Chapter I

Introduction




Chapter I: Introduction

1.1. Cancer

Cancer is the uncontrolled growth and spread of abnormal cells.!"?] Cancer arises from
genetic mutations that disrupt the standard regulatory mechanisms governing cell division,
apoptosis, and DNA repair.!"#*l These mutations can be caused by a variety of factors,
including inherited genetic predispositions, environmental exposures, and lifestyle
choices.'*l When the regulatory mechanisms fail, cells begin to divide uncontrollably,
forming masses of tissue known as tumors (Figure 1.1).1"*! Tumors can be benign, meaning
these are localized and do not invade surrounding tissues. But malignant tumors, which are
cancerous, can spread to other parts of the body through a process called metastasis.[>”!
Metastasis occurs when cancer cells break away from the primary tumor, travel through the
bloodstream or lymphatic system, and establish new tumors in distant organs.>” This
ability to spread makes cancer particularly dangerous and challenging to treat.>”] The
progression of cancer is typically categorized into stages, ranging from Stage 0 (carcinoma
in situ, where abnormal cells are present but not invasive) to Stage IV (advanced cancer
with metastasis to distant organs).[®*! Understanding the biological basis of cancer is crucial

for developing effective treatments and improving patient outcomes. !

Normal Cell Cancer Cell

Figure 1.1: A pictorial representation of normal cells and cancerous cells.
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1.2. Cancer Cases Worldwide Statistics

In the past few decades, cancer has been one of the leading causes of death worldwide,
accounting for nearly 10 million deaths in 2020 alone (as per the World Health
Organization, WHO, report).['” According to GLOBOCAN data, some types of cancers
cause more deaths than others.!'”) Cancer does not affect all people or places in the same
way.!'% For example, lung cancer is the leading cause of cancer deaths around the world,
causing about 1.8 million deaths (18%). It is followed by colorectal cancer (9.4%), liver

cancer (8.3%), stomach cancer (7.7%), and breast cancer (6.9%).[1%

Cancer death rates also vary by region. In high-income countries like those in Europe, the
USA, Japan, and Canada, early detection, regular screening, and better treatment have
helped to reduce the number of cancer deaths in recent years.'” But in low- and middle-
income countries like India and many Asian and African countries, cancer death rates
remain high.!'% This is mostly because of limited access to healthcare, late diagnosis, and
low awareness about how to prevent cancer.['” In terms of new cancer cases, about 58.3%
of all newly diagnosed cancers worldwide were reported in Asia, while European countries
accounted for only 22.8% of new cases.!!”) Gender disparities exist as well (Figures 1.2a,
b), with men (Figure 1.2a) being more likely to develop and die from cancer than women
(Figure 1.2b).1"% Socioeconomic status further influences cancer outcomes, as individuals
with lower income and education levels often face barriers to accessing timely and effective
care.!'% These statistics highlight the need for global efforts to address disparities in cancer

prevention, diagnosis, and treatment.
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Figure 1.2: (a) Worldwide estimated number of new cancer cases in males in 2020. (b)

Worldwide, the estimated number of new cancer cases in females in 2020.!°]

1.3. Various Treatment Modalities Used in Cancer Treatment

Cancer treatment involves various modalities such as surgery, radiation therapy,

chemotherapy,
photodynamic
therapy (PDT)

etc.[11-13]
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Figure 1.3: Major Cancer therapies. (Adapted from
www.theayurveda.org, https://www.usf.edu,
https://www.thenewsminute.com, https://www.bswhealth.com).

therapies (Figure 1.3).'>2%1 Each of these therapies cures cancer through different

mechanisms and has its own limitations. Like, surgery is often used for localized tumors

and can be curative if the cancer has not spread, but it is ineffective for metastatic

cases.!'%!7l Chemotherapy uses cytotoxic drugs to kill rapidly dividing cells and is effective
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for systemic cancers. However, despite the clinical success, several limitation poses
significant challenges to chemotherapy, such as drug resistance issues, poor selectivity,
various side effects like autotoxicity, nephrotoxicity, neurotoxicity, hepatotoxicity,

[12.14.15] Whereas, radiation therapy uses high-energy y-rays to destroy

vomiting, nausea, etc.
cancer cells. Radiation therapy is often used alongside surgery or chemotherapy, but with
the risk of damaging nearby healthy tissues.!'>!*-2l Emerging therapies like photodynamic,

photocatalytic, and sonodynamic therapy aim to enhance treatment precision and minimize

side effects through spatiotemporal control over drug activation.[!!!]
1.4. Role of Chemotherapy in Cancer Treatment

Chemotherapy is a cornerstone of cancer treatment, playing a critical role in managing the

5121522241 It inyolves the use of chemical

disease across various stages and type
compounds to kill or inhibit the growth of cancer cells, often by causing DNA lesions,
arresting DNA replication, activating several transduction pathways, which finally lead to
necrosis or apoptosis, etc. These compounds are also known to induce cellular apoptosis
through oxidative stress via the generation of ROS. Additionally, these drugs also lead to

disruption of cell functioning by disrupting normal calcium homeostasis.!?22%24

Chemotherapy can be used in different contexts, depending on the goals of treatment.2*-4]
For example, neoadjuvant chemotherapy is administered before surgery to shrink tumors
and make them easier to remove, while adjuvant chemotherapy is given after surgery to
eliminate any remaining cancer cells and reduce the risk of recurrence. In cases of
advanced or metastatic cancer, palliative chemotherapy may be used to relieve symptoms,

