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“One never notices what has been done; one can only see 
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ABSTRACT 

ORTEGA PIJEIRA, M. S. Synthesis of fluorine-18-labeled losartan analogs as 
novel positron emission tomography tracers for cancer imaging. 2019. 144 p. 
Tese (Doutorado em Tecnologia Nuclear) – Instituto de Pesquisas Energéticas e 
Nucleares – IPEN-CNEN/SP. São Paulo. 
 

Losartan is a selective antagonist of the angiotensin II type 1 receptor (AT1R). 

Several reports have highlighted the AT1R expression in several cancers 

enhancing tumor development and cancer progression. The aim of this thesis is 

the synthesis and evaluation of [18F]fluoroethyl-losartan ([18F]FEtLos) and 

[18F]ammoniomethyltrifluoroborate-losartan ([18F]AMBF3Los) as two novel losartan 

analogs to image AT1R-positive tumors using the positron emission tomography 

(PET). Initially, the cold compounds FEtLos and AMBF3Los were synthetized by 

alkylation and click chemistry reactions respectively, and characterized by 

spectroscopic techniques. Then, radiosynthesis of 2-[18F]fluoroethyl-tosylate was 

optimized from a radiation safety point of view. Next, [18F]FEtLos was manually 

synthetized by [18F]fluoroethylation of losartan with low molar activity and greater 

than 99% radiochemical purity. [18F]AMBF3Los was easily synthetized with greater 

than 97% radiochemical purity by one step 18F-19F isotopic exchange approach 

using low and high activities of [18F]fluoride that afforded molar activities ranging 

from 2 to 139 GBq/μmol. In vitro competition binding assays showed that FEtLos 

and AMBF3Los have low and high binding affinity to human AT1R, respectively. 

AT1R expression was confirmed in breast, ovarian and gastric derived-tumors 

implanted on Nude mice. In spite of the low affinity, [18F]FEtLos was specific for 

renal AT1R. However, [18F]FEtLos did not showed specificity for tumor AT1R 

binding. µPET imaging, autoradiography and ex vivo biodistribution studies 

showed the specificity of [18F]AMBF3Los for both kidney and tumor AT1R binding. 

However, [18F]AMBF3Los was not able to reach the tumor site once injected 

intravenously probably because of its rapid metabolism and very fast clearance. 

Nonetheless our results demonstrate that 18F-Angiotensin II Receptor Blockers 

(ARBs) derivatives could be suitable tracers to cancer imaging AT1R-expressing 

tumor microenvironment, however, radiolabeled ARBs that possess better 

pharmacokinetics profile may be required. 

 



 
 

Key words: [19/18F]fluoroethyl-losartan; [19/18F]ammoniomethyltrifluoroborate-

losartan; synthesis; biological evaluation; PET imaging of AT1R-positive tumors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

RESUMO 

ORTEGA PIJEIRA, M. S. Síntese de análogos do losartan marcados com 
Flúor-18 como novos traçadores para imagem do câncer utilizando 
Tomografia por Emissão de Pósitrons. 2019. 144 p. Tese (Doutorado em 
Tecnologia Nuclear) – Instituto de Pesquisas Energéticas e Nucleares – IPEN-
CNEN/SP. São Paulo. 
 

O losartan é um antagonista seletivo do receptor tipo 1 de angiotensina II (AT1R). 

Vários reportes têm destacado a expressão do AT1R em vários cânceres 

favorecendo o desenvolvimento tumoral e progressão do câncer. O objetivo desta 

tese é a síntese e avaliação do [18F]fluoroetil-losartan ([18F]FEtLos) e 

[18F]amoniometiltrifluoroborato-losartan ([18F]AMBF3Los) como dois novos 

análogos do losartan para imagem de tumores AT1R-positivos usando a 

tomografia por emissão de pósitrons (PET). Inicialmente, os compostos padrões 

FEtLos e AMBF3Los foram sintetizados por reações de alquilação e química click 

respetivamente, e caraterizados por técnicas espectroscópicas. A seguir, a 

radiosíntese do 2-[18F]fluoroetil-tosilato foi otimizada do ponto de vista de 

seguridade radiológica. O [18F]FEtLos foi depois sintetizado por alquilação do 

losartan utilizando o grupo prostético 2-[18F]fluoroetil-tosilato, com baixa atividade 

molar, e pureza radioquímica maior do 99%. [18F]AMBF3Los foi facilmente 

sintetizado com pureza radioquímica maior do 97% por troca isotópica 18F-19F 

usando baixas e altas atividades de  [18F]fluoreto o que providenciou atividades 

molares entre 2 e 139 GBq/μmol. Ensaios de ligação por competição in vitro 

mostraram que FEtLos e AMBF3Los têm baixa e alta afinidade de ligação ao AT1R 

humano respetivamente. A expressão do AT1R foi confirmada em tumores de 

mama, ovário e gástrico, implantados em camundongos Nude. A pesar da baixa 

afinidade, o [18F]FEtLos foi específico pelo AT1R renal. Não entanto, [18F]FEtLos 

não mostrou especificidade pela ligação ao AT1R no tumor. A imagem µPET, 

autoradiografia, e os estudos de biodistribuição ex vivo mostraram a 

especificidade do [18F]AMBF3Los pela ligação ao AT1R nos rins e no tumor. O 

radiotraçador [18F]AMBF3Los não foi capaz de ligar no tumor quando injetado 

intravenosamente, provavelmente devido ao seu rápido metabolismo e rápida 

depuração sanguínea. Apesar disso, nossos dados demonstram que os derivados 

de Bloqueadores do Receptor de Angiotensina II (ARBs) radiomarcados com 18F 

podem ser potenciais radiofármacos para o imageamento do microambiente 



 
 

tumoral positivo para AT1R, no entanto o perfil farmacocinético dos ARBs 

radiomarcados ainda precisa ser melhorado. 

Palavras-chave: [19/18F]fluoroetil-losartan; [19/18F]amoniometiltrifluoroborato-

losartan; síntese; avaliação biológica; imagem PET de tumores AT1R-positivos  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

LIST OF ABBREVIATIONS 

%ID/µL percentage of Injected Dose per volume of blood 

%ID/g percentage of Injected Dose per Gram of tissue 

[18F]AMBF3Los [18F]ammoniomethyltrifluoroborate-losartan 

[18F]FAZA [18F]fluoroazomycin arabinoside 

[18F]FDG 2-[18F]fluoro-2-deoxyglucose 

[18F]FEtLos [18F]fluoroethyl-losartan 

[18F]FEtOTs 2-[18F]fluoroethyl-tosylate 

[18F]FPyKYNE 2- [18F]fluoro-3-pent-4-yn-1-yloxypyridine 

[18F]FSP5 18F-labeled Side-Product at ~5 min 

[18F]FV45 [18F]F-Valsartan 

ACE Angiotensin Converting Enzyme 

ACE2 Angiotensin Converting Enzyme two 

AMBF3 ammoniomethyltrifluoroborate 

ANG 1-7 Angiotensin 1-7 

ANG I Angiotensin I 

ANG II Angiotensin II 

AP A Aminopeptidase A  

AP N Aminopeptidase N  

AR Androgen Receptor 

ARBs Angiotensin II Receptor Blockers 

AT1R Angiotensin II Type 1 Receptor  



 
 

AT2R Angiotensin II Type 2 Receptor 

bFGF basic Fibroblast Growth Factor 

BSA Bovine Serum Albumin  

CAGE Chymostatin-sensitive Angiotensin II-Generating Enzyme 

CCN2/CTGF Connective Tissue Growth Factor 

CD31 Cluster of Differentiation 31 

COSY COrrelation SpectroscopY 

CPM Counts Per Minute 

CT Computed Tomography  

DMEM high glucose Dulbecco's Modification of Eagle Medium 

EMT Epithelial-Mesenchymal Transition 

ERK Extracellular signal-Regulated Kinase 

ESCC Esophageal Squamous Cell Carcinoma 

ET-1 Endothelin-1 

FBS Fetal Bovine Serum  

FOV Field Of View 

HMBC Heteronuclear Multiple-Bond Correlation 

HMQC Heteronuclear Multiple-Quantum Correlation 

HPLC High-Performance Liquid Chromatography 

IL 6 Interleukin 6 

JAK-II Janus Kinase 2 

Ki Inhibition constant 



 
 

