissolved in a mixture of 60 mL toluene and 10 mL 2 M aqueous
potassium carbonate. To this TBAB (2.5 g, 6.36 mmol) in water (10 mL) was added. The
mixture was stirred at room temperature for 30 minutes under Argon followed by adding
Pd(PPh3)s (0.020 g, 1.74x10° mmol) and then heated to 90 °C for 24 h. After the
completion of the reaction indicated by TLC, the mixture was poured into water and
extracted three times with ethyl acetate. The organic layer was dried over anhydrous sodium
sulphate. After removing the solvent under reduced pressure, the residue was
chromatographed on a silica gel column with CHCIl3:CH30H as eluent giving the
compound as a pale-yellow solid. Yield: 68%.

H NMR (500 MHz, CD30D): § 8.73 (s, 1H), 8.54 (d, J = 4.5 Hz, 1H), 8.21-8.20 (m, 2H),
8.00 — 7.98 (m, 1H), 7.85-7.80 (m, 1H), 7.47 (d, J = 8.5 Hz, 2H), 7.32 (t, J = 6.5 Hz, 1H),
6.82 (d, J = 8.5 Hz, 2H) ppm.

13C NMR (125 MHz, CD30D): § 158.0, 155.6, 153.4, 148.8, 146.5, 137.3, 136.8, 134.5,
128.0, 127.8, 123.7, 121.1, 115.7 ppm.
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4.4.3 Synthesis of P-OH complex (compound 3)

The synthesis was started with the preparation of Ir dimer complex (Nonoyama, 1974), a
solution of IrClz-xH>O (224.36 mg, 0.75 mmol) and 2-phenyl pyridine (350 mg, 1.58
mmol) in 2-methoxyethanol/H>0 (3:1, v/v%) was refluxed at 90°C for 24 h, under argon
atmosphere. After the reaction, the solution was cooled down to room temperature and
poured into 50 mL of water. The precipitated yellow solid (compound 2), was filtered and
washed with n-hexane (5 mL x 3) and cold diethyl ether (5 mL x 3). The next step was
preceded without any further purification of the obtained crude product. A mixture of
obtained dimer (250 mg, 0.1866 mmol) and compound 1 (207 mg, 0.48 mmol) in
CH2CIL/CH30H (1:1, v/v%) was refluxed under an argon atmosphere for 12 h. Upon
completion of the reaction, the solution was cooled down to room temperature and the
solvent was removed under reduced pressure. The residue obtained was subjected to
column chromatography in silica gel (100-200 mesh) column with chloroform/Methanol
system, giving the intermediate compound as an orange solid. Yield 68%. "TH NMR (500
MHz, DMSO-d6): & 10.18 (brs, 1H), 8.89 (t, ] = 9.5 Hz , 2H), 8.47 (d, J = 8.5 Hz, 1H),
8.27 (dd, J1 = 15.5 Hz, J2 = 8 Hz, 3H), 7.96 (s, 2H), 7.94 (d,J =5 Hz, 3H), 7.88 (d,J =5
Hz, 1H), 7.79 (d, ] = 5.5 Hz, 1H), 7.67 (dd, J1 = 12.5 Hz, J2 = 6.5 Hz, 2H), 7.22 (d, ] = 8.5
Hz,2H), 7.19-7.15 (m, 2H), 7.09-7.02 (m, 2H), 6.97-6.91 (m, 2H), 6.85 (d, J = 8.5 Hz, 2H),
6.26 (t, J = 8.5 Hz, 2H) ppm.

13C NMR (125 MHz, DMSO-d6): 5 167.3,159.4,154.9, 152.8, 151.3, 150.9, 150.2, 149.7,
149.4, 146.8, 144.3, 140.1, 139.8, 139.3, 139.2, 136.2, 131.7, 131.6, 130.8, 130.7, 128.7,
128.4,125.5, 125.3, 125.0, 124.5, 120.6, 116.8 ppm.

4.4.4 Synthesis of P-NBD molecule

The orange red Ir-OH (540 milligrams, 0.7207 millimoles, 1 equivalent) was dissolved in
dimethylformamide (DMF) under a nitrogen (N2) atmosphere, followed by the addition of
diisopropylethylamine (DIPEA, 20 microliters, 2 equivalents) and stirring for 1-2 minutes.
Subsequently, NBD-CI (215 milligrams, 1.081 equivalents) was introduced into the
solution, and the reaction was allowed to proceed for approximately 2-3 hours. After the
reaction solvents were removed and the residue obtained was subjected to column
chromatography in silica gel (100-200 mesh) column with chloroform/Methanol system,

giving the intermediate compound as a red brown solid. Yield 89%
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'H NMR (500 MHz, DMSO-d6): 5 8.98 (t, J = 9.5 Hz, 2H), 8.65 — 8.63 (m, 2H), 8.31 —
8.25 (m, 3H), 8.07 (s, 1H), 7.94 (d, J = 6.5 Hz, 3H), 7.90 (d, J = 7.5 Hz, 2H), 7.82 (4, = 6
Hz, 1H), 7.73— 7.65 (m, 3H), 7.59 (s, 1H), 7.52 (d, J = 8 Hz, 1H), 7.35 (d, J = 8 Hz, 1H),
7.20 — 7.14 (m, 2H), 7.04 (t, ] = 7.5 Hz, 1H), 6.91 (m, 3H), 6.77 (d, ] = 8.5 Hz, 1H), 6.28
(d,J=7 Hz, 1H), 6.22 (d,J = 7.5 Hz, 1H) ppm.

13C NMR (125 MHz, DMSO-d6): 5 167.2, 155.4,155.2,154.2, 153.0, 151.0, 150.6, 150.4,
149.9, 149.4, 147.7, 145.8, 144.8, 144.4, 144.3, 140.2, 139.4, 139.2, 139.0, 138.4, 137.9,
137.4, 135.8, 132.4, 131.7, 131.6, 131.1, 130.7, 125.8, 125.6, 125.2, 124.6, 122.7, 122.4,
120.6, 120.5, 119.8, 110.8 ppm.