26]

improve quality of life, and prolong survival.?®) . Many chemotherapeutic drugs target the
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DNA of cancer cells, preventing them from replicating and ultimately leading to cell
death.>24 Others disrupt the machinery involved in cell division, such as microtubules, or
inhibit enzymes like topoisomerase that are essential for DNA replication.[?22427-28]
Chemotherapy is often used in combination with other treatments, such as surgery,
radiation therapy, and immunotherapy, to enhance its effectiveness and address the diverse

nature of cancer.[?*3%

1.4.1. Organic Molecule-Based Chemotherapeutic Drugs

Chemotherapeutic drugs are classified into several categories (first generation, second
generation, and third generation) based on their mechanism of action and chemical
structure.[”>?* Each class of drugs damages cancer cells in a specific way, making them
suitable for different types of cancer and treatment regimens.l*?*! Anthracyclines,
including doxorubicin (Figure 1.4), intercalate into DNA, inhibiting the enzyme
topoisomerase II, leading to DNA breaks and cell death.’!2) Antimetabolites, like 5-
fluorouracil and methotrexate (Figure 1.4), mimic the building blocks of DNA and RNA,
disrupting their synthesis and halting cell growth.?**¥ Alkylating agents, such as
cyclophosphamide (Figure 1.4), work by adding alkyl groups to DNA, causing damage that

34351 These drugs can be administered either orally

prevents the cancer cells from dividing.!
or intravenously, depending on the specific drug and the type of cancer being treated.?*-*¢]
The pharmacokinetics of chemotherapeutic agents- how they are absorbed, distributed,
metabolized, and excreted- play a crucial role in determining their efficacy and side

effects.[232437]
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Figure 1.4: A few FDA-approved organic chemotherapeutic drugs.

1.4.2. Origin of Platinum-Based Chemotherapeutic Drugs

[38.391 Rosenberg et al.

Before the 1960s, only organic compounds were used to treat cancer.
in 1965 opened an avenue of previously unexplored transition metal-based
chemotherapeutic drugs with cisplatin.[*”) Since then, many transition metal complexes

have been investigated for  potential  anti-cancer  activity.?*?*  Cis-

diamminedichloroplatinum(II), commonly known as cisplatin, is a potent anti-cancer agent
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Figure 1.5: Pictorial representation of the mechanism of action of
neck cisplatin.
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bladder, lung, cervical cancer, melanoma, lymphoma, etc. 1" Once cisplatin enters
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the cells, one of the chloride ligands of cisplatin is replaced by water molecules or
sulthydryl groups present in the cytoplasm, after which it becomes highly electrophilic
(Figure 1.5).22-241 Therefore, it binds easily with the N7 position of the purine base,

1222241 Opce

guanine, present in the DNA via intra-strand crosslinks formation (Figure 1.5).[
it binds with DNA, it leads to DNA lesions, arresting DNA replication, activating several
transduction pathways, which finally lead to necrosis or apoptosis.['>??>*] Despite having
therapeutic success over certain cancers, it induces various toxic side effects like
nephrotoxicity, neurotoxicity, hepatotoxicity, and ototoxicity.[1>141523:2442] Also, the long-
term use of cisplatin has undesirable effects on normal tissues.!%!%152324] The resistance,
such as intrinsic resistance and acquired resistance, is either present in the body or develops
during persistent treatment.[>>*!1 Cisplatin's chloride ligand is extremely labile, which
increases the reactivity of the compound and is hence mainly responsible for toxicity due
to cisplatin.l*?>l To overcome these problems, other Pt-based drugs were investigated for
their anti-cancer activity. Some examples include carboplatin, oxaliplatin, lobaplatin,

22-24,37,38,42

nedaplatin, and heptaplatin (Figure 1.6).! I Compared to cisplatin, carboplatin
P P

unveils a lower aquation rate due to the presence of a bidentate ligand, which is
comparatively less labile than chloride and therefore has reduced toxicity.?*2443]
Carboplatin can be used for aggressive tumors, as these tumors require high dosages, and
it can be used long-term with low toxicity.[?>?**1 However, despite these advantages over
cisplatin, carboplatin also faces the drug resistance issue, which eventually develops during
the treatment.[>>2438] Therefore, oxaliplatin was developed to overcome this.[?*?438 Unlike

cis-platin, oxaliplatin contains dicarboxylate as the leaving group and 1,2

diamminocyclohexane as the carrier ligand.?****]  The presence of 1,2-
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diamminocyclohexane as the carrier ligand enhances the lipophilicity, which further helps
to overcome the drug resistance issue of cis-platin by enhancing the cellular uptake of

2224431 Oxaliplatin has a similar mode of action to that

oxaliplatin inside the cancerous cell.l
of cisplatin.??2*#] It also disrupts DNA replication and transcription by creating
intrastrand linkages between two guanine residues or a guanine and an adenine, but it does
not produce cross-resistance like cisplatin or carboplatin.!?***343] Ag a result, oxaliplatin
and cisplatin have a complementary impact on anticancer treatment and have been

widely utilized.[?32438:43]

In continuation of efforts to enhance efficacy, reduce systemic toxicity, and overcome drug
resistance, third-generation platinum-based drugs such as lobaplatin, nedaplatin, and

heptaplatin were introduced.?>?**?) Lobaplatin, containing a 1,2-diaminocyclobutane

ligand and a lactate leaving group, exhibits higher water solubility, stability.[22-2442431 ¢

shows antitumor activity with reduced nephrotoxicity and neurotoxicity.?2-24424] [t also

[22-24.,42,43

exhibits activity against cisplatin-resistant cells. I Lobaplatin is approved in China

for treating small-cell lung cancer, breast cancer, and chronic myelogenous leukemia.**
2442] Nedaplatin with a glycolate ligand offers similar DNA cross-linking activity.[?2-24:4243]
It is reported to show significantly reduced nephrotoxicity, making it more suitable for
patients with renal impairment. It is approved in Japan for head and neck, esophageal, and
non-small-cell lung cancers.?>>*42] Heptaplatin with a malonic acid moiety and alicyclic
amine ligand retains cisplatin-like DNA binding properties.!??>*4># Interestingly, it shows
increased activity in resistant gastric cancers while demonstrating lower gastrointestinal

and renal toxicity. Heptaplatin got approval in South Korea for gastric cancer treatment.[**-

