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ABSTRACT

BABI ARAUJO, Y. Synthesis and radiolabeling of a nitrofuran derivate with
BE for identification of areas of hypoxia in the tumor microenvironment.
2024, 156 p. Tese (Doutorado em Tecnologia Nuclear) Instituto de Pesquisas
Energéticas e Nucleares — IPEN-CNEN/SP. Séao Paulo.

Hypoxia, one of the hallmarks of cancer, is a pathological condition referred to a
relatively low (generally <2%) oxygen content compared to normal status in a
given organ, tissue, or cell type. Positron Emission Tomography (PET) is a non-
invasive molecular imaging technique widely known for studying hypoxia mostly
employing 2-nitroimidazole-based radiotracer probes that directly report on
oxygen levels with high specificity and spatial resolution. In this regard,
[*F]FMISO is the most widely used hypoxia imaging radiopharmaceutical, but its
high lipophilicity causes slow tracer accumulation, slow plasma clearance, and
low tumor-to-background contrast. The mechanism of action of hypoxia-specific
radiotracers lies on the selective reduction of the nitroimidazole moiety under
hypoxic conditions, but other nitroaromatic compounds with improved reduction
capabilities in the absence of oxygen could be used. The objective of this work
was to synthesize and evaluate a nitrofuran-based radiotracer probe for detection
of hypoxic areas in the tumor microenvironment, (E)-1-(4-[*®F]-fluorophenyl)-3-
(5-nitrofuran-2-yl)prop-2-en-1-one, baptized as [*®F]JFNFP, and compare it with
[*F]FBNA, a novel hypoxia radioligand synthetized and characterized in a
previous work. Initially, precursors for ['8F]-labelling and cold standards
[*°FJFNFP and [*°F]FBNA were prepared and characterized by spectroscopic
techniques, with a novel improved synthesis in the case of the latter compared to
the method reported. Late-stage radiofluorination allowed the introduction of the
[*8F]-fluoride in a one-step reaction without azeotropic drying, obtaining both
[*8]FFNFP and [*®]JFFBNA with >99% radiochemical purity, radiochemical yields
of 38,4+3% and 39,1+5% (n=3), total synthesis time of 85 and 70 minutes, and
high molar activities of 41.56 GBg/umol and 43,02 GBqg/umol, respectively.
[*8]FFNFP was found to be stable in Phosphate-buffered saline (PBS) and serum
for up to 6 hours and more hydrophilic than [*®F]JFMISO (log10P=2.06), with the
same partition coefficient as [*®F]FBNA (log10P=1.05). PET/CT images using an



MKN-45 gastric cancer tumor model in mice showed that ['®F]FNFP, a chalcone
derivate, is rapidly excreted by a hepato-biliary-intestinal-renal clearance with no
tumor uptake. Similar to its counterparts chalcone-based radiotracers, has a rapid
washout from the brain with a high uptake in this organ in the first 15 minutes
after injection. Ex vivo biodistribution studies showed no interesting tumor uptake
for [\8F]FNFP. Different from the 2-nitroimidazole-based radiotracer [*8F]JFBNA,
the 5-nitrofuran derivate [*®F]JFNFP was not nearly as effective as the former in
identifying hypoxic regions in the tumor microenvironment, perhaps due to its
rapid clearance.

Keywords: [*®F]FNFP, [*8F]JFBNA, synthesis, hypoxia, PET imaging, biological

evaluation.



RESUMO

BABI ARAUJO, Y. Synthesis and radiolabeling of a nitrofuran derivate with
BE for identification of areas of hypoxia in the tumor microenvironment.
2024, 155 p. Tese (Doutorado em Tecnologia Nuclear) Instituto de Pesquisas
Energéticas e Nucleares — IPEN-CNEN/SP. Séao Paulo.

A hipoxia, uma das caracteristicas do cancer, € uma condicdo patoldgica referida
a um conteudo de oxigénio relativamente baixo (geralmente <2%) em
comparagao com o estado normal em um determinado 6rgéo, tecido ou tipo de
célula. A tomografia por emissao de pdésitrons (PET) € uma técnica de imagem
molecular ndo invasiva amplamente conhecida por estudar hipéxia, empregando
principalmente radiotracadores a base de 2-nitroimidazol que relatam
diretamente os niveis de oxigénio com alta especificidade e resolugdo espacial.
Nesse sentido, o [*®F]FMISO é o radiofarmaco para imagem de hip6xia mais
amplamente utilizado, mas sua alta lipofilicidade causa acumulo lento de
tracador, depuracdo plasmatica lenta e baixo contraste tumor-fundo. O
mecanismo de acdo dos radiotracadores especificos para hipdxia reside na
reducdo seletiva da por¢ao nitroimidazol sob condi¢cées hipdxicas, mas poderiam
ser utilizados outros compostos nitroarométicos com capacidades de reducao
melhoradas na auséncia de oxigénio. O objetivo deste trabalho foi sintetizar e
avaliar um novo radiotracador a base de nitrofurano para deteccdo de areas
hipéxicas no microambiente tumoral, (E)-1-(4-[*8F]-fluorofenil)-3-(5-nitrofuran-2 -
ilprop-2-en-1-ona, batizado como [8F]FNFP, e compara-lo com [*®F]FBNA, um
novo radioligante de hipoxia sintetizado e caracterizado em trabalho anterior.
Inicialmente, precursores para marcacdo com [*®F] e os padrdes frios [*°F]FNFP
e [*°F]FBNA foram preparados e caracterizados por técnicas espectroscopicas,
com uma nova sintese melhorada no caso deste ultimo em comparacdo com o
método publicado. A radiofluoragdo em estagio avancado permitiu a introdugéo
do ['®F]-fluoreto em uma reacdo de uma etapa sem secagem azeotrdpica,
obtendo tanto [*®]JFFNFP quanto [*¥]FFBNA com >99% de pureza radiogquimica,
rendimentos radioquimicos de 38,4+3% e 39,1+5% (n=3), tempo total de sintese
de 85 e 70 minutos e atividades molares elevadas de 41,56 GBg/umol e 43,02

GBg/umol, respectivamente. [*8]FFNFP foi estavel em solucéo salina tamponada



com fosfato (PBS) e soro por até 6 horas e foi considerado mais hidrofilico que
[*F]FMISO (log,P=2.06), com o mesmo coeficiente de particdo que ['®F]FBNA
(log10P=1,05). Imagens PET/CT usando um modelo de tumor de cancer gastrico
MKN-45 em camundongos mostraram que [*®F]JFNFP, um derivado da chalcona,
€ rapidamente excretado por uma depuracao hepato-biliar-intestinal-renal sem
captacdo tumoral. Semelhante aos radiotracadores a base de chalcona,
apresenta uma rapida eliminacéo do cérebro com alta captagéo neste 6rgdo nos
primeiros 15 minutos apds a inje¢@o. Estudos de biodistribuicdo ex-vivo também
ndo mostraram captacdo tumoral interessante para ['®F]JFNFP. Diferente do
radiotracador baseado em 2-nitroimidazol [*®F]FBNA, o derivado de 5-nitrofurano
[*8F]FNFP néo foi eficaz quanto o primeiro na identificacdo de regiGes hipdxicas

no microambiente tumoral, talvez devido a sua rapida depuracéo.

Palavras chaves: [Y¥F]JFNFP, [*®F]FBNA, sintese, hipoxia, imagem PET,

avaliacao bioldgica.
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1 INTRODUCTION

Cancer, a worldwide public health problem, comprises a large group of
diseases in which abnormal cells divide uncontrollably and can invade
surrounding tissues and organs [1]. At present, cancer is the second leading
cause of death globally only behind cardiovascular diseases [2], and in Brazil

704,000 new cases of cancer are expected for the 2023-2025 period [3].

Hypoxia, one of the most important hallmarks of cancer [4, 5], is a condition
where oxygen levels are below the normal physiological concentration in tissues
(4-9%) [6], and hypoxic tumors are associated with poor prognosis, an increased
risk of invasion and metastasis, and resistance to chemo and radiation therapies
[4,5,7, 8]. At this time, the gold standard for direct in vivo determination of tumor
oxygenation is an oxygen electrode, commonly referred as “Eppendorf
electrode” or “polarographic electrode”, which suffers from several drawbacks
such as its invasive nature, sensitivity for sampling bias and that only easily

approachable tumors can be studied [9, 10].

As stated before, hypoxic tissues are more resistant to the effects of
radiation than well-oxygenated ones, and to achieve the same level of
cytotoxicity, hypoxic cells require about three times the radiation dose that
normoxic cells need [11]. Several strategies have been studied and developed
to improve the radiosensitivity of hypoxic cells within solid tumors, such as
fractionated radiotherapy, increased oxygen delivery, hypoxia inducible factor
(HIF)-1 inhibitors, and radiosensitizers [12].

Early on, these hypoxic cell sensitizers were classified into different
categories depending on their mechanism of DNA damage and repair by
pioneers on the radiotherapy field: (a) suppression of intracellular thiols or other
endogenous radioprotective substances; (b) formation of cytotoxic substances
by radiolysis of the radiosensitizer; (c) inhibitors of repair of biomolecules; (d)
thymine analogs that can incorporate into DNA; and (e) oxygen mimics that have
electrophilic activity [13, 14]. With the continuous technological innovation in the

field and the discovery of several mechanisms of action for radiosensitization,
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radiosensitizers were classified into three categories based on their structures:

small molecules, macromolecules, and nanomaterials [15].

The small molecule radiosensitizer category comprises a large group of
nitroaromatic and nitroheterocyclic compounds that enhance the tumor
response to standard radiation, mimicking oxygen and generating reactive
oxygen species and radicals leading to DNA damage in hypoxic cells [16].
Nitroimidazoles and nitrofurans have been largely described as sensitizers [17-
19], having a specific mechanism of action involving metabolic changes related
to the nitro group accepting electrons from reducing enzymes (nitroreductases)
thus generating intermediates that react with DNA to exert toxic and mutagenic
effects [18, 20]. These compounds get into the intracellular space by diffusion
and under hypoxic condition the process described above takes place, but under
normoxic conditions the compound is re-oxidized back to the parent one and
diffuses out of the cell [21].

Misonidazole (a 2-nitroimidazole derivate) and metronidazole (a 5-
nitroimidazole) were two of the earliest developed sensitizers, with the former
been more effective due to a higher electron affinity [22] as measured by one-
electron reduction potential, which is a key factor in their efficacy. In preclinical
studies, misonidazole showed better radiosensitizing effect than metronidazole
in the majority of solid murine tumors [23-25]. Since their introduction in the
1970s, a great number of hypoxic cell radiosensitizers have been screened and
have undergone clinical evaluation [12]. However, clinical trials have shown
their limited therapeutic benefit, with misonidazole inducing undesirable side

effects such as neurotoxicity [26]

Several 5-nitrofuran derivates such as nitrofurantoin, nifurtimox and
nitrofurazone have been evaluated as radiosensitizers; however, as
radiosensitizers of in vivo systems, their rapid metabolism and poor solubility in
water were found as disadvantages [27]. More attention was paid to
nitroimidazoles derivates, specifically to 2-nitromidazoles, giving rise to a
second-generation nitroimidazole radiosensitizers, such as etanidazole or

nimorazole [28], and more recently nitroimidazole alkylsulfonamides [29].
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The radiopharmaceutical approach to measuring hypoxia is based on the
use of these oxygen-mimetic molecules and their capacity to only act under
hypoxic conditions [30]. On this point, positron emission tomography (PET) has
been extensively used for studying hypoxia, and nitroimidazole moiety have
been largely used in this regard [21, 31]. Fluoromisonidazole, [*8F]FMISO, a 2-
nitroimidazole derivate, is the most extensively used radiopharmaceutical for
molecular imaging of tumor hypoxia, being characterized by a lipophilic nature
which ensures a feasible cell-membrane penetration [21]. Nonetheless, its high
lipophilicity causes slow tracer accumulation, slow plasma clearance, and low
tumor-to-background contrast [32], so new radiotracers with improved

pharmacokinetic properties are necessary for clinical use.

Several nitroimidazole-based radiotracers (specifically 2-nitroimidazole-
based) have been developed over the last 20 years such as [®F]FAZA,
[*BF]JFETNIM, [*8F]HX4, [*®F]FRP-170 and ['®F]FETA [21], and even some of
them have undergone preclinical trials ([*¥F]JFETNIM, [*®F]FETA, [8F]FAZA,
['8F]EF3 and [*®F]EF5) [33]. The goal has been the same for all of this probes:
overcome the drawbacks presented by [*®F]FMISO. Still, Fluoromisonidazole

remains the most widely used radiotracer for imaging hypoxia.

The majority, if not all of these new radiotracers are just changing the
lateral chain connected to the 2-nitroimidazole moiety in order to improve their
pharmacokinetic properties, but increasing the efficacy and general use of these
radiopharmaceuticals could be also achieved in theory by raising the redox
potential of the nitroheterocycle. 2-nitromidazole derivates have a greater
electron affinity than 4-nitro and 5-nitro imidazoles (2-nitro > 5-nitro >> 4-nitro)
[34], and this is the reason why the 2-nitro-isomers are the building block for
imaging radiotracers to target hypoxia [21]. Their efficiency as radiosensitizers
may be qualitatively correlated with their redox potentials with sensitizers of
higher redox potentials generally being found to be more efficient [17, 19, 35].
On this matter, it has been broadly discussed in the literature how 5-nitrofuran
derivates have a greater reduction potential than 2-nitroimidazole ones [19, 36-
38] , and the position of the nitro group on the furan ring plays a pivotal role on
the electron affinity properties and activity of these compounds, with 5 nitrofuran

derivates being the most active and electron affinitive among its isomers [39].
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Up to date, no PET radiopharmaceutical for hypoxia have been widely
adopted into routine clinical practice. Given this, in this work is proposed the first
use of a nitrofuran-based radiotracer for detection of hypoxic regions in the
tumor microenvironment, given the improved electron affinity properties of these
nitroheterocycles compared to nitroimidazoles. This compound, (E)-1-(4-(fluoro-
BF)phenyl)-3-(5-nitrofuran-2-yl)prop-2-en-1-one ([*®F]JFNFP), will be evaluated
in vivo in tumor-bearing mice and compared to [®F]JFBNA, a novel 2-
nitroimidazole-based radioligand for imaging hypoxia synthetized and

characterized by our group [40].
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2 OBJECTIVES

To synthesize and characterize a new radiopharmaceutical radiolabeled
with  [®F], (E)-1-(4-(fluoro-[*8F])phenyl)-3-(5-nitrofuran-2-yl)prop-2-en-1-one
([*8F]FNFP), for the detection of areas of hypoxia in the tumor microenvironment

through PET molecular imaging.
2.1 Specific objectives

i. To chemically characterize the synthetic intermediates and standard
final products for the synthesis of [®F]JFBNA, [°F]JFBNA, [*°*F]JFNFP and
[*F]FNFP using Nuclear Magnetic Resonance (NMR), Mass Spectrometry
(MS), melting point and Infrared Spectroscopy (IR).

i. To determine the optimal conditions for radiolabeling [*8F]FNFP and

[*8F]JFBNA using a one-step/late-stage radiofluorination synthesis.
ii. To stablish a quality control protocol for [*8F]FNFP.

iv.  To evaluate the stability of [*®F]JFNFP in Phosphate-buffered saline
(PBS) and serum.

V. To estimate the lipophilicity of [*¥F]JFNFP and compare it with those
of [*8F]FBNA and [*8F]FMISO.

vi.  To evaluate the in vivo uptake of [*®F]FNFP by PET imaging and
through ex-vivo biodistribution studies in a gastric cancer tumor model and
compare it with that of [*8FJFBNA
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3 LITERATURE REVIEW
3.1 Cancer: general characteristics

Cancer is a term used to describe a group of more than 100 diseases in
which abnormal or mutated cells have the ability to replicate intermittently [3].
Cellular changes lead to the involvement of adjacent tissues and can also reach
other tissues, through the blood circulation and/or lymphatic system by the

metastasis process [4].

Cancer originates from genetic or epigenetic changes resulting from
external or internal factors. External factors are classified into physical,
chemical, and biological factors such as exposure to ionizing radiation, toxic
gases and viral infections, while internal factors refer to inherited mutations [41].
The most relevant mutations in cancer progression tend to affect three main
types of genes: proto-oncogenes, tumor suppressor genes and DNA repair
genes [42, 43].

The main common characteristics to most cancers, described in great
detail by Douglas Hanahan and Robert A. Weinberg [4], one of the most cited
and important publications in the history of Biology, correspond to: resistance to
cell death, induction of angiogenesis, activation of invasion and metastasis,
replicative immortality, evasion of the immune response , evasion of tumor

suppressors, sign of continued proliferation and cellular energetic dysregulation.

The gold standard diagnostic method for solid neoplasms is biopsy, which
is performed through histological analysis guided by immunohistochemistry with
the assessment of morphological characteristics and invasiveness [44].
However, other less invasive techniques have demonstrated high relevance in
aiding diagnosis, such as imaging tests [45] and measuring blood biomarkers
[46, 47]. An example of these biomarkers are the long noncoding RNAs
(IncRNAs), a kind of RNA molecule with a transcription length of more than 200
nucleotides and its own non-coding protein that play an important role in
complex cellular processes such as apoptosis, growth, differentiation, and
proliferation. Endogenous INcCRNAs can be secreted by tumor cells into human
biological fluids in the form of microvesicles, exosomes, or protein complexes,

thereby forming circulating INcRNAs that are not degraded by RNA and are in a
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stable state. Aberrant expression of IncRNAs has been observed in cancer
patients, and in this context, endogenous IncCRNAs can regulate the basic
characteristics of cancer cells by controlling the expression of oncogenes
associated with their suppressive and oncogenic functions. Therefore,
circulating InNcRNAs can be excellent biomarkers and are being studied in cancer
diagnosis, prevention, prognosis, and therapy (Figure 1) [46-48].

Figure 1. Diagram summarizing possible clinical applications derived from
the analysis of blood-based Long noncoding RNAs (IncRNAS), source Badowski,
C., He, B. & Garmire, L.X. [46].
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treatment [49]. Despite ongoing efforts to develop new treatments and
understanding the mechanisms underlying tumorigenesis, it remains difficult to
treat cancers, particularly when diagnosed at late stages with a poor prognosis.
The high mortality rate associated with cancer is partially due to the lack of early

detection methods and/or inaccurate diagnostic tools [46].

Regarding biomedical imaging, one of the main pillars of comprehensive
cancer care, these group of techniques and procedures offer many advantages
including real time monitoring, accessibility without tissue destruction, minimal
or no invasiveness and can function over wide ranges of time and size scales
involved in biological and pathological processes [45]. This interdisciplinary
field, requiring team effort among chemist, physicians, biologists,
pharmacologists, computer scientists and clinicians of different specialties, is
useful with time scales going from milliseconds for protein binding and chemical
reactions to years for diseases like cancer [50]. Size scales go from molecular

to cellular to organ to whole organism in different studies.

Functional-molecular imaging (FMI) information besides
morphologic/anatomical changes can at the same time assess a multitude of
biological cancer-related processes, improving diagnostic accuracy and the
analysis of response to therapy [51]. Several imaging techniques are useful in
this aspect, such as dynamic contrast-enhanced MRI (DCE-MRI), DCE-
ultrasound (US), dynamic susceptibility contrast-enhanced MRI (DSC-MRI),
perfusion CT (PCT), diffusion-weighted imaging (DWI), magnetic resonance
spectroscopy (MRS) and spectroscopic imaging (MRSI), arterial spin-labeling
(ASL), blood oxygenation level-dependent MR imaging (BOLD-MRI),
elastography, positron emission tomography (PET), or single-photon emission
computed tomography (SPECT) imaging (Figure 2) [51, 52].

