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DESIGN AND SYNTHESIS OF COUMARIN-BASED FLUORESCENT
MOLECULES FOR PHOTODYNAMIC THERAPY OF CANCEROUS CELLS

Abdul REHMAN

Erciyes University, Graduate School of Natural and Applied Sciences
Master of Science Thesis, August 2024
Advisor: Assoc. Prof. Yavuz Nuri ERTAS

ABSTRACT

Organic fluorescent molecules play a great role in biomedical sciences, particularly in
biosensing, imaging, and theranostics. Inspired by the wide-spread use of organic
fluorescent molecules as Photosensitizers, herein two novel coumarin based fluorescent
molecules named TPAV-CM-Py-Me and TPAV-CM-Py with aggregation induced
emission phenomenon that is highly desirable in biomedical sciences were synthesized.
Both AlEgens have absorbance maxima in the visible region (beyond 400 nm) and can
be readily excited through the ordinary white light to be used in cancer treatment. To
confirm that the designed AlEgens can produce reactive oxygen species (ROS), 9,10-
anthracenediyl-bis(methylene)-dimalonic acid (ABD commercial sensor) was used for
singlet oxygen sensing, and it was found that both AlEgens have the ability to generate
ROS under white light irradiation. The intracellular ROS generation was investigated via
confocal microscopy using DCFH-DA dye and it was found that the molecules can
generate intracellular ROS under white light irradiation. Both molecules have a strong
affinity for mammalian cells and can easily stain the plasma membrane. Inspired by the
high ROS generation and strong affinity toward mammalian cells, they were used against
MCEF-7 breast cancer cells, and it was found that both AlEgens can kill the cancer cells
under white light irradiation. The sizes of the nanoaggregates were studied via dynamic
light scattering and scanning electron microscopy. Inspired by their effective use against
cancer cells, the designed molecules may find potential practical applications in

photodynamic treatment of cancer.

Keywords: Fluorescent Molecules, Aggregation Induced Emission, Photosensitizers,
Cell Imaging, Photodynamic Therapy
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DESIGN AND SYNTHESIS OF COUMARIN-BASED FLUORESCENT
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Abdul REHMAN
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Yiiksek Lisans Tezi, Agustos 2024
Danmisman: Dog¢. Dr. Yavuz Nuri ERTAS

OZET

Organik floresan molekiiller, biyomedikal bilimler basta olmak iizere biyoalgilama,
goriintiileme ve teranostik alanlarinda biiyiikk rol oynamaktadir. Organik floresan
molekiillerin, fotosensitizér olarak yaygin kullanimindan esinlenerek biyomedikal
biliminde oldukc¢a arzu edilen agregasyon kaynakli emisyon fenomenine sahip TPAV-
CM-Py-Me ve TPAV-CM-Py adli iki yeni kumarin bazli floresan molekiiliiniin sentezini
rapor ediyoruz. Her iki AlEjeni de goriiniir bolgede (>400 nm) maksimum absorpsiyona
sahiptir ve kanser tedavisinde kullanilmak iizere beyaz 1s1ik yoluyla kolayca eksprese
edilebilir. Tasarladigimiz AlEjenlerin ROS iretebildigini dogrulamak ig¢in, singlet
oksijen algilamada ticari bir sensor olan 9,10-antrasenediyl-bis(metilen)-dimalonik asit
(ABDA) kullandildi ve her iki AlEjenin de beyaz 1sik 1sinlamasi altinda ROS {iretme
yetenegine sahip oldugu gosterildi. Hiicre i¢i ROS iiretimi DCFH-DA kullanilarak
konfokal mikroskopi yoluyla arastirilmis ve {iretilen molekiillerin beyaz 151k 1s1nlamasi
altinda hiicre i¢i ROS iiretebildigi raporlandi. Her iki molekiil de memeli hiicreleri igin
giiclii bir afiniteye sahiptir ve plazma membranin1 kolayca boyayabilir. Yiiksek ROS
tiretimi ve memeli hiicrelerine kars1 giiglii afiniteden esinlenerek, her iki AlEjenin de
beyaz 151k 1s1nlamasi altinda MCF-7 meme kanseri hiicrelerini 6ldiirebildigi gosterildi.
Nano agregatlarin boyutlar1 dinamik 1s1k sacilimi ve taramali elektron mikroskobu ile
incelendi. Kanser hiicrelerine karsit etkili kullanimindan esinlenerek, tasarlanan
molekiillerin kanserin fotodinamik tedavisinde potansiyel olarak pratik uygulamalar

bulacag1 dngoriilmiistiir.

Anahtar Kelimeler: Floresan Molekiiller, Agregasyon Indiiklenmis Emisyon,

Fotosensitizerler, Hiicre Goriintiileme, Fotodinamik Terapi
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CHAPTER 1

GENERAL INFORMATION AND LITERATURE REVIEW

1.1. History of Photodynamic Therapy

Throughout history, light has been a valuable tool for treating illnesses. Ancient societies
like Egypt, India, and China used light therapy to address skin conditions.
Photochemotherapy, which dates back centuries, involved the use of substances like
psoralens [1,2]. These were employed in India around 1400 BC, according to the Atharva
Veda, for regimentation treatments. In Egypt, sunlight was culturally significant and used
in heliotherapy. The Ebers papyrus, an ancient medical text, mentioned vitiligo treatment
around 1500 BC (Figure 1.1). Egyptians utilized psoralen extracted from the Ammi majus
plant for treating leukoderma in the 12" century AD. Herodotus records that heliotherapy
was developed in ancient Greece to treat a variety of ailments. In later centuries, sunlight
therapy was applied to conditions like tuberculosis and rickets. Modern light therapy
began in the 20" century, notably with Niels Ryberg Finsen's research, which earned him
the 1903 Nobel Prize in Physiology or Medicine [3]. The inception of PDT in medicine
dates back over a century, originating from observations of microorganism inactivation.
This led to the formulation of the concept of photodynamic action, with Hermann von
Tappeiner introducing the term "photodynamic reaction” to emphasize light's pivotal role.
Photodynamic therapy, which leverages reactive oxygen species (ROS) to disrupt and
eliminate microbes, demonstrated efficacy against both bacteria and viruses. However,
due to disruptions caused by the World Wars, further development of PDT was delayed

for nearly six decades [4].



Figure 1.1. Ancient method for treatment by using light [5]

Research at the Mayo Clinic by R. L. Lipson and S. Schwartz in 1960 opened a new
chapter in PDT when Schwartz created hematoporphyrin derivative (HpD) to maximize
tumor localization. Lipson's research demonstrated the potential of an acetic acid sulfuric
acid derivative of hematoporphyrin for the detection of malignant diseases [6,7]. This
HpD mixture, which included a variety of porphyrins, was first used to detect tumors and,
subsequently, to treat bladder cancer. Dougherty's transformation of HpD into a drug
formulation was the result of further advancements, and in 1978, the first clinical case of
PDT was reported in a patient who had metastatic breast cancer to the skin (Figure 1.2).
Photofrin (porfimer sodium) phase Il clinical trials for early-stage lung cancer were
carried out, which helped to open the door for PDT's regulatory approvals for several

cancer types [8, [9].



Figure 1.2. Using light for medical treatment in the modern era [10]

For over a century, PSs (PSs) have been used as therapeutic agents. In Figure 1.3, the
PDT timeline is displayed. One of the earliest PDT uses might be the clinical application
of eosin in the management of skin cancer. Topical eosin was the method Tappeiner and

Jelinek intended to use to treat skin tumors [11-13].
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Figure 1.3. The timeline represents the application of PDT for cancer treatment [1]

PDT offers several benefits over traditional methods such as radiation, chemotherapy,
and surgery. The noninvasive nature of this approach, along with its minimal side effects,
lack of drug resistance, and ease of combination with other therapies, make it an appealing



option [14]. The characteristics of the PSs utilized have a major impact on PDT's efficacy.
However, a common drawback of current PSs is their inability to deeply penetrate tissues
due to light absorption in the UV-visible range. Researchers are concentrating on creating
PSs that react to near-infrared (NIR) light to address this. NIR light is less damaging to
normal cells and can penetrate tissues deeper [10].

In this field, the exciting development is two-photon excitation (TPE) PDT. In
comparison to conventional techniques, it offers greater precision and allows for deeper
penetration into tumors using NIR-pulsed lasers to excite PSs. Furthermore, by absorbing
several photons and releasing high-energy fluorescence, up conversion nanoparticles
(UCNPs) exhibit promises in PDT and enable successful treatment of deeply ingrained
tumors [15,16].

Even with these developments, creating PSs with ideal characteristics like retention
duration, biocompatibility, and ROS generation efficiency is still difficult. To increase
the effectiveness of PDT, researchers are investigating a variety of PS classes and
techniques, such as enhancing photoinduced electron transfer and energy transfer

processes [17-18].
1.2. Photodynamic Therapy

Light, substrate, and a photosensitizer are the three main ingredients of PDT. PS
molecules undergo an excited singlet state (S1) upon being exposed to light, which is
followed by intersystem crossing (ISC) to reach the first excited triplet state (T1). When
PS molecules interact with a substrate, usually oxygen, at this T1 state, ROS is produced,
which interact with cellular protein and lipids and result into cell death, as shown in
Figure 1.4. Based on the underlying photophysical and photochemical mechanisms, PDT

can be divided into two types [19, 20].
1.2.1. Type | PDT

In type | PDT short-lived free radicals are created, when PS molecules and substrates
exchange electrons from one another, these radicals react quickly with oxygen and water

molecules, producing hydroxyl radicals (-OH), superoxide anion (O2), and hydrogen



peroxide (H20>). PSs that are appropriate for type | processes usually have low oxidation

potential and strong electron-donating capabilities [19-21].
1.2.2. Type 2 PDT

In type 1l PDT, triplet oxygen (30,) is created through the energy transfer from PS
molecules in their t1 state, which produces cytotoxic singlet oxygen (*O,). In PDT, type
I and type Il processes frequently take place concurrently. The relative sizes of these
processes are determined by various factors, including PS concentration, substrate and PS

properties, and environmental circumstances [11].