24,42]
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Figure 1.6: Structures of some Pt(IT) based chemotherapeutic agents.
1.4.3. Drawbacks and Side Effects of Chemotherapy

While chemotherapy has revolutionized cancer treatment, it is associated with significant
drawbacks and side effects that can impact patients' quality of life.[!41522-24] One of the
most common side effects is myelosuppression, a reduction in the production of blood cells
by the bone marrow, which can lead to anemia, increased risk of infections, and bleeding
disorders.[**! Chemotherapy also frequently causes nausea and vomiting, which can be
severe and debilitating.[13222443] Hair loss, or alopecia, is another well-known side effect,
as chemotherapy targets rapidly dividing cells, including those in hair follicles.[*®! Another
major limitation of chemotherapy, particularly with platinum-based drugs, is the
development of drug resistance upon administration of repeated doses, which reduces the
efficiency of the drugs.[>!%1522-24] This resistance arises partly due to the inactivation of
platinum drugs by intracellular thiol-containing species such as glutathione and

metallothioneins.!?>?**7 The nucleotide excision repair (NER) mechanism also contributes

10
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to drug resistance by repairing the DN A-cisplatin adduct.[??2448] Platination of DNA results
in DNA kinking, which is an unusual change in DNA conformation that is recognized by
NER proteins (Figure 1.7), leading to the excision of the DNA strand.?>?**%] In the next
step, DNA polymerase acts on the excision site to repair the DNA (Figure 1.7), which
results in the inactivation of cisplatin for cancer treatment (Figure 1.7).1222*%8 In addition
to these acute side effects and drug resistance, chemotherapy can cause long-term

complications, such as organ damage.!'®!1522-24]

For example, anthracyclines (like
doxorubicin) are known to cause cardiotoxicity, which can lead to heart failure.[!4!522-24]

Chemotherapy can also increase the risk of developing secondary cancers later in life due

to its DNA-damaging effects.[!415-22-24]
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Figure 1.7: Scheme of the steps involved in the NER mechanism.

1.4.4. Strategy to Overcome the Drawbacks of Chemotherapy

Chemotherapy remains a cornerstone of cancer treatment, but is often hindered by
significant limitations such as non-selective cytotoxicity, severe systemic side effects,
multidrug resistance (MDR), and low tumor specificity. These factors collectively reduce

its therapeutic efficacy.l!!415222448] To address these drawbacks, several innovative

11
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strategies have emerged, e.g., (1) targeted drug delivery systems: including attachment of
tumor targeting moiety or antibody-drug conjugates to deliver chemotherapeutic agents
specifically to tumor tissues while minimizing damage to healthy cells;*>>% (ii) prodrug
approaches: involve selective activation of prodrug by intracellular reduction or

(51521 (iii) stimuli-responsive drug

photosubstitution in the tumor microenvironment;
activation: involves the selective activation of the drug at the target site by external stimuli
such as light (photodynamic therapy and photocatalytic therapy), or ultrasound
(sonodynamic therapy), which offers spatiotemporal control over drug activation that can
reduces off-target toxicity and minimize damage to healthy cells;!'"?%! (iv) the combination
therapies integrating chemotherapy with immunotherapy, radiotherapy, or targeted agents
have shown synergistic effects and can overcome resistance mechanisms by damaging

cancer cells through multiple pathways.33-5%!

1.5. Photodynamic Therapy

Photodynamic therapy (PDT) has attracted considerable interest as an alternative cancer
treatment due to its various advantages over traditional cancer therapy, such as (i) it
selectively targets and destroys tumor cells while preserving healthy cells;1*5%*! (ii) it is
noninvasive; %! (iii) highly selective, and %% (iv) additionally, it promotes faster

healing with little to no scarring.[>-6*]

The steps involved in PDT are given in Figure 1.864-6]

e The first stage is the introduction of the photosensitizer (PS) into the body.

12
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e In the second stage, the photosensitizer accumulates around the tumor tissue during a

period of incubation.

e The third stage involves irradiation of the tumor tissue with a suitable wavelength of light,

which excites the photosensitizer and generates cytotoxic reactive oxygen species (ROS).

e Finally, in the fourth stage, these ROS react with biological substrates such as nucleotides,

amino acids, proteins, and lipids, disturbing normal cell functions and inducing cell death.

Tumor

Injection Distribution Accumulation of Light Tumor
of PS of PS PS in the Tumor  Irradiation Irradication

Figure 1.8: Schematic representation of different stages of PDT.
1.5.1. Mechanism of Action

Light absorption causes the photosensitizer to move from a singlet ground state (So) to a
triplet excited state (generally Ti) via a singlet excited state.!®”*) In T excited state,
photosensitizer have two possibility, either it transfer electron to biomolecule (via type I

reaction) and that biomolecule further react with tissue oxygen to generate free radicals

13
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such as ‘OH, O>", and H>O» or they can transfer energy directly to molecular oxygen (via
type Il reaction) and transform it into highly reactive singlet oxygen species (Figure 1.9).[°7-

91 These generated ROS causes protein damage, lipid oxidation, DNA damage, and finally

destruction of cancer cells.[°7-%]
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Figure 1.9: Schematic representation of type I/II PDT.