In this way, obtaining molecular diagnostic methods that allow the
identification of tumor characteristics, such as stage, tissue origin and present
mutations, helps in designing better and more effective therapeutic strategies
with a more appropriate pharmacological approach. Therefore, the development
of tools for tumor differentiation/stratification becomes as important as obtaining

new drugs for treatment.
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Figure 2. Main imaging techniques in the evaluation of tumor biology and
microenvinroment. Source Garcia-Figueiras, R., Baleato-Gonzalez, S., Padhani, A.R.
et al. [51].
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3.2 Hypoxia and cancer

Hypoxia or low oxygen tension, below the basal value of the organ or
tissue, is a condition caused by a decrease in blood supply to a certain region
of the organism [53]. It is widely accepted that, on average, the oxygen levels in
hypoxic tumor tissues lie between 1%—2% below the respective levels in normal
tissues [53]. Solid tumors are commonly affected by hypoxia, where
uncontrolled cell proliferation often exceeds the ability to satisfy the oxygen

demand from the preexisting blood vessels [54].

Traditionally, tumor hypoxia has been linked to potential therapeutic
problems making solid tumors more resistant to ionizing radiation,
chemotherapy, and other cancer treatments [5, 6, 8]. Moreover, tumors may
develop an increased potential for local invasive growth, regional and distant
tumor cell spreading [6], and in general hypoxia induces changes in gene
expression and subsequent proteomic changes that have many important

effects on various cellular and physiological functions, such as apoptosis
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suppression [55], autophagy, promoting their survival [56], and anabolic
changes in central metabolism [57, 58]. These changes are associated with the
Warburg effect [58], one of the hallmarks of cancer [4] that refers to the
preference of cancer cells to metabolize glucose anaerobically rather than
aerobically, even under normoxic conditions, contributing to chemoresistance
(Figure 3).

Figure 3. Relationship between Warburg effect-induced chemoresistance and
tumor microenvironment. The hypoxia inducible factor (HIF-1) is a regulator of O
homeostasis within cells. As a transcription factor, regulates the expression of
different genes that allow cells to survive as O, concentrations change. Then the
tumor microenvironment undergoes a series of adjustments such as acidosis and
stromal cell formation inducing chemoresistance in cancer. Taken from Liu, Chang et
al. 2021 [59].
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explained as follows: due to an increased anaerobic glycolysis as a result of
upregulation of several major glycolytic enzymes, tumor cells produce abundant
lactate, exported via monocarboxylate transporters (MCTs) that perform H*-
linked transport of L-lactate across the plasma membrane [60]. This process

preserves intracellular acid—base balance and guarantees aerobic glycolysis
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and lactate production to be continued; as a result, tumor cells maintain a
special pH gradient, which is more acidic extracellularly and more alkaline
intracellularly [59, 61, 62]. Most chemotherapeutic drugs are either weak bases
or weak acids; only few of them are inner salts (or dipolar ions). Weakly basic
drugs are neutralized and protonated under the tumor extracellular acidosis,
making it difficult for them to pass through the cytomembrane and exert their
function. Even if they get to pass through the cytomembrane, they will be
isolated into acidic vesicles of lysosomes and lose their efficacy. Despite weakly
acidic drugs increase their distribution in the interstitial fluid, they will become
inactive before reaching the target due to intracellular alkalinity, a phenomenon

called the “ion trapping mechanism” [63, 64].

As a result of the above-mentioned mechanisms and tumor cells features
under hypoxic conditions, hypoxia is a determinant of cancer progression and
therapeutic response that affects the curability of solid tumors, regardless of
treatment modality. Especially for head and neck cancer patients, tumor hypoxia

is linked to poor patient outcomes [65].
3.3 Cellular response mechanisms to hypoxia

Hypoxia-inducible factors (HIFs) are major molecules that respond to
hypoxia and regulate multiple processes such as metabolism, proliferation, and
angiogenesis. All members are composed of two different subunits, including
the a-subunit (HIF-1a, HIF-2a, or HIF-3a) and B-subunit (HIF-18) [66]. HIF-1a is
constantly encountered cross all tissues, while HIF-2a and HIF-3a are
expressed in specific ones [66]. In general, under hypoxic conditions, HIF-a
combines with HIF-18 subunit to form a dimer, binds to hypoxia response

elements (HRES), and causes expression of target genes [67, 68].

When oxygen is available, HIF-1la and HIF-2a undergo constant
proteasomal degradation after hydroxylation by prolyl hydroxylases (PHDSs),
which require oxygen as a cofactor, and binding to the E3-ubiquitin ligase von
Hippel-Lindau (VHL) complex [69]. Factor inhibiting (FIH-1) also inhibits HIF-a
by binding to HIF-a and impeding the combination of HIF-a to the transcriptional

coactivators CBP and p300 interfering with its transactivation (Figure 4) [70, 71].
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Figure 4. HIF-1 pathway responses under hypoxic and normoxic conditions,

taken from Bao, X., Zhang, J., Huang, G. et al. [72].
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Under hypoxic conditions, PHDs are inhibited, and HIF-a hydroxylation is
reduced resulting in accumulation and dimerization with HIF-1, which leads to
the accumulation of HIF-a. Afterwards, HIF-a dimerizes with HIF-1(3 to comprise
a transcriptional activation complex, which binds to HREs and DNA, recruits
coactivator proteins, and activates the transcription of more than 30 genes,
which encode proteins involved in cell survival, angiogenesis, metabolic
reprogramming, immortalization, resistance to radiation and chemotherapy,
invasion and metastasis (Figure 4) [73]. Although changes in the HIF-a pathway
have also been reported independently of hypoxia, this pathway is considered

one of the most important in tumor cell adaptation to hypoxia [69].

The HIF-1 pathway has been explored for the development of compounds
for the treatment of cancer through different mechanisms: a) PT2385 (Figure 5),
an orally active small-molecule antagonist of HIF2a, was found to be effective
in preclinical models of renal cell carcinoma [74]; b) the Geldanamycin
analogues 17-AAG (Tanespimycin) and 17-DMAG (Alvespimycin) (Figure 5) are
Heat Shock Protein 90 (HSP90) inhibitors that underwent clinical trials [75, 76].
In this case, O2-dependent degradation of the HIF1a subunit is mediated by
PHDs, the von Hippel-Lindau (VHL)/Elongin-C/Elongin-B E3 ubiquitin ligase
complex, and the proteasome. Inhibition of HSP90 leads to O2/PHD/VHL-
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independent degradation of HIF1a (Figure 6) [77]. 17-AAG was found to be a
potential therapeutic agent for gallbladder cancer [75] and for patients with
advanced cancer [78]; on the other hand, 17-DMAG was effective and well-
tolerated administered twice weekly in patients with advanced malignancies
[79], and in another phase | clinical trial with patients with advanced solid
tumors, clinical activity included complete response (castration refractory
prostate cancer, 124 weeks), partial response (melanoma, 159 weeks), and
stable disease (chondrosarcoma, and renal cancer for 28, 59, and 76 weeks,
respectively) [80]; c) 2-methoxyestradiol (2ME2, Figure 5) is an antitumor and
antiangiogenic agent that inhibits the synthesis of HIF-1a; Zhe, Nana et al. [81]
found out that HIF-1a suppression by 2ME2 significantly induced apoptosis of
acute myeloid leukemia (AML) cells, and concluded that 2ME2 may represent a

powerful therapeutic approach for patients with AML.

Severe hypoxia leads to increased levels of unfolded proteins in the
endoplasmic reticulum, activating the unfolded protein response (UPR)
pathway, which is responsible for coordinating a cell's ability to respond to

endoplasmic reticulum (ER) stress [82].

Figure 5. Compounds that act on the HIF-1 pathway.
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Figure 6. HIFa subunit stabilization as a result of either hypoxia or VHL
mutation leads to dimerize with HIF1[3 to form active HIF to transcriptional activate a

panel of hypoxia responsive genes. Taken from Rathmell, W. K., & Chen, S. [83].
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Oxygen acts as a preferential terminal electron acceptor in the protein
folding process in the ER, thus the lack of oxygen is one of the causes of the
increase in unfolded proteins. In general, the UPR pathway acts after ER stress
activates the stress sensors ATF6, IRE1 and PERK, which result in the
production of the transcription factors ATF6(N) (the N-terminal cytosolic domain
of ATF6, responsible for the up-regulation of ER protein—folding chaperones and
enzymes) [84], XBP1 and ATF4, respectively. These factors are responsible for
the activation of genes to reestablish homeostasis by suppressing the synthesis
or stimulating the degradation of proteins in the ER, and activating apoptosis

and autophagy [85] (Figure 7).

Two main drug strategies are being pursued and studied to kill hypoxic
cells selectively through UPR targets: 1) UPR inhibition by targeting PERK,
ATF4 and IRE1. 2) Exacerbation of ER stress in order to overwhelm the UPR
on the assumption that the UPR is near its capacity in hypoxic cells, approach
supported by the evidence showed in a study with the ER stressors
Thapsigargin and Bortezomib (Figure 8), with both eliciting hypoxia-selective
cytotoxicity in vitro with tumor cells [86].
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Figure 7. The three main O2-sensing pathways that promote hypoxia tolerance
by regulating transcription and mRNA translation. Taken from Wouters, B.,
Koritzinsky, M. [82].
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Another pathway of increasing relevance corresponds to the mammalian
target of rapamycin (mTOR) protein pathway (Figure 7). mTOR functions as a
serine/threonine protein kinase that regulates cell growth by controlling mRNA
translation, ribosome biogenesis, autophagy, and metabolism. In hypoxia,
MTOR kinase complex 1 (mTORCL1, one of two protein complexes along with
MTORC?2) activity is restricted by multiple pathways, resulting in the

suppression of protein synthesis to an extent that depends on the severity and



29

duration of hypoxia. Restriction of mMTORC1 leads to selective translation of a
specific subset of mMRNA, which includes the mRNA that translates HIF1a and
vascular endothelial growth factor A (VEGFA) [82], with the latter augmenting
cancer metastasis through several mechanisms, including (a) stimulation of
tumor angiogenesis; (b) formation of leaky and disorganized primitive vessels in
tumors; (c) promoting tumor inflammation; (d) Alteration of tumor hypoxia; (e)

promoting interactions between cancer cells and vascular endothelial [87].

MTOR has emerged as a critical effector in cell-signaling pathways
commonly deregulated in human cancers. This has led to the prediction that
MTOR inhibitors may be useful in oncology, and derivatives of one such
molecule, rapamycin (from which mTOR derives its name, Figure 9), are
currently in clinical development [88]. In a distinct study carried out with WYE
125132 (Figure 9), another mTOR kinase inhibitor, this compound showed good
results in cells under hypoxia by exerting selective antiproliferative effects and
blocking the accumulation of HIF1a [89].

Figure 9. mTOR inhibitors.
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3.4 Diagnosis of tumor hypoxia

Given all the problems and poor prognosis associated with tumor hypoxia,
the goal for clinicians has been to identify moderately to severely hypoxic tumors

for differential treatment strategies. Tumor hypoxia is linked to poor overall
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survival especially in neck and head cancer patients [65], so prior therapy
knowledge on the presence and extent of the hypoxia is needed [90].

Procedures for estimating tumor hypoxia are separated into three major
groups: methods directly related to assessing the oxygen concentration;
methods reporting on the physiologic processes involving oxygen molecules;
and methods evaluating the expression of endogenous markers as a response
to hypoxia (Figure 10) [65]. Table 1 summarizes some of the available

techniques to evaluate tissue hypoxia status.

Direct methods are based on the explicit interaction of oxygen with a
selective sensor that provides oxygen concentration data in the vicinity of the
probe. Physiological methods rely on processes that also directly involve
oxygen molecules. Although these methods do not directly measure oxygen
concentrations in tissues, their response is proportional to it. Endogenous
markers of hypoxia consist of proteins that are overexpressed in response to a
decrease in oxygen supply [65, 91].

Figure 10. Hypoxia imaging methods and the type of information provided by
each modality. BOLD MRI, blood oxygen level-dependent magnetic resonance
imaging; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; EPR,
electron paramagnetic resonance; HIF-1a, hypoxia-inducible factor 1a; NIRS, near-
infrared spectroscopy; OMRI, Overhauser-enhanced MRI; PALI, photoacoustic
lifetime imaging; PAT, photoacoustic tomography; PET, positron emission
tomography; PIMO, pimonidazole. Taken from Walsh, J. C. et al. [65].
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Table 1. Existing techniques for in vivo assessment of tumor oxygenation.
Adapted from Walsh, J. C. et al. [65].
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Method Direct Physiologic Endogenous Approved
clinical
procedure
Polarographic oxygen X +
electrode
Phosphorescence X Europe only
quenching
EPR oximetry X -
19 X -
F-MRI relaxometry
Overhauser-enhanced X -
MRI
Immunohistochemical
staining
- CA-IX; HIF; Glut-1; X

OPN; protein panels
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Near-infrared
spectroscopy (multiple
modalities)
Photoacoustic
tomography
Photoacoustic lifetime
imaging
Contrast-enhanced
color duplex
sonography
MRI/MRS techniques

-DCE-MRI
-BOLD
-OZ-MRI
-Lactate MRS
-Pimonidazole, EF5
PET
- 18 tracers: FMISO,
EF5, FAZA, HX4, etc.

64
- Cu-ATSM

Miscellaneous
perfusion
measurements

15
-PET with [ O]HZO
-Contrast-enhanced CT

-Ultrasound Doppler
methods

32

Not for tumors
Not for tumors

BOLD, blood oxygen level dependent; CA-IX, carbonic anhydrase IX; CT,
computed tomography; EPR, electron paramagnetic resonance; PET, positron
emission tomography; ¢, method of hypoxia assessment; +, approved clinical

procedure; —, not approved clinical procedure.

The polarographic electrode, also known as “Eppendorf electrode”, is an

invasive, yet direct method for measuring tissue oxygen concentration that is

based on the electrochemical reduction of oxygen molecules [92]. The oxygen

measurements involve inserting an electrode into a tumor or metastatic lymph

node and measuring oxygen from several points per needle track in sub-

millimeter steps [93]. Even when this technique or procedure is often cited as

the “gold standard” for hypoxia determination [9, 10, 65, 94, 95], its invasive
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nature, the requirement of placing a needle directly into the tumor for
measurements, the high cost of the equipment, tumor inaccessibility, high inter-
observer variability, failure to distinguish necrosis from hypoxia, and the lack of
spatial information make it a non-widely popularized technique [65, 93] impeding
its routine use in clinical practice.
3.5 Hypoxia and radiation therapy: oxygen-mimetic radiosensitizers.
Mechanism of action

Several strategies have been developed in recent years to improve cancer
therapy including surgery, radiotherapy, chemotherapy, immunotherapy,
targeted therapy, hormone therapy, stem cell transplant and precision medicine
[96]. Since it is widely known that hypoxic tumors are associated with resistance
to radiotherapy and chemotherapy resulting in a poorer clinical outcome for

patients, it is crucial to develop more effective treatments.

Radiotherapy (RT) is considered as one of the most important and
effective modalities to destroy cancer cells and tumor tissue via direct and
indirect mechanisms by using high-energy photon radiation such as X-rays and
gamma (y)-rays [10, 97]. In the case of direct effect, ionizing radiation directly
damages the DNA, which, if unrepaired, results in cell death or permanent
growth arrest. In the case of indirect effect, reactive oxygen species (ROS) and
free radicals are formed by the radiolysis of a large amount of water and oxygen,
and then these intermediates react with the DNA of tumor cells leading to
oxidative stress-induced damage of proteins, lipids, and mitochondria, and
eventually death (Figure 11) [28].

Figure 11. Mechanisms of ionizing radiation damage to cells in RT. Taken from

Gong, Liuyun et al. [28].
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Innovative technologies can provide alternative strategies to improve RT
efficiency. For example, image-guided radiation therapy (IGRT) is the use of
imaging during radiation therapy to improve the precision and accuracy of
treatment delivery. RT machines are equipped with imaging technology to allow
physicians to image the tumor before and during treatment. By comparing these
images to the reference images taken during simulation, the patient’s position
and/or the radiation beams may be adjusted to target the radiation dose more
precisely to the tumor. To help align and target the radiation equipment, some
IGRT procedures may use fiducial markers, ultrasound, MRI, X-ray images of
bone structure, CT scan, 3D body surface mapping, electromagnetic

transponders or colored ink tattoos on the skin [98]. Intensity-modulated
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radiation therapy (IMRT) is an advanced mode of high-precision RT that uses
computer-controlled linear accelerators to deliver precise radiation doses to a
malignant tumor or specific areas within the tumor [99]. Although the above-
mentioned innovative technologies greatly improve the therapeutic effect, there
are still obstacles such as cancer stem cells and tumor heterogeneity making it
difficult to use RT alone to cure tumors.

Hyperbaric oxygen treatment (HBOT) has been used for more than 50
years to improve or cure disorders involving hypoxia and ischemia, by
enhancing the amount of dissolved oxygen in the plasma and thereby increasing
O:2 delivery to the tissue [100]. One of the most important papers in radiotherapy
was published in the 1950s when Gray et al. proved that the oxygen
concentration in tissues influences the effect of radiotherapy [101], and the
influence of hypoxic modification in relation to radiotherapy has been
extensively studied since then [92]. Despite its benefits, HBOT is associated
with several drawbacks such as lung damage, oxygen poisoning, seizures,

tiredness and headaches [100].

In the early 1960s the seek for chemical agents that might act like oxygen
to restore the sensitivity of hypoxic cells started. Unlike oxygen, they could not
be metabolized by the cells through which they pass, and so high concentrations
should be attained in hypoxic cells and radiosensitization achieved [35]. In short,
what was needed was a “chemical sensitizer” that acted in the same way as

oxygen and could reach the hypoxic tumor cells and sensitize them to radiation.

In 1971, 4-nitroacetophenone was recognized as a radiosensitizer [102,
103], and the identification of this compound was a breakthrough leading
directly, and quickly, to chemical radiosensitizers selective towards hypoxic cells
with potential clinical usefulness. Chapman and colleagues in 1972 [37]
reported the first work about mammalian cell sensitization by nitrofurans such
as nifurtimox, nitrofurantoin, nitrofurazone, and nifuroxime (Figure 12), proving
that these nitroaromatic compounds could be also used as sensitizers. This was
particularly significant since these compounds were already in clinical use (and
have been for more than 50 years) as antibacterial agents and antibiotics,

therefore considerable information on their toxicology, pharmacology and
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pharmacokinetics was already available. Unfortunately, subsequent attempts to
demonstrate hypoxic cell sensitization by these compounds in systems in vivo
met with little success due to their rapid metabolism, toxicity, and low-water
solubility. Two main pharmacophores are present in their structure, the nitro
group (mostly present at the position 5) and a hydrazone moiety, whose carbon
has zwitterionic (electrophilic and nucleophilic) properties, and aids in the overall
chemical stability of the nitrofuran ring [104]. Moreover, this hydrazone moiety
(R1R2-C=N-NR3R4) possesses anti-inflammatory, antibacterial, anticancer,
antitubercular and antitrypanosomal activity [104, 105]. Under physiological
conditions this hydrazone bond is rapidly hydrolyzed [106], giving side-chain
metabolites that covalently binds to cellular proteins and persists in vivo for a
certain time period, and is also responsible for toxic properties, such as

carcinogenicity and mutagenicity [106, 107].

Figure 12. Some important nitrofuran drugs, their metabolites (highlighted in
yellow), and pharmacophores present (colored).
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In 1973, Foster and Willson reported the use of metronidazole
(commercially known as “Flagyl”, Figure 13), a widely used antibiotic with
antibacterial and antiprotozoal activity as radiosensitizer of anoxic cells [108].
This allowed the identification of a new family of nitroaromatic compounds as
radiosensitizers, the nitroimidazoles, compounds that were already being used
for example as antiprotozoal agents (benznidazole, Figure 13, launched by
Roche in 1971 [109]).

Within a year, misonidazole (also known as Ro-07-0582 or MISO, Figure

13), another nitroimidazole derivate, was discovered as a much more effective

Nifurtimox S=0 \T )
@)
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radiosensitizer of hypoxic bacteria and mammalian cells in vitro compared to
metronidazole [110]. MISO underwent considerable clinical evaluation [111], but
it became clear that its neurotoxic properties would seriously limit its application
because the maximum clinical doses that could be achieved fell well short of

those required for maximum sensitizing effectiveness [111-113].

