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Abstract

Abstract

Lung cancer is a pathology with a high prevalence worldwide, and it generally has a bad
prognosis since it is detected in later stages. Aside from the requirement for a faster diagnosis, it
is also critical to develop additional techniques or methodologies that can be complementary or
improve the PET scan with FDG, which is already an advanced diagnostic tool.

BODIPYs are small aromatic compounds with interesting spectroscopic, photophysical,
and chemical properties. These last characteristics are best defined by the great structural and
substitutive flexibility of the fluorophores. BODIPY's have been investigated for use in a wide
range of applications, including brain and cardiac perfusion imaging, due in part to their excellent
photochemical stability.

PET systems employ radiopharmaceuticals with Fluorine-18 to detect a variety of
diseases, being cancer one of the most studied with this methodology. Fluorine-18 has been
widely used due to its unique characteristics and ability to label small biomolecules as well as
more complex structures. Therefore, if the unique characteristics of BODIPYs can be associated
with those of the ®F radioisotope, we may have a very valuable tool for PET-based lung cancer
diagnosis.

To that end, BODIPY's with Fluorine-19 or alkoxy groups linked to the boron atom were
synthesized, characterized by NMR, absorption and emission spectroscopy, and mass
spectrometry. Some structural motifs were also evaluated, such as the planarity of the boron atom
in relation to the plane of the pyrrole rings, along with the angles of the boron substituents, that
may influence the radiolabelling process. Lastly, cytotoxicity and compound uptake by two lung
cancer cell lines were assessed through in vitro studies such as MTT, SRB, haemolysis, and
cellular uptake assays.

From the results obtained, it was possible to confirm that the BODIPY's obtained were the
ones initially expected and that two of the six compounds, BODIPYs 3 and 6, showed low
cytotoxic effects on metabolic activity and viability. Even so, BODIPY 3 showed slightly better
results than BODIPY 6, with greater uptake and less release of haemoglobin.

In summary, BODIPYs 3 and 6 appear to be good candidates for investigating the 8F
insertion into the structure of the compound. It is worth noting that both compounds include
alkoxy groups associated with the boron atom, which was one of the properties we intended to
look into in the future to improve the radiolabelling kinetics.

Keywords: Lung Cancer, BODIPY, Characterization, Biocompatibility, PET.
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Resumo

Resumo

O cancro de pulmao é uma doenga com grande prevaléncia a nivel mundial e geralmente
com um prognostico relativamente pobre, uma vez que é detetado em fases tardias. Além da
necessidade de um diagndstico em estadios ndo tdo avancados, é também fundamental o
desenvolvimento de outras técnicas ou metodologias que possam complementar ou melhorar o
exame PET com FDG, que por si s6 ja é uma das técnicas de diagndstico mais avancadas.

Os BODIPYs sdo compostos aromaticos com propriedades espectroscépicas, fotofisicas e
quimicas interessantes. Estas caracteristicas sdo mais bem definidas pela grande flexibilidade
estrutural e substitutiva destes fluoréforos. Além disso, os BODIPYs tém sido investigados para
uma ampla gama de aplicacfes, incluindo para a obtengdo de imagens de perfusdo cerebral e
cardiaca, devido em parte a sua excelente estabilidade fotoquimica.

Os sistemas PET usam radiofarmacos com FlUor-18 para detetar uma grande variedade
de doencas, sendo o cancro uma das mais estudadas com esta metodologia. O Fltor-18 tem sido
amplamente utilizado devido as suas caracteristicas Unicas e a capacidade de marcar pequenas
biomoléculas, bem como estruturas mais complexas. Posto isto, se as caracteristicas exclusivas
dos BODIPYSs puderem ser associadas as do radiois6topo *®F, podemos ter uma ferramenta muito
valiosa para o diagnostico PET do cancro de pulméo.

Para esse fim, BODIPYs com Fluor-19 ou grupos alcoxidos associados ao atomo de boro,
foram sintetizados, caracterizados por espectroscopia de RMN, de absorcdo e emissdo e
espectrometria de massa. Alguns motivos estruturais também foram avaliados, como a
planaridade do boro em relacdo ao plano dos anéis pirrolicos, bem como os angulos dos
substituintes do boro que podem influenciar a velocidade do processo de radiomarcacao. Por fim,
a citotoxicidade e a incorporacdo do composto por duas linhas de células do cancro de pulméo
também foram avaliadas por meio de estudos in vitro, tais como os ensaios de MTT, SRB,
hemolise e incorporacdo celular.

Pelos dados obtidos, foi possivel confirmar que os BODIPYs obtidos foram os
inicialmente pretendidos, com os BODIPYs 3 e 6 a apresentarem menor citotoxicidade para a
atividade metabdlica e para a viabilidade celular. Ainda assim, o BODIPY 3 apresentou
resultados ligeiramente melhores, com maior captacdo por ambas as linhas celulares em estudo e
provocando menor libertagdo de hemoglobina.

Em suma, os BODIPYs 3 e 6 parecem ser bons candidatos para serem investigados
quanto a incorporagdo do '®F nas suas estruturas. De realgar que ambos os compostos incluem
grupos alcéxidos associados ao atomo de boro, que era uma das propriedades que pretendiamos
estudar no futuro para melhorar a velocidade de radiomarcagao.

Palavras-chave: Cancro do Pulméo, BODIPY, Caraterizacdo, Biocompatibilidade, PET.
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B*: Positrons

p°: Electrons

BE_F,: Fluorine gas labelled with *F
F-ALF-NOTA-PRGD;: **F-Alfatide
BF-FDG: Fluorodeoxyglucose labelled with
18F

BF-FET: O-(2-[*®F]-fluoroethyl)-L-tyrosine
BE-FAMT: L-[3-**F] (*3F)-Fluorothymidine
BE-FETNIM: [*®F]-Fluoro Erythro Nitro
Imidazole

BF_NaF: **F-sodium fluoride

BF-MISO: [**F]-fluoromisonidazole
8[0]H.0: Water labeled with %0
Cu-ASTM: 50Cu-4-(N)-
methylthiosemicarbazone
#*Cu-DOTA-RGD: [%*Cu]-(1,4,7,10-
tetraazacyclododecaneN,N’,N** N*”’-
tetraacetic acid) - (arginine-glycine-aspartic
acid)

8Ga-RGD;: ®*Ga dimerized-RGD

A: Amstrong

ALK: Anaplastic lymphoma kinase
ALK-EMLA4: Fusion of ALK and EML4
Aza-BODIPY: Aza-4,4-Difluoro-4-bora-
3a,4a-diaza-s-indacene

BF;.Et,O: Boron trifluoride diethyl etherate
BODIPY: 4,4-Difluoro-4-bora-3a,4a-diaza-
s-indacene

BRAF: Proto-oncogene B-Raf or v-Raf
murine sarcoma viral oncogene homolog B
CDKN2A:
inhibitor 2A
ClI: Confidence interval

COPD: Chronic Obstructive Pulmonary
Disease
D-*F-FMT:
Tyrosine

Cyclin-dependent Kinase

D-(*®F)-Fluoro-Methyl-

DC: Dendritic Cell

DDQ: 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone

DMAP: 4-dimethylaminopyridine

DMSO: Dimethyl sulfoxide

DNA: Deoxyribonucleic acid

DMEM: Dulbecco's Modified Eagle
Medium
EasyPET: Easy
Tomography
EGFR: Epidermal Growth Factor Receptor
EML4: Echinoderm Microtubule-associated
Protein-like 4

ES-SCLC: Extensive-Stage of Small Cell
Lung Cancer

FAP: Fibroblast Activation Protein

FAPIs: FAP-specific inhibitor (FAPI)

FBS: Fetal Bovine Serum

FDG: Fluorodeoxyglucose

FHIT: Fragile Histidine Triad Protein
HER2: Human Epidermal Growth Factor
Receptor 2

Positron Emission

KRAS: Kirsten Rat Sarcoma viral oncogene
homolog

LATL1: Large Amino Acid Transporter 1
LS-SCLC: Limited-Stage of Small Cell
Lung Cancer
MT-MMP1:
metalloproteinase-1

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

NIR: Near-Infrared

NIR-11: Second Near-Infrared

NMR: Nuclear Magnetic Resonance
NSCLC: Non-Small Cell Lung Cancer
OTf: Trifluoromethanesulfonate

Membrane-type matrix
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PIK3CA:
bisphosphate 3-kinase, catalytic subunit

Phosphatidylinositol-4,5-

alpha

pl6: p16™K  cyclin-dependent kinase
inhibitor 2A

TP53: Tumour protein p53

PACMAZ3L: Protein Disulfide Isomerase
Inhibitor 111

PARP1: Poly [ADP-ribose] Polymerase 1
PARPI-FL: a Fluorescent PARP1 Inhibitor
PBS: Phosphate Buffered Saline

PDT: Photodynamic Therapy

PET: Positron Emission Tomography

PET/CT: Positron Emission
Tomography/Computed Tomography
pH: - log [H]

PTEN: Phosphatase and Tensin Homolog
RASSF1A: Ras Association Domain Family
1 Isoform A

Rb: Retinoblastoma protein

Rb1: Gene Name Abbreviated RB or RB1
RGD: Tripeptide Arg-Gly-Asp

ROS1: ROS proto-oncogene 1, receptor
tyrosine kinase

RNA: Ribonucleic Acid

SA: Specific Activity

SCLC: Small Cell Lung Cancer

SD: Standard Deviation

Sn2: Bimolecular Nucleophilic Substitution
SnAr: Nucleophilic Aromatic Substitution
SPECT: Single-photon Emission Computed
Tomography

SRB: Sulforhodamine B

SUV: Standard Uptake Value

T1: Half-life

TFA: Trifluoroacetic acid

TKI: Tyrosine Kinase Inhibitors

TMSOTT: Trimethylsilyl triaflate

TLC: Thin Layer Chromatography

VEGF: Vascular Endothelial Growth Factor
WHO: World Health Organization
Val600Glu: BRAF V600E mutation
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Structures

1. 2,8-diethyl-5,5-difluoro-1,3,7,9-tetramethyl-10-(perfluorophenyl)-5H-dipyrrolo[1,2-
c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide

= BODIPY 1

2. 2,8-diethyl-5,5-difluoro-1,3,7,9-tetramethyl-10-phenyl-5H-dipyrrolo[1,2-c:2",1"-
f][1,3,2]diazaborinin-4-ium-5-uide

= BODIPY 2

3. 2,8-diethyl-1,3,7,9-tetramethyl-10-(perfluorophenyl)-5,5-diphenoxy-5H-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide

= BODIPY 3

4, 2,8-diethyl-1,3,7,9-tetramethyl-5,5-diphenoxy-10-phenyl-5H-dipyrrolo[1,2-c:2",1'-
f][1,3,2]diazaborinin-4-ium-5-uide

= BODIPY 4
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5. 2',8'-diethyl-1',3",7",9'-tetramethyl-10'-
(perfluorophenyl)spiro[benzo[d][1,3,2]dioxaborole-2,5'-dipyrrolo[1,2-c:2",1'-
f][1,3,2]diazaborinin]-4'-ium-12-uide

= BODIPY 5

6. 2',8'-diethyl-1",3",7",9'-tetramethyl-10"-phenylspiro[benzo[d][1,3,2]dioxaborole-2,5'-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin]-4'-ium-12-uide

= BODIPY 6
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Introduction

1 - Introduction

The knowledge of how the body works and how it is structured in health and disease is
important not only for diagnosing disorders and injuries but also for planning therapies®.
Prevent premature death or disability, restore well-being or at least structural and functional
capacity, or even provide some comfort to the patient are some of the other roles of medicine.

Medical imaging is paramount for visualizing and monitoring the biological processes
of the body. This area is dedicated to the acquisition of anatomical/structural and
physiological/functional images of the patient's organs or tissues, which can help in the
correlation of imaging findings with pathological conditions and with the detection and
diagnosis of human diseases and injuries.

However, in most cases, diagnosis occurs at a stage where disease treatment is not
always effective’. The expansion of medical imaging from organ or tissue levels to cellular or
molecular levels can result in a better understanding of the molecular and genetic infrastructure
underlying human body processes'. Tracers with useful physical and optical properties are
used to visualize and follow biological processes in the body. When tracers are associated with
biological molecules, they tend to accumulate in certain organs or tissues, providing images
and tracking of those structures.

New tracers based on 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene, BODIPY, have
been studied for therapy and cancer diagnostics, due to their excellent optoelectronic properties
and easy functionalization®“. Some of the BODIPYs that are under study appear to have had
good results and could turn out to be great tools for the healthcare industry.

1.1 Lung Cancer

Lung cancer starts in the lungs, two spongy organs in the chest with the primary
function of exchanging oxygen and carbon dioxide, whose general anatomy is summarized in
figure 1. Although advances in detection and therapy have improved the disease prognosis
over time, lung cancer may still be lethal.

Trachea

/,/ ) { —\— Superior lobe

4 | \ Main (primary)
7 \ bronchus
/
Superior lobe i/ Lobar
\ —— (secondary)
\ \ bronchus
\. \
| N\ A
4 | \ 4\ Segmental
A : | ) i— (tertiary)
fi\ == | ( 4 bronchus
Middle lobe —+ \ f £ - Cardiac notch
( \ y / |
y /
| k F { WA /
Inferior lobe — ) — _r‘_ Inferior lobe

| | —— /
| /

A v

Right lung Left lung
Figure 1 - Lung anatomy schematized in simple terms, adapted from®.
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Lung cancer is generally divided into two broad categories: Small Cell Lung Cancer
(SCLC) and Non-Small Cell Lung Cancer (NSCLC). The most prevalent type of lung cancer is
non-small cell lung cancer (NSCLC), with Adenocarcinomas being one of the most
predominant subtype®.

Smoking is the leading cause of SCLC, which develops from neuroendocrine-cell
precursors. Despite the fact that SCLC subtypes are not clinically useful in deciding which
therapy to apply, the discovery that mixed tumours containing elements of SCLC,
Adenocarcinoma, or Squamous Cell Carcinoma promoted the idea that the main forms of lung
cancer are closely related, possibly arising from a common stem cell’.

Another type of cancer associated with the pathology is a second primary cancer. A
second primary cancer is a form of lung cancer that occurs in people who have already had
another cancer®. Patients with lung cancer are at significant risk of acquiring a second primary
cancer, however, determining whether the new tumour is a second primary cancer or
metastasis of the original can be challenging®.

Lung cancer can also cause brain metastases, which is a substantial source of illness
and mortality®. The prevalence of brain metastases is greater in patients with Adenocarcinoma
and Large Cell Carcinoma than in patients with Squamous Cell Carcinoma, among the various
histologies of NSCLC?.

1.1.1 Epidemiology

Cancer is one of the most prevalent disease in the world, and the number of new cases
has been growing over the years. In 2020, 19.29 million individuals worldwide were diagnosed
with cancer, and 9.96 million died as a result of it°. Lung cancer is the second most often
diagnosed cancer (11.4 % of all cases) and the main cause of cancer mortality (18 % of all
deaths), as presented in figure 2°. In Portugal, lung cancer was the leading cause of death in
2020, as demonstrated by figure 3.

Number of new cases in 2020, both sexes, all ages Number of deaths in 2020, both sexes, all ages

Breast
2261419 (11.7%) Lung
1796 144 (18%)

Lung Other cancers
2206771 (11.4%) 3557 464 (35.7%)

Other cancers
8275743 (42.9%) Colorectum Colorectum
1931590 (10%) 935 173 (9.4%)

Prostate Prostate

1414259 (7.3%) 375304 (3.8%)
Oesophagus Stomach Pancreas
604100 (3.1%) 1089 103 (5.6%) 466 003 (4.7%)

Cervix uteri Liver Oesophagus Breast
604127 (3.1%) 905 677 (4.7%) 544 076 (5.5%) 684 996 (6.9%)

Liver
830 180 (8.3%)

Stomach
768 793 (7.7%)

Total: 19292 789 cases Total: 9 958 133 deaths

Figure 2 - Cases and fatalities of cancer types for both men and women in 2020, adapted from?®.
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Lung cancer has gained significant numbers over the last century mostly due to the
increase in tobacco use. In 1920, there was a widespread belief that tobacco use was a major
cause of lung cancer, and in 1950, multiple case reports were published that confirmed the link
between smoking and lung cancer’. The majority of lung cancers are caused by smoking, and

unfortunately the consumption continues to be prevalent in almost all regions of the globe, as
illustrated in figure 4%,

Estimated number of deaths Portugal, both sexes, all ages

Lung
Colorectum

Lung
Mortality 4 797

Stomach

Prostate

Breast

Pancreas

Liver

Bladder

Leukaemia

Non-Hodgkin lymphoma

T T T T
0 1000 2000 3000 4000

Numbers

International Agency for Research oa Cancer

@) i
Figure 3 - Estimated number of deaths in Portugal, for both sexes and all ages (2020), adapted
from?2,

Generally speaking, lung cancer is more frequent in men and has a greater incidence
with increasing age'®''*3, Recent evidence, however, has revealed a changing pattern in lung
cancer rates, with a greater incidence in young individuals and non-smoking women,
particularly in Asia and nations with Asian emigrants'®. Moreover, lung cancer and Chronic
Obstructive Pulmonary Disease (COPD) appear to be correlated’.
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Figure 4 - Between 2000 and 2025, adjusted and projected smoking prevalence rates

normalized by age among individuals aged 15 and above, for both genders, by WHO region, adapted
from??,
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1.1.2 Risk Factors

When it comes to a disease with such a high global incidence, risk factors are important
to consider since they influence disease susceptibility, treatment results, and survival rates. A
person's vulnerability to lung cancer might be influenced by environmental or regional
variables, genetics, ethnicity, and age, as well as pollution and air quality, exposure to radon or
ionising radiation, education or profession, and socioeconomic level” 80314,

As mentioned earlier, smoking is the most frequent cause of SCLC, with smoking
duration being the greatest predictor of lung cancer risk among smokers”*. Even so, a family
history of lung cancer can be a significant risk factor, since it is possible that hereditary
predisposition plays a role in developing nicotine addiction’. Additionally, cigars, cigarettes
and pipes have also been shown to have a carcinogenic impact, with an exposure-response
association with lung cancer risk®.