4.4.5 Measurement of preliminary photophysical properties.

In general, the UV-Vis absorption and emission spectra were obtained on a Shimadzu UV-
2600 UV-Vis spectrophotometer and Fluoromax-4 Spectrofluorometer respectively. The
excitation/emission slit width was set to 4 nm with medium scan speed. Stock solutions of
the complex P-NBD were made in spectroscopic grade acetonitrile (1 mM) were used to
prepare the working solutions acetonitrile:water mixture. Absorbance spectra were
recorded from 300-700 nm while the emission spectra were from 490-750 nm. All the

experiments were repeated three times to confirm the reproducibility of the results.
4.4.6 Activation of P-NBD with H2S using UV-vis titration and Photoluminescence

To study how P-NBD responds to varying concentrations of H2S, we prepared a 10 uM P-
NBD solution in a mixture of acetonitrile and water (3:2 ratio) and incubated it at 37°C for
1 minute. We then exposed this solution to different concentrations of H2S ranging from 0
to 100 uM. We measured the absorption of light in the wavelength range of 200 to 800 nm
and the photoluminescence at 626 nm using an excitation wavelength of 475 nm and a slit
width of 2 nm. To determine the limit of detection (LOD) for the complex in the fluorescent
channel, we used the following formula: LOD = 36/S. Here, S represents the slope of the
linear relationship between concentration and response, and ¢ is the standard deviation of

the blank measurements.
4.4.7 Activation of P-NBD using SERS analysis

To investigate the interaction between P-NBD and H>S using surface-enhanced Raman
spectroscopy (SERS). Initially, a solution containing 2 uL of P-NBD at a concentration of
10 uM was then mixed with 18 pL of gold nanoparticles (AuNP) and allowed to incubate

for approximately 2 minutes. During this incubation period, the molecules in the solution
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interacted with the AuNP surface, setting the stage for subsequent SERS measurements.
SERS spectra were recorded using a 633 nm laser for excitation, with the laser power set
to 10 mW. Each measurement consisted of 5 accumulations, with a 5-second integration
time for each accumulation. To assess the linear response of the P-NBD Probe to varying
concentrations of H>S, we prepared a 10 uM solution of the Probe in a buffer solution. This
solution was then subjected to a 2-minute incubation at a controlled temperature of 37°C
in the presence of different Na>S concentrations, ranging from 0 to 100 uM. Following the
incubation period, 2 pL aliquots of the resulting samples were mixed with 18 pL of highly
concentrated AuNP. Subsequently, measured the SERS signals from these mixtures using

the same laser excitation conditions and accumulation settings mentioned earlier.
4.4.8 Mass spectroscopic proof of H2S aided activation

P-NBD and H»>S were mixed in acetonitrile and incubated for 2 minutes. Subsequently,
HRMS analysis was performed, and the peak of P-NBD at 912.19 was transformed into the
peak corresponding to 749.19, indicating the presence of the product P-OH.

4.4.9 Stability and selectivity

The stability of P-NBD was assessed through UV/Vis spectroscopy by monitoring freshly
prepared 10 uM solutions of P-NBD in both acetonitrile and water over a 24-hour period.
Additionally, the photostability of a 10 uM P-NBD solution in acetonitrile was evaluated
by subjecting it to irradiation with a 475 nm long pass LASER at 37°C, with UV/Vis
absorption measurements taken over the course of 1 hour to confirm its resistance to
photodegradation. Furthermore, the selectivity of the iridium complex P-NBD towards
various reactive analytes was investigated. This involved treating different species (with
glutathione (GSH) concentration set at | mM) with 10 uM of P-NBD and incubating them
for 2 hours at 37°C. Subsequently, the corresponding photoluminescence at 565 nm was
measured using an excitation wavelength of 475 nm and a slit width of 4 nm. These
experiments provided valuable insights into the stability, photostability, and selectivity of

P-NBD, offering crucial information for its potential applications.
4.4.10 Singlet oxygen generation studies

The study aimed to assess singlet oxygen generation in solutions of P-NBD and P-NBD
incubated with H>S in acetonitrile. This assessment was conducted by utilizing 1,3-
diphenylisobenzofuran (DPBF) as a singlet oxygen scavenger. The total concentration ratio

of Ir(IlIT) complexes to DPBF was set at 1:10, and the samples were irradiated using a 475
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nm long-pass LASER. Singlet oxygen, when generated, induced the photo-oxidation of
DPBEF, causing a disruption in its conjugation, resulting in a decrease in its absorbance at
410 nm, while leaving the absorption of the complex unaffected. These changes in
absorbance were monitored every 10 seconds. The quantum yields for singlet oxygen (102)
production by the P-NBD and P-NBD+H>S complexes under irradiation in acetonitrile
were determined using a steady-state method. The absorption change of DPBF served as
the indicator for 'O, and [Ru(bpy)s;]Cl> was used as the standard (with a known quantum

yield of 0.57 in acetonitrile). This evaluation was carried out using the following equation:
¢dc = ds(Sc x Fs / Ss x Fc)

In this equation, the subscripts ¢c and ¢s denote the singlet oxygen quantum yield of the
complex and [Ru(bpy);]CL, respectively. S represents the slope obtained from plots of the
absorbance of DPBF at 410 nm against the irradiation time for both the complex and the
standard. F represents the absorption correction factor for the complex and standard,
calculated as F = 1 - 109D, where OD represents the optical density of the complex and

[Ru(bpy)s]Cl; at 475 nm.
4.4.11 Singlet oxygen generation studies of H2S

To ascertain the limited capability of H>S in the generation of singlet oxygen upon
activation by a 475 nm laser, we conducted an experiment involving the exposure of a 10
puM HaS solution to DPBF (1,3-diphenylisobenzofuran) and monitored the spectral

characteristics over a time span ranging from 0 to 180 seconds.
4.4.12 Photostability study of DPBF up on LASER