Figure 13. Structure of the 2-nitroimidazole derivates, benznidazole and
Misonidazole, and the 5-nitroimidazole derivate, metronidazole. (2NI-2-nitroimidazole,

4NI-4-nitroimidazole, 5NI-5-nitroimidazole).
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The mechanism of action of these nitroaromatic compounds lies on their
susceptibility to metabolic changes involving the nitro group accepting electrons
from reducing enzymes (flavoprotein nitroreductases, NTR) [17]. In biological
systems, nitro groups can undergo enzymatic reduction, which can proceed by
either a one or two electron mechanism [114]. This reduction is catalyzed by
NTR enzymes, of which there are two classes: type | (oxygen-insensitive) NTRs
performing two-electron reductions, and type Il (oxygen-sensitive) NTRs that

perform one-electron reductions [115] (Figure 14).

Sequential two-electron reduction of nitro groups produces amines via
nitroso and hydroxylamine intermediates. The nitroaromatics and amines are

relatively stable. However, the nitroso and hydroxylamine intermediates can
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react with biomolecules to exert toxic and mutagenic effects [116, 117].
Moreover, there is evidence to suggest that hydroxylamines are converted to

reactive nitrenium ions, which can react with DNA [117].

One-electron reduction of a nitro group produces a nitro radical anion. This
anion is not stable, and under aerobic conditions is re-oxidized back to a nitro
group by molecular oxygen, which is in turn reduced to form a reactive
superoxide anion. In the absence of oxygen, two nitro radical anions can
undergo a disproportionation reaction to form one molecule of the parent
nitroaromatic and a nitroso compound. It has been proposed that this process
may produce nitroso compounds in biological systems [118].

Figure 14. One- and two-electron reduction of nitroaromatics. Adapted from
Rice, Allison M et al. [114].
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Two of the most important properties of a molecule acting as a

o

radiosensitizer are the electron affinity, as measured by the one-electron
reduction potential E2 [119], and the lipophilicity. As discussed by Adams et. al.,
the extent of radiosensitization is dependent on the electron-affinity of the
molecule [120]; the sidechain primarily governs its lipophilicity, indicating the
relationship of that compound with its biological, pharmacokinetic, and
metabolic properties [121]. More electron affinic compounds are reduced faster

and easily under hypoxic conditions, thus being more effective sensitizers.
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Electron affinity may be evaluated by using experimental and theoretical
approaches. Half-wave reduction potentials by voltammetry and one-electron
reduction potentials by pulse radiolysis techniques [35, 122] have been used to
determine the electron affinity of some efficient radiosensitizers, and quantum
mechanics methods have been employed regarding the theoretical techniques.
Comparisons between one-electron reduction potentials and calculated electron
affinities of nitroimidazoles, nitrofurans, nitrobenzenes and other nitroaromatic
compounds have been made by several authors [38, 123, 124], with an
important conclusion: for most important groups of compounds, E} decreases
in the order nitropyridines > nitrofurans = nitrothiophenes > nitrobenzenes >

nitroimidazoles (Table 2).

Within the nitroimidazole family, meaning 2-nitroimidazoles, 4-
nitroimidazoles and 5-nitroimidazoles, the electron affinic properties vary in the
order 2-nitro > 5-nitro >> 4-nitro [17] (meaning 2-nitroimidazoles are more
electron affinic than 5-nitroimidazoles, which are much more electron affinic 4-
imidazoles). This is why MISO is much more effective radiosensitizer than
metronidazole; in other words, a much lower dose of the former is necessary to

induce a comparable sensitizing effect compared to metronidazole.

Table 2. Single-electron reduction midpoint potentials of nitroaromatic
compounds determined by pulse radiolysis (E*;) or calculated according to the data of
enzymatic single-electron reduction (E'7(ar,). Adapted from Table Al in Cénas,

Narimantas et. al. [38]. and references therein.

No. Compound EL (V) | Ecac) (V)

Nitrobenzenes

1 2,4,6-Trinitrotoluene (TNT) -0.253 -0.279
2 1,4-Dinitrobenzene -0.257 -0.240
3 1,2-Dinitrobenzene -0.287 -0.311

4 3,5-Dinitrobenzamide - -0.311
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11

12

13

14

15

16

17

18

19

20

4-Nitrobenzaldehyde

3,5-Dinitrobenzoic acid

1,3-Dinitrobenzene

2-Hydroxylamino-4,6-dinitrotoluene

4-Nitroacetophenone

2-((2-Bromoethyl)(2,4-dinitro-6-((2-
(phosphonooxy)ethyl)carbamoyl)phenyl)amino)ethyl
methanesulfonate (PR-104A)

5-(Aziridin-1-yl)-2,4-dinitrobenzamide (CB-1954)

5,5-Dimethyl-3-(4-nitro-3-(trifluoromethyl)phenyl)
imidazoline-2,4-dione (nilutamide)

2-Methyl-N-(4-nitro-3-(trifluoromethyl)phenyl)
propanamide (flutamide)

2-Amino-4,6-dinitrotoluene

4-Nitrobenzoic acid

5-(Bis(2,2'-chloroethyl)amino)-2,4-dinitrobenzamide
(SN-23682)

4-Hydroxylamino-2,6-dinitrotoluene

4-Amino-2,6-dinitrotoluene

Nitrobenzene

D-(-)-threo-2-dichloroacetamido-1-(4-nitrophenyl)-
1,3-
propandiol (chloramphenicol)

-0.325

-0.344

-0.348

-0.355

-0.366

-0.385

-0.417

-0.425

-0.425

-0.449

-0.485

-0.546

-0.342

-0.336

-0.332

-0.351

-0.356

-0.352

-0.399

-0.408

-0.423

-0.423

-0.398

-0.429

-0.453

-0.489

40
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22

23

24

25

26

27

28

29

30

31

32

33

Nitrofurans and nitrothiophenes

2-(5"-Nitrofurylvinyl)-quinoline-4-
carboxydiethylamino-
1-methyl-but-1-ylamide (chinifur, quinifuryl)

5-Nitro-2-furaldoxime (nifuroxime)

N-(5-nitro-2-furfurylindene)-1-aminohydantoin
(nitrofurantoin)

4-(5-Nitrofurfurylidenamino)-3-methyltiomorpholine-
1,1-dioxide (nifurtimox)

2-Nitrothiophene-5-aldehyde

2-Nitrothiophene-5-aldoxime

2-Nitrothiophene-5-carboxymorpholide

2-Nitrofuran

2-Nitrothiophene

Nitroimidazoles

1-Methyl-2-nitroimidazole-5-carboxamide

N-Benzyl-2-(2-nitro-1H-imidazol-1-yl)acetamide
(benznidazole)

1-Methoxy-3-(2-nitroimidazol-1-yl)propan-2-ol
(misonidazole)

1-(Methyl-2-nitro-1H-imidazole-5-yl)-methyl-N,N’-
bis(2-
bromoethyl)phosphorodiamidate (TH-302,
evofosfamide)

-0.225

-0.255

-0.265

-0.260

-0.260

-0.280

-0.305

-0.330

-0.390

-0.321

-0.380

-0.389

-0.407

-0.221

-0.279

-0.263

-0.285

41
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35

36

37

38

39

40

41

42

43

44

45

46

47

42

2-Nitroimidazole -0.418

1-Methyl-2-(5-amino-1,3,4-thiadazole)- -0.438
5-nitroimidazole (megazol)

1-Methyl-2-((4-(methylthio)phenoxy)methyl)-5-nitro- -0.458
1H-
imidazole (fexinidazole)

2-Methyl-5-nitroimidazole-1-ethanol (metronidazole) -0.486

4-Nitroimidazole <-0.527

Miscellaneous

4-Nitropyridine -0.190

4 6-Dinitrobenzofuroxane - -0.258

5-Nitro-4-(3"-dimethylaminopropylamino)-quinoline  -0.286
(nitraquine)

1-Nitro-9-(3'-dimethylaminopropylamino)-acridine = -0.303 -0.285
(nitracrine)

1-N-alkyl-3-nitro-1,2,4-triazines -0.310-
-0.330

2-((5-Nitrothiazol-2-yl)carbamoyl)phenyl acetate -0.380
(nitazoxanide)

5-Nitrothiazole -0.400

5-Amino-3-nitro-1,2,4-triazole (ANTA) - -0.466

3-Nitro-1,2,4-triazolone (NTO) - -0.472
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48 1-(Chloromethyl)-3-(5-(2-(dimethylamino)- -0.512
ethoxy)indol-
2-carbonyl)-5-nitro-1,2-dihydro-3H-benzo[e]-indole
(representative of nitroCBISs)

49 2-Nitro-6((4-(trifluoromethoxy)benzyl)oxy)-6,7- -0.534
dihydro-5H-imidazo [2,1-b][1,3]oxazine (PA-824)

An important deliberation must be pointed out: if the electron affinity of the
compound for the first, single-electron, reduction step (first electron reduction
potential at neutral pH, E3) is too great, approaching that of Oz (-155 mV), then
selectivity for hypoxia will be diminished because it will just behave as O: itself;
if it is not sufficiently electron affinic (E3 < -450 mV), then sensitivity will be lost.
This step is critical, since it is reversible by Oz and is therefore responsible for
selective binding to only those tissues that are Oz deficient. The E7 's of most 2-
nitroimidazoles are around -390 mV, an electron affinity considered to be
optimal for both selectivity and sensitivity [22].

Unlike common nitrofurans tested as sensitizers, nitroimidazoles have a
higher metabolic half-life (approx. 4 hours [110]) and improved
pharmacokinetics, and more specifically, 2-nitroimidazoles, within the
nitroimidazole isomers, have the best electron affinic properties. Even when
nitrofurans (most of them active compounds against bacteria, parasites and
fungi including the hydrazone moiety in their structure) have better electron
affinic properties than nitroimidazoles as pointed out before, all the cons
mentioned above make the formers a non-suitable option to be used as

radiosensitizers.
3.6 Molecular imaging and radiopharmaceuticals to measuring hypoxia

Between 1970s-1980s an intense and concerted effort by several
researchers and laboratories to produce and clinically evaluate oxygen-
mimicking radiosensitizers to overcome the putative radio-resistance associated
with solid tumor hypoxia was witnessed. A very important and crucial conclusion
was the discovery of 2-nitroimidazole-based drugs and their superior ability to
be reduced under hypoxic conditions compared to 4- or 5-nitroimidazole
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derivates, or even the superior pharmacokinetic properties of nitroimidazole
compounds compared to other nitroaromatic moieties such as antibiotic and

antibacterial already-known drugs nitrofurans.

Hypoxic sensitizers bind selectively to the macromolecules of hypoxic
mammalian cells as a result of metabolic mechanisms. One could argue that the
same properties that allow radiosensitizers to accumulate under hypoxic
conditions could be used to determine the location of hypoxic cells and measure
tumor hypoxia, turning these sensitizers into “hypoxia markers”. This approach
was first carried out with *C-radiolabelled misonidazole, and then with tritium(H-
3)-labeled misonidazole (Figure 15) revealing by means of autoradiography
heterogeneous distributions of radioactivity bound within rodent and human
tumors [125-127]. In 1991, a clinical study characterizing H-3-misonidazole
uptake and binding in 27 patients indicated that the amount of marker retained
in tumor specimens relative to that in blood and other normal tissues might be

amenable to non-invasive detection by nuclear medicine procedures [128, 129].

Figure 15. Structures of *C-MISO and *H-MISO.
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Molecular imaging is an attractive technology widely used in clinical
practice that greatly enhances our understanding of the pathophysiology and
treatment in a great number of diseases, as for example in cancer. It is a novel
multidisciplinary technique that can be defined as real-time visualization, in vivo
characterization, and qualification of biological processes at the molecular and
cellular level involving the imaging modalities and the corresponding imaging
agents [130]. Among all of the molecular imaging modalities, positron emission
tomography (PET) and single photon emission computed tomography (SPECT)

have occupied a particular position that visualize and measure the physiological
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processes using high-affinity and high-specificity molecular radioactive tracers

as imaging probes in a non-invasive approach [131].

PET enables the visualization and quantification of cellular and molecular
processes in a non-invasive way by obtaining images, using
radiopharmaceuticals/radiotracers containing positron-emitting radionuclides
used in picomolar concentrations, such as 8F, %Cu, 24, ®Cu and IC. In
general, these radionuclides, when decaying, emit positron particles (f+),
antielectrons, which, after encountering a nearby electron, undergo an
annihilation reaction emitting gamma radiation (Figure 16), which in turn is
captured and translated into an image, demonstrating the localization of the
radiotracer after in vivo biodistribution [130].

Figure 16. Positron-electron annihilation reaction. The emitted positron by the

decaying radionuclide travels only a minimal distance before undergoing an

annihilation reaction with the production of two 0.511 MeV photons that travel in

opposite directions to one another. The predictability of 180° gamma photon release is
the basis for PET detection. Taken from Chin, B.B., Workman, R.B., Coleman, R.E.
[132].
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Due to the possibility of tracking the location of the radiolabeled molecule
and evaluating its kinetics in vivo, PET has demonstrated wide application in
clinical practice, research, and development of new drugs [133]. Nowadays,

most of the PET scanners are actually PET/CT cameras. Modern PET/CT



46

scanners combine both PET and Computed Tomography (CT) scans almost
simultaneously to provide a greater amount of clinical data to assist in the
diagnosis process [134]. The CT portion of the scan produces a 3D image that
shows a patient’s anatomy in different angles, and the PET scan records how

the radiotracer is been metabolized [135].

SPECT relies on the use of gamma-emitting radionuclides (**™Tc, 1?3I, and
to a lesser extent 291Tl) bounded to pharmaceuticals that just like PET provides
both anatomical and functional information. SPECT-CT and planar scintigraphy
account for almost 80% of all nuclear medicine scans performed worldwide
[131]. While PET has the advantage of higher resolution and sensitivity, SPECT
is more accessible and cheaper. With the adoption of PET/CT imaging in clinical
practice, focus has shifted to developing novel PET radiopharmaceuticals.
However, SPECT-CT still plays an important role in nuclear medicine imaging
[131, 136].

The history of hypoxia markers, basically radiolabeled nitroimidazole-
based-radiosensitizers derivatives, changed when in 1986 Jerabek et al.
synthetized  [*®F]fluoromisonidazole  ([*®F]FMISO,  1H-1-(3-[*®F]fluoro-2-
hydroxypropyl)-2-nitroimidazole) [137], a misonidazole derivate, as potential in
vivo markers of hypoxic cells in tumors, and ischemic areas of the heart and
brain (Figure 17). From this point forward, positron emission tomography with
[*®F]JFMISO became the most extensively used imaging modality to study
hypoxia [21, 134], displaying several advantages over other techniques
(magnetic resonance imaging, intrinsic and extrinsic oxygen electrodes etc.)
such as information about the intracellular oxygen levels, good intrinsic
resolution, three dimensional tumor representation and most importantly
offering the highest specificity for detection of hypoxic tissue [21, 31, 134, 138].
[*F]FMISO is currently the most extensively used radiopharmaceutical for
molecular imaging of tumor hypoxia, being characterized by a lipophilic nature
which ensures a feasible cell-membrane penetration [21]. Nonetheless, its high
lipophilicity causes slow tracer accumulation, slow plasma clearance, and low
tumor-to-background contrast [32], so new radiotracers with improved

pharmacokinetic properties are necessary for clinical use.


https://en.wikipedia.org/?title=SPECT/CT&redirect=no
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[*8F]-fluoroazomycin-arabinofuranoside  ([*8F]JFAZA), ®Ffluoroerythro-
nitroimidazole ([*®F]JFETNIM) and [*¥F]-3-fluoro-2-(4-((2-nitro-1H-imidazol-1-
yl)methyl)-1H-1,2,3-triazol-1-yl)propan-1-ol  ([*®F]JHX4) are three of the
alternatives designed to solve the pharmacokinetic issues of [*®F]FMISO, with
all three being 2-nitroimidazole derivates (Figure 17). [*8F]JFAZA incorporated a
sugar moiety turning it less lipophilic than [*®¥F]JFMISO. With a lower
octanol/water partition coefficient (log P=1.1) than [*®F]FMISO (log P=2.6) [139],
[*8F]FAZA produced higher tumor to background ratios in biodistribution studies
[139] and it was demonstrated that [\8F]FAZA-PET imaging could be used for a
hypoxia-directed intensity-modulated radiotherapy approach in head and neck
cancer. [140]. Despite this, [*8F]FMISO is still the reference tracer for defining
hypoxic volumes, and there are reports showing its superior capability to
[8F]FAZA for specific studies [141].

Figure 17. Structure of different 18F-radiolabeled hypoxic radiotracers.
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Figure 18. Mechanism of action of radiotracers based on the nitroimidazole

moiety under hypoxic conditions. Taken from Nguyen, Anh Thu, and Hee-Kwon Kim

[142].
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In a comparative study between [*®F]JFETNIM and [8F]FMISO in patients
with lung cancer [143], the latter showed higher uptake in tumor/non-tumor ratio,
and the authors concluded that [*®F]JFMISO could be a better hypoxia tracer in
lung cancer. In another study comparing the imaging characteristics and
hypoxia selectivity of for PET radiotracers in a single murine xenograft tumor
model condition [144], [*8F]HX4, [*¥F]FMISO, [®F]FAZA and [®*Cu]-diacetyl-
bis(N4-methylsemicarbazone) (®*Cu-ATSM, an agent that could be used for
both PET imaging and treatment of hypoxic tumors due to the release of
therapeutic Auger electrons from copper-64, making it a "theranostic" agent
[145]), the results indicated that both ['®F]FMISO and [®F]HX4 had similar
uptakes, with an improved renal clearance distribution for the latter. [\8F]FAZA
demonstrated the lowest tumor uptake and lowest background, and finally $*Cu-
ATSM demonstrated the highest tumor uptake and image contrast of the
hypoxia tracers studied. Compared to the more commonly used fluorine-based

PET tracers, radiopharmaceuticals based on copper allow a rapid visualization
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of hypoxia (in contrast to [*®F]JFMISO), or better penetration of the blood-brain
barrier and no urinary bladder uptake (in contrast to [*®F]JFAZA) [30, 146], and
longer half-lives (5*Cu t12 = 12.7 hours vs 8F t1, =110 min) that contributes to

better image quality and more convenient clinical practice [145].

Even when numerous authors have described in vitro and in vivo
biochemical characteristics using PET imaging, precise mechanistic details of
the pO2-dependence of Cu-ATSM cellular uptake, localization and trapping
within normoxic and hypoxic tissue remain uncertain. Fujibayashi et al [147]
described one of the most recognized mechanisms, by which Cu-ATSM
accumulates in hypoxic myocardium via a bioreductive retention mechanism
involving nicotinamide adenine dinucleotide (NADH)-dependent enzymes of the
electron transport chain, present in mitochondria [147]. These results suggested
that upon intracellular reduction, Cu-ATSM becomes trapped irreversibly.
Reduction of Cu-ATSM only occurs in hypoxic cells and involves electron
transfer from hyper-reduced Complex | (ubiquinone oxidoreductase) using
NADH as a two-electron donor. In normoxic cells, Complex | is incapable of
reducing Cu-ATSM. In contrast, the non-hypoxia selective complex, Cu-PTSM
which has a less negative one-electron reduction potential, may be reduced in
all cells by Complex | in its normal state (i.e. not hyper-reduced), leading to
irreversible intracellular trapping. In this mechanism, pO2-dependence of the
mitochondria-mediated one-electron reduction is the discriminating factor which

controls the reversibility of cellular uptake.

Regarding SPECT radiotracers for imaging hypoxia, ®™Tc and 123125| have
been the two most used radioisotopes. Preliminary clinical investigations with
lodinated azomycin arabinoside ([*?°1]-IAZA, Figure 19), i.e. the iodinated
counterpart of [*8F]JFAZA, were reported in the 90s [148-150] in some hospitals
where access to ®F and PET systems were limited. The 13-hr half-life of 23|

compared to the 110 min of *¥F allows for delayed imaging to be performed.