Genetic risk factors such as the ones related to the chromosomal regions 5p15, 15¢925-
26, 6021, 6023-25, and 328 have been associated with an increased risk of lung cancer. The
5p15 region encodes telomerase reverse transcriptase (TERT), implicated in cell replication,
that has been connected to the development of Adenocarcinomas in smokers and non-
smokers** !¢, Both nicotine dependency and lung cancer risk are connected to mutations in the
15025-26 chromosomal locus™. G-protein signalling is regulated by chromosome locus 6p21,
and mutations in this region provide a significantly greater risk to never-smokers*. A gene on
chromosome 6g23-25 has been correlated to lung cancer susceptibility in families where
numerous individuals have been diagnosed with lung or head and neck cancer’. Some genetic
variations in the 3928 area have also been linked to the incidence of the pathology, particularly
Adenocarcinoma in non-smoking Asian women®’.

Older age is also a risk factor, in part due to DNA damage over time and telomere
shortening, which leads to greater susceptibility to cancer**. The development of the pathology
is also influenced by air quality. Outdoor pollution can be linked to the presence of different
substances in the atmosphere, while indoor pollution is generally associated with the use of
coal and biomass fuels for heating or cooking®**®.

Exposure to ionising radiation can also increase the risk of lung cancer, being
mainly reported in atomic bomb survivors and in patients treated with radiotherapy*®.
Furthermore, underground miners who have been exposed to radioactive radon and its
decay products, as well as residential radon from soil, are factors that contribute to the
higher risk of developing lung cancer***5,

Educational level are typically connected to socioeconomic variables such as work
possibilities and income, which may have consequences for the previously stated risk factors*.

1.1.3 Aetiology
Taking into account all the risk factors mentioned above, lung cancer can originate

from different factors and types of exposure. However, occupational exposures play a key
36



Introduction

part in lung cancer aetiology, affecting workers in a variety of sectors and occupations®®.
Asbestos, silica, radon, heavy metals, and polycyclic aromatic hydrocarbons have been
identified as the most significant occupational lung carcinogens™.

Additionally, the regulatory circuits that control normal cell growth and homeostasis are
found defective in cancer cells®. A normal cell should turn into a malignant one in a few steps,
with genetic and epigenetic alterations leading to invasive cancer via clonal growth, in more
advanced stages leading to metastases and in some cases resistance to therapy®. Genome and

epigenome alterations can cause inactivation of tumour suppressor genes like RB1, TP53,
CDKNZ2A, FHIT, RASSF1A, and PTEN, and other mutations, amplifications or rearrangements
described in table 16846,

Table 1 - Some changes in proto-oncogenes in some subtypes of lung cancer.

Alterations Types of Notes References
Cancer
EGFR mutations  NSCLC The EGFR protein is critical for proper cell BRI
proliferation, apoptosis, and other biological
activities. The prevalence of EGFR mutations
varies with histotype, ethnicity, and other
demographic or pathological factors.

HER2 NSCLC - HER2 can directly modulate EGFR signalling and 6

Overexpression Adenocarcinoma, therefore activate important signalling pathways.
and Amplification and rare in Lung Amplifications in HER2 in men and ex-smokers,
Squamous Cell and mutations in females and never smokers have

Carcinoma been found.

ALK NSCLC ALK gene encodes a transmembrane protein that B
rearrangement belongs to the insulin receptor family, with the
(ALK-EMLA4), most common translocated partner gene in NSCLC
inversions or being EML4. Such alterations are more prevalent in
translocations younger patients and never or light smokers.

KRAS mutations ~ NSCLC - KRAS is a proto-oncogene that acts as a molecular 6.14,16

BRAF mutations

ROS1 fusions and
rearrangements

PIK3CA mutations
and amplifications

Adenocarcinomas
and in some other

types

NSCLC -
Adenocarcinomas

NSCLC -
Adenocarcinoma
and advanced
stages

NSCLC
SCLC

on/off switch regulator to cell proliferation,
maturation, and differentiation. KRAS mutations
are a prevalent occurrence in lung cancer,
particularly in smokers of non-Asian ethnicity.

Once activated, the BRAF protein plays an
important role in regulating a signalling pathway,
which ultimately induces cell growth, mobility, and
survival. The Val600Glu mutation is reported in
half of the patients with BRAF-mutated lung
adenocarcinomas. BRAF mutations can occur in
smokers and non-smokers.

It seems that ROS1 is able to directly couple
extracellular  adhesion-mediated  events to
intracellular signalling mediated by tyrosine
phosphorylation. ROS1 fusions are more prevalent
in adenocarcinomas than in other NSCLC
histologies, and ROS1 rearrangements are
significantly more frequent in advanced NSCLC
clinical stages.

In recent years, they have been linked to
carcinogenesis and disease development due to the
great number of signalling pathways they
influence.

6,16,18

6,16

6,19
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1.1.4 Presentation

Personalized medicine has made significant progress over the past decade in
diagnosing and treating tumours with specific histological and genetic characteristics specific
to each patient, and this is just one reason why histological categorization, diagnosis, and
proper staging is so important®.

Lung tumours are classified by the World Health Organization (WHO) into
histological types and subtypes. Epithelial tumours, mesenchymal tumours, lymphohistiocytic
tumours, tumours of ectopic origin, and metastatic tumours are the primary divisions of the
categorization®.

1.1.4.1 Signs and Symptoms

Some symptoms that may indicate lung cancer for smokers are the lack of appetite or
thrombocytosis'®. Cough that does not go away, coughing up blood, shortness of breath, chest
discomfort or infections (bronchitis or pneumonia), hoarseness, weight loss, bone pain,
tiredness, and headache are some of the symptoms that can also be associated with different
types of lung cancer. Nonetheless, because some patients have comorbidities, symptom
presentation is frequently intricate, and there is generally no clear manifestation®®.

Many people do not have any non-respiratory symptoms. Only half of the patients
exhibit the initial isolated symptom, and haemoptysis, even though being the most predictive
sign, occurs in just 20 % of patients'®. Therefore, it is of paramount importance to diagnose the
disease as soon as possible, even if the revealed symptoms are not a clear manifestation of the
pathology.

1.1.5 Diagnosis and Complementary Exams
Lung cancer was formerly diagnosed exclusively by radiography, but with the
development of Computed Tomography (CT), which uses low doses of radiation to produce

images of the tumour region, CT became the method of choice®?

. Figure 5 depicts a
radiography and a CT scan used to diagnose lung cancer. Although lung cancer symptoms are
seldom visible, the diagnosis of the pathology is mostly based on them, still, a CT scan with
chest contrast, encompassing the neck and upper abdomen, can be suggested®%%2,

PET is a non-invasive technique that provides functional images, time-course
detection, and quantification of the radiotracer all over the body?. PET or PET-CT scanning is
advised not only for staging but also for detecting unnoticed metastatic disease and avoiding
noncurative resections’®?*, Despite the fact that PET scanning is a valuable technique, tissue
biopsy is still necessary to validate PET scan results’®?*, Endobronchial ultrasound-needle
aspiration, endoscopic ultrasound-needle aspiration, and their combinations are the frequent
needle methods employed for sampling'®?*?*, When compared to surgical staging, needle

methods have shown to be the most cost-effective diagnostic method for obtaining tissue'®?,
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Figure 5 - On the picture on the left, a nodule with ill-defined boundaries (white arrows) may
be seen in the left-middle lung region on the patient's chest X-ray; and on the picture on the right, a CT
scan of a patient showing an enlarged left hilum and mediastinum, with the final diagnosis of SCLC,
stage I11A, adapted from?°,

Since lung cancer symptoms appear late, the vast majority of patients diagnosed with
lung cancer suffer from advanced disease®’. Unfortunately, current treatments are unlikely to
cure patients, which is why certain new interesting indicators under investigation might be
beneficial for early detection and prevention?. Autoantibodies, complement fragments,
microRNAs, circulating tumour DNA, DNA methylation, blood protein profiling, and RNA
airway or exhaled breath biomarkers, metabolomics, sputum cell imaging have all been

investigated as tools for improving lung cancer diagnosis'®?®,

1.1.6 Staging

Sampling allows for more adequate staging and pathological diagnosis if the
diagnostic CT shows distant metastases or supraclavicular or cervical lymph node
involvement. Immunohistochemistry and molecular analysis often play an important role in
staging®.

The TNM system is often used to categorize lung cancer stages, with its divisions
shown in figures 6, 7, and 8, and their classification in detail described in tables 2 and 3 for
NSCLC and SCLC, respectively. The information in the figures and tables are complementary
and together describe the TNM system.

Category T essentially specifies the size and extent of the primary tumour, while
category N specifies the extent of regional lymph node involvement, and the last category M
details the presence or absence of metastases in other parts of the body®. The numbers
associated with these categories help in describing the extent of the cancer®.
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Figure 7 - Anatomical image depicting N and M1 descriptors, adapted from?’.

NSCLC is classified into four stages, ranging from occult carcinoma to stage four (1V).
The lower the stage, the less cancer has spread. When the primary tumour cannot be assessed,
or the tumour is confirmed by the presence of malignant cells in sputum or bronchial washings
but not visible by imaging or bronchoscopy, it is referred to as occult cancer®. When the
tumour is only detected in the upper layers of the cells that border the air passageways is
designed by stage 0 (carcinoma in situ)?®. The division between stage | and stage Il depends
largely on the size of the tumour; Whilst stages Il and 1V classification depends on the size
and location of the tumour and how far it has spread, for example, whether or not cancer has

spread to the lymph nodes®. Stage IV mainly refers to the presence of distant metastases.
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Figure 8 - Anatomical representation of the M1b and M1c descriptors, adapted from?”.

Table 2 - Stage grouping of the TNM classification of NSCLC, adapted from?2,

Stage
Occult Carcinoma

0

1Al

1A2

1A3
1B
1A

11B

1A

1B

1c

IVA

1VB

T
X
Tis

T1imi
Tla
Tlb
Tlc
T2a
T2b

Tlab,c

T2a,b

T3

Tlab,c

T2a,b

T3
T4
T4

Tlab,c

T2a,b

T3
T4
T3
T4

Any T

Any T

Any T

N
NO
NO
NO
NO
NO
NO
NO
NO
N1
N1
NO
N2
N2
N1
NO
N1
N3
N3
N2
N2
N3
N3

Any N
Any N
Any N

M
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
M1la
M1b
M1lc
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Patients with SCLC who have the malignancy restricted to the hemithorax,
mediastinum, or supraclavicular lymph nodes are diagnosed with limited-stage disease (LS-
SCLC); Or with extensive stage disease (ES-SCLC), in which the tumour has progressed
beyond the supraclavicular areas®. However, this sort of staging is becoming less popular, and
it is now more typical to use numbers to differentiate between SCLC types. The distinctions
between stages on the current SCLC staging are comparable to those on the NSCLC staging.

Table 3 - SCLC tumour stage classification, adapted from?°.

Stage T N M
Occult > NO MO
Carcinoma

0 Tis NO MO
1A Tlab NO MO
1B T2a NO MO
T2b NO MO
1A Tlab N1 MO
T2a N1 MO
T2b N1 MO

11B
T3 NO MO
Tlaband T2a,b N2 MO
A T3 N1, N2 MO
T4 NO,N1 MO
T4 N2 MO

1B
Any T N3 MO
v Any T Any N M1

1.1.7 Treatment

As soon as a tumour has been diagnosed and staged, it is time to decide on the best
therapy, and for that several aspects must be considered. The histology of the tumour, stage,
patient health and comorbidities, genetics, and patient preferences influence the treatment
options®®. To the patient, an improvement in survival of at least several months or improved
symptom management with fewer side effects is foreseen®?®.

For patients without decreased lung function in stages I-1l of NSCLC, a surgical
lobectomy, whether video-assisted or not, is typically the preferred therapy®°%%2 Stage Ill is

a diverse pathology with tumours that range from resectable to unresectable®??

. Surgery
followed by chemotherapy is the usual treatment for patients with resectable 1A%,
Concurrent conformal radiation therapy (CRT) is the typical therapy for individuals with
unresectable stage I11A and I11B cancers®. If CRT is not an option, sequential chemotherapy
followed by radiation is a practicable and effective option®*. In some circumstances,
radiotherapy in stages such as 11IB could be applied to relieve symptoms and enhance the

quality of life®. For a stage IV of NSCLC, palliative external radiation in combination with
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chemotherapy, chemotherapy plus target therapy, or any form of laser therapy or internal
endoscopic radiotherapy are all possible treatments®*°,

NSCLC that has evolved or returned after initial treatment is known as recurrent or
relapsed NSCLC®. Cancer might spread to other areas of the body, including the brain, and
other organs. The treatment method for patients who have not ever had chemotherapy is
identical to that for Stage IV NSCLC patients®. After surgical excision of the original major
tumour, surgical resection of the second primary tumors can improve the patient's survival
rate®. As there is a growing difficulty linked with poor prognosis, treatment for a patient with
brain metastases may focus on symptom alleviation®'®. Whole brain radiotherapy (WBRT),
surgical resection, stereotactic radiosurgery (SRS), systemic treatment, and radiosensitization,
or any combination of the former modalities, can be employed to treat these patients®.

The treatment options for SCLC are summarized in scheme 1. Palliative care is used
to treat stage IV SCLC, with different chemotherapy regimens being the most frequent

treatment choice®®3?,

Concomitant

Stage Ill . chemo-
radiotherapy
Stage IV Concomitant
* (solitary and not 1 chemo- . :
confirmed*) radiotherapy* Prophylatic Cranial
Irradiation if
Surgery plus FEETIEED
Stage land Il - adjuvant

chemotherapy **

Stage IV
{multiple or - Chemotherapy
confirmed)

Scheme 1 - SCLC treatment; with * if no confirmation of solitary metastasis, radiotherapy may
be added after first response evaluation and is omitted if there is metastatic involvement, ** for
concomitant chemoradiotherapy instead, and *** or stable disease if disease is localised; adapted from?..

Although chemotherapy and radiation generate strong initial responses, disease
recurrence is common®3, Chemotherapy and palliative therapy are used to treat recurrent
SCLC. A small percentage of SCLC patients with symptoms related to tumour-induced airway
blockage may possibly benefit from local therapy such as stenting, argon plasma coagulation,
or photodynamic therapy (PDT)Y.

1.1.8 Prognosis

Lung cancer appearance and development are influenced not only by the genetic
development and molecular characteristics of cancer cells but also by their interactions with
the tumour environment, and with the immune system16. All of those factors influence
treatment options, but also the prognosis.
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NSCLC, which includes a diverse assortment of carcinomas with variable tumour
biology and prognosis, accounts for nearly 85 % of lung malignancies. In general, advanced
lung cancer has an exceedingly dismal prognosis, with only a 5 % 5-year survival rate.

SCLC is the most aggressive of all lung cancers when left untreated, with an average
survival rate of 2 to 4 months after diagnosis®. SCLC accounts for about 15 % of all lung
malignancies and is characterized by a great proliferative rate, a significant proclivity for early
metastasis, and a poorer prognosis than NSCLC at every stage®. Brain metastases are common
in SCLC patients, with 10 % of patients having brain metastases at the moment of diagnosis
and another 40 - 50 % developing brain metastases later®2.

Accurate staging is of paramount importance in predicting prognosis and treatment.
Since staging has been associated with a poor prognosis in the case of brain metastases, as
these usually occur in more advanced stages of the disease, it is vital to find tools such as new
compounds or biomarkers that can help with the detection and staging before the treatment
options are more limited.

1.2 BODIPYs

BODIPY or 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene is a dipyrromethene, with two
pyrrolic units linked by a methylene bridge, complexed with boron. This particularly important
dipyrromethene was discovered by Treibs and Kreuzer in 1968 and has been investigated for a
wide range of applications.

The large structural and substitutive versatility of these fluorophores aids the definition
of their spectroscopic, photophysical, and chemical characteristics®**". Additionally, they have
high photochemical stability, narrow absorption and emission bands with high peak intensities
(absorbing high amounts of ultraviolet light), high molar absorption coefficient £ (A) high
quantum fluorescence yield (®), and fluorescence time (t) in the nanosecond® 3% These
compounds have also low toxicity and are thermally stable, and resistant to self-aggregation in
solution, under physiological circumstances®*", They are soluble in most organic solvents
and are usually unaffected by the polarity or pH 233335373840

It is also essential to consider the factors that can contribute to the photodegradation
processes during the use of BODIPYs in practice. The molecular structure of BODIPYS, as
well as the nature of the medium, the properties of the absorbed light, the impact of the type of
light, and the presence of atmospheric oxygen, are all variables that affect photodegradation®®.

1.2.1 Synthesis

Two major synthesis methods, depicted in scheme 2, are commonly used for the
synthesis of the BODIPY core. Condensation of an acylium equivalent with a pyrrole is
employed in the first method, in scheme 2*3%. The acylating agent in this reaction can be an
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acid chloride, acid bromide, acid anhydride, or orthoester. BODIPY is formed when the extra
base and boron trifluoride etherate (BFsEt,0) are added to the process®**"4°,

The second method is based on a catalyzed condensation of pyrrole with an aldehyde;
After oxidation with 2,3-dichloro-5,6-dicianobenzoquinone (DDQ), for instance, the oxidized
dipyrromethane is placed in contact with excess base and BFs;Et;O, obtaining BODIPY as the

end product®*=3"4°,

Base
BF;.Et,0

R 5SS
Q+0)\ \N@N\\
H

Base
BFLELO N\ N\%/N\
/7 \
F F

D Ac1d
X
® N\

Scheme 2 - BODIPYs may be synthesized by the two different techniques, adapted from®.