Type | Photodynamic Effect
(Electron Transfer)

. w
V
R T Cancer
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Cell Death
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(Photothermal Effect) 10, (Singlet)

Absorption Cancer l Heat

cells | generation Type Il Photodynamic Effect

(Energy Transfer)

o - - - ————— - ——— - - — - -

Programmed 3 s
Triplet
Cell Death O (Triplet)
Light (Apoptosis)
So —

VR: Vibrational Relaxation; ISC: Inter System crossing

Figure 1.4. Simplified Jablonski diagram for photothermal and photodynamic effects [22]
1.3. Reactive Properties of ROS

Reactive oxygen species generally include a variety of molecules, including O,, 0%,
OH", H202, and '02. Ozone (O3), hypochlorous acid (HOCI), hypobromous acid (HOBT),
hypoiodous acid (HOI), peroxyl radicals (ROO), alkoxyl radicals (RO), semiquinone
radicals (-SQ), carbonate radicals (‘CO3), and organic hydroperoxides (ROOH) are also
included in a more comprehensive definition. ROS has two functions in living things [23-
25]. They maintain homeostasis and proliferation in healthy cells at the right
concentrations, and they can even alter protein structures to shield cells from outside

threats. Cells use an antioxidant system made up of nonenzymatic substances like



glutathione and vitamin C, as well as enzymes like superoxide dismutase, to keep ROS
levels within a reasonable range. On the other hand, oxidative damage happens when the
equilibrium between the production of ROS and detoxification fails, and this is the
fundamental cause of PDT-induced cytotoxicity. Through several processes, such as
apoptosis, necrosis, vascular impairment, and immune responses mediated by

inflammation, PDT encourages oxidative damage in tumor tissues [6, 25-29].

The degree of reactivity and selectivity that ROS displays toward distinct molecules
varies. One example of a reactive electrophile is O,, which reacts preferentially with
electron-rich receptors such as aromatic hydrocarbons, indoles, and carbon-carbon double
bonds. On the other hand, OH"is a strong oxidant that interacts with almost all biological

molecules, such as proteins, lipids, DNA, and RNA, as well as antioxidants [3, 27-29].
1.4. Aggregation Induced Emission

Usually, the planner structures of traditional PSs cause problems because of n—= stacking,
such as reduced fluorescence signals and decreased efficacy at higher concentrations.
Furthermore, imaging precision is hampered by their continuous emission of fluorescence
[13].

1.5. AIE Based Photosensitizers

In contrast to conventional PSs, AIE PSs are more useful in PDT because they produce
more ROS when aggregated. AIE has become a viable option for PDT and fluorescence
imaging. Because of their special optical properties, they can be used to create light-up
probes that will increase photosensitization efficiency and imaging sensitivity [30]. The
efficacy of AIE PSs were increased by improved intersystem crossing (ISC). As an
alternative, a more useful strategy is to encourage ISC by lowering the energy gap
between singlet and triplet states (DEST). To lessen valence electron repulsion, the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) are separated via the donor—acceptor (D—A) molecular engineering techniques,
demonstrated the efficacy of this approach by creating AlEgens with varying degrees of
HOMO-LUMO separation based on the tetraphenyl ethylene (TPE) framework [25].



1.6. Introduction to Photosensitizers

In PDT, PSs are as important as light and oxygen. Their capacity to absorb light at certain
wavelengths and cause photochemical or photophysical reactions. ldeal PSs have a

specific set of properties and requirements, which are listed below,
1. High chemical purity and stability at room temperature [22].

2. Photosensitivity is restricted to specific wavelengths [33].

3. High photochemical reactivity, with peak light absorption ideally between 600 nm
and 800 nm. Absorption beyond 800 nm lacks the energy required to activate

oxygen into its singlet state and produce other reactive oxygen species [33].

4. Absorption minimum between 400 nm and 600 nm, preventing excessive

photosensitivity due to sunlight exposure [34].

5. Absorption bands that do not overlap with those of other substances in the body,

such as melatonin, hemoglobin, or oxyhemoglobin [33].
6. Minimal cytotoxicity in the absence of light [35].
7. Easy solubility in bodily tissues [36].

8. High selectivity for neoplastic tissues, with slow elimination from affected areas
to ensure prolonged exposure, coupled with quick elimination from healthy tissues
to minimize phototoxic side effects [37].

9. Cost-effective and straightforward synthesis, ensuring accessibility [38].
1.7. Generations of Photosensitizers

PDT was first applied in medicine by first-generation PSs, which were primarily derived
from naturally occurring porphyrins. Hematoporphyrin and photofrin are two examples
of how PDT is used in cancer treatment. First-generation PSs had drawbacks like poor

absorption and dark cytotoxicity, even though they were initially effective [39].

Second-generation PSs, such as 5-aminolevulinic acid and benzoporphyrin, were created
as a result of further research and development. These substances were created to address
these issues by exhibiting decreased phototoxicity and enhanced solubility. They still

presented problems with tissue damage and stability, though [40].



Third-generation PSs, which involve altering current medications to improve their
specificity and efficacy, are an advancement in PDT techniques as shown in Figure 1.5.
To improve localization at target sites, conjugation with targeting agents or encapsulation
into carriers like nanoparticles are employed. Although these developments are promising
for improving PDT results, the best PSs should have characteristics like stability, low
dark toxicity and high quantum vyield. More clinical research is needed to assess the
relative safety and efficacy profiles of various PSs, which will help shape the creation of

more powerful therapeutics for PDT applications [41].

2nd Generation PSs
Benzoporphyrin
5-Aminolevulinic Acid
Protoporphyrin X
Phthalocyanine
Chlorin

1t Generation PSs
Porphyrin
Hematoporphyrin

Antibody Conjugates
Encapsulated agents into carrier
(Liposomes, micelles, nanoparticles)

Figure 1.5. Selected examples of the 1st, 2nd, and 3rd generation of PSs
1.8. Light Source of PSs

There are two important phases in the photodynamic treatment process. The treatment is
started when light expose to the PSs molecule. Light sources like argon, argon-pumped
dye, metal vapor-pumped dye, solid state, optical parametric oscillators, and diode lasers
are among the available laser options as shown in Figure 1.6. As an alternative, non-laser
sources include fluorescent lamps, metal halide lamps, xenon arc lamps, tungsten filament
quartz halogen lamps, and phosphor-coated sodium lamps. Additionally, femtosecond
solid state lasers and light-emitting diodes (LED) can be employed for this purpose [42].
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Figure 1.6. Light source utilized in PDT, lamp, laser, and LED [1]
1.9. Ideal Photosensitizers
The list of properties for an ideal photosensitizer is given below [43].

1. Nontoxic Nature: To prevent the need for substitutes to chemotherapy, the
photosensitizer must be non-toxic, and its breakdown should not produce
hazardous byproducts [44].

2. Anti-carcinogenicity: It should not cause cancer or mutations, making it
impossible to treat one illness at the expense of another [45].

3. Elimination: To accomplish the clinically feasible removal of the photosensitizer
a prerequisite for potential retreatment without re-administration its half-life must
be considered [46].

4. Selectivity/targetability: If the photosensitizer is properly illuminated and
activated, it should preferably accumulate in target tissues to reduce damage to
healthy tissues [47].

5. Activation: Dependable activation by suitable light wavelengths is essential to
prevent inadvertent treatment [46].

6. Sunlight precautions: The tendency of PSs to build up in the skin makes it
imperative to take precautions against exposure to sunlight [48].

7. High Range of Administration: The photosensitizer ought to provide a range of
administration options, minimal administrative hassles, and user-friendliness
[49].
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Indications: Tailored safety and efficacy are ensured by specific indications for
various medical conditions [49].

Reliability: The photosensitizer must reliably reach target tissues and activate as
needed for successful therapy [50].

Pain-free therapy: As outpatient therapy is common, a photosensitizer causing
pain during or after treatment would hinder success [50].

Outpatient therapy: Patient-friendly and cost-effective outpatient administration
is preferred for PDT [51].

Availability: Commercial availability and easy reconstitution by local pharmacies
are desirable [47].

Cost: Wide PDT accessibility depends on cost-effectiveness [52].

Safety: The photosensitizer should not cause any negative side effects, such as
heart attacks, strokes, or clots [53].

Biochemistry: While non-soluble PSs might require appropriate carriers for
clinical use, water-soluble PSs can pass through the body with ease [54].

Wavelength: Deeper tissue penetration during activation is made possible by
longer wavelengths [54, 55].

Integrative ability: A good photosensitizer should work in tandem with other
medical interventions such as radiation, chemotherapy, and surgery [56].