The first clinical study assessing hypoxia with IAZA investigated the uptake
of [*231]IAZA in patients with advanced malignancies. Radiotracer avidity was
observed in three of ten tumors, and it was concluded that the use of gamma

emitter-labelled 2-nitroimidazoles as diagnostic radiopharmaceuticals is
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feasible and safe and that metabolic binding of [*%3[]IAZA is observed in some,
but not all tumors [149]. In 22 patients, [***I]IAZA uptake showed a significant
inverse correlation with the perfusion marker °°™Mtechnetium-hexamethyl-
propylenamine oxime, [**"Tc]JHMPAO (Figure 19), and severe perfusion deficits
were usually associated with an increased uptake of the hypoxic marker [148].
Reduced regional HMPAO uptake was unable to distinguish between necrotic
or hypoxic tissue and the authors thought it was likely to underestimate the
extent of viable tumor. The patterns of IAZA uptake suggested that this marker
can discriminate viable hypoxic tumor, a parameter which could have significant

prognostic potential [148].

After observing uptake of radioactivity in the brain after administration of
[*Z2I]IAZA, a study was undertaken to investigate the proposed metabolites of
IAZA in normal and tumor-bearing murine models. Neither of the proposed
metabolites’ biodistribution did support its involvement in brain radioactivity
uptake in patients [151]. A study investigating the use of [*2%I]IAZA in 51 human
patients with newly diagnosed malignancies demonstrated hypoxia in small cell
lung cancer and squamous cell carcinoma of head and neck but not in malignant
gliomas. The study did, however, demonstrate the feasibility of [*23I]IAZA
imaging in a clinical setting [150]. Stypinski et al. reported the clinical
pharmacokinetics of IAZA, the radiopharmacokinetics of ['2[]IAZA, total
radioactivity kinetics and the radiation dosimetry estimates for six healthy
volunteers and concluded that all supported its clinical use for imaging tissue
hypoxia [152, 153].

9MTc possesses a favorable half-life of 6 h and low photon energy of 140
keV. In terms of convenience, and compared to 8F,®®™Tc can be obtained on-
site as a pertechnetate (°*®"TcO4”) by using commercial %®Mo/?°™Tc generators

which are smaller and more affordable than cyclotrons [154].
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Figure 19. Early developed SPECT radiotracers for detection of hypoxia. ®™Tc-

HMPAO is a well-stablished radiopharmaceutical to assess regional brain perfusion.
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BMS 181321 (Figure 19) was the first ®®™Tc-labelled 2-nitroimidazole to be
widely studied for imaging [155], and several experimental studies have

evaluated the use of BMS 181321 for the detection of ischemic and hypoxic
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myocardium [156-159]. Ballinger et al. showed selective accumulation in
hypoxic cells in vitro and in vivo but concluded that BMS 81321 was not optimal
for tumor hypoxia imaging because of in vitro and in vivo instabilities and a high
partition coefficient, resulting in slow clearance from the blood and high

background levels in normal tissues [160].

BRU59-21, previously known as BMS 194796 (Figure 19), is a second-
generation analogue of BMS 181321 which shows greater stability in vitro and
more rapid clearance from the circulation in vivo, resulting in higher tumor to
blood and tumor to muscle ratios. It showed selective localization in tumor cells
incubated under hypoxic conditions and following intravenous injection in animal
models representative of poorly perfused tumors [161]. In a study by Zhang et
al., BRU59-21 and HL91 (Figure 19) were compared directly in the same in vitro
systems. Both tracers proved suitable for hypoxia imaging [162]. In vivo
evaluation of tumor hypoxia with ®"Tc-BRU59-21 appeared to be safe and
feasible, and uptake and retention of the marker seemed to be indicative of
tumor hypoxia [163].

Throughout the years many other nitroimidazole-derivate compounds
have been labeled with %*MTc for detection of hypoxic regions [142], even some
of them containing more than one nitroimidazole moiety to improve

pharmacokinetic properties.

As reviewed here, the literature shows that each radiotracer for detection
of hypoxic regions in tumors has its strengths and weaknesses, and depending
on the study and the information required a different one can be put forward.
There are specific probes for SPECT and PET, most of them based on 2-
nitroimidazole derivates, but there is no a single radiotracer considered as ideal

for every study and specific situation.
3.7 Aromatic nucleophilic ®F-fluorination: late-stage [*8F]fluorination

The very advantageous nuclear decay properties of fluorine-18 (97% B*
decay, 109.7 min half-life, 635 keV positron energy), ensuring a high imaging
resolution, made this radionuclide became the ‘workhorse’ of positron emission
tomography (PET) and has remained so now for more than 30 years. Especially
its favorable half-life allows, besides multi-step radiosynthesis, the supply of
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PET centers without a cyclotron by industrial production and the logistics of 18F-
labelled radiopharmaceuticals [164]. This creates a concomitant desire for even
better production of 8F-labelled tracers and ligands. In fact, an impressive
variety of new methodologies for radiofluorination has evolved over the last two
decades, extending considerably the possibilities of no-carrier-added (n.c.a.)
radiosynthesis with fluorine-18 [165].

Fluorine-18 is produced by proton irradiation of enriched [*0O]H20 in a
cyclotron via the 180(p,n)'®F nuclear reaction. The radionuclide is obtained as
strongly hydrated [*8F]fuoride ions typically ranging from 50 to 300 GBq and with
high molar activity (up to 1 TBg/umol). Although fluoride ion is a strong
nucleophile, in aqueous solution it forms hydrogen bonds with the surrounding
water molecules and becomes unreactive for nucleophilic substitution [166]. To
achieve nucleophilic fluorination, the '®F-fluoride must be substantially
dehydrated by elimination of the water in which is obtained, which is
accomplished by trapping it on an anion-exchange resin, typically a Waters Sep-
Pak QMA, allowing the removal and recovery of expensive target [*80]H20. The
radionuclide in then eluted typically with a 10-20% aqueous acetonitrile solution
containing a phase transfer catalyst (PTC), such as the cryptand Kryptofix 2.2.2
(K222) or tetrabutyl-/tetraethyl-ammonium cations, together with basic, non-
nucleophilic anions (e.g. CO5 or HCO3) to enhance the solubility and
nucleophilicity of the fluoride ion in organic solvents. An azeotropic drying
process is followed to remove traces of water generally using anhydrous
acetonitrile in 3 steps at 90-100 °C in the presence of the previously mentioned
weak base to avoid the loss of ['8F] as [*®F]hydrogen fluoride. In order to ensure
its high nucleophilic reactivity under no-carrier-added conditions, all these steps
are necessary to obtain the so-called ‘naked’ fluoride. Subsequent displacement
reactions are conducted in anhydrous polar aprotic organic solvents, such as
acetonitrile (MeCN), dimethylformamide (DMF) and dimethylacetamide (DMA).
At present, this method is well established for the majority of routine 8F-
radiotracer productions and is employed in most commercially available
synthesis devices [165, 167].

Despite the fact that this conventional azeotropic drying step has been

used and remained basically unchained in the past 40 years, several drawbacks
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are associated with it: a) a large amount of base (e.g., 1-2 mg potassium
carbonate) is generally required to elute [*8F]fluoride efficiently from the QMA
cartridge, and this amount of base requires a correspondingly large amount of
labeling precursor and can result in low vyields for base-sensitive
precursors/products, limiting the flexibility for altering reaction conditions; (b) the
azeotropic drying also requires a complicated setup for an automated synthesis
module, and thus is poorly suited for miniaturizing a radiolabeling reaction and
adapting it for use in a synthesis module. Manual synthesis also has the
disadvantage of manipulating vials, solutions, and reagents with decent to high
amounts of radioactivity; (c) impurities can be introduced from the anion
exchange resin and in the drying step, and they may be detrimental to
radiolabeling reactions; (d) the drying step is time-consuming (15-20 min),
resulting in radioactivity loss due to decay; (e) the dried [*®F]fluoride may not be
storable and thus not ideal for dose-on-demand radiosynthesis. Perhaps most
important, (f) if the azeotropic drying is not done properly, it often results in low
reproducibility or even failure of radiolabeling reactions, and this poor reliability
and reproducibility in the production of PET radiotracers will limit their clinical
and research uses. These problems often contribute to making the efficient and

convenient preparation of 8F-labeled radiotracers challenging [168].

To address all the cons mentioned, a wide variety of methods to carry out
Sn2 *8F fluorinations under less basic conditions have been developed over the
last decades [169-174]. The choice of PTC plays a decisive role in the
radiofluorination efficiency [175], so some of these methods rely on using
different PTCs, rather than the highly basic combination of K222/K2COs.
However, none of them appear to be ideal, as they only utilize a fraction of the
available radioactivity, need special and nonstandard precursors/equipment, or
are difficult to implement [176-178]

The first pathway to introduce non-carried added (n.c.a.) [*8F]fluoride into
arenes for routine synthesis of radiopharmaceuticals was the classical aromatic
nucleophilic substitution (SnAr) method, requiring sufficient activation of the
phenyl ring, which can be achieved by the introduction of electron withdrawing
groups (EWG), (-NO2, —CN, —-CFs3, or carbonyl groups of aldehydes, ketones

and esters) in the -ortho or -para position to the leaving group (Figure 20) [165].
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The most common and efficient leaving groups for n.c.a. SNAr are
trimethylammonium salt and nitro group [179]. Lower temperatures
(100-110°C) are normally used for an aromatic fluorination on
trimethylammonium group compared with a nitro group (120-180°C), therefore
anhydrous acetonitrile is often used as solvent in a closed reactor system for
trimethylammonium displacement. Because of the higher temperatures required

for substitution of nitro group, anhydrous DMF or DMSO are used as solvent.

Figure 20. Radiofluorination using the nucleophilic aromatic substitution
approach (above) with different EWG in -para position to the trimethylammonium
triflate leaving group. Below, an example of the synthesis of 4-[8F]fluorobenzylamine
reported by Way and Wuest [180].
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The requirement that the aromatic ring must be electron deficient in order
to achieve labeling severely limits the scope of aromatic nucleophilic
substitution, which was an approach completely limited to electron deficient
arenes [164, 167, 179]. A great deal of effort has been expended to find easier,

more general, and more efficient methods to achieve aromatic substitution.

During the last decade, three main strategies were established for 8F-
fluorination of non-activated or even electron rich arenes, with the latter being
the most challenging compounds for nucleophilic substitution with n.c.a.
[*8F]fluoride: i) 8F-displacement reaction, removal of an activating group and
hydrolysis of protecting groups, and one- or two-step reactions, ii) employing
"onium” compounds as precursors and most recently iii) by transition metal-
mediated radiofluorination. In most cases of the latter two methods, the
radiofluorination step is again followed by hydrolysis of protecting groups.
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Regarding the first method: 18F-labelled building blocks like
[‘8F]fluorobenzaldehyde,  4-[*®F]fluorobenzonitrile  or  ethyl  4-(fluoro-
BF)benzoate [178, 181], have been prevalently the pathway of choice. Their
disadvantage, however, is the difficulty of automation, since several reaction
steps, often including separation and purification of intermediates, are
necessary. Nevertheless, an originally five-step nucleophilic build-up synthesis
of  6-[*®F]fluoro-L-DOPA  succeeded for example, starting from
[*8F]fluorobenzaldehyde derivatives [182] (Figure 21).

Figure 21. Automated radiosynthesis procedure for [18F]F-DOPA using the
chiral phase transfer catalyst cPTC as described by Shen, B et al. [182].
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Source: Thesis author

The iodonium strategy (method ii), which was for the first time introduced
into *¥F radiochemistry in 1995 [183-185], and the use of triarylsulfonium salts
[186] were initially limited to the synthesis of small molecules, like 1-bromo-4-
[‘8F]fluorobenzene [187] and 1-[*®F]fluoro-4-iodobenzene [188, 189]. The latter
served especially as building block in transition metal-mediated reactions for the
synthesis of F-radiotracers [190]. This type of reaction has been well
established in commercially available synthesis devices [191]. For the last
decade then, the challenges for 8F-fluorination of complex molecules, using
iodonium compounds, have been solved more and more, and a new review
extensively discusses in detail their utility for small molecules, including

mechanistic as well as application aspects [188].
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Figure 22. Methods of nucleophilic *F-substitution of non-activated arenes via

“onium” compounds (method ii). X" (anion)
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The regioselectivity of this fluorination reaction is guided by the electronic
and steric features of the two aryl rings [185, 189] (Figure 23, A). In the case of
asymmetrical diaryliodonium salts, the nucleophilic substitution occurs on the
more electron deficient aromatic component. In addition, the regioselectivity of
the substitution is subject to an observed “ortho” effect, which directs the 8F-
fluoride substitution toward the aromatic ring which has substituent ortho to the
iodonium moiety. Moreover, the RCYs increase when an additional ortho-

substituent is introduced into the ring [185].

The degree of reactivity and the selectivity of radiofluorination of
asymmetrical diaryliodonium salts was reported by Chun et al. [192], which had
shown that the selectivity for an ortho substituted product depends on the ortho
substituents in the following order: 2,6-di-Me > 2,4,6-tri-Me > Br > Me > Et ~
iPr> H > OMe.
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Figure 23. 18F-S,Ar on diaryliodonium salts. (A) *8F-Labeling on
dihomoaryliodonium. (B) *8F-Labeling of aryl(2-thienyl)iodonium salts. (C) 18F-
Labeling 3-cyano-5-((2-(fluoromethyl)thiazol-4-yl)ethynyl)phenyl)(4-methoxyphenyl)

iodonium salt [193]. The figure was adapted from Jacobson, Orit et al. [194].
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The challenge of applying this methodology in radiochemistry is the
design, synthesis, and purification of the required precursor. The entire
molecule must be constructed with iodine in the ultimate location of the
radioactive fluorine, the molecule must either be substituted ortho to the desired
site of fluorination or electron poor in relation to a thiophene or 4-
methoxybenzene and this precursor structure must be compatible with the
oxidative procedures for preparing the iodonium salt. Attempts to label more
complicated small organic molecules with this method have resulted in much

lower isolated radiochemical yield [193].

The novel transition metal-mediated 8F-labelling strategies (method iii)

have a major potential to revolutionize (if they have not already) *®F-labelling of
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even electron rich arenes. Operationally simple under relatively mild reaction
conditions, they can be performed at the n.c.a. level, the required precursors
are mostly stable at room temperature, and they can be applied to a wide range

of compounds [194].

The first attempts were performed by palladium-mediated radiofluorination
[195] of Pd(V) complexes as precursors [196], or by nickel-catalyzed 18F-
reactions [197, 198] (Figure 24). However, those first attempts did not fulfil the
desired, afore mentioned properties.

Figure 24. Novel transition metal catalyzed radiofluorination methods for non-
activated and electron-rich arenes (method iii).
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The breakthrough was the introduction of copper-mediated
radiofluorination reactions, mainly using arylboron precursors [199, 200]. The
method is suitable for a wide variety of substrates, does not require the
synthesis of complex labeling precursors, and can be performed in an open-to-
air reaction vessel [165] (Figure 25). A few examples are the efficient synthesis
of the EP4 receptor antagonist CJ-042794 [201] and different ['®F]fluoro-L-
tryptophan derivatives (Figure 26) [202, 203].

This method is considered to be revolutionary in the radiochemistry field,

allowing late-stage fluorination in many different substrates, meaning to
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introduce *8F selectively and reliably at any desired point in the synthetic route,
rather than being restricted to the use of simple, commercially available
precursors that after being radiofluorinated, are modified into building blocks

[204].

Figure 25. Radiofluorination of aryl boronic acid pinacol ester derivates (above)
developed by Tredwell, Matthew et al.[199] and radiofluorination of aryl boronic acids

reported by Mossine, Andrew V et al. [205].
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Figure 26. Examples of late stage radiofluorination of aryl boronic acid pinacol
ester precursors allowing a one-step synthesis. EP4 receptor antagonist CJ-042794
(above) and 5-[8F]F-AMT (below).
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3.8 Final considerations

An ideal hypoxia imaging agent should have high membrane permeability
for easy access to intracellular mitochondria and low redox potential to confer
stability in normal tissue, but it should be able to be reduced by mitochondria
with abnormally high electron concentrations in hypoxic cells. In this context,
nitroimidazole residues are not considered to be essential. As essential
characteristics for hypoxia imaging agents, a candidate should have small
molecular size as well as suitable lipophilicity for easy penetration through the

cell membranes, including the blood-brain barrier.

Historically, nitroimidazoles derivates have been used as radiotracers for
detection of hypoxia based on their previous introduction as radiosensitizers of
hypoxic tumors and their good pharmacokinetic properties, specially 2-
nitroimidazole derivates. In this regard, [*®F]JFMISO is the most widely used
radiopharmaceutical for imaging tumor hypoxia using PET, but its high
lipophilicity causes slow tracer accumulation, slow plasma clearance and low
tumor-to-background contrast. In the previous sections was discussed how
several different radiotracers, most of them containing the 2-nitroimidazole

moiety, have been synthetized and tested in order to solve these problems.

Nitrofuran derivates were also tested as sensitizers with good
radiosensitizing activities but low stability and pharmacokinetic issues
associated with their solubility and the presence of the hydrazone moiety, which
under physiological conditions is readily hydrolyzed. Most of the nitrofuran-
based compounds knew during the 1970s and 1980s were already being used
for some time as antibiotic and antibacterial agents, and most included that
hydrazone pharmacophore which in turn is responsible for some of the
mentioned activity. 5-nitrofurans (-255 mV < E} < -450 mV) are more electron
affinic than 2-nitroimidazoles (-321 mV < E3 < -418 mV), so one can think that
more stable and pharmacokinetic-improved nitrofuran derivates, radiolabeled
with a proper PET or SPECT radioisotope, could act as radiotracers for

detection of hypoxic regions in cancer.

In a study reported by Valdez et al. (2009) [206], where the authors

synthetized several 5-nitroimidazole derivates and tested their antimicrobial
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activity against Giardia lamblia, compounds having olefins with a conjugated
bridge connecting the nitroheterocycle and a substituted phenyl or heterocyclic
ring showed greatly increased antigiardial activity without toxicity (Figure 27, A).
Electrochemical studies carried out by Valdez et al. (determination of the half-
wave potential of the initial one-electron transfer by cyclic voltammetry) showed
that the electron delocalization in these compounds was associated with an
easier redox activation and reduction, therefore correlated with greater

antigiardial activity [206].

In another work published by Tawari, Nilesh R. et al. (2010) [207] that was
actually in progress when Valdez et al. (2009) [206] published the study
described above, the authors synthetized a series of potent nitrofuran-based
antitubercular agents coupling electronegative a,B-unsaturated carbonyl bridge
to the nitrofuran ring and substituted phenyl or heterocyclic rings (Figure 27, B).
Based on density functional theory (DFT) and computational studies, these
compounds were selected as strong candidates to become antitubercular
agents because all of them possessed localized negative potential regions near
the oxygen atom of the carbonyl group and both the oxygen atoms of the nitro
group that extend laterally to the furan ring oxygen, due to electron
delocalization, an idea that was previously reported by the same authors in an
attempt to highlight structural features required for potent antitubercular activity
[208]. One more time, the electron delocalization was linked to an improved

electron affinity and latter good antitubercular activity and low toxicity [207].

This idea led us to think that a nitrofuran derivate, having that same a,[3-
unsaturated carbonyl bridge connecting the core nitroaromatic ring and a
substituted phenyl ring could be used for detection of hypoxic regions. We would
be avoiding the introduction of the physiologic-unstable hydrazone moiety that
as previously mentioned was one of the main problems associated with early

tested nitrofurans as radiosensitizers.

In a prior research, we synthetized and radiolabeled a new 2-
nitroimidazole  derivate  (N-(4-['®F]-Fluorobenzyl)-2-(2-nitro-1H-imidazol-1-
yl)acetamide, [*®F]FBNA, Figure 27, C), for PET imaging of hypoxia which
accumulates in gastric cancer cell lines AGS and MKN45 under hypoxic



63

conditions [40], therefore showing great chance of becoming a novel PET
radioligand for imaging hypoxia. In this work, we propose the first use of
nitrofurans as hypoxia specific PET radiotracers, radiolabeling a 5-nitrofuran
derivate with F and comparing its radiochemical and biological properties with
that of [*®F]JFBNA. Up to this moment, there are no reports in the literature on
the use and radiolabeling of 5-nitrofuran derivates for detection of tumor hypoxia
using PET or SPECT, taking advantage of their high electron affinity. These
compounds have been studied and used for more than fifty years in different

fields, so we propose their first use as imaging agents to target hypoxia.