1.2.2 Structure
A monoanionic dipyrromethene ligand and a disubstituted electron-deficient boron,

usually a cationic boron difluoride (BF2) group, make the structure of a BODIPY dye®.
BODIPYs have a distinct numbering system than the usually implemented for
dipyrromethanes as demonstrated in scheme 3.

7 8 1

N

5 /\ 3
F4F

Scheme 3 - 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene numbering system.

As illustrated in scheme 4, these compounds have three kinds of peripheral positions:
meso, o, and 3. BODIPY tracers have the greatest advantage that their structure contains eight
locations that may be used to modify its characteristics®”.
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M eso Position

A

! _-% B Positions

S5 N\ i
B

B ~o
/' \ \oc Position
F F

Scheme 4 - Nomenclature for the various BODIPY positions.

1.2.2.1 a, B and Meso Positions

BODIPYs are susceptible to oxidative nucleophilic replacements of o hydrogens, in
which nucleophiles such as nitrogen and carbon are incorporated in a single step* .
Furthermore, we can have a mono- or di-substitution of the 3, 5 positions of halogenated
BODIPYs with oxygen, nitrogen, sulphur, or carbon nucleophiles® %3,

The B position has two functionalization options: 2, 6 or 1, 7 with positions 2 and 6
being more susceptible to electrophilic substitution processes. Some groups usually associated
with positions 2, 6 are formyl, carboxylic acids, or nitro groups. The influence of di-
substitution 1, 7 on spectral characteristics is the less explored, however, these locations are
low in electrons and have a reactivity comparable to positions 3, 5, and 8344,

As the meso position can withstand a large variety of chemical reactions, there are
many distinct functionalization techniques available in this position*. The broad range of
groups that may be inserted at the 8-position results in a dye family with absorption and

fluorescence emission spectra covering the major part of the visible spectrum®.

1.2.2.2 Substitution Group Effects

The spectral properties of classic BODIPY chromophores are typically in the region
of 470 - 530 nm*. BODIPYs in general are insensitive to the effects of solvents, but the
incorporation of some substituents groups like donor groups or electron acceptors in the meso
position can modify the response of the compounds to the environment in which they are
found®.

Significant deviations from the absorption and emission maximums in relation to the
red region are obtained by substituting aryl, ethynylaryl, and styryl in positions 1-, 3-, 5-
and/or 7, replacing the meso-carbon atom with nitrogen to form an aza-BODIPY or
combinations thereof**. The introduction of electron-donating groups, such as alkoxy and
amino groups in the meso position blue-shift the emission*>“,

The presence of heteroatoms at positions 3 and 5, can also result in redshifts***®. On
moving from substituents with oxygen atoms, to those with nitrogen, sulphur, and selenium
atoms and then to those with tellurium atoms, the absorption and emission spectra display a
shift from the green to the Near-Infrared Region (NIR) region®. The extent of the redshift is

mainly related to the electron-donating properties of the heteroatom®.
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The exchange of the two fluorine atoms in the boron centre for another anion offers
another form of functionalization but does not significantly affect the maximum
wavelength®*3>374¢ Replacement of the fluorines by carbon groups like aryl, alkyne, alkyl
moieties, and oxygen nucleophiles (alkoxides or carboxylates) has led to a family of
photostable, highly luminescent, redox-active BODIPYs**“,

1.2.3 Applications

The BODIPY's characteristics allow for almost unlimited structural changes, resulting
in molecules with unique (electro) chemical, optical, and (photo) physical properties®’. Its
numerous applications did not begin to be discovered until around 1990.

They are used as fluorescent sensors, photoactive materials in organic photovoltaic
devices, organic light-emitting devices, fluorescent nanocarriers, photoactivatable compounds,
and triplet photosensitizers - PDT -, photocatalysts in organic reactions, among other

applications®333947,

Furthermore, boron dipyrromethene dyes are now accessible
commercially as biological labels, bioimaging probes, and laser dyes®.

The characteristics of BODIPYs are useful in bioimaging since fluorescence processes
allow the use of spectroscopy in the NIR. The most commonly used fluorophores for
bioimaging have a wavelength range of 650 to 900 nm, with a range of penetration between 1
and 3 mm®*=748_Nevertheless, non-invasive fluorescence imaging in the second NIR window
(NIR-I1, 1000-1700 nm) has attracted much attention due to its deeper penetration (5-20 mm)
in biological tissues and better contrast as a result of reduced photon absorption and/or
scattering and reduced tissue autofluorescence®. In 1995, Boron dibenzopyrromethene dyes
were patented with absorption and fluorescence emission beyond 700 nm®’. In 2016, in the
NIR-1I region, two quinodimethane-bridged BODIPY dimers with great absorption around
1100 nm were investigated for selectively react with reactive oxygen species®.

BODIPY and BODIPY-derived materials have been investigated as antibacterial
agents, for labelling biological substances or targeting different biomolecules in the interior
and outside of cells, and for the functionalization of drug micro- and nanocarriers for
diagnostics®”*°. BODIPY:s in combination with Fluorine-18 as a tool for PET diagnostic scans
have become increasingly investigated in recent years. Some work in the field, such as brain
and myocardial perfusion imaging, has previously been published; in the case of myocardial
perfusion, BODIPYs allowed the observation of ischemia®*>>3,

1.3 Nuclear Medicine for Lung Cancer Diagnosis
PET systems which use radiopharmaceuticals, drugs labelled with a radioisotope, are
exceptionally valuable in medical and scientific fields, particularly for cancer evaluation®.
Some radiopharmaceuticals containing the radioisotope Fluorine-18 have been investigated to
assess angiogenesis, cell proliferation, hypoxia, fatty acid metabolic activity, and metastasis in
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lung cancer environments®. APPENDIX I, in particular table 7, covers several additional
radiopharmaceuticals labelled with different radioisotopes such as *®F, ®Ga, ®°Cu used in lung
cancer diagnostic research.

PET using *®F-Fluorodeoxyglucose (**F-FDG), a radiolabelled deoxyglucose analogue
illustrated in scheme 5, is the radiopharmaceutical of choice for tumour metabolic activity
assessment, as FDG has glucose-like first metabolic steps. The malfunction of glucose
metabolic activity may be evaluated quantitatively in vivo by administering the
radiopharmaceutical®*°. However, *F-FDG has some disadvantages, such as being less useful
for brain metastases due to the intense physiological activity in that area, and the fact that there
is ambiguity about whether it is tumour-specific, as it has a high rate of false positives in
54-56

inflammatory and granulomatous diseases Also, the importance of the highest
standardized uptake value (SUVma) on PET scans with FDG is still discussed.

HO
/O
OH
OH OH

Scheme 5 — 8F-FDG structure.

1.3.1 PET Imaging

PET as a non-invasive technique provides functional images, time-course detection,
and quantification of a radiotracer all over the body?®. This methodology allows the diagnose
of diseases in early stages, evaluating the efficacy of certain treatments, and also the study of
the biological sources of some diseases, providing accurate data on the radiotracer
pharmacokinetics and physiological changes®®’.

The physics of PET imaging is centred on a neutron-deficient radioisotope emitting a
positron, which travels a small distance and interacts with an electron, annihilating both the
electron and the positron and producing two high-energy photons®. The photons move in
opposite directions along an approximately straight line, and PET scanner detectors, using
scintillating crystals coupled to photomultipliers, detect photons outside the body®®.

Different factors establish the noise and resolution characteristics of the PET imaging
process®®. The noise is determined by the amount of 511 keV photons detected individually, in
turn, the density of the scintillator, the scanner count-rate capabilities, and the amount of
radiation delivered into the patient influence the number of photons detected®®. In relation to
the spatial resolution, this one is determined by the variability in calculating the 511 keV
photon interaction spot in the scintillator®®. As a result, this is influenced by the optics of the
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scintillator, the number of optical photons emitted, and the fidelity of the photomultiplier tubes
and related electronics®®.

The combination of two modalities can allow the acquisition of images that
characterize the same living tissue in different ways. For example, when PET and CT are
combined in one scan, as the one represented in figure 9, a synergistic combination of data
regarding what (from PET) and where (from CT) is acquired. A PET/CT scan exposes a
patient to between 23.7 and 26.4 mSv of radiation®. As a dose of up to 32 mSv added to the
background radiation per experiment is already significant, the PET/CT scanning techniques
must be optimized to reduce the radiation and cancer risk associated with them®®.

Figure 9 - Schematic PET/CT scan, adapted from®8,

1.3.2 Radioisotopes

Different conditions can be treated or diagnosed by administering
radiopharmaceuticals to patients*. Cyclotrons and isotope generators can be used to produce
radioisotopes, an atom with an unstable nucleus with many or few neutrons, which can later be
linked to a drug for diagnostic or therapeutic applications®. Therefore, radioactivity consists of
the emission of subatomic particles or high-energy electromagnetic radiation by the nuclei of
radioisotopes, in order to achieve a more stable configuration®,

However, in order to be used, radiopharmaceuticals must fulfil specific criteria. Firstly,
they must be pyrogenic-free and sterile, dissolve in an agueous medium or form a colloidal or
a suspension of bigger particles, have a pH between 4 and 8, have a low radiation dosage, and
constantly follow preparation and quality control guidelines. Secondly, their half-life must be
long enough for the scan and short enough to avoid unnecessary irradiation (an optimum
effective half-life is around 1.5 times the duration of the diagnostic exam), with high
target/non-target activity®. Certainly, the radionuclide must be available in sufficient amounts
for the scan and must be able to promptly bind to the desired compounds. As the more
expensive ones have limited utility, adequate cost-effectiveness must also be addressed.

Other factors to consider include radiochemical purity, radioisotopic purity, the
presence of a carrier in the pharmaceutical, the presence of an isotope effect, the presence of

49



Biomaterials for PET Diagnosis

isotope exchange reactions, the radiation dose delivered to critical organs and the entire body,
the presence of degradation products caused by chemical instability, and the presence of
degradation products caused by self-irradiation of the pharmaceutical®.

1.3.2.1 Fluorine-18

The radioisotope Fluorine-18 is the most important of the 18 distinct isotopes of
fluorine®®. The stable chemical element, Fluorine-19, has 9 protons and 10 neutrons, a high
nuclear charge, and a 1s? 2s? 2p® electronic distribution. Fluorine-19 is a chemical element with
the atomic number 9 that is found in group 17 and period 2 of the periodic table. Because it can
react with every periodic table element except krypton, neon, and helium, this element is
particularly electronegative and exceedingly reactive.

Fluorine-18 has been a highly useful radioisotope for PET applications since its
discovery in 1937, Fluorine-18, or *®F, is an unstable element with 9 protons and 9 neutrons.
This radioisotope decay pattern is depicted in scheme 6. *®F decays about 3% by electronic
capture and approximately 97% by positron emission (B*), with an energy of approximately
0.635 MeV, and with a half-life (T1.2) of 109.7 minutes.

18
of 1,655 MeV
1.022 MeV
EC (3%) ! 0,635 MeV
B+ (97%)

18, 0 MeV

Scheme 6 - Scheme for the decay of Fluorine-18.

The physical and nuclear features of this radionuclide, as well as its high specific
activity and ease of manufacture on a wide scale, make it unique®®. It remains to add that the
flexible chemistry of nucleophilic and electrophilic substitutions makes it easier to introduce
Fluorine-18 directly or indirectly into the molecules of interest®.

In tissues, *®F has a low linear positron range, an average of 0.38 mm, and a maximum
of 2.3 mm, resulting in a superior PET image resolution®’. Another advantage of this
radioisotope is that *®F allows for reasonably extended imaging periods as well as production-
distribution to clinical installations without an on-site cyclotron. In comparison with short-
lived positron-emitting radionuclides such as Carbon-11, Nitrogen-13, and Oxygen-15 (half-
lives of 20.3 minutes, 9.97 minutes, and 122 seconds, respectively), Fluorine-18 has a lower
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positron emission energy. Thus, the total radiation dosage received by a patient exposed to *'C,
13N, or 0 is substantially smaller®,

Nuclear reactors and accelerators can generate Fluorine-18. The method of
manufacturing has been to accelerate charged particles that cause a specific nuclear reaction on
a specific target. Reactions 1 and 2 are the most often used to obtain Fluorine-18. The specific
activity of the two chemical products of the following reactions is the most significant
difference between them®,

B0+p » BF+n (reaction 1)

ONe+d - BF ¢ (reaction 2)

The Oxygen-18 target in the first reaction is generally [**O]H.0, which is extremely
enriched, though [*®*0],-Oxygen has also been used®®. An aqueous solution of *®*F-Fluoride
ion is formed when the target is liquid [**0]H.O; when the target is [**0], gas, ®*F—F. gas is
obtained®2. Though ®F—F, can also be obtained by irradiating °Ne with deuteron, in general
the yield and specific activity are lower than those obtained with the first reaction®*,

The production method used is dependent on the desired subsequent chemical
reactions; *®F-Fluoride anion is produced for use as a nucleophile, while **F-Fluorine is
produced for use in electrophilic methods®. Nucleophilic ®F-Fluoride has in general a bigger
specific activity, since to obtain electrophilic ®F—F,, °F gas needs to be used as a carrier to
extract the *F—F, from the target®?. The inclusion of a carrier (**F—F) increases the bulk of the
final radiotracer, which might contribute to receptor saturation and a decrease in PET signal,
with possible pharmacological effects also associated®.

Fluorine-18 is a radionuclide that is simple to produce, has a short half-life, is faultless
for PET scans, and emits relatively low energy positrons, making metabolic process
assessment inside the human body considerably safer®®. Small biomolecules, as well as more
complicated structures including peptides, proteins, and oligonucleotides, can be labelled with
the radionuclide®’. Some radiopharmaceuticals with this radioisotope have been investigated

for lung cancer diagnosis.

1.3.3 Fluorine-18 Radiolabelling

Fluorine-18 may be associated with a variety of organic compounds without
modifying their biological assets significantly®®®’. Fluorine is a very electronegative element
that has an atomic radius slightly larger than hydrogen; these particularities are used to replace
hydrogen atoms in drug development, as it improves the lipophilicity of substances, allowing
them to pass through the lipid membranes®®’,

51



Biomaterials for PET Diagnosis

To produce a radiolabelled product, it is essential to choose precursor molecules with
adequate leaving groups®’. Furthermore, adding the °F to a precise position in the molecule
requires a cautious choice of reagents as well as suitable conditions®.

Direct radiofluorinations are performed on an immediate precursor to the target
molecule, employing a one-step process; while indirect radiofluorinations are generally multi-
step processes, however with the increasing complexity of the process, the greater the number
of resulting products and the more intricate the purification process becomes®’. The direct or
indirect introduction of **F into molecules of interest can be performed through nucleophilic
reactions, with **F-Fluoride anion, or electrophilic substitutions, with 8F-Fluorine (**F-F,)*"¢'.

1.3.3.1 Nucleophilic Radiofluoration

Labelling compounds with *8F through nucleophilic methods is advantageous due to
its greater selectivity and ability to provide compounds with high specific radioactivity for use
in PET®*®". Nucleophilic substitution is known as a chemical process involving the addition of
a nucleophilic molecule (negatively charged or having unpaired electron pairs) to a molecule
containing a leaving group (electron drawing group attached to the parent molecule through a
weak chemical bond)®,

There are two types of nucleophilic reactions used to produce °F
radiopharmaceuticals: a) aliphatic nucleophilic radiofluorination (Sn2) and b) aromatic
nucleophilic radiofluorination (SnAr)®. The indirect incorporation of *8F into the aromatic ring
occurs in SNAr nucleophilic reactions, with the percentage of SnAr nucleophilic reaction
mostly depending on the nature of the leaving group, activating group, protecting group,
temperature, and solvent®’.

Many Fluorine-18-labeled radiopharmaceuticals prepared by nucleophilic aliphatic
fluorination comprise the introduction of ‘®F, followed by a global deprotection step®’. This is
the case for the nucleophilic radiofluorination route to ®F-FDG (3), depicted in scheme 7. ®F-
FDG is obtained by 8F-Fluoride substitution of triflate (1), to give rise to structure (2),
followed by hydrolysis of all acetyl protecting groups®.

OAc OH
OAc OTf " I8F
Koj K['8F]F-Ky, o -0
OAc OAc —— » OAc OAc 9. NaOH OH OH
OAc OAc ISp OH

@) ?) 3)

Scheme 7 - Nucleophilic aliphatic radiofluorination used to synthesized 8F-FDG, adapted
from®?,
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To perform the synthesis of ®F-FDG, different catalysts and phase transfer agents
have been studied, and the one that proved to be the most effective for nucleophilic
substitutions was the structure shown in scheme 8%,

[

-
Py

Scheme 8 - 1,4,10,13-tetraoxa-7,16-diazacyclooctadecane (Kryptofix 2.2.2).

1.3.3.2 Electrophilic Radiofluorination

When it comes to electrophilic radiofluorination, fluorine is delivered to an electron-
rich reagent, like an alkene, aromatic ring, or carbonanion, producing a difluoro derivative of
the parent molecule®™®®, A widespread supplier of ‘®F for electrophilic or radical fluorination is
18F_F261,63,67,68.

A relatively simple electrophilic reaction is to bubble ®F-F, in a solution of the
substrate to produce a Fluorine-18-labeled product®*®®. This type of reaction is fast, which is
why it is important in the production of some drugs. However, it has certain disadvantages,
such as the fact that the gas is very reactive and is known to provide low yields of the final
product and the fact that the oxidizing force of fluorine often leads to exothermic chain
reactions with the formation of by-products®*,

The fluorination of an alkene can be used to obtain *¥F-FDG, as shown in scheme 9. It
employs the reaction of molecular *®F-Fluorine with 3,4,6-tri-O-acetylglucal (4) to give 8F-
FDG (3)®%. One of the disadvantages of this method is that due to the highly reactive nature of
F_F,, happens the concomitant production of undesired 2-[**F]fluoro-2-deoxy-D-mannose
(5), requiring a tedious separation procedure®’.

