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ABSTRACT
NOVEL NEAR-IR PHOTOSENSITIZERS FOR PHOTODYNAMIC
THERAPY & DESIGNING HEAVY ATOM FREE
PHOTOSENSITIZERS FOR THE PHOTODYNAMIC THERAPY
Bilal Kilig
Ph.D. in Materials Science and Nanotechnology
Advisor: Engin U. Akkaya
March 2016

Photodynamic therapy (PDT) is a promising and emerging noninvasive treatment
modality for the treatment of a great number of malignant and non-malignant
diseases.  Therapeutic strategy in PDT is performed by combining a
photosensitizer which can potently and specifically kill diseased cell and a light
source, preferentially near-IR light (650-800 nm). In spite of the fact that
numerous studies have been published and notable progress has been made in
tumor biology and photochemistry which let us to design novel therapeutic
agents, the number of the new therapeutic agents which have been recently got
approval for clinical application are relatively low. We aimed to produce novel
photosensitizers. In the chapters 3, 4 and 5 BODIPY dyes which are amenable to
functionalization have been used to produce a novel series of BODIPY-based
photosensitizers. We synthesized and characterized a series of novel BODIPY-
based photosensitizers. The first part describes novel near-IR BODIPY-based
photosensitizers. In the second part, the main goal was to design and synthesize
heavy atom free BODIPY-based photosensitizers. In this respect, a new
modification of the BODIPY dyes, novel orthogonal BODIPY's were synthesized
and their computational analysis were done. A cell culture assay with cancer cell
lines was performed in order to demonstrate photocytotoxicity of the orthogonal
BODIPY. The third study underlines the importance of micelle-embedded
BODIPY -based photosensitizers for photodynamic therapy.

Keywords: photodynamic therapy, singlet oxygen, boradiazaindacene



OZET

FOTODINAMIK TERAPI iCiN KIZIL OTESI ISIGI SOGURABILEN
YENI FOTODUYARLASTIRICI VE AGIR ATOM iCERMEYEN
FOTODUYARLASTIRICILARIN TASARLANMASI

Bilal Kilig
Malzeme Bilimi ve Nanoteknoloji, Doktora
TEZ DANISMANI: ENGIN UMUT AKKAYA
Mart 2016

Fotodinamik terapi kanserli ve kotii huylu olmayan bir¢ok hastaligin tedavisinde
kullanilan yaygin ve umut vaat eden bir tedavi yontemidir. Tedavi yontemi, hasta
hiicreyi segici ve etkili bir sekilde oldiiren bir fotoduyarlastirict ve bir 1s1k
kaynagmin, tercihen yakin kizil o&tesi (650-800 nm), kullanilmas: ile
gerceklestirilir. Son yillarda yayinlanan ¢ok sayida ¢alismaya ve bizlere yeni
fotouyaricilar dizayn etmemize olanak saglayan timor biyolojisindeki ve
fotokimyadaki gelismelere ragmen, klinik uygulamalari i¢in onay alan terapi ajani
sayist oldukga azdir. Bu tezde yeni fotoduyarlastiricilar sentezlemeyi hedefledik.
Ucgiincii dordiincii besinci boliimlerde gesitlendirilmeye oldukga uygun olan
BODIPY boyar maddeleri kullanilarak bir seri yeni BODIPY temelli
fotoduyarlastiricilar sentezlendi ve karakterize edildi. Birinci boliim yeni yakin
kiz1l 6tesi 15181 sogurabilen BODIPY temelli fotoduyarlastiricilart igermektedir.
Ikinci kisim ise, agir atom igermeyen BODIPY temelli fotoduyarlastiricilarin
dizayn: ve sentezini icermektedir. Bu dogrultuda BODIPY boyar maddelerinin
yeni bir tiirevi olan, bir birine dik BODIPY tiirevleri sentezlenmis ve bu boyar
maddelerin teorik galismalar1 da yapilmistir. Bir birine dik BODIPY tiirevlerinin
151k sitotoksisitesini  gdstermek  amaciyla  hiicre  kiiltiirii  deneyleri
gerceklestirilmistir.  Misel  igerisine  yerlestirilmis  BODIPY  temelli

fotoduyarlistiricilarin 6nemine ise ii¢iincli calisgmada vurgu yapilmaktadir.