This nitrofuran derivate, (E)-1-(4-fluorophenyl)-3-(5-nitrofuran-2-yl)prop-2-
en-1-one, that was already synthetized as a “cold” molecule and tested as an
antitubercular agent by Nilesh R. et al. [207], was here baptized as [*®/*°F]-FNPF
(Figure 27, D). The use of radiolabeled nitrofuran derivates could be the
breakthrough leading to a new series of non-nitroimidazole radiolabeled

compounds for detection of hypoxia.

Figure 27. A) Compounds synthetized by Valdez et al. [206] B) Compounds
obtained by Tawari et al. [207] C) [*8F]FBNA and D) [*8F]FNFP, proposed in this

work.

)\ 0 D) 18

Source: Thesis author
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4 EXPERIMENTAL SECTION
4.1 Materials
4.1.1 Analytical apparatus

Reactions were monitored by thin-layer chromatography (TLC) using silica
gel 60 UV254 pre-coated silica gel plates from MERCK®. Detection was by
means of a UV lamp. Flash column chromatography was performed on 300—

400 mesh silica gel.

Commercial solvents and reagents, when necessary, were purified
according to standardized methods in the literature [209]. Melting points were

determined on a Buchi M-560 melting point apparatus BUCHI Brazil Ltda.

Nuclear Magnetic Resonance (NMR), one-dimensional and two-
dimensional analyzes of 'H 3C nuclei were acquired with Bruker Avance
spectrometers (USA) model DPX-300 MHz and DRX-600 MHZ and Bruker
Ultra-Shield 300 spectrometer FT-NMR. Chemical shifts (&) are described in
parts per million (ppm) in relation to tetramethylsilane (TMS) or residual trace of
the solvent used; the multiplicity of signs is represented in parentheses (s =
simplet, sl = broad simplet, d = doublet, t = triplet, g = quadruplet, quint =
quintuplet, dd = double doublet, ddd = double double doublet, tt = triple triplet,
m = multiplet); the coupling constant (J), described in Hertz (Hz); and the

number of hydrogens deduced from the relative integral.

Infrared (IR) spectra were obtained on a Fourier Transform Infrared
Spectrometer (FTIR) Fourier Transform Infrared Spectrophotometer, IRTracer-
100 (Shimadzu), in the spectral region from 4000 to 300 cm, in cells or in KBr
tablets, at the Faculty of Pharmaceutical Sciences of Ribeirdo Preto (USP).

High resolution mass spectroscopy (HRMS) data were obtained on a
Bruker Daltonics mass spectrometer, model microOTOF-Q Il - ESI-Qg-TOF and
4000 QTRAP AB SCIEX in positive detection mode.

BE-Fluoride [*8F]F was produced by the *0(p,n)8F nuclear reaction in an
18 MeV cyclotron (IBA, Belgium) using the H2'80O target. Sep-Pak Light QMA
cartridges (Waters, Brazil) were pre-conditioned using two different methods: 1)
10 mL of 0.5 M K2COs solution, followed by 20 mL of Milli-Q water and purged
with 5 mL of air; 2) 10 mL of 0.5M potassium triflate (KOTf), followed by 20 mL
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of Milli-Q water and purged with 5 mL of air. Sep-Pak C18 Plus cartridges
(Waters, Brazil) were pre-conditioned with 5 mL of ethanol and 10 mL of Milli-Q
water and purged with 5 mL of air. Measurement of 8F radioactivity was
performed using a Carpintec dose calibrator (CRC-15R, New Jersey, USA). The
Agilent High Performance Liquid Chromatography (HPLC) system (USA) was
used for quality control of compounds labeled with *8F. The system is equipped
with a model 1260 quaternary pump, a model 1260 UV absorbance detector
and a radioactivity detector (Raytest, Germany). Agilent Chem Station software
was used to operate Agilent HPLC systems. The HPLC equipment with UV and
radioactivity detector, as well as the column used for analysis (ZORBAX Eclipse

Plus C18 Analytical 4.6 x 250 mm, 5 um) are from Agilent Technologies, Brazil.
4.1.2 Laboratory Equipment
a) Rotary evaporators: Bichi RE-121 and Biichi R-215.

b) Scales: Mettler PE 400/Sartorius BP 121S and Mettler Toledo

Excellence.
c¢) High vacuum pump: Precision Model D 150.
d) Ultraviolet light: Spectroline CM-10.
e) CEM® Discover microwave irradiation reactor.
f) Eppendorf Model 5702 centrifuge.
g) IKA RCT Basic and Corning PC-320 magnetic stirrers.
h) FANEM sterilization and drying oven.
i) Multifunction Refrigerator for Biichi Laboratory.
j) ThermoFisher Freezer -25°C.
k) Braslab modulated exhaust hoods.

4.2 Methods

4.2.1 Chemical synthesis

4.2.1.1 General procedure for CDI-mediated coupling of carboxylic acids

and amines
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1,1'-Carbonyldiimidazole (CDI) (1.05 equiv) is weighed in a round-
bottomed, single-necked flask under air, and the flask sealed with a rubber
septum. The flask is filled with nitrogen, and afterwards a solution of the
carboxylic acid (1 equiv) in anhydrous DMF is added dropwise with stirring. After
1 hour, a solution of the amine (1 equiv) in 1 mL of anhydrous DMF is added,
and the mixture stirred at room temperature overnight. The solvent is removed,

and the product is purified according to specific procedures.
4.2.1.2 Synthesis of [1°FIFBNA

Scheme 1. Synthesis of tert-butyl 2-(2-nitro-1H-imidazol-1-yl)acetate
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Source: Thesis author

A suspension of 2-nitroimidazole (1.13 g, 10 mmol) and anhydrous K2CO3
(1.2 equiv) in 50 mL of acetonitrile was stirred at 50°C for 30 minutes. Then, tert-
Butyl bromoacetate (1.1 equiv) was added dropwise, and the solution was
stirred at 65°C for 3h. The mixture was cooled to room temperature, filtered and
the filtrate evaporated under reduced pressure. The residue was dissolved in
ethyl acetate/water (1.1, 100 mL), the organic phase separated, and the
agueous layer was extracted twice with ethyl acetate. The combined organic
layers were dried over anhydrous NaSOs and concentrated under reduced
pressure to give 2.145 g of the product as a faint yellow solid in 94.4% yield. *H-
NMR (300 MHz, Chloroform-d) & 7.17 (d, J=0.96 Hz, 1H); 7.10 (d, J=0.96 Hz,
1H), 5.01 (s, 2H), 1.46 (s, 9H); m.p. 109.7-110.3 °C

Scheme 2. Synthesis of 2-(2-nitro-1H-imidazol-1-yl)acetic acid
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To a 30% solution of trifluoroacetic acid in dichloromethane (15 mL) was
added tert-Butyl 2-(2-nitroimidazol-1-yl)acetate (1.36 g, 6 mmol). The mixture
was stirred at room temperature for 3 h and then evaporated under reduced
pressure several times with methanol to remove traces of TFA. The residue was
washed twice with a mixture of hexane/diethyl ether (1:1, v/v), and filtrated to
afford 1.020 g of 2-(2-nitro-1H-imidazol-1-yl)acetic acid as a white solid in
quantitative yield. *H-NMR (300 MHz, Methanol-d4) d 7.32 (s, 1H), 7.03 (s, 1H),
5.10 (s, 2H); m.p. ~138°C decomposition

Scheme 3. N-(4-fluorobenzyl)-2-(2-nitro-1H-imidazol-1-yl)acetamide
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N-(4-fluorobenzyl)-2-(2-nitro-1H-imidazol-1-yl)acetamide, [*°F]FBNA, was
obtained by coupling 2-(2-nitro-1H-imidazol-1-yl)acetic acid with 4-

fluorbenzylamine following general procedure 3.2.1.1.

2-(2-nitro-1H-imidazol-1-yl)acetic acid (171.1 mg, 1 mmol) was reacted
with CDI (1.05 mmol) for 90 min. Then 4-fluorobenzylamine (1 mmol) was
added. After stirring overnight, the solvent was removed under reduced
pressure and a mixture of methanol/acetone/water (9.5/9.5/1.5) (5 mL) was
added to the residue and the solution heated until dissolution occurred. Two
volumes of acetone/methanol were removed under reduced pressure, and
water was added dropwise to the flask over 5 minutes. The resulting slurry was
then cooled to 0-5°C and stirred for 1h. The precipitate was filtered and washed
with ice cold methanol and dried under vacuum to give 236.5 mg of the product
as a white solid in 85% vyield. *H NMR (300 MHz, DMSO-d6) & 8.85 (t, J = 5.8
Hz, 1H), 7.63 (s, 1H), 7.31 (dd, J = 8.3, 5.8 Hz, 2H), 7.23 — 7.10 (m, 3H), 5.16
(s, 2H), 4.31 (d, J = 5.7 Hz, 2H). m.p. 194.5-195°C.



68

4.2.1.3 Synthesis of [*®F]FBNA precursor

Scheme 4. Synthesis of 4-(aminomethyl)phenylboronic acid pinacol ester
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4-(N-Boc-aminomethyl)phenylboronic acid pinacol ester (666.5 mg, 2
mmol) was dissolved in a mixture of dichloromethane/trifluoroacetic acid (1:1)
(6 mL) at room temperature and stirred for 1h. The solvent was removed under
reduced pressure, and the residue was neutralized with a saturated sodium
bicarbonate solution (10 mL). This aqueous phase was extracted several times
with ethyl acetate, the combined organic layers were dried over anhydrous
Na2SOg, filtered, and concentrated in vacuo to give 420 mg of a white solid that
was used in the next reaction without further purification.

Scheme 5. Synthesis of (4-((2-(2-nitro-1H-imidazol-1-
yl)acetamido)methyl)phenyl)boronic acid pinacol ester
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(4-((2-(2-nitro-1H-imidazol-1-yl)acetamido)methyl)phenyl)boronic acid
pinacol ester, 18F-FBNA precursor, was obtained after coupling 2-(2-nitro-1H-
imidazol-1-yl)acetic acid with 4-(aminomethyl)phenylboronic acid pinacol ester

according to general procedure 3.2.1.1

2-(2-nitro-1H-imidazol-1-yl)acetic acid (171 mg, 1 mmol) was reacted with
CDI (170.3 mg, 1.05 mmol) for 90 min. Then 4-(aminomethyl)phenylboronic acid

pinacol ester (245 mg, 1.05 mmol) was added. After stirring overnight, the
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solvent was removed under reduced pressure, and the residue was purified by
flash column chromatography eluting with hexane/ethyl acetate (20:80) to 100%
ethyl acetate to give 309 mg of the product as a white solid in 80% yield. 1H-
NMR (600 MHz, DMSO-d6) & 8.87 (t, J = 5.9 Hz, 1H), 7.65 (d, J = 8.0 Hz, 2H),
7.63 (s, 1H), 7.30 (d, J = 8.0 Hz, 2H), 7.20 (s, 1H), 5.18 (s, 2H), 4.35(d, J =5.9
Hz, 2H), 1.30 (s, 12H).13C-NMR DEPTQ (151 MHz, DMSO-de) 5 167.44, 166.22,
145.40, 142.85, 134.93, 129.28, 127.94, 127.13, 84.07, 52.06, 42.80, 25.14.
m.p. 166-167°C. lon Trap Mass Spectrometry, [M+H]*=387,2;
2X[M+H]*=774,4. Infrared spectra: v (N-H secondary amide) 3251 cm; v (=C-
H, sp2 aromatic) 3106 cm™; v (C-H, sp3) 2979 cm?, 2926 cm™; carbonyl
stretching vibration (-C=0) 1638 cmt; N-O asymmetric stretch 1487 cm™, N-O

symmetric stretch 1357 cm™. v (B-O stretching boronic acid ester) 1324 cm™.

4.2.1.4 Synthesis of [*°F]FNFP

Scheme 6. Synthesis of 5-nitro-2-furaldehyde diacetate
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Acetic anhydride (180 mL) was placed in a dried 500-mL three-necked,
round-bottomed flask equipped with a mechanical stirrer and a thermometer,
and afterwards the mixture was then cooled to -10°C in a benzyl alcohol/dry ice
bath. 17.2 mL of concentrated HNO3 and 0.15 mL of concentrated H2SO4 were
mixed in a small beaker, and this solution was slowly and carefully added into
the chilled acetic anhydride while stirring between -10°C and -5°C. Afterwards,
20.8 mL (0.251 mol) of freshly distilled furfural were added dropwise over 20
minutes into the cold acid mixture with stirring at the same temperature, and the
resulting solution was left to stir for 1 h between -10°C and -5°C. After this time
160 mL of water were added, and the mixture was left to stir at room temperature
for 30 min, over which a white precipitate formed. A 10% NaOH solution was
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added to the mixture until the pH rose to 2.5-2.7, and it was warmed on a water
bath at 55°C for 1h. The mixture was poured into crushed ice, stirred for 10 min
and the white precipitate formed was filtered, washed with water, recrystallized
twice from ethanol, and air-dried to provide 36.63 g of the product as a white
crystalline solid in 60% yield. 'H NMR (300 MHz, Chloroform-d) & 7.73 (s, 1H),
7.30 (d, J=3.6 Hz, 1H), 6.75 (d, J = 3.6 Hz, 1H), 2.19 (s, 6H); m.p. 90-91 °C.

Scheme 7. Synthesis of 5-nitro-2-furaldehyde

0
7\ Y SnCl,x2H,0, MeCN /)
O > O,N
1h, reflux, 90%
O\n/

O

O,N

PAO)

Source: Thesis author

To a solution of 5-Nitro-2-furaldehyde diacetate (4.864 g, 20 mmol) in
acetonitrile (100 mL), was added SnCl2.2H20 (902.52 mg, 4 mmol, 20% mol)
and the clear mixture was refluxed for 1h (turned dark after 20 min of reaction)
when TLC (100% toluene) indicated completion. The solvent was evaporated,
and the residue was purified by flash column chromatography eluting with
chloroform to give 2.54 g of 5-nitro-2-furaldehyde as a yellow solid in 90% yield.
'H-NMR (600 MHz, Chloroform-d) & 9.85 (s, 1H), 7.44 (dd, J = 3.8, 0.4 Hz, 1H),
7.38 (d, J = 3.8 Hz, 1H). m.p. 38-38.7°C

Scheme 8. Synthesis of (E)-1-(4-fluorophenyl)-3-(5-nitrofuran-2-yl)prop-2-en-1-

one

F
/ AcOH, H,SO
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Source: Thesis author
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(E)-1-(4-fluorophenyl)-3-(5-nitrofuran-2-yl)prop-2-en-1-one,  [*°F]-FNFP,
was obtained as follows:

5-nitro-2-furaldehyde (988 mg, 7 mmol) was dissolved in 10 mL of glacial
acetic acid at room temperature. 400 pL of concentrated sulfuric acid and 4-
fluoroacetophenone (7 mmol, 846 pL) were added in sequence, and the mixture
was stirred at room temperature overnight. Ice-cold water (50 mL) was added,
the solid was recovered by filtration and washed carefully with ice cold ethanol.
The product was then recrystallized from ethanol to yield 1.37 g of (E)-1-(4-
fluorophenyl)-3-(5-nitrofuran-2-yl)prop-2-en-1-one as yellow needles in 75%
yield. *H-NMR (600 MHz, DMSO-ds) 8 8.26 — 8.20 (m, 2H), 7.89 (d, J = 15.6 Hz,
1H), 7.83 (d, J = 3.9 Hz, 1H), 7.61 (d, J = 15.6 Hz, 1H), 7.47 (d, J = 3.9 Hz, 1H),
7.45—-7.41 (m, 2H). m.p. 183-184°C

4.2.1.5 Synthesis of [*®F]FNFP precursor

Scheme 9. Synthesis of 4-acetylphenylboronic acid pinacol ester

_ (@)
NH, t-BUONO, Bypiny, BPO ~ é‘i§<
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Source: Thesis author

4-aminobenzophenone (1.352 g, 10 mmol), bis(pinacolato)diboron (2.667
g, 10.5 mmol, 1.05 equiv.) and benzoyl peroxide (20.4 mg, 0.08426 mmol, 2%
mol) were weighted in a 50 mL round-bottom flask. To this mixture, anhydrous
acetonitrile (15 mL) was added, and then tert-butyl nitrite (1.785 mL, 15 mmol,
1.5 equiv.) in 5 mL of anhydrous acetonitrile was added dropwise at room
temperature with stirring. The resulting mixture was stirred at room temperature
overnight, and the solvent was removed under reduced pressure. The residue
was purified by flash column chromatography eluting with hexanes/ethyl acetate
1/50 to 1/20 to give 1.6 g of 4-acetylphenylboronic acid pinacol ester as a white-
off crystalline solid in 65% yield. *H-NMR (600 MHz, Chloroform-d) 6 7.85 - 7.77
(m, 4H), 2.51 (s, 3H), 1.26 (s, 12H); m.p. 59-60°C.
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Scheme 10. Synthesis of (E)-(4-(3-(5-nitrofuran-2-yl)acryloyl)phenyl)boronic
acid pinacol ester

AcOH, H,SO
4 \ 0 2594 / | P
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Source: Thesis author

O,N

(E)-(4-(3-(5-nitrofuran-2-yl)acryloyl)phenyl)boronic acid pinacol ester,

[*8F]FNFP precursor, was obtained as follows:

5-nitro-2-furaldehyde (168 mg, 1.2 mmol) was dissolved in 1.5 mL of
glacial acetic acid at room temperature. 120 pL of concentrated sulfuric acid and
4-acetylphenylboronic acid pinacol ester (295.3 mg, 1.2 mmol) were added in
sequence, and the mixture was stirred at room temperature overnight. lce-cold
water (5 mL) was added, the solid was recovered by filtration and washed
carefully with ice cold ethanol. The product was then recrystallized from ethanol
to yield 319 mg of (E)-(4-(3-(5-nitrofuran-2-yl)acryloyl)phenyl)boronic acid
pinacol as yellow needles in 72% yield. *H NMR (600 MHz, DMSO-de) & 8.12 —
8.10 (m, 2H), 7.89 — 7.84 (m, 3H), 7.83 (d, J = 3.9 Hz, 1H), 7.62 (d, J = 15.6 Hz,
1H), 7.47 (d, 3 = 3.9 Hz, 1H), 1.33 (s, 12H). 13C-NMR DEPTQ (151 MHz, DMSO-
d6) & 153.60, 152.50, 139.30, 135.30, 129.41, 128.28, 125.31, 118.52, 115.26,
84.62, 25.15; m.p. 170-171°C. ESI-mass spectrometry. [M+Na]*=392,1274
expected MW=369,18 g/mol. Infrared spectra: v (=C-H) aromatic 3118 cm*; v
(C-H) 2929 cm?; carbonyl stretching vibration for the enone (=C-C=0) 1661 cm-
L. N—O asymmetric stretch 1479 cm, N-O symmetric stretch 1365 cm™; v (B-

O stretching boronic acid ester) 1342 cm™.

4.2.2 Radiochemistry
4.2.2.1 Radiosynthesis of [*¥F]FBNA and [*®F]FNFP

Two different procedures were evaluated for the radiosynthesis of
[*®F]FBNA and [*F]FNFP.
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Scheme 11. Synthesis of [*8F]FBNA following method 1 and according to the
procedure reported by Tredwell, Matthew et al.[199].