OAc D['FIF, OH OH— 13F
0] ii) aq. HCI O -0
OAc = ——» OH OH * OH OH
OAc OH 18 OH
F
(C)) 3) (©))

Scheme 9 - The pathway to 8F-FDG through electrophilic radiofluorination, adapted from®%8,

Electrophilic radiofluorinations have constrained applications since *F—F, has a lower
specific activity as Fluorine-19 gas needs to be used as a carrier to extract the **F—F, from the
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target. That way, only tracers of low-toxicity that do not necessarily require high specific

radioactivity are obtained by electrophilic radiofluorination®©%¢7,

1.3.4 BODIPYs Radiofluorination

BODIPYs are chemicals that should be considered for diagnostic applications, such as
PET scans, due to their stability and pH insensitivity characteristics. A nearly ideal molecule
for diagnosis can be obtained by adding to their structure ®F, a radioisotope that does not
interact with cells or their components.

Typically, BODIPYs that are used as fluorophores are modified to produce redshift
fluorescence. However, since '®F can be introduced in their structure, BODIPYs can have a
hybrid nature, PET/Fluorescence™. In recent years, the hybrid image has gained a lot of
attention since PET provides quantitative data while the optical image provides real-time data
with great sensitivity®.

The technique that in the past was commonly employed to perform the BODIPYs
radiolabelling with *8F used boronic esters®. Over the years, several relevant pieces of research
in the literature using different labelling techniques look into the incorporation of *8F in the
boron centre, as shown in scheme 10%°:% Radiolabelling techniques can be based on two or
three steps through an intermediate, or based on hydroxide or direct isotopic exchange®.

Although direct isotopic exchange may be impaired by the stability of the B-F bond in
the BODIPYs structure, Lewis acid-promoted isotopic exchange is the most commonly used
procedure, perhaps due to its ease of use and ability to offer a wider range of tracers with
considerable high yields?.

N = 18p- / - 18F- SnCl, m
o 1y - B Ao~y
B Ay

X" LG

~ /

X/ 18R X~ g
pans 13F-, KHF, X=19F
LG= OTf or DMAP+ or

18p- TMSOTS
/ / —
@N\@/N Y
B
7\
x~ "oH

Scheme 10 - Triflate or DMAP substitution, hydroxyl substitution, and isotopic exchange are
the main radiosynthesis techniques employed for BODIPY radiofluorination, adapted from?,

Relatively weaker acids such as ZnCl; provided relatively good radiochemical yields
(between 15 and 45 %) in BODIPYs, when the isotopic exchange was performed in
acetonitrile with excess acid at elevated temperature®. However, the high temperature
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employed in these reactions may trigger decomposition of the dye and by-product formation.
So, among the most studied Lewis acids, the excess of SnCl. seemed to be the most effective
with a higher quantitative yield (above 57 %), even when performed in acetonitrile at room
temperature®©°,

Lewis acid-promoted isotopic exchange has already been applied to the synthesis of
some ‘®F-BODIPY radiotracers containing several functional groups, such as peptides like
RGD, represented in scheme 11, but also bombesin, MT-MMP1 substrates, and different
inhibitors based on small molecules, like PARP1, PACMA31, and lipids®".

Scheme 11 - BODIPY labelled with Fluorine-18 and bioconjugated to an RDG peptide for use
as a PET/Fluorescence glioblastoma imaging agent, adapted from®,

All previously mentioned drugs, in addition to their synthesis and characterization, were
subjected to in vitro studies in which their potential cytotoxicity was evaluated. It is important
to start by doing these in vitro studies in order to understand the interactions of the compounds
at the cellular level. After the compounds reveal the desired characteristics, the study of the
radiolabelling process and the following in vivo studies are an option to assess the
biodistribution of the radiopharmaceutical.
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2 - Objectives

The aim of this work was to synthesize new BODIPYs that could in the future have the
radioisotope Fluorine-18 incorporated in their structure and therefore be used as tracers for PET
imaging.

Thus, the goals of this dissertation were: first, synthesize BODIPY's as novel substrates
for faster ‘®F insertion, by aiming to substitute the °F with alkoxy groups in order to make easier
the 8F insertion into the boron centre; Second, perform a structural characterization of new
alkoxy-BODIPYs versus the BODIPYs with *°F in the boron centre; And at last, evaluate the
cytotoxicity of the six structures depicted in scheme 12 through in vitro studies. It is important to
find the most biocompatible since the compounds are aimed to be investigated in the future for
intravenous injection to detect tumours.

Scheme 12 - BODIPYs (1-6) synthesized and considered for in vitro assessment.
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3 — Experimental Procedures

3.1 Reagents, Instrumentation, and Synthesis

All reagents, silica gel and solvents used in the synthesis of all BODIPYs were supplied
by one of the following companies Sigma-Aldrich, Acros Organics or Fluka. All were used
without further purification. Analytical Thin Layer Chromatography (TLC) was performed on
Merck silica gel plates with indicator F-254, and the results were observed with the aid of a
double wavelength ultraviolet light (with 254 and 365 nm). Silica gel (230 - 400 mesh) was used
to perform column chromatography and Fluka 60G silica gel to perform TLC on 20 x 20 cm glass
plates.

3.1.1 Nuclear Magnetic Resonance Spectroscopy

'H, Bc, B, and F NMR spectra were obtained with a Bruker AVANCE IIl NMR, at
400 MHz for proton, 100 MHz for carbon, 128 MHz for boron, and 376 MHz for fluorine. As
internal standards, protons from the solvent, CDCls, were used.

3.1.2 Mass Spectrometry

Mass spectrums were acquired with an ion trap MS: THERMO SCIENTIFIC, model
LXQ, employing Electronic Spray lonization (ESI). The samples were dissolved in
dichloromethane and diluted in methanol acidified with 0.1 % of formic acid.

3.1.3 Absorption Spectroscopy
The absorption spectrums were obtained with a Shimadzu UV-2600 spectrophotometer,
with a wavelength window ranging from 200 to 800 nm using 1 cm path length quartz cells.

3.1.4 Emission Spectroscopy

Steady-state fluorescence studies were performed using a Horiba-Jobin-Yvon Fluorog
spectrometer. Fluorescence spectra were obtained by using optically diluted solutions in 1 cm
path length quartz cells.

3.1.5 Procedures for the longer synthesis of BODIPYs 1 and 2

In a two-necked flask, 250 mL of dichloromethane (CH.CI.) were added and placed under a
nitrogen atmosphere for 10 to 15 minutes. Under stirring, 0.5 mL of 3-ethyl-2,5-dimethyl-pyrrole
(3.70 mmol) were added. Next, 2.02 mmol of the corresponding aldehyde (2,3,4,5,6-
pentafluorbenzoldehyde for BODIPY 1 or benzaldehyde for BODIPY 2) and 50 plL of
trifluoroacetic acid (TFA) (0.65 mmol) were added. The mixture was left under stirring for 10 to
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12 hours. Then, 0.40 g of 2,3-dichloro-5,6-dicyan-1,4-benzoquinone (DDQ) (1.76 mmol) was
added and left stirring for 2 more hours. Latter, 3.8 mL of diisopropylethylamine (21.8 mmol) and
3.8 mL of boron trifluoride diethyl etherate (BFsEt.O) (30.3 mmol) were added and left to stir for
5 hours.

The mixture was washed with 30 mL of each solution: saturated sodium bicarbonate
(Na;HCO3), saturated NaCl and distilled water. Sodium sulphate anhydrous (Na,SO4) was used to
dry the solution. The mixture was filtered after the solvent was evaporated with a rotary
evaporator.

Column chromatography on silica gel utilizing CH.Cl.:hexane (1:1) was employed to
isolate the BODIPY. Analytical thin-layer chromatography was performed to confirm the
compounds whenever necessary, and preparative TLC was performed with 60 mL of toluene, to
separate the desired BODIPY.

3.1.6 Procedures for the shorter synthesis of BODIPYs 1 and 2

The longer synthesis of BODIPYs was the one we began with, but then a shorter one
started to be used in our laboratory, as we could get BODIPY's without so many by-products and
therefore fewer steps for compound purification were needed.

In a two-necked flask, nitrogen gas was bubbled into 20 mL of CH;Cl, for 5 minutes.
Then, 0.3 mL of 3-ethyl-2,5-dimethyl-pyrrole (2.22 mmol), 50 uL of TFA (0.65 mmol), and 0.97
mmol of the corresponding aldehyde (pentafluorbenzaldehyde for BODIPY 1 or benzaldehyde
for BODIPY 2) were added. The mixture was left to stir under a nitrogen atmosphere. Ten
minutes later, 0.27 g of DDQ (1.19 mmol) were added. Another ten minutes later, 4 mL of
triethylamine (28.7 mmol) and 5mL of BFs.Et;O (39.8 mmol) were added. Past half an hour, the
agitation of the reaction was stopped.

Three distinct solutions were used to wash the solution: 30 mL of saturated NaHCO3, 30
mL of distilled water, and 30 mL of saturated NaCl. The water content was then removed using
anhydrous Na;SOa4. The solvent was evaporated using a rotary evaporator after the mixture was
filtered.

The BODIPY was isolated using column chromatography using CH,Cl,:hexane (1:1).
To verify the compounds, analytical TLC was performed whenever necessary, and preparative
TLC with 60 mL of toluene was done to isololate the desired BODIPY.

3.1.7 Procedures for the synthesis of BODIPYs 3 to 6

For the synthesis of BODIPYs 3 to 6, 10 mL of dichloromethane, 0.066 g of AICI; (0.50
mmol), and 0.050 g of the respective BODIPY 1 (0.11 mmol) or BODIPY 2 (0.13 mmol) were
placed in a 100 mL flask. The mixture was refluxed under a nitrogen atmosphere for 15 minutes
at 60 °C, on a paraffin bath.
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After 15 minutes, 2.5 equivalents of the respective alcohol reagent - phenol for BODIPYs
3 and 4, and catechol for BODIPYs 5 and 6 - were added to the purple solution; and 20 minutes
later, the reflux was stopped. The products were washed with 30 mL of distilled water and 30 mL
of concentrated NaCl, the water excess was removed with Na,SOs. Preparative thin-layer
chromatography was performed with hexane:CH.Cl: in the proportion 1:1 to isolate BODIPYSs.

3.2 Structural Motifs Evaluation

Geometry optimization of all structures was performed by energy minimization with
MM2 molecular mechanics calculations with a minimum RMS gradient of 0.01 using Chem3D
software (CambridgeSoft v12).

3.3 In vitro Studies

Cytotoxicity studies such as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT)
bromide, Sulforhodamine B (SRB), and Haemolysis assays allow researchers to evaluate the
cytotoxic effects of a drug in a controlled environment. The uptake of BODIPY's by cells was also
studied to assess how much of the BODIPYSs could be incorporated.

3.3.1 Cell Lines
A549 (ATCC CCL-185, human alveolar basal epithelial adenocarcinoma cells) and

NCI-H1299 (ATCC CRL-5803, human non-small cell lung carcinoma cells) were the two cell
lines that allowed the study of the effects of BODIPYSs in a lung cancer environment.

The NCI-H1299 cell line was established from a metastatic lymph node in a lung of a
patient who had previously received radiotherapy™. As for gene expression, these cells remain
positive for keratin and vimentin but are negative for Neurofilament Triplet Protein. This cells
appear to have a homozygous partial deletion of the p53 protein and a lack of expression of the
same protein’*. Additionally, H1299 produces neuromedin B, which appears to be a regulatory
peptide in lung cancer’.

The A549 cell line comes from an adenocarcinoma of the epithelial tissue of the lung,
which was first isolated in 1973. With a low density of the cell population, the cells contain only
a few lamellar bodies; but in mature cells, in more populated cultures, lamellar bodies are
abundant’?. The cells of the A549 line produce, store in lamellar bodies and secrete
phosphatidylcholine and, therefore, have several crucial biological properties of type Il alveolar
epithelial cell.

When dealing with cell cultures they were handled in strict sterile conditions, with all
experiments made under a laminar flow hood, with aseptic techniques been used. In order to work
with the cell lines, they were thawed and propagated in adherent culture flasks according to the
recommendations of the respective supplier. For all studies, cell lines were grown at 37 °C in a
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humidified atmosphere with 95 % air and 5 % CO- in a HeraCell 150 incubator. The culture
medium used was Dulbecco's Modified Eagle Medium (DMEM (Gibco®, 11966-025)) with 1 %
of antibiotic (100 U/mL de penicillin and 10 pg/mL streptomycin (Lonza Pen Strep,
Amphotericin, B, 17-745E)), 0.25 mM of sodium pyruvate (Sigma, S8636), and 5 % of Fetal
Bovine Serum (Sigma, F7524) for H1299 cell line, and 10 % for A549 cell line.

To conduct the in vitro studies, the cells had to be detached from the culture flasks using
TrypLE Express™ (Gibco, 12605-028), for that end, cells were incubated with 2 mL of TrypLE
for 5 minutes at 37 °C. Following that, 4 mL of culture media was added, and the mixture was
homogenized to inactivate the TrypLE. An equal amount of the cell suspension and the Trypan
Blue solution (0.4 g of Trypan Blue in 100 mL of distilled water, a 0.4 % solution) were
combined in an eppendorf to count the number of living cells using an inverted optical
microscope (NIKON Eclipse, TS100). Thereon, the number of living and dead cells was counted
with the aid of a hemocytometer. Following the counting, the volume of cell suspensions was
adjusted with culture media to achieve the desired cellular concentration for each assay.

The BODIPYs solutions were prepared with dimethylsulfoxide (DMSO, Sigma, D4540)
as a solvent, and they were tested in concentrations between 1 and 100 uM.

3.3.2 MTT Test

The MTT test is a colourimetric assay that measures cell metabolic activity. Viable cells
have NAD(P)H-dependent oxidoreductase enzymes that convert MTT to formazan, as illustrated
in scheme 13, and therefore cell metabolic activity may be determined after reading the
absorbance of the samples.

The MTT solution was prepared with 5 mg of MTT (Sigma, M2128) for each millilitre of
phosphate-buffered saline (PBS), i.e., 5 mg/mL, at a pH of 7.4. Approximately 200,000 cells/mL
were incubated in 48-well plates (SPL Life Sciences, 30048) overnight to promote cell adhesion.
After that, BODIPY concentrations ranging from 100 uM to 1 uM were applied, and the plates
were incubated for 24, 48, and 72 hours. In all experiments, two types of controls were used: cells
that had not been treated and cells that had been treated with DMSO.

Cellular Reductase /NH
2 | —_— N
_\@ |
N~ \KN - N N
: N
Br S \/%7 ] \/5,

MTT Formazan

Scheme 13 - MTT is reduced to formazan crystals in metabolically active cells.
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The culture media was then withdrawn, and the cells were washed with PBS. The cells
were incubated for at least 2 hours with 100 uL of MTT at 37 °C and 5% CO; for the MTT to
transform from a yellowish hue to the form of purple formazan crystals.

The insoluble formazan crystals were then dissolved in 100 pL of a solution of 0.04 M
HCI in isopropanol. Finally, the absorbance was measured in an automated Enspire (Perkin
Elmer) at a wavelength of 570 nm, using a wavelength reference of 620 nm. The following
equation was used to compute the percentage of metabolic activity:

T ted Cell ith BODIPY — .
% Metabolic Activity = eare? Celo ! J(abs s7omm-Abs szonm) o 1) (gquation 1)

(Treated Cells with Solvent)aps s70nm—Abs 620nm)

3.3.3 SRB Test

The SRB test is often used to assess drug-induced cytotoxicity and viability. This
technique is based on the capacity of the protein-dye Sulforhodamine B to bind to proteins
stoichiometrically under moderately acidic circumstances and be extracted using basic conditions,
as shown in figure 10. The quantity of bounded dye may be used to infer about viability.

For the preparation of the SRB solution, 0.25 g of SRB (Sigma, 230162) were diluted in
500 mL of 1 % (v/v) acetic acid in ultra-purified water, obtaining a 0.05 % (w/v) solution.
Approximately 200,000 cells/mL were incubated in 48-well plates (SPL Life Sciences, 30048)
overnight to promote cell adhesion. BODIPYs were applied at 10 uM and 1 pM, and then the
plates were incubated for 24, 48, and 72 hours. In all assays, two types of controls were used,
cells without any treatment and cells treated with DMSO.

The growth media was removed, and then the plates were washed with PBS. To achieve
the fixation, the cells were treated with 100 uM of acetic acid in methanol for at least 1 hour at 2°
C. The solution was then withdrawn, and the plate was allowed to dry. After that, the cells were
stained with 100 uM of SRB solution and left in the dark for at least another hour. Once the
solution was removed and the plate washed, 100 uM of Tris-NaOH solution was added and the
plate was kept in the dark for at least another hour while stirring.

//

*

_s
OZ1™oH
0

Sulforhodamine B {SRB) Viable Cell Absorvance 570 nm
visualized as €

Figure 10 - lllustration of the SRB Cytotoxicity Assay, adapted from™.
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The absorbance was measured at a wavelength of 540 nm, using 690 nm as a wavelength
reference, in an automatic Enspire (Perkin Elmer). The percentage of protein content was
calculated with the following equation.

(Treated Cells with BODIPY)(aps 570nm—Abs 620nm) % 100 (equation 2)

9% Pr [ =
% otein Content (Treated Cells with Solvent)(aps s70nm-Abs 620nm)

3.3.4 Haemolysis Test

Erythrocyte membrane can undergo substantial structural changes owing to drug
treatment, therefore, the mechanical stability of red blood cells is a valuable measure for in vitro
hemocompatibility screening™.

Two solutions had to be prepared to perform the experiment. The first containing 0.85
% NaCl and 10 mM CacCl; prepared in ultrapure water. The second with Tryton-X 100 (1%) by
diluting Triton-X 100 (100%) in ultrapure water.