Anahtar Sozciikler: foto dinamik terapi , boradiazaindasen, singlet oksijen
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CHAPTER 1

INTRODUCTION

Cancer also known as a malignant tumor is a challenging and terrifying disease
and its most widely used treatment modalities are chemotherapy, radiation
therapy and surgery. These treatment modalities frighten patients due to the side
effects that up to know could not be obviated. A novel treatment modality,
Photodynamic therapy that has been used clinically for around 25 years has been
emerged and widely used as an alternative method for treatment of the malignant
and nonmalignant diseases. Photodynamic therapy has numerous advantages
compared to the conventional treatment modalities owing to the fact that it is
noninvasive and selective treatment method. Over the past decade, there have
been great number studies showing the application of PDT for the treatment of
various diseases and there is an important impetus to produce novel and efficient
photodynamic therapy agents. The only know side effects of the current
photodynamic therapy agents, mostly porphyrin based photosensitizers is the skin
photosensitization. To overcome this drawback, novel photosensitizers that
absorb light in the near-IR region of the electromagnetic spectrum, where the
deepest tissue penetration is available, are required to perform more effective

therapeutic action.

With this consideration in mind, we design and synthesized a novel series of
BODIPY based photosensitizers which absorb light in the therapeutic window of
the electromagnetic spectrum (650-800 nm). BODIPY dyes are pertinent to
functionalization on their core. Furthermore, BODIPY dyes have high

fluorescence quantum vyields, straightforward synthetic methods and high



absorption coefficients. Therefore, we introduced novel BODIPY-based
photosensitizers in Chapter 3.

The choice of the photosensitizer plays an important role in the photodynamic
therapy. It is a well-known fact that incorporation of the heavy atoms to the core
of the BODIPY confer inter system crossing (ISC), yielding cytotoxic singlet
oxygen. However, an effective photosensitizer should be non-toxic in the absence
of light or has low dark-toxicity. Incorporation of the heavy atoms gives rise to
an increase in dark toxicity of the photosensitizers. We have been at pains to find
out a method in order to produce cytotoxic single oxygen without introducing
singlet oxygen to the core of the BODIPY which alleviate the dark toxicity of the
photosensitizers. In chapter 4, we introduced novel BODIPY derivatives which
have orthogonal arrangement. This arrangement has a doubly substituted tetra
radical state (DS-TR) that has a relationship with S;—T; intersystem crossing,
resulting in generation of cytotoxic singlet oxygen. In the chapter 5, we targeted
Bodipy derivatives with heavy atom substitutions which would facilitate
intersystem crossing. In addition, to ensure that these compounds would prefer a
micellar structure as opposed to bulk aqueous solution, we incorporated long alkyl

chains at the meso positions (C-8) of the Bodipy dye



CHAPTER 2

BACKGROUND

2.1 Photodynamic Therapy

2.1.1 General Information

Photodynamic therapy (called PDT, photoirradiation therapy, phototherapy, or
photochemotherapy) is one of the most promising and minimally invasive
treatment modality for certain cancers such as bladder cancer, skin cancer,
gynecological, head and neck cancer, gastrointerstinal cancer cervical cancer and
gastric cancer and for many other certain diseases like psoriasis, basal cell

carcinomal. Furthermore, PDT is used as a treatment modality in cardiology?.

The PDT strategy is based on the preferential localization of the certain photosensitizers
in tumor tissues upon systematic administration. After the administration of the
photosensitizer into the body, the sensitizer is activated by red or near infrared (NIR)
which leads to generation of reactive oxygen species (ROS) including singlet oxygen
(*O2) and thus irreversibly damaging tumor cells. These PSs are harmless in the absence
of light and the phototoxicity of these photosensitizers mainly relies on the generation of
the singlet oxygen, which is converted from its triplet state to its singlet state by the
exited-state dye. Photosensitizing agents, which is also known as photosensitizer, are

administrated locally or intravenously

Moreover, the photosensitizer is selectively absorbed and retained within the
targeted tissues®. When the target tissue is illuminated by a certain light source at
an appropriate wavelength, especially in the therapeutic window, the nearby
normal tissues which contain little amount of photosensitizer or no

photosensitizer are prevented from photodamage and injury.



