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Abstract

Corroles are ring-contracted tetrapyrrolic macrocycles of the porphyrin family. Over the
last decades, these smaller analogues of porphyrin have received much attention in the
field of antitumor drugs development, particularly as photosensitizers (PS) in
photodynamic therapy (PDT). PDT consists of a light-activated chemical reaction used
to selectively destroy tissues, through the generation of singlet oxygen and other reactive
oxygen species (ROS).

The Organic Chemistry research group of the University of Coimbra had previously
reported the synthesis of a new type of trans-A.B-corroles containing an oxime moiety.
In this context, the project focused on the design and chemical synthesis of new corroles,
and on in vitro evaluation of its potential use as PS in PDT of lung cancer.

In Part A of this work, three new compounds from this new chemical library of corroles
were synthetized. This was achieved via two consecutive hetero-Diels-Alder reactions
or conjugated additions of nitrosoalkenes, generated in situ from dehydrohalogetion of
a,a-dihalo-oximes, with dipyrromethanes, followed by oxidative macro-cyclization with
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). The PS were characterized by H
NMR, ¥C NMR, ®F NMR, and mass spectrometry. Then, its photophysical
characterization was performed together with corroles previously synthesized in the
Organic Chemistry Group.

In Part B, in vitro studies of these corroles based PDT were carried out in lung cancer
cell lines. For that, the PS were solubilized in dimethylsulfoxide (DMSO) and
administrated to A549 and H1299 cell lines in different concentrations ranged from 50
nM to 10 uM. Then, cells were incubated for 24 hours, and two different experiences
were performed, in order to test photocytotoxicity and cytotoxicity. For photocytotoxicity
assays, the cultures were washed with PBS, irradiated with a photon flux of 7.5 mW/cm?,
to a total of 10 J, and incubated for 24 hours before MTT and SRB assays. For
cytotoxicity assays, the cultures were washed with PBS and incubated for 24 hours
before MTT and SRB assays.

The preliminary MTT assays of some of these PS showed that, when under irradiation,
the concentration value for the 50% inhibition of the metabolic activity (ICso) was in the
nanomolar range: 270 nM on H1299 and 127 nM on A549. SRB assays corroborate the
results previously described. In fact, ICso values were similar to those of other clinical
approved PDT drugs, such as Foscan®. Furthermore, all corroles showed no dark

citotoxicity in both cell lines.



Trans-A>B-corrole’s high photocytotoxicity and non-cytotoxicity corroborates its
applicability as PS in PDT, pointing to a promising therapeutic effect, and support further
studies.
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Resumo

Corrois sdo macrociclos tetrapirrélicos em anel contraido da familia das porfirinas. Nas
Ultimas décadas, esses analogos mais pequenos da porfirina tém recebido muita
atengdo no campo do desenvolvimento de farmacos antitumorais, principalmente como
fotossensibilizadores (PS) na terapia fotodinamica (PDT). A PDT consiste numa reagéo
guimica ativada pela luz usada para destruir seletivamente os tecidos, por meio da
geracao de oxigénio singleto e outras espécies reativas de oxigénio (ROS).

O grupo de investigacdo de Quimica Orgéanica da Universidade de Coimbra ja havia
relatado a sintese de um novo tipo de trans-A;B-corréis contendo uma por¢ao oxima.
Neste contexto, o projeto concentrou-se no desenho e sintese quimica de novos corrais,
e na avaliag&o in vitro do seu potencial uso como PS em PDT de cancro do pulméo.
Na Parte A deste trabalho, trés novos compostos desta nova biblioteca quimica de
corrdis foram sintetizados. Isso foi conseguido por meio de duas reacdes consecutivas
de hetero-Diels-Alder ou adi¢cdes conjugadas de nitrosoalcenos, gerados in situ a partir
de desidrohalogenacdo de a,a-dihalo-oximas, com dipirrometanos, seguida de
macrociclizagdo oxidativa com 2,3-dicloro-5,6-diciano-1,4-benzoquinona (DDQ). Os PS
foram caracterizados por *H RMN, *C RMN, °F RMN e espectrometria de massa. De
seguida, foi realizada sua caracterizagdo fotofisica em conjunto com corroles
previamente sintetizados no Grupo de Quimica Organica.

Na Parte B, estudos in vitro desses corrdis baseados em PDT foram realizados em
linhas de células de cancro do pulmdo. Para isso, os PS foram solubilizados em
dimetilsulfoxido (DMSO) e administrados as linhas celulares A549 e H1299 em
diferentes concentra¢des que variaram de 50 nM a 10 uM. Em seguida, as células foram
incubadas por 24 horas, e duas experiéncias diferentes foram realizadas, de forma a
avaliar a fotocitotoxicidade e a citotoxicidade. Para os ensaios de fotocitotoxicidade, as
culturas foram lavadas com PBS, irradiadas com um fluxo de fotbes de 7,5 mW/cm?, até
um total de 10 J, e incubadas por 24 horas antes dos ensaios de MTT e SRB. Para os
ensaios de citotoxicidade, as culturas foram lavadas com PBS e incubadas por 24 horas
antes dos ensaios MTT e SRB.

Os ensaios preliminares de MTT de alguns desses PS mostraram que, quando sob
irradiagéo, o valor da concentracao para 50% de inibicdo da atividade metabdlica (ICso)
estava na faixa dos nanomolar: 270 nM em H1299 e 127 nM em A549. Os ensaios SRB
corroboram os resultados descritos anteriormente. Na verdade, os valores de 1Cso foram
semelhantes aos de outros medicamentos de PDT clinicamente aprovados, como
Foscan®. Além disso, todos os corrdis mostraram auséncia de citotoxicidade no escuro
em ambas as linhas celulares.



A alta fotocitotoxicidade e a auséncia de citotoxicidade dos trans-A,B-corrois corrobora

sua aplicabilidade como PS em PDT, apontando para um efeito terapéutico promissor,
e suporta estudos futuros.

Palavras-chave:

Terapia fotodinamica, corrois, trans-AzB-corrdis, cancro do pulméo, fotocitotoxicidade.
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Chapter 1: Introduction

Over the last decades, questions such as “what causes cancer” or “will we ever find the
cure for cancer” have intrigued humanity.

Cancer develops when cells grow, divide, and re-divide out of control, instead of being
replaced by new cells able to comply with normal homeostasis.! This abnormal behavior
generally results in a progression from a pre-cancerous lesion to a malignant tumor.
Despite the complex causes, the roots of the aforementioned alterations are mainly the
acquired mutations caused by interactions between a person's genetic factors and three
categories of external carcinogens: physical carcinogens, such as ultraviolet or ionizing
radiation; biological carcinogens, such as infections from certain viruses, bacteria, or
parasites; and chemical carcinogens, such as components of tobacco smoke or other
poluents.? It is also relevant to note that as a person gets older, the tendency is for
cellular repair mechanisms to become less efficient, making ageing another risk factor
for cancer.® Germline mutations might also be in the origin of cancer, but in less
significant numbers.*>

It is also important to point out that the economic impact of cancer is significant and is
increasing on a yearly basis. The total annual economic cost of cancer was estimated at
approximately 1.16 trillion (10*?) dollars.® Cancer numbers are growing worldwide, driven
by demographic growth, ageing and socioeconomic development.” As result, cancer is
expected to rank as the leading cause of premature death (death below the age of
70 years) in the 21% century,” being projected to increase from 14 million annual cases
documented in 2012 to 22 million within the next two decades.®® It is in Europe that these
numbers are more alarming. According to estimates from the World Health Organization
(WHO), cancer is now the leading cause of premature death in 28 of the 40 European
countries and is the second most common in the remaining countries.®

Globally, lung and breast cancers are the most common forms of cancer, with 11.6% of
the total cases each in 2018.7 Lung cancer is also the leading cause of cancer related
death (18.4% of the total cancer deaths), with a focus on developed countries, as shown

in Figure 1.°
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Figure 1: Top cancer per country, estimated age-standardized mortality rates (World) in 2018,

both sexes, all ages. Based on World Health Organization.t°

Lung cancer

About 90% of lung cancers are related to smoking and the use of tobacco products?t.
Histologically, lung cancer is divided into two broad classes: small-cell lung carcinomas
(SCLC) and non-small cell lung carcinomas (NSCLC).*2 SCLCs are highly malignant
tumors and account for 15% of all lung cancers. NSCLC, which account for the remaining
85%, are further subdivided into few subtypes: adenocarcinoma (AD, 40% of all lung
cancers), squamous cell carcinoma (SCC, 25-30% of all lung cancers) and large cell

carcinoma (LCC, 5-10% of all lung cancers).'?-16

Table 1: Lung cancer types.*’

Lung Cancer

% of Lung Cancer Anatomic Location
Type

AD 40% Arise in peripheral bronchioles (more peripheral)

Arise in main bronchi and advance to the carina
85% 25-30%

(more central)
Tumors lack the classic glandular or squamous
morphology (more peripheral)
Derive from the hormonal cells and disseminate into
submucosal lymphatic vessels and regional lymph
nodes almost without a bronchial invasion (more
central)
Note: NSCLC, non-small cell lung carcinoma; AD, adenocarcinoma; SCC, squamous cell carcinoma; LCC,

NscLe | SCC

LCC 10%

SCLC 15%

large cell carcinoma; SCLC, small-cell lung carcinoma.

12



Cancer Treatment

From the first reports in which cancer was described for centuries as an incurable
disease,*® through the introduction of cisplatin in the 20" century,® to the present day
where medical advances have allowed the development of personalized therapies, the
prognosis of a cancer patient improved exponentially. Today, cancer treatment consists
of a multifactorial approach, in which various therapies, such as surgical, chemo, radio,
immune and hormonal, are combined according to the diagnosis and stage of cancer.1%°
The mainstay for lung cancer treatment includes surgery, chemotherapy, radiotherapy
and targeted therapies.! Although early stages of this type of cancer can be effectively
treated by surgery and adjuvant chemotherapy, advanced stages are unresectable.?
Furthermore, the form of treatment for early stages is invasive and associated with long
periods of recovery.»? Neo-adjuvant or adjuvant chemotherapy with cytotoxic agents
that are not specifically targeted at tumor cells has been also a standard approach. As
this cytotoxic drugs are systemically administered, chemotherapy have adverse effects
on healthy tissues, besides killing cancer cells.?? Radiotherapy, a directed form of cancer
treatment, uses a high-energy X-ray beam or hadrons to destroy cancer cells and slow
tumor growth with few harming effects on nearby healthy tissues.?®* However, patients
tend to experience uncomfortable side effects such as burned skin in the projected tumor
region, fatigue, sore throat and cough, and difficulty in breathing due to limitation of lung
capacity, as a consequence of radiation effects.>??