LLC Lewis Lung Carcinoma 

log D7.4 Distribution coefficient at pH 7.4 

MAS-R MAS receptors 

MCP-1 Monocyte Chemoattractant Protein-1 

MS Mass Spectroscopy 

NF-κB Nuclear Factor kappa light chain enhancer of activated B 

cells 

NMR Nuclear Magnetic Resonance  

PBS Phosphate-Buffered Saline  

PCNA Proliferating-Cell Nuclear Antigen 

PDGF Platelet-Derived Growth Factor 

PET Positron Emission Tomography 

p.i. post injection 

PI3K / Akt Phosphatidylinositol 3-Kinases / protein kinase B 

PSA Prostate Specific Antigen 

QMA Quaternary Methyl Ammonium  

RAS Renin-Angiotensin System 

RCCD Rotatable Central Composite Design  

Rf Retention factor 

RPMI Roswell Park Memorial Institute medium 

RT-PCR Real-Time Polymerase Chain Reaction 

SD Standard Deviation 

SN2 Substitution Nucleophilic two  



 
 

SPE Solid-Phase Extraction  

SPECT Single Photon Emission Computed Tomography 

STAT3 Signal Transducer and Activator of Transcription 3 

TAC Time-Activity Curves  

TGF-β1 Transforming Growth Factor beta 1 

TLC Thin Layer Chromatography 

TNFα Tumor Necrosis Factor α 

VEGF Vascular Endothelial Growth Factor 
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1 INTRODUCTION 

Cancer is the second leading cause of death globally (WHO, 2018). 

Therefore, the early detection and accurate diagnosis are key actions to decrease 

the number of deaths associated with this pathology.  

Molecular imaging has become the most efficient tool for cancer 

diagnosis and therapy follow up. In particular, Positron Emission Tomography 

(PET) has been considered a valuable modality for cancer imaging because of its 

high sensitivity to detect cellular and molecular changes in vivo. In addition, the 

fusion of PET with Computed Tomography (CT) has been widely used in oncology 

since PET/CT imaging combines metabolic and morphological information (Treglia 

et al., 2014). Among the positron emitter radionuclides with a short half-life, 

fluorine-18 (18F) is the preferred one by many physicians because of its favorable 

nuclear and physical properties. This radionuclide has a high branching ratio for 

positron decay, a convenient short half-life of 110 minutes, and a low maximum 

energy of the emitted positron, which favors spatial resolution of PET imaging 

(Jacobson et al., 2015; Conti e Eriksson, 2016). [18F]fluorodeoxyglucose 

([18F]FDG) is the PET tracer most commonly used for cancer imaging worldwide. 

However, [18F]FDG uptake can also occur in benign conditions such as 

inflammation and infection (Vaidyanathan et al., 2015). Such disadvantages have 

driven the search for more specific radiotracers.  

During the last two decades, several different studies have 

demonstrated the role of the renin-angiotensin system (RAS) in the development 

and progression of cancer. Angiotensin II (ANG II) is the effector peptide that 

exerts most of the physiological functions of RAS, mainly through the angiotensin 

II type 1 receptor (AT1R). In cancer, activation of AT1R by ANG II triggers different 

mechanisms such as stimulation of vascular endothelial growth factor (VEGF) 

expression. AT1R protein expression has been found significantly upregulated in 

human cells and tumor tissues of breast, prostate, gastric, bladder, pancreatic, 

ovarian and endometrial-derived cancers compared to non-cancerous tissues 
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(Watanabe et al., 2003; Suganuma et al., 2005; Uemura et al., 2006; Tanaka et 

al., 2010; Du et al., 2012; Huang et al., 2014; Ishiguro et al., 2015). The 

antihypertension drug losartan, an inexpensive drug and selective AT1R 

antagonist, has been shown to inhibit breast (Coulson et al., 2017), gastric (Huang 

et al., 2014) and ovarian (Zhao et al., 2019) cancer development and metastasis 

suggesting that AT1R could be a potential therapeutic target to complement 

current cancer treatment. Hence, 18F-labeled losartan analogs may constitute 

promising radiotracers for PET imaging of AT1R-expressing tumors. Although a 

small number of AT1R radioligands have already been developed, no imaging 

studies aimed at identifying AT1R-positive tumors have been reported so far. 

A few analogs of losartan radiolabeled with carbon-11 (11C) and 18F 

have been used to quantify renal AT1R in non-cancerous conditions using PET. 2-

[18F]fluoro-3-pent-4-yn-1-yloxypyridine ([18F]FPyKYNE)-losartan was the first and 

only 18F-labeled losartan analog reported to date, to the best of our knowledge, 

synthetized by click chemistry. This radioligand showed high binding selectivity to 

renal AT1R in both rats and (Arksey et al., 2014; Hachem et al., 2016).  

Therefore, the aim of the work described in this thesis was to 

synthesize and evaluate two novel 18F-labeled losartan analogs, [18F]FEtLos and 

[18F]AMBF3Los, for PET imaging of AT1R-positive tumors. To accomplish this, less 

bulky and more hydrophilic 18F-linkers were used. In particular, the one-step 18F-

radiolabeling of the alkylammoniomethyltrifluoroborate (AMBF3) motif proved to be 

a very convenient approach for synthesizing PET tracers. For the first time, AT1R 

PET radioligands were evaluated in vivo using AT1R-positive cancer models. PET 

imaging of AT1R-positive tumors may allow the selection of patients who will 

benefit from the combined chemotherapy with ARBs. 
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2 OBJECTIVES 

2.1 General objective 

Synthesize and evaluate two novel AT1R radioligands [18F]FEtLos and 

[18F]AMBF3Los for PET imaging of AT1R-positive tumors. 

2.2 Specific objectives 

1 Synthesize and characterize by Mass Spectrometry (EM) and Nuclear 

Magnetic Resonance (NMR) the cold compounds FEtLos and AMBF3Los  

2 Perform the 18F-radiolabeling and quality control of the hot compounds 

[18F]FEtLos and [18F]AMBF3Los 

3 Assess the AT1R binding affinity and specificity of [19/18F]FEtLos and 

[19/18F]AMBF3Los  

4 Evaluate the tumor uptake and biodistribution pathways of [18F]FEtLos and 

[18F]AMBF3Los in AT1R-positive tumor-bearing mice 
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3 BIBLIOGRAPHIC REVIEW 

3.1 Cancer  

Cancer refers to a group of diseases characterized by an abnormal and 

uncontrolled cell growth in which cells may acquire the potential to invade other 

tissues (Saito et al., 2015). Tumors are considered benign if they lack the ability to 

invade neighboring tissue and grow locally, while malignant tumors have the ability 

to invade and metastasize (Saito et al., 2015). Metastasis is a multi-step process 

comprising local tumor invasion, entry into the vasculature and colonization of 

primary tumor cells to distant organs. This process involves an interplay between 

tumor cells and the surrounding microenvironment in order to sustain tumor 

survival in the new organs (Saito et al., 2015). 

Hanahan and Weinberg (2000; 2011) highlighted all the features that 

allow a normal cell to acquire tumorigenic properties and called them the 

“hallmarks of cancer”. The hallmarks of cancer comprise eight biological 

capabilities acquired during the multistep development of tumors. Their acquisition 

is made possible by two enabling characteristics (genome instability and mutation, 

and tumor-promoting inflammation), that are not hallmarks, but enable the 

hallmarks to happen. 

The hallmarks include: sustaining proliferative signaling; evading growth 

suppressors; avoiding immune destruction; enabling replicative immortality; 

activating invasion and metastasis; inducing angiogenesis; resisting cell death; 

and deregulating cellular energetics (Hanahan and Weinberg, 2011). The RAS has 

been associated with proliferative signaling, evasion to growth suppressors, 

induction of angiogenesis and resistance to cell death (Wegman-Ostrosky et al., 

2015). In fact, the use of RAS blockers has been suggested as chemo-

prophylactic agents for cancer prevention and coadjuvant drugs in cancer 

treatment (Wegman-Ostrosky et al., 2015; Zhao et al., 2019).  
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According to the World Health Organization, cancer is the second 

leading cause of death globally, and was responsible for 9.6 million deaths in 

2018. Cancers of the lung, colorectal, stomach, liver and female breast are ranked 

within the top five in terms of mortality (WHO, 2018; IARC, 2018). The increased 

cancer burden is due to many factors such as population growth, aging, and social 

and economic development (IARC, 2018). The International Agency for Research 

on Cancer showed that one in 6 women and one in 5 men worldwide are expected 

to develop cancer during their lifetime, while one in 11 women and one in 8 men 

die from the disease (IARC, 2018). Unfortunately, patients with cancer are 

frequently diagnosed at a late phase when treatment is ineffective. Therefore, 

there is an urgent need to develop efficient strategies for the early and accurate 

diagnosis of cancer. Several radiolabeled compounds have been designed, 

synthesized and evaluated as imaging tools for refined diagnostic applications 

such as cancer diagnosis and staging. The most widely used radiotracer for 

cancer diagnosis is [18F]FDG, which targets tumor metabolism. However, [18F]FDG 

accumulation is not specific of tumor cells and can be found in non-cancerous 

conditions like inflammation or infection. These limitations have led researchers 

from all over the world to look for more specific cancer biomarkers. 