The photo inertness of DPBF up on 475 nm LASER trigger was screened by checking the
spectral parameters (absorption and emission) of the compound under light illumination

from 0 to 5 minutes.
4.4.13 Singlet oxygen generation study using SOSG

To assess the production of singlet oxygen when activated P-NBD and P-NBD are in a
solution state, we combined a 5 uM solution of P-NBD with H>S and a 5 pM solution of
P-NBD in acetonitrile. Subsequently, we introduced 10 M of singlet oxygen sensor green
into the mixture and exposed it to irradiation using a 475 nm long-pass LASER. The

resulting photoluminescence emitted by SOSG at 525 nm was quantified for analysis.
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4.4.14 Singlet oxygen generation study using Oxygen phosphorescence

Approximately 10 uM of P-NBD and P-NBD incubated with H>S were dissolved in
acetonitrile, followed by their excitation at 532 nm via laser irradiation. Subsequently, the
samples were promptly subjected to analysis of oxygen phosphorescence at 1275 nm

utilizing a spectrofluorometer.

4.4.15 Time Correlated Single Photon Counting (TCSPC) analysis for excited state

lifetime.

The excited state lifetime of P-NBD before and after the reaction with H>S in the presence
and absence of oxygen was measured. Briefly, a solution of P-NBD and P-NBD incubated
with H2S in acetonitrile was analyzed using TCSPC with IRF as the standard (excitation

wavelength 510 nm, time range 3.2 ps, energy 250 KHz)
4.4.16 Cell culture methods

The human breast cancer cell line SKBR-3 was obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA. Cells were maintained in Dulbecco’s modified
Eagle medium (DMEM) with 10% fetal bovine serum and 5% COz at 37 °C. Cells were
cultured in glass-bottom, 96-well black plates, T-25 flasks, T-75 flasks, and 4-well chamber
slides for various experiments 2 days prior to the conduction of experiments. All the

experiments were performed in triplicate for accurate results.
4.4.17 Evaluation of cytotoxicity using MTT assay

MTT assay is based on the cleavage of a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) by mitochondrial dehydrogenases in viable cells. Quantities
of 100 uL of the cell suspension of 1 x 104 cells/well were seeded in a 96-well plate and
incubated at 37°C for 24 h in a CO; incubator. After the incubation cells were washed with
100 pL of PBS buffer (pH 7.4). The compound under investigation were diluted in plane
DMEM media to a concentration 0 to 100 uM. Then 100 pL of each compound under
investigation along with positive control (I uM doxorubicin) was similarly added to the
appropriate wells. The plates were then incubated for 24 and 48 h in a CO; incubator at
37°C. After incubation, 100 uL. MTT (0.5 mg/mL) was added to each well and incubation
was continued for an additional 2 to 4 h. The insoluble formazan crystals formed were
solubilized by the addition of 100 uL. DMSO followed by an incubation of 30 min and the
absorbance was measured at 570 nm using a microplate spectrophotometer (BioTek, Power

Wave XS).
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The proliferation rate was calculated as : % Proliferation = (Asample / Acontrol)x 100
The Inhibition rate was calculated as  : % Inhibition = 100 - % Proliferation
4.4.18 ICP-MS Analysis of iridium content

The cellular uptake capacity of the complexes was measured by determination of
intracellular iridium contents through ICP-MS, Briefly, cells were seeded into 6 well plate
for 24 h. The medium was removed and replaced with medium/DMSO (v/v, 99:1)
containing P-NBD (10,25,50,75 and 100 uM). After 2 h incubation, the cells were
trypsinized, collected in PBS (3 mL) and counted. The cells were pelletized and lysed in
radio immunoprecipitation assay (RIPA) Buffer. HNO3 (65%, 1 mL) was added to the
lysates of the whole cell and the mixture was incubated at room temperature for 24 h to
digest entirely. The solution was then diluted to a final volume of 10 mL with Milli-Q water.
The same experiment was repeated in time dependent manner by varying the incubation

time from 15 minutes to 2 h. Finally, the
4.4.19 Endogenous H:S stimulated live cell imaging via fluorescence

SKBR-3 cells were seeded into 96 well plate and treated with 10 uM concentration of P-
NBD incubated at 37°C with different time period. After required incubation time the cells
were washed with PBS and time dependent fluorescence images were taken from 0 to 60

minutes.
4.4.20 Endogenous H:S stimulated live cell imaging via SERS

Cells were cultured in 16 well chamber slide made of glass at a seeding density of 7 x 103
cells /well. Cells were incubated with P-NBD followed by AuNP and time dependent SERS
spectral mapping was carried out using confocal Raman microscope (alpha300R, WITec
Inc. Germany) with a laser beam directed to the sample through 20X objective and a Peltier
cooled CCD detector. For this, can range was given as 50 pm X 50pm with 100 X 100
pixel. The sample was excited by a power of 10 mW from 633 nm laser and mapping was
done based on 1328 cm-1 peak using 600 g/mm grating. Integration time was fixed as 0.05
s and the intensity-modulated images were prepared by image processing option in control

5.2 software. A minimum of three independent measurements were made for each sample.
4.4.21 Action of exogenous H2S

SKBR-3 cells were seeded into 96 well plate and treated with 10 uM concentration of P-
NBD and incubated at 370C for 45 minutes. After the incubation cells were washed with
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PBS and added fresh media followed by different concentrations of H>S (10 and 20 uM)
and incubated for 40 minutes. Washed with PBS and fluorescence images were taken using

green filter.
4.4.22 Aminoxy acetic acid dependent study

SKBR-3 cells were incubated with different concentrations of aminoxy acetic acid (10 and
20 pM) for 60 minutes followed by 10 uM of P-NBD at 37°C for 45 minutes, washed with

PBS and fluorescence images were taken.
4.4.23 ZnCl2 and NEM dependent study

SKBR-3 cells were seeded into 96 well plate and incubated with varying concentrations of
ZnCl> (10 and 20 uM) for 60 minutes followed by treating with 10 uM of P-NBD and
incubated at 370C for 45 minutes. After the incubation cells were washed with PBS and
images were taken. The same procedure was repeated in case of NEM also (incubation time