The photodynamic therapy (PDT) proposes to be not only an adjuvant therapy that allows
to significantly improve the prognosis and quality of life of patients without significant side
effects, but also a neoadjuvant therapy in cases of not operable patients or unresectable

tumors.24-26

Photodynamic therapy

PDT is used in certain neoplastic and non-neoplastic diseases, combining three
elements that are non-toxic individually: a photosensitizer, visible light of a specific
wavelength, and molecular oxygen.?’=3° Over the last decades, this therapy has been
the focus of intense research, because it allows localized application, it is little invasive,
and has few side effects.3132

PDT can be curative, particularly in early stage tumors. It can prolong survival in patients
with unresectable cancers and significantly improve quality of life. These properties
make it a valuable therapeutic option per se or for combination with other

treatments.?833:34
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In oncology, several PDT protocols are approved, including for cancers of digestive
tract,®-38 head and neck,*® lung and malignant pleural mesothelioma,*® cervix, bladder,

non-melanoma skin cancer, and basocellular carcinoma.**

PDT fundamentals

PDT is mediated by a photosensitizer, a non-toxic molecule,® which is able to initiate a
photochemical and photophysical process, after being irradiated by tissue-penetrating
wavelengths of visible light or near-infrared (NIR) spectral region.?® Figure 2 shows the
absorbance of hemoglobin and water as a way to evidence the phototherapeutic window,
which is the absorbance band ideal for photosensitizer activation.

The generation of highly reactive products termed reactive oxygen species (ROS)*?
occurs as a product of the photodynamic reaction. Within ROS, singlet oxygen (*O,) is
particularly relevant, being a very reactive species despite having a short lifetime inside
cells, up to 300 nanoseconds.?”*® This circumstance limits its diffusion and maximum
range of reactive action to only approximately 20 nm,?844-4¢ therefore very localized
cytotoxicity toward malignant cells is elicited, leading to cell death via apoptosis or

necrosis.?”:28

100 3

104 lphototherapeutic windowl

Absorbance
-
L

Hemoglobin
0.1+

0.01 T T T T T 1
400 600 800 1,000 1,200 1400 1,600

Wavelength (nm)
Figure 2: Therapeutic window, where the absorption and scattering of light by tissues is minimal.
For simplicity, absorption by hemoglobin and water is presented in the logarithmic scale.>*

From these particularities on which PDT is dependent results a double selectivity. This
selectivity is based upon the preferential absorption and retention of the photosensitizer
by tumor cells and on the localized irradiation of the cancer region.?? Selective
photosensitizer absorption and retention by tumor cells depends on chemical properties
of the molecules, but is often associated with the specific microenvironment of most solid
tumors, once they have fenestrated blood capillaries, reduced lymphatic drainage and

low pH.4748
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The clinical procedure, schematized in Figure 3, involves systemic or topic administration
of a photosensitizer that accumulates into tumor cells, followed by its irradiation and
activation with a light source of a wavelength corresponding to the absorbance band of
the photosensitizer. A series of events lead to direct tumor cell death, damage of the
microvasculature associated with tumor, which contributes greatly to tumor
destruction,?>4 and induction of an inflammatory reaction that can lead to the

development of systemic immunity for effective destruction of metastases.?3!

1. Early-stage lung cancer
tumour(s) identified and
photosensitizer is
intravenously administered.

2. Photosensitizer accumulates
at tumour site.

“ = Bronchoscope

Oesophagus (gullet)
Trachea (windpipe)

Rightlu

/ \'\.‘\'
i

)
Leftbronchus —— PN
Leftlung E A )‘

4. Generated ROS is
cytotoxic which can trigger
apoptotic and / or necrotic
lung cancer cell death.

/

at an appropriate wavelength
of light via bronchoscopy to
generate reactive oxygen
species (ROS).

destruction of the microvasculature
neutrophil infiltration
removal of apoptotic cells
development of systemic immunity

Tumour cells
dendritic cell

lymphocyte
$AS

Q A

thrombus

Figure 3: Principles of photodynamic therapy (PDT). 1. Photosensitizer (PS) drug is administered
to the patient 2. The PS then accumulates at the tumor site 3. Once the PS is absorbed by the
tumor, irradiation at an appropriate wavelength (600 nm—-800 nm) is then applied to activate the
PS 4. This activation leads to the selective destruction of tumor cells via apoptotic, necrotic, or
autophagic mechanisms, accompanied by induction of an acute local inflammatory reaction that
participates in the removal of dead cells, restoration of normal tissue homeostasis, and,
sometimes, in the development of systemic immunity.22:28
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PDT advantages and disadvantages

PDT treatment for lung cancer has several advantages.? It is cost effective, simple,
easily controllable,?” minimally invasive, can be repeated and has little or no scar after
healing.?4

The mechanism of action of photodynamic therapy also gives it some advantages. PDT
is a local therapy*®, having no long-term side effects.>® As none of the clinically approved
PSs accumulate in cell nuclei, DNA damage that could be carcinogenic or lead to the
development of resistant clones is limited.?® Moreover, mutations that confer resistance
to radiotherapy or chemotherapy do not compromise the antitumor efficacy of PDT.%
Among limitations, temporary cutaneous and ocular photosensitivity reactions have been
identified as the most significant disadvantages. This occurs due to photosensitizer
accumulation in these organs, forcing patients to avoid sunlight until photosensitizer
levels decrease to safe values.® As such, it is essential that new photosensitizers have
fast kinetics and rapid elimination from the organism.®! Furthermore, deep located
tumors are hard to treat due to low tissue penetration of visible light.?

The previously referred advantages and disadvantages are summarized in Table 2.

Table 2. Advantages and disadvantages of Photodynamic Therapy.
PDT for cancer
Advantages Disadvantages
-Fewer adverse effects
-Little invasiveness
-Short treatment time
-Usable in outpatient settings
-Double selectivity -Photosensitizer water insolubility
-No resistance mechanisms -Photosensitivity after treatment
-Can be applied at the same location several -Deep located tumors are hard to treat
times
-Little or no scar after healing
-Lower costs than other treatments

-Protect the appearance of organs
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PDT photochemistry and photophysics

Photophysics and photochemistry are important concepts regarding PDT. They are
concerned with describing the physical and chemical processes induced by the light
absorption, involving energetic, structural, and dynamic studies. A molecule, when
absorbing light and being excited, can lose its energy through physical processes or
participate in chemical reactions. To quantify each of these processes, quantum yield
(®) measurements are used. In PDT the singlet oxygen quantum yield (®,) is a relevant
measurement of the efficiency in which photosensitizers are able to use energy from light
to convert oxygen in the ground state to the reactive species singlet oxygen (*02).%2 In
imaging for cancer diagnosis, fluorescent quantum yield is another relevant quantitative
measurement, and is the ratio of the number of photons emitted by the number of
photons absorbed.%?

All particles, when not excited, tend to stay in their ground state (So), i.e. the least
possible energy in a physical system. In a photosensitizer, this usually means that it has
2 electrons with opposite spins located in a most energetically favorable molecular
orbital.

However, the incidence of a photon on a photosensitizer in its ground state (Sp) can
provide sufficient energy to transfer one of the electrons from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) or to a
higher energy orbital. This means that the photosensitizer either is excited to its first
singlet excited state (S:) or to a multitude of higher energy singlet excitation states (Sy),
respectively. The different singlet excitation states (Sn) have crescent energies, but they
all tend to decay to the first singlet excited state (S:) by internal conversion (IC). Once in
this excited stage, the PS can experience two types of processes: one radiative and one

non-radiative.?85*
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Figure 4: Perrin-Jablonski energy diagram for a photosensitizer (PS). After excitation to the singlet
excited state the PS may either decay back to the ground state (by fluorescence emission or non-
radiative decay) or undergo intersystem conversion (ISC) to the triplet excited state (T1). From
the triplet state, the PS may undergo excited state reactions to generate reactive oxygen species
(ROS), cytotoxic to the cell.

In the radiative process, the PS returns to the Sp and emits a photon in a process called
fluorescence. When the photon is emitted, it has less energy than the absorbed photon.
This energy difference is the Stokes shift.2474855-57 Although this process does not
initiate the photodynamic reaction with therapeutic effect, this property can potentially be
used for diagnosis by obtaining fluorescence images.25%85°

Alternatively, in the non-radiative process, one electron undergoes a spin inversion,
called intersystem crossing (ISC), to form a more stable triplet excited state (T1) (Figure
4).54%0 The photosensitizer in T1 can either decay radiatively to the So in a process called
phosphorescence (Figure 4) or undergo quenching (nonradiative de-excitation process).
The latter is the decisive mechanism of the photodynamic reaction, triggering two types
of reactions, Type | and Type Il (Figure 4). Both reactions occur simultaneously, and the
ratio between them depends on the type of photosensitizer used, the substrate and
oxygen concentrations and the amount of available oxygen.

In the Type | reaction, the photosensitizer in the T1 state reacts directly with biomolecules
in the cellular microenvironment, with the transfer of an electron or a proton between
them, to form a pair of radical anion (PS~) and radical cations (biomolecule*-).45¢162 This
photosensitizer radical anion is likely to instantly react with molecular oxygen (30.),
donating its extra electron to produce the superoxide anion (O2) and restoring the PS.
In biological systems, this radical reacts with water to produce hydrogen peroxide (H202)
that can cross cell membranes and cause damage directly on cell compartments. At

higher concentrations, the superoxide anion can form powerful and virtually
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indiscriminate oxidant hydroxyl radicals (HO"). Besides being the most reactive ROS,
HO" has the shortest lifetime and diffusion distance®, which confines biomolecules
oxidation to a small range within the cell.254

In the Type Il reaction, the T, state of the PS transfers its energy directly to ground state
oxygen (30.). This energy not only promotes one of its parallel spinning electrons to a
high-energy orbital but also inverts its spin, producing the excited state of oxygen - the
singlet oxygen (*O2) (Figure 5).°* This change removes the spin restriction typical for
triplet oxygen, and makes singlet oxygen highly reactive.> Its lifetime, and consequently
its diffusion distance, are very limited by both physical and chemical quenching. This
characteristics mean that singlet oxygen can only interact with and oxidize biomolecules
and structures within its short range of action.>* The efficiency of the Type Il reaction
depends on the duration (lifetime) of the triplet state and the triplet quantum yield of the
photosensitizer.