Forgiving: To reduce the possibility of treatment overdosage, the photosensitizer
should withstand excessive illumination [57].

Transparency: Desired characteristics in an ideal photosensitizer include clear
indications of treatment success and support in reaching desired outcomes [54],
[57].

1.10. Nanomaterial Based Photosensitizers

Nanomaterials based PSs, are potentially useful strategy to improve PDT efficiency.

Several benefits can be obtained by adding photosensitizing agents to nanomaterial

platforms, such as nanoparticles, nanocarriers, or nanocomposites [58].

Enhancing stability and solubility of photosensitizing agents is one of the main benefits

of PSs based on nanomaterials. PSs can be bound or encapsulated by nanoparticles, which

prevents them from breaking down and lengthens their half-life in the body. Because of

its increased stability, the photosensitizer can be released at the target site under

controlled conditions. PSs can be specifically delivered to diseased tissues with the help

of nanomaterials. When targeting ligands like peptides or antibodies are added to
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nanoparticles, they become functional and can bind and recognize specific molecular
markers that are expressed on cancer cells. By minimizing off-target effects and
promoting photosensitizer accumulation within tumors, this targeted approach reduces

systemic toxicity and improves treatment outcomes [59].

Multimodal imaging and PDT are possible with nanomaterial-based PSs. Imaging agents,
like fluorescent dyes or contrast agents, can be engineered into nanoparticles to allow
real-time tumor visualization during treatment. This makes it possible to precisely track
the course of treatment and evaluate the effectiveness of therapy [60]. While there are
many benefits to using nanomaterial-based PSs, there are a few problems and
disadvantages with PDT that need to be fixed:

Biocompatibility and Toxicity: Several nanomaterials that are utilized as photosensitizer
carriers have the potential to be cytotoxic or to trigger immunological reactions in the
body. It is imperative to ensure the biocompatibility of these nanocarriers to reduce any
potential harm to healthy tissues [36, 61].

Nanoparticle Accumulation: Although passive or active targeting mechanisms of
nanomaterials can improve the accumulation of PSs at tumor sites, there is a risk of
nonspecific accumulation in organs other than tumor, which results in toxicity or off-
target effects [62].

Tissue Penetration: In tissues with dense extracellular matrices or deep-seated tumors,
certain nanomaterials may have limited tissue penetration depth. This may lessen the

effectiveness of treatment by preventing PSs from reaching their intended locations [63].

Biodegradation and Clearance: To avoid long-term accumulation in the body, which
could be harmful or interfere with regular physiological functions, the biodegradation and

clearance kinetics of nanomaterials must be carefully regulated [64].

Complex Synthesis and Characterization: The synthesis of nanomaterials frequently calls
for complex processes and exact control over the size, shape, and surface characteristics
of the particles. Ensuring batch-to-batch consistency and characterizing these

nanoparticles can be difficult and time-consuming tasks [65].
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Regulatory Obstacles: Safety, efficiency, and manufacturing standards regulations
present difficulties for treatments based on nanomaterials. Complying with strict
guidelines and conducting extensive preclinical testing are often necessary to meet

regulatory requirements for clinical translation [43].

Cost: The expense of producing and purifying nanomaterials for clinical use may prevent
them from being widely used and accessed, especially in healthcare settings with limited

resources [66].
1.11. Organic Photosensitizer

In contrast to nanotechnology-based PSs, organic based PSs have unique advantages,
when used as PDT. The advantages of organic based PSs are as under:

Biocompatibility: Compared to heavy metal-based nanomaterials, organic PSs are less
likely to cause cytotoxic effects or immune responses because they are frequently derived

from natural or biocompatible materials [17].

Chemical Diversity: A wide range of chemical structures and functional groups can be
synthesized into organic molecules, which makes it possible to precisely tune their
photophysical and photochemical characteristics to maximize the effectiveness of PDT
[54].

Targeting Efficiency: Targeting ligands or biomolecules can be readily added to organic
PSs to increase their accumulation in particular diseased tissues. This improves treatment

specificity and decreases off-target effects [55].

Biodistribution and Clearance: Because organic PSs can be naturally metabolized and
excreted from the body, there are typically fewer long-term toxicity issues associated with

them. This results in favorable biodistribution and clearance profiles [56].

Cost-Effectiveness: Compared to the production of complex nanomaterials, organic
synthesis methods are frequently more scalable and cost-effective, which makes organic
PSs more accessible for clinical translation and widespread adoption [17], [66].
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Regulatory Approval: Compared to innovative nanotechnology-based formulations,
many organic PSs have already undergone substantial preclinical and clinical evaluation

for PDT applications, which may speed up their regulatory approval and clinical use.
1.12. Introduction to Coumarin

The coumarin compound, which has a vanilla-like flavor, was first extracted from tonka
beans, bison grass, woodruff, mullein, lavender, licorice, strawberries, apricots, cherries,
cinnamon, and sweet clover, has varied biological activity and chemical properties. Both
free and combined forms of coumarin (coumarin glycoside) with glucose are possible as
shown in Figure 1.7. Since 1882, it has been a common ingredient in perfumes due to its
pleasant aroma, which is easily identified as that of freshly cut hay. For centuries,
traditional medicine has utilized coumarins, which are naturally occurring polyphenolics
that are found in a wide range of plants, fungi, and bacteria. Numerous qualities, including
antibacterial, antifungal, antioxidant, anti-inflammatory, anti-HIV, anticancer,
antituberculosis, anticoagulant, antiviral, and antidiabetic effects, are displayed by these
compounds. Plants produce coumarin through the processes of hydroxylation, glycolysis,
and cyclization of cinnamic acid. Due to its ability to suppress appetite, coumarin may be
found in many plants, particularly grasses, where it lessens the negative effects of grazing
[8]. Coumarins hold a significant place in both natural and synthetic organic chemistry
because of their possible uses in the fragrance, pharmaceutical, and agrochemical
industries. Certain derivatives can inhibit acetylcholinesterase, which could be useful in
the treatment of cancer. It also emphasizes the broad applications of coumarins in drug

development [9].

X

@) 0]
Figure 1.7. Coumarin Core

Because so many natural products have this heterocyclic nucleus, organic and medicinal
chemists have long been interested in the synthesis of coumarins and their derivatives.

Coumarins are extensively used as additives in food, fragrances, cosmetics,
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pharmaceuticals, dispersed fluorescent and laser dyes, insecticides, and optical
brighteners [3]. Many of the widely distributed, physiologically active substances found
in plants, known as coumarins, have been used in traditional medicine for thousands of
years. Coumarins have a variety of pharmacological properties, including antibacterial,
anti-HIV, anticancer, and anticoagulant properties. Among coumarins' many properties,
their antibacterial and anticancer properties stand out. Numerous structurally unique
coumarin derivatives have demonstrated strong cytotoxic effects both in vivo and in vitro.
Furthermore, their inhibitory effect on inflammatory cells outperformed that of any other
clinically available substance. The medicinal potential of specific coumarins is obvious,
since it is known that certain substituents are necessary to increase their actions [9, 67].
Numerous methods have been developed for the synthesis of coumarins due to their
natural occurrence, useful range of biological activity, and diverse pharmacological
properties. Pechmann, Perkin, Knoevenagel and Wittig reactions are among the
traditional pathways to coumarin. Many coumarin derivatives have been identified from
natural sources; the patterns of substitutions determine the pharmacological and

biochemical characteristics of these compounds [5, 9].
1.13. Synthesis
1.13.1. Knoevenagel Reaction

Knoevenagel reaction follow the principle of aldol condensation that forms carbon-
carbon bonds, when an aldehyde or ketone with an active hydrogen compound is present
in organic solvents along with a basic catalyst like piperidine, pyridine, ammonia, or
sodium ethoxide [67] as shown in scheme 1.1.

o o] Piperidiene \ COLEt

OH =
+
OEt EtO -H,0,-CO,

O 6}

Scheme 1.1. Preparation of Coumarin by the Knoevenagel method.
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1.13.2. Perkin Reaction

Perkin originally presented the condensation reaction of simple salicylaldehyde in the
presence of acetic anhydride as a means of constructing coumarin in 1968. A basic
reaction condition was met for the Perkin reaction of salicylaldehyde and acetic
anhydride, which resulted in o, B-unsaturated aromatic acid in the presence of sodium
acetate and intramolecular cyclization that produced the expected substituted coumarin

[9] as shown in scheme 1.2.