30 minutes).
4.4.24 Phototoxicity of P-NBD via MTT assay

SKBR-3human liver cancer cells were seeded into 96 well plates and incubated for 24 h (at
37 °C 5% CO»). After the incubation cells were treated with varying concentrations of P-
NBD (0.1-100 uM) for 12 h., MTT (0.5 mg /ml) was added to each well and kept at 370C
for 4 h, and finally the so formed formazan crystals were dissolved in DMSO and the OD
was measured at 570 nm using a microplate reader. To validate the photodynamic effect
SKBR-3human liver cancer cells were seeded into 96 well plates and incubated for 24 h (at
37 °C 5% CO») at normoxic (20% O2) and hypoxic (1% O2) conditions. After the incubation
cells were treated with 25 uM of P-NBD followed by irradiation of 532nm LASER for 5
minutes. After 12 h incubation, MTT (0.5 mg /ml) was added to each well and kept at 37°C
for 4 h and finally, the so formed formazan crystals were dissolved in DMSO and the OD

was measured at 570 nm using a microplate reader.
4.4.25 Intracellular ROS generation by DCFDA assay

The DCFDA assay is a method used to measure oxidative stress by observing the
conversion of 2',7'-dichlorofluorescin diacetate (DCFDA) into the fluorescent compound
2',7'-dichlorofluorescein (DCF) in the presence of reactive oxygen species. To perform this
assay, SKBR-3 cells (1 x 105) were initially plated onto a 96-well plate and allowed to
grow overnight. Following this, the cells were rinsed and exposed to 10 pM P-NBD and
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incubate for 2h. After another wash step, the cells were irradiated with 532 nm laser
followed by treated with 10 uM DCFDA reagent. Subsequently, the cells were washed
again, and fluorescence imaging experiments were conducted using an inverted
fluorescence microscope. Images were captured within the 500-540 nm range, with an

excitation wavelength of 485 nm.
4.4.26 Mitochondrial Membrane Potential Assay

The mitochondrial membrane depolarization was analysed using TMRM mitochondrial
membrane potential assay in which a lipophilic, cationic dye that accumulates in the
negatively charged mitochondrial matrix is utilized. The SKBR-3cells were plated onto 12-
well plates (1 x 105 cells/well) on a 5% CO2 incubator at 37°C. When the cells attained
almost 70% confluency, they were subjected to 10 uM P-NBD treatment followed by laser
irradiation for 5 minutes. Then the cells were treated with TMRM reagent and incubated
for 30 minutes, cells were trypsinized, washed with ice cold phosphate buffered saline
(PBS, pH 7.4) thrice, lysed, and mitochondrial membrane potential estimation was
performed as per the kit protocol (TMRM-Mitochondrial Membrane Potential Assay Kit,
ab113852, Abcam, Cambridge, UK). Further, measurements were made with a fluorimeter
(FLx800, Bio-Tek, Winooski, VT, USA) at an excitation wavelength of 490 nm and an

emission wavelength of 510 nm.
4.4.27 Mitochondrial Membrane Potential JC1 assay

The cationic dye JC-1 (5,5',6,6'-tetrachloro-1,1',3,3'-tetracthylimidacarbocyanine iodide)
obtained from Sigma was used for the analysis. In this experimental setup, cells were
initially seeded at a density of 8,000 cells per well. P-NBD at a concentration of 10uM was
introduced into the cell culture and incubated about 2 h, followed by irradiation with a 532
nm laser . Subsequently, the cells were incubated for 24 hours, carefully washed, and then
treated with JC-1 at a concentration of 5uM for 10 minutes. The cells were then observed
using a Nikon-TS100 inverted microscope equipped with red and green channel filters to
evaluate mitochondrial health and functionality. This assessment was made by observing
changes in the red and green fluorescence signals emitted by JC-1 within the mitochondria.
To quantify the results, Image] software was utilized to calculate the JC-1
aggregate/monomer ratio, a critical indicator of mitochondrial membrane potential. This
ratio reflects the balance between the aggregated and monomeric forms of JC-1 dye within
the mitochondria and provides insights into the state of the mitochondria and their potential

impact on cellular health and function.
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4.4.28 Evaluation apoptotic potential

Evaluation of the mode of cytotoxicity exhibited by P-NBD was performed on cancer cells
with various apoptotic assays after administration of 10 uM of P-NBD with and without
laser via dual staining acridine orange —ethidium bromide assay, APO Percentage assay
(Biocolor, Belfast, Northern Ireland) and finally by FITC-Annexin V staining (BD
Pharmingen no. 556547, BD Biosciences, San Jose, CA). Assessment of apoptosis using
the acridine orange-ethidium bromide dual staining procedure was performed as described
in literature. The cells were observed under an inverted fluorescent microscope, using a
FITC filter (Olympus 1X51, Singapore) to view the apoptotic or non-apoptotic cells. The
apoptosis was further confirmed using APO Percentage dye (Biocolor, Belfast, Northern
Ireland) as per manufacturer’s instructions. Light microscopic images of APO Percentage
dye-labelled cells, which stained pink under a light microscope, were used to quantify the
extent of apoptosis. The dye uptake was further quantified using colorimetric method
according to the manufacturer’s instruction. The cells were lysed and the absorbance was

measured at 550nm using a microplate reader (Biotech, USA).
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The concept of theranostics, which seamlessly merges therapy and diagnostics, is brimming with potential for
translational research and clinical application. One promising non-invasive cancer treatment is Photodynamic Therapy
(PDT), which harnesses the power of photosensitizers and light to selectively target and eliminate cells, notably cancer
cells while sparing healthy tissue and minimizing toxicity. Nevertheless, PDT faces notable challenges, including limited
light penetration and selectivity. Researchers are actively working on modulating photosensitizers and exploring
combination therapies like a-PDT. In Chapter 1, readers can dive into a comprehensive review of the exploration of
molecular probes in the context of PDT and bioimaging applications.Additionally, the chapter underscores the unique
effectiveness of iridium-based molecular probes in PDT, serving as an indispensable primer on the significance and
utilization of molecular probes, particularly within PDT and bioimaging techniques.