In PDT, the singlet oxygen formed in Type Il reaction is considered the main cytotoxic
species formed during the photodynamic process.5°6¢
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Figure 5: Electronic configuration of triplet (302) and singlet (*O-) states of oxygen.&”

Reactive oxygen species (ROS) are known to trigger various reactions with biomolecules
in biosystems.®® Usually, targets are electron-rich compounds such as amino acid
residues in proteins, unsaturated lipids such as cholesterol, and bases of nucleic acids.
Oxidation of these targets may lead to potential destruction of cell membranes and
deactivation of enzymes. These interactions activate the expression of transcription
factors and cytokines, and release a number of mediators responsible for the process of

cell death.®®
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Mechanisms of tumor cytotoxicity

PDT acts through three main mechanisms of tumor destruction: directly kills tumor cells,
disrupts the tumor vasculature, thereby compromising the supply of oxygen and
essential nutrients, and triggers an inflammatory and immune response.”

As mentioned earlier, ROS mediated cell death can occur by apoptosis and/or necrosis.
However, autophagy can also take place, and under in vivo conditions, ROS-mediated
tumor vascular shut down and activation of immune response through the induction of
inflammatory reaction also play a crucial role in the therapeutic outcome of PDT.®°

ROS triggers a cascade of molecular events that contribute to direct tumor cell death.
The three main mechanisms of cell death - necrosis, apoptosis and cell death associated
with autophagy - may occur simultaneously in the same cell population. Recent studies
point out that apoptosis is probably the main mechanism, but this may be influenced by
factors such as the cellular organelles where the PS molecules is located at the time of
irradiation.” Typically, photosensitizers located in the mitochondria or endoplasmic
reticulum (ER) induce cell death by apoptosis,’> whereas PS located on the plasma
membrane or lysosomes may induce cell death by necrosis. Autophagy is activated in
an attempt by the cell to repair itself and survive damage caused to certain key
organelles. However, if this response fails, it can lead to cell death signals.” "3

The intensity of PDT protocols also influences the outcome. The more intense protocols
(high doses of PS, high light doses, and/or short times between PS administration and
irradiation) tend to cause extensive necrotic cell death, while less intense protocols favor

cell death by apoptosis.?™

Antivascular effects of PDT

The growth of solid tumors depends on their capacity of angiogenesis, that is, to induce
the growth of blood vessels and to supply with nutrients and oxygen.*® Besides direct
cytotoxic effects on cancer cells, PDT can also trigger another 2 intra-related
mechanisms: damage to the tumor vasculature, and induction of an inflammatory
response.?®

While direct cell cytotoxicity is triggered by the irradiation of photosensitizers internalized
by tumor cells, the damage in the tumor vasculature is caused mainly when the irradiated
photosensitizer is confined in the bloodstream, accumulated in the endothelial cells, or
still attached to vessel walls, inducing loss of the tight junctions in the endothelial cells.
The consequent morphological changes within the vessel lumen lead to thrombus
formation in tumor blood vessels, and induce a cascade of reactions, namely, platelet

aggregation, release of vasoconstricting molecules, lymphocyte adhesion, and
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increased vascular permeabilization.*®%® This collapse of the microvasculature
associated with intra-tumor microhaemorrhage can cause severe hypoxia and
ischaemia.*’4850.75.76 Therefore, there has been a great deal of research into the
development of a PDT regimens both targeted for tumor cells and for tumor vasculature

itself 25058

Inflammatory and immune response to PDT

A hallmark of PDT is the induction of acute inflammatory reaction,*®’” which can lead to
the enhancement of the immune response and to the development of immunity, with
potential impact in the long term tumor control and of metastases.?® However, PDT can
also trigger immunosuppressive response in certain circunstances.’®°

The acute inflammatory reaction is triggered by the primary effects of PDT, such as direct
destruction of tumor cells by necrosis, vessel occlusion and ischemia. This lead to the
secretion of pro-inflammatory cytokines (innate immunity), for instance tumor necrosis
factor a (TNF-a), interleukin-1 (IL-1B) or interleukin-6 (IL-6), thereby activating adaptive
immunity components - neutrophils, mast cells, macrophages and dendritic cells - which
converge on the treated site and restore homeostasis.’*"8%81 Crosstalk between innate
immunity and adaptive immunity is established through dendritic cells (DC). In PDT, the
release of inflammatory mediators in the treated area activates DCs. When activated,
these cells have the capacity to pick up tumor antigens, migrate to the nearest lymph
nodes, and present the antigens to CD4* T lymphocytes, making them active. In turn,
these cells activate CD8" effector and memory T lymphocytes, which recognize and
destroy tumor cells.?847.7482 These cells are important to long term tumor control, allowing
the eradication of metastases that are far from the irradiated site.®® These characteristics
suggest that, in addition to the role of PDT as a therapeutic modality, PDT-generated

vaccines may have clinical potential as an adjuvant therapy.®*

Photosensitizers

An ideal PS must possess the following characteristics: chemical purity, chemical and
physical stability, rapid clearance from the body, strong absorption in the red/infrared
wavelength region (600-800 nm) allowing for optimal tissue penetration, selective affinity
for tumor cells, and low quantum fluorescent yield. Furthermore, it must also have a
triplet state with a high half-life, a partition coefficient suitable for the intended route of
administration and must allow dissolution in biocompatible formulations, if

necessary.2267.8-88
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The photosensitizers are classified into three groups according to their functional
capabilities into first, second and third generation.®® The first clinical approved PDT drug
was Photofrin®, followed by Foscan® a few years later. These are both porphyrin
derivatives and respectively from first and second generation.®® Second generation
molecules are more tumor-selective, and have increased depth tissue penetration of light
with a longer wavelength (650 nm—-800 nm).?? The third PSs generation consists of
molecules which have been bound to moieties such as monosaccharides, peptides, low
density lipoproteins (LDLs), polymers, nanoparticles (NPs) or monoclonal antibodies
(mAbs), in order to increase selectivity or provide targeting.®

Over the last decades, there has been a great deal of work on new molecules, most of
them based on macrocycles of the porphyrins family, and some derivatives have reached
advanced stages of clinical testing.®! In fact, porphyrins, phthalocyanines, chlorins and
corroles (Figure 6) create a compact group of macrocyclic compounds of established
utility in medicine and technology, particularly in PDT.%293

Porphyrinoids % \&7

Porphyrin Chlorin Corrole Phthalocyanine

Figure 6: Examples of porphyrinoids, a class of functional molecules of tetrapyrroles that differ in
the level of oxidation and in the macrocycle structure: porphyrin, chlorin and phthalocyanine

structure, and corrole structure and numbering.®?

Corroles

Corroles are a ring-contracted tetrapyrrolic macrocycles of the porphyrin family,
containing three methine bridges and a direct pyrrole-pyrrole linkage.** They were first
introduced in 1960s, partly due to the interest in vitamin Bi,. In 1999, with the
development of the first direct synthesis of corroles from pyrrole,® this analogue of
porphyrin started receiving more attention. Corroles derivatives have demonstrated
extensive usage not only in the field of antitumor drugs development as photosensitizers
(PS) in photodynamic therapy (PDT), but also in catalytic oxidation, synthetic organic

reactions, chemical sensors, and dye sensitized solar cells.8%%
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Meso-substituted corroles are a group of corroles with substituent groups attached to
carbon 5, 10 and 15 that has been widely explored. In Figure 7 it is schematized the

differences between the four types of meso-substituted corroles.

R R! R R?
R*R R‘R R‘R1 R*Rz

As-corroles trans-A,B-corroles cis-A,B-corroles ABC-corroles

Figure 7: Meso-substituted corroles: As-corroles (A = R), trans-Az2B-corroles (where A =R and B
= RY), cis-A2B-corroles (where A = R and B = R?), and ABC-corroles (where A=R,B=R?!,and C
= R?).

After PDT, morphological changes observed with the different corroles point to tumor
cells usually turning rounding and blebbing after treatment, typifying the cell death via
the apoptosis pathway. Necrosis characteristic morphology has been observed only in
few cases so far.®

Figure 8.A shows the molecular structures of the tetraphenylporphyrin (TPP) and the
halogenated corroles which were explored by Liu.*” When compared to porphyrin,
corroles are macrocyclic aromatic compounds, which lack one meso carbon. This small
difference is sufficient to give it some advantages over the other porphyrinoids, such as
stronger Q band absorption of long visible wavelengths (Figure 8.B),%” stronger
fluorescence, and especially easier metabolism characteristics due to their less
structural robustness.® The absorption spectra represented in Figure 8.B shows a strong
Soret band (or B band) around 420 nm, and several weak Q bands between 450 and
650 nm, exhibiting much stronger Q band absorption than that of porphyrin. It is also
possible to see a red shift of the Q bands of the corroles compared to porphyrin, which
indicate that corroles are more suitable as a PDT photosensitizer than porphyrin

compounds.
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Figure 8: (A) Structures of halogenated corroles mono-hydroxyl (a) and double-hydroxyl (b), and
TPP. (B) UV-Vis absorption of corrole halogen derivatives and TPP in toluene. Adapted from You
et al. 2010.%7

Free-base corrole’s structure and photophysical properties has been the focus of many
researches aiming for stronger absorption Q bands from 600 to 800 nm. Bevilacqua and
coworkers demonstrated that the absorption spectrum, specifically the Q bands, is
affected by the donor or acceptor character, and the position of the substituents groups.®
Besides Alberto et al. noticed that the presence of iodine, a heavy atom, can cause a
redshift of the Q band.®® Therefore, it is possible to adjust corroles structure, particularly
on B- and meso- positions of the macrocycle, to increase their absorption in useful
wavelengths, increasing their potential to be used in vitro and in vivo.

Numerous studies have found that changes in the structure also influence the

photochemical characteristics and, ultimately, the phototoxicity of the corroles. Zhao and
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coworkers showed that the increase of iodination enhanced intersystem crossing and
triplet quantum vyield, and decreased the singlet oxygen (*O;) quantum vyield.1®
Additionally, Shao noticed triplet quantum vyield increased with the increase of
monohydroxyl halogen atomic weight and with the replacement of hydrogen atoms of
meso-phenyl groups for fluorine atoms.° Shi et al. observed the increase of atomic
height of the substituted halogen lead to the decrease of fluorescence quantum yield and
increase of triplet quantum yield.%?

The cellular uptake is another factor to consider since effective photosensitizers must
have high cellular uptake.!®® Among others, this feature can be decreased by the
presence of B-cyclodextrin moiety,' and increased with glycosylation of corroles® or
by the presence of the thien-2-yl moiety (corrole 5).1°% Zhang et al. verified that the
addition of meso-ethoxycarbonyl substituents allowed for cell membrane penetration
without the help of an internalizing protein.'®” These observations show that the
molecular structure of the corrole greatly influences cellular uptake.