1.5.2. Organic Photosensitizers

Currently, a few organic compounds, mostly porphyrin derivatives such as photofrin,
Visudyne, Foscan, etc. (Figure 1.10), have been approved for clinical use as PDT drugs.”"
2] The FDA-approved, most extensively researched, and widely used PDT drug is
photofrin, which has been used for the treatment of early- and late-stage lung cancers,
esophageal cancer, bladder cancer, and early-stage cervical cancerin countries
including Canada, Japan, the United States, and various European nations.[%%:60-73.74]
Although photofrin is widely used for Esophageal, lung, and bladder cancer, cervical cancer
treatment, it still poses a number of limitations, e.g., (i) skin sensitivity as it also localizes

in skin tissues;"*”> (ii) hepatotoxicity as the metabolized product of photofrin is

bilirubin."*"3]" Additionally, porphyrins and organic photosensitizers suffer from poor

14
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solubility and photostability (prone to degradation with prolonged light exposure).!>*747]

OH o OH
H5CO /
H3CO
OH s HO oH
HO™p o7"OH H3CO0™~g o7 OH
OH
Photofrin Visudyne Foscan

Figure 1.10: Structures of some organic photosensitizers for PDT.
1.5.3. Photosensitizers based on Transition Metal Complexes

The limitations associated with organic and porphyrin-based photosensitizers have driven
significant interest in the development of transition metal-based alternatives.’6-%* These

metal-based photosensitizers offer distinct advantages, primarily due to their high degree

[56-58

of structural tunability. I By modifying the coordinated ligands, it is possible to

precisely control critical properties such as solubility, stability, and target specificity.”””]
Furthermore, the ligand environment can be engineered to shift the absorption profile
toward longer wavelengths, such as red or near-infrared light, which penetrate tissues more

effectively.l”’-"

Heavy metal-containing complexes (such as Ru, Ir, Pt, Os, etc. ) generally tend to exhibit
longer-lived excited states, facilitating efficient energy transfer and higher ROS quantum

(80-83] While organic photosensitizers have their own merits,

yields under PDT conditions.
metal complexes often outperform them in applications where photostability, prolonged

excited-state lifetimes, and precise delivery to target tissues are essential.[}33] A broad
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range of transition metal complexes, including those based on ruthenium (Ru), iridium (Ir),
osmium (Os), platinum (Pt), and palladium (Pd), have been investigated for PDT
applications.’*%*l Among these, palladium and ruthenium-based complexes, such as
WSTO09 (padoporfin), WST11, and TLD-1433, have progressed into clinical trials,
demonstrating the promising therapeutic potential of transition metal-based complexes
(Figure 1.11).7+7684 TLD1433, a Ru(Il)-based photosensitizer for the treatment of non-
muscle invasive bladder cancer, enters clinical trial.[”>7®! These transition metal compounds
underscore the growing recognition of transition metal complexes as next-generation
photosensitizers, offering multifunctional capabilities, enhanced phototoxic effects, and the

potential for precision-targeted cancer therapy.[>6274-76]

TLD1433

Figure 1.11: Structures of metal-based photosensitizers that were/are in clinical trials.
1.5.4. Drawbacks of Photodynamic Therapy

Even though PDT has emerged as a promising alternative to conventional cancer
treatments, it is associated with a few limitations that hinder its widespread clinical
application.®3%”) One of the major drawbacks of PDT is its complete dependency on

molecular oxygen for the generation of reactive oxygen species (ROS), making it less
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effective in the hypoxic microenvironments commonly found in solid tumors.®>%7] The
second major drawback of PDT is that it is effective against only specific types of cancers,

like skin, esophageal, or lung cancer, and not for all cancer types.[33-%7]

These limitation highlights the necessity of developing novel strategies, such as oxygen-
independent photosensitizers, and combination therapies, to enhance PDT’s therapeutic

potential.[!!]
1.6. Photocatalytic Cancer Therapy

In response to these challenges, photocatalytic cancer therapy (PCT) has emerged as a
promising next-generation cancer treatment modality.[''l Although this therapy is
traditionally characterized by its dual-mode ROS generation via type I/II pathways, the true
therapeutic potential of PCT lies in its ability to disrupt cancer metabolism through the
photoinduced oxidation of nicotinamide adenine dinucleotide (NADH).!'!! Unlike PDT,
which suffers from oxygen dependency, PCT leverages NADH oxidation as a robust
oxygen-independent mechanism to overcome hypoxia-associated resistance.l''! NADH
plays an important role in cellular redox balance and serves as a key electron donor in the
mitochondrial electron transport chain.!®>#¢! Its oxidation not only deprives cancer cells of
metabolic energy but also contributes to redox imbalance, triggering cell death.[®”* This
metabolic disruption through NADH photo-oxidation represents a central therapeutic
mechanism of PCT, with ROS generation acting synergistically to amplify oxidative stress
within cancer cells.!'!l The metabolic disruption through NADH oxidation provides a novel
mechanism of action to this therapy that may help to overcome the PDT-based drug

resistance problem.!!]
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1.6.1. Transition Metal-based Photocatalysts in Photocatalytic Cancer Therapy

Transition metal-based photocatalysts, especially Ir(III), Ru(Il), and Os(II) complexes, are
explored for this approach because of their favorable photophysical properties like high
photostability, strong spin-orbit coupling, and tunable absorption in the visible region
(Figure 1.12).[11:93-108] Several studies, including those from the groups of Sadler, Huang,
Ruiz, Paira, as well as our group, have demonstrated that photocatalysts based on these
metals induce photocytotoxicity through a combination of NADH oxidation and ROS
generation.’>1% Among these, the oxidation of NADH has emerged as a crucial

determinant of therapeutic efficacy, particularly under oxygen-deprived conditions.[*1%8]

] PFs

Figure 1.12: Structures of a few previously reported photocatalysts.
1.6.2 Ir(IlT)-based Photocatalysts

The first in-cell catalytic photo-oxidation of NADH with Ir(Ill)-photocatalyst viz.,
[Tr(ttpy)(pq)C1]PFs (Ir1) (Scheme 1.1) was reported by Sadler et al.®*! Ir1 displayed high
excited state lifetime in acetonitrile (743.7 ns in air and 1390.3 ns in N2) or PBS (330.8 ns

in air and 382.3 ns in N2) and favorable redox behavior (high excited-state reduction
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potential (Ei2 ™= +1.22V) than Exap“/~apu = +0.32 V), which were crucial for NADH

oxidation photocatalysis.[*]