After collecting 1 mL of blood, the samples were diluted in 30 volumes of a solution
containing 0.85 % of NaCl and 10 mM CaCl,. After centrifuging the mixture at 1300 g for 3
minutes and discarding the supernatant, another 30 mL of the initial solution was added. This
procedure was carried out three times. Following the erythrocytes isolation, 2 % of the pellet was
resuspended in 5 mL of 0.85 % of NaCl with 10 mM CaCl,. The mixture was distributed on a 96-
well plate. To have a comparison term, negative controls were the wells treated with DMSO,
positive controls were the ones treated with Tryton-X 100 (1 %) to promote the lysis of cells, and
then the effect of the BODIPYs on the red cells was evaluated by adding 10 uM and 1 puM of
BODIPY 3 and 6 in the remaining wells. The plate was incubated for 1 hour and 2 hours under
agitation at room temperature. Afterwards, the plate was centrifuged at 5200 g for 5 minutes. The
supernatant was collected to another 96-well plate (SPL Life Sciences, 30096) and the
guantification of the haemoglobin released was performed by the measure of the absorbance at
540 nm, in an automatic Enspire (Perkin Elmer).

The data obtained were normalized using the equation below.

Abs (amostra)

% Release of Hemoglobin = x 100  (equation 3)

Abs (positive control)—Abs (negative control)

3.3.5 Cellular Uptake
This assay allows the perception of how much of the BODIPYs were incorporated by

cells. To perform the uptake assay, about 500,000 cells were incubated in 24-well plates (SPL
Life Sciences, 30024) with the following concentrations, 10 and 1 uM of BODIPYs 3 and 6, and
the uptake was evaluated 4 hours, 2 hours, and 1 hour after the incubation to assess the variability
of uptake as a function of time.

The medium of the plates was removed, and the plates were washed with PBS.

Afterwards, 100 pL of DMSO were added to each well, and the well scrapping was performed.
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The content of each well was collected to an eppendorf and subjected to centrifugation at 12 300
g for 10 minutes. The supernatants were collected to another eppendorf.

The fluorescence emission spectra and calibration curves were obtained based on the
observation of a linear relationship between fluorescence emission and BODIPY concentration.
Thus, 200 pL of a known concentration of BODIPY 3 and 6 in DMSO were added to a 96-well
plate (SPL Life Sciences, 30096), and successive dilutions were performed until the detection
limit of the fluorescence spectrometer was reached. Following, 100 pL of each solution of each
eppendorf was placed on the plate to perform the measures. The absorption and emission
wavelengths of the compounds were considered when measuring fluorescence intensity.

3.3.6 Statistical Analysis

The statistical analysis of the experimental values was performed using the software
Graph Pad Prism version 8.4.3 for Windows, Graph Pad Software, USA.

Initially, the Shapiro-Wilk test was performed to know if the data was consistent with the
assumption of sampling from a Gaussian distribution. According to that, a parametric test was
chosen. One-Sample t test was the test which was used to perform the statistical analysis, based
on the aim of our work, to make inferences about one population by comparing the mean of some
samples treated to a theoretical mean, the maximum normalization value, 100 %°.

The multiple comparisons were corrected with the Bonferroni-Dunn test, so that
statistically significant comparisons just by chance could be reduced’. Moreover, the significance
level chosen was 0.05, and when p<0.05 significances were represented by *, p<0.01 were
represented by **, and p<0.001 by ***,

MTT, SRB, and Haemolysis data are represented in the form of mean and Confidence
Interval (Cl). The CI of the mean shows us how precisely the population mean was determined,
and since only the most biocompatible BODIPYs will possibly be applied for diagnosis in the
future, it is better to have a mean that best reflects the population in study.
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4 — Results and Discussion

4.1 BODIPYs Characterization

To determine if the synthesized BODIPYs were the intended ones, NMR, Absorbance,
Fluorescence, and Mass Spectra were used to characterize all of them. The obtained spectra, as
well as a brief analysis and discussion, will be presented for each BODIPY.

BODIPY 1 with IUPAC name 2,8-diethyl-55-difluoro-1,3,7,9-tetramethyl-10-
(perfluorophenyl)-5H-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide was obtained with
a yield of 20 %, and figures 11 to 16 show the results obtained from the characterisation.

The methyl groups and aromatic protons associated with BODIPY 1 were properly
identified in the *H NMR spectrum of figure 11. The acquired carbon spectrum is shown in figure
12, and it reveals the anticipated signs for this element. In figure 13 and 14, the B and F
spectra also corroborate the structure by displaying all the required and predicted signals.

'H NMR (400 MHz, CDCls) 8 (ppm): 2.54 (s, 6H), 2.33 (g, J =7.6 Hz, 4H), 1.51 (s,
6H), 1.02 (t, J = 7.6 Hz, 6H).
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Figure 11 - *H NMR spectrum of BODIPY 1 (400 MHz, CDCls).
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3C NMR (100 MHz, CDCI3) 6 (ppm): 156.14; 136.57; 133.93; 130.91; 130.35; 128.83;
121.16; 110.19; 17.08; 14.53; 12.73; 10.84.

156.14

—121.16
110.19

T T T T T T
180 170 160 150 140 130 120 110 100
Chemical Shift (ppm)

Figure 12 - 3C NMR spectrum of BODIPY 1 (100 MHz, CDCls).

"B NMR (128 MHz, CDCl3) & (ppm): 0.70(t, J =32.64 Hz).
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Figure 13 - 1B NMR spectrum of BODIPY 1 (128 MHz, CDCly).

F NMR (376 MHz, CDCls) & (ppm): -139.25(dd, J = 15.04 Hz, 7.14 Hz, 2F), -145.61
(dd, J = 32.71 Hz, 2F), -151.06 (t, J = 20.68 Hz, F), -159.82 (dt, J = 21.81, 6.40 Hz, 2F).
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Figure 14 - *°F NMR spectrum of BODIPY 1 (376, MHz, CDCl5).
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The mass spectrum, in figure 15, shows that the molecular ion was found at 471.30 m/z,

as expected, and that the loss of a fluorine originated a peak at 451.30 m/z. Figure 16 depicts the

absorption, excitation, and emission spectra of BODIPY 1, revealing a maximum of absorption at

526 nm and a maximum fluorescence at 549 nm.

MS m/z [M+H]" calculated for CosH22BF7N": 471.23; Found: 471.30.
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Figure 15 - Mass spectrum (positive mode) of BODIPY 1.
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Figure 16 - Absorption, Excitation, and Emission Spectra from BODIPY 1, in hexane.

As a result of the characterisation data and its respective analysis, the structure of the

BODIPY synthesized has been confirmed. The compound also exhibited interesting fluorescence

properties, which might be useful for future PET/Fluorescence applications. This dual modality

has already been explored in a BODIPY conjugated with an RGD peptide for assessment of

integrin expression’®.
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The characterization data for BODIPY 2 or 2,8-diethyl-5,5-difluoro-1,3,7,9-tetramethyl-
10-phenyl-5H-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide can be found from figure
17 to figure 22. This compound was synthesized with a yield of 43 %.

Figure 17 shows the proton NMR spectrum of BODIPY 2, in which the methyl groups
and aromatic protons identified in the structure were also highlighted in the spectrum.
Furthermore, as a result of the integration of the proton spectrum peaks, approximate values of
the number of protons in the structure were obtained, which turned out to be very close to the
anticipated values.

The carbon-13 spectrum, in figure 18, demonstrated the signals anticipated for the
structure in analysis. Likewise, 'B and *°F NMR spectra, in figures 19 and 20, respectively, also
supported the structure of the compound, showing all the necessary and required signals for each
element.

'H NMR (400 MHz, CDCl3) & (ppm): 7.71-7.70 (m, 2H), 7.54 -7.52 (m, 2H), 2.54 (s,
6H), 2.33 (q, J = 7.6 Hz, 4H), 1.51 (s, 6H), 1.02 (t, J = 7.6 Hz, 6H);
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Figure 17 - *H NMR spectrum of BODIPY 2 (400 MHz, CDCls).
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13C NMR (100 MHz, CDCls) & (ppm): 156.14, 136.57, 133.92, 130.91, 128.83, 26.61,
17.09, 14.54, 12.74, 10.85.

160 150 140 130 120 110 100 90 80
Chemical Shift (ppm)

Figure 18 - 3C NMR spectrum of BODIPY 2 (100 MHz, CDCls).

"B NMR (128 MHz, CDCI3) § (ppm):0.70 (t, J =32.64 Hz).
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Figure 19 - 1B NMR spectrum of BODIPY 2 (128 MHz, CDCly).

F NMR (376 MHz, CDCls) & (ppm): -145.79 (dd, J =33.84 Hz, 2F).
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Figure 20 - *°F NMR spectrum of BODIPY 2 (376, MHz, CDCl5).
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The mass spectrum in figure 21 revealed the molecular ion at 381.30 m/z as well as the
loss of a methyl group, which resulted in the peak at 366.3 m/z. The absorption, excitation, and

emission spectra of the compound depicted in figure 22 unveiled a maximum absorption at 533
nm and a maximum fluorescence at 542 nm.

MS m/z [M+H]" calculated for C23H2sBF2N,": 381.28; Found: 381.30.
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Figure 21 - Mass spectrum (positive mode) of BODIPY 2.
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Figure 22 - Absorption, Excitation, and Emission Spectra from BODIPY 2, in hexane.

The first two BODIPY's can be considered as a first set of compounds synthetized, with
the primary difference being the group attached to the meso position, i.e., pentafluorbenzaldehyde
or benzaldehyde. Certain variations in the NMR spectra, as well as the values of the excitation
wavelength and the emission peak maximum, were observed due to structural differences
between BODIPY 2 and BODIPY 1. This second compound has also useful properties for
PET/fluorescence dual imaging’®.
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Regarding BODIPY 3 or 2,8-diethyl-1,3,7,9-tetramethyl-10-(perfluorophenyl)-5,5-
diphenoxy-5H-dipyrrolo[1, 2-c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide, its characterization data
is displayed in figures 23 to 28, and the yield of the synthesis was 69 %.

The *H NMR spectrum presented in figure 23 allowed the identification of methyl groups
and aromatic protons of the third compound structure. The results of the integration of the
spectrum peaks obtained revealed that the number of protons in each position of the structure
synthetized was similar to the expected.

The *C, !B, and °F NMR spectra exhibited all the expected signals, as demonstrated by
figures 24, 25, and 26.

'H NMR (400 MHz, CDCl3) 8 (ppm): 7.06 (t, J = 7.2 Hz, 4H), 6.76 (t, J =7.2 Hz, 2H),
6.65 (d, J = 7.6 Hz, 4H), 2.51 (s, 6H), 2.20 (q, J = 7.6 Hz, 4H), 1.52 (s, 6H), 0.86 (t, J = 7.6 Hz,
6H).
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Figure 23 - *H NMR spectrum of BODIPY 3 (400 MHz, CDCls).
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13C NMR (100 MHz, CDCls) & (ppm): 157.01, 156.48, 136.34, 134.50, 130.97,
129.10, 119.50, 118.40, 115.22, 17.08, 14.47, 13.05, 11.02.
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Figure 24 - 13C NMR spectrum of BODIPY 3 (100 MHz, CDCls).
1B NMR (128 MHz, CDCI3) & (ppm): 0.83 (s).
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Figure 25 - 1B NMR spectrum of BODIPY 3 (128 MHz, CDCly).

F NMR (376 MHz, CDCls) & (ppm): -140.08 (dd, J= 22.56Hz,7.52Hz, 2F), -151.02 (t,
J= 20.68Hz, 1F), -159.79 (dt, J= 21. 06Hz, 7.52Hz, 2F).
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Figure 26 - *°F NMR spectrum of BODIPY 3 (376, MHz, CDCls).
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Figure 27 revealed the molecular ion at 641.20 m/z, which corresponds to the molecular

ion plus the sodium ion”’. The mass spectrum also revealed the loss of a phenoxy fragment, which
resulted in the peak at 525.30 m/z.
The absorption, excitation, and emission spectra, in figure 28, unveiled that the

compound has a maximum absorption at 545 nm and a maximum fluorescence emission at 563

nm.

MS m/z [M+H]" calculated for CasH33BFsN.O,": 619.44; Found: 641.20.
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Figure 27 - Mass spectrum (positive mode) of BODIPY 3.
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Figure 28 - Absorption, Excitation, and Emission Spectra from BODIPY 3, in hexane.

Although this BODIPY exhibited fluorescence, the peak absorbance and fluorescence

peak values were slightly different when compared to the other characterized compounds.

However, these differences were not significant and can be explained by the fact that

functionalization with phenolic groups can cause changes in the wavelength maxima®*®.
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BODIPY 4 or

2,8-diethyl-1,3,7,9-tetramethyl-5,5-diphenoxy-10-phenyl-5H-

dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide was obtained with a yield of 59 %, and its

characterization spectra is displayed from figure 29 to 33.

The *H NMR spectrum in figure 29 corroborated BODIPY 4 structure since it was
possible to distinguish the methyl groups and aromatic protons, and the spectrum integration

confirmed the number of protons in each position.

The majority of the predicted signals could be identified in the carbon spectrum in figure
30, as well as in the boron spectrum in figure 31. The elemental structure of BODIPY 4 was

supported by all spectra obtained.

'H NMR (400 MHz, CDCls) & (ppm): 7.50 — 7.48 (m, 3H), 7.24 - 7.22 (m, 2H), 7.08 (t,
J =76 Hz, 4H), 6.77 (t, J = 7.2 Hz, 2H), 6.63 (d, J = 7.6 Hz, 4H), 2.52 (s, 6H), 2.19 (q, J = 7.6

Hz, 4H), 1.26 (s, 6H), 0.85 (t, J = 7.6 Hz, 6H).

CoOQ® VoOBWLINILM
MY Y NAQOYNN©QY

NNNN NNNNSGS©©

RV AYSINEPE

5.30

Hg

Hh, Hj, HF  He
| i 'T“ f |
I i

o w®
N

NN

1

N

—1.57
1.26

- I
o

0.87
0.85
0.83

va
Y

O O &7 L &

w2 qun N S o @

NoNom R s s < ©

T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 .5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.5 4.0 3
Chemical Shift (ppm)

Figure 29 - *H NMR spectrum of BODIPY 4 (400 MHz, CDCls).
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13C NMR (100 MHz, CDCl3) & (ppm):156.90, 154.48, 138.10, 136.00, 133.29, 131.38,
128.92, 128.66, 128.39, 119.34, 118.80, 17.05, 14.52, 12.84, 11.73.
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Figure 30 - 3C NMR spectrum of BODIPY 4 (100 MHz, CDCls).

"B NMR (128 MHz, CDCI3) § (ppm): 0.91 (s).
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Figure 31 - 1B NMR spectrum of BODIPY 4 (128 MHz, CDCly).

The boron spectra of BODIPYs 3 and 4 exhibited a singlet signal, but the !B NMR
spectra of BODIPYs 1 and 2 revealed triplets. Such variations are due to the impact of the spin of
the atoms connected to the boron atom. While phenolic BODIPYs have oxygen atoms connected
to the boron, BODIPYs 1 and 2 have two fluorine atoms coupled with the boron core, and the
impact of the fluorine spin of ¥ gives rise to the triplets seen in figures 13 and 19.

In relation to the mass spectrum, the molecular ion was found at 551.30 m/z as shown in
figure 32. Since the result should be about 529.49 m/z, the difference is justified by the sodium
ion presence, which is expected in these compounds taking into account the synthesis procedures
and isolation””.

The absorption, excitation, and emission spectra depicted in figure 33 revealed that the
structure has an absorption maximum at 528 nm and a maximum fluorescence emission at 544
nm. These wavelengths are slightly different from the similar structure, BODIPY 3, being closer
to the values obtained for BODIPY 2. Probably the group associated with the meso position has a
greater influence on the absorbance and fluorescence maxima shifts than the groups associated

with the boron atom.
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MS m/z [M+H]" calculated for CssH3sBN2O,": 529.49; Found: 551.30.
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Figure 32 - Mass spectrum (positive mode) of BODIPY 4.
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Figure 33 - Absorption, Excitation, and Emission Spectra from BODIPY 4, in hexane.

BODIPY 4 also exhibited considerable fluorescence, making it also a candidate for
PET/Fluorescence imaging. Nevertheless, the fact that BODIPYs 3 to 4 contain phenol groups
linked with the boron atom is the most important feature, since the exchange of phenol groups by
8¢ can occur faster than the radiolabelling of BODIPYs 1 and 2. The first set of synthesized
BODIPYs may have the isotopic exchange impaired due to the highly stable B-F bond, something
that has been previously reported in the literature? .
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BODIPY 5 or 2',8'-diethyl-1',3',7',9'-tetramethyl-10'-(perfluorophenyl)
spiro[benzo[d][1,3,2]dioxaborole-2,5-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin]-4'-ium-12-uide
was synthesized with a 64% vyield. Figures 34 to 39 provide the characterisation data for the fifth
compound.

)

The *H NMR spectrum in figure 34 shows that the methyl groups and the aromatic
protons were properly identified, and the values obtained from the integration confirmed the
number of protons contained in the compound structure.

The NMR spectra of carbon, boron, and fluorine, figures 35, 36, and 37, all revealed the
expected and anticipated signals for each element. Moreover, as predicted, due to the atoms
associated with the boron atom in BODIPY 5, the spectrum of !B in figure 36 revealed a singlet.

'H NMR (400 MHz, CDCls) & (ppm): 6.76 (s, 4H), 2.27 (g, J = 7.6 Hz, 4H), 2.05 (s,
6H), 1.51 (s, 6H), 0.96 (t, J = 7.6 Hz, 6H).
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Figure 34 - *H NMR spectrum of BODIPY 5 (400 MHz, CDCls).
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13C NMR (100 MHz, CDCls) & (ppm): 157.99, 151.96, 137.30,
119.71, 108.84, 17.09, 14.58, 12.92, 11.03.
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Figure 35 - 13C NMR spectrum of BODIPY 5 (100 MHz, CDCls).