CHO
AcONa \
ACZO

OH 0 0

Scheme 1.2. Preparation of coumarin by the Perkin method.
1.13.3. Wittig Reaction

German chemist Georg Wittig made the discovery of this reaction known by its Wittig
name. In 1979, he was awarded the Nobel Prize in Chemistry for discovering this
important olefin synthesis. When aldehyde or ketone is combined with a triphenyl
phosphonium ylide, a Wittig phosphine reagent, the reaction produces phosphine oxide
as a byproduct and the anticipated olefin in good yields. Both drug molecules and
extremely significant natural products can be prepared using this system. Kumar et al.
followed the Wittig reaction route to prepare a variety of substituted coumarin derivatives
from corresponding phenols with an ortho-carbonyl group and triphenyl (a
carboxymethyl ene) phosphorane imidazole ylide. A good yield of olefin was reported.
The reaction's mechanism implies that the phosphorane intermediates are involved in the
process. The literature contains several reports on the synthesis of coumarin scaffolds
using the Wittig reaction, which begins with an aldehyde or ketone and ends with

phosphonium ylide [48] as shown in scheme 1.3.
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Scheme 1.3. Preparation of Coumarin by Witting reaction.
1.14. Targeted Based Photodynamic Therapy

PDT is recognized as an appealing therapeutic method due to its ability to selectively
eliminate targeted cells or tissues with minimal adverse effects. However, the difficulty
of selectively delivering PSs has hindered the clinical application of PDT. Recent research
has focused on developing strategies to enhance both the selectivity of PSs and the overall
efficacy of PDT [70]. One such approach involves conjugating PSs to antibodies,
enabling site-specific delivery without altering their biochemical properties. These PSs -
antibody conjugates, known as immunoconjugates, accumulate in targeted tumor cells,
thereby reducing the risk of damage to healthy tissues. Studies have shown that
immunoconjugates exhibit high selectivity for tumor cells and demonstrate enhanced
phototoxic effects in response to PDT [71]. For instance, immunoconjugates of the PSs
pyropheophorbide-a with anti-HER2 monoclonal antibodies significantly improved the
efficacy of PDT in breast and ovarian cancer cell lines. However, despite promising
results, antibody-targeted PDT has not yet been widely adopted for clinical use due to
challenges such as the detection of ideal antigens and potential hindrance by large

antibody molecules [72].

To overcome these limitations, researchers have explored alternative targeting strategies,
such as conjugating PSs to small molecules or peptides. For example, folate receptor-
targeted PDT utilizes PSs conjugates recognized by folate receptors overexpressed in
cancer cells, leading to selective delivery to cancer cells in vitro and in vivo. Similarly,
conjugating PSs to oligoarginine peptides or aptamers has shown promise in targeting
tumors effectively [73]. The key principle of PDT is the use of PSs that, when exposed to
specific wavelengths of light, produce cytotoxic reactive oxygen species, leading to

cancer cell death as shown in Figure 1.8.
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Figure 1.8. Killing of cancerous tumor cells by PDT [24]

However, the effectiveness of PDT largely depends on the choice of PSs. Many of the
currently available PSs have limitations, including low singlet oxygen quantum yields,
inadequate cancer cell targeting, and poor photostability. These limitations necessitate the
development of more effective and selective PSs to enhance the efficacy and safety of

PDT in cancer treatment [74].

Apoptosis is distinguished by hallmark cellular changes, including cellular shrinkage,
chromatin condensation and fragmentation, cell blebbing, and the formation of apoptotic
bodies. Notably, during apoptosis, there is no leakage of cellular contents. Necrosis is
characterized by cytosol and organelle swelling, followed by membrane breakdown and
the release of cellular contents into the surrounding environment [76]. Autophagy
involves the formation of autophagosomes, which encapsulate cellular components
targeted for degradation, followed by fusion with lysosomes to form autolysosomes as
shown in Figure 1.9. While autophagosomes and autolysosomes are the primary features
of autophagy, vacuolization may also occur in some instances [77]. These advancements
in PDT protocols demonstrate significant progress in more effective cancer treatments,

offering hope for improved outcomes and reduced side effects for patients.
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Figure 1.9. The three most noted pathways of cell death [75]
1.15. Organelle Targeting Photosensitizers

Subcellular organelles play crucial roles in cellular function, and their disruption can lead
to cell dysfunction and death. Therefore, achieving precise targeting of PSs to specific
organelles holds significant potential for improving the efficacy and safety of PDT. By
targeting PSs to organelles, it becomes possible to reduce PS dosage, minimize side
effects, avoid drug resistance, and enhance therapeutic outcomes. Organelle-targeted PSs
represent a novel approach for developing the next generation of PSs and offer promising
strategies for advancing precision medicine [78].

The recent targeting strategies aimed at different organelles, along with the corresponding
design principles for molecular and nanostructured PSs. These strategies encompass a
variety of approaches, including ligand conjugation, subcellular localization signals, and
nanocarrier-mediated delivery, among others as shown in Figure 1.10. By leveraging
these targeting strategies, researchers can precisely direct PSs to specific organelles such
as mitochondria, lysosomes, endoplasmic reticulum, and nuclei, thereby enhancing PDT

efficacy while minimizing off-target effects [79].
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Figure 1.10.  An innovative approach to PDT by specific designed PSs with different
organelle-targeting abilities [80]

1.15.1. Endoplasmic Reticulum Targeting Photosensitizers

Two novel Type | PSs with effective type | ROS generation capabilities, a-TPA-PIO and
B-TPA-PIO, were previously reported. They are derived from isomers of phosphindole
oxide. To provide insight into the molecular architecture of PSs based on the type |
mechanism, a thorough investigation of photophysical and photochemical mechanisms
was carried out. The in vitro findings show that these two PSs can effectively trigger ER-
stress-mediated apoptosis and autophagy in PDT by selectively accumulating in a neutral
lipid region of cells, specifically in the endoplasmic reticulum (ER) [80-86]. According
to in vivo models, a -TPA-PIO is capable of remarkable tumor ablation. The ER stress
based on ROS that is induced by PDT mediated by B-TPA-PIO has great potential to serve
as a precursor to the immunostimulatory effect in immunotherapy as shown in Figure
1.11. A thorough protocol for type I-based, purely organic PSs is presented in this work
[23].
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1.15.2. Nucleus Targeting Photosensitizers

A major challenge still lies in designing biologically active PSs that combine PDT and
chemotherapy in an efficient manner. Reported CQA which was a biologically active
photosensitizer that targets DNA by combining the photosensitizing moiety with the
DNA alkylating moiety chlormethine. CQA has been shown to function as an efficient
DNA-targeting and damage-causing chemotherapeutic agent via chlormethine through
DNA damage experiments and molecular docking. Meanwhile, when exposed to light,
CQA can significantly increase DNA damage [82], [83]. The addition of the
anthraquinone group, which has favorable redox characteristics and functions as an
electron acceptor to encourage electron transfer, is thought to be responsible for this
improvement presented in Figure 1.12. As a result, CQA effectively produces ROS of
both type I and type 11, which has a positive effect on PDT. Results from H&E staining,
IHC analysis, and in vivo tumor growth experiments have validated the antitumor
efficacy of CQA. The design of the study draws attention to targeted DNA damage and
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increased ROS production. This shows how important it is to use chemo and PDT together

to create effective cancer treatments [83].

Chemo-photodynamic synergy enhances
DNA damage to eliminate tumor

ROS

Nucleus

Figure 1.12. (A) Structure of CQA PSs (B) Intracellular ROS generation in the nucleus
(C) DNA damage because of oxidative stress [83]

1.15.3. Lysosome Targeting Photosensitizers

The reported pyridine-embedded phenothiazinium dye acted as highly effective and
potent PSs to selectively localize to lysosomes and photosensitivity to Kill cancer cells.
These dyes could be easily synthesized in a few short steps. Compound 5 was one of the
most effective in killing large solid tumors (approximately 300 mm?3) in a xenograft
mouse model without causing any apparent side effects. It was able to promote
intracellular ROS upon light irradiation by nearly 40-fold higher than that of methylene
blue (MB), a general phenothiazinium-based PS, presented in Figure 1.16. Compound 5
also demonstrated an impressive phototherapeutic index (P1 = 53.8) against HT29 cancer
cells. According to these findings, compound 5 of the pyrido-phenothiazinium dyes
developed here may be a promising lysosome-targeted PS for effective photodynamic

antitumor therapy [8] as shown in Figure 1.13.
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Figure 1.13. (A) Structure of PS (Compound 5) (B) Accumulation of PSs in lysosomes
inside the cancerous cell (C) In vivo Analysis [8]

1.15.4. Lipid Droplet Targeting Photosensitizers

Ferroptosis holds potential as an anti-tumor treatment since it is an iron-dependent lipid
peroxidation (LPO)-mediated cell death pathway [59]. The best method for producing
ROS for lung pain is PDT [84]. On the other hand, the typical PDT typically targets
subcellular organelles like the lysosome, mitochondria, and endoplasmic reticulum,
resulting in rapid cell death prior to ferroptosis. The first type | PS targets lipid droplets
(Ld) and has increased production of superoxide anion (0?7), known as MNBS, is
described here. After irradiation, the newly designed PS selectively localizes at Ld in cells
and causes cellular LPO accumulation by producing enough O*”. This leads to
ferroptosis-mediated chronic PDT, which achieves highly effective anti-tumor PDT in
both normoxia and hypoxia. Comprehensive characterizations and theoretical
calculations suggest that the dispersed molecular electrostatic distribution-induced
elevated H-aggregation tendency is the source of the MNBS's Ld targeting property and
enhanced O?~ generation. Additional in vivo investigations employing liposomes

encapsulated with MNBS showcase the remarkable anti-cancer and anti-metastatic
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properties. This work presents a type | PS paradigm reinforced by H-aggregation for

ferroptosis-mediated PDT [85] as shown in Figure 1.14.
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Figure 1.14. (A) Lipid droplet localized structure (MNBS) (B) with enhanced singlet
oxygen generation capability (C) Confocal images of MNB staining Ld of
cancerous cells (D) Intracellular ROS generation in cancerous cells [85]