3.2 Renin-Angiotensin System  

3.2.1 Physiology 

The Renin-Angiotensin System is a master regulator of blood pressure 

and fluid homeostasis (Crowley and Coffman, 2012), acting through different 

enzymes, peptides and receptors such as the AT1R (Figure 1).  

 

 

 

 

 

 



26 
 

Figure 1 – Schematic representation of the renin angiotensin system. The classical circulating RAS 

comprising the angiotensin II, formed by an ACE-dependent pathway, is represented by blue 

arrows. Red arrows represent the formation of other angiotensin peptides and the MAS receptor as 

part of the contemporary RAS. Black arrows indicate formation of ANG II by an ACE-independent 

pathway. 

 

Source: Modified from Paul et al. (2006); George et al. (2010); Crowley and Coffman (2012); 

Uehara et al. (2013); Rodrigues-Ferreira and Nahmias (2015); Xie et al. (2017). 

Angiotensinogen, the precursor of angiotensin, is an α-glycoprotein 

released from the liver to the systemic circulation (Paul et al., 2006), where it is 

cleaved by renin and converted to the decapeptide angiotensin I (ANG I). Renin is 

an enzyme secreted by the juxtaglomerular apparatus of the kidney in response to 

a decrease in arterial blood pressure or plasma sodium (Paul et al., 2006; George 

et al., 2010). ANG I is then converted to the octapeptide ANG II by the angiotensin 

converting enzyme (ACE), a membrane-bound metalloproteinase expressed in the 

luminal side of lung endothelial cells (Paul et al., 2006; George et al., 2010). ANG 

II binds with high affinity to two G-protein coupled receptors: Angiotensin II type 1 

(AT1R) and type 2 (AT2R) receptors, which leads to vasoconstriction, retention of 

water and sodium, thirst and salt-appetite sensations, and increases plasma 

aldosterone (George et al., 2010). AT1R activates growth-promoting pathways and 

mediates different actions such as vasoconstriction, stimulation of renal tubular 
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sodium reabsorption, release of aldosterone from the adrenal glomerulosa, cardiac 

contractility and stimulation of hypothalamic thirst sensors (Dasgupta and Zhang, 

2011; Crowley and Coffman, 2012). On the other hand, AT2R has opposite 

functions including vasodilatation, anti-proliferation, anti-fibrosis, hypotension, and 

anti-hypertrophic effects (Dasgupta and Zhang, 2011; Lau and Leung, 2011). 

AT1R can be found in many adult tissues such as kidney, liver, adrenal cortex, 

vasculature, heart, lung and brain, while AT2R expression is mostly found during 

fetal development, but can be present in adrenal medulla, uterus, ovarian follicles, 

kidney and brain (Ager et al., 2008; Dasgupta and Zhang, 2011; Crowley and 

Coffman, 2012). ANG II binds to AT1R through several interactions: Feng et al. 

(1995) reported that histidine183 and aspartate 281, both located in the extracellular 

domain of the AT1R, bind to the NH2-terminal aspartate1 and arginine2 residues of 

ANG II, respectively. Lysine199, present in the transmembrane-helix-5 of the AT1R, 

binds to the COOH-terminal alpha-carboxyl group of ANG II (Feng et al., 1995; 

Noda, Saad, Kinoshita, et al., 1995). Additional interactions were also reported, 

one between phenylalanine8 of ANG II with lysine199 and histidine256 of AT1R, and 

the other between tyrosine4 of ANG II and asparagine111 (Noda, Saad e Karnik, 

1995; Miura et al., 2011). 

Additional components of the system such as angiotensin converting 

enzyme two (ACE2), aminopeptidase A (AP A), aminopeptidase N (AP N), other 

angiotensin peptides (angiotensin 1-9, 1-7, III, IV) and MAS receptors (MAS-R) 

have been identified, representing the contemporary RAS (George et al., 2010; 

Rodrigues-Ferreira and Nahmias, 2015). Angiotensin 1-7 (ANG 1-7) is another 

important effector peptide that binds to the MAS-R, a G-protein coupled receptor. 

ANG 1-7 acts as a vasodilator (Ager et al., 2008). The MAS-R leads to 

vasodilatation, and has anti-proliferation, anti-hypertrophy and anti-fibrosis effects 

(Lau and Leung, 2011). Expression of the MAS-R was reported in kidneys, heart 

and eyes (Dias-Peixoto et al., 2012; Pinheiro and Simões E Silva, 2012; Vaajanen 

et al., 2015).  

ANG II may also be generated by an ACE-independent pathway, for 

instance, via chymase and chymostatin-sensitive angiotensin II-generating 

enzyme (CAGE)-dependent mechanisms (George et al., 2010; Uehara et al., 

2013).  
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Besides the circulating RAS, many organs have a local tissue RAS 

such as heart, ovary, brain, digestive organs and eyes (Paul et al., 2006; George 

et al., 2010; Ino et al., 2011; Giese and Speth, 2014).  

As RAS exerts fundamental control over sodium and water handling in 

the kidney, its dysregulation leads to blood pressure elevation with resulting in 

renal and cardiovascular damage (Crowley and Coffman, 2012). Atherosclerosis, 

ischemic disease, hypertension, heart failure, and other pathologies have been 

associated to the dysregulation of RAS (Rodrigues-Ferreira and Nahmias, 2015). 

Accordingly, several ACE inhibitors and AT1R blockers (for instance, losartan) are 

commercially available drugs that antagonize RAS in order to treat these 

pathologies. 

3.2.2 Role in cancer 

RAS components have been identified in several human cancers being 

the AT1R expression the most highlighted as mediator of the pro-tumor role of 

ANG II. AT1R is composed of 359 amino acids, with seven-transmembrane 

domains (Dasgupta and Zhang, 2011; Miura et al., 2011) and is encoded by one 

gene in humans (AGTR1), and two highly homologous isoforms (AGTR1A and 

AGTR1B) in rodents (George et al., 2010).  

AT1R expression was reported in human breast cancer cells (Du et al., 

2012; Chen et al., 2013), prostate (Uemura et al., 2003; Uemura et al., 2006; 

Kosaka et al., 2010), bladder (Kosugi et al., 2007; Tanaka et al., 2010), gastric 

(Carl-Mcgrath et al., 2007; Huang et al., 2008; Huang et al., 2014), glioblastoma 

(Juillerat-Jeanneret et al., 2004), pancreas (Gong et al., 2010; Lau and Leung, 

2011), ovarian (Suganuma et al., 2005), and endometrial (Watanabe et al., 2003). 

AT1R expression was also detected in tumor tissues from patients with breast 

cancer (Du et al., 2012; Chen et al., 2013; Coulson et al., 2017), prostate cancer 

(Uemura et al., 2003; Uemura et al., 2006; Guimond et al., 2013), pancreatic 

cancer (Arafat et al., 2007; Ishiguro et al., 2015), bladder cancer (Kosugi et al., 

2007; Tanaka et al., 2010), gastric cancer (Röcken et al., 2007; Huang et al., 

2014), ovarian carcinoma (Suganuma et al., 2005), endometrial carcinoma 

(Watanabe et al., 2003), colorectal carcinoma (Zhou et al., 2014), renal clear-cell 

carcinoma (Dolley-Hitze et al., 2010), and oral cancer (Chen, 2016), where it’s 

expression was significantly higher than in healthy tissues. Indeed, AT1R was 
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found to be weakly expressed in 14% of benign cystadenomas and overexpressed 

in 22% of the borderline of malignant tumors, and in 55% of invasive ovarian 

adenocarcinomas (Suganuma et al., 2005). In human colorectal tumor tissues, 

AT1R expression was positively correlated with cancer progression, liver 

metastasis and pathological stage (Zhou et al., 2014). These findings suggested 

that AT1R expression increases with the grade of malignancy. 