Figure 9 compiles some highly promising corroles which photocytotoxicity and dark
toxicity was tested in vitro. Hydroxylamino corroles 1 and 2 showed photocytotoxicity
toward carcinoma cell lines A549 (lung) and BEL-7402 (endocervical), quite comparable
to meso-tetra(p-hydroxylphenyl)porphyrin (TOPP), suggesting that they are worthy of
further testing.1% Anionic sulfonated corrole 3 and its gallium, aluminum, and manganese
complexes showed potential of proliferation inhibition against cancer cell lines MDA-MB-
231 (breast), SK-MEL-28 (melanoma), and OVCAR-3 (ovarian), particularly the one with
gallium in the central core.'® Free-base corrole 3 showed high photocytotoxicity to A549
cells (ICso = 5.0 uM), and in vivo assays revealed a significant decreased in tumor growth
(A549 xenografted tumor), without obvious loss of mice body weight.11° Interestingly,
Sn(lV) corroles 4 and 5 showed photocytotoxicity and no dark cytotoxicity to MCF-7
breast cancer cells, with values of ICso of 3.2 and 13.1 uM after irradiation. The difference
between the ICso of these two corroles was attributed to the higher singlet oxygen
quantum yield and lipophilicity of corrole 5.1 Carboxaldehyde corroles 6 and 7 exhibited
very low dark cytotoxicity but high photocytotoxicity to A549 and SiHa (cervical) cell
lines.® Mono-hydroxyphenyl metallocorroles 8a—c showed low or no dark cytotoxicity to
A549, HepG2 (liver), MCF-7, DU145 (prostate) carcinoma cell lines, and to GES-1
gastric epithelial (non-malignant) cell line. Fe-8c corrole showed the greatest potential
for PDT, with values of I1Cso of 30 UM against A549 lung cancer cells, inducing cell
apoptosis and necrosis, high cellular ROS level and disruption of the mitochondrial
membrane potential.!'* The amphiphilic hydroxyl corrole 9 and its gallium complex 10
also showed very low dark cytotoxicity and high photocytotoxicity toward carcinoma cell
lines A549, BEL-7402, and SiHa.!'?2 Phosphorus corrole 11 presented little dark toxicity,
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and high photocytotoxicity against H460 and A549 lung cancer cell lines, with values of
ICso of 1.2 and 1.7 pM, respectively.'® Corroles 12 and 13 bearing methyl benzoate
group(s) showed high photocytotoxicity toward QGY-7701 (hepatocellular carcinoma,;
ICso values of 3.58 and 3.92 uM, respectively) and MHCC-H/L (hepatocellular carcinoma;
ICso values of 9.62 and 16.02 uM, respectively) cells, and low dark toxicity toward the

same cell lines.®®
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Figure 9: Examples of corroles tested in different cell lines as photosensitizers in PDT.
26



In short, all of these observations demonstrate that the photodynamic antitumor activity
of corroles, affected by its photophysical and photochemical characteristics, and by
cellular uptake, strongly depends on the molecular structure of corrole and the tumor cell
lines. The relationship between corrole peripheral substitution and their antitumor activity

is still a fundamental research topic in this field.®®

Aims

PDT for the treatment of superficial non-small cell lung cancers (NSCLC) that have not
spread beyond the lung itself is very promising.t14115

A group of corroles for which nothing is known about their possible applications is the
trans-A;B-corroles schematized in Figure 10. Lopes and Pinho e Melo described a novel
approach to trans-A;B-corroles based on the reactivity of nitrosoalkenes towards
dipyrromethanes. The synthetic strategy involves the synthesis of bilanes from a,a-
dihalo-oximes and dipyrromethanes followed by oxidative macrocyclization to afford a
new class of tetrapyrrolic macrocycles.!®

The aim of the project is to assess if this new class of meso-substituted trans-A;B-
corroles can offer a safe therapeutic option in PDT of lung cancer. To achieve this goal,
we will focus on the design and chemical synthesis of new trans-A;B-corroles containing
an oxime moiety. Then, the aim is the in vitro evaluation of the potential use of these new

compounds as photosensitizers in lung cancer cell lines.

R' _NOH

R? R2

Figure 10: Trans-A2B-corroles (where A = R? and B = CNOHR?Y).

27



28



Chapter 2: Methods and Materials

Part A: chemical synthesis and characterization

2.A.1. Solvents and reagents

All reagents were provided by Sigma-Aldrich, Merck, Fluka or Fluorochem and used
without further purification. Solvents were dried, when necessary, according to the

methods described below, and distilled before use.

Dichloromethane

This solvent was refluxed in the presence of calcium chloride for 3 hours, distilled and
stored on 4 A molecular sieves.

THF

This solvent was refluxed in the presence of sodium wires, using benzophenone as an
indicator, distilled, and stored on 4 A molecular sieves.

2.A.2. Instrumentation and methodology

Thin layer chromatography (TLC)

Analytical TLCs were performed using precoated silica gel plates Macherey-Nagel Xtra
SIL G/UV254 and visualized by UV irradiation (254 and 356 nm), to control the reactions
and verify the purity of two compounds.

Flash chromatography

The synthesized compounds were purified by flash column chromatography using silica
gel 60 (0.035-0.070 mm), provided by Acros Organics, as the stationary phase, as

indicated in each case.

Nuclear Magnetic Resonance (NMR) spectroscopy

Nuclear magnetic resonance (NMR) spectra were recorded with a Bruker Avance Il
instrument, operating at the following frequencies: Proton (*H) at 400 MHz, carbon (*3C)

at 100 MHz, and fluor (*°F) at 376 MHz. Chemical shifts are expressed in parts per million
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(ppm) and coupling constants (J) are expressed in hertz (Hz). The deuterated solvents
were deuterochloroform (CDCIs), hexadeuterodimethyl sulfoxide (DMSO-dg) and

octadeuterotetrahydrofuran (THF-ds) as indicated in each case.

High Resolution Mass Spectrometry (HRMS)

High-resolution mass spectra were obtained with a TOF VG Autospect M spectrometer

with electrospray ionization (ESI).

Ultraviolet-visible absorption spectroscopy

UV-Visible absorption spectra were obtained on a Shimadzu UV-2100
spectrophotometer using 1 cm optical quartz cells. The molar absorption coefficients
were determined after preparation of 10 dilutions in DMSO. The maximum absorption of
each band was plotted as a function of the concentration of different solutions, with the
slope value corresponding to the molar absorptivity coefficient. This analogy is
transmitted by the Beer-Lambert law, A = ebc, where A is the absorbance, ¢ is the molar
absorptivity coefficient, b is the optical path travelled by light and c is the concentration

of the solution.

2.A.3. Synthesis of Meso-substituted Corroles

2.A.3.1. General procedure for synthesis of a,a-dibromoketones

a,a-Dibromoketones were prepared according to a procedure described in the
literature.!"118 A solution of bromine (10 mmol) in glacial acetic acid (2 mL) was added
dropwise to a solution of the appropriate ketone (10 mmol) in glacial acetic acid (6 mL).
The reaction mixture was stirred at room temperature until the bromine was completely
consumed (disappearance of the red color) and the a-bromoketone precipitates. At this
time, another solution of bromine (10 mmol) in glacial acetic acid (2 mL) was added
dropwise. The mixture was stirred at room temperature until the bromine was completely
consumed (disappearance of the red color). If the product precipitates it was filtered and
washed with ethanol 50% (100 mL), if not it was purified by extraction with

dichloromethane.
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2,2-Dibromo-1-phenylethanone (14a)
0 Compound 14a was obtained from acetophenone solution (1.67 mL, 10
o mmol), purified by filtration, and obtained as a white solid (2.16 g, 78%
o yield). The purity of compound 14a was confirmed by TLC compared with

an existing standard.

2,2-Dibromo-1-(p-fluorophenyl)ethanone (14b)
o Compound 14b was obtained from p-fluoroacetophenone solution (3.06
> mL, 25.21 mmol) purified by extraction with dichloromethane and
obtained as a white solid (5.74 g, 78% yield). *H NMR (400 MHz, CDCls):

5 =6.61 (s, 1H), 7.16-7.26 (m, 2H), 8.14-8.17 (m, 2H) ppm.

Br
F

2,2-Dibromo-1-(p-bromophenyl)ethanone (14c)
o] Compound 14c was obtained from p-bromoacetophenone (5.00 g,
1§ r 25.12 mmol), purified by filtration, and obtained as a white solid (5.88
Br g, 66% yield). 'H NMR (400 MHz, CDCls): & = 6.60 (s, 1H), 7.64-7.67

(m, 2H), 7.95-7.98 (m, 2H) ppm.

2.A.3.2. General procedure for synthesis of a,a-dibromo-oximes:

Oximes were prepared according to a procedure described in the literature.!®
Hydroxylamine hydrochloride (30 mmol) was added to a solution of the appropriate a,a-
dibromoketone (12 mmol) in ethanol (30 mL). The reaction mixture was stirred at room
temperature until the a,a-dibromoketone was completely consumed (48-72 h). After the
reaction was complete (TLC control), the solvent was evaporated. The oxime was

purified by addition of water and filtrated or by extraction with ethyl acetate.

(E) and (2)-2,2-Dibromo-1-phenylethanone oximes (15a)
NOH  The product was obtained from ketone 14a (2.16 g, 7.77 mmol). Extraction
" of the residue with ethyl acetate gave oxime 15a as a mixture of isomers
> E/Z as a colorless oil (1.37 g, 60% yield). The purity of oximes 15a was

confirmed by TLC compared with an existing standard.
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(2)-2,2-Dibromo-1-(p-fluorophenyl)ethanone oxime (15b)
NOH  The product was obtained from ketone 14b (5.74 g, 19.40 mmol).
o Extraction of the residue with ethyl acetate gave oxime 15b as a white
F ” solid (2.19 g, 36% vyield). *H NMR (400 MHz, DMSO-ds): & = 7.29 (m,

2H), 7.52 (s, 1H), 7.83-7.88 (m, 2H), 12.69 (s, 1H) ppm.

(2)-2,2-Dibromo-1-(p-bromophenyl)ethanone oxime (15c)
NOH The product was obtained from ketone 14c (5.88 g, 16.48 mmol). The
' addition of water to the residue and filtration gave the oxime 15c as a
Br ” white solid (3.11 g, 51% vyield). *H NMR (400 MHz, DMSO-dg): 6 = 7.51

(s, 1H), 7.68-7.71 (m, 2H), 7.74-7.77 (m, 2H), 12.80 (s, 1H) ppm.