1.15.5. Plasma Membrane Targeting Photosensitizers

Cell plasma membrane is the primary barrier that protects cells from the extracellular
environment and facilitates diverse biological processes, including immunologic
response elicitation, signal transduction, and inorganic ion trafficking [68]. Cell plasma
membrane is an ideal target for PDT [32]. Na Zaho et al. recently reported TPE-based
AlEgens (TPTB and TPTH) [68], which efficiently generated ROS through both energy
and electron transfer pathways. The presence of bromine (Br) in TPTB enhances its ROS
generation efficiency due to the heavy atom effect. Moreover, TPTB optimal lipophilicity
enables it to selectively image the cell plasma membrane with high specificity and long-
term retention capability. Importantly, TPTB appropriate lipophilicity also allows it to
withstand changes in plasma membrane potential. By efficiently generating ROS, TPTB
demonstrates a membrane-targeted PDT effect, effectively eliminating cancer cells. This
research presents a valuable molecular tool for investigating the mechanisms underlying

membrane-associated cellular homeostasis as shown in Figures 1.15. and 1.16 [7, 26].
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Figure 1.15. (A) Structure of TPTB (B) Confocal cell images of TPTB staining on Cell
plasma membrane (C) Mechanism of ROS generation (D) Cell death
images under confocal microscope [25]
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Figure 1.16. Confocal laser scanning microscopy (CLSM) images were obtained of
HeLa cells co-stained with TPTB at a concentration of 10 umol/L, along
with various organelle trackers. The images reveal the spatial distribution
and co-localization of TPTB with different cellular organelles.
Additionally, long-term images were captured of HelLa cells treated with
TPTB or DiD, providing insights into the temporal dynamics of TPTB
uptake and localization within the cells. The scale bar in the images
represents 10 pum, providing a reference for the size of the observed
cellular structures [25].
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In conclusion, coumarin was used for the synthesis of various medical drug, because of
the efficient results and easily availability of coumarin in nature. coumarin based
photosensitizers are not much explored for the PDT applications, thus we designed novel
photosensitizers based on that coumarin core. Plasma membrane is proved to be the most
suitable and effective place for the targeted PDT [25]. The designed PSs are specifically
targeted towards plasma membrane and have strong binding ability with excessively
present phospholipids in plasma membrane by using electrostatic and hydrophobic

interaction Figure 1.17.

Electrostatic
interaction

Hydrophobic
interaction

TPAV-CM-Py TPAV-CM-Py-Me B

Figure 1.17. (A) Represent the molecular structures of designed TPAV-CM-Py-Me and
TPAV-CM-Py  photosensitizers (B) Interaction of  designed
photosensitizers with phospholipids of cell membrane



CHAPTER 2

MATERIAL AND METHODS

2.1. Chemicals and Reagents

Listed below, chemicals and apparatus for In vitro analysis were purchased from (Sigma

Aldrich) Germany.

1. 4-Bromo-2-hydroxybenzaldehyde
2. Ethyl acetate

3. Piperidine

Sodium hydroxide

Ethyl acetoacetate

Ammonium acetate

Acetic acid

Toluene

© ®© N o g &

Sodium carbonate

10. Tetrakis (triphenylphosphine)palladium
11. Acetonitrile

12. Methyl iodide

13. Acetone

14. Potassium hexafluorophosphate

15. 1-Bromo-4-vinylbenzene

16. Palladium (I1) acetate

17. Tri(o-tolyl) phosphine

18. Triethylamine

19. Various laboratory solvents (e.g., dichloromethane, n-hexane, petroleum ether)
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20. Cell culture media and related materials for in vitro testing
2.2. Laboratory Equipment

The chemical structures of the intermediates and final products were characterized by
nuclear magnetic resonance (NMR) spectroscopy (via a Bruker DRX-400 MHz
spectrometer) in DMSO-d6 at room temperature. UV— vis spectra were recorded with a
UV- vis spectrophotometer (Perkin Elmer Lambda-25). Molecular size was recorded on
Zetasizer (Malvern Nano ZS-90). SEM and STEM images were recorded on an Electron
Microscope (ZEISS GEMINI-500). Fluorescence spectra were recorded on a
fluorescence spectrofluorophotometer (Cary Eclipse - Germany). A confocal laser
scanning microscope (ZEISS LSM-900, 63x /oil confocal mode) was used to record the

confocal images.
2.3. Procedure of TPAV-CM-Py-Me and TPAV-CM-Py Photosensitizer Synthesis

TPAV-CM-Py-Me and TPAV-CM-Py were synthesized through multi-step synthetic
protocol. Designed PSs represent in Figure 2.1.

TPAV-CM-Py

Figure 2.1. (A and B) represent the molecular structures of TPAV-CM-Py-Me and
TPAV-CM-Py photosensitizers
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2.4. Synthesis of TPAV-CM-Py-Me

Step 1
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CHO o O
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+ /\o o/\ ’
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Scheme 2.1. Synthesis of TPAV-CM-Py-Me photosensitizers.
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2.4.1. Synthesis route of TPAV-CM-Py-Me Photosensitizers
2.4.1.1. Synthesis of ethyl 7-bromo-2-oxo-2H-chromene-3-carboxylate

4-Bromo-2-hydroxybenzaldehyde (0.5 g, 2.487 mmol), ethyl acetoacetate (0.486 g, 3.731
mmol), and piperidine (2.487 mmol) were added to 10 mL of absolute ethanol, and the
resulting mixture was refluxed for 4 hours. After cooling the mixture to room temperature,
a yellow precipitate (0.38 g) was obtained, which was vacuum filtered, washed with cold
ethanol, and dried under vacuum overnight (yield:70%). *H-NMR (DMSO-d6, 400 MHz)
d/ppm: 1.31 (t, J =8 Hz, 3H), 4.30 (m, 2H), 7.60 (d, J =8 Hz, 1H), 7.76 (s, 1H), 7.85 (d,
J=8Hz, 1H), 8.74 (s, 1H).

2.4.1.2. Synthesis of 7-bromo-2-oxo-2H-chromene-3-carboxylic acid

10% NaOH aqueous solution mixed with ethyl 7-bromo-2-oxo-2H-chromene-3-
carboxylate, and thereafter 15 mL ethanol absolute was added. Reaction mixture refluxed
for 2 hours. Thereafter, ethanol was removed under vacuum and the resulting solution
was treated with 6M solution of HCI to bring the pH to 2. The resulting precipitate (0.35
g) was collected through filtration and washed with water and dried under vacuum
overnight (yield: 91.7%). which was used for the next step without further purification

and characterization.
2.4.1.3. Synthesis of 7-bromo-2-oxo-2H-chromene-3-carbonyl chloride

7-bromo-2-ox0-2H-chromene-3-carboxylic acid (0.35 mg, 0.0013 mmol) was added to
thionyl chloride (2 mL) and refluxed the reaction mixture at 76°C for 1 h. Thereafter,
thionyl chloride was removed via a rotary evaporator to get solid white color powder
(0.276 g), which was dried under vacuum for 1 hour and freshly used for the next step

without further characterization and purification.
2.4.1.4. Synthesis of 7-methyl-2-oxo-N-(pyridin-4-yl)-2H-chromene-3-carboxamide

7-bromo-2-o0x0-2H-chromene-3-carbonyl chloride (0.3 3g, 1.0435 mmol) and 15 mL
dichloromethane were added to the flask and then purged with nitrogen gas. Sonicated
under nitrogen gas to get it dissolved. On the other hand, with pyridin-4-yl methanamine
(0.124 g, 1.15 mmol) or 0.117 ml of triethyl amine (0.127 g, 1.252 mmol) added in DCM
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(6 mL), the reaction mixture was injected dropwise, which on the first contact produced
HCI fumes with the brown and white color. Placed that reaction overnight reflux at room
temperature. Obtained white precipitate, which was filtered under vacuum, washed
sequentially with DCM, and dried under vacuum (yield:78%).'H-NMR (DMSO-d6, 400
MHz) &/ppm: 4.56 (d, J = 8 Hz, 2H), 7.32 (d, J = 4 Hz, 2H), 7.65 (d, J = 8 Hz, 1H), 7.86
(s, 1H), 7.92 (d, J =8 Hz, 1H), 8.50 (d, J = 8 Hz, 2H), 8.85 (s, 1H), 9.21 (t, J =4 Hz, 1H).

2.4.1.5. Synthesis of (E)-7-(2-(4'-(diphenylamino)-[1,1'-biphenyl]-4-yl) vinyl)-2-oxo-
N-(pyridin-4-yl)-2H-chromene-3-carboxamide

7-methyl-2-oxo-N-(pyridin-4-yl)-2H-chromene-3-carboxamide (0.175 g, 0.507 mmol),
N,N-diphenyl-4'-vinyl- [1,1'-biphenyl]-4-amine (0.158 g, 0.406 mmol), palladium(ll)
acetate (0.0114 g, 0.0507 mmol), tri(o-tolyl)phosphine (0.031 g, 0.1014 mmol), and
Triethylamine (0.721 g, 7.098 mmol or 1 mL) were combined in a Schlenk flask and
degassed multiple times. Subsequently, 4.0 mL of absolute ethanol, 14.0 mL of toluene,
and 2.0 mL of deionized water were added to the flask. The resulting mixture was stirred
under nitrogen at 90°C for 12 hours. The reaction's progress was monitored by thin-layer
chromatography. After completion, the reaction mixture was cooled to room temperature
and extracted with dichloromethane. The organic phase was dried over anhydrous
Na>SOs, filtered, and concentrated using a rotary evaporator. The crude product was
purified by column chromatography using a 2:1 (vol/vol) mixture of ethyl acetate and n-
hexane. The purified product (0.183 g) was dried under vacuum overnight (Yield:68%).
'H-NMR (DMSO0-d6, 400 MHz): §/ppm 4.58 (s, 2H), 7.06 (m, 8H), 7.36 (m, 7H), 7.64
(m, 9H), 7.95 (d, J = 8 Hz, 9H), 8.51 (d, J = 8 Hz, 2H), 8.83 (s, 1H), 9.22 (s, 1H).