The biological actions and signaling mechanisms by which AT1R- 

pathway contribute to tumor biology have been intensively studied. AT1R mediates 

the anti-apoptotic role of ANG II in breast cancer cells through activation of 

phosphatidylinositol 3-kinases / protein kinase B (PI3K/Akt) signaling, and 

subsequent suppression of caspase-9 activation (Zhao et al., 2008). The activation 

of the ANG II/AT1R axis in breast cancer cells led to cell growth, increased levels 

of proliferating-cell nuclear antigen (PCNA) and cyclin D1 protein and decreased 

levels of the tumor suppressor p53 (Du et al., 2012). AT1R also mediated cell 

migration in breast cancer cells through PI3K/Akt and NF-kB (nuclear factor kappa 

light chain enhancer of activated B cells) pathways, and increasing the enzymatic 

activities of the matrix metalloproteinases MMP-2 and MMP-9 (Zhao et al., 2014). 

MMP-2 and -9 play a significant role in cancer invasion and metastasis by 

degrading the extracellular matrix and destroying the basement membranes (Zhao 

et al., 2014). Furthermore, AT1R overexpression promoted angiogenesis in vivo, 

and induced the epithelial-mesenchymal transition (EMT) by reducing E-cadherin 

expression and increasing EMT-related transcription factors such as phospho-

Smad3, Smad4 and Snail (Oh et al., 2016). EMT, characterized by the loss of cell 

polarity and cell-cell adhesion, is considered a critical step in cancer progression 

because it enhances cell migration and invasion (Oh et al., 2016). AT1R-

expressing breast tumors presented a high number of Ki-67-positive cells (a 

marker of cell proliferation), exhibited low levels of E-cadherin and upregulated 

MMP-9 (Oh et al., 2016) that conferred tumor cells an increased ability to migrate, 

invade and induce angiogenesis, thus promoting breast tumor growth. Mammary 

tumor progression was also enhanced by AT1R-dependent cytokine production 

(Coulson et al., 2017). 

It was also found that ANG II/AT1R signaling upregulated the 

expression of the transcriptional control gene PAX2 (paired box gene 2) in 

prostate cancer cells through phosphorylation of ERK1/2, JAK-II (Janus kinase 2), 
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and STAT3 (signal transducer and activator of transcription 3), increasing the 

proliferation of cancer cells (Bose et al., 2009). ANG II/AT1R signaling was also 

found to increase the protein levels of the androgen receptor (AR), the prostate 

specific antigen (PSA), NF-kB and c-myc. Knocking down of AT1R reduced the 

transcriptional level of AR, NF-kB and c-myc, resulting in a significant inhibition of 

cell growth (Hoshino et al., 2011). Additionally, AT1R was reported to induce the 

expression of the inflammatory cytokine MCP-1 (monocyte chemoattractant 

protein-1) via PI3K/Akt signaling pathway in prostate cancer cells, which led to 

macrophage infiltration and tumor cell proliferation (Shirotake et al., 2012). 

ANG II/AT1R signaling significantly stimulated VEGF expression in 

endometrial, ovarian, pancreatic, prostate, bladder and breast cancer, inducing 

angiogenesis and cell proliferation (Watanabe et al., 2003; Suganuma et al., 2005; 

Anandanadesan et al., 2008; Kosaka et al., 2010; Tanaka et al., 2010; Tanaka et 

al., 2011; Chen et al., 2013). In pancreatic cancer, VEGF production was found to 

be stimulated via AT1R - ERK1/2 -dependent mechanism (Anandanadesan et al., 

2008).  

In summary, AT1R is frequently expressed in human tumor cells and 

plays a significant role in proliferation, migration, invasion, angiogenesis and tumor 

survival through the activation of several downstream effectors such as kinases, 

transcription factors, matrix metalloproteinases, growth factors, and the 

suppression of caspases and p53. These findings suggest AT1R as potential 

cancer therapeutic target and a useful marker for the detection of tumors. Hence, 

the development of new radiotracers for the detection of AT1R-positive tumors may 

constitute a promising strategy for monitoring cancer treatment. 

3.3 Losartan 

The antihypertension drug losartan is a selective AT1R antagonist and 

inexpensive pharmaceutical widely used in the treatment of hypertension (Kim et 

al., 2014). Losartan is the commercial name of the compound 2-butyl-4-chloro-5-

hydroxymethyl-1-[(2´-(1H-tetrazol-5-yl)biphenyl-4-yl)methyl]-1H-imidazole (Figure 

2), which was initially known as “DuP 753”. The affinity of losartan for the AT1R is 

3000-fold higher than for the AT2R (Mathews e Szabo, 2010). 
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Figure 2 – Chemical structure of losartan 

 

Source: thesis author. 

When losartan was discovered as an antihypertensive molecule, 

several structure-activity studies uncovered that the tetrazole-containing group 

displayed the highest affinity for AT1R (Carini et al., 1991). Besides the tetrazole 

group, the imidazole ring was also described as an important site for AT1R binding 

and could be modified as following: (1) with an alkyl chain of 3-4 carbon atoms in 

length at the 2-position; (2) with a large, electronegative and lipophilic substituent 

in the 4-position; (3) with a hydrogen-bonding substituents in 5-position, but could 

also tolerate a wide range of groups (Carini et al., 1991). Further refinement with 

docking studies suggested that the salt bridge formed between the tetrazole 

moiety and the arginine residue of the AT1R is the key interaction site of losartan 

(Zhang et al., 2015). Therefore, a key feature of the binding of losartan to AT1R is 

the presence of a tetrazole moiety with mobile hydrogen. 

Losartan is the most commonly used AT1R blocker to study the role of 

AT1R in tumor growth and cancer progression. Several studies have demonstrated 

that losartan inhibits the tumor growth, angiogenesis, proliferation, migration, 

invasion and survival of tumor cells through blocking of AT1R (concentration of 

losartan ranging from 10 to 100 µM, for in vitro studies; and from 70 to 90 mg/kg in 

vivo studies in rodents) (Rivera et al., 2001; Arrieta et al., 2005; Anandanadesan 

et al., 2008; Zhao et al., 2008; Bose et al., 2009; Zhao et al., 2010; Chen et al., 

2013; Huang et al., 2014; Zhao et al., 2014; Oh et al., 2016; Coulson et al., 2017). 

Rivera et al. (2001) reported that the oral administration of losartan (80 mg/kg/d) to 

glioma C6-bearing rats, reduced up to 79% the tumor size with a significant 

decrease in the vascular density, mitotic index and cell proliferation. Using the 

same tumor model, Arrieta et al. (2005) further reported that treatment of rats with 

losartan (80 mg/kg/d) increased the apoptotic rate in vivo and decreased the 
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synthesis of VEGF, basic fibroblast growth factor (bFGF) and platelet-derived 

growth factor (PDGF).  

In breast cancer, in vitro studies have shown that losartan completely 

suppressed the anti-apoptotic effect of ANG II and significantly inhibited the cell-

cycle (S-phase) progression induced by ANG II (Zhao et al., 2008; Zhao et al., 

2010). Losartan also downregulated the expression of VEGF in MCF7 cells, and 

abolished MMP-2 and MMP-9 enzyme activity in MDA-MB-231 cells treated with 

ANG II (Chen et al., 2013; Zhao et al., 2014). In vivo studies showed that the 

administration of losartan (90 mg/kg) every other day to Balb/c female nude mice 

inoculated with AT1R-overexpressing MCF7 tumors, led to upregulation E-

cadherin, downregulation of vimentin and CD31-positive microvessels in both the 

peritumoral and intratumoral areas (Oh et al., 2016). Coulson et al. (2017) 

reported that the therapeutic inhibition of AT1R with losartan (70 mg/kg/d) in vivo 

inhibited mammary tumor progression from ductal carcinoma in situ to invasive 

cancer by significantly reducing tumor cytokine levels such as tumor necrosis 

factor α (TNFα) and interleukin 6 (IL 6) (Coulson et al., 2017). 

In addition, losartan blocked PAX2 phosphorylation stimulated by ANG 

II in prostate cancer cells (Bose et al., 2009) and induced the apoptosis of human 

pancreatic cancer cells while increasing the expression of cyclin-dependent kinase 

inhibitors (p21 and p27), p53 and Bax, caspase-3 activation and down-regulating 

Bcl-2 expression (Gong et al., 2010).  