"B NMR (128 MHz, CDCI3) & (ppm): 7.15 (s).
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Figure 36 - 1B NMR spectrum of BODIPY 5 (128 MHz, CDCly).

F NMR (376 MHz, CDCls) & (ppm): -139.16 (dd, J = 22.56 Hz, 7.52 Hz, 2F), -151.09
(t, J =22.56 Hz, 1F), -159.83 (dt, J = 22.56 Hz, 7.52Hz, 2F).
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Figure 37 - *°F NMR spectrum of BODIPY 5 (376, MHz, CDCl5).
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The molecular ion was identified at 541.30 m/z in figure 38; and the absorption,
excitation, and emission spectra in figure 39 revealed that the compound has an absorption
maximum at 546 nm and very weak fluorescence emission. This weak fluorescence was most
likely quenched by the catechol group, as has already happened with other BODIPYs with the
catechol group covalently linked to the boron atom7°, Thus, the hybrid PET/fluorescence image
is not a feasible application for this BODIPY.

MS m/z [M+H]" calculated for CoH27BFsN,O,": 541.33; Found: 541.30.
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Figure 38 - Mass spectrum (positive mode) of BODIPY 5.
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Figure 39 - Absorption, Excitation, and Emission Spectra from BODIPY 5, in hexane.
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The characterization results for BODIPY 6 or 2'8-diethyl-1',3',7',9'-tetramethyl-10'-
phenylspiro[benzo[d][1,3,2]dioxaborole-2,5'-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin]-4'-i  um-
12-uide are summarized from figure 40 to 44. The synthesis yield for this compound was
approximately 57 %.

The methyl groups and the aromatic protons could be identified in the *H NMR spectrum
of figure 40, and the values obtained from the integration of the peaks also confirmed the number
of protons in the compound.

The other NMR spectra obtained, such as **C and ''B, represented in figures 41 and 42,
also corroborated the structure of BODIPY 6 by showing all the expected and predicted signals
for each element.

'H NMR (400 MHz, CDCls) 8 (ppm): 7.49-7.47 (m, 3H), 7.31- 7.29 (m, 2H), 6.78 (s,
4H), 2.23 (g, J = 7.6 Hz, 4H), 2.24 (s, 6H), 1.27 (s, 6H), 0.91 (t, J = 7.6 Hz, 6H).
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Figure 40 - *H NMR spectrum of BODIPY 6 (400 MHz, CDCls).
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13C NMR (100 MHz, CDCls) & (ppm): 155.60, 155.41, 151.99, 140.04, 139.18,
136.03, 133.40, 131.49, 129.06, 128.73, 128.33, 128.26, 119.39, 108.74, 17.07, 14.60, 12.69,
11.81.
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Figure 41 - 13C NMR spectrum of BODIPY 6 (100 MHz, CDCls).
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Figure 42 - 1B NMR spectrum of BODIPY 6 (128 MHz, CDCly).

The molecular ion was identified at 551.40 m/z as expected. In addition, the considerable
loss of two fragments, a boron fragment for the peak of 423.4 m/z and a fluorine fragment for the
peak of 404.3 m/z, can be seen in figure 43.

The absorption, excitation, and emission spectra in figure 44 revealed that BODIPY 6 has
an absorption maximum at 531 nm but has very weak fluorescence. Given the fact that the last
two structures synthetized, BODIPY 5 and 6, showed weak fluorescence, and since the main
similarity between the two structures is the catechol group linked to the boron atom, this group
has the capacity to quench the fluorescence of both compounds™ .

This particularity of fluorescence quenching was explained in an article, in which
BODIPYs with the catechol linked to the boron atom tended to undergo a rapid deactivation of
the excitation state. A photoinduced electron transfer process must take place from the catechol to
an orbital in the BODIPY to generate an intermediate state. This intermediate state has such a
short lifetime that it quickly returns to the ground state, quenching the fluorescence of the
compound’®,
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MS m/z [M+H]" calculated for CxH32BN.O,": 451.38; Found:451.40.

4234

404.3

Relative Aburdance
o
i

] 4334 0,

253 M+HE

203

153 2402

122 ap2 287.3 3283 3593 ggeys ‘

P e e lowe e mafeses 2 s | )] ] L s

O Tl e T L e e T e E e i My L U e L S s S s i e
150 200 250 300 380 400 450 500
miz

Figure 43 - Mass spectrum (positive mode) of BODIPY 6.
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Figure 44 - Absorption, Excitation, and Emission Spectra from BODIPY 6, in hexane.

Six different BODIPY's were synthetised and characterized successfully. Two BODIPYs
(1 and 2) with Fluorine-19 bound to the boron centre, two other BODIPYs (3 and 4) with Phenol
groups, and the last ones (BODIPYs 5 and 6) with a catechol group bounded to the boron atom.
NMR, Mass, Absorbance, and Fluorescence spectrums were used to corroborate the compounds
and to perform the study of their characteristics. Overall, the *H, **C, B, and **F spectrums all
confirmed each element presence in each BODIPY, the mass spectrums showed the molecular
ion, case of BODIPY (1, 2, 5, and 6), or at least the molecular ion with contamination with
sodium, BODIPYs (3 and 4).
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In general, all BODIPYs 1 to 4 revealed fluorescence in their spectra, contrasting with
BODIPYs 5 and 6 spectra which revealed that these compounds have a very weak fluorescence
emission, due to the group bounded to the boron atom.

All the developed BODIPYs have interesting characteristics for carrying out the
radiolabelling procedure, and in our view the use of cyclic alkoxides, such as catechol derivatives,
adds an additional beneficial feature linked to ring tension on the dialkoxide, which can speed up
the procedure. Some of the radiolabelling approaches that have already been explored and used in
BODIPYs, described in the literature were outlined in the third subchapter of the introduction and
are also detailed in scheme 102,

4.2 Structural Motifs

Taking into consideration that the boron atom will be the centre where the exchange of
alkoxy groups or fluorine atoms for **F will occur, it is important to evaluate some structural
reasons that can help justify the use of cyclic alkoxides as a mean of speeding up the
radiolabelling. An assessment of the N-B-N angles and the boron atom planarity regarding the
plane of the pyrrole rings can be used to anticipate the ease with which the radiolabelling can
occur with different speeds in different structures.

Table 4 displays the N-B-N angles found for each structure, revealing that similar
structures have angles with relatively close values. The addition of alkoxy groups to the structure
of BODIPYs induced a spatial rearrangement of the compounds, triggering changes in the
amplitudes of the N-B-N angles. Phenoxy groups incremented the N-B-N angles (in the case of
BODIPYs 3 and 4), while catechol groups reduced those angles (in the case of BODIPY 5 and 6).
In both situations the alkoxy groups added an extra angle strain to the N-B-N angle of the
BODIPYs with fluorine atoms bounded to the boron.

The variations in the planarities of the different compounds can help to determine how
easily the atom can be the target of the exchange reaction of fluorines, phenols, or catechols for
F, In BODIPY 1 the boron was almost coplanar to the pyrrole rings, with a boron deviation
from the pyrroles plane of just 0.059 A, whilst in BODIPY 2 the deviation was 0.310 A. This
difference in the planarity of BODIPYs 1 and 2 may be related to the substituents in the meso
position, i.e., the steric effects of the meso-phenyls. In BODIPY 3 and 4, the boron out-of-plane
deviation was 0.036 A and 0.063 A, respectively; And in BODIPYs 5 and 6 was 0.719 A and
0.612 A. These deviations from the previous values for BODIPYs 1 and 2 might be attributed to
the structural rearrangement required due to the volume of the substituent groups. It should be
noted, however, that the deviations in BODIPY's with catechol groups bounded to the boron atom
were higher, which may indicate a strained region after the catechol insertion.

The C-C-O angles were also considered, either in the phenol and catechol groups alone,
or in the synthesized compounds, also described in table 4 and schematized in figure 45. The
angle was 121.61 degrees in BODIPY 3 and 121.73 degrees in BODIPY 4, but 120.74 degrees in

91



Biomaterials for PET Diagnosis

phenol alone. Thus, it turns out that there is a small difference in angles after the phenol insertion,
a small increase in its amplitude, which may be related to the volume of the groups inserted and
the respective steric effect. The C-C-O angle in BODIPY 5 was 112.37 degrees and in BODIPY 6
was 112.35 degrees, however, this angle in catechol alone is 120.09 degrees. The angle amplitude
decreased in BODIPYs 5 and 6; the additional strain in the oxygen area is another indication that
the strained zone in these final compounds may contribute to a faster ‘®F isotopic exchange
reaction.

Table 4 - N-B-N angles obtained from MM2 molecular mechanics calculations.

Structure Angle N-B-N (") I:())el\J/ti;':ig)r:a(rE) Angle C-C-O ()
107.27 0.059 =
106.77 0.310 -
109.50 0.036 121.61
108.84 0.063 121.73
106.47 0.719 112.37
105.15 0.612 112.35
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120.74° (

Figure 45 — Angle C-C-O analysed alone and in BODIPYSs.

Probably, due to the strained region present in the BODIPYs 5 and 6 with the
introduction of the catechol group, the radiolabelling procedure could be faster in those
compounds than the ones with the phenol group, BODIPYs 3 and 4. The calculations performed
in this subchapter do not prove with absolute certainty that the radiolabelling process will be
faster in BODIPYs 5 and 6 than in those with fluorine or phenol associated with the boron atom,
but they give an indication of the structural factors that are most likely to affect the kinetics of the
reaction.

4.3 In Vitro Studies

Finding the most biocompatible BODIPYSs is a critical step. As the compounds will be
explored as radiotracers in the future, it is crucial to determine whether different concentrations of
the different BODIPYSs are cytotoxic.

MTT, SRB, Trypan Blue and Cellular Uptake assays were performed using two cancer
cell lines from distinct types of NSCLC, (ATCC CCL-185) (human alveolar basal epithelial
adenocarcinoma cells) and NCI-H1299 (ATCC CRL-5803) (human non-small cell lung
carcinoma cells).

The Trypan Blue assay was employed for cell viability evaluation before starting all the
other assays, and all the experiences had a viability superior to 90 %.

4.3.1 Metabolic Activity

The MTT test was used to evaluate cytotoxicity, and the effects of different
concentrations of BODIPYs 1 to 6 on the metabolic activity of A549 and H1299 cell lines was
assessed after 24, 48, and 72 hours of incubation.
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The experimental MTT results for BODIPY 1 for both cell lines are shown in figure 46.
In graph A, only concentrations of 100 uM, 50 uM, and 25 uM seemed to lower the metabolic
activity of the A549 cell line in a statistically meaningful way to 43.64 % (p<0.001), 52.27 %
(p<0.001), and 73.11 % (p<0.001), respectively. The data indicate that 24 hours after the
incubation with the compound, the cell response is concentration-dependent. BODIPY 1 caused
statistically important impacts on A549 metabolic activity in the 48-hour test (graph B), with a
mean of 64.42 % at 100 uM (p<0.01) and 89.22 % at 50 uM (p<0.01). In graph C, the lowest
concentration had a statistically important impact, with an average metabolic activity of 112.2 %
(p<0.01); also, cells treated with 100 uM had an average metabolic activity of 64.00 % (p<0.001),
and 85.42 % (p<0.05) for 50 uM. The effect of concentration-dependent response is not lasting, in
the large majority, cells recover from the effects of higher concentrations.

Two concentrations exhibited statistically relevant effects on the H1299 cell line,
following a 24-hour incubation with BODIPY 1. Graph D shows a mean of 55.89 % (p<0.001)
for 100 uM and 116.85 % (p<0.05) for 5 uM. In graph E, higher concentrations, such as 25 uM,
50 uM, and 100 uM, exhibited statistically relevant p-values, with average metabolic activity of
95.36 % (p<0.001), 78.96 % (p<0.001), and 47.06 % (p<0.001), respectively. After 72 hours,
corresponding to graph F, 100 uM triggered a reduction of metabolic activity to 64.44 %
(p<0.001), whereas 5 uM, 10 puM, and 25 pM tended to increase metabolic activity in a
statistically noteworthy manner, to 123.38 % (p<0.05), 121.03 % (p<0.05), and 122.93 %
(p<0.01), respectively. In general, the concentration-dependent response for the H1299 line only
occurred in the 48-hour assay, with cells recovering and even increasing their metabolic activity
in the 72-hour assay. It appears that the vast majority of concentrations tested caused greater
activation of metabolic activity after a longer incubation period.

Considering the previous data, concentrations of up to 25 uM of BODIPY 1 were
relatively safe for both cell lines. The concentration of 100 uM was the only one which had a
metabolic activity below 70 %. The effects of lower dosages resulted in some cases in a small
increase in metabolic activity, being more evident only for longer incubation periods. Overall,
this drug may be an interesting candidate for diagnosis at lower concentrations.
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Figure 46 - MTT results represented in the form of average and ClI, for BODIPY 1 for the A549
cell line (A) 24h, (B) 48h and (C) 72h, and for the H1299 cell line (D) 24h, (E) 48h and (F) 72h,
respectively. Due to the normalization of the data previously done, the metabolic activity values obtained
for the controls are comparable to 100 % of the metabolic activity; as a result, the controls are represented
by the dashed line. Significances are represented by * for p<0.05, ** for values of p<0.01 and *** for
p<0.001.

Considering the effects of BODIPY 2 in cells metabolic activity presented in figure 47,
the negative impacts were particularly evident in the A549 cell line. Graph G shows that the
cellular metabolic activities measured 24 hours after incubation with 1 uM, 25 pM, 50 uM and
100 uM had means of 93.58 % (p<0.05), 77.95 % (p<0.05), 68.41 % (p<0.001) and 61.35 %
(p<0.001), respectively. In graph H, the 48-hour assay, 25 uM, 50 uM, and 100 uM continued to
play a statistically important role in decreasing metabolic activity to 77.08 % (p<0.01), 75.61 %
(p<0.01), and 68.33 % (p<0.001). In the longer experiment, all doses had a statistically
meaningful effect on decreasing metabolic activity, graph 1. Concentrations of 1 pM, 5 uM, and
10 uM reduced metabolic activity to 85.04 %, 87.85 %, and 83.30 %, respectively (all with
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p<0.01); whilst 25 uM, 50 uM, and 100 uM reduced metabolic activity to 76.12 %, 78.54 %, and
76.24 %, respectively (all with p<0.001). The negative effects of BODIPY 2 on the metabolic
activity of the A549 cell line appear to grow with time, indicating that the compound is more
harmful after longer incubation periods.

After 24 hours of incubation, concentrations of 50 uM and 100 uM reduced H1299
metabolic activity in a statistically relevant way to 80.62 % (p<0.01) and 74.68 % (p<0.001),
respectively (graph J). In the 48-hour assay, all concentrations above 10 uM had a statistically
relevant influence on metabolic activity; cells treated with 10 uM had a mean of 86.05 %
(p<0.05), whereas those treated with 25 uM had an average metabolic activity of 81.74 %
(p<0.001), 50 uM led to an average of 76.55 % (p<0.001) and finally cells treated with 100 uM
had a mean metabolic activity of 79.59 % (p<0.001). After 72 hours of incubation with the
compound, concentrations of 25 uM and 50 uM caused a statistically relevant reduction in H1299
metabolic activity to 87.65 % (p<0.01) and 92.69 % (p<0.01), respectively. On the whole, higher
concentrations had more pronounced effects in decreasing the metabolic activity of H1299 in the
three incubation periods, additionally, the 10 uM concentration appeared to have had transient
toxicity in the 48-hour assay.
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Figure 47 - MTT results represented in the form of average and ClI, for BODIPY 2 for the A549
cell line (G) 24h, (H) 48h and (I) 72h, and for H1299 cell line (J) 24h, (K) 48h and (L) 72h, respectively.
Due to the normalization of the data previously done, the metabolic activity values obtained for the controls
are comparable to 100 % of the metabolic activity; as a result, the controls are represented by the dashed
line. Significances are represented by * for p<0.05, ** for values of p<0.01 and *** for p<0.001.

96



Results and Discussion

BODIPY 2 had more negative impacts on the A549 cell line than BODIPY 1. The more
pronounced effects associated to this BODIPY were more noticeable at concentrations ranging
from 25 uM to 100 pM. Considering the aforementioned findings, this BODIPY does not appear
to be safe for diagnostic usage, since even low concentrations appeared to have had some
cytotoxicity.

Figure 48 shows the MTT results obtained for the three incubation periods with BODIPY
3. For the 24-hour assay with the A549 cell line, graph M, the concentration of 100 uM was the
only one that caused a statistically significant decrease in metabolic activity to 85.89 % (p<0.05).
After 48 hours of incubation with the compound, which corresponds to graph N, the
concentrations that appeared to be most relevant in triggering an increase in A549 metabolic
activity were 25 uM and 5 uM, to 118.61 % (p<0.05) and 112.10 % (p<0.05), respectively. In the
72-hour experiment, no concentration had a statistically meaningful effect. Aside from the
concentration of 100 uM in the 24-hour experiment, no other concentration statistically
substantially influenced the reduction of the metabolic activity of the A549 cell line. In the 48-
hour assay, two concentrations appeared to have had a statistically considerable effect on the rise
in metabolic activity, although only temporarily.

Higher doses decreased H1299 metabolic activity in a statistically significant way for the
48- and 72-hour assays. In graph Q, concentrations of 25 uM, 50 uM and 100 uM resulted in
reductions of metabolic activity to 80.77 % (p<0.001), 76.82 % (p<0.001), and 75.37 %
(p<0.001), respectively. While, in the 72-hour experiment whose data is shown in graph R, 50
uM of BODIPY 3 caused a more statistically relevant reduction in metabolic activity than 100
uM and 25 uM. The mean cell metabolic activity with 100 uM was 80.84 % (p<0.05), 76.46 %
(p<0.001) with 50 pM and 83.9 % (p<0.05) with 25 pM. In the H1299 cell line, the third
compound had some relevant cytotoxic effects, but mostly at concentrations above 10 uM.