Over the past decade, significant progress has been made in the development of
novel photosensitizers®. However, the efficacy and properties of these materials
must be improved in order to meet treatment requirements.

The first property relevant to the PS is its absorption maximum which determines
its efficiency with regard to the singlet oxygen generation. It is a well-known fact
that photosensitization relies on the absorption of light of the correct wavelength

by a photosensitizer

A convenient photodynamic therapy agent should have absorption maxima in the
spectral region 700- 900 nm which is known as therapeutic window. Because of
the fact that below 700 nm light array cannot penetrate deeply into the tissue and
water into the body begins to absorb light above 900 nm, a well-designed

photosensitizer should absorb light in the therapeutic window?®.

Another key issue influencing the photodynamic capability of a photosensitizer is
the efficiency of the singlet oxygen generation. Singlet oxygen is one of the most

important parameters for PDT which is very reactive and causes cell death.



2.1.2 History of the Photodynamic therapy

Although light has been used a therapeutic agent for thousands of years in order
to heal malignant and non-malignant diseases, photodynamic therapy was initially
observed more than hundred years ago®’. Light was widely used by ancient
Egyptian, Indian and Chinese civilization as a treatment modality for various

diseases such as psoriasis, rickets and skin cancer®,

In 1900, Oscar Raab has showed that the use of organic photosensitizer acridine
orange in combination with day light gives rise to the cytotoxic effect on
infusoria’. In the same year, scientist J.Prime has discovered that patients suffered
from dermatitis when they were exposure to the sunlight after treatment which

was executed by using eosin®.

In 1901, Niels Finsen has reported that smallpox and cutaneous tuberculosis was
treated by using light. In 1903, he was awarded Nobel Prize for his work on

phototherapy® .

In the same year, Herman Von Tappeiner, director of the Institute of
Pharmacology at the University of Munich and A. Jesionek, the dermatologist,
have demonstrated that skin tumors successfully treated by using eosin which is
applied topically in the presence of light. It was then named as photodynamic
action. The term “photodynamic” was firstly used by von Tappeiner and A.

Jodbauer in 190711,

In 1911, W. Hausmann has reported that paramecium and red blood cells were
treated with light and hematoporphyrin which was a derivative of the most widely
studied photosensitizers, porphyrins, in the mid-nineteenth century. He also
reported that the treated mice showed skin reactions, such as extensive edama and

erythema??,

In 1913, the German physician Friedrich Meyer-Bertz conducted a study with
hematoporphyrin to treat a human. He delivered the photosensitizer, 200 mg

hematoporphyrin, into his hand intravenously and he suffered from pain and



swelling after the exposure to the sun light. It was the first reported photodynamic

therapy experiment on humans®2,

In 1942, the German scientist Auler and Banzer reported that hematoporphyrin in
the malignant tissues has higher fluorescence compared to the surrounding tissues
and these malignant tissues were killed by necrosis after illumination with a

powerful quartz lamp*4.

In 1955, Dr Samuel Schwartz reported that he developed a new hematoporphyrin
derivative (HPD)®. It was shown that HPD was twice as phototoxic as
hematoporphyrinté. This compound, HPD, was used by Richard Lipson and
coworkers in their studies!’. They demonstrated that hematoporphyrin derivatives

can be used as a diagnostic tool.

In 1972, first in vivo study was accomplished by I. Diamond and their coworkers.
They reported by performing PDT to treat tumors which was implanted in rats,
tumor growth was inhibited for approximately 20 days*@.

In 1975, Thomas Dougherty and colleagues reported that they managed to
eradicate malignant tissues in mice by using hematoporphyrin derivative (HpD)
and red light.

J.F.Kelly and colleagues published a study in the same year. It revealed that
bladder carcinoma in mice could be treated by using HPD in combination with
light?®.