Several authors have also mentioned synergistic effects of losartan and 

chemotherapeutic drugs, such as gemcitabine, against cancer. For instance, Kim 

et al. (2014) reported that pancreatic cancer cell proliferation was significantly 

reduced in cells treated with gemcitabine plus losartan than in cells only treated 

with each drug independently. Also, Zhao et al. (2019) reported that losartan 

treatment enhances the efficacy of paclitaxel in an experimental model of ovarian 

cancer and ovary cancer patients receiving angiotensin system inhibitors together 

with standard chemotherapy exhibited 30 months longer overall survival compared 

with patients on other antihypertensives. 

It has also been demonstrated that losartan exerts an antifibrotic role in 

tumors, enhancing drug and oxygen delivery to tumors. Chauhan et al. (2013) 

demonstrated that losartan decompressed the tumor blood vasculature by 

reducing stromal collagen and hyaluronan production via a decreased expression 
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of profibrotic signals such as TGF-β1 (transforming growth factor beta 1), 

CCN2/CTGF (connective tissue growth factor) and ET-1 (endothelin-1).  

These data suggest that losartan could be used to treat AT1R-positive 

tumors to improve chemotherapy outcomes. Therefore, the detection and 

quantification of AT1R on tumors using imaging modalities could guide cancer 

therapy in a non-invasive and more efficient way.  

3.4 Positron Emission Tomography/ Computed Tomography in Oncology 

The hybrid Positron Emission Tomography/Computed Tomography 

(PET/CT) system is an imaging modality widely used in nuclear medicine for 

diagnosing, staging and monitoring therapy in cancer patients. PET scan is a 

valuable method of cancer detection that provides a noninvasive metabolic and 

functional characterization of the tumor. CT scan, on the other hand, complements 

the PET scan by providing detailed information on the morphology, size and 

location of the tumor (Treglia et al., 2014). While PET scanners detects the 

coincidental photons produced by positron annihilation of radioisotopes, CT 

scanners use a rotating X-ray machine to image thin slices of the body to diagnose 

a wide variety of injuries (Weissleder and Pittet, 2008). 

PET is a molecular imaging technique which uses radiopharmaceuticals 

labeled with positron emitting radioisotopes (for example, 18F). PET allows the 

visualizing, characterizing and measurement of biological processes at the 

molecular and cellular levels in a living system through quantitative tomographic 

images (Vallabhajosula, 2007; Fukuda et al., 2013). The basis of PET imaging is 

the simultaneous detection of two 511-keV photons produced by positron 

annihilation (Chatziioannou, 2005). The emitted positrons travel a short distance 

inside the tissue and lose energy by excitation, ionization and radiation; they 

subsequently thermalize and are annihilated with nearby electrons emitting two 

511-keV photons in opposite directions (Figure 3). Because of the thermal 

vibrations in the tissues, these photons have an additional deviation of 180o from 

one another (Chatziioannou, 2005). 
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Figure 3 – Representative scheme of the basis of PET imaging: simultaneous detection of two 511- 

keV photons produced by positron annihilation. Positron range is the distance traveled by the 

emitted positron, on average, in the surrounding medium before reaching thermal energy in order 

to be annihilated. 

 

Source: Rahmim and Zaidi (2008).  

PET is a highly sensitive imaging system because of its ability to detect 

and record a higher percentage of emitted events compared to SPECT (single 

photon emission computed tomography) (Rahmim and Zaidi, 2008). PET 

sensitivity implies an improved image quality, the possibility to perform shorter 

scans and multiple scans of a patient at different fields of view in a reasonable 

time and, an improved ability to study dynamic biological processes (Rahmim and 

Zaidi, 2008). 

PET/CT fusion has notably improved imaging outcomes and is 

nowadays widely used in oncology: (1) to identify the site(s) of the primary tumor 

and metastasis; (2) for cancer staging; (3) to identify any residual disease after 

treatment; (4) to detect recurrences; (5) to measure tumor response to therapy 

and, (6) guide radiation therapy (Vallabhajosula, 2007). Therefore, PET/CT 

imaging is a powerful system to detect tumors and monitor anticancer therapy. 

3.5 Positron emitters  

Positron emission results from the radioactive decay of a proton-rich 

nuclides. It is known as a beta-plus (β+) decay where a proton (p) is converted into 

a neutron (n), a positron (e+) and a neutrino ( ) within the nucleus (Figure 4A). The 
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daughter nucleus has the mass number of the mother nucleus, and the atomic 

number minus one unit (Figure 4B). Beta-plus decay can occur only if the mass of 

the mother nuclide is at least two electron masses higher than the mass of the 

daughter nuclide (Lieser, 2001).  

Figure 4 – Beta-plus decay. General scheme of decay (A). Example scheme: β
+
 decay of 

18
F-

fluorine (B). 

                                   (A) 

  
     

      
                        (B) 

Source: thesis author. 

The characteristics of pure positron emitters are represented in Table 1. 

They are considered pure PET radioisotopes for lacking relevant contribution of 

gamma emissions in coincidence with the annihilation radiation (Conti and 

Eriksson, 2016). 

Table 1 – Positron-emitting radioisotopes 

Radioisotope Half-life Branching (β
+
) Emax (MEV) - β

+
 Rmax (mm) - β

+
 

15
O (oxygen-15) 2 min 99.9% 1.732 8.4 

13
N (nitrogen-13) 10 min 99.8% 1.199 5.5 

11
C 20.4 min 99.8% 0.960 4.2 

18
F 110 min 96.9% 0.634 2.4 

64
Cu (copper-64) 12.7 h 17.5% 0.653 2.5 

89
Zr (zirconium-89) 78.4 h 22.7% 0.902 3.8 

Source: Modified from Conti and Eriksson (2016). 

In particular, 18F has been recognized as the positron emitter with the 

most favorable properties for PET imaging.  18F has a high branching ratio for β+ 

decay (96.9%) and a convenient short half-life for longer PET scans and 

radiosynthesis compared with 15O, 13N and 11C. In contrast with those 

radionuclides, the half-life of 18F allows performing PET studies without having an 

on-site cyclotron. 18F displays a low maximum energy of the emitted positron 

(Emax) and subsequently, a short maximum range in water (Rmax), which favors 

spatial resolution of PET images (Cole et al., 2014; Jacobson et al., 2015; Conti e 
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Eriksson, 2016). The low positron energy also reduces the radiation dose to 

patients (Dollé, 2007).  

3.6 Production of fluorine-18  

The fluorine element belongs to the halogen family, represented by the 

group 17 in the periodic table, and possesses an atomic number of 9 and an 

atomic weight of 19. It has a small van der Waals radius (1.47 Ao) and it is the 

most electronegative element (3.98 Pauling scale) (Shah e Westwell, 2007). 

Fluorine-19 (19F) is the unique stable isotope of the fluorine element with a natural 

abundance of 100%. In contrast, 18F is radioactive and decays by positron 

emission into 18O. 19F and 18F are the most known isotopes of the fluorine element. 

In medicinal chemistry, the role of fluorine has been highlighted 

because it can reduce drug metabolism and influence membrane permeability by 

modulating the lipophilicity of compounds (Gillis et al., 2015). At the same time, the 

favorable properties of 18F for PET imaging are well-recognized in nuclear 

medicine.  

18F is readily available from cyclotrons and can be obtained in different 

chemical forms. Several nuclear reactions have been reported for the production 

of 18F (Lasne et al., 2002; Coenen, 2007 ) and are summarized in Table 2.  

Table 2 – Methods for 
18

F production.  

Entry Nuclear reaction Target Product 
Specific Activity 

GBq/µmol 

1 
18

O(p,n)
18

F H2
18

O [
18

F]F
–
 10–7000 

2 
18

O(p,n)
18

F 
18

O2, Kr (50 μmol F2) [
18

F]F2 0.6 

3 
16

O(
3
He,p)

18
F

 
H2O

 
[
18

F]F
–
 50 

4 
20

Ne(d,α)
18

F 0.1% F2 / Ne [
18

F]F2 0.030–0.370 

5 
20

Ne(d,α)
18

F
 

15% H2 / Ne [
18

F]HF 100–1000 

Source: Modified from Lasne et al. (2002); Coenen (2007). 