2.4.1.6. Synthesis of E)-4-(7-(2-(4'-(diphenylamino)- [1,1'-biphenyl]-4-yl) vinyl)-2-

ox0-2H-chromene-3-carboxamido)-1-methylpyridin-1-ium

(E)-7-(2-(4'-(diphenylamino)-[1,1'-biphenyl]-4-yl)vinyl)-2-oxo-N-(pyridin-4-yl)-2H-

chromene-3-carboxamide (0.1 g, 0.1635 mmol) was mixed with iodomethane (0.462 g,
3.27 mmol or 250 pL) in the presence of 15 mL of acetonitrile as solvent. The mixture
was refluxed at 90°C overnight. Upon completion of the reaction, the solvent was
evaporated using a rotary evaporator. The remaining residue formed a crimson-red

precipitate in the presence of ethyl acetate, which was collected by vacuum filtration. The
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crimson red precipitate was obtained as the product and used for the next step without

further characterization or purification (yield:54%).
2.4.1.7. lon Exchange

(E)-4-(7-(2-(4'-(diphenylamino)-[1,1'-biphenyl]-4-yl)vinyl)-2-oxo0-2H-chromene-

3carboxamido)-1-methylpyridin-1-ium (0.85 g, 1.477 mmol) was mixed with 5 mL of
acetone, and a 6 mL saturated solution of potassium hexafluorophosphate was added
dropwise. The mixture was stirred for 2 hours at room temperature. The resulting
precipitate was collected by filtration, washed with water, and dried under vacuum
overnight. *H-NMR (DMSO-d6, 400 MHz) &/ppm: 4.29 (s, 3H), 4.81 (d, J = 8 Hz, 2H),
7.07 (m, 8H), 7.38 (m, 6H), 7.70 (m, 9H), 8.00 (m, 6H), 8.86 (m, 2H), 9.45 (t, J = 8 Hz,
1H). 3CNMR (100 MHz, DMSO-d6): &/ppm= 42.79, 47.67, 113.66, 117.92, 118.03,
123.58, 123.85, 124.73, 125.69, 126.90, 127.09, 127.97, 128.19, 130.10, 131.06, 133.14,
133.59, 135.44, 140.13, 144.11, 145.49, 147.42, 147.92, 147.92, 150.48, 155.29, 159.40,
162.70. HRMS (ESI): (m/z) Calculated for C43H34N303* [M] * 640.2625 found 640.2584.
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2.5.1. Synthesis of TPAV-CM-Py Photosensitizers

The synthesis methodology for TPAV-CM-Py photosensitizers is the same as that for
TPAV-CM-Py-Me, as mentioned in schemes 2.1 and 2.2. It was prepared according to
the protocol adopted for TPAV-CM-PY-ME. The synthetic scheme and the reaction

conditions are given below in Scheme 2.
Step 1 to step 3 is same as above-mentioned protocol for TPAV-CM-Py-Me.

2.5.1.1. Synthesis of 7-bromo-2-oxo-N-(pyridin-4-ylmethyl)-2H-chromene-3-

carboxamide

7-bromo-2-oxo0-2H-chromene-3-carbonyl chloride (0.3 g, 1.0435 mmol) and
dichloromethane were added in a flask, then purged with nitrogen gas, sonicated under a
nitrogen gas balloon to get it dissolved. On the other hand, pyridin-4-amine (0.124 g, 1.15
mmol) or 0.117 ml, Triethylamine (0.127 g, 1.252 mmol) or 0.175mL added in DCM (6
mL), the reaction mixture was injected dropwise, which on the first contact produced HCI
fumes with the brown and white color. Placed that reaction overnight reflux on room
temperature. Obtained white precipitate (0.234 g), which was filtered under vacuum,
washed sequentially with DCM, and dried under vacuum (yield: 74.6%). *H-NMR
(DMSO0-d6, 400 MHz) &/ppm: 7.70 (m, 3H), 7.93 (m, 2H), 8.51 (d, J = 4 Hz, 2H), 8.88
(s, 1H), 10.85 (s, 1H).

2.5.1.2. Synthesis of (E)-7-(2-(4'-(diphenylamino)-[1,1'-biphenyl]-4-yl)vinyl)-2-oxo-
N-(pyridin-4-yl)-2H-chromene-3-carboxamide

I7-methyl-2-oxo-N-(pyridin-4-yl)-2H-chromene-3-carboxamide (0.183 g, 0.567 mmol),
N,N-diphenyl-4'-vinyl-[1,1'-biphenyl]-4-amine (0.15 g, 0.406 mmol), palladium (II)
acetate (0.0114 g, 0.0507 mmol), tri(o-tolyl)phosphine (0.031 g, 0.1014 mmol), triethyl
amine (0.721 g, 7.098 mmol), were mixed in a Schlenk flask and degassed multiple times.
Thereafter, 4.0 mL absolute ethanol, 14.0 mL toluene, and 2.0 mL deionized water were
injected into the Schlenk flask. The resulting mixture was stirred under nitrogen at 90°C
for 12 hours. The reaction's progress was monitored by thin-layer chromatography. After
completion, the reaction mixture was cooled to room temperature and extracted with

dichloromethane. The organic phase was dried over anhydrous Na>SOg, filtered, and
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concentrated using a rotary evaporator. The crude product was purified by column
chromatography using a 2:1 (vol/vol) mixture of ethyl acetate and n-hexane. The obtained
product was dried under vacuum overnight (0.138 g, yield:68%). *H-NMR (DMSO-ds6,
400 MHz) &/ppm: 7.07 (d, 8H), 7.36 (t, 6H), 7.98 (s, 10H), 8.52 (s, 2H), 8.87 (s, 1H),
10.82 (s, 1H).

2.5.1.3. Synthesis of (E)-4-(7-(2-(4'-(diphenylamino)- [1,1'-biphenyl]-4-yl)vinyl)- 2-

o0x0-2H-chromene-3-carboxamido)- 1-methylpyridin-1-ium

(E)-7-(2-(4'-(diphenylamino)-[1,1'-biphenyl]-4-yl)vinyl)-2-oxo-N-(pyridin-4-yl)-2H-

chromene-3-carboxamide (0.1 g, 0.1635 mmol) mixed with iodomethane (0.462 g, 3.27
mmol) or 250 pL will be used in the presence of the solvent acetonitrile (15 mL) refluxed
at 90 °C overnight. After the completion of the reaction, the solvent gets evaporated by a
rotary evaporator. The remaining were settled down as red colored precipitate in the
presence of ethyl acetate. which filtration using a vacuum collects further. Crimson red
color precipitate was formed 0.63 g (yield: 42%). The product formed used for the next

step without any further characterization and purification.
2.5.1.4. lon Exchange

(E)-4-(7-(2-(4'-(diphenylamino)-[1,1'-biphenyl]-4-yl)vinyl)-2-oxo0-2H-chromene-

3carboxamido)-1-methylpyridin-1-ium (0.1 g, 1254 mmol) mixed with 5 ml acetone and
6 ml of saturated solution of potassium hexafluorophosphate. Stir the mixture for 2h at
room temperature. The resulting precipitate was collected through filtration and washed
with water, and dried under vacuum overnight. *H-NMR (DMSO-d6, 400 MHz) &/ppm:
4.18 (s, 3H), 7.07 (m, 8H), 7.37 (m, 5H), 7.69 (m, 9H), 8.01 (d, J = 8 Hz, 1H), 8.28 (d, J
= 8 Hz, 2H), 8.77 (d, J = 8 Hz, 2H), 8.93 (s, 1H), 11.59 (s, 1H). *CNMR (100 MHz,
DMSO-d6): d/ppm= 46.94, 100.07, 113.98, 116.27, 117.81, 117.89, 123.52, 123.87,
124.75, 124.10, 124.75, 126.85, 126.90, 127.95, 128.26, 130.10, 131.46, 133.41, 133.64,
135.31, 140.19, 144.96, 146.62, 147.41, 147.48, 149.35, 149.44, 150.99, 155.35, 160.43,
162.80. HRMS (ESI): (m/z) Calculated for C42H32N30s™ [M] * 626.2438 found 626.2419.