Chapter 2 delves into the intricate design and production of a unique cationic cyclometallated Ir(I11) complex,
which utilizes a quinoline-appended bipyridine as an auxiliary ligand. This complex is engineered for targeted activation
through nicotinamide adenine dinucleotide-reduced (NADH), a crucial hydride (H") carrier in maintaining cellular
homeostasis. The quinoline-appended iridium complex (QAIC) serves a pivotal role as a molecular probe in both SERS
and fluorescence techniques. Its purpose is to assess the state of endogenous NADH within the cellular environment.
Subsequently, the activated QAIC or N-QAIC is explored for its potential as a photosensitizer with the capacity to
generate singlet oxygen and NAD radicals by inhibiting photo-induced electron transfer (PeT).

In Chapter 3, a novel strategy has been proposed, involving the integration of a sophisticated singlet oxygen
delivery system known as Ir-Nap. This complex can autonomously generate singlet oxygen and undergo a cycloaddition
reaction, forming an endoperoxide species, which induces photodynamic therapy (PDT) effects at higher temperatures.
Ir-Nap-Endo has been incorporated into the PDA nanosystem, serving as both a controlled release agent and a
photothermal therapy (PTT) agent. Encapsulation within glutathione (GSH)-responsive manganese dioxide (MnQO3)
nanoparticles enhances chemodynamic therapy by reducing intracellular GSH levels and promoting oxygenation. To
target triple-negative breast cancer (TNBC) cells selectively, the construct is conjugated with a GRP78-targeting peptide,
enabling preferential recognition and uptake. This approach combines GSH depletion, singlet oxygen generation, PTT,
chemodynamic therapy, and tumor-specific targeting for advanced cancer treatment.

Chapter 4 unveils a novel cyclometallated iridium complex, serving as an HzS-activated photodynamic agent
for targeted cancer cell treatment. Initially, it remains in a weakly luminescent PDT-OFF state but intensifies fourfold
upon exposure to H.S, disrupting the PeT process. PDT activation relies on PeT cessation, fostering a triplet state.
Exceptional selectivity for HzS is confirmed through rigorous tests with various molecules. This innovative probe not
only detects endogenous H.S but also transforms it into a potent PDT agent, reducing cellular ATP levels through H,S
depletion. This approach promises to revolutionize cancer therapy by depleting-assisted activatable PDT, enhancing

sensitivity to apoptosis, and offering a groundbreaking paradigm in cancer treatment.
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The nicotinamide adenine dinucleotide-reduced (NADH) function as a hydride (H) carrier to maintain cellular
homeostasis. Herein, we report a quinoline appended iridium complex (QAIC) as a molecular probe in fluores-
cence and surface-enhanced Raman spectroscopy (SERS) modalities to evaluate the endogenous NADH status.
NADH-triggered activation of QAIC enabled luminescence (turn-ON) and SERS (turn-OFF) switching phenom-
enon with a detection limit of 25.6 nM and 15 pM for NADH in luminescence and SERS respectively. Transition
state modelling using density functional theory calculations proved that a facile migration of H from NADH to

QAIC transformed the activated QAIC (N-QAIC) with an energy span of 19.7 kcal/mol. Furthermore, N-QAIC is
probed as a photosensitizer to source singlet oxygen by blocking the photo induced electron transfer (PeT) and
generate NAD radicals. Therefore, an efficient light triggered cyclometalated iridium-based molecular probe has
been divulged to promote bimodal NADH sensing and multiphase photodynamic therapy.

1. Introduction

Altered cellular metabolism is a hallmark of cancer (Hanahan and
Weinberg, 2011) where, the excess energy required for various ana-
plerotic reactions is managed by the intracellular levels of nicotinamide
adenine dinucleotide (NADH) (Yaku et al., 2018). As a coenzyme, NADH
performs vital roles in the metabolic activities of cells and regulates the
redox homeostasis (Chiarugi et al., 2012). The classical Warburg theory
and the modern symbiotic theory of cancer metastasis eventually spot-
light the significance of NADH in cancer progression and hence can be
considered as a marker for tumorigenesis (Kim, 2018). Selective deple-
tion of NADH can shut down the energy production, forcing the cells into
a redox uncertainty (Xiao et al., 2018). Therefore, it is worth exploring
NADH detection using new generation molecular probes that enable
both sensing and therapy (Wang et al., 2016). The fascinating photo-
physical features, high quantum yield, ease of synthesis and tunable
emission characteristics of cyclometalated iridium complexes satisfy the
requirements of a molecular sensor for sensing pH, metabolites,

biomarkers, ions, and much more. Moreover, the activated singlet ox-
ygen conversion efficiency and elevated aqueous solubility are added
advantages of iridium complexes over other organic sensor moieties due
to their cationic nature (He et al., 2015; Nam et al., 2016). So far, there is
no reports on the selective detection of intracellular NADH using
cyclometalated iridium complexes.

Photodynamic therapy (PDT) has received attention in precision
medicine but the practical application depends on the availability of
efficient photosensitizers (PS) capable of producing reactive oxygen
species (ROS) in type-II and other free radicals in type-I upon light
trigger (Brown et al., 2004; Dolmans et al., 2003). Therapeutic ap-
proaches for handling hypoxia by enhancing the efficiency of PDT is the
hallmark of antitumor treatment (Li et al., 2018). Since reduced oxygen
concentration is the major bottleneck of PDT, researchers are focusing
on approaches that can establish oxygen independent PDT. Herein, we
introduce an activatable PDT using an in-house iridium metal based
complex wherein 1-methylqunoline moiety appended bipyridine was
positioned as the ancillary ligand. The newly designed complex is named
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Emission characteristics of QAIC with increasing concentration of NADH (0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 pM) followed by incubation in HEPES (pH 7.4,
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spectra of QAIC with and without NADH treatment. (f) The concentration dependent SERS OFF process with AuNP as SERS substrate with increasing concentration of
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selected parts.