NO, NO,

)\ O 18 )\ O
N7 N FIKF], K22z, [Cu(OTf)2(py)al Z
B—O 18F

DMA, 120°C, 20 min
O

Source: Thesis author

Method 1, [*®F]FBNA: [*®F]JFBNA was obtained following the procedure
reported by Tredwell, Matthew et al.[199] (scheme 11). Briefly, the fluoride ion
(*8F) solution was trapped in an anionic Sep Pak light QMA cartridge, previously
conditioned with K2CO3 0.5 M and water, and the *F was then eluted into the
reaction vial with a mixture of K2COs (2.8 mg; 20 ymol) and Kryptofix 2.2.2 (15
mg; 40 pmol) in 1 mL of acetonitrile/water (8:2). Then, the solution was
subjected to three cycles of azeotropic distillation with anhydrous acetonitrile
(ImL) at 100°C under a nitrogen flow. Afterwards, [*8F]FBNA precursor (5 mg,
13 pmol) in 150 pL of anhydrous DMA and [Cu(OTf)2(py)4] (8.8 mg, 13 umol) in
150 uL of DMA were added and the resulting solution was stirred at 120°C for
20 min under air, quenched with water (300 yL) and an aliquot was removed for
analysis by radio-HPLC to calculate the RCY and identify the product,
respectively. The mixture was then taken up in water (20 mL) and passed
through a pre-conditioned C18 plus cartridge. [*®F]JFBNA was then eluted from
the C18 with 1 mL of ethanol and purified by semipreparative HPLC using MiliQ
water (0.1% trifluoroacetic acid), channel A, and acetonitrile, channel B, with an

isocratic run using 70% A and 30% B in 20 minutes, with a flux of 3 mL/min.

Scheme 12. Synthesis of [*8F]FNFP following method 1 and according to the
procedure reported by Tredwell, Matthew et al.[199].
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Source: Thesis author

Method 1, [*®F]FNFP: [*®F]JFNFP was obtained following the same
protocol as that of [*8F]JFBNA for radiofluorination of aryl boronic esters reported
by Tredwell, Matthew et al.[199]. [*®F]FNFP precursor (4.8 mg, 13 umol) and
[Cu(OTH2(py)4] (8.8 mg, 13 pumol) were used. After HPLC analysis, the mixture
was then taken up in water (20 mL) and passed through a pre-conditioned C18
plus cartridge. [*®F]JFNFP was then eluted from the C18 with 1 mL of ethanol
and purified by semipreparative HPLC using MiliQ water (0.1% trifluoroacetic
acid), channel A, and acetonitrile, channel B, with a gradient run using 10%-
100% of B in 20 minutes, with a flux of 3 mL/min.

Scheme 13. Radiosynthesis of [18F]JFBNA described in method 2 following the
procedure reported by [210].
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Source: Thesis author

Method 2, ['®F]FBNA: [*®F]FBNA was obtained according to scheme 13
following the procedure reported by Lahdenpohja, S.O., Rajala, N.A., Rajander,
J. et al. [210]. Briefly, the fluoride ion (*3F") solution (80-100 mCi, approximately
1-2 mL) was diluted in 8-10 mL of fresh miliQ water in a flask. This solution was
taken up in a 20 mL syringe and passed through a pre-conditioned anionic QMA
cartridge, previously conditioned with KOTf and water. The cartridge was slowly
washed with 5 mL of anhydrous DMA, and the ['8F]" was then eluted with a
solution of Cu(OTf)2 (34.7 mg, 96 umol) in anhydrous DMA (0.5 mL) into the
reaction vial already containing [*®F]JFBNA precursor (5.8 mg, 15 umol) diluted
in 50 pL of anhydrous DMA and 50 pL of anhydrous pyridine. The QMA cartridge
was washed with 0.5 mL of anhydrous DMA into the reaction vial, giving a total
volume of 1.1 mL, and the resulting blue solution was stirred at 120°C for 20 min

under air. The reaction was quenched with water (500 yL) and an aliquot was
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removed for analysis by radio-HPLC to calculate the RCY and identify the
product, respectively. The following purification step was the same as for the

other radiosynthesis.

Scheme 14. Radiosynthesis of [*8F]FNFP described in method 2 following the
procedure reported by [210].

B'\J% 18F
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[*F]FNFP was obtained following the same protocol as that of [*®F]FBNA
for radiofluorination of aryl boronic acid derivates reported by Lahdenpohja,
S.0., Rajala, N.A., Rajander, J. et al. [210]. [*8F]FNFP precursor (5.5 mg, 15
pmol) and Cu(OTf)2 (34.7 mg, 96 pmol) were used. After stirring at 120°C for 20
min, the reaction was quenched with water (500 pL) and an aliquot was removed
for analysis by radio-HPLC to calculate the RCY and identify the product,
respectively. The mixture was then taken up in water (20 mL) and passed
through a pre-conditioned C18 plus cartridge. [*8F]JFNFP was then eluted from
the C18 with 1 mL of ethanol and purified by semipreparative HPLC using MiliQ
water (0.1% trifluoroacetic acid), channel A, and acetonitrile, channel B, with a
gradient run using 10%-100% of B in 20 minutes, with a flux of 3 mL/min.

After HPLC purification, the acetonitrile/water mixture containing
[*8F]FNFP was diluted with 15 mL of miliQ water and passed through a pre-
conditioned Sep-Pak Light C18 cartridge and eluted with 0.3 mL of ethanol in a
flask. After heating at 50°C under a N2 gas flow for 10 min, the solvent was
evaporated, and the product solubilized in a 300 uyL PBS solution for further

biological studies.

4.2.2.2 Quality control

Aliquots of the final formulation of labeled compounds [*®F]FBNA and
[*®F]JFNFP and standard (cold) compounds [*°F]JFBNA and [*°F]JFNFP were

analyzed by HPLC to determine chemical purity, radiochemical purity, molar
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activity and confirm chemical identity. The compounds were analyzed with the

following analysis conditions:
o [8F]FBNA and ['°F]FBNA

-Stationary phase: ZORBAX Eclipse Plus C18 Analytical column 4.6 x 250
mm (5 pm).

-Mobile phase: Solvent (A) Milli Q water 0.1%TFA, Solvent (B) 100%
Acetonitrile

-Running: Isocratic 70(A) : 30% B for 20 min.

-Injection: 20 uCi for [*®F]FBNA and 5 ug for [*°F]FBNA.

-Flow: 1 mL/min.

-Wavelength: 300 nm.

o [*8F]FNFP and [*°F]FNFP

-Stationary phase: ZORBAX Eclipse Plus C18 Analytical column 4.6 x 250
mm (5 um).

-Mobile phase: Solvent (A) Milli Q water 0.1%TFA, Solvent (B) 100%

Acetonitrile

-Running: Gradient, 90%(A) : 10% B to 100% B for 20 min.
-Injection: 20 uCi for [*®F]JFNFP and 5 ug for [*°F]-FNFP.
-Flow: 1 mL/min.

-Wavelength: 350 nm.

The pH of the final solution was determined using pH test strips; an aliquot
of the sample was deposited in the test region of the indicator strip and, after 1
minute, a colorimetric comparison was made with the standard provided by the
manufacturer. The chemical identities of the labeled compounds were
determined by co-injection with their standard (cold) compounds, respectively,

in analytical HPLC.

4.2.3 Determination of molar activity
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Molar activity was determined following a procedure reported by Chen, W.
et al. [211]. Briefly, a standard curve of the corresponding fluorinated “cold”
standard compound [Y axis = UV area, X axis = mole number (umol)] was
created from the HPLC trace from a standard solution of [**F]JFBNA or
[*°F]FNFP. The radiolabeled product from the labeling reaction was collected
and purified via HPLC; the UV area overlapping with the radio peak was then
recorded. The standard curve was used to calculate mole number. Dividing the
product decay corrected activity by the mole number gives the molar activity in

GBqg/pmol.
4.2.4 In vitro stability of [*®F]FNFP PBS and serum

[*8F]FNFP stability was assessed at room temperature in 0.1 mol/L PBS at
pH=7.2. The samples had an activity of 37 MBq (1 mCi) of [*®F]JFNFP in a final
volume of 1 mL. The stability of the compound was monitored for 6 hours
(immediately after the synthesis, 1, 3 and 6 hours after synthesis) and the results
analyzed by HPLC as described in the previous section. The stability of the final
formulation was also evaluated in Nude serum. In this case, an aliquot of 800
ML (1 mCi) was added to 500 yL of freshly separated serum, and the mixture
was incubated at 37°C for up to 6 hours. Aliquots of 100 pL were withdrawn at
different times (immediately after the synthesis, 1, 3 and 6 hours after synthesis)
and 100 pL of acetonitrile were added to precipitate serum proteins. Then the
solution was centrifuged (5000 rpm, for 10 min) and the supernatant was
analyzed by HPLC.

4.2.5 [BF]FNFP lipophilicity measurements

The lipophilicity of [*®F]FNFP was determined by measuring the octanol-
water partition coefficient as described by Barthel, H., Wilson, H., Collingridge,
D. et al. [212] with some modifications. Briefly, 80 —100 uCi (2.96 — 3.70 MBQ)
of [*8F]FNFP was dissolved in distilled H20 in a 10 mL falcon tube to a final
volume of 0.5 ml and 0.5 ml of octan-1-ol (Sigma-Aldrich Brasil LTDA) was
added. The tube was capped and shaken vigorously for 2-3 min and
subsequently centrifuged for 30 min (5000 rpm; Rotina 35R, Hettich Zentrifugen,
Tuttlingen, Germany). Aliquots (100 pL) of the resulting top layer (representing
[*8F]FNFP dissolved in octanol), and bottom layer ([*®F]FNFP dissolved in H20)



78

were taken and the radioactivity in these samples was measured using a dose
calibrator, CRC — 10BC, Carpintec Inc., USA. Eight octanol —H20 mixtures were
analyzed (n=8), and the octanol —water partition coefficient was calculated by
dividing the octanol-containing radioactivity by the water-containing

radioactivity:

_ A(organic phase)

~ A(aqueous phase)
A (organic phase): activity (CPM) in the organic phase (n-octanol).
A(aqueous phase): activity (CPM) in the aqueous phase (water).
4.2.6 Biological studies

4.2.6.1 Gastric Cancer Model (MKN45)

The gastric cancer cell line MKN45 (American Type Culture Collection
(ATCC) was cultivated in 175 cm? plastic bottles, containing 25 mL of RPMI
culture medium (Invitrogen) and supplemented with 10% fetal bovine serum
(GIBCO) and a solution of antibiotic and antimycotic (Sigma) containing
penicillin (100 U/mL), Streptomycin (100 pg/mL) and amphotericin B (0.025
pg/mL) and maintained in a humid oven at 37 °C and 5% COz. The cells were
maintained following their growth and expansion time. Subsequently, the cells
were washed with 5 mL of PBS solution, detached using 2 mL of ATV solution
(association of versene trypsin) and placed in an oven at 37 °C for 3 minutes.
After this period the ATV solution was inactivated using 5 mL of supplemented
RPMI medium. The cell suspension was aspirated with the aid of a 10 mL
serological pipette and transferred to a 50 mL Falcon-type tube. This tube,
properly closed, was taken for centrifugation for 3 minutes at 500 g. After
centrifugation, the supernatant was discarded, and the resulting pellet was
released by gently tapping the tube and resuspended in RPMI medium. 10 pL
of the cell suspension was mixed with 10 pyL of 0.4% Trypan Blue solution, and
the mixture was transferred to a hemocytometer to count the cells and determine
cell viability, with the aid of an optical microscope. Only refringent cells were
considered viable, and only samples with viability greater than 90% were used.
The counting result was corrected for the total volume of the suspension, and

thus calculated for the desired assay.
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4.2.6.2 Tumor-bearing mice model

In vivo studies were performed in Balb/c/Nude mice, seven to twelve
weeks old and weighing approximately 24-26 grams provided by the IPEN
vivarium - CNEN/SP. All experiments were previously approved by the
Research Ethics Committee of the Institute for Energy and Nuclear Research
(Project N.205/18/CEUA-IPEN/USP) and carried out in accordance with the
standards established by the Brazilian Society of Science in Laboratory

Animals.

The animals were kept in the vivarium in SPF (Specific Pathogen Free),
changed twice a week and maintained under the following experimental
conditions: room temperature: 22+2° C; artificial lighting with a 12-hour light/12-

hour dark cycle; food and water ad libitum.

All procedures were carried out in accordance with the ethical standards
established by the Brazilian College of Animal Experimentation (COBEA) and
approved by the Animal Experimentation Ethics Committee of IPEN-CNEN/SP
(Project N.154/15/CEUA-IPEN/USP) .

In vivo assays with [*®FJFNFP were performed using the gastric cancer
tumor model. For this, the animals were inoculated subcutaneously with 1x108
MKN45 cells diluted in PBS on the left flank. When the tumor reached
approximately 300 mm? (approximately 15-20 days), animals were separated

for yPET imaging and ex vivo biodistribution studies.
4.2.6.3 Dynamic puPet/CT Imaging

Mice were anesthetized (2-3% isoflurane in 100% oxygen) and positioned
with the tumor in the center of the equipment's field of vision. Image acquisition
began after administration of the radiopharmaceutical [*®F]FNFP intravenously
at a concentration of ~ 20 MBg/100 uL diluted in saline solution (0.9% NacCl).
PET images were acquired using the Albira (Bruker) microPET/CT, using a
dynamic image up to 180 minutes after injection, and recorded using an 80 mm

field of view. The CT was performed using the standard 45Kev 400uA protocol.

The images were reconstructed with an algorithm by Albira Software. PET
images were analyzed using pMOD software (PMOD® Technologies, Zurich).
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Data were corrected and expressed as maximum standardized uptake values
(SUV max).

4.2.6.4 Ex-vivo biodistribution studies

8 Balb/c nude mice with xenografts of MKN45 cells (106 cells/animal) were
intravenously injected with 10 MBq of [*8F]FNFP. One hour after injection (group
1, n=4) and three hours after injection (group 2, n=4), the animals were
euthanized, and the organs of interest (heart, lungs, liver, kidneys, stomach,
intestines, spleen, muscle, bone, pancreas, bladder, brain and tumor) were
harvested, rinsed in PBS, weighed, and counted using a Perkin Elmer
(Waltham, MA, USA) Wizard2 2480 automatic gamma counter to quantify the
percentage of injected dose per gram of tissue (%ID/qg).

4.2.7 Statistical analysis

Data was expressed as the mean + standard deviation (SD). Results of
the RCCD were statistically processed by an analysis of variance (multifactor
ANOVA) using the software STATGRAPHICS Plus version 5.0. The rest of the
statistical analysis was performed using GraphPad Prism 7.01 Software. One
unpaired t-test (multiple t tests) was used to analyze the ex vivo assays. One-
way ANOVA (Dunnett’s multiple comparisons test) was used to compare each
tissue uptake to blood at the ex vivo biodistribution data. The outliers were
removed before analyzing the data. A <0.05 p-value was considered statistically
significant.
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5 RESULTS AND DISCUSSION

5.1...Chemical synthesis

5.1.1 Synthesis of [*°F]JFBNA

N-(4-fluorobenzyl)-2-(2-nitro-1H-imidazol-1-yl)acetamide [°F]FBNA was
obtained in three steps (scheme 16), in a synthesis different from the one
reported by our group in [40] showed in scheme 15. First, 2-nitroimidazole was
alkylated in the presence of tert-butyl bromoacetate and potassium carbonate
to obtain tert-butyl 2-(2-nitro-1H-imidazol-1-yl)acetate, and then this ester was
hydrolyzed in the presence of trifluoroacetic acid to the corresponding carboxylic
acid as reported in [213]. Finally, [*®*FJFBNA was obtained after 1,1'-
Carbonyldiimidazole-mediated coupling of 2-nitromidazol-1-yl-acetic acid with
4-fluorobenzylamine, following a procedure reported in [214]. Schemes 15 and
16 show the differences between the previous reported method [40] and the one

described in this work, with the latter showing a better step-by-step and overall

yield.
Scheme 15. Synthesis of [*°F]FBNA as reported by Nario, A. P. et al. [40].
NO, NO NO
\ )\NH K;CO3, MeCN, 1t, 21 h, 8% )\ \)CJ)\ NaOH. H,0,MeOH | 20
\—/ 0o \_/ 3h,rt, 97% N\:,N ‘)LOH

N02 NOZ

)\N Pt 1) TFAA, THE, 0°C, 30 min )\

-

= N7
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F F
\©\/NH2

Source: Thesis author

Scheme 16. Synthesis of [!°F]FBNA reported in this work.
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In this work, an optimized method to obtain [*°F]FBNA was followed by first
synthetizing a tert-butyl ester derivate of 2-nitroimidazol instead of an ethyl ester
as reported in [40]. The former requires an acid hydrolysis to obtain the desired
carboxylic acid for the next coupling step, that in our case here was achieved in
quantitative yield. The purification step corresponding to the hydrolysis of the
ester intermediate under basic conditions previously reported [40] required the
use of a cation-exchange resin (H +, Bio-Rad, 4 g), which had been conditioned
by washing with 1.N H2SO4 (10 mL) and distilled water, to acidify the solution
after the starting material was consumed as indicated by TLC. Then flash
column chromatography was used to purify the carboxylic acid [40]. In this work,
the acid hydrolysis of tert-butyl 2-(2-nitro-1H-imidazol-1-yl)acetate yielded the
corresponding carboxylic acid in quantitative yield as mentioned before, with no

further purification needed.

1,1'-Carbonyldiimidazole is a well-stablished and widely used reagent in
organic synthesis for the condensation of carboxylic acids and amines through
the acyl imidazole intermediate. The reagent is cheap, readily available in
kilogram quantities with innocuous by-products (carbon dioxide and imidazole),
so no need for complicated purification steps is required [215, 216]. In the last
step for our synthesis, CDI-mediated coupling yielded [*°F]FBNA in 85% after a
simple recrystallization; in the previously reported method, trifluoroacetic
anhydride was used to activate the carboxylic acid through the asymmetrical
anhydride method, then obtaining the final product in 41.3% vyield after column

chromatography [40].
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The optimizations carried out in this work let us to achieve better yields
and easier purification procedures compared to the already-reported ones [40].

5.1.2 Synthesis of [*®F]FBNA precursor

CDI is a widely used condensation agent for the preparation of functional
groups, for example amides, anhydrides, amidines, carboxylic acids, sulfonic
acids, esters, and are mild oxidizing agents as well [217]. In most cases,
coupling carboxylic acids with amines (or amine salts) in the presence of CDI
has the advantage of producing easily separable compounds: gaseous carbon
dioxide and water-soluble by-products (carboxylic acids, imidazole, and amines,
the last two existing either as free bases or as hydrochloride salts) [215, 217,
218]. First, the acid is reacted with CDI to form the acyl imidazole-reactive
intermediate, and then the amine is added, and the reaction mixture stirred at

room temperature normally overnight.

Those previously mentioned benefits make CDI an excellent reagent for
activating amide-coupling reactions at scale; however, CDI is not without its
drawbacks. Slow reaction rates between aromatic and secondary amines and
the acyl imidazole intermediates, and the need of dry organic solvents under an
inert atmosphere have limited the scope of the reaction in the pharmaceutical
and the fine chemicals industries [215]. However, some solvent-free protocols
[215, 218] and have been reported, reducing the time for CDI mediated
amidation from 2—4 h to 5-10 min [215].

(4-((2-(2-nitro-1H-imidazol-1-yl)acetamido)methyl)phenyl)boronic ~ acid,
pinacol ester, [*®F]JFBNA precursor, was obtained in two steps as shown in
scheme 17. First, 4-(aminomethyl)phenylboronic acid pinacol ester was
obtained after deprotection of 4-(N-Boc-aminomethyl)phenylboronic acid
pinacol ester in the presence of trifluoroacetic acid. After removing the solvent,
the free amine was isolated following neutralization with saturated NaHCOs

solution and extraction with ethyl acetate.
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Scheme 17. Synthesis [*8F]JFBNA precursor in two steps.
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CDI-mediated coupling of the previously obtained amine and 2-
nitroimidazol-1-yl acetic acid yielded [*8F]FBNA precursor in 80% yield. No other
“‘more classical” coupling methods or protocols (through the acyl chloride,
carbodiimides such as DCC or EDC or active NHS esters) were tested since

CDI worked out very well.
5.1.3 Synthesis of [*°F]FNFP
(E)-1-(4-fluorophenyl)-3-(5-nitrofuran-2-yl)prop-2-en-1-one,  [*°F]-FNFP,

was obtained after 3 steps starting with furfural (2-furaldehyde, scheme 18).