Proton irradiation of oxygen-18 (18O) (entry 1, Table 2), and helium-3 

(3He) irradiation of oxygen-16 (16O) (entry 3, Table 2) can produce aqueous 

[18F]fluoride ([18F]F–) for nucleophilic labeling methods. Deuterium (d) irradiation of 

neon-20 (20Ne) using 15% H2/Ne (entry 5, Table 2) as target can produce 
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[18F]hydrogen fluoride ([18F]HF), another nucleophilic specie; however, the use of 

the Ne/H2 target for [18F]HF production is still a complicated process (Lasne et al., 

2002). Although the proton irradiation of 18O increases the cost of 18F production 

due to the 18O enrichment of water, 18O(p,n)18F with the H2
18O (18O-enriched 

water) is the most used method to produce 18F to date because it yields no-carrier-

added 18F with a high specific activity. 

[18F]F2, on the other hand, can be obtained by proton irradiation of 18O 

(entry 2, Table 2) or deuterons irradiation of 20Ne (entry 4, Table 2), both gas as 

target materials. The produced [18F]F2 gas is adsorbed to the target walls 

(Coenen, 2007) and requires the addition of a carrier to extract 18F. Consequently, 

[18F]F2 gas is produced with low specific activity because 19F gas is used as a 

carrier in the process (Coenen, 2007 ; Jacobson et al., 2015). 

The specific activity of 18F in the irradiated target material is very 

important to obtain radiopharmaceuticals with an appropriate molar activity for in 

vivo use. The molar activity is defined as the measured radioactivity per mole of 

compound, expressed in Bq/mol or GBq/µmol. Taking into account the relatively 

low concentration of receptors (in target tissues about 10 pmol/mg tissue), the 

molar activity should be as high as possible to avoid saturation and to ensure 

maximal binding of the radioligand to the receptor (Elsinga, 2002). The addition of 

a carrier increases the mass of the final radiopharmaceutical, which may saturate 

the target receptor with non-radioactive ligand, thus reducing the PET signal (Cai 

et al., 2008 ; Jacobson et al., 2015). Furthermore, radiopharmaceuticals with high 

molar activity enable their administration to patients without toxic or 

pharmacological effects (Cai et al., 2008). Therefore, most of the reported 18F-

tracers have been synthetized using nucleophilic [18F]F– produced by the proton 

irradiation of H2
18O  (entry 1, Table 2). 

3.7 Radiolabeling with fluorine-18 

18F-labeled compounds are prepared using several methods, which 

may involve direct nucleophilic or electrophilic substitutions, indirect fluorination 

using prosthetic groups, click chemistry and 18F-19F isotope exchange reactions. 
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3.7.1 Nucleophilic [18F]fluorination 

Nucleophilic fluorination with [18F]F– usually provides 18F-tracers with 

high molar activity. However, [18F]F– is a poor nucleophile in water (Lasne et al., 

2002; Cole et al., 2014). 

[18F]F– is strongly hydrated because of the high charge density of anions 

(hydration enthalpy = 506 kJ/mol), which renders [18F]F– non reactive for 

nucleophilic reactions (Coenen, 2007 ). To overcome this, the aqueous solution of 

no-carrier-added [18F]F– is loaded onto anion exchange resins cartridges, eluted 

with a small volume of aqueous solution, and then dried by the successive 

additions of acetonitrile (MeCN) followed by azeotropic distillations. The 

quaternary methyl ammonium (QMA) anion exchange column is commonly used 

to concentrate the [18F]F– and consequently, recover the H2
18O. The [18F]F– 

trapped on the anion exchange column is usually eluted with MeCN / water 

mixture containing potassium carbonate (K2CO3) and kryptofix 222. Kryptofix 222 

(K222) is a phase transfer catalyst that complexes potassium while [18F]F– is eluted 

with a high nucleophilicity and solubility in organic solvents (Jacobson et al., 

2015). Once the [18F]F– is dehydrated, the nucleophilic [18F]fluorination takes place 

in aliphatic or aromatic positions.  

3.7.1.1 18F-Nucleophilic aliphatic substitution 

The aliphatic nucleophilic substitution with [18F]F– requires precursors 

containing an appropriated leaving group and occurs through a nucleophilic 

bimolecular (SN2) reaction in polar aprotic solvents (Coenen, 2007 ; Jacobson et 

al., 2015). The SN2 mechanism involves the attack of a nucleophile to the carbon 

atom and, simultaneously, a leaving group is displaced; it is also characterized by 

the inversion of configuration at the carbon atom under attack (Clayden, J. et al., 

2012). The rate of SN2 reaction is higher for less substituted compounds, and 

depends both on the nucleophile and on the carbon skeleton, along with the 

leaving group, the temperature and the solvent (Clayden, J. et al., 2012). 

Sulfonate esters (triflate, mesylate, tosylate) and halogens (chlorine, bromine and 

iodine) are examples of widely used leaving groups (Coenen, 2007 ; Jacobson et 

al., 2015). Methyl and primary alkyl groups reacts faster by the SN2 mechanism 

(Clayden, J. et al., 2012).  
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18F-labeling conditions, through SN2 reactions, involve temperature 

ranging from 80 oC to 160 oC for 10 to 30 min (Elsinga, 2002). Although dimethyl 

sulfoxide (DMSO) and N,N- dimethylformamide (DMF) may be used as solvents, 

MeCN is the most commonly used because it can be easily removed by 

evaporation facilitating the purification of labeled compounds by High-Performance 

Liquid Chromatography (HPLC)  (Elsinga, 2002). DMSO and DMF are preferably 

used in radiofluorinations performed at temperatures higher than 100 oC. In 

addition, elimination reactions can compete with nucleophilic substitution because: 

(1) fluoride is a strong base in polar aprotic solvents; (2) the reaction mixture is 

basic, and (3) in general the reaction is set at high temperature (Coenen, 2007; 

Clayden, Jonathan et al., 2012). 

3.7.1.2 18F-Nucleophilic aromatic substitution 

Nucleophilic aromatic substitution takes place in activated aromatics by 

the electron withdrawing inductive effect of substituents in ortho or para position to 

the leaving group on the phenyl ring (Lasne et al., 2002; Coenen, 2007 ; Jacobson 

et al., 2015). The activating aryl substituents may be nitro, ciano, trifluoromethyl 

and carbonyl groups (Lasne et al., 2002; Coenen, 2007 ; Jacobson et al., 2015). 

Nitro groups and trimethylammonium salts are considered good leaving groups 

and can enhance the fluorination yields (Lasne et al., 2002; Coenen, 2007). 

Aromatic fluorination on trimethylammonium groups usually requires temperatures 

between 100 and 110 oC, while higher temperatures (120 – 180 oC) are needed for 

substitution of the nitro group (Jacobson et al., 2015). No-carrier-added 

nucleophilic aromatic substitutions also call for polar aprotic solvents such as 

MeCN, DMF or DMSO (Jacobson et al., 2015). A major advantage of the 18F-

tracers prepared by aromatic [18F]fluorination is the generally good metabolic 

stability (Coenen, 2007).  

3.7.2 Electrophilic [18F]fluorination 

On the other hand, electrophilic 18F-substitution may be another 

synthetic method to develop 18F-tracers whose precursors are unavailable to no-

carried-added nucleophilic 18F-substitution, for instance, radiolabeling of electron-

rich aromatic rings and alkenes (Coenen, 2007 ; Jacobson et al., 2015). 

Electrophilic [18F]fluorinations are performed with the carrier-added [18F]F2 gas, 

which is produced with low specific activity (Coenen, 2007 ; Jacobson et al., 
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2015). So, it is expected that the resulting 18F-tracers will have low molar activities, 

which is undesirable for ligand-receptor binding studies.  

[18F]F2 gas is highly reactive and can be used for the electrophilic 

[18F]fluorination directly from the target (Coenen, 2007). However, the high 

reactivity of [18F]F2 gas leads to low selectivity and reduced radiochemical yields 

(Cole et al., 2014). In order to increase the yield and selectivity, [18F]F2 must be 

converted into a less reactive species such as [18F]acetylhypofluorite 

([18F]CH3COOF) and [18F]xenon difluoride ([18F]XeF2), which are then used as 

intermediate electrophilic fluorination reagents (Coenen, 2007 ; Cole et al., 2014; 

Jacobson et al., 2015). The electrophilic derivatives of [18F]F2 also drive to low 

regioselectivity and undesired radical side reactions (Coenen, 2007 ; Jacobson et 

al., 2015). 