‘1-methylquinoline Appended Iridium Complex’ (QAIC). As-synthesized
molecular probe is envisaged to exhibit the following processes, (i)
real-time bimodal detection of endogenous NADH in cancer cells
through turn-ON luminescence and turn-OFF SERS phenomenon, (ii)
tracking the molecular events via SERS and luminescence modalities,
(iii) NADH depletion triggered PDT, (iv) NAD radical generation capa-
bility and (v) inducing enhanced PDT towards both normoxic and
hypoxic conditions. To the best of our knowledge, this is the first
demonstration where the NADH triggered “ON—OFF” sensing approach
synchronizes the detection as well as phototherapy with iridium-metal
based molecular probe by SERS and fluorescence-based bimodal
strategies.

2. Materials and methods

The detailed experimental procedures including synthesis and
characterization of all the precursor molecules, singlet oxygen studies,
radical generation assays, computational analysis, details regarding cell
lines, cell viability assay, apoptosis assays, SERS studies, and fluores-
cence imaging are described in the Supporting Information.

3. Results and discussion
3.1. Design and synthesis of quinoline appended iridium complex (QAIC)

The cyclometalated iridium (III) complex QAIC was synthesized
through a three-step process using precursor 4-(2-pyridyl)benzene (ppy)
and bipyridine ligand which is appended with 1-methylqunoline unit at
4 and 4’ positions. The quaternized N-centers of the quinoline moiety
provide two positive charges to this ligand. We abbreviate this ligand as

(Nq"Ng™) where the N stands for the N-donor ligands of the bipyridine
and q* stands for the 1-methylqunoline substituents at 4 and 4’ posi-
tions. Thus QAIC can be written as [Ir(ppy)2(Nq™Nq ™)1t with a total
charge of +3 on the complex (Fig. 1a, Scheme S1 and Figs. Sla-d). We
hypothesized that, NADH mediated activation of QAIC will promote
turn-ON luminescence with simultaneous induction of localized PDT by
blocking the PeT via selective shutting of electron transfer between
iridium metal center (PeT donor) and the electron deficient nitrogen of
quinoline moiety (PeT acceptor) (You et al., 2014).

3.2. Photophysical assessment and activation of QAIC by NADH

UV-Vis absorption spectrum of the complex showed energy ab-
sorption bands at 316-350 nm corresponding to the spin-allowed ligand-
centered n-n* transitions for cyclometalated (ppy) and ancillary
(Nq*Nq") ligands. The mixed singlet and triplet metal-to-ligand charge-
transfer (‘"MLCT and 3MLCT) and ligand-to-ligand charge-transfer
(LLCT) transitions are responsible for the weak and low-energy bands
between 400 and 510 nm (He et al., 2015; Sudheesh et al., 2018). Upon
incubation with NADH a change in the colour from pale yellow to orange
was observed(Fig. 1b and Fig. S2a). QAIC displayed negligible lumi-
nescence (excitation 475 nm, slit width 4 nm), but after incubation with
varying equivalents of NADH an enhanced emission at 555 nm with a
linear response R? value of 0.9968 was displayed (Fig. 1c&d, Fig. S2b).
Remarkably, the response of QAIC to NADH at low concentrations (0-5
pM) also showed linearity with a detection limit as low as 25.6 nM with
high selectivity and was stable over pH fluctuations (Figs. S2c—e).

Here, PeT switch-OFF mechanism occurs due to the hydride transfer
from NADH to QAIC and subsequently eliminates the net charge on the
nitrogen to convert activated QAIC (denoted as NAD—QAICH i.e., N-
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QAIC) (Scheme S2). The diminished electron acceptance capacity of N-
QAIC causes a decrease in PeT which facilitates the intersystem crossing
(ISC) to improve the luminescent properties of the complex (T. H. Huang
et al., 2019). The NADH-QAIC redox reaction in the sensing process was
further confirmed by mass spectrometry analysis. HRMS peak at
315.157 (caled for C52H4OIrN63+ with m/z 313.164, where z =3) for
QAIC was changed to 943.312 (caled for CsoHgoIrNg™ with m/z
943.310) upon NADH addition which confirms the hydride transfer from
NADH to QAIC (Fig. S3a&b). Additionally, SERS analysis was performed
to trace the Raman fingerprints of QAIC (Table S1).(Narayanan et al.,
2015) Upon treatment with 2 equivalents of NADH, a sharp quenching
in the characteristic Raman peaks of QAIC at 1042,1228 and 1310 em’!
indicating a SERS turn-OFF response with a limit of detection of 15 pM
(Fig. 1e and Fig. S3c). Further, a linear response of hydride transfer
between QAIC and NADH was observed by recording the SERS spectra
with increasing NADH concentration. The well resolved Raman spectra
can be attributed to the strong electrostatic interaction between the
positively charged (Nq ¥ Nq") ligand in QAIC with the negatively
charged citrate stabilized AuNPs. The reduction of QAIC by NADH
converts the charged (Ng"Nq™") to the neutral (NgNq) which weakens
the interaction with AuNPs, rendering a SERS turn-OFF phenomenon
with a linear response of RZ = 0.996 (Fig. 1f&g). When AuNPs were
treated with QAIC (0 to 100 nM), a change in the zeta potential from -30
to +13 was observed, validating the strong electrostatic interaction
between AuNP and QAIC (Figs. S4a—d).