2.A.3.3. Synthesis of 5-phenyldipyrromethane (16)

5-Phenyldipyrromethane (16) was prepared according to a procedure
described in the literature®. A mixture of benzaldehyde (5.09 mL, 0.05

mol) and pyrrole (138.76 mL, 2 mol) was bubbled with nitrogen (N2) for 10

\_NH HN—/
minutes. After this time, trifluoroacetic acid (0.005 mol) was added and the

mixture was stirred for 15 minutes at room temperature under N2 atmosphere.
Triethylamine was added and the pyrrole was distilled off. The crude product was purified
by flash chromatography with ethyl acetate/hexane (1:6) and crystallization with
cyclohexane. Dipyrromethane 16 was obtained as white solid (5.914 g, 53% yield). *H
NMR (400 MHz, CDCls): 6 = 5.47 (s, 1H), 5.92 (s, 2H) 6.16 (d, J = 2.8 Hz, 2H), 6.69 (d,
J=1.2 Hz, 2H), 7.17-7.33 (m, 5H), 7.90 (s, 2H) ppm.

2.1.3.4. General procedure for synthesis of bilanes
Method A: In the solvent system H,O/CHClI,

The dipyrromethane 16 (4 mmol) and a solution of the appropriate oxime (1 mmol) in
dichloromethane (2.4 mL) were added to a solution of sodium carbonate (10 mmol) in
water (14.6 mL). The mixture was stirred at room temperature for 20 minutes. After this
time, the reaction mixture was extracted with ethyl acetate (3 x 20 mL) and dried over
Na,SOs4, and the solvent evaporated off. The products were purified by flash

chromatography.
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Method B: In dichloromethane

Sodium carbonate (10 mmol) was added to a solution of dipyrromethane 16 (4 mmol)
and the appropriate oxime (1 mmol) in dichloromethane (30 mL). The mixture was stirred
at room temperature overnight. The reaction was monitored by TLC. Upon completion,
the reaction mixture was filtered through a celite pad, and washed with dichloromethane
and ethyl acetate. The products were purified by flash chromatography.

(E)- and (2)-5,15-Diphenyl-10-[1-hydroxyimino-1-(phenyl)methyl]bilanes (17a)
Compounds 17a were obtained from oxime 15a (1 mmol,
0.293 g) and dipyrromethane 16 (4 mmol, 0.889 Q).
Purification of the crude product by flash chromatography
O [ethyl acetate/hexane (1:2)] gave bilanes 17a [Method A:
0.145 g, 25%, as a mixture of isomers E/Z (40:60); Method
B: 0.189 g, 33%, as a mixture of isomers E/Z (58:42)] as a beige solid. HRMS (ESI-TOF)
m/z: [M + H*] calcd for C3sH33NsO, 576.2758; found, 576.2764.
(Z) isomer: *H NMR (400 MHz, DMSO-de): 5 = 5.13 (s, 1H), 5.30 (m, 2H), 5.45-5.54 (m,
4H), 5.64 (br s, 2H), 5.85-5.89 (m, 2H), 6.58-6.59 (m, 2H), 7.04-7.06 (d, 2H), 7.09-7.32
(m, 13H), 10.39 (br s, 2H), 10.47-10.53 (m, 2H), 10.62 (s, 1H) ppm.
(E) isomer: *H NMR (400 MHz, DMSO-de): 5 = 5.30 (m, 2H), 5.45-5.54 (m, 4H), 5.64 (br
s, 2H), 5.85-5.89 (m, 2H), 6.58-6.59 (m, 2H), 6.14 (s, 1H), 7.04-7.06 (d, 2H), 7.09-7.32
(m, 13H), 10.39 (br s, 2H), 10.47-10.53 (m, 2H), 11.32 (br s, 1H) ppm.

(E)- and (2)-5,15-Diphenyl-10-[1-hydroxyimino-1-(p-fluorophenyl)methyl]bilanes
(17b)

Compounds 17b were obtained from oxime 15b (1 mmol,
0.311 g) and dipyrromethane 16 (4 mmol, 0.889 Q).
Purification of the crude product by flash chromatography
[ethyl acetate/hexane (1:2)] gave bilanes 17b [Method A:
0.189 g, 32%, as a mixture of isomers E/Z (33:67); Method
B: 0.190 g, 32%, as a mixture of isomers E/Z (51:49)] as a
beige solid. HRMS (ESI-TOF) m/z: [M + H*] calcd for CssHs2FNsO, 594.2664; found,
594.2661.

(2) isomer: *H NMR (400 MHz, DMSO-ds): 8 =5.13 (s, 1H), 5.28-5.31 (m, 2H), 5.46-5.56
(m, 4H), 5.63 (d, J = 16.4 Hz, 2H), 5.85-5.90 (m, 2H), 6.58-6.60 (m, 2H), 7.00-7.34 (m,
14H), 10.42-10.53 (m, 4H), 10.71 (s, 1H) ppm.
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(E) isomer: 'H NMR (400 MHz, DMSO-dg): & = 5.28-5.31 (m, 2H), 5.46-5.56 (m, 4H),
5.63 (d, J = 16.4 Hz, 2H), 5.85-5.90 (m, 2H), 6.12 (s, 1H), 6.58-6.60 (m, 2H), 7.00-7.34
(m, 14H), 10.42-10.53 (m, 4H), 11.36 (s, 1H) ppm.

(E)- and (2)-5,15-Diphenyl-10-[1-hydroxyimino-1-(p-bromophenyl)methyl]bilanes
(17¢)

Compounds 17c were obtained from oxime 15c (1 mmol,
0.372 g) and dipyrromethane 16 (4 mmol, 0.889 Q).
Purification of the crude product by flash chromatography
[ethyl acetate/hexane (1:2)] gave bilanes 17c [Method A:
0.131 g, 20%, as a mixture of isomers E/Z (37:63); Method
B: 0.216 g, 33%, as a mixture of isomers E/Z (56:44)] as a
beige solid. HRMS (ESI-TOF) m/z: [M + H'] calcd for CssHs2BrNsO, 654.1863; found,
654.1865.

(2) isomer: *H NMR (400 MHz, DMSO-ds): 8 =5.13 (s, 1H), 5.27-5.30 (m, 2H), 5.47-5.64
(m, 6H), 5.85-5.89 (m, 2H), 6.60 (s, 2H), 7.00-7.03 (m, 3H), 7.12-7.29 (m, 10H), 7.39-
7.46 (m, 2H), 10.43-10.52 (m, 4H), 10.76 (s, 1H) ppm.

(E) isomer: *H NMR (400 MHz, DMSO-dg): 6 = 5.27-5.30 (m, 2H), 5.47-5.64 (m, 6H),
5.85-5.89 (m, 2H), 6.10 (s, 1H), 6.60 (s, 2H), 7.00-7.03 (m, 3H), 7.12-7.29 (m, 10H),
7.39-7.46 (m, 2H), 10.43-10.52 (m, 4H), 11.46 (s, 1H) ppm.

2.A.3.5. General procedure for synthesis of corroles:

DDQ (3 equiv, 0.3 mmol) was added to a solution of the appropriate bilane (0.1 mmol)
in dry THF (20 mL). The mixture was stirred at room temperature for 3 hours, under an
inert atmosphere. After this time, the mixture was concentrated under reduced pressure
until it reached half the volume, and purified by flash chromatography [ethyl

acetate/hexane (1:3)], followed by recrystallization in methanol.

5,15-Diphenyl-10-[1-hydroxyimino-1-(phenyl)methyl]corrole (18a)
O Compound 18a was obtained from bilanes 17a (0.140 g,
NOH 0.243 mmol) as a dark green solid (0.038 g, 27% vyield). *H
NMR (400 MHz, THF-dg): & = 7.19-7.26 (m, 4H), 7.65-7.80
O w O (m, 8H), 8.33 (br s, 5H), 8.60 (d, J = 4 Hz, 2H), 8.74 (s, 2H),
8.87 (s, 2H), 10.53 (s, 1H) ppm; *C NMR (THF-ds): & = 98.6,
112.2, 112.7, 112.9, 123.1, 123.3, 125.2, 125.3, 125.9,

126.2, 133.0, 138.4, 138.9, 154.8 ppm; HRMS (ESI-TOF) m/z: [M + H*] calcd for
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CasH27NsO, 570.2288; found, 570.2290; UV/vis Aas (DMSO, log €) 417 (5.03), 431 (4.93),
581 (4.30), 611 (3.23), 648 (3.90).

5,15-Diphenyl-10-[1-hydroxyimino-1-(p-fluorophenyl)methyl]corrole (18b)
Compound 18b was obtained from bilanes 17b (0.189 g,
0.319 mmol) as a dark green solid (0.058 g, 31% vyield). *H
NMR (400 MHz, THF-dg): & = 6.96 (t, J = 16 Hz, 2H), 7.65-
7.80 (m, 8H), 8.33 (br s, 6H), 8.58 (s, 2H), 8.75 (s, 2H), 8.88
(s, 2H), 10.57 (s, 1H) ppm; ¥C NMR (THF-dg): d = 98.2
112.6, 112.8, 125.2, 125.9, 127.1, 127.2, 133.0, 153.8,
159.6, 159.9 ppm; *°F NMR (THF-dg): & = -116.8 ppm; HRMS (ESI-TOF) m/z: [M + H*]
calcd for C3sH26FNsO, 588.2194; found, 588.2176; UV/Vis Aaws (DMSO, log €) 417 (4.73),
431 (4.64), 581 (4.98), 612 (3.91), 644 (3.74).

5,15-Diphenyl-10-[1-hydroxyimino-1-(p-bromophenyl)methyl]corrole (18c)
Br Compound 18c was obtained from bilanes 17c (0.216 g,

0.330 mmol) as a dark green solid (0.114 g, 53% vyield). *H

O NOH
NMR (400 MHz, THF-ds): & = 7.37-7.45 (m, 3H), 7.61-7.69
O (m, 4H), 7.79 (t, J = 16 Hz, 4H), 8.33 (s, 5H), 8.57 (s, 2H),
O 8.76 (s, 2H), 8.88 (s, 2H), 10.70 (s, 1H) ppm; *C NMR (THF-

ds): 6=97.8,112.7,112.9,120.4,125.3, 125.9, 126.9, 129.1,
133.0, 138.1, 139.3, 154.0 ppm; HRMS (ESI-TOF) m/z: [M + H] calcd for C3gH26BrNsO,
648.1393; found, 648.1366; UV/vis Aas (DMSO, log €) 418 (4.94), 432 (4.81), 581 (4.22),
612 (4.15), 644 (3.88).
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Part B: in vitro assays

2.B.1. Cell Culture

Experiments were performed with two non-small cell lung carcinomas (NSCLC) cell
lines: A549 (ATCC CCL-185® TM, adenocarcinoma, P53"!) and NCI-H1299/H1299
(ATCC CRL-5803® TM, large cell carcinoma, P53\,

The cell lines were cultured in Dulbecco’'s Modified Eagle's Medium (DMEM, Sigma D-
5648) supplemented with 10% (A549) or 5% (H1299) fetal bovine serum (FBS, Sigma
F7524), 100 M sodium pyruvate (Gibco 11360), and 1 % antibiotic (100 U/mL penicillin
and 10 pyg/mL streptomycin; Gibco 1360), according to providers’ recommendations and
maintained at 37 °C in a humidified atmosphere with 95 % air and 5 % CO: in Binder
incubator.