In addition, electrophilic 18F-substitution reactions have a theoretical 

maximum radiochemical yield of 50% (Coenen, 2007 ; Cole et al., 2014; Jacobson 

et al., 2015). This 50% radiochemical yield is due to the carrier 19F gas, and 

consequently, every [18F]F2 molecule carries only one 18F atom (Coenen, 2007 ). 

Besides, the purification of the desired labeled product is a challenge due to the 

resulted mixture of fluoro isomers (Coenen, 2007 ; Cole et al., 2014; Jacobson et 

al., 2015), and the electrophilic synthesis of [18F]FDG is an example of purification 

complexity (Yu, 2006). 

3.7.3 [18F]Fluorination using prosthetic groups 

Although direct [18F]fluorination is attractive for the development of PET 

tracers because it is faster and the final target molecule is obtained with lower 

degree of chemical modifications, most of the time it is not feasible. Direct 

fluorination usually requires high temperatures and non-physiological pH that can 

be harsh to precursors such as peptides, proteins and oligonucleotides (Jacobson 

et al., 2015). In most cases, the chemical structure of the target precursor for 18F-

radiolabeling needs to be modified, for instance, converted to a hydroxyl moiety 

into a tosyl group, and other moieties need to be protected in order to be able to 

react with 18F without the formation of undesirable labeled compounds. Hence, 

radiochemists often perform 18F-radiolabeling using prosthetic groups (indirect 

fluorination). 
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An indirect fluorination implies the 18F-radiolabeling of a small 

compound (also called prosthetic group) and then, a reaction with the target 

precursor. The 18F-labeled prosthetic group is usually prepared through 

nucleophilic or electrophilic reactions, and purified before the following reaction by 

HPLC or solid-phase extraction (SPE) techniques. Almost every molecule 

containing protic functional groups such as an amino or hydroxyl group can be 

radiolabeled via prosthetic groups (Coenen, 2007 ). Examples of indirect 

fluorination widely used are the fluoroalkylation and click chemistry reactions. 

3.7.3.1 2-[18F]Fluoroethyl-tosylate as a fluoroalkylating agent 

2-[18F]Fluoroethyl-tosylate ([18F]FEtOTs) is usually used to prepare PET 

tracers (Kniess et al., 2015) since it is easy to prepare, presents low volatility, is 

stable and has a good balance between reactivity of the tosylate leaving group, 

chemo-selectivity and hydrolytic stability (Schoultz et al., 2013; Kniess et al., 

2015). Moreover, [18F]fluoroethyl and [11C]methyl groups may be coupled to the 

same functional group, and therefore, the same precursor may be radiolabeled 

with 18F or 11C (Kniess et al., 2015). 

3.7.3.2 Click chemistry: Copper (I)-catalyzed azide-alkyne cycloaddition   

Click chemistry has become a very attractive strategy in the design and 

synthesis of PET imaging radiotracers. Wang et al. (2012) reported that the high 

yields reached with this type of synthesis and the high stability of the products for 

in vivo imaging have stimulated its use in the field of molecular imaging. Click 

reactions occur in mild conditions and the final products are obtained with high 

yield, stereospecificity and are easily purified by non-chromatographic methods 

(Pretze et al., 2013).  

In particular, the copper (I)-catalyzed Huisgen 1,3-dipolar cycloaddition 

of azides with terminal alkynes is the most commonly used click reaction 

(Schirrmacher, 2007; Glaser and Robins, 2009; Wang et al., 2012; Jacobson et 

al., 2015). The copper (I)-catalyzed azide−alkyne cycloaddition yields 1,4-

disubstituted 1,2,3-triazoles which are metabolically stable under physiological 

conditions (Glaser and Robins, 2009; Pretze et al., 2013). The reaction shows an 

outstanding efficiency, regiospecificity and fast formation of the 1,4-disubstituted 

1,2,3- triazoles at room temperature (Kettenbach et al., 2014). In contrast, at high 

temperatures and without copper (I) catalyst, organic azides react with alkynes in 
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the Huisgen cycloaddition and produce both 1,4- and 1,5-disubstituted 1,2,3-

triazoles regioisomers (Pretze et al., 2013). The in situ reduction of copper (II)- 

salts by sodium ascorbate has been considered as the better pathway to prepare 

the copper (I) catalyst (Rostovtsev et al., 2002). The reaction mechanism 

proposed by Worrell et al. (2013) involves two copper atoms: (1) formation of the 

copper-Π-complex, (2) copper-acetylide-Π-complex, (3) azide addition, (4) triazol 

copper derivative and (4) protolysis (Pretze et al., 2013). 

Although click reaction does not require a protecting group (Pretze et 

al., 2013), azide and alkyne functional groups are not usually present in 

biomolecules; thus, their introduction into the target precursor involve additional 

synthetic steps before performing click reactions. The prosthetic group containing 

azide or alkyne functional group is 18F-labeled and then, the radio-click reaction 

takes place. Finally, it is crucial the total removal of the copper from the final 

formulation containing the radiotracer because of its in vivo cytotoxicity 

(Kettenbach et al., 2014). 

3.7.4 18F-19F isotope exchange using organotrifluoroborates approach 

New PET tracers have been synthetized by the formation of B-18F 

instead of the C-18F linking. In particular, the one-step 18F-labeling of 

organotrifluoroborates using the AMBF3 motif is a very attractive approach recently 

developed by Perrin´s group to design and synthesize 18F-tracers (Liu, 

Pourghiasian, Radtke, et al., 2014). The AMBF3 motif may be coupled to the 

biomolecule by a copper (I)-catalyzed alkyne-azide cycloaddition (click-reaction) 

and then the radiolabeling step is performed (Liu, Pourghiasian, Radtke, et al., 

2014; Liu, Z. et al., 2015). The radiolabeling is conducted with no-carrier-added 

[18F]F- by a 18F-19F isotope exchange reaction in acidic aqueous media yielding 

18F-labeled products with in vivo stability, high molar activity and high 

radiochemical purity without requiring further HPLC purification (Liu, Pourghiasian, 

Radtke, et al., 2014; Liu, Radtke, et al., 2014; Liu, Z. et al., 2015; Pourghiasian et 

al., 2015). The overall synthesis takes around 30-40 minutes and the labeled 

product can be purified by SPE techniques.  

In brief, the selected method for developing 18F-tracers should produce 

target-specific and stable radiotracers using synthetic procedures that can be 

automatized for daily clinical routine.  
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3.8 AT1R PET radioligands 

Several AT1R PET ligands have been radiolabeled with 11C and 18F 

(Figure 5), and evaluated in animals (mice, rats, dogs, baboon, pigs, rhesus 

macaques) and humans (Szabo et al., 1998; Mathews et al., 2004; Zober et al., 

2006; Hadizad et al., 2009; Mathews e Szabo, 2010; Iimori et al., 2011; Chopra, 

2012; Noda et al., 2012; Gulaldi et al., 2013; Lortie et al., 2013; Arksey et al., 

2014; Ismail et al., 2015; Hachem et al., 2016; Chen et al., 2018). 

Figure 5 – Reported AT1R PET radioligands  

 

Source: thesis author. 
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3.8.1 AT1R radioligands labeled with 11C 

According to the scientific literature, [11C]MK-996 was the first 11C-

labeled ligand prepared  to study AT1R via PET imaging. [11C]MK-996 was 

synthesized by N-benzoylation of the benzenesulfonamide precursor with [α-

11C]benzoyl chloride in 38 minutes using a two-step synthesis and two HPLC 

purifications (Mathews et al., 1995). Despite the good imaging results in dogs, the 

radiosynthesis of [11C]MK-996 was very laborious involving several steps of HPLC 

purification, and the authors later developed the radiotracer [11C]L-159,884 that 

was prepared within 18 minutes with a higher molar activity using a single step 

synthesis followed by HPLC purification (Hamill et al., 1996). [11C]L-159,884 was 

synthesized via methylation of the phenol precursor with [11C]methyl iodide (Hamill 

et al., 1996), and was successfully used in dogs to study AT1R renal regulation in 

vivo (Szabo et al., 2001; Zober et al., 2008). However, in vivo studies in humans 

revealed that [11C]L-159,884 is an unsuitable tracer because of its rapid 

metabolism (Mathews e Szabo, 2010).  This same research group also developed 

[11C]KR31173, which was prepared in 25 minutes through 11C-methylation 

reaction, followed by acidic deprotection and HPLC purification (Mathews et al., 

2004). PET imaging studies showed that [11C]KR31173 binds specifically to renal 

AT1R in mice, dogs, baboon (Zober et al., 2006), and to myocardial AT1R in pigs 

(Fukushima et al., 2012). The first study in four healthy volunteers with 

[11C]KR31173 showed detectable and specific myocardial tracer retention, 

although at a lower level than in pigs (Fukushima et al., 2012). Interestingly, 

myocardial AT1R imaging with [11C]KR31173 in patients with hypertrophic 

obstructive cardiomyopathy showed an abnormal increase of AT1R expression in 

hypertrophic regions compared to healthy volunteers (Valenta et al., 2017), 

demonstrating the potential of this PET tracer for the diagnosis of myocardial AT1R 

in diseased conditions.  