Clinical trials with HPD were initiated in 1976, Kelly and colleagues performed
a successful study which was the first human trials with hematoporphyrin
derivative. This most widely used photosensitizer was used to treat recurrent
bladder cancer. Malignant tissue growth was slowed down and these tissues were
killed by necrosis. Following this study, Dougherty and coworkers treated 25
patients by using similar approach?. Y .Hayata and coworkers reported that PDT
was used to treat obstructing malignant tissues, lung cancer. The result of this trial
was not impressive but only around 7% of tumor of the patients was eradicated

successfully??.



In 1984, J.S. Mc Caughan and coworkers reported that PDS was used as a
treatment modalitiy for the oesphageal cancer?’. Only one year after this
breakthrough study, gastric cancer was cured with PDT by Y.Hayata and

coworkers?3,

Thereafter, photodynamic therapy was also used for the treatment of the
pancreatic carcinoma?*, cholangioma?®, mesothelium carcinoma?® , skin
carcinoma?’, head and neck tumors?®, and brain tumors?® . According to these
breakthrough studies, it was revealed that PDT treatment could be effectively

applied on early-stage cancers® .

In the late 1980s, there have been a great number of studies on PDT that results
in microvascular collapse, subsequently this mircrovascular collapse gives rise to

the severe tissue hypoxia and anoxia3'32,

In 1993, the most frequently used photosensitizer porfimer sodium (Photofrin), a
purified hematoporphyrin derivative, was used to treat bladder cancer and its
approval was reported in the same year in Canada. It was the first photosensitizer

which was for approved for photodynamic therapy (Figure 1)%.
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Figure 1 : Chemical structure of porfimer sodium



In the following years, other photosensitizers have been reported which employed
in the photodynamic milieu and they were FDA approved. One of them is
temoporfin (Foscan) which gained its approval in Europe and is used for the

treatment of the head and neck tumor, brain tumor and skin carcinoma (Figure

2)3.

Figure 2: Chemical Structure of the temoporfin



2.1.3 Working Principle of PDT

Photodynamic therapy includes various photophysical processes. Figure 3
graphically demonstrates the process of light absorption and energy transfer,
which is essential for the photodynamic therapy. After the activation of the
photosensitizer upon absorption of the light transforms the photosensitizer from
its ground state (*PS) to its excited single state (*PS” Fig. 3) .This is a short-lived
(nanoseconds) species and may decay from this excited state to ground state and
during this decay the fluorescence emits. We can use this property clinically for
photodetection®. The PS can undergo electron spin conversion to its long —lived
(microseconds) triplet state (3PS™). Because of the fact that the loss of energy by
emission of light (phosphorescence) is a spin forbidden process the

photosensitizer triplet state has a long lifetime.

Because of the dependence on a long-lived triplet excited state, the synthesis of
the photosensitizers are encouraged in order to improve this feature usually by
attaching the heavy halogens to the photosensitizers, i.e. via the heavy atom effect.

In this case we can obtain better results in terms of therapeutic effect.

Reactive oxygen can be generated through two types of reaction. In the type 2
reaction, the excited state photosensitizer reacts with molecular oxygen, yielding
singlet oxygen. In the type one reaction the excited photosensitizer can react with
a substrate either by proton or by electron transfer and form radical or radical ions.
After the formation of these radicals, they can react with oxygen and produce

oxygenated products6:37,

The second type reaction illustrates that the energy of the excited photosensitizer
can be transferred to oxygen and the singlet oxygen, which is a cytotoxic species,

is formed3s:

The ratio between these two types of reactions is concentrations and oxygen

dependent.



Owing to the fact that reactive oxygen species are highly reactive and have short
half-life, only tissues in close proximity to the location, where reactive oxygen

species are produced, are treated with photodynamic therapy.

As a result, the activated photosensitizer and energy transfer result in apoptosis

and necrosis of targeted either malignant or nonmalignant tissue.

> Type | reaction Radicals —

+ substrate
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Figure 3 : Type 1 and Type 2 reaction in photodynamic t‘herapy
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Because of the fact that the effectiveness of the nearly all photosensitizers depends
on oxygen, photodynamic action of the photosensitizers does not happen in the

area of tissues where they lack oxygen°.