BODIPY 3 had less effect on cell metabolic activity when compared to BODIPYs 1 and
2. The third BODIPY had a more pronounced effect on the H1299 cell line and only at higher
concentrations such as 25 uM, 50 puM, and 100 puM. Therefore, this compound displayed

interesting attributes to be used as a diagnostic drug, at least in concentrations up to 10 uM.
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Figure 48 - MTT results represented in the form of average and ClI, for BODIPY 3 for the A549
cell line (M) 24h, (N) 48h and (O) 72h, and for H1299 cell line (P) 24h, (Q) 48h and (R) 72h, respectively.
Due to the normalization of the data previously done, the metabolic activity values obtained for the controls
are comparable to 100 % of the metabolic activity; as a result, the controls are represented by the dashed
line. Significances are represented by * for p<0.05, ** for values of p<0.01 and *** for p<0.001.

The results of the 24-hour assay revealed that all concentrations affected the A549 cell
line in a statistically relevant way, but with different degrees of significance; when cells were
treated with 1 pM the mean metabolic activity was 75.41 % (p<0.01), when the treatment was
with 5 uM the mean was 81.35 % (p<0.05) and 10 uM caused a reduction to 78.19% (p<0.01). In
the S graph, in figure 49, it is also possible to verify that concentrations such as 25 uM, 50 uM,
and 100 uM triggered reductions to 71.98 %, 68.18 %, and 75.82 % (all with p <0.001). After 48
hours of incubation with BODIPY 4, for lower concentrations there was an increase in metabolic
activity, revealing a temporary recovery. On the T graph, cells treated with 1 uM had a mean of

113.56 % (p<0.001), 5 uM led to a mean of 112.07 % (p<0.05), and when cells were treated with
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10 pM, metabolic activity averaged 119.35 % (p<0.001). However, in the longer assay, graph U,
the compound tended to have cytotoxic effects and, in some cases, triggering greater reductions in
metabolic activity than those verified for the 24-hour assay. After 72 hours of incubation, A549
cells treated with 1 uM had a mean of 78.78 % (p<0.001), whereas 25 uM, 50 uM and 100 uM
triggered a decrease to 48.07 % (p<0.001), 25.01 % (p<0.001) and 56.30 % (p<0.001),
respectively.

Regarding the effects of incubation of the compound with the H1299 cell line, in the 24-
hour assay (graph V) no concentration significantly affected metabolic activity. In the 48-hour
trial, graph W, 1 uM of BODIPY 4 triggered a statistically substantial decrease in H1299
metabolic activity to 78.10 % (p<0.01). At last, in graph X, all concentrations had a statistically
relevant influence on metabolic activity. It is possible to verify that there was a reduction in the
mean metabolic activity to 72.58 %, 77.37 %, 74.15 %, 66.13 %, 60.14 %, 59.33 %, in relation to
each concentration ranging from 100 uM to 1 uM (all with p<0.001). The effects of BODIPY 4 in
the H1299 cell line as a function of time were more evident in the longer trial, in contrast to what
happened with the A549 cell line which in all experiments at least part of the concentrations
triggered statistically relevant changes in cell’s metabolic activity. Even so, in the 72-hour assay,
both cell lines had considerable reductions in metabolic activity, with means below 70 % and in
some cases below 50 %.
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Figure 49 - MTT results represented in the form of average and ClI, for BODIPY 4 for the A549
cell line (S) 24h, (T) 48h and (U) 72h, and for H1299 cell line (V) 24h, (W) 48h and (X) 72h, respectively.
Due to the normalization of the data previously done, the metabolic activity values obtained for the controls
are comparable to 100 % of the metabolic activity; as a result, the controls are represented by the dashed
line. Significances are represented by * for p<0.05, ** for values of p<0.01 and *** for p<0.001.
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All data obtained and the respective statistical analysis of the 24-, 48- and 72-hour MTT
assays with BODIPY 5 are summarized in figure 50, from graphs Y to DD.

When metabolic activity was assessed 24 hours after A549 cells were treated with
BODIPY 5, all concentrations except 1 UM had a statistically significantly contribution to the
metabolic activity reduction to 54.94 % (p<0.001) in the case of 5 uM, 60.38 % (p<0.001) for 10
uM, 64.45 % (p<0.001) for 25 uM, 60.61 % (p<0.001) for 50 uM and 63.02 % (p<0.001) for 100
MM, as demonstrated by Y graph. In the 48-hour assay, the same concentrations had a statistically
significant impact in lowering metabolic activity. The Z graph shows that cells treated with 5 uM,
10 uM, 25 uM, 50 uM and 100 uM of BODIPY 5 had a metabolic reduction to 71.95 %, 73.12 %,
76.88 %, 74, 06 % and 75.18 % (all with p<0.001). A slight temporary recovery can be observed,
as there was an increase in the mean values of metabolic activity. After 72 hours of incubation,
there was a statistically relevant reduction in the metabolic activity of cells at all concentrations,
with a reduction in means compared to the 48-hour assay. In the AA graph, from 1 uM to 100
UM, the means were 64.11 %, 55.77 %, 57.59 %, 59.63 %, 60.67 %, 59.48 % (all with p<0.001).
Considering data obtained for the A549 cell line, BODIPY 5 tended to have considerable
detrimental effects on metabolic activity, with greater reductions in metabolic activities as a
function of time.

In the assay with a shorter incubation period with the H1299 cell line, all concentrations
except 1 UM played a statistically relevant role in reducing metabolic activity, as it happened with
the A549 cell line. In the BB graph, the mean reduction after cell treatment with 5 uM was 59.18
% (p<0.01), 10 uM triggered a reduction to 51.69 % (p<0.001), 25 uM to 53.48 % (p<0.001), 50
UM to 55.76 % (p<0.01) and 100 puM resulted in a mean metabolic activity of 56.03 % (p<0.001).
In the 48-hour trial, H1299 had a temporary recovery as had A549, with only three concentrations
substantially reducing the cell’s metabolic activity. In the CC graph, 10 uM of the compound led
to a mean of 72.97 % (p<0.001), whereas cells treated with 25 uM and 50 uM had a mean of
76.47 % (p<0.05) and 74.72 % (p<0.05), respectively. After 72 hours of incubation, all
concentrations were statistically relevant to trigger the reduction in metabolic activity; in the DD
graph the mean metabolic rate for cells treated with concentrations between 1 pM and 100 pM of
the compound was 73.08 % (p<0.001), 57.84 % (p<0.001), 55.83 % (p<0.001), 55.94 %
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(p<0.001), 57.17 % (p<0.001) and 58.75 % (p<0.001), respectively. Although a temporary
recovery occurred in the 48-hour trial, the compound showed substantial negative effects in the
24- and 72-hour assays.
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Figure 50 - MTT results, in the form of average and ClI, for BODIPY 5 for the A549 cell line (Y)
24h, (Z) 48h and (AA) 72h, and for H1299 cell line (BB) 24h, (CC) 48h and (DD) 72h, respectively. Due to
the normalization of the data previously done, the metabolic activity values obtained for the controls are
comparable to 100 % of the metabolic activity; as a result, the controls are represented by the dashed line.
Significances are represented by * for p<0.05, ** for values of p<0.01 and *** for p<0.001.

BODIPY 5 proved to have had a detrimental impact on the metabolic activity of cells in
both cell lines, but more specifically in the 24-hour and 72-hour assays. Considering the above,
some cytotoxicity may be associated with this compound, especially when compared to the other
BODIPYs results. Since this compound seems to have more pronounced effects on cells, it could
be investigated for some therapeutic application related to lung cancer, but not for the diagnosis
of the pathology. Ever since, to make the diagnosis, the tumour environment should not be
affected in any way or as little as possible by the drug used, so that the most accurate diagnosis
possible can be achieved, and therefore be able to define a suitable treatment plan for each
pathological condition.
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Data from the A549 cell line after treatment with BODIPY 6 did not reveal a statistically
significant influence on cell metabolic activity until the 72-hour assay, as displayed in the graphs
of figure 51. In the GG graph, the only concentration that caused a statistically significant
decrease in metabolic activity was 100 uM to 88.80 % (p<0.05). Except for one concentration in
the longer incubation period, this compound did not have a statistically substantial influence on
metabolic activity of the A549 cell line.

In the H1299 cell line, the scenario was a little different, concentrations between 10 uM
and 50 uM had a statistically relevant influence in increasing metabolic activity in the 24-hour
and 48-hour trials, indicating that such concentrations were likely to somehow trigger metabolic
activity. In the HH graph, the mean metabolic activity was 111.59 % (p<0.05) for 10 uM, 117.98
% (p<0.001) for 25 uM and 115.22 % (p<0.001) for 50 uM of BODIPY 6. The values of the
statistically significant means in graph Il were relatively close to those in the HH graph. In graph
I1, the metabolic activity was on average 110.70 % (p<0.05) for 10 uM, 116.42 % (p<0.01) for 25
uM and 114.67 % (p<0, 01) for 50 uM. In the final trial, only 1 uM of BODIPY 6 played a
statistically relevant role in reducing the mean to 88.43 % (p<0.05). When treated cells were
incubated for 24 and 48 hours, a certain range of doses was found to have a significant impact on
boosting metabolic activity. The 72-hour experiment, however, did not reveal this rise in
metabolic activity, and there was some recovery to the normal metabolic activity.

Overall, the results were relatively consistent with regard to the effects of the compounds
on both cell lines. BODIPYs 1, 3 and 6 were the ones that showed results showing no or low
cytotoxicity, at least in terms of metabolic activity. However, the two with the best results by far
were BODIPYs 3 and 6 with the most consistent data on both cell lines and safe for cells at
concentrations up to 10 uM. These last two compounds did not show significant cytotoxicity and
therefore may have potential applications for the diagnostic field.

Other BODIPYs that are also being investigated for the diagnosis of lung cancer, but
through Nuclear Magnetic Resonance, when their metabolic activity was assessed in a
concentration range similar to those studied here, presented metabolic activity values above 90
%%, Still, when compared to this study, the data obtained for BODIPYs 3 and 6 for
concentrations between 1 puM and 10 pM showed values above 80%, which represent good
results.
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Figure 51 - MTT results, in the form of average and CI, for BODIPY 6 for the A549 cell line (EE)
24h, (FF) 48h and (GG) 72h, and for H1299 cell line (HH) 24h, (11) 48h and (JJ) 72h, respectively. Due to
the normalization of the data previously done, the metabolic activity values obtained for the controls are
comparable to 100 % of the metabolic activity; as a result, the controls are represented by the dashed line.
Significances are represented by * for p<0.05, ** for values of p<0.01 and *** for p<0.001.

4.3.2 Cell Viability

After assessing the effects of the different concentrations of the six BODIPYs on
metabolic activity of two lung cancer cell lines, evaluating cell viability using at least two of the
concentrations investigated above would be a method of verifying the effects of the compounds.
Given that the SRB assay findings allow for the assessment of cell viability and cytotoxicity, the
effects of 10 uM and 1 uM for each of the six compounds were evaluated, and the resulting data
was reported in figure 52.

In the A549 cell line, the results of the SRB assay after 24 hours showed that BODIPY 1
at a concentration of 10 uM caused a statistically relevant reduction in viability to 78.74 %
(p<0.01), also BODIPY 5 in this assay at 10 pM had an influence on the viability reduction to
95.82 % (p<0.010). In the same assay, graph KK, BODIPY 6 at 1 uM and 10 uM triggered a
reduction in viability to 70.38 % (p<0.001) and to 78.71 % (p<0.01), respectively. In the 48-hour
experiment, MM graph, BODIPY 1 was the only one to trigger a reduction statistically
noteworthy to 79.24 % (p<0.001) for 10 uM and to 87.84 % (p<0.05) for 1 uM. The OO graph
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reveal that after 72 hours of incubation, all BODIPYs except BODIPY 5 had a statistically
considerable influence in decreasing viability, particularly at 10 uM. In this last assay with A549,
the mean viability was 87.01 % (p<0.01) when cells were treated with 10 uM of BODIPY 1, and
it was 90.70 % (p<0.05) for cells treated with 10 uM of BODIPY 2, and 83.46 % (p<0.01) for
treatment with 1 pM of BODIPY 3. Also, in OO graph, both concentrations of BODIPYs 4 and 6
led to a relevant decrease of viability to 69.84 % (p<0.001) with 10 uM and to 86.57 % (p<0.01)
with 1 uM of BODIPY 4; and with viability at 90.83 % (p<0.01) for 10 uM and 83.08 %
(p<0.001) for 1 uM of BODIPY 6. All BODIPYs led to changes in cell viability in the cell line
A549, with most effects being more evident in the longer incubation period, with the maximum
difference from the normalized value being about 30.16 % for BODIPY 4.

In the shorter assay with the H1299 cell line, whose data are represented in the LL graph,
BODIPY 5 had a statistically important role in reducing viability to 89.43 % (p<0.01) at 1 puM,
additionally, BODIPY 6 also triggered a statistically notable reduction to 73.42 % (p<0.001) at 10
uM and to 70.14 % (p<0.001) at 1 uM. In the NN graph which corresponds to the data obtained
from the 48-hour assay, BODIPYs 3 and 5 both at 1 uM had a relevant influence on cell viability,
resulting in means of 87.43 % (p < 0.05) and 77.03 % (p<0.01), respectively. All BODIPYs
except BODIPY 2 showed a statistically meaningful impact in decreasing viability in the longer
experiment, notably at the 1 uM. In the PP graph, BODIPYs 1, 3 and 5 all at 1 uM caused a
statistically relevant reduction in viability to 82.30 % (p<0.05), 76.96 % (p<0.01) and 78.58 %
(p<0.01), respectively. Also in this last assay, both concentrations of BODIPY's 4 and 6 caused a
statistically relevant reduction in cell viability; BODIPY 4 at 10 uM triggered a reduction to
82.57 % (p <0.001) and 1 uM to 72.30 % (p < 0.001); cells treated with 10 uM and 1 uM of
BODIPY 6 had a mean viability of 74.11 % (p<0.01) and 62.61 % (p<0.001), respectively. All
BODIPYs except BODIPY 2 led to changes in cell viability in the H1299 cell line, with the
maximum difference being 37.39 % for BODIPY 6 in the 72-hour assay.

Overall, all BODIPYs resulted in changes in cell viability, with the greatest effects being
more evident in the longer trials. A drug may have some cytotoxicity associated when it has
viability values below 70 %%, That said and taking into account that the viability changes
obtained were at most 30.16 % for the A549 line and 37.39 % for the H1299 line, it is possible to
state that all BODIPYs do not seem to have major cytotoxic effects on cell’s viability®.. In view
of the MTT and SRB results, BODIPY 3 and 6 were the ones with the best results in both assays,
with metabolic activity above 80 % and viability above 70 % for concentrations of 10 uM and 1
uM.

The BODIPYs whose cytotoxicity was continued to be assessed by measuring
haemoglobin release by erythrocytes, and incorporation by cell membranes using cell uptake
assays were investigated at the same concentrations as those used in the metabolic activity and
cell viability assays. If the compounds exhibit little or no cytotoxicity at 1 uM and 10 pM, it is
quite likely that at lower concentrations the compounds would be non-cytotoxic as well.
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Figure 52 - SRB assay results for all BODIPYs (1-6) represented as mean and ClI: for cell line
Ab549 graph (KK) 24h assay, (MM) 48h assay, and (OO) 72h assay; and for cell line H1299 graph (LL) 24h
assay, (NN) 48h assay and (PP) 72h assay. Due to the normalization of the data previously done, the cell
viability values obtained for the controls are comparable to 100 % of the viability; as a result, the controls

are represented by the dashed line. Significances are represented by * for p<0.05, ** for values of p<0.01
and *** for p<0.001.

4.3.3 Haemolysis
After evaluating the effects of the compounds on metabolic activity and cell viability, it is

necessary to assess the cytotoxicity of BODIPYs to blood cells. This is important not only
because BODIPYs are being investigated for intravenous injection, but also because red blood
cells interact with a wide range of cells and tissues in the body. Haemolysis is a flexible and
useful technique to access cell cytotoxicity, because of the ease with which erythrocytes may be
isolated. Figure 53 illustrates the results of the haemolysis assay.

Graph UU depicts the percentage of haemoglobin released after one hour of incubation
with BODIPYs 3 and 6 at two different concentrations. BODIPY 3 increased haemoglobin
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release to 13.74 % at 10 uM and to 12.46 % at 1 uM. BODIPY 6 had a more detrimental effect on
red blood cell membranes at both concentrations, with haemoglobin release of 20.68 % at 10 uM
and 14.70 % at 1 uM.

After 2 hours of incubation with the two compounds, graph VV, BODIPY 3 triggered a
release of 26.74 % at 10 uM and 28.70 % at 1 uM; Whilst BODIPY 6 caused a release of 31.39 %
at 10 uM and 26.48 % at 1 uM. Both BODIPYs provoked greater lysis in the second incubation
period.

1 hour of incubation
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Figure 53 - Haemolysis results from (UU) 1 hour of incubation and (VV) 2 hours of incubation of
BODIPYs 3 and 6 with red blood cells. Due to the normalization of the data previously done, the
haemolysis values obtained for the controls are comparable to 100 % of haemoglobin release; as a result,
the controls are represented by the dashed line. Significances are represented by * for p<0.05, ** for values
of p<0.01 and *** for p<0.001.

All comparisons were made considering the maximum release induced by Tryton X-100,
the positive control. This surfactant causes damage to red cell membranes and can therefore be
used to assess increased haemoglobin release. The increased release of haemoglobin in the body
can have toxic consequences or initiate processes that stress the kidneys or other organs, that is
why haemolysis is such an essential in vitro cytotoxicity assay®.