AT1R PET tracers were also developed for brain imaging studies. 

[11C]methyl-candesartan and its derivative [11C]TH4 were synthetized in 

approximately 30 minutes by the 11C-methylation of tetrazole-protected 

candesartan followed by acidic hydrolysis and HPLC purification (Hadizad et al., 

2009). Ex-vivo biodistribution studies in rats revealed that both radioligands 

displayed a high uptake in the liver and kidneys; however, none of them crossed 
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the blood-brain barrier (Hadizad et al., 2009). Nonetheless, PET imaging also 

showed in vivo selective binding of [11C]methyl-candesartan to AT1R in rat kidneys 

(Lortie et al., 2013).   

 [11C]Telmisartan, another AT1R PET tracer, was prepared by the 11C-

methylation of the precursor N-desmethyl telmisartan methyl ester, basic 

hydrolysis and HPLC purification with an overall synthesis time of 32-36 minutes 

(Iimori et al., 2011). The biodistribution of [11C]telmisartan was analyzed by PET 

imaging in conscious rhesus macaques to investigate the brain concentration and 

localization of telmisartan. This tracer showed little brain penetration but slow brain 

clearance compared to the plasma clearance (Noda et al., 2012). According to 

recent literature, [11C]telmisartan is the only tracer described that is capable to 

cross the blood-brain barrier, thus allowing AT1R brain imaging. 

In addition, other 11C-labeled Angiotensin II Receptor Blockers such as 

[11C]methyl-losartan and [11C]methyl-EXP3174 were synthetized and evaluated as 

renal AT1R PET tracers in rats. EXP3174 is the active carboxylic acid metabolite of 

losartan, which is formed from losartan oxidation by hepatic cytochromes P450 

(Yasar U et al., 2001). Both radioligands were prepared by the 11C-methylation of 

tetrazole-protected losartan and tetrazole-protected EXP3174, respectively, 

followed by acid removal and HPLC purification, with a total preparation time of 

approximately 30 minutes (Hadizad et al., 2011; Ismail et al., 2015). Although both 

radioligands bound selectively to renal AT1R, PET images using [11C]methyl-

EXP3174 displayed a high tissue-to-blood ratio signal in the rat kidney (Ismail et 

al., 2015). 

3.8.2 AT1R radioligands labeled with 18F 

[18F]FPyKYNE-losartan was the first AT1R PET ligand labeled with 18F. 

This radioligand was synthetized using a copper (I)-catalyzed click reaction 

between the correspondent 18F-labeled terminal alkyne and azide-modified 

tetrazole-protected losartan, and followed by acidic deprotection and HPLC 

purification (Arksey et al., 2014). In vitro saturation binding studies showed that 

[18F]FPyKYNE-losartan bound with high affinity to the renal cortex AT1R (with a 

dissociation constant of 49.4 nM and maximal binding of 348±112 fmol/mm2) 

(Hachem et al., 2016). Additionally, PET imaging of rats and pigs with 

[18F]FPyKYNE-losartan exhibited a high tissue contrast in kidneys with slow 
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clearance and binding selectivity for renal AT1R (Arksey et al., 2014; Hachem et 

al., 2016). However, the tracer antagonized the ANG II pressor effect with 4-fold 

potency reduction relative to losartan (Hachem et al., 2016).  

[18F]F-Valsartan (FV45) was the last PET AT1R ligand recently reported. 

[18F]FV45 was prepared in 120 minutes by one-pot nucleophilic 18F-fluorination 

and followed by deprotection procedure and HPLC purification (Chen et al., 2018). 

Competitive binding assays revealed similar binding affinity between the cold 

FV45 (14.6 ± 10.0 nM) and the antagonist valsartan (11.8 ± 3.4 nM); the µPET/CT 

imaging in control rats showed a fast clearance and specific kidney uptake which 

was reduce after pretreatment with the AT1R blocker valsartan (Chen et al., 2018). 

Although the chemical modifications are minor in comparison with the chemical 

structure of valsartan, more than ten synthetic intermediaries are needed to 

synthetize the precursor of [18F]FV45, which makes its use in AT1R imaging not 

attractive. 

In conclusion, most of the PET AT1R radioligands described so far were 

radiolabeled with 11C, which is considered a disadvantage for PET imaging when 

compared to 18F. Moreover, all described radioligands were characterized for their 

affinity to renal AT1R and showed binding selectivity to AT1R in vivo. However, no 

PET imaging tracer with affinity for AT1R has been considered for cancer imaging 

so far. Indeed, to the best of our knowledge this thesis is the first report on 18F-

labeled AT1R ligands for PET imaging of tumors.  

3.9 Final considerations 

The renin angiotensin system seems to have a powerful connection 

with tumor development and cancer progression. Expression of angiotensin II type 

1 receptor has been reported in several types of human cancer cells and tumor 

tissues from patients with cancer. AT1R signaling in tumors can lead to 

proliferation, migration, invasion, angiogenesis, tumor growth and survival of tumor 

cells through the activation of kinases, transcription factors, matrix 

metalloproteinases, growth factors, and suppression of caspases and p53. 

Losartan, a selective AT1R blocker, was previously radiolabeled to detect and 

quantify AT1R in kidneys using PET imaging. Hence, PET/CT imaging with 18F-

labeled losartan analogs could be a promising strategy for in vivo and non-invasive 

diagnose of AT1R-positive tumors. Both [18F]fluoroethylation of losartan or AMBF3 
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18F-labeling approach may represent promising synthetic routes for preparing new 

18F-labeled losartan analogs. 
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4 MATERIALS AND METHODS 

4.1 Chemicals, instrumentation and general methods 

All chemicals and solvents were purchased with analytical grade from 

Ontario Chemicals (Canada), Sigma Aldrich (Brazil, Canada) and Fisher Scientific 

(EUA), and used without further purification. The cold compound FEtLos was 

synthesized at the School of Pharmaceutical Sciences of Ribeirão Preto, 

University of São Paulo, Ribeirão Preto, Brazil; whereas the cold AMBF3Los was 

synthetized at the BC Cancer Research Centre, Vancouver, British Columbia, 

Canada. The fluoroalkylating agent 2-fluoroethyl tosylate was prepared according 

to the literature (Bernard-Gauthier et al., 2015). High Resolution Mass 

Spectrometry (HRMS) and Nuclear Magnetic Resonance experiments were 

recorded on a Bruker Daltonics micrOTOF-Q II ESI-Qq-TOF spectrometer and 

Bruker Avance DRX 300, DPX 400, DPX 500 equipments, respectively, in Brazil. 

Chemical shifts (δ) were reported in parts per million (ppm) relative to an internal 

tetramethylsilane standard. Coupling constants (J) were reported in Hertz (Hz). 

Multiplicity was defined by singlet (s), doublet (d), triplet (t), quintet (q), sextet (sx), 

septet (sept), doublet of doublets (dd), or multiplet (m). Samples were dissolved in 

chloroform-d (CDCl3), dimethyl sulfoxide-d6 (DMSO) or acetonitrile-d3 (CD3CN). 

Only the AMBF3-alkynyl (6) and the synthetic intermediate (5) were analyzed on a 

5600 mass spectrometer (AB/Sciex) in Canada. 

[18F]AMBF3Los was prepared using manipulators to handle high 18F 

activity. [18F]F- was produced by the 18O(p,n)18F reaction using H2
18O target in an 

Advanced Cyclotron Systems Inc. (Richmond, Canada) TR19 cyclotron. µ-QMA 

and Sep-Pak C18 light cartridges were obtained from ORTG Inc. (Oakdale, TN), 

and Waters (Mississauga, Canada