Cells form a monolayer, growing adherent to the solid support (flasks or cell culture
plates). To carry out the in vitro studies these cells need to be transferred to suitable
carriers, multiwell plates (MW), and enzymatic methods were used to prepare the cell
suspensions. Thus, cell cultures were initially washed with a phosphate buffered saline
(PBS), consisting of 137 mM NaCl (Sigma S7653), 2.7 mM KCI (Sigma P9333), 10 mM
NaH:PO. (Sigma S5011) and 1.8 mM KH;PO, (Sigma P0662), pH was set at 7.4 and
incubated at 37 °C with 3 mL of a trypsin-EDTA solution at 0.25 % (Sigma T4049) for the
time required for the cells to detach from the flask. Thereafter, culture medium was added
to inactivate the trypsin solution, the cell suspension was homogenized, and the cell
concentration was determined. In this step, a known volume of cell suspension was
diluted in equal volume of trypan blue and counted in an inverted microscope (Motic
AE31), with a 10x magnification, using the hemocytometer (Neubauer chamber).1?! After
counting, the volume of the cell suspensions was adjusted with culture medium, and cells
were plated at an initial concentration of 0.2 x 10° cells/mL in 48-well plates (MW48), in

order to maintain a constant number of 0.1 x 10° cells in a volume of 0.5 mL per well.

2.B.2. Photodynamic treatment

Corroles were solubilized in dimethylsulfoxide (DMSO, Fisher Chemical, 200-664-3), and
eight stocks of defined concentrations in a range of 5 uM to 1 mM were prepared: 5 pM,
10 puM, 25 pM, 50 puM, 100 uM, 200 UM, 500 uM, and 1 mM. The concentration of all
solutions of photosensitizers (PS) was adjusted, so that their addition only altered at
most the volume of culture medium from the cell compartments by 1%, i.e. the volume

of PS added was 5 pL. Tested concentrations ranged from 50 nM to 10 yM.
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The cell cultures submitted to the photodynamic treatment were incubated for 24 hours
with the desired PS concentrations. After this time, a wash was carried out with PBS, pH
7.4, which ensured that all the PS not internalized by the cells was removed, and 200 L
of culture medium was added to the cell compartments. In all studies the cultures were
irradiated with a photon flux of 7.5 mW/cm? to a total of 10 J. Irradiation for photodynamic
treatment was performed using a fluorescent light source equipped with a red filter (Acut
of < 560 nm). The evaluations were performed 24 hours after the photodynamic

treatment.

2.B.3. Photocytotoxicity and dark cytotoxicity

The cell cultures not submitted to the photodynamic treatment (dark cytotoxicity assays)
were incubated for 24 hours with the desired PS concentrations. Then, a wash was
carried out with PBS, 200 pL of culture medium was added to the cell compartments,
and cells were incubated for 24 hours before metabolic activity assessment.

To evaluate the effect of the corroles on the metabolic activity of the cells, the MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed. MTT
is reduced by metabolically active cells due to the action of dehydrogenase enzymes,
mainly through the action of complex Il of the mitochondrial respiratory chain, succinate
dehydrogenase or succinate-coenzyme Q reductase. The dehydrogenases have the
ability to cleave the MTT tetrazolium rings and form dark blue formazan crystals, which
can be subsequently solubilized and quantified by spectrophotometric means. Thus, the
amount of formazan crystals obtained is directly proportional to the mitochondrial cell
function, and consequently to the metabolic activity of the cells.1??

The cell suspensions of A549 and H1299 were distributed into 48-well plates. These
plates were incubated overnight to allow cell adhesion. PSs were administered in
concentrations ranging from 50 nM and 10 pM. In all assays six PS concentrations, and
two controls (untreated cell cultures and cell cultures subjected DMSO which is the PS
delivery vehicle) were performed in triplicate. Metabolic activity analysis was performed
24 hours after the photodynamic treatment.

For the MTT assay procedure, the cell culture medium was aspirated and washed with
PBS from each well. Subsequently, 100 pL of a solution of MTT (0.5 mg/mL; Sigma
M5655) in PBS, pH 7.4, was placed in each well and incubated in the dark at 37 °C for
4 hours. To solubilize the obtained formazan crystals, 100 yL of a 0.04 M solution of
hydrochloric acid (Merck Millipore 100317) in isopropanol (Sigma 278475) was added to

each well and the plates allowed to stir until complete dissolution. The absorbance was
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quantified at 570 nm with a reference filter of 620 nm using the EnSpire Multimode Plate
Reader.

Dark cytotoxicity studies were performed without the step of irradiation, as described
previously.

The metabolic activity was expressed as a percentage of the metabolic activity of the
cultures submitted to the photodynamic treatment in relation to the metabolic activity of
the cultures treated with the sensitizer administration vehicle alone, using the equation

below, where Abs corresponds to the absorbance.

Treated cells (Abs 570 — Abs 620) o
Control cells (Abs 570 — Abs 620)

Metabolic activity (%) = 100

This procedure allowed to establish dose-response curves and to determine the
concentration of the sensitizers that inhibits the metabolic activity of the cultures in 50 %
(ICs0). The obtained results were analyzed, processed in the program GraphPad Prism
7 and adjusted to a sigmoid curve according to the equation:

100
1+e (logxg—logC)xs

Metabolic activity =

Where C is the concentration, s is the slope of the central region of the sigmoid and xo
is the ICso. The 95 % confidence intervals for the ICso were obtained from the parameters

obtained by curve fitting (log xo and respective standard error).

2.B.4. Cell viability

The sulforhodamine B (SRB) assay allows assessment of cell viability by correlation with
total protein content. Sulforhodamine B is a purplish, anionic and pH dependent dye,
with affinity for amino acids, to which it binds electrostatically. Under acidic conditions, it
binds to the amino acids of cellular proteins and, under alkaline conditions, can be
extracted. After fixation, solubilization and measurement by spectrophotometric
methods, the results obtained correlate with the number of cells through total protein
content.123124

Corroles (18a-c and 22a-d) were administered at concentrations of 50 nM, 100 nM and
500 nM. In each study two controls were performed, one with untreated cells and the
other with DMSO. Photodynamic treatment was performed as described above, and the

SRB assay was performed 24 hours after irradiation.

38



For the SRB assay, 200 pL of acetic acid 1% (Honeywell 33209) in methanol (Fisher
Chemical M/4000/PC17) were added and incubated for 1 hour at 4 °C. After this time,
the supernatant was discarded and 200 uL of SRB at 0.5% (Sigma S9012) dissolved in
1% acetic acid (Honeywell 33209) in H.O were added to each well and plates were
stored for 1 hour and 30 minutes in the dark. After this time, the plates were washed to
remove excess SRB and, after drying the plate, 200 uL of TRIS-NaOH (pH 10) (Sigma
T1503) were added. Absorbance reading was done at wavelength 540 nm, with a
reference filter of 690 nm, in EnSpire Multimode Plate Reader. The results were
expressed as percentage of the protein content of the cultures submitted to the
photosensitizer in relation to the protein content of the cultures treated only with the

sensitizer delivery vehicle (DMSO).
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Chapter 3: Results and Discussion

This chapter is divided into two parts. In Part A the results on the synthesis of trans-A2B-
corroles (Figure 10). In this part were also described the synthesis of a,a-
dibromoketones, oximes and dipyrromenthanes in order to obtained bilanes, precursors
of the desired corroles. Furthermore, the photophysical and photochemical
characterization of the synthesized corroles is demonstrated.

In Part B the photocytotoxicity and dark cytotoxicity of the corroles synthesized in Part
A and more four corroles previously synthesized in the Organic Chemistry Group is

presented and discussed.
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Chapter 3.A: Chemical synthesis and characterization

3.A.1. Introduction

Lopes and Pinho e Melo described a novel approach to trans-A>B-corroles based on the
reactivity of nitrosoalkenes towards dipyrromethanes (Scheme 1). The synthetic
strategy, involves the synthesis of bilanes 21 from a,a-dihalo-oximes 19 and
dipyrromethanes 20 either via bis-hetero-Diels-Alder reaction or conjugate addition,
followed by an oxidative macrocyclization to afford a new class of trans-A:B-corroles
22.116

R'__NOH
NOH R2
X NaCOs, rt DDQ
RY e = THF, 1t
2 , T 2 2
19X \_NH HN—/ R® 3y R R
_ 20
X1‘ Br, Cl R2 = Ph, p-NO,CgH,
R' = Me, p-NO,CgH
2 p-BrCeH, reaction conditions 21 22 40-84%
H,O/CH,Cl,, 20 min  16-40%
CHyCly, 17 h 16-41%

Scheme 1: Synthesis of bilanes 21 and trans-AzB-corroles 22.

The chemical behavior of nitrosoalkenes generated in situ from the oximes toward
dipyrromethanes is strongly dependent on the nature of the 3- and/or 4-
substituents.!6125-128 pinho e Melo and coworkers observed that 1-
methylnitrosoethylenes (generated in situ from methyloximes) react with
dipyrromethanes via hetero-Diels-Alder reaction, affording products as single oximes,
whereas 1-arylnitrosoethylenes (generated in situ from aryloximes) react through
conjugate addition or via hetero-Diels-Alder reaction affording two isomeric oximes.1®
Interestingly, an easy and unambiguous way to determine the mechanism pathway
involved in the synthesis of bilanes is the outcome of the reaction regarding the selectivity
of oxime formation, single stereoisomer versus E/Z mixtures.