The DFT calculations also revealed a ‘clamped’ formation
between n—m adducts of excited-state Ir1* and NADH to facilitate electron transfer in the
presence of light. Therefore, Irl successfully oxidized NADH to NAD" with a turnover
number (TON = 50.2) and turnover frequency (TOF = 100.4 h™!) upon the blue light (465

nm, 8.9 J/cm?) exposure.[**]

Mechanistically, NADH photo-oxidation occurred via the following steps: (i) Light

activation of Ir1 to a triplet state (via a singlet state) Ir1*.1°’] (ii) Ir1* was highly oxidative

and extracted (b) I ()* NADH

PF,
B BC, NADH"

Ir1(l)* ADH

an electron

PFG
L NADH*’
N
from NADH, Hzoz Cyt Cox Cytc ed
Ir1(III) Ir1(in) NAD® 1 Il NAD*

forming a v

(o)) 0, Cyt Crey Cyt cox

reducing Ir1™ | gcheme 1.1: NADH oxidation photocatalytic cycle for Irl, (a) under

species  and | o5rmoxia, and (b) under hypoxia.

NADH"™

radical (Scheme 1.1a). NADH™ were then converted to NAD® radicals, confirmed by the
EPR studies with CYPMPO as the spin trap. (iii) Under normoxia, Ir1™ reacted with
molecular oxygen via an electron transfer pathway to form O™ radicals and regenerate the
Irl (Scheme 1.1a). (iv) O2" then accepted one electron from NAD", producing NAD" and
H,0> (confirmed by the H2O: detection strip).[®*) One of the major issues in cancer drug
development research is delivering hypoxia-active drug molecules.”®! Interestingly, Irl

was also active in hypoxia for NADH oxidation. As shown in Scheme 1.1b, under hypoxia,
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Besides NADH photo-
Reproduced from ref 90.

oxidation, Irl in the

triplet state also interacted with O via a type II energy transfer pathway and generated 'O.
In A549 (human lung carcinoma) cells, Irl was located within the mitochondria, the
cellular organelle with high NADH concentration (10°-10° M).®! Ir1 also oxidized
NADH in A549 cells (Figure 1.13a) after 465 nm light exposure, which in turn generated
H>07 in A549 cells (Figure 1.13b) under normoxic conditions. As NADH is involved in
the ATP generation process, the oxidation of NADH led to the depletion of ATP in A549
cells (Figure 1.13¢).”)I Ir1 showed phototoxicity against A549, NCI-H460 (lung), HeLa
(cervix), HepG2 (liver), and SGC-7901 (gastric) cancer cells in normoxia (ICso ca. 1.0-1.9
uM) and hypoxia (ICso ca. 2.3-8.7 uM), while had low toxicity in the dark (ICso= 31-42

uM) towards normal LO2 (human hepatocyte) and MRC-5 (human lung fibroblasts) cells.
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Under 465 nm (8.9 J/cm?) light, Irl caused a significant decrease in the mitochondrial
membrane potential (MMP) due to NADH depletion, and ETC disruption under normoxic
and hypoxic conditions.”>l This photocatalyst induced immunogenic apoptosis was
confirmed with HMGBI enzyme-linked immunosorbent and Calreticulin
immunofluorescence assays (Figure 1.13d). It is important to note that during immunogenic
apoptosis, the drug eliminates cancerous cells while simultaneously stimulating the
immune response.”*! This dual action ensures long-lasting therapeutic effects, reduces the
risk of cancer recurrence, and addresses challenges posed by therapy resistance.”"! Overall,
this work, for the first time, indicated the potential of Ir(IIl) photocatalyst in PCT under
blue light irradiation through two different pathways under normoxia and hypoxia, and kill

cancer cells by immunogenic apoptosis.

Ruiz et al. highlighted the photocatalytic efficiency of dppz and benzimidazole-appended
Ir(Ill) photocatalysts (Ir2-IrS, Figure 1.14) in NADH photo-oxidation.**) The
functionalized benzimidazoles were designed to enhance the lipophilicity of the
photocatalysts.”*!1% The p-trifluoromethyl benzyl groups and chromophoric 2-(5-
arylthiophen-2-yl)benzothiazoles were used to red-shift the light absorption.”* These
photocatalysts oxidized NADH in PBS:DMF (95:5, v/v) under blue (465 nm, 0.5 mW/cm?)
and green (520 nm, 2.0 mW/cm?) light. Ir5 achieved the highest TOF of 403.1 h™! under
465 nm light. However, under 520 nm light, the TOF was reduced significantly to 38.9 h*!
for IrS. The introduction of the electron-donating N,N-dimethylaminophenyl substituent in
Ir5 significantly improved its NADH photo-oxidation ability compared to other Ir(III)
photocatalysts containing only trifluoromethyl groups.”*! Under 405 nm laser irradiation,

the lysosome-localizing IrS induced ROS-mediated lysosomal membrane damage, causing
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the release of acidic lysosomal contents into the cytoplasm, triggering oncotic-like cell
death, a distinct and often underutilized cell death pathway in PDT.’*!1% Although the
anticancer effect of Ir2-Ir5 was quite promising in 2D cell cultures, their efficacy
drastically diminished in 3D cell models. They suggested that the high lipophilicity and
self-aggregation of Ir2-Ir5 hindered their penetration into the layers of the 3D spheroids,

thereby reducing their effectiveness in reaching the hypoxic core of the spheroids.[*¥

o B oy
@H,la
Ir2-Ir5 d Ird £ d Ir5
FiC FsC

Figure 1.14: Structures of Ir2-Ir5.