In another assessment, dispersion and solvation effect included
density functional theory (DFT), viz. wB97xD/SMD/BS2//wB97xD/BS1
was used to derive the structures of NADH ... QAIC and NAD ... QAICH
complexes and the transition state (TS1) for the redox reaction
(Fig. 1h&i, Fig. S5). The interaction energy (Ein¢) for the NADH ... QAIC
adduct formation was 22.3 kcal/mol which indicates strong electrostatic
binding between the tri positively charge QAIC and neutral NADH. The
structure of TS1 suggests the hydride migration from the nicotinamide
ring of NADH to the 4th position of 1-methylquinoline unit of QAIC with
an energy span of 19.7 kcal/mol. The product complex NAD ... QAICH is
more stable than the reactant complex by 10.0 kcal/mol indicating that
stronger electrostatic interaction exists between the cationic NAD and
di-positively charged QAICH. The exothermic character of this reaction
suggests spontaneous conversion of NADH to NAD due to the strong
ability of QAIC to abstract a hydride from the C-H bond of NADH. The
hydride transfer from NADH to QAIC, followed by the PeT turn-OFF
behaviour suggests a novel sensing mechanism for NADH by QAIC.

3.3. NADH homeostasis by QAIC under cellular physiology

The intracellular concentration of NADH varies between cells of
different origin (Da Veiga Moreira et al., 2016). Hence we evaluated the
NADH level in different human cancer cell lines and normal fibroblast
cells (WI-38) with the aid of a commercially available NADH quantifi-
cation kit. Among all, hepatocellular carcinoma cells (HepG2) was
chosen for further studies as it maintained the highest levels of NADH
(Figs. S6a-d). QAIC was observed to be biocompatible and resistant
against photobleaching in cells as well as in the solutions (Figs. S7a—d).
Cellular uptake efficiency of QAIC was evaluated by ICPMS analysis
which displayed a time and concentration-dependent uptake in HepG2
cells under ambient conditions (Fig. S8a&b).

QAIC exhibited a measurable, time-dependent luminescence turn-
ON response towards endogenous NADH. Complementing the lumines-
cence analysis, intense Raman signals were observed at the beginning
(within 0-15 min) upon incubation of QAIC, which gradually decreases,
and eventually SERS turn OFF occurred at around 1 h (Fig. 2a). The most
intense peak around 1042 cm™, corresponding to the C-H bending mode
of QAIC was utilized for Raman mapping (Fig. S9a&b). To further
confirm NADH-mediated selective activation of QAIC, cells were treated
with different metabolic precursors, that either promote or reduce
intracellular NADH levels (Fig. 2b). We noticed a concentration-
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dependent increase in the luminescence signals when HepG2 cells
were pre-treated with NADH (Fig. 2c, Fig. S10).

Increase in the luminescence intensity from cells pre-incubated with
glucose suggested redox reaction between NADH and QAIC. Also, the
luminescence was reduced when the cells were treated with pyruvate
due to the utilization of intracellular NADH by the enzyme lactate de-
hydrogenase. This enzyme elevates the NADH levels significantly when
exogenous lactate is supplied (Fig. 2d & Fig. S11a). Cells pre-treated
with glutathione (GSH) displayed a reduction in the luminescence in-
tensity, while the administration of GSH inhibitor helps to regain the
fluorescence. Recently our group reported that paclitaxel caused a
reduction in the cellular GSH level (Saranya et al., 2017). An amplified
luminescence with the paclitaxel treatment not only confirmed this drug
mediated GSH reduction, but also displayed the efficiency of QAIC to
precisely monitor NADH kinetics. When cells were treated with a GSH
inducer a-Lipoic acid, a noticeable reduction in the luminescence was
observed (Fig. S12). An increased luminescence from the cells main-
tained under hypoxic conditions proved the inflated NADH level in low
oxygen conditions. The increased luminescence with low oxygen status
is assumed to the interruption of partially preserved mitochondrial
respiration that caused an accumulation of intracellular NADH. An
electron transport chain blocking agent rotenone was employed to
validate this hypothesis, which will elevate NADH concentration (Kim
et al., 2013). Under normoxia, rotenone enhanced the luminescence of
QAIC whereas in hypoxia, no notable changes were observed. Treatment
of cells with resveratrol, a potent antioxidant enhanced the fluorescence
in hypoxia whereas, no changes can be observed in normoxia (Fig. 2e,
Figs. S13a—d). Further, intracellular NADH level upon treatment of QAIC
was monitored using NADH quantification kit (Fig. 2f). Besides NADH
sensing, QAIC played the role of NADH scavenger that ultimately
enforced the redox imbalance with an energy shutting process via NADH
depletion (Purohit et al., 2019).

3.4. Evaluation of photo-oxidation of NADH by QAIC

Upon treatment with QAIC, there was a decline in the absorption and
emission band of NADH with an increasing time of laser irradiation,
irrespective of temperature change. In this context, we envisage that in
the presence of light where NADH activated QAIC (N-QAIC) is capable of
generating NAD radicals. To confirm the radicals, semi-quantitative
analysis was performed using 2,7-dichlorofluorescein diacetate (DCF-
DA). A sharp increase in the emission intensity for DCF was monitored at
545 nm upon laser irradiation, which indicated the production of NAD
radicals as it converts the DCFH to DCF. (Figs. S14a-b). Therefore, it is
worth mentioning that the NAD radical generation occurs in the pres-
ence of excess NADH even after hydride transfer reaction in QAIC.