2.6. Cytotoxicity study

To determine the light/dark field cytotoxicity of the prepared TPAV-CM-Py-Me and
TPAV-CM-Py, cell viability was evaluated on MCF-7 breast cancer cell line by MTT
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assay. Briefly, MCF-7 cells in 100 ul complete DMEM culture medium (Dulbecco’s
Modified Eagle’s Medium, High Glucose) supplemented with 10% FBS (Fetal Bovine
Serum) were transferred to a 96-well plate and incubated at 37°C with moisture
containing 5% CO; for 24 h (5 x 10%well). The cells were then treated with TPAV-CM-
PY-Me and TPAV-CM-Py at different concentrations (0—5 uM/mL) for 24h. To perform
a comparative analysis of dark field toxicity and light field toxicity, two different plates
were prepared under the same conditions. One of the plates was exposed to white light
for 30 minutes, while the other was incubated in a dark environment during this time.
Then, 20 pl of MTT at a concentration of 5 mg/mL was added to each well and incubated
for 4 h. Following the removal of the solution from each well, 100 uL of DMSO was
added. The absorbance of each well was then measured at 570/640 nm with a microplate
reader (Multiskan FC, Thermo-Scientific, USA), and the cell viability was calculated

using the given formula.
Cell viability (%) = (ODsampte — ODsglank) / (ODcont control — ODglank) * 100%
2.7. In Vitro Analysis

A confocal plate was used for live-cell imaging of the prepared molecules and 5 x 103
MCEF-7 cells per well were seeded in a similar procedure as in cytotoxicity assays. After
24 h incubation, TPAV-CM-Py-Me and TPAV-CM-Py (10 umol/L) were added to the
wells with fresh media. After 2 h incubation, the media was removed, and the cells were
washed with PBS twice. After adding a culture medium containing Hoechst-33342 at a
concentration of 1uM/mL, the cells were incubated for 5 minutes, washed with PBS, and

examined using a confocal microscope.
2.8. Singlet Oxygen Generation

2.8.1. Singlet Oxygen Detection in Agqueous Medium (Extracellular ROS
Generation)

Extracellular ROS generation was evaluated by ABDA, which is a standard commercial
indicator for 1O, detection. In detail, aqueous solutions of TPAV-CM-Py-Me (20 uM)
and ABDA (150 uM) were mixed in a 1:1 ratio to get 10 uM and 75 pM final working
solution concentrations of TPAV-CM-Py-Me and ABDA, respectively. The mixture was
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irradiated under white light (LED Lamp: 15 watt) for 10-180 seconds, The decomposition
of ABDA at 378 nm was studied via a UV-visible spectrophotometer. To ensure the
effectiveness of our synthesized photosensitizer, commercial PSs Rose Bengal (10 uM)
were used using the same procedure as for TPAV-CM-Py-Me, and the decomposition of
ABDA was studied at 378 nm. Same procedure was followed of TPAV-CM-Py

extracellular singlet oxygen generation experiment.
2.8.2. Singlet Oxygen Detection in Cancer Cells (Intracellular ROS Generation)

To determine the ability of the designed TPAV-CM -Py-Me and TPAV-CM-Py to
produce reactive oxygen species (ROS), the MCF-7 cells were cultured in a 96-well plate
with 5 x 10° cells and incubated overnight. After incubation, the culture medium
containing different concentrations of molecules was replaced. After 2 h incubation, the
medium was removed and washed twice with PBS. Medium containing 2',7'-
Dichlorofluorescein diacetate (DCFH-DA) at a concentration of 20 uM/mL was added
and incubated for 30 min. Afterward, the existing medium was replaced with a fresh
medium. The light was exposed (LED Lamp: 15 watt) for 30-40 min, and images were

taken using a confocal microscope.



CHAPTER 3

RESULTS AND DISCUSSION

3.1. Characterization of TPAV-CM-Py-Me and TPAV-CM-Py

TPAV-CM-Py-Me and TPAV-CM-Py were designed and synthesized successfully by
Heck cross-coupling reaction and the synthetic protocols are shown in (Scheme 2.1-2.4).
The chemical structures of the intermediates and final products were characterized by
nuclear magnetic resonance (NMR) spectroscopy and high-resolution mass spectrometry
(HRMS). The NMR results for TPAV-CM-Py-Me are shown in Figure 3.1 and 3.2, while
for TPAV-CM-Py are shown in Figure 3.4 and 3.5. HRMS results for TPAV-CM-Py-Me
and TPAV-CM-Py are shown in Figures 3.3 and 3.6, respectively.
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Figure 3.1. *H-NMR spectrum of TPAV-CM-Py-Me
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Figure 3.2. 3C-NMR spectrum of TPAV-CM-Py-Me
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Figure 3.3. High resolution mass spectrum of TPAV-CM-Py-Me
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Figure 3.5. C-NMR spectrum of TPAV-CM-Py
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Figure 3.6. High resolution mass spectrum of TPAV-CM-Py
3.2. Photophysical Property

Photophysical properties of the designed AlEgens were studied using fluorescence and
ultraviolet-visible (UV-vis) spectroscopy. The UV-vis spectra of TPAV-CM-Py-Me and
TPAV-CM-Py were obtained in chloroform and the results are shown in Figures 3.8 (A)
(TPAV-CM-Py-Me) and 3.9 (A) (TPAV-CM-Py), which exhibit the absorption maxima
at 434 nm and 442 nm, respectively. For fluorescence emission spectra, we tried different
solvents (Figure 3.7) to choose the best solvent, as AIE molecules are normally non-
fluorescent or weakly fluorescent in their solution forms. One can see Figure 3.7 (B) that
TPAV-CM-Py-Me shows best fluorescence in chloroform, while in the other common
organic solvents, such as acetone, dichloromethane, ethyl acetate, and tetrahydrofuran, it
is either non-fluorescent or weakly fluorescent. On the other hand, TPAV-CM-Py (Figure
3.7 D) exhibits intense fluorescence in tetrahydrofuran, while in the other common
organic solvents, such as chloroform, acetone, dichloromethane, and ethyl acetate, it is
either non-fluorescent or weakly fluorescent. Therefore, chloroform and tetrahydrofuran
were chosen to record the fluorescence emission spectra for TPAV-CM-Py-Me and
TPAV-CM-Py, respectively. One can see from Figure 3.8 (B) that TPAV-CM-Py-Me

exhibits emission maxima at 640 nm, while TPAV-CM-Py 3.9 (B) shows the maximum
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emission peak at 553 nm. The polarity index of THF is lower than chloroform, because
TPAV-CM-Py exhibited blue shift owing to its donor-acceptor nature. The results
revealed that synthesized compounds had strong absorption intensity and emission
intensity in the visible region, thus indicating that the synthesized compounds have good
fluorescence properties.

Day Light Under UV-Longer wavelength

» pd—

TPAV-CM-Py-Me

Q&

TPAV-CM-Py

Figure 3.7.  Analysis of TPAV-CM-Py-Me and TPAV-CM-Py in different solvents
under day light and UV-Lamp

To analyze the AIE properties of our synthesized photosensitizer, the fractions of DMSO/
Toluene were studied. In pure DMSO no fluorescence was observed, with the fraction
ranging from 10 to 99%. However, the AIE phenomenon was observed significantly
when fraction of toluene was increased from 90 to 99%, as presented below in Figure 3.8
(C and D). TPAV-CM-Py-Me showed maximum fluorescence at 99% in DMSO/Toluene
fraction (based on volume). While TPAV-CM-Py showed maximum fluorescence at 90%
in DMSO/Toluene fraction (based on volume) as shown in Figure 3.9 (C and D). The
results indicate that the Stokes shifts for TPAV-CM-Py-Me and TPAV-CM-Py are
approximately 212 nm and 110 nm, respectively. These large Stokes shifts values
suggested that the compounds can be used as biomedical applications to prevent self-

quenching.
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TPAV-CM-Py-Me: (A) Absorption spectrum in chloroform, (B) emission
spectrum in chloroform. (C) Emission FL spectra of TPAV-CM-Py-Me in
the DMSO/toluene mixtures with different toluene fractions (based on the
volume). (D) Plot of the TPAV-CM-Py-Me FL intensity as a function of
the toluene fraction. The data were extracted from the maximal FL
intensities of the curves. The concentration of TPAV-CM-Py-Me was 10

‘M
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Figure 3.9. (A and B) TPAV-CM-PY has Absorption and fluorescence (FL) emission
spectra of 442 nm and 553 nm, respectively. (C) Emission FL spectra of
TPAV-CM-Py in the DMSO/toluene mixtures with different toluene
fractions (based on the volume). (D) Plot of the TPAV-CM-Py FL
intensity as a function of the toluene fraction. The data were extracted from
the maximal FL intensities of the curves. The concentration of TPAV-CM-
Py was 10*M

3.3. Dynamic Light Scattering Characterization Results

The sizes of the aggregated molecules of TPAV-CM-Py-Me and TPAV-CM-Py were
determined using the dynamic light scattering (DLS) technique. The results revealed that
TPAV-CM-Py-Me has a narrow size distribution ranging from 90 to 110 nm, whereas
TPAV-CM-Py exhibited a broader size distribution in the range between 10 nm and 160
nm, as shown in Figure 3.10. This result suggested that this type of size distribution is
useful for biomedical applications.
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Figure 3.10. (A and B) represents the DLS analysis of TPAV-CM-Py-Me. (C and D)
represent the DLS analysis of TPAV-CM-Py

3.4. SEM and STEM Characterization Results

To verify the nano-size aggregation of the synthesized molecules, scanning transmission
electron microscopy (STEM) was performed. Scanning electronic microscopy (SEM)
analyses were conducted to confirm the morphology of designed PSs. For these analysis,
TPAV-CM-Py-Me was prepared in a solution consisting of 990 uM/mL toluene and 10
uM/mL DMSO solution of TPAV-CM-Py-Me. Similarly, TPAV-CM-Py was prepared
using 900 uM/mL toluene and 100 uM/mL DMSO solution of TPAV-CM-Py. The results
are depicted in Figure 3.11. STEM analysis revealed that the TPAV-CM-Py and TPAV-
CM-Py-Me has both the size of 200 nm. SEM revealed the round shape morphology of
synthesized PSs.
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200 nm