Scheme 18. 3-step-pathway for the synthesis of (E)-1-(4-fluorophenyl)-3-(5-
nitrofuran-2-yl)prop-2-en-1-one, [**F]FNFP.
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Nitration of furfural in acetic anhydride in the presence of catalytic H2SOa4
and HNOs yielded 5-nitro-2-furaldehyde diacetate in 60% yield after
recrystallization from ethanol [219]. The 1,1-diacetate (acylal) protecting group
was removed in refluxing acetonitrile in the presence of catalytic SnCl2xH20 to
yield 5-nitro-2-furaldehyde after column chromatography in silica gel, as
reported by Mohammadpoor-Baltork et. al. [220]. This approach is a different
perspective compared to the traditional acidic deprotection of acylals carried out
with strong protic acids (HCI, H2SO4), using the inexpensive SnCl2xH20 Lewis
acid, that for example selectively cleaves aryl aldehyde diacetates but does not
cleave the phenolic acetate function [220].

Scheme 19. Examples of acylals deprotection as reviewed by Mohammadpoor-
Baltork et. al. showing selectivity for diacetals in the presence of phenolic acetates
[220].
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Finally [°F]JFNFP was obtained after condensation of 5-nitro-2-
furaldehyde with 4-fluoroacetophenone under acidic conditions and
recrystallization of the final product in ethanol, as reviewed by Tawari, Nilesh R
et al. [207].

5.1.4 Synthesis of [*8F]FNFP precursor

(E)-(4-(3-(5-nitrofuran-2-yl)acryloyl)phenyl)boronic acid pinacol ester,

[*8F]JFNFP precursor, was obtained in two steps (scheme 20).

Scheme 20. Synthesis of [*8F]JFNFP precursor in two steps.
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First, a metal-free borylation reaction was carried out to obtain 4-
acetylphenylboronic acid pinacol ester directly from 4-aminoacetophenone as
described by Fanyang Mo [221]. The reaction between arylamines and tert-butyl
nitrite (t-BuONO), an efficient diazotization reagent [222], generates the aryl
diazonium salts in situ, which further reacts with Bzpinz to afford pinacol aryl
boronates under open air. This borylation method has the following advantages:
(1) the transformation is under metal-free conditions; (2) arylamines are
inexpensive and ubiquitous starting materials; (3) the reaction has good
tolerance to various functional groups, including electron-donating and electron-
withdrawing groups, and also heterocyclic amines; (4) the reaction proceeds
under very mild reaction conditions and is easy to operate [221, 223]. These

reasons led us to use this specific procedure to obtain the [*8F]FNFP precursor.
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Then, the Claisen—Schmidt condensation of 5-nitro-2-furaldehyde and 4-
acetylphenylboronic acid pinacol ester under acidic conditions yielded (E)-(4-(3-
(5-nitrofuran-2-yl)acryloyl)phenyl)boronic acid pinacol ester after flash
chromatography in silica gel, following the same procedure described in the

previous section for the synthesis of [*°F]FNFP.

The most used route to access pinacol aryl boronates is the Pd-catalyzed
borylation of aryl halides (Miyaura borylation, scheme 21), or by Ir- or Rh-
catalyzed direct borylation via aromatic C-H bond activation, with both methods
being a more expensive alternative than the borylation of arylamines due to the
high price or palladium catalysts, phosphines and complexes [221].

Scheme 21. Above, typical Pd-catalyzed Miyaura borylation reaction of aryl
halides. Below, metal-free borylation process based on Sandmeyer-type
transformation using arylamines, tert-butyl nitrite (t-BuONO) as diazotization agent

and benzoyl peroxide (BPO) as radical initiator
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Source: Thesis author
5.2 Radiochemistry

5.2.1 Radiosynthesis of [*®F]FBNA and [*®F]FNFP

Different approaches were studied to manually synthetize [*8F]JFBNA in a
faster, easier and overall-optimized way than the previously reported one [40].
A precursor that could incorporate the ['8F] in just one step leading to the final
product would be ideal, avoiding several different steps starting from a simple
precursor, loss of activity due to ['8F] decay and exposition to radiation. In the
[*F]FBNA radiosynthesis reported, only the final step, meaning EDC-mediated
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coupling of automated-synthesis product 4-['8F]fluorobenzylamine ([*®F]FBA,
Way and Wuest [180]) and 2-nitroimidazol-1-yl-acetic acid was performed
manually (scheme 22). Due to some difficulties in our radiochemical facilities
the automated synthesis of [*®F]JFBA was impossible to be carried out, so a
manual synthesis protocol was stablished in which [*8F]FBA was obtained with
a radiochemical yield of 69% + 12% (n = 5), within a total synthesis time of about
120 min.

In the automated procedure reported by Way and Wuest [180] and the one
reported by our group describing the synthesis of [\8F]FBNA [40], [*8F]FBA was
prepared with a radiochemical yield greater than 80% (decay-corrected) within
60min.Then the final coupling step with 2-nitroimidazol-1-yl-acetic acid, and
HPLC purification took another 30-40 minutes. In our typical manual experiment
for the synthesis of [*®F]JFBNA, 20 GBq of cyclotron-produced ['F] fluoride can
be converted to 0.04GBq of [*8F]FBNA within a total synthesis time of about 180
min, which is more than one and a half half-lives of [*8F]. A solution to this long

manual synthesis time had to be found.

Scheme 22. Synthesis of [28F]FBNA reported using automated product [*8F]JFBA
[40].
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Copper-mediated radiofluorination of pinacol-derived aryl boronic esters

was first introduced in Radiochemistry by the group of Gouverneur in 2014 [199]
and then extended to aryl boronic acids by the Sanford and Scott group in 2015
[205], allowing the introduction of [*F] in these precursors using
Tetrakis(pyridine)copper(ll) triflate [Cu(OTf)2(py)4] or copper triflate, Cu(OTf)2as
catalysts. Late-stage ['8F]fluorination, introducing ['8F] as the last step in the
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preparation of [*®F]FBNA would be the solution to our long [*8F]FBNA manual
synthesis . For this purpose, a pinacol-derived aryl boronic ester precursor was
prepared in order to obtain [*®F]JFBNA in a one-step synthesis. A boronic acid
pinacol-ester precursor would avoid going through all the necessary steps to
obtain [*F]FBA and then coupling step of this amine with 2-nitroimidazole-1-yl-
acetic acid. The same approach was used for the synthesis of [*®F]FNFP.

Two different radiofluorination methods were evaluated to obtain both
[*®F]JFNFP and [*®F]FBNA, as described in the experimental section 4.2.2.1.
Following the conventional radiosynthesis described in method 1 (scheme 23),
[*F]FBNA was obtained with a radiochemical yield (RCY) of 56+8% (n=5) after
HPLC analysis of the crude reaction mixture using [Cu(OTf)2(py)4] as copper
source. [*°*F]JFBNA “cold” standard was used as a reference for the comparison

during quality control of the radioactive peak during the radio-HPLC run (Figure
29):

Figure 28. Free [*8F]-fluoride following the same run conditions as for

[*8F]FNFP and ['8F]FBNA, retention time 2.72 min.
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Scheme 23. Radiosynthesis of [*8F]FBNA following method 1 as reported by
Tredwell, Matthew et al.[199].
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Figure 29. On the left, HPLC chromatogram of “cold” standard [*°F]FBNA at
retention time 6,825 min, A=300 nm. On the right, crude reaction mixture
chromatogram showing free 18F- fluoride and 8F-FBNA at 6.893 min retention time.
Conditions: isocratic gradient, 70% A (0.1% TFA in H20), 30% B (MeCN) for 20

minutes, flow 1 mL/min.

—400- '°F-FBNA
19 >
10001 F-FBNA g 18F-
_ € 3001
£ k=2
= (7))
S 2
S 500 £ 2001
2 E
(=]
E S 100- L/
©
0 14 —
o 5 10 15 0 5 10 15 20
Time (min) Time (min)

Source: Thesis author

Figure 30 shows the results for the synthesis of [*8F]FNFP following
method 1:

Scheme 24. Radiosynthesis of [*8F]FNFP following method 1 as reported by
Tredwell, Matthew et al.[199].
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Figure 30. On the left, HPLC chromatogram of “cold” standard ['°F]-FNFP at
retention time 14,261 min, A=350 nm. On the right, crude reaction mixture
chromatogram showing free [*8F] fluoride and [*F]JFNFP at 14,357 min retention
time. Conditions: channel A (0.1% TFA in H,0), B (MeCN); run 10-100% of B in 20

minutes, flow 1 mL/min.
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Following the radiosynthesis procedure described in method 1 in the
experimental section, [*®F]JFNFP was obtained with a radiochemical yield of
58+7% (n=5) after HPLC analysis of the crude reaction mixture using
[Cu(OTf)2(py)4] as copper source

The radiochemical yields for [*®F]FBNA and [*8F]FNFP obtained by radio-
HPLC results of the crude reaction mixtures were in accordance with the ones
reported in the original radiofluorination method of the Gouverneur group.[199]
for pinacol-derived aryl boronic esters.

Some issues associated with the use of high quantities of base (K2CO3) in
radiofluorination reactions have been reported in the past few years. Low
radiochemical yields and the impossibility of using base-sensitive precursors
limit the scope of this approach, especially for radiofluorination of aryl boronic
esters and derivates because of the high temperatures (110-130°C) necessary
for this copper-mediated 8F-fluorination to be carried out. Methods using other
phase transfer catalysts (PTC) and milder bases, rather than the combination
of K222/K2COs are usually preferred.

50_- 4_’__,__,.1\,,__J L.JUL’N

20
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Traditionally, for more than 40 years radiofluorination using non carried
added 8F-fluoride has relied on the use of the combination of K222/K2COs in
water/acetonitrile to elute the radionuclide from the anion exchange resin (QMA
in most cases), followed by an azeotropic drying step to remove traces of water.
This process is time consuming; some activity is lost due to radioactive decay
and results in part of the ®F-adhering in the glass vessel walls during the drying
process, so a procedure in which the azeotropic drying step could be eliminated
would be ideal. In this regard, Lahdenpohja, S.O., Rajala, N.A., Rajander, J. et
al in 2019 developed an azeotropic drying-free ['8F]-labelling method to improve
the copper-mediated radiofluorination of aryl boronic acids and pinacol esters
to achieve wide substrate scope with good radiochemical yields and short
synthesis time [210]. We tried this approach for the synthesis of both [\*F]FBNA
and [*®F]FNFP, described in the experimental section as method 2.

First, as pointed out by Lahdenpohja, S.O., Rajala, N.A., Rajander, J. et al
[210] we evaluated the percentage of [*8F]-fluoride recovered from the QMA
after the elution step with Cu(OTf)2 in DMA, obtaining an elution efficiency of

66+4% (n=6), a result that matches the ones reported by the authors.

Regarding the synthesis of the radiotracers, figure 31 shows the results for

radio-HPLC of a crude-reaction-mixture sample for the synthesis of [*8F]FBNA.

Scheme 25. Radiosynthesis of [18F]FBNA following method 2 as reported by
Lahdenpohja, S.O., Rajala, N.A., Rajander, J. et al [210].
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Following the procedure described in method 2 (scheme 25), [*®F]FBNA
was obtained with a radiochemical yield (RCY) of 91+3% (n=5) after radio-HPLC
analysis of the crude reaction mixture, using [*°FJFBNA “cold” standard as

reference.
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Figure 31. On the left, HPLC chromatogram of “cold” standard [*°F]FBNA at
retention time 6,825 min, A=300 nm. On the right, crude reaction mixture
chromatogram showing free [*8F] fluoride and [*8F]FBNA at 6.901 min retention time.
Conditions: isocratic gradient, 70% A (0.1% TFA in H>0), 30% B (MeCN) for 20

minutes, flow 1 mL/min.
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In case of the synthesis of [*8F]FNFP following method 2, figure 32 shows

the radio-HPLC results of a crude reaction mixture run.

Scheme 26. Synthesis of [*8F]JFNFP according to the method reported by
Lahdenpohja, S.O., Rajala, N.A., Rajander, J. et al. [210].
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[8F]FNFP was obtained with a radiochemical yield (RCY) of 88+4% (n=5)
after radio-HPLC analysis of the crude reaction mixture, using [*°F]FNFP “cold”
standard as reference (figure 32).
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Comparing both methods 1 and 2 previously described here for the
synthesis of both radiotracers [*¥F]JFBNA and [*¥F]FNFP, the results,

considering radiochemical yields, were overwhelmingly better for method 2.

Figure 32. On the left, HPLC chromatogram of “cold” standard [**F]FNFP at
retention time 14,261 min, A=350 nm. On the right, crude reaction mixture
chromatogram showing free [*8F] fluoride and [*8F]JFNFP at 14,388 min retention
time. Conditions: channel A (0.1% TFA in H20), B (MeCN); run 10-100% of B in 20

minutes, flow 1 mL/min.
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The main reason behind the great difference in radiochemical yields
comparing method 1 and method 2 (around 30%) for the synthesis of both
radiotracers might be the harsh basic conditions created by the potassium
carbonate (20 umol) used for the elution of the [*8F]-fluoride from the QMA, that
alongside the high temperatures during the nucleophilic aromatic substitution
might result in side reactions and partial decomposition of the precursors.
Besides method 2 being a faster approach to obtain [*®F]FBNA and [*8F]FNFP
because of the elimination of the azeotropic drying step, only copper Il triflate in
dimethyl acetamide was used to elute the [*¥F]-fluoride from the anion
exchange resin, turning this approach in a “milder” procedure and of course after
the elution step, the [*¥F] was ready to use in subsequent labelling reaction
without the use of additional reagents or any other manipulations. Method 2 was

then used as the standard procedure for obtaining both radiotracers.

After the synthesis following method 2, the respective reaction mixtures
containing [*®F]JFNFP and [®F]FBNA were diluted with water and passed

through a pre-conditioned C18 cartridge to remove impurities and unreacted
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[*8F]-fluoride. Following elution of the radiotracers from the respective
cartridges, semipreparative HPLC purification afforded >99% radiochemically
pure [*F]JFBNA and [*®F]FNFP, with a total synthesis time of 70 and 85 minutes,
respectively (Figure 33).

Figure 33.[8F]FNFP (left, retention time 14,261 min) and [*®F]FBNA (right,
retention time 7.014 min) after semipreparative HPLC purification using the same

conditions previously described for each radiotracer.
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The final radiochemical yields, decay corrected, were 39,1+5% (n=3) for
[*®F]JFBNA and 38,4+3% for [*®F]FNFP (n=3). Comparing these results for
[*8F]FBNA with the ones already reported [40], we obtained here [*¥F]JFBNA in
a shorter synthesis time (70 vs 100 min), with a slightly lower overall
radiochemical yield (39,1+5% vs 47.4+5.3%).

5.2.2 Determination of molar activity

['8F]FNFP and [*®F]JFBNA molar activities were assessed by the
calibration curves displayed in Table 3 and Figure 34 for the former, and Table
4 and Figure 35 for the latter:



Table 3. Standard curve for assessing [*8F]FNFP molar activity using a

standard [*°F]-FNFP solution.
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Figure 34. Standard curve data for [**F]FNFP to determine [*8F]FNFP molar
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Table 3. Standard curve for assessing [*®F]JFBNA molar activity using a
standard [*°F]JFBNA solution.
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Figure 35. Standard curve data for [*°F]FBNA to determine [*8F]FBNA molar

activity.
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20 uCi (0.74 MBq) of each radiotracer was injected into the HPLC, and the
results indicated that ['®F]FBNA was obtained with a molar activity of 43,02
GBg/umol and 41.56 GBg/umol for [*®F]JFNFP. In case of the former, this specific
activity is well-correlated with the one previously reported by our group [40] (>40

GBg/pmol).
5.2.3 Stability of ['8F]FNFP in PBS and serum

The characterization of novel radiotracers toward their metabolic stability
is an essential part of their development. Therefore, assessing the stability of
these new labeled compounds is one of the most essential parameters to
determine whether they have the potential to be used for in vivo applications or
not. In this work, the stability of the new radiopharmaceutical [*®F]JFNFP in 0.1
mol/L PBS at pH=7.2 and in serum was evaluated for a period of up to 6 hours.
Aliquots were taken immediately after the synthesis, 1, 3 and 6 hours after it,
and the radiochemical purity of the compound was assessed by HPLC following

the same conditions as described earlier for its quality control.

Figure 36. Radioactivity profile obtained by radio-HPLC of the stability of
[*8F]FNFP after 6 hours in 0.1 mol/L PBS at pH=7.2 (right bottom) and in serum (left
bottom). Above, [*8F]FNFP at the beginning of the stability test.
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As demonstrated in Figure 36, no significant metabolites derived from

[*F]FNFP were observed after 6h of incubation either in PBS or serum.
5.2.4 [®F]FNFP lipophilicity measurements

The logarithm of the partition coefficient P (logioP) is a critical measure
that not only determines how well a drug will be absorbed, transported, and
distributed, but also dictates how a drug should be formulated and dosed. For
example, a drug with low aqueous solubility and high lipophilicity (high positive
log10P) will be compromised in bioavailability, sequestered in fatty tissues and

therefore its plasma levels cannot be maintained [224].

log10P is a constant and is a negative value for hydrophilic compounds, a
positive value for lipophilic compounds, and zero (0) value for compounds which
partition equally between lipid and aqueous phases. For example, if logioP =1
it means that the partitioning of the compound is 10 times more in lipid/organic
solvent phase compared to aqueous phase [224]. In short, lipophilicity needs to
be high enough to enable diffusion across cellular membranes to the site of
metabolism (~ =0.1), but low enough (~ <2) to assure rapid systemic elimination
and, hence, convenient imaging times (within 2 h) [212]. The most important
limitation of [*®F]JFMISO is its high lipophilicity, which causes slow tracer
accumulation, slow plasma clearance, and low tumor-to-background contrast
[141].

The [®F]JFNFP partition coefficient calculated according to the
methodology described in the experimental section was logi0P=1.05 + 0.06

(n=7), that is basically the same as that of ®F-FBNA (logi0P=1.05) [40] and



100

lower than that of [*8F]JFMISO (log10P=2.6) [225], meaning that [*8F]FNFP is less
lipophilic (more hydrophilic) than the latter, which theoretically should result in

improved pharmacokinetic properties.
6 BIOLOGICAL STUDIES
6.1 Assessment of [*®F]FNFP uptake in vivo by yPET imaging

By means of the yPET/CT equipment, the specific uptake of the new
radiotracer [*®F]JFNFP under hypoxic conditions was investigated in the gastric
cancer line MKN-45 previously inoculated into Balb/c nude mice. Dynamic
imaging studies were performed using [*®F]FNFP by injecting 20 MBq of the
radiotracer intravenously into Balb/c nude mice (n=3) containing the MKN-45
tumor measuring approximately 300 mm3. The animals were placed in the
scanning chamber immediately after injection. PET images were acquired for a
total time of 180 min. Figure 37 shows representative PET/CT images of
[*F]FNFP taken between 5 minutes and 3 hours after injection in different

planes.

No uptake was seen in the tumor up to 3 hours after administration of
[*F]FNFP. The radiotracer is rapidly metabolized after being injected; in image
1, [*F]FNFP has a high uptake in the liver, kidneys, lungs, and brain, and after
30 minutes bladder and intestines (image 2), showing that [*®F]JFNFP has a

nimble metabolism and hepato-biliary-intestinal-renal clearance.

After 1 hour (image 3) all the injected radiotracer had already been
metabolized, with no signs of tumor uptake. After 3 hours (image 4) the same

results were seen.