3.5. Photo-reduction of cytochrome c by QAIC and NADH

The NAD radicals play a critical role in the Fe>*-cytochrome ¢
reduction in the intracellular milieu(H. T. Huang et al., 2019). In the
absence of oxygen, the Fe>"-cyt ¢ act as the terminal electron acceptor in
the mitochondrial electron transport chain and can be converted to
Fe?*-cyt ¢ with the help of single electron donors like NAD radicals. The
UV-absorption band of cyt ¢ showed an enhancement of § (520 nm) and
« (550 nm) bands corresponding to the Fe?"-cyt ¢, upon treatment with
QAIC and NADH in argon purged solutions by laser irradiation. A liner
enhancement of these bands with a R? value of 0.9939 confirmed the
Fe®*-cyt ¢ reduction (Fig. 2g, Figs. S14c—e). We have further evaluated
the Raman bands for oxidized and reduced forms of cyt c. An intense
Raman peak at 750 cm™! corresponding to the pyrrole breathing vibra-
tions of the reduced form i.e., Fe?*-cyt ¢ was explicitly marked upon
treatment of QAIC in the presence of NADH and laser irradiation.
Similarly, time dependent SERS titration of oxidized Fe**-cyt ¢ treated
with QAIC and NADH under laser spark displayed fingerprint Raman
peak at 750 em™! associated with the reduced cyt ¢ with increasing order
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molecules under investigation (A-QAIC, B-NADH, C-(Ru(bpy)3)Cl,, D-N-QAIC). (e) Calculation of phosphorescent lifetime of QAIC and N-QAIC using TCSPC analysis
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tammetry analysis of N-QAIC using ferrocene as standard. (g) Confirmation of singlet oxygen generation using SOSG. Phototoxicity of the activated QAIC with and
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NaN3+L) situations. (k) Evaluation of apoptotic inductions through PDT by the complex QAIC in HepG2 cells through SERS imaging with cluster mapping (using
1042 cm™! band of QAIC) under normoxic condition.
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of peak intensity but neither Fe>*-cyt ¢ alone or other combinations
imparted this effect (Figs. S14f-h). Later, the cyt ¢ dynamics in the cells
were investigated based on SERS spectral assessment to track other
metabolites (Joseph et al., 2018). The appearance of unique Raman peak
at 750 cm™* was traceable selectively in the treated cells. Intense Raman
signal from the cells confirmed the QAIC mediated generation of NAD
radicals followed by cyt ¢ reduction (Fig. 2h—j).

3.6. Switching-OFF PeT to PDT during NADH sensing by QAIC
In the current scenario, NADH mediated reduction transforms the

QAIC emissive and subsequently PeT off state modulate the production
of singlet oxygen (*O,) in presence of laser irradiation (Yogo et al.,

2008). Therefore, PeT can be used as a switching mechanism to impart
controllable PDT (Fig. 3a) caused by 'O,. The 10, generation capability
of N-QAIC was tested by employing [Ru(bpy)s3]Cl, as a standard refer-
ence material wherein a singlet oxygen quantum yield () of 0.86 was
documented (Fig. 3b& ¢, Fig. S15) (Wu et al., 2013). Further, the relative
10, generation of N-QAIC was also assessed in comparison with QAIC
and other combinations (Fig. 3d & Fig. S16a). An amplified excited state
lifetime of N-QAIC (211 ns) upon comparison with bare QAIC (4.9 ns)
via Time-correlated single-photon counting (TCSPC) indicated a highly
populated triplet state of the activated molecule, confirming the NADH
mediated PeT-PDT switching mechanism (Fig. 3e, Fig. S16b). Cyclic
voltammetry experiment was performed to evaluate the oxidation and
reduction potential of N-QAIC by employing ferrocene as a standard.
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The HOMO and LUMO calculations indicated the proximity between the
energy levels of triplet state and with the molecular oxygen. This will
promote the efficient transfer of energy from triplet state of N-QAIC to
triplet of molecular oxygen to generate singlet oxygen (Fig. 3f,
Figs. S16c-d). Finally, the singlet oxygen generation capacity was
verified with help of singlet oxygen sensor green (SOSG). The emission
profile of SOSG treated with QAIC followed by 475 nm laser irradiation
didn’t impart any characteristic change, while N-QAIC treatment
instantly showed an enhanced emission maximum at 540 nm within 60 s
of laser irradiation (Fig. 3g).

3.7. PDT evaluation by the activated N-QAIC in cellular milieu

Further, we investigated the in vitro phototherapeutic potential of
QAIC in cellular milieu. Initially, the phototoxicity of N-QAIC was
evaluated where eight-fold enhanced cytotoxicity was recorded in nor-
moxia upon laser trigger wherein the presence of a singlet oxygen
scavenger caused a reduction in the laser-assisted cytotoxicity (Fig. 3h).
This observation confirmed that the cytotoxicity imparted by NAD
radicals alone without the aid of '0,. In the presence of excess NADH,
QAIC generates toxic NAD radicals that acted as apoptotic initiator
(Fig. 3i). The laser-triggered production of ROS by N-QAIC promotes
mitochondria-mediated cell death (Fig. 3j, Fig. S17a&b). In order to
confirm the cell death mechanism, various apoptosis assays were carried
out in both normoxic and hypoxic conditions (Arya et al., 2019; Liu
et al., 2015). The extent of phototoxicity caused by activated QAIC in
presence of 532 nm laser spark was evident with multiple studies con-
firming programmed execution of cell death (Fig. S17c-e&g). Addi-
tionally, SERS spectra corresponding to protein degradation and nuclear
damage authenticated the orchestration of apoptosis (Joseph et al.,
2020). More fingerprint changes were observed during normoxia due to
the active involvement of singlet oxygen and NAD radicals in the process
of PDT (Fig. 3k, Fig. S17f). Synergistically, QAIC recognize the dynamic
fluctuations of NADH and impart NADH depletion assisted enhanced
phototherapeutic effect in both in hypoxic and normoxic conditions
(Scheme 1).

4. Conclusions

In summary, a newly designed cyclometalated iridium complex [Ir
(ppy)2(Ng"Nq")1", QAIC was evaluated as an endogenous NADH
sensing bimodal molecular probe which imparted multiphase PDT. The
QAIC not only senses the dynamics associated with intracellular NADH
via PeT switching process but also simultaneously transformed into a
photoactivatable motif N-QAIC. The depletion of cellular NADH by
QAIC exerted a redox imbalance and also triggers PDT in the cellular
milieu. The QAIC generated NAD radical upon laser trigger endowed
oxygen independent photodynamic effect in hepatocellular carcinoma
cells. Considering the fact that oxygen deficiency and antioxidants are
the major impediments of hypoxic PDT, our design strategy may pro-
duce a paradigm change in the management of hypoxic cancer.
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