The values obtained were good when compared to the normalization value and can help
to demonstrate that the compounds appear to have low cytotoxicity, specially BODIPY 3 which
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was the one with better results. Even though, haemolysis assays usually are carried out with an
incubation period of 1 hour, since if the compound tends to cause damage, this should be evident
in a shorter incubation period; in this study, we used the 2-hour incubation period to try to assess
some extent of the effects, and indeed the values were slightly higher for the second incubation
period. Following an article in which a formulation is considered haemolytic if it has haemolytic
activity above 25 %, the values previously obtained for the first period of incubation were below
this limit®. Even the values obtained for the second incubation period were not much superior to
the limit imposed, revealing erythrocyte membrane stability in the presence of BODIPY %,

4.3.4 Cellular Uptake

Data so far from BODIPYs 3 and 6 have revealed that these compounds have some
biocompatibility, with the cancer cell lines and with red blood cells. So, trying to figure out if the
compound is internalized and in what range of values this might occur would be great to
understand if there are interactions between the compound and the plasma membrane that allow
the cellular uptake of BODIPYs.

To find out how much of BODIPYs 3 and 6 were incorporated by the cell lines, A549
and H1299, a calibration curve was obtained with a serial dilution of a previously prepared
solution of each compound. Figures 54 and 55 have associated a graph with data obtained from
the measured intensities for each of the different concentrations as a function of the range of
wavelengths read; and also, the calibration curves obtained by linear fitting the maximum
fluorescence as a function of each concentration value. Each calibration curve is associated with
the equation from the fitting and the corresponding adjusted R-squared.

As the linear fit model was not suitable for the entire data set, the data were divided into
two groups, and the linear fit was performed for both sets, obtaining two R squares better than the
R square obtained for the whole dataset.

The following linear fit equations were used to calculate the concentrations of BODIPY 3
internalized by the cells, represented in the QQ and RR graphs of figure 56. In the following
equations, F represents the fluorescence intensity and C represents the concentration in
nanomolar.

F =962.47C + 4949.78 for F between [0, 160 000] (equation 4)

F =196.75C + 150305 for F between 1160 000, 360 000]  (equation 5)

The plot of intensities as a function of wavelength for BODIPY 6 depicted in figure 55
suggests that this compound has a very weak fluorescence when compared to the graph in figure
54. This feature had already been mentioned previously by the characterization data, more
specifically by the analysis performed on the data in figure 44.
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Figure 54 - Fluorescence intensity spectrum of a dilution series of known concentrations of
BODIPY 3 used to obtain the calibration curves, on the left side; And the two calibration curves obtained
with a linear fitting, on the right side. The measurement of fluorescence intensity was performed taking into
account the maximum absorption at 545 nm and the fluorescence emission peak at 563 nm.

Even so, it was possible to determine the amounts of BODIPY 6 incorporated by the cells
using equations 12 and 13. However, only concentrations with fluorescence greater than 500 were
considered since the linear fitting could only be made for higher fluorescence values.

In the following equations, F represents the fluorescence intensity and C represents the
concentration in nanomolar.

F = 24.74C + 356.57 for F between [500, 3000] (equation 6)

F =8.27C + 3481.48 for F between 13000, 12000] (equation 7)

The maximum fluorescence obtained for the samples was replaced in the respective
equation and the resulting concentrations were represented in figure 56 in the form of mean and
standard deviation. All the uptake values in the form of mean and CI can be checked in
APPENDIX II.
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Figure 55 - Fluorescence intensity spectrum of a dilution series of known concentrations of
BODIPY 6 used to obtain the calibration curves, on the left side, and the two calibration curves obtained
with a linear fitting, on the right side. The measurement of fluorescence intensity was performed taking into

account the maximum absorption at 531 nm.

The cellular uptake assay was carried out across three distinct time periods, 4 hours, 2
hours, and 1 hour, these intervals were chosen considering the duration of the PET scan,
approximately 2 hours. So, knowing how much of the BODIPYs would be taken up by the cells
during the scan and a little later would be important to get an idea of the response of cells to the
compounds.

In the shortest incubation time, data displayed on the QQ plot revealed that 1 hour after
A549 were incubated with 1 uM of BODIPY 3 the cell uptake was 12.24 nM and was 14.01 nM
for H1299. After 2 hours of incubation with 1 uM of the third compound, A549 incorporated
26.12 nM and H1299 had uptaken 24.09 nM. After 4 hours of incubation, the A549 had
integrated 37.04 nM of the compound, whereas the H129 had incorporated 30.68 nM.

The RR graph shows data for cells incubated with 10 uM of BODIPY 3. After 1 hour,
46.78 nM and 77.87 nM were incorporated by A549 and H1299, respectively. Following 2 hours
of incubation, the mean compound incorporation was 93.72 nM for A549 and 97.56 nM for
H1299. After 4 hours of incubation, 130.01 nM and 126.86 nM were the concentrations
incorporated by A549 and H1299, respectively.

Now taking into account the BODIPY 6 uptake data, the SS and TT graphs show that
these values were lower than those found for BODIPY 3. After 1 hour of incubation with 1 uM of
the sixth compound, A549 had an uptake of 11,47 nM and H1299 had an incorporation of 11,88
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nM. For a longer incubation period, 2 hours, with the same concentration, the mean cell uptake
was 22.02 nM for A549 and 14.22 nM for H1299. After 4 hours, the mean uptake values for
A549 were 29.50 nM and 24.82 nM for H1299.

With a higher concentration, graph TT, there was also greater incorporation of the
compound. After 1 hour of incubation with 10 pM of BODIPY 6, the cell line A549 incorporated
33.63 nM, whereas the cell line H1299 integrated 56.84 nM. After 2 hours of incubation, A549
had an uptake of 68.88 nM and H1299 an uptake of 65.23 nM. In the longest incubation period

tested, 4 hours, there was a slight decrease in the mean uptake values, with 53.94 nM for A549
and 54.21 nM for H1299.
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Figure 56 - Uptake results presented in the form of mean and SD, graph (QQ) for 1 uM and (RR)

for 10 uM of BODIPY 3, respectively; and (SS) for 1 uM and (TT) for 10 uM of BODIPY 6 for A549 and
H1299 cell lines.

In most of the conditions tested, the uptake values for both compounds in H1299 were
lower than the values in the A549 cell line. As the H1299 are cells from a patient who had already
received radiotherapy, the cellular mechanisms of compounds incorporation may have changed,
or the BODIPYs simply have more difficulty getting through the membranes’*.
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In general, for both cell lines and concentrations tested, compound incorporation tended
to increase with increasing incubation duration. A possible explanation is that in order to establish
the equilibrium of compound concentrations within and outside the cells may be needed a longer
incubation period. This fact may also be related to the drug incorporation mechanism itself or to
the interactions of the compound with the cellular environment.

Another condition studied in this trial was the different concentrations of each BODIPY.
When cells were incubated with 10 uM, the percentage of incorporation shown in tables 5 and 6
was not higher than those obtained when cells were incubated with 1 pM. Among the two
BODIPYs studied in this trial, BODIPY 3 had higher uptake values, at both concentrations, when
compared to BODIPY 6. Despite, the values in the tables below were relatively low for both
BODIPYs, this is not a reason to exclude the compounds for diagnostic applications. In the
literature, a BODIPY for myocardial perfusion imaging had its in vitro uptake evaluated after 1.5
hours of incubation with 25 puM revealed incorporation values between 1 % and 3 %*°. Despite
the modest values achieved in that last investigation, revealing some similarities with the ones
obtained by us, in vivo evaluation of BODIPY labelled with Fluorine-18 indicated preferential
accumulation in the their targeted tissue, the heart™.

Radiolabelling compounds with Fluorine-18 can increase uptake values, since fluorine is
commonly used to improve the lipophilicity of substances, allowing them to pass more easily
through lipid membranes®®®’. BODIPYs 3 and 6 have phenol and catechol groups linked to boron,
groups that will likely contribute to faster radioactive labelling due to the ring stress on the
dialkoxide. Therefore, the uptake studies must be performed following the radiolabelling in order
to determine whether '8F insertion can actually increase compound uptake or not.

Table 5 - Mean concentrations of BODIPY 3 uptaken by cells in the form of percentage.

1uM 10 pM
A549 H1299 A549 H1299
1 hour 1.22% 1.40 % 0.47 % 0.78%
2 hours 2.61% 2.41% 0.94 % 0.98 %
4 hours 3.71% 3.07% 1.30% 1.27%

Table 6 - Mean concentrations of BODIPY 6 uptaken by cells in the form of percentage.

1uM 10 pM
A549 H1299 A549 H1299
1 hour 1.49 % 1.26 % 0.33% 0.57 %
2 hours 2.20 % 1.42 % 0.69 % 0.65 %
4 hours 2.95 % 2.48 % 0.54 % 0.54 %

A comparison with a normal cell line like for example MRC-5 cell line, fibroblasts,
should also be performed to know which effects could the BODIPY's have in normal cells, with

such comparisons have already been performed to study other drugs®®°.
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5 - Conclusions

A major goal of this research was to synthesize and assess the cytotoxicity of six
BODIPYs with distinct properties that might be beneficial for **F-'8F isotopic exchange in the
boron core. Additionally, it was intended to provide the means to reduce radiolabelling time,
allowing for a longer scan time, as a new alternative or complementary method to glucose
fluorides for the diagnosis of lung cancer.

Six different BODIPYs were synthetised and characterized successfully. BODIPY 1 to 4
showed considerable fluorescence and therefore can be investigated for dual PET/Fluorescence
imaging. In contrast, BODIPYs 5 and 6 showed very weak fluorescence, which is related to the
extinction triggered by the catechol group when covalently linked to the boron atom of
BODIPYs.

The use of cyclic alkoxides such as catechol derivatives brings an additional favourable
parameter related to ring stress on the dialkoxide that can further accelerate the radiolabelling.
Based on the structural motif analysis, BODIPYs 5 and 6 are likely to have a greater influence on
the reaction kinetics due to their extra strain in the oxygen area and greater deviation of boron
from the pyrrole plane.

MTT and SRB data revealed that BODIPYs 3 and 6 did not show relevant cytotoxicity at
concentrations up to 10 uM. Although the haemolysis assay showed that BODIPY 6 had a greater
effect on red cell lysis at both times of incubation, both BODIPYs did not contribute to trigger a
major lysis of the red cell membrane. Last of all, uptake values revealed that the compounds had
low uptake, with BODIPY 3 showing slightly higher uptake than BODIPY 6 in both cell lines.

Although the uptake values were not as good as expected, the inclusion of Fluorine-18 in
the BODIPY s structure can facilitate their passage across the lipid membranes, thereby increasing
cellular uptake. For this purpose, BODIPYs 3 and 6 have alkoxy groups attached to the boron
atom, a feature we were interested in, and which may optimize radiolabelling kinetics.

As future work, biocompatibility studies of the compounds on the MRC-5 cell line or
other normal cell line of lung tissue should be performed as a way to compare the data obtained to
the eventual effects on normal cells. If biocompatibility can be proven for BODIPYs 3 and 6 for a
normal cell line, then the kinetic evaluation of new alkoxy-BODIPYs versus the identical
BODIPYs with '°F in the boron centre should be investigated. After the radiolabelling of
BODIPYs 3 and 6, their uptake should be reassessed in cell lines and the in with the EasyPET
system. This last task should be regarded as future collaboration with ICNAS. Furthermore, in
order to better understand how BODIPYs uptake occurs, it may be useful to try to uncover the
mechanism by which BODIPYs enter the cancer cells. Finally, considering that at least BODIPY
3 showed interesting characteristics for dual-mode imaging this possibility should also be
considered for a PET/fluorescence modality for in vivo studies.
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APPENDIX |

APPENDIX | — Diagnostic Radiopharmaceuticals

Different radiopharmaceuticals, such as those described in table 7, are being investigated
to assess different targets in tumours, some with the potential to be tested in clinical trials.
Integrin avPB3 (involved in neovascularization) is an appealing target, due to its high expression in
activated endothelial cells during angiogenesis, and plays an essential role in the management of
tumour growth, local invasiveness, and metastatic potential®. Protein, nucleotides, glutathione,
and amino-sugars are synthetized from amino acids®; and aminoacid transporters are believed to
play a key role in tumour formation and cell proliferation, which may be useful to assess in the

tumour environment>

. Hypoxia in tumours is related to resistance to radiation and chemotherapy,
along with angiogenesis, metastasis, and tumour aggressiveness, all of which contribute to a poor
prognosis; as a result, hypoxia is critical in the biology of several malignancies and is a target for
tumour imaging®. As well as glucose metabolism, lipid metabolism is also essential for tumour
growth, energy storage, and the production of signalling molecules; PET/CT scanning with **C-
Choline or 8F-Choline can be used to visualize fatty acid metabolism in malignant tumors®.

The development of a theranostic substance that can be used for both therapy and
diagnosis has been an area target of increasing investigation. ®“Cu-DOTA-RGD is one
radiopharmaceutical under investigation for theranostic applications, as it seemed to be effective
in monitoring avp3 at extremely low integrin levels. **Cu-DOTA-RGD peptides might be used in
integrin-based imaging and radiotherapy (with targeting integrin avp3)®. Scientific investigation
and progress are being done to get to personalized medicine through proper lung cancer staging,
characterization, and response evaluation®*.

Table 7 - PET radiopharmaceuticals investigated for Lung Cancer diagnosis.

Radiopharmaceutical Main Use References

Integrin Marker/Angiogenesis Agent

18 : -
F ALFlsl\li(_)F;I'GADPRGDZ/ Allows the imaging of avp3 expression in NSCLC. It may be used to

(19F-Alfatide) analyse the aberrant and varied tumour microenvironment. It can also 54.87
help with the development and assessment of treatments that target avf33.

Its uptake is substantially lower in patients with SCLC than in those with

NSCLC. Because of the inter-and intra-heterogeneity of avf3, current 54,88
uses of avp3-targeted treatment and diagnostic imaging in lung cancer

could be improved.

68Ga-RG D,
(®®Ga dimerized-RGD)

Amino-Acid Metabolism Agent

It may be beneficial to discern between malignant and benign lesions and

is carried into tumour cells via the LAT1. There is no LAT1 expression

in normal tissue or benign tumours. This radiopharmaceutical might be S
used to predict the prognosis of individuals with advanced lung cancer

after chemotherapy.

BE-FAMT
(L-[3-°F] (*)F-
Fluorothymidine)
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Table 7 - PET radiopharmaceuticals investigated for Lung Cancer diagnosis (continuation).

Radiopharmaceutical

D-18F-FMT
(D-(*8F)-Fluoro-
Methyl-Tyrosine)

BBE-FETNIM
(*8F-Fluoro
Erytrho Nitro Imidazole)
80Cu-ASTM
(®°Cu -4-(N)-
methylthiosemicarbazone)

BE-MISO
(*8F-fluoromisonidazole)

BE-FET
(O-(2-[*8F]-fluoroethyl)-L-
tyrosine)

18F-NaF
(*8F-sodium fluoride)

Main Use

Amino-Acid Metabolism Agent

It is a fluorine-labelled tyrosine derivative that is carried directly through
the (LAT1) L-amino-acid transporter and clears the blood pool faster
than the equivalent L-isomer. This radiopharmaceutical seems to have a
lower sensitivity, but greater specificity than ®F-FDG as there is no
uptake of d-'8F-FMT in cases of inflammation.

Hypoxic Agent

This tracer seems to be better in predicting treatment outcomes than 8F-
MISO and has more selective uptake in hypoxic tumours. In comparison
to 18F-MISO though there is minimal data.

It seems to be a good radiotracer for those who do not respond to any
therapy.

FMISO accumulation within tumour cells facilitates the assessment of
early treatment response and may serve as a predictive biomarker.
The absence of a relation between FMISO and 8F-FDG may suggested
that enhanced hypoxia and glycolysis in NSCLC have a mismatch.

Brain Metastases

8F-FET PET in NSCLC patients treated with immunotherapy and
radiotherapy for brain metastases evolution discrimination was evaluated
in a small first study. ®F-FET PET uptake ratios and dynamic uptake
patterns may be able to distinguish between pseudoprogression and real
progression of brain lesions, making it a potentially powerful diagnostic
tool.

Bone Metastases

It is clinically approved used for diagnosis purposes and it is commonly
used to compare bone metastases in individuals who have had previous
NaF-PET scans.
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APPENDIX Il — Statistical Information

The concentrations uptaken in the form of average and CI are summarized in tables 8 and
9 for 1uM and 10uM, of each BODIPY in the study.

1 hour

2 hours

4 hours

1 hour

2 hours

4 hours

BODIPY 3
m cl
12.24 [-18.30,

42.78]
26.12 [7.47,
44.76]
37.05 [15.48,
58.61]

BODIPY 6
i cl
14.85 [0.32,

29.38]
22.02 [13.10,
30.94]
29.50 [13.19,
45.80]

Table 8 - Uptake values in the form of average and Cl for 1uM of BODIPY's 3 and 6.
A549

H1299
BODIPY 3 BODIPY 6
n cl m cl
14.01 [-6.19, 12.64 [1.37,
34.216] 23.92]
24.09 [17.96, 14.22 [-0.30,
30.22] 28.74]
30.68 [21.63, 24.82 [6.69,
39.72] 42.96]

Table 9 - Uptake values in the form of average and CI for 10uM of BODIPYs 3 and 6.

A549

BODIPY 3
m cl
46.78 [-22.54,

116.10]
93.72 [53.01,
134.44]
13001  [-63.41,
323.44]

BODIPY 6
m cl
33.64 [2.96,

64.31]
68.88 [12.10,

125.67]
53.94 [5.80,

102.08]

H1299
BODIPY 3 BODIPY 6
n cl m cl

77.87 [-40.61, 56.84 [-28.35,
196.35] 142.02]

97.56 [48.93, 65.23 [49.77,
146.19] 80.69]

126.86 [78.78, 54.21 [1.50,
174.94] 106.92]
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