Huang et al. and our group reported a novel mononuclear Ir(IIT) photocatalyst (Ir6) along
with its dinuclear analogue (Ir7) (Figure 1.15a).°>) The incorporation of an additional
[r(IlT)-center in Ir7 significantly improved the excited-state reduction potential (+1.42 V
vs. Ag/AgCl) and excited-state lifetime (t = 3.62 us in Ny saturated CH>Cl»). Henceforth,
the photocatalytic NAD(P)H oxidation efficacy of Ir7 (TOF = 437.1 h'') was found to be
ca. 13 times higher than Ir6 (TOF = 36.2 h'') under 525 nm exposure, revealing the
synergistic effect of the additional Ir(III) center and discarding the additive effect.”> A
similar trend was also reflected in their phototoxicities, where Ir7 displayed much higher
toxicity against HepG2 cells (ICso = 0.3 uM) than Ir6 (ICso = 15.7 uM) with a photo-

therapeutic index (PI) > 666.7 (P1 = Dark ICso/Light ICs0) under normoxic conditions after
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525 nm (29.56 J/cm?) light irradiation. Ir7 showed reduced phototoxic activity (ICso =25.7
4M) under hypoxia conditions. SC-ICP-MS (Single-cell inductively coupled plasma mass
spectrometry) was used to quantify the Ir uptake and retention within individual cells

(Figure 1.15b). Ir7 showed more than two times higher Ir content per single cell than Ir6,

correlated with | (a) —zer, (D) @0
7N\ = = 60 12h
=N 2
the high AV s
/ o 20
lipophilicit %100 200 30:1“:30
p p y (d) Ir content (ag/cell)

c Day 0 Day 2 b .
of Ir7 ( ) Bright Field ~ GFP Bright Field GFP M ’ - 9 e
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Figure 1.15: (a) Structures of Ir6 and Ir7. (b) SC-ICP-MS

of Ir7 ranged _ _ ,
histograms showing the Ir-uptake in Ir7 (10 uM)-treated HepG2

from 20-400 ag )
cells. (c) The bright green fluorescence of GFP after 48 hours of

per cell with time | ) ) ) i
incubation with Ir7 in the FLK strain of zebrafish demonstrates

progress  (4-12 ] o
Ir7’s biocompatibility. Scale bar: 500 um. (d) Images of tumors
h), indicating its _ . _ .
from mice bearing HepG2 cells under various treatment conditions,

high  retention o ) )
highlighting the in vivo effectiveness of Ir7 under light (525 nm,

within  HePG2
88.68 J cm2). Reproduced from ref 95.

cells. Ir7 was
also in vivo biocompatible in the zebrafish model (Figure 1.15c) and mouse models. Ir7
also presented an encouraging photo-cytotoxic profile against the HepG2 cell tumor-
bearing mice (Figure 1.15d). Tumor growth was reduced after Ir7+Light treatment (Figure

1.15d) compared to the control, light-only, and Ir7-only groups.”>
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Recently, Singh et al. demonstrated the photocatalytic NADH oxidation efficiency of
another Ir(IlI)-based dinuclear complex, Ir8 (Figure 1.16) (TON =26.3, TOF = 10.52 min~
1. P81 The rate of NADH oxidation was only slightly affected in the presence of NaNj3 (10,

1961 1r8 was active

scavenger), indicating Ir8 can oxidize NADH even in the presence of 'O..
against MCF-7, CT26 (colorectal cancer), and PT45 (pancreatic ductal adenocarcinoma)
cancerous cells under 465 nm light (ICso ca. 3-10 uM).° In a significant advancement,
Sadler et al. developed a heterodinuclear complex, Ir9 (Figure 1.16), which combined
photoactivated chemotherapy (PACT) and PCT to achieve synergistic anticancer effects.[*®!
Upon 465 nm, 4.8 mW cm? light exposure, Ir9 oxidized NADH, contributing to its

therapeutic action.”! Ir9 exhibited photocytotoxicity (ICso 1.3-9.7 uM) within 60 min of

light irradiation against A2780 (ovarian), A549, and PC3 (prostate) cancer cells.

Figure 1.16: Structures of Ir8 and Ir9.

Gou et al. reported a naphthalene diimide appended Ir(III) photocatalyst, Ir10 (Figure
1.17), decorated with a strong electron acceptor and excellent charge carrier moiety (Figure
1.17).”7] The NDI moiety attached in Ir10 shifted the absorption band to ~635 nm. The
TOF value of Ir10 for NADH photo-oxidation was 270.6 h'' at 635 nm light. Ir10 showed

light-mediated NADH oxidation and ATP depletion inside the 4T1 cancer cells. Further,
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the photocytotoxicity study revealed that Ir10 showed potent 635 nm light-triggered photo-
cytotoxicity under normoxic and hypoxic conditions (1% O2) against 4T1 cells.””! In
addition to apoptotic cell death, Ir10 displayed GPX4-catalyzed detoxification of lipid
peroxidation due to decreased GSH concentration, indicating the occurrence of ferroptosis.
Moreover, the in vivo investigations demonstrated ca. 89% tumor growth inhibition rate in

the Balb/c mice model.[*”]

Paira et al. reported a PTA (1,3,5-triaza-7-phosphaadamantane) containing half-sandwich

anticancer Facilitate
the type |
mechanlsm H
Ir(11T) e CI:©:N — ]2
/4 \Y /
(o] N N: >
complex, Irll E< \Ir)/l
S P/\N
Fi 0 N 0 kN\ !
(Figure Shifted the VN
absorption towards |r1 0 Ir11
1.1 7).[98] PTA the red region
complexes are | Figure 1.17: Structures of Ir10 and Ir11.

known to have extraordinary thermodynamic and GSH stability.”®! The absorption band of
Ir11 ranged from the UV to the blue region. Therefore, it produced a significantly lower
TOF (0.201 h'!") for NADH oxidation upon visible light exposure (400-700 nm). However,
Ir11 exhibited good photocytotoxicity against triple-negative breast cancer cells (ICso =

2.80 uM), which was correlated with its superior DNA intercalation capability.[*®!