Figure 3.11. (A and B) represent the SEM and STEM results of TPAV-CM-Py-Me,
respectively. (C and D) represent SEM and STEM results of TPAV-CM-
Py, respectively

3.5. Light-Triggered 'O2 Generation

The singlet oxygen species produced by AIE were further examined using white light
(LED) as a radiation source, as its absorption wavelengths fall within the visible spectrum.
The 'O, generation ability of the two AIE-PSs were assessed using a 9,10-anthracenyl-
bis (methylene)-di malonic acid (ABDA) as ROS sensor. The photostability of the ABDA
sensor was also examined under the white light source in Figure 3.12 (A) to prove the
stability. To compare the ROS generation ability of designed AIE-PSs, a commercially
available photosensitizer named Rose Bengal was used. The graph given in Figure 3.12

(B) revealed that the degradation rate of ABDA was poor in the presence of Rose Bengal.
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Figure 3.12. (A) Absorption spectra of ABDA in the presence of white light irradiation
B) Breakdown of ABDA in the presence of Rose Bengal (C) Breakdown
of ABDA in the presence of TPAV-CM-Py-Me photosensitizer with white
light irradiation (D) Breakdown of ABDA in the presence of TPAV-CM-
Py photosensitizer with white light irradiation

Experiments with TPAV-CM-Py-Me, TPAV-CM-Py, and Rose Bengal in the presence
of ABDA were performed under the same conditions. TPAV-CM-Py-Me decomposes the
ABDA in the first 120 sec, while TPAV-CM-Py decomposes the ABDA completely in
the first 60 sec (Figure 3.12 C and D). The lower decomposition ability of TPAV-CM-
Py-Me may be because of an extra methylene bridge near its acceptor site, while TPAV-

CM-Py has higher ROS generation ability which may be due to the presence of higher

conjugation in its structure as compared to TPAV-CM-Py-Me. All these results indicated

that the designed PSs have excellent ability to produce ROS as than commonly used

commercially available Rose Bengal.
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3.6. Cell Imaging

After observing the ROS generation properties of synthesized TPAV-CM-Py-Me and
TPAV-CM-Py in water, their interaction with mammalian and cancer cells was also
studied.

3.6.1. Cytotoxicity Analysis

The cytotoxicity of TPAV-CM-Py-Me and TPAV-CM-Py was evaluated using the 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. MCF-7
cells, a model cell line representative of breast cancer tissue, were incubated with varying
concentrations (0-5 uM/mL) of TPAV-CM-Py-Me and TPAV-CM-Py for 24 h. As
shown in Figure 3.5., both compounds exhibited negligible toxicity towards MCF-7 cells

in the absence of light, indicating good cytocompatibility.

The photo-induced toxicity of TPAV-CM-Py-Me and TPAV-CM-Py were studied under
white light irradiation (LED Lamp: 15 watt) by using MCF-7 cancer cell line and the
results are demonstrated in Figure 3.13 (A and B). One can see from Figure 3.13 that after
40 minutes of intense white light irradiation, TPAV-CM-Py-Me achieved approximately
92% cancer cell eradication, whereas TPAV-CM-Py resulted in around 60% cancer cell
death. AIE-PSs showed good photodynamic ablation of cancerous cells owing to their
significant ROS generation. The results of dark and light toxicity are shown in Figure
3.13.
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Figure 3.13. (A) TPAV-CM-Py-Me: cell viability results under light and dark (B)
TPAV-CM-Py: cell viability results under light and dark
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3.6.2. Confocal Results of live Cell Imaging

Confocal laser scanning microscopy (CLSM) was used for AlEgens cell imaging
applications. By incubating MCF and MDA-MB-231 cancer cells with both AlEgens (10
uM/mL) for 30 minutes, intense green, fluorescent signals were observed from the cell
plasma membrane under confocal microscope (Figure 3.14 B and Figure 3.15 B). To
confirm their precise cellular locations/distribution, a co-localization experiment was also
performed with a commercial cell membrane staining dye (DiD), nucleus staining dye
(Hoechst 33342) and the results are shown in Figures 3.14 (A and C) and 3.15 (A and C),
respectively. Both AlEgens overlapped well with DiD, as shown in Figure 3.14 (D) and
3.15 (D), which confirms that our synthesized AlEgens can stain the plasma membrane
of MCF-7 cancer cell line. In Figure 3.14 (C) a little blue fluorescence is also observed at
the PM of MCF-7 cells, which might be due to the excitation of TPAV-CM-M-Py by the
blue channel, owing to its broad absorption range between 360 nm-500 nm (Figure 3.8
A). In addition, DiD also entered the cell to some extent, which is due to the poor PM
specificity of DiD.

(A) DiD (B) TPAV-CM-Py-Me  (C) Hoechst 33342 (D) Merged

MDA-MB-231

MCF-7

Figure 3.14. TPAV-CM-Py-Me: Live cancer cell analysis
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(A) DiD (B) TPAV-CM-Py  (C) Hoechst 33342 (D) Merged

MDA-MB-231

Figure 3.15. TPAV-CM-Py: Live cancer cell analysis
3.7. ROS Generation

The ability of TPAV-CM-Py-Me and TPAV-CM-Py to generate intracellular ROS in
MCF-7 was investigated. The experimental section provides detailed procedures for ROS
analysis for both designed PSs. Results indicated intracellular ROS generation of TPAV-
CM-Py-Me and TPAV-CM-Py by using different concentration (10 uM/mL and 20
uM/mL), as shown in Figure 3.16.

MCF-7 MCF-7

Figure 3.16. TPAVV-CM-Py-Me: (A) 10 uM/mL (B) 20 uM/mL, TPAV-CM-Py: (C)
10 uM/mL (D) 20 uM/mL



CHAPTER 4

CONCLUSION AND SUGGESTIONS

4.1. Conclusion

Organic fluorescent molecules play an important role in biomedical science, particularly
biosensing, imaging, and theranostics. Inspired by the widespread use of organic
fluorescent molecules as PSs, two novel coumarin-based fluorescent molecules, TPAV-
CM-Py-Me and TPAV-CM-Py were synthesized. TPAV-CM-Py-Me and TPAV-CM-Py
were designed and synthesized successfully by C-C cross-coupling reaction using the
above-mentioned protocol (Scheme 2.1-2.4). Characterization of these synthesized AIE-
PSs was also elucidated by NMR and HRMS. First, to observe the photophysical
properties of these synthesized AIE-PSs, UV-Vis spectroscopy and fluorescence
spectrophotometry analyses were performed. Results revealed that the maximum
absorption and emission peaks exhibited in the visible region. TPAV-CM-Py-Me
exhibited maximum absorption at 434 nm and fluorescence emission at 640 nm, while
TPAV-CM-Py showed maximum absorption at 442 nm and fluorescence emission at 553

nm.

Aggregation induced emission properties of TPAV-CM-Py- Me and TPAV-CM-Py were
also observed. Both compounds demonstrated AIE properties in DMSQO/toluene mixtures,
with TPAV-CM-Py-Me showing maximum fluorescence at 99% toluene fraction and
TPAV-CM-Py at 90% toluene fraction. TPAV-CM-Py-Me and TPAV-CM-Py exhibited
Stokes shifts of approximately 212 nm and 110 nm, respectively, indicating their potential
for biomedical applications due to reduced self-quenching in aggregated states. To
confirm the nano size of these AIE-PSs aggregates, DLS analysis was performed, which
revealed that TPAV-CM-Py-Me had an aggregation size range of 90-110 nm, whereas
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TPAV-CM-Py exhibited a broader size distribution ranging from 10 nm to 160 nm. SEM
and STEM analyses confirmed the round shape morphology and nano-scale aggregation
round 100 nm of both AIE-PSs.

Under white light irradiation, both AlEgens effectively generated ROS, with TPAV-CM-
Py-Me decomposing ABDA in 120 sec and TPAV-CM-Py in 60 sec. After observing the
ROS generation properties of synthesized TPAV-CM-Py-Me and TPAV-CM-Py in
water, their interaction with mammalian and cancer cells was also studied. CLSM
confirmed strong fluorescent signals from the cell plasma membrane, indicating
successful cell staining. Furthermore, cell imaging and cytotoxicity assays demonstrated
that both TPAV-CM-Py-Me and TPAV-CM-Py exhibited negligible cytotoxicity in the
absence of light and significant phototoxicity under light exposure. The intracellular ROS
generation was investigated via confocal microscopy using DCFH-DA, and it was found
that designed molecules generated intracellular ROS under white light irradiation. Both
molecules have a strong affinity for mammalian cells and can easily stain the plasma
membrane. Inspired by the high ROS generation and strong affinity toward mammalian
cells, they were used against breast cancer cells (MCF-7), and it was found that both
AlEgens can kill the cancer cells under white light irradiation. Inspired by their effective
use against cancer cells, the designed molecules may find potential practical applications

in the photodynamic treatment of cancer.
4.2. Suggestions

These findings suggest that coumarin-based TPAV-CM-Py-Me and TPAV-CM-Py are
excellent PSs for advanced cancer treatment by using PDT. To fully realize their
therapeutic potential, further studies should focus on enhancing their photodynamic
efficiency by differently designing coumarin cores and exploring their potential in in vivo

models (mouse modeling).
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