Figure 37. yPET/CT images of [*8F]FNFP uptake using a gastric cancer tumor
model up to 3 hours after injection of the tracer. A) transversal plane highlighting the
tumor; B) coronal plane; C) sagittal plane; D) sagittal Maximum Intensity Projection
(MIP) image. Image 1, (above on the left) 5 minutes after injection. Image 2, (above

on the right) 30 minutes after injection. Image 3, (down, on the left) one hour after
injection. Image 4 (down on the right) 3 hours after injection. 20 MBq of radiotracer
were injected intravenously into Balb/c nude mice previously inoculated with MKN-45

tumor cells. Mice were placed in the yPET/CT equipment where a PET image was
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acquired for 180 minutes after administration, followed by CT image acquisition (35

kV, 400 pA). The figure is representative of n=3.

1) 5 minutes

2) 30 minutes
A

A

432.887

4) 3 hours

355.7544 [l -432.887

Figure 38 shows how [*®F]FNFP distributes during the whole study in tumor
and muscle. Comparing maximum SUVSs, it can be noted that tumor/muscle
relation is always greater than 1, but the radiotracer has its maximum uptake
values in the tumor around 10-15 minutes after injection (which is also very low),
something that was not expected considering the previously calculated logioP
(1.05, same as [*®F]FBNA).
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Figure 38. Dynamic representation of [\8F]FNFP uptake in tumor (light blue)

and muscle (green) vs maximum SUV during 180 min of yPET/CT imaging.
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Two similar representations were then plotted, now including the brain
(figure 39), since after 5 min and up to 30 minutes of study this organ had a high
uptake of the radiotracer, and the bladder (figure 40). Figure 39 shows that
between 5-15 minutes the radiotracer’s uptake in the brain has its maximum

value, and compared to that of tumor is unexpectedly great.

When designing our molecule ([*8F]FNFP) for detection of hypoxic regions
in the tumor microenvironment, the most important parameter was maintaining
the nitroaromatic moiety responsible for the selective tracer's accumulation
under hypoxic conditions. Then the side chain was constructed according to

other properties such as improvement of electron affinity and pharmacokinetic

properties (logioP).
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Figure 39. Dynamic representation of [\8F]JFNFP uptake in tumor (light blue),
muscle (green) and brain (dark blue) vs maximum SUV during 180 min of yPET/CT

imaging.
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Figure 40. Dynamic representation of [\8F]JFNFP uptake in muscle (green),

brain (dark blue) and bladder (fuchsia) vs maximum SUV during 180 min of yPET/CT.
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Apparently [*8F]JFNFP enters the brain via passive diffusion, due to its low
molecular weight (261,2 g/mol) and moderate lipophilicity (logi10P=1.05),
according to radiopharmaceuticals characteristics for entering the blood-brain

barrier discussed by Uzuegbunam, Bright Chukwunwike et al. [226].

In a previous work developed by our group [40], N-(4-[*8F]fluorobenzyl)-2-
(2-nitro-1H-imidazol-1-yl)acetamide [*8F]FNBA was synthesized and in vitro and
in vivo studies proved that this novel radiopharmaceutical could become a
radioligand for imaging hypoxia. Dynamic yPET/CT images in MKN-45-tumor-
bearing mice showed that its uptake in the tumor begins to occur 30 min after
its injection, reaching its highest uptake point 1 hour after the tracer’s
administration (Figure 41, taken from [227]). As for [®F]JFNFP and [*®F]FNBA
pharmacokinetic properties, it was expected a similar uptake time in the tumor
due to an equal partition coefficient and mechanism of action of both
nitroaromatic moieties (5-nitrofuran for [*F]JFNFP and 2-nitroimidazole for
[(F]FNBA).

Figure 41. Coronal yPET/CT imaging of [*8F]FBNA uptake using a gastric
cancer tumor model. The radiopharmaceuticals (at a dose of 20 MBq) were injected
intravenously into Balb/c nude mice previously inoculated with MKN-45 tumor cells.

The animals were placed in the yPET/CT equipment where a PET image was
acquired at 10, 30, 60, 120, and 180 minutes after administration of the
radiopharmaceuticals, followed by CT image acquisition (35 kV, 400 pA). The figure is

representative of n=3. Taken from [227].
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Chalcone and its derivates (Figure 42), a,B-unsaturated precursors of
flavonoid and isoflavonoid-based compounds, either natural or synthetic exhibit
various biological activities, such as anti-inflammatory, analgesic, antioxidant,
antibacterial, antifungal, anti-tuberculosis, antimalarial, antiviral, and antitumor
[228]. This conjugated structure is characterized by a high delocalization of the
electrons and a low redox potential that provide remarkable chances of
undergoing electron transfer reactions [229]. Presence of a a,B-unsaturated
carbonyl functional group, which acts as a potential Michael acceptor, allows the
chalcone molecule to interact with sulfhydryl of cysteine residue or other thiol
groups (Figure 42). This interaction is believed to be important for their biological
activities [229, 230].

Figure 42. Above, Chalcone [(E)-1,3-diphenyl-2-propene-1-one] (all R=H) and
derivates, and the cis and trans (thermodynamically more stable) forms. Below a
typical reaction of chalcone functioning as Michael acceptor with cysteine. Other

derivates could be also obtained by replacing the benzene ring with other heterocyclic

rings.

Source: Thesis author

Radiolabeled chalcone derivates have been recently used as 3-amyloid
plagues imaging agents in Alzheimer's disease (AD) [231, 232]. This is due to

the structural similarity of chalcones with curcumin (Figure 43), which has been
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reported to have sufficient brain permeability and favorable binding affinity to 3-
amyloid plaques after iv administration in APPsw transgenic mice [233, 234]. It
has been shown that curcumin inhibits the formation and promotes the
disaggregation of AB-amyloid plaques. Moreover, it attenuates the hyper-
phosphorylation of tau protein and enhances its clearance. The applications of
radiolabeled curcumin and curcuminoids in medicinal chemistry has been
recently reviewed [235, 236] but, despite a manifested affinity for amyloid
plagues in vitro, none of the radiolabeled probes proved to be a suitable tool for
the imaging of AD in vivo. The main reason for this failure is likely due to either
the little stability of the curcumin backbone in physiological media and to the

inability of the radiolabeled probes to cross the blood-brain barrier [232].

Figure 43. Chemical structures of curcumin and chalcone, natural active

compounds against several pathogens.
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There are several property criteria that should be met for a candidate
radioligand to successfully be used as a brain-image radiotracer in vivo. Of
course, it needs to effectively bind to its target, but also favorable
pharmacokinetics with fast washout from normal brain is highly desirable in
providing specific PET imaging signals [226, 237], labeled with a proper
radioisotope (generally 18F or 1C). For example, as highlighted by Zeng, F., &
Goodman, M. M., high initial brain uptake (>5 % dose/g at 2 min post iv injection)
followed by a fast washout from the normal brain (< 2% dose/g at 30 min) is a

desirable property for amyloid (AB) plaques-targeting imaging agents [237].

These crucial characteristics are met by radiolabeled chalcone derivates,
which have been radiolabeled with 124.125] 99mT¢ 68Ga, 11C and 8F for detection
of AB-amyloid plaques [232]. For example, recently Allott et al. [238] reported
the synthesis of a fluorine [*8F]-labeled chalcone derivative based as a dual

modality imaging agent (PET and fluorescence) for detecting glycogen in cancer
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tissues (Figure 44). PET imaging in normal mice and metabolite analysis
suggested favorable hepatobiliary intestinal elimination and fast metabolism of
the radiolabeled chalcone [238].

Figure 44. 18F[5], dual modality fluorescence/PET tracer obtained by Allott et al.

[238].
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Zeng, F., & Goodman, M. M [237] came up with the conclusion that the
mutual structural elements of most potent and selective B-amyloid plaques
imaging agents are conjugated heterocyclic rings (such as the ones present in
chalcones) and a secondary amine [237]. For example, a few of these
compounds present a conjugated bridge joining two heterocycles, and some of
them have undergone clinical trials. [*®F]JAV-45, commercially known as
Amyvid™, became the first radioactive diagnostic agent recently approved by
FDA for PET imaging of B-amyloid neuritic plaques in the brain [237] (Figure
45).

Figure 45. Chemical structures of some of the PET imaging agents for 3-

amyloid plaques tested in humans and [*8F]JFNFP. In blue the conjugated bridges are
highlighted. Adapted from Zeng, F., & Goodman, M. M. [237].
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[*8F]FNFP, as it can be noted from the structures presented above, is a
chalcone derivate in which a phenyl ring was substituted by the nitrofuran
moiety. It possesses a conjugated bridge joining two heterocycles, and just like
other chalcone-based radiotracers, it has a rapid metabolism and washout in
the brain. The results obtained here are in the dynamic PET imaging are not
different from the ones reported for similar-structure compounds, but at least we
expected different results regarding the [®F]JFNFP uptake under hypoxic

conditions.
6.2 Exvivo biodistribution studies in tumor-bearing mice

Ex vivo biodistribution studies were then performed in MKN45 tumor-
bearing mice to quantify tissue uptake of [*¥F]JFNFP 1 and 3 hours after injection

of the radiotracer (Figure 46).

Figure 46 — Ex vivo biodistribution of [*8F]JFNFP in MKN45 gastric tumor-
bearing mice 1 (green) and 3 hours (blue) of intravenous injection. 20 MBq of the
radiotracer were injected intravenously into MKN-45-gastric-tumor-bearing Balb/c
nude mice, and 1 and 3 hours after injection the animals were euthanized, and the

organs of interest were collected for weighing and activity counting in a gamma well
counter. The graph shows the mean value +SD of %DI/g of n = 4. Data were analyzed
following one-way ANOVA Sidak's multiple comparisons test * p<0.05; ** p<0.01; ***
p<0.001; ***** n<0.0001.
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Similar results to the ones from the PET/CT images were expected, and
effectively no uptake was found in the tumor of the studied groups. As concluded
in the images study, [*®F]JFNFP has a hepato-biliary-intestinal clearance, which
was confirmed in the ex-vivo study considering how the uptake in the liver
diminishes from 1 to 3h, and it increases within the times studied in the
intestines. Moreover, bladder uptake presents the biggest difference in uptake

from 1 to 3 hours confirming the results from the PET/CT dynamic study.

Table 4. %DI/g values of organs collected in the ex-vivo biodistribution of mice
bearing MKN-45 gastric tumor after intravenous injection of [*8F]JFNFP. Data

represent the mean value +SD of %DI/g of n = 4.

[8F]IFNFP (% ID/g)

Organ 1h 3h
Heart 0,27+0,03 0,18+0,04
Lungs 0,79+0,24 0,74+0,05
Liver 1,1610,22 0,05+0,02




110

Kidneys 0,5240,12 0,28+0,05
Spleen 0,5540,20 0,38+0,22
Stomach 0,18+0,14 0,2+0,08
Intestines 0,17+0,04 1,5610,7
Pancreas 0,13+0,02 0,06+0,01
Muscle 0,2+0,08 0,15+0,08
Bone 0,54+0,1 0,49+0,1
Brain 0,14+0,07 0,07+0,011
Bladder 75,99 1,8 1,39+0,82
Tumor 0,25+0,15 0,03+0,024

It should be considered that the dynamic PET/CT image study was
performed during the same day as the ex-vivo studies, so no previous
information of the tracer’s distribution in mice was known. Shorter times could
have been selected as ideals for ex-vivo quantification of [*®FJFNFP had the
information from its rapid metabolism (and apparently no tumor uptake) been

known (for example, 15 and 30 minutes after tracer’s administration).

[*F]FNFP has a very similar, almost equal logioP as that of [*®F]FBNA
(approximately 1,05) and a slightly lower molecular weight (261,21 vs 278,24
FBNA). The mechanism through which [*®F]JFBNA, being a 2-nitroimidazole
derivate, accumulates under hypoxic conditions is the same as that of
nitroaromatic compounds in general: these compounds are taken up by cells via
diffusion and chemically reduced by various cellular nitroreductases, generating

nitro-radical anions.

When cells are well-oxygenated, those anions react with intra-cellular O2
and revert to the parent molecule, which thereafter freely diffuses out of the cell.
Under hypoxic conditions, the reduced nitroaromatic compound undergoes
further reduction to generate reactive hydroxylamine that binds to cellular
macromolecules (such as DNA, proteins, and glutathione), thereby trapping the

drug inside hypoxic cells. It was expected some accumulation of [*®F]FNFP in
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the tumors, but the result showed that perhaps due to its rapid metabolism the
tracer did not have a chance to actually get through tumor tissue.

We did not use another radiotracer, such as [8F]JFBNA, for example, as a
prove that at least those animals used for dynamic imaging studies were
carrying tumors with hypoxic conditions, but none of them actually showed any
sign of [18F]FNFP uptake even in the ex-vivo study. Tumors were, after the ex-
vivo study, thoroughly examined noticing that all presented areas of necrosis
perhaps due to hypoxia. Although apoptosis and necrosis are conceptually
distinct pathways of cell death, recent advances have revealed that hypoxic cell
damage can induce both necrosis and apoptosis simultaneously [239].

There is a possibility of testing [*®F]JFNFP, maybe chemically modified to
also include a secondary amine in its structure, to see if it shows some binding
to B-amyloid specific proteins and therefore as a B-amyloid plagues imaging

agent, leading to a different idea than the proposed in this work.

Regarding its use as a hypoxic imaging agent, in vitro studies are first
necessary to actually see if the radiotracer is able to accumulate in different cell
lines under hypoxic conditions, a study that could not be carried out in this work.
Once achieved this, other chemical modifications might be necessary in order
to increase [*F]FNFP’s circulation time and therefore a chance to get into the
tumor, so we got a lot of work to do on this matter. We believe that the use of
radiopharmaceuticals for imaging hypoxia is not only restricted to
nitroimidazole-based probes and specifically to [*¥F]JFMISO, since the
mechanism of action of these compounds depends on the presence of the
nitroaromatic moiety and the irreversible reduction steps they undergo under

hypoxic conditions.
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7 CONCLUSIONS

1. (E)-1-(4-fluorophenyl)-3-(5-nitrofuran-2-yl)prop-2-en-1-one, [*°F]JFNFP, and
N-(4-fluorobenzyl)-2-(2-nitro-1H-imidazol-1-yl)-acetamide, [°F]FBNA, were
successfully synthesized, and chemically and structurally characterized
(including its synthetic intermediates) by Nuclear Magnetic Resonance (NMR),
Melting point, Mass Spectrometry (MS) and Infrared Spectroscopy techniques.

2. [1®F]FNFP and [*°*F]JFBNA were efficiently radiolabeled with 8F in a one-
step/late-stage radiofluorination synthesis within short times, high radiochemical

overall yields, molar activities, and radiochemical purity.

3. [*®F]FNFP was found to be stable in PBS and serum for up to 6 hours and
more hydrophilic than [®¥F]JFMISO, with the same partition coefficient as
[{F]FBNA.

4. PET/CT images using a gastric cancer tumor model in mice showed that
[*F]FNFP, a chalcone derivate, is rapidly excreted by a hepato-biliary-intestinal-
renal clearance with no tumor uptake. Similar to its counterparts chalcone-
based radiotracers, has a rapid washout from the brain with a high uptake in this

organ in the first 15 minutes after injection.

5. Ex vivo biodistribution studies likewise showed no interesting tumor uptake
for [\8F]FNFP. Different from the 2-nitroimidazole-based radiotracer [*8F]FBNA,
the 5-nitrofuran derivate [*®F]FNFP was not nearly as effective as the former in

identifying hypoxic regions in the tumor microenvironment.
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9. ANNEXES
Annex A. 'H-NMR tert-butyl 2-(2-nitro-1H-imidazol-1-yl)acetate.

(300 MHz, Chloroform-d) & 7.17 (d, J=0.96 Hz, 1H); 7.10 (d, J=0.96 Hz, 1H),
5.01 (s, 2H), 1.46 (s, 9H).
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Annex B. 'H-NMR 2-(2-nitro-1H-imidazol-1-yl)acetic acid (300 MHz, Methanol-

d4) & 7.32 (s, 1H), 7.03 (s, 1H), 5.10 (s, 2H).
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Annex C. 'H-NMR N-(4-fluorobenzyl)-2-(2-nitro-1H-imidazol-1-yl)acetamide
(600 MHz, DMSO-d6) 6 8.84 (t, J = 5.5 Hz, 1H); 7.64 (s, 1H); 7.32 (dd, J = 8.2,
5.8 Hz, 2H); 7.20 (s, 1H), 7.17 (d, J = 8.2 Hz, 2H); 5.17 (s, 2H), 4.32(d,J=5.5

Hz, 2H).
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Annex D. (4-((2-(2-nitro-1H-imidazol-1-yl)acetamido)methyl)phenyl)boronic
acid pinacol ester *H-NMR (600 MHz, DMSO-d6) 5 8.87 (t, J = 5.9 Hz, 1H), 7.65
(d, J = 8.0 Hz, 2H), 7.63 (s, 1H), 7.30 (d, J = 8.0 Hz, 2H), 7.20 (s, 1H), 5.8 (s,
2H), 4.35 (d, J = 5.9 Hz, 2H), 1.30 (s, 12H).
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Annex E. (4-((2-(2-nitro-1H-imidazol-1-yl)acetamido)methyl)phenyl)boronic
acid pinacol ester *3C-NMR DEPTQ (151 MHz, DMSO-de) d 167.44, 166.22,
145.40, 142.85, 134.93, 129.28, 127.94, 127.13, 84.07, 52.06, 42.80, 25.14.
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Annex F. ion trap mass spectrometry of (4-((2-(2-nitro-1H-imidazol-1-
yl)acetamido)methyl)phenyl)boronic acid pinacol ester, MW= 386,20 g/mol.
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Annex G. Infrared spectra of (4-((2-(2-nitro-1H-imidazol-1-
yl)acetamido)methyl)phenyl)boronic acid pinacol ester.
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Annex H. 5-nitro-2-furaldehyde diacetate 'H NMR (300 MHz, Chloroform-d) &
7.73 (s, 1H), 7.30 (d, J = 3.6 Hz, 1H), 6.75 (d, J = 3.6 Hz, 1H), 2.19 (s, 6H);
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Annex l.5-nitro-2-furaldehyde *H NMR (600 MHz, Chloroform-d) & 9.85 (s, 1H),
7.44 (dd, J =3.8, 0.4 Hz, 1H), 7.38 (d, J = 3.8 Hz, 1H).
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Annex J. (E)-1-(4-fluorophenyl)-3-(5-nitrofuran-2-yl)prop-2-en-1-one. *H NMR
(600 MHz, DMSO-ds) 6 8.26 — 8.20 (m, 2H), 7.89 (d, J = 15.6 Hz, 1H), 7.83 (d,
J=3.9Hz, 1H), 7.61 (d, J = 15.6 Hz, 1H), 7.47 (d, J = 3.9 Hz, 1H), 7.45 - 7.41
(m, 2H).
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Annex K. 4-acetylphenylboronic acid pinacol ester 'H NMR (600 MHz,
Chloroform-d) & 7.85 — 7.77 (m, 4H), 2.51 (s, 3H), 1.26 (s, 12H).
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Annex J. (E)-(4-(3-(5-nitrofuran-2-yl)acryloyl)phenyl)boronic acid pinacol ester.
1H NMR (600 MHz, DMSO-ds) d 8.12 — 8.10 (m, 2H), 7.89 — 7.84 (m, 3H), 7.83
(d, J = 3.9 Hz, 1H), 7.62 (d, J = 15.6 Hz, 1H), 7.47 (d, J = 3.9 Hz, 1H), 1.33 (s,
12H).
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Annex K. (E)-(4-(3-(5-nitrofuran-2-yl)acryloyl)phenyl)boronic acid pinacol ester.
13C-NMR DEPTQ (151 MHz, DMSO) & 188.89, 153.60, 152.50, 139.30, 135.30,

129.41, 128.28, 125.31, 118.52, 115.26, 84.62, 25.15.
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Anex L. (E)-(4-(3-(5-nitrofuran-2-yl)acryloyl)phenyl)boronic acid pinacol ester.
ESI-mass spectrometry. MW=369,18 g/mol.
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Anex M. Infrarred spectra of (E)-(4-(3-(5-nitrofuran-2-yl)acryloyl)phenyl)boronic
acid pinacol ester
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