The 2-phenyl pyridine and coumarin 6 appended Ir(IIl) photocatalysts, Ir12-Ir14 (Figure
1.18a),”"! which oxidized NAD(P)H via a different mechanism, have been reported
recently by Huang et al. Upon light exposure, (i) Ir14 moved to its excited state Ir14". (ii)

At the excited-state, Ir14” transferred an electron to Oz to form O™ (dihydroethidium probe
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confirmed O™ formation in cells) and a highly oxidizing Ir14(IV) species. (iii) the highly
oxidizing Ir14(IV) then extracted an electron from NAD(P)H, regenerating Ir14 and
producing NAD(P)H™ (EPR study confirmed NAD(P)H"™ formation) (Figure 1.18b).°”1 'H
NMR studies indicated complete oxidation of NAD(P)H to NAD(P)". NAD(P)H oxidation
efficiency of Irl4 reduced significantly under N, indicating the crucial role of O; in

photocatalysis.””! The NAD(P)H oxidation TOF for Ir14 was ca. 308 h™' under 465 nm

3PF
—|PF6 o S‘Q r|‘/—I
~N
o N *

N

light (11.7 T | (@

cm?).  This O
3 N~
e
z |N N
result was S _
consistent in Ir12
(b) % ‘0,
bOth aqueous Ir1a(iIn*
. Light

medium  and k

Ir14Q) Ir14(IV) o5
cancer cells. 2 40,

NADH/  NADH'’ NAD*/ EEHE : o0

NAD(PH NAD(P)H*" NAD(P)* i L 200

Ir12 and Irl13

Figure 1.18: (a) Structures of Ir12-Ir14. (b) Catalytic cycle for
also followed

NADH/NAD(P)H photooxidation by Ir14 under normoxia. (¢) H&E
the same

staining and TUNEL assay images of colon tumor tissues from mice
mechanism for

under different treatments show that the Irl4+Light induces
NAD(P)H and

apoptosis. Reproduced from ref 99.
NADH

oxidation. Ir14 selectively localized in mitochondria due to its high positive charge and

changed the MMP, ultimately showing necro-apoptosis in 465 nm light-exposed human

[99

nasopharyngeal carcinoma (CNE-27) cells.””! The in vitro experiments showed that Ir14

was non-toxic to various normal cells in the dark and showed attractive phototoxicity
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toward various cancer cells. Interestingly, even against cis-platin-resistant A549R cells,
Ir14 produced a promising anticancer effect (ICso ~ 1.6 uM (under 465 nm light), ca. 50
times more active than cis-platin under identical experimental conditions. Ir14's
biocompatibility and non-toxic profile in the dark was confirmed using zebrafish models,
where no tissue damage was observed in wild-type strain (AB strain) and transfected strain
(FLK strain) embryos. In a CT26 colon carcinoma mouse model, Ir14 showed no systemic
toxicity without irradiation. In contrast, Ir14+Light (465 nm, 11.7 J cm™) inhibited tumor
growth, confirming its excellent biocompatibility and potent photocatalytic anticancer
activity in vivo. The H&E and tunnel study showed increased apoptosis and necrosis under
Ir14+Light combination (Figures 1.18c). This underscores the potential of complex Ir14

as an effective in vivo PCT agent.[”]

A crucial structure-activity relationship for NAD(P)H/NADH photo-oxidation was

established, with Irl5-
Ir17 having differently
substituted  terpyridine
and coumarin 6 ligands
(Figure 1.192).1%) Tr15-

Irl17 oxidized

NAD(P)H/NADH  via

Figure 1.18b, where their Figure 1.19: (a) Structures of Ir15-Ir20. (b) Images

T, state mainly acted as showing that the Ir16+Light significantly inhibited the

reductants. For example growth of A431 tumor in mice after 14 days. Light dose:

2
in the excited state, Ir17 465 nm, 11.7 J/cm”. Reproduced from ref 100.
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([Ir*]"/[1r]°) =+0.24 V, TOF = 1357.2 h™!) is significantly more reductive than Ir15 (+0.35
V, TOF = 1097.8 h™!) and Ir16 (+0.54 V, TOF = 1060.4 h™") indicating that the electron-
donating NMe> group improved the electron donation ability of the catalyst which upon
light activation donated electron to 02.1'%! Mitochondria localized Ir16 showed nanomolar
ICso against HeLa cells with high PI values under 465 nm or 525 nm light exposure. /n vivo
studies with Ir16 in A431 (epidermoid carcinoma) tumor-bearing mice via intra-tumor
injection revealed that the Ir16+Light significantly reduced tumor size (Figure 1.19b).[1%!
Further, the H&E and tunnel study showed increased apoptosis and necrosis compared to

controls, Ir16 alone or light alone.['%]

In a subsequent study, three terpyridine-Ir(Ill)-photocatalysts (Ir18-Ir20, Figure 1.19a)
are reported for NADH oxidation, where the dimethylamine auxochrome in Ir19 and Ir20
shifted the absorption maximum toward longer wavelengths.'°!) Among Ir18-1r20, Ir20
displayed the best NADH photo-oxidation (TOF = 214 h™') via Figure 1.18b. Ir20
displayed phototoxicities (400-700 nm, 17.2 J/em?) with ICso values 1.2-3.3 nM against
A549 and A549/DDP (cisplatin resistance) cancer cells. Notably, Ir20 maintained its

efficacy under hypoxic conditions, with ICso values between 8.2-28 nM.[1%1]

In another study, Sadler and Huang group developed a series of D-glucose-appended
cyclometalated Ir(II) photocatalysts, Ir21-Ir23 (Figure 1.20).[1%] The glucose pendant
enhanced the aqueous solubility of Ir21-Ir23.[''1121 Additionally, the glucose moiety
increased the cellular uptake inside the cancer cells due to the overexpression of GLUTSs
(glucose transporters) on cancer cell surfaces.''*! Aqueous solubility of Ir23 was ca. 5

times higher than the related non-glycosylated complex Ir24 (Figure 1.20). Ir21-Ir23
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exhibited NADH/NAD(P)H

I
N N

oxidation potential via Figure 1.18b
under light (465 nm, 11.7 J/cm?).[192]
Ir23 showed the highest
NADH/NAD(P)H  photo-oxidation
ability witha TON 0f207.1/203.3 and | _.
TOF of 414.2/406.6 h™!, respectively.