Location of photodamage belongs to the type of the photosensitizer. Therefore, a
great photodynamic agent would be diversely gathered in the target tissue. It is
worth to address that specifity of destruction of cancer cells can be achieved by
selective application of the photosensitizer, selective uptake of the
photosensitizer, high quantum yields of singlet oxygen, which is produced during
reactions we discussed above, and by the selective exposure of malignant tissue

to the active light**. There are numerous drawbacks of photodynamic therapy.
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One of them is the prolonged skin photosensitization®'. Another one is that the
patient needs to stay away from the sunlight exposure for a certain time (1-4

weeks).

Generally, efficiency of the photodynamic therapy and cytotoxic effect depends
on administration of the photosensitizer, light exposure doses, interval between
illumination of the tissues by a certain light source and administrations of the

photosensitizer into the body, light source and type of photosensitizers2.

2.1.4 Photodynamic Effect and Cell Death Mechanism

Photodynamic therapy has three major components. These are photosensitizers,
clinically known as drug, light source and oxygen. To obtain photodynamic action
and to generate cytotoxic oxygen, singlet oxygen, all of these three components
are required. Reactive singlet oxygen gives rise to the cellular destruction by
means of direct cellular damage, vascular shutdown, activation of immune
response system. After the generation of the reactive singlet oxygen, it directly
reacts with cellular components, such as nucleic acids, lipids and proteins*3. As

a result, oxidative stress occurs, causing cellular destruction.

There are two types of cellular death. One of them is apoptosis and another one is
necrosis. The type of the cellular death depends on localization of the
photosensitizer. It is also dependent upon the quantity of the reactive singlet
oxygen*. Patterson et al. has reported that photosensitizers which localized
especially in the mitochondria or endoplasmic reticulum mostly gives rise to the
apoptosis. On the other hand, photosensitizers that localized in lysosomes or in
the plasma membrane is likely to cause necrosis*. Photodynamic therapy can

also cause cellular destruction by means of acute local inflammation®.

There are a number of factors that affect efficiency of the treatment. Localization

of the photosensitizer is one of the most widely known factors that determine
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efficiency of the photodynamic therapy action. In order to improve efficacy of the
treatment, a great number of study have been performed and published in recent
years. To obtain better localization in the cancerous cells, selectivity of the
photosensitizers should be improved. Photodynamic therapy with localized and
targeted photosensitizer is a smart treatment option owing to the fact that only
targeted cells are treated without any side effect.

By designing and synthesizing photosensitizer through conjugation to different
type of targeting peptides, targeting for photosensitizers uptake into cancerous
cells has been accomplished*’. Other approaches that are used to improve
localization of the photosensitizers are conjugation of small targeting ligands and
protein conjugation. These types of photosensitizers are commonly known as
third generation photosensitizers*e.

In recent years, selectivity of the photosensitizers and designing novel activatable

photosensitizers has been the focus of the extensive research?.

Akkaya group reported that near-IR absorbing BODIPY-based photosensitizers
were selectively activated once they were inside the cells. In this study, they
synthesized a series of BODIPY based photosensitizers that are in caged form,
i.e. they cannot produce singlet oxygen. However, once these BODIPY -based
chromophores are inside the cells, they become activated because of the fact that
cancer cells have high intracellular glutathione concentration, photosensitizers

become active after the quencher has been cleaved by intracellular glutathione®.

2.1.5 Light in Photodynamic Therapy

Light is one of the three essential components of the photodynamic therapy as it

is essential for the life

It is a well-known fact that UV-light radiates at short-wavelength of the
electromagnetic spectrum and it is a high-energy radiation.  Also, it is an
undeniable fact that all human beings are exposed to the UV-light during their
daily life. Therefore, some precautions have to be taken against the UV-light

during our daily life. This high energy ray is capable of remove electrons from
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DNA and serious damage can occur, including tumor formation. During exposure
to the UV-light, skin behaves like a protective coating. Melanin absorbs UV-light
in order to impede its effect and the color of our skin is changed since the
pigmentation occurs since melanin absorbs light in the region of the

elec