In this context, the two possible mechanisms for the synthesis of bilanes from
nitrosoalkenes and dipyrromethanes are outlined in Scheme 2. Dehydrohalogenation of
the starting a,a-dihalo-oximes 19 in the presence of sodium carbonate generates the
transient a-halo-nitrosoalkenes 23, which reacts with the first molecule of the appropriate
dipyrromethane 20 either via hetero-Diels—-Alder reaction (when R! = Me, Aryl), or
conjugated addition followed by [1,5]hydrogen shift (when R! = Aryl) to give the
corresponding alkylated dipyrromethanes 24. The side chain of this functionalized DP
can undergo another dehydrohalogenation to afford a new nitrosoalkene 25, which

reacts with the second molecule of dipyrromethane 20 to give the expected bilanes 21.
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Scheme 2: Mechanism proposal for the synthesis of oxime-containing bilanes based on the
reactivity of nitrosoalkenes toward dipyrromethanes.

In this project, three new trans-A;B-corroles were synthetized and its photophysical
characterization were performed together with corroles previously synthesized by

Lopes.!1®

3.A.2. Synthesis of bilanes and corroles

The oxime precursors - a,a-dibromoketones 14 - were synthesized by bromination of the
corresponding ketone 26 using 2 equiv of bromine in glacial acetic acid (Scheme 3),
according to a procedure described in the literature.'*’'!® g,a-Dibromoketones 14 were
obtained in high yields (66-78%).

The synthesis of the oximes 15 resulted from the reaction of the corresponding a,a-
dibromoketone 14 with hydroxylamine hydrochloride in ethanol at room temperature
(Scheme 2), according to a procedure described in the literature.!'® The oximes
containing three distinct substituents, a phenyl group 15a, a phenyl group with a fluorine
in the para position 15b, and a phenyl group with a bromine in the para position 15c were

obtained in 60%, 36% and 51% yield, respectively.
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o o) NOH
Bra(2eq.) J\(Br _HoNOH.HCI Br
RJ\ AcOH,rt. R EtOH, rit. R
Br Br
26 14aR = Ph 78% 15a 60%
14bR=p-FPh  78% 15b 36%
14c R = p-BrPh  66% 15¢ 51%

Scheme 3: Synthesis of a,a-dibromoketones 14 and a,a-dibromo-oximes 15.

Dipyrromethane 16 resulted from the trifluoroacetic acid catalyzed condensation of
benzaldehyde (27) with pyrrole (28) at room temperature (Scheme 4), according to a
procedure described in the literature.*?° Dipyrromethane 16 containing a phenyl group

(Ph) in meso position was obtained in 53% yield.

Ph
)OJ\ !\ TFA
+ N e B =
Ph H H r.t., 15 min \ T /

27 28 16 53%

Scheme 4: Synthesis of dipyrromethane 16.

Bilanes 17 resulted from the reaction of nitrosoalkenes generated in situ from
dehydrohalogetion of a,a-dibromo-oximes 15, with dipyrromethane 16 (1:4 oxime/DP
ratio) in the presence of sodium carbonate, in two different methodologies. In method A,
solvent system water/dichloromethane (H.O/CH.Cl,, 85/15) was used, and the mixture
was stirred at room temperature for 20 minutes. In method B, dichloromethane was used
as solvent, and the mixture was stirred at room temperature for 17 hours.

The synthetic strategy, reactions yields and isomeric proportions of bilanes 17 are
summarized in table 3. Bilane 17a was obtained in 25% yield using the H,O/CH.Cl,
solvent system (entry 1), and 33% yield carrying out the reaction in dichloromethane
(entry 2). Bilane 17b was obtained in 32% yield using the H>O/CH»Cl, solvent system
(entry 3), and in dichloromethane (entry 4). Bilane 17c was obtained in 25% yield using
the H,O/CH.CI, solvent system (entry 5), and 33% vyield carrying out the reaction in
dichloromethane (entry 6).

On-water reactions are particularly interesting not only in the context of the development
of a more sustainable methodology but because they are much faster and can lead to
different reactivities and selectivities in similar yields. In fact, reactions using the
H,O/CH.Cl, solvent system generate mostly Z-isomer, whereas reactions in

dichloromethane generate mostly E-isomer, as shown in table 3.
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Table 3: Synthesis of bilanes 17.

NOH Ph
)KrBr m NaQCO:;, r.t.
R + S = -
Br \_NH HN—/
15a R=Ph 16
15b R = p-FPh
15¢ R = p-BrPh
Entry Oxime Reaction conditions Yield (E:2)
1 15a H2>0/CHClz, 20 min 17a 25% (40:60)
2 15a CH:Clz, 17 h 17a 33% (58:42)
3 15b H2>0/CHClz, 20 min 17b 32% (33:67)
4 15b CH:Cl, 17 h 17b 32% (51:49)
5 15c H2>0/CHClz, 20 min 17¢c 20% (38:62)
6 15c CH:Cl, 17 h 17c 33% (56:44)

In all cases, bilanes 17 were isolated as a mixture of E and Z isomeric oximes. Based
on *H NMR spectrum, the configuration of the oxime group could be assigned. The figure
11 shows the differences in the structure and in the *H NMR spectrum of bilanes 17c,
where the meso-proton (in blue) and the proton of hydroxyl group (in red) of the bilane
bearing a Z-oxime appear at a lower chemical shift than the values observed for the

derivative with the E-oxime.
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Figure 11: 'H NMR spectrum of the two stereoisomers (E)- and (Z)- bilanes 17c obtained using

the H20/CH2Clz solvent system.

As with other arylnitrosoalkenes, a mixture of stereoisomers E/Z was also observed and

therefore these reactions follow the mechanism shown in scheme 2 (page 45) of this

thesis). Thus, we can conclude that bilanes result from the reaction between

nitrosoalkenes and dipyrromethane via two consecutive hetero-Diels-Alder reactions or

via conjugated additions.

The oxidative macrocyclization of bilanes 17 to the corresponding corroles 18 was

performed using 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) as oxidant. Corroles
18a, 18b and 18c were obtained in 27%, 31% and 53% yield, respectively.

DDQ

THF, r.t.
3h

Scheme 5: Synthesis of trans-Az2B-corroles 18.
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Photophysical characterization of the three newly synthesized trans-A>B-corroles were
studied together with corroles previously synthesized by Lopes,*® which structure are

presented in figure 12.

HON HON

SEHe
R

18a 18b
M = 569.6680 g/mol M = 587.6584 g/mol

HON HON

S
e

B 0,
18c 22a
M = 648.5640 g/mol M = 614.6650 g/mol
N02 Br

HON HON HON

Me Me Me
22b 22¢ NO2 I
M = 507.5970 g/mol M = 597.5910 g/mol M = 665.3890 g/mol

Figure 12: Structures of all Trans-AzB-corroles studied.
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3.A.3. Photophysical characterization of trans-A2B-corroles

The compounds presented in this dissertation were also characterized by molecular
absorption spectroscopy. This technique provides important information for the possible
application of the compounds as PS, since the molecules must have some specific
characteristics.

On an absorption spectrum, free base corroles have a band with a high absorption
coefficient in the near ultraviolet (around 400 nm), called Soret or B band, and a series
bands of lower absorption coefficient (Q bands), which are located in the visible region
(between 500 and 700 nm). The absorption spectrum of corroles could be interpreted
with the four-orbital model proposed by Gouterman.'2>1% The number and Shape of the
Q bands is highly influence by the substituents.

The normalized absorption spectra of corroles with methyl oxime group at the meso

position 10 — corroles 22b, 22c and 22d — are presented in Figure 13.

HON
Me Br

22b O
HON

NO.
! Me

22d O
Br

Normalized Abs.

HON

Me

400 500 600 700 800
NO
A (nm) ’

Figure 13: Normalized absorption spectra of corroles with methyloxime at the meso-position.

The absorption spectra of this type of corroles is greatly influenced by the substituents
at the 5 and 15 position. Corroles with substituents phenyl (22b) and bromophenyl (22d)
present a Soret Band at 420 nm and Q bands at 580-665 nm region. The corrole with
phenyl substituent present two Q bands while the corrole with the bromine atoms shows
three Q bands at 583, 618 and 664 nm. The nitro group at the phenyl ring (22c) change
the shape of the UV-vis spectrum that present two broad bands at 428 and 641 nm with

absorption coefficients of 104 Mt cm™ (Table 4).
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Figure 14: Normalized absorption spectra of corroles with phenyloxime at the meso-position.

The corroles with phenyl oxime substituents — corroles 18a, 18b, 18c and 22a — show a
UV-Vis absorption spectra very similar with a Soret band at 417-418 nm, which present
a shoulder at 431-432 nm, and three Q bands at 581, 611 and 645 nm. Clearly, the
substituents at the phenyloxime group have a small influence in the absorption
characteristics of these compounds, Figure 14.

The wavelength of the maxima absorption and the absorption coefficients calculated
using solutions of concentration between 2x10° and 4x10® M in DMSO at room
temperature are presented at Table 4. Using the Beer-Lambert law (A=¢bc, where A is
the absorbance, ¢ is the molar absorptivity coefficient, b is the optical path travelled by
light and c is the concentration of solution), absorption as a function of concentration is
plotted on a graph. The slope of the adjusted line determines the molar absorptivity
coefficient (€) for Q and Soret bands. Correlation coefficients obtained for the straight
lines were high and, in the range of the concentrations used, we did not find any deviation
to Beer-Lambert law (R? > 0.99), which indicates the absence of aggregation of the
compounds in the range of concentration and with the solvent studied.

Contrary to porphyrins, where aggregation have been deeply investigated, the
aggregation of corroles has been less explored.®* In porphyrins, the aggregation causes
a decrease in the lifetime of singlet and triplet states of the PS, that leads to a decrease
in the quantum yields of singlet oxygen, which ultimately decreases the photodynamic
efficiency of the PS. However, in corroles this correlation does not seem to be observed.
Recent studies show that the aggregation of these macrocycles increases absorption in

the therapeutic window, enhancing their applicability in PDT.
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Table 4: Wavelength of the maxima of the absorption coefficients of corroles in this study.

Corrole Soret | Soret (sh) Q-bands
Amax (nm), e (Micm™)
18a Amax (nm) 417 431 581 611 648
e (Mlcm?) | 1.07x10° 8.45x10* & 1.99x10* | 1.68x10°  7.92x10°
Amax (nm) 417 431 581 612 644
180 ¢ (Mtcm?)  5.36x10*  4.36x10% 9.52x10* | 8.12x10% | 5.45x10°
18¢ Amax (nm) 418 432 581 612 644
e (Mlcm?)  8.64x10* 6.52x10% 1.67x10* | 1.42x10* 7.58x10°
Amax (nm) 417 431 581 611 644
228 e (Mtcm?) | 6.32x10* 5.32x10* 1.32x10* | 1.16x10* 6.94x10°
ooby Amax (nm) 417 - 579 613
e (Mtcm?) | 1.12x10° - 1.87x10* 1.70x10*
e Amax (nm) 428 - 641
¢ (Mlcm?) | 4.24x10* - 1.89x10*
oo Amax (nm) 421 - 583 618 664
e (Micm?)* | 5.7x10% - 9.8x10° 9.3x10° 4.4x103

* Minus a significant figure because there is a greater error in the measurement.
Solvent used: DMSO.
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Chapter 3.B: Cell biology studies

3.B.1. Photocytotoxicity and dark cytotoxicity

The seven corroles were tested in order to assess their potential use as photosensitizers
in PDT. For this, MTT assays were performed to evaluate photocytotoxicity and
cytotoxicity of the compounds in two lung cancer cell lines (A549 and H1299). This
technique is very useful for rapid screening of various compounds since it provides an
indication of the metabolic state, with the main contribution of mitochondrial enzymes.*3!
Therefore, the reduction of MTT is influenced not only by viability, but also by several
factors intrinsic to the metabolism itself.13?

The results obtained by the MTT assay after 24 hours of photodynamic treatment for the
seven corroles were adjusted to a sigmoid dose-response model. In Figure 15.A and
15.B are represented the dose-response curves of the H1299 and the A549 cell lines,
respectively. From the equation of each curve the mean point, corresponding to the I1Csp
value, was calculated and presented in Table 5, together with respective 95% confidence

intervals and R? of the curves.
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Figure 15: Dose-response curves for corroles submitted to irradiation in: A) H1299 cell line; B)
A549 cell line. Results are presented as mean * SD (at least n = 6).

Table 5: ICso levels of the seven corroles in human lung carcer cell lines H1299 and A549, 24
hours after photodynamic treatment.

H1299 A549
Compound (I:hs/lo) Closss (NM) R? (I:l\s/lo) Clss (M) R?
18a 283.3 < 306.3 0.9640 | 126.8 < 137 0.9642
18b 473.5 [410.0; 543.0] 0.9487 | 246.0 [219.7; 272.9] | 0.9729
18c 985.5 [831.0; 1195] 0.9651 | 700.4 [624.0; 781.2] 0.9595
22a 510.6 [396.7; 665.3] | 0.9093 | 494.4 [431.8; 561.3] | 0.9391
22b 270.6 [243.9; 301.5] | 0.9440 | 1530 [1292; 1828] | 0.9223
22c 412.3 [361.7; 467.4] | 0.9595 | 1853 [1522; 2267] | 0.9353
22d 640.7 | [575.8;713.8] 0.9765| 1693 @ [1335;2200] @ 0.8761

Considering the results in their entirety, it is verified that A549 cell line apparently
presents a greater sensitivity to the compounds with phenyl oxime substituents (corroles

18a-c and 22a). Nevertheless, for the H1299 cell line, the most promising compounds
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appear to be those with the lowest molecular weight (corroles 18a and 22b), opposing
to those with the highest molecular weight (corroles 22d and 18c¢).

As the ICso values obtained with the photosensitizers are very promising (most in the
order of nanomolar), dose-response curves and ICso of the most promising corrole (18a)
was compared with a clinical approved PS which have been evaluated by the same
methodology for A549 cell line. Figure 16 presents the corrole 18a in comparisom with
5,10,15,20-tetra(m-hydroxyphenyl)chlorin  (mTHPC) with the generic name

“Temoporfin” and the proprietary name “Foscan®”.

A549

100 -

18a

=& Foscan

50 -

Metabolic Activity (%)

0 T T T O
2 3 4 18a

Log[concentration] (nM)

Figure 16: Dose-response curves for corrole 18a and Foscan® in A549 cell line. Results are
presented as mean + SD (at least n = 4).

Despite the visible differences, ICso of the Foscan® and corrole 18a are both in nanomolar
range (84.09 and 126.8 nM, respectively). Table 6 shows the respective 95% confidence

intervals that prove the absence of significant differences between the compounds.

Table 6: ICso levels with respective 95% confidence intervals and R? of Foscan® and corrole 18a
in A549 cell line.

A549
Compound
|C50 (n M) C|95% (n M) R2
18a 126.8 <137 0.9881
Foscan® 84.09 <102 0.9915
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Metabolic activity studies of the cell cultures not submitted to the photodynamic
treatment (dark cytotoxicity assays) were also made. Figure 17 shows the values of
metabolic activity for the two highest tested concentrations of each sensitizer in H1299
and A549 cell lines. Up to a concentration of 5 uM, none of the compounds was
significantly cytotoxic. At 10 uM, corrole 22¢ was able to reduce cell viability in H1299
and A549 cell lines to 40.2% and 69.8%, respectively. This cytotoxicity may be related
to the presence of nitro groups, and not necessarily to the photophysical characteristics
of the macrocycle. The other corroles revealed not to be cytotoxic even at the higher

concentration, when not irradiated.
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Figure 17: Metabolic activity of cell treated with corroles not submitted to irradiation in: A) H1299
cell line; B) A549 cell line. Results are presented as mean + SD (at least n = 2).
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3.B.2. Cell viability

In a complementary manner, cell viability with photosensitizers 18a-c and 22a-d was
studied in H1299 and A549 cell lines 24 hours after photodynamic treatment, and
compared to viability of the cells submitted to the sensitizers in the same concentrations,
but without irradiation. To achieve this goal, the SBR assay, which is an indication of the
change in total protein content and therefore correlates with cell biomass,? was used.
Figure 18 and Figure 19 presents the results obtained in H1299 and A549 cell lines,
respectively.

Figure 18 shows the viability of the H1299 cell cultures was significantly reduced after
photodynamic treatment with the trans-A;B-corroles studied. Unsurprisingly, there was
no decrease in viability of cells exposed to sensitizers, but not irradiated. The corroles
with phenyl oxime substituents at the meso position 10 — corroles 18a-c and 22a —
presented the most promising results. Corrole 18a showed the best results, managing
to reduce cell viability to less than 50% even at the lowest concentration (50 nM). Corrole
18b also proved to be very promising, managing to reduce cell viability to less than half
at the concentration of 100 nM. Corroles 18c and 22a needed concentrations in the order
of 250 nM to reduce cell viability to less than 50%. On the other hand, the corroles with
methyl oxime group at the meso position 10 — corroles 22b-d — presented the less
promising results. In fact, corrole 22b, which had shown the most promising results in
metabolic activity in the H1299 cell line, fell short of expectations in cell viability assays,
having halved cell viability only at the highest concentration (500 nM). Corroles 22c, and
22d also only managed to reduce cell viability to values below 50% at the highest
concentration (500 nM).

These results corroborate those previously obtained in the metabolic activity for the
group of corroles with phenyl oxime substituents at the meso position 10 (18a-c and

22a), but are disappointing for the group of corroles with methyl oxime group (22b-d).
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Figure 18: Cell viability of H1299 cell line 24 hours after the photodynamic treatment (10 J) and
without irradiation (0 J) based on four sensitizers concentrations. Results are presented as mean

+ SD (at least n = 2).
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Figure 19 presents the viability of the A549 cell cultures was also significantly reduced
after photodynamic treatment with the trans-A;B-corroles studied. Unsurprisingly, there
was no decrease in viability of cells exposed to sensitizers, but not irradiated. Like the
previously described results for the H1299 cell line, the corroles with phenyl oxime
substituents at the meso position 10 — corroles 18a-c and 22a — presented the most
promising results for A549 cell line. Corrole 18a showed the best results, managing to
reduce cell viability to less than 50% even at the lowest concentration (50 nM). Corroles
18b and 18c were able to cause a significant decrease in cell viability to 30% and 27%
respectively, when at concentrations of 500 nM. Although less expressive, corrole 22a
also managed to lower cell viability to values close to 50% when the concentration was
500 nM. On the other hand, the corroles with methyl oxime group at the meso position
10 — corroles 22b-d — presented the less promising results. In fact, none of them was
able to lower cell viability below 50% in the range of concentrations studied.

These results corroborate those previously obtained in the metabolic activity for all
corroles studied.

The absence of cytotoxicity, combined with photocytotoxicity values in the nM range, and
corroborated with cell viability decreased, supports the hypothesis that trans-A;B-
corroles have enormous potential for photodynamic therapy of lung cancer. Corrole 18b
showed to be the most promising sensitizer, and the phenyl substituent at the oxime
group of the sensitizer has been shown to play a decisive role in the photodynamic
activity of trans-AzB-corroles. Molecular weight also appears to affect photodynamic
activity, with the lighter compounds showing more promising results than the heavier
compounds, within each of the groups.
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Figure 19: Cell viability of A549 cell line 24 hours after the photodynamic treatment (10 J) and
without irradiation (0 J) based on three sensitizers concentrations. Results are presented as mean
*+ SD (at least n = 2).
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Chapter 4: Conclusion and Future Perspectives

Throughout this dissertation the results obtained in the experimental work were
presented and discussed. Still, there are important conclusions that need to be
emphasized, as well as the prospect of future work.

The two-consecutive hetero-Diels-Alder reactions or conjugated additions of
nitrosoalkenes with dipyrromethanes led to a new class of tetrapyrrolic compounds:
bilanes meso-substituted with an oxime moiety. On-water reactions proved to be
particularly interesting not only in the context of the development of a more sustainable
methodology but because they are more than fifty times faster and can lead to different
reactivities and selectivities in similar yields.

The oxidation of the bilanes gave trans-A;B-corroles in satisfactory yields.

Corroles photophysical characterization revealed intense Q bands between 579 and 664
nm, values within the therapeutic window, and the absence of aggregation. These
promising photophysical characteristics allow us to expect high photodynamic efficiency
from the seven trans-A;B-corroles studied.

Preliminary in vitro assays of corroles revealed high photocytotoxicity and non-
cytotoxicity through MTT assays. The results obtained in the cell viability assays (SRB)
corroborated to a large extent those obtained in the metabolic activity assays, which
support its applicability as photosensitizers in PDT, pointing to a promising therapeutic
effect, and support further studies.

In the future, it is planned to continue in vitro studies to assess the cytotoxicity of trans-
AzB-corroles in non-malignant cell lines of the lung, quantify the cellular uptake of the
compounds in different cell lines (malignant and non-malignant), and evaluate the
mechanism of cell death associated with these corroles. With these data, it will be
possible to modify the structure of the corroles, in an attempt to further optimize
photophysical characteristics and enhance their photodynamic efficiency, in order to
validate the use of these compounds as photosensitizers in PDT.

Furthermore, it is planned to assess the potential anti-tumor effect of trans-A,B-corroles
in vivo in human tumor xenografts in mice. Here we hope to find results consistent with
those obtained on in vitro assays, that the photosensitizers exhibit anti-tumor ability in

the inhibition of lung tumor growth.
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