Ir21-Ir24 demonstrated anticancer

activity in 2D cultures, with Ir23
Figure 1.20: Structures of Ir21-Ir24.

showing the highest

photocytotoxicity index (PI=333.8) and an ICso of ca. 0.08 uM against HeLa cells under
465 nm light. This superior performance of Ir23 is attributed to its greater hydrophilicity
than the other catalysts. Ir23 also effectively damaged HelLa 3D multicellular tumor

spheroids (ca. 400 pm) under light irradiation, showing activity in hypoxic cores.!%*!

Massaguer et al. explored the PCT activity of Ir(Ill)-photocatalysts (Ir25-Ir27) (Figure
1.21) to address the issue of cancer cell selectivity of the traditional photocatalysts.!'%] In
Ir27, Bombesin (BN) was appended for tumor recognition. BN is a 14-amino acid peptide
(Pyr-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NHz) with a homologous
seven-amino acid C-terminal region with GRP in ligands. Cancer cells often overexpress
bombesin receptors such as the GRPR (Gastrin-Releasing Peptide Receptor).l!!*!15] The
overexpression of these receptors allows selective binding of bombesin to cancer cells.!!®!

Ir25-Ir27 induced NADH photo-oxidation, but TON or TOF was not provided.!'®! The

cellular uptake and phototoxicity study of Ir25-Ir27 revealed that incorporating BN
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significantly improved the selective accumulation and phototoxicity toward cancer
cells.'] This work indicated that the selective accumulation of photocatalysts in cancer

cells could be improved by attaching tumor-targeting moieties like bombesin peptide.

_|C| &\/)
A
Ir
(l/g:ﬂ
9

—|CI

COOR oS BN
R = H (Ir25), R= Me (Ir26) Ir27

BN =

CrXerglle)e)eenCrrmX e N ielles) —NH,

Figure 1.21: Structures of Ir25-1Ir27.

1.7. Scope of Study and Objective of this Thesis

In the above section, we have discussed several Ir(Ill)-based photocatalysts, which
highlights the scope of Ir(IlI) based photocatalysts in PCT. Even though these Ir(Il)-based
photocatalysts showed promising results in PCT, there is still a need to fix a few limitations.
One of the key limitations of these photocatalysts is that they mainly absorb light in the

9395981001 1 jke, Sadler et al. in their pioneering work on PCT,

low-wavelength region.!
reported NADH oxidation under blue light irradiation (465 nm, 8.9 J cm™). Similarly,
Huang, Ruiz, and Paira group also reported NADH oxidation under low-wavelength (blue
light) light irradiation.’*?>8-1%01 [ general, blue light has a very limited penetration depth

due to scattering and absorption by biological materials.[*3->8-1001 This restricts PCT's use

to surface-level or shallow tumors, making it difficult to treat deeply seated tumors within
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the body.!''>!!8) Moreover, it is worth noting that the photocatalytic NADH oxidation has
mainly been quantified in solutions, and only one report is available showing alteration in
the intracellular NADH/NAD" ratio.”®! The assessment and correlation of in-solution and
in-cell NADH to NAD" photo-conversion would be valuable to understanding the

%31 Another crucial

photocatalytic anticancer effect of the photocatalysts in cancer cells.
challenge with these photocatalysts is enhancing the NADH photo-oxidation efficiency of
the photocatalysts. So far, most of the reported Ir(III) based photocatalysts had TOF in the
ca. 17-400 h™! range.['"! Increasing the NADH photo-oxidation TOF could also enhance the
photo-cytotoxicity of the Ir(IIl)-photocatalysts.!!''l The primary objective of this Ph.D.
thesis is to design, synthesize, and characterize a novel Ir(IlI)-based photocatalysts capable
of efficiently catalyzing the oxidation of NADH with a higher TON under biologically
relevant conditions. Another objective of this thesis is the shifting of the absorption
wavelength of the photocatalyst toward higher wavelengths with the help of a suitable
choice of ligands. Additionally, we also tried to achieve light-triggered NADH oxidation
inside the cancerous cell. Our choice of Ir(Ill)-based photocatalysts is based on, in
particular, Ir(III) based complexes have shown significant advantages over many 3d/4d/5d
metal-based complexes. These complexes exhibit high photostability, substantial Stokes
shifts, and tunable emission colors.!'!>!2%] These properties make Ir(IlI) photocatalysts
effective in generating reactive oxygen species (ROS) under normoxic conditions, which

[119

is beneficial for therapeutic applications in cancer treatment.!''”) Meanwhile, the choice of

n.0%1%1 Also, it is fluorescent

coumarin 6 shifted the absorption toward the green light regio
in nature, which tags the photocatalysts with fluorescent property, and these advantages

can be used for cellular imaging to gain insight into the mechanism of photoinduced cell
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death by monitoring the uptake and localization of the photocatalysts in cellular
organelles.’>!%! Additionally, we have used phenanthroline and polypyridyl bases as
ligands, as these moieties are known to be excellent photosensitizers that help the Ir(III)-

based photocatalysts to achieve visible light-induced anticancer activity.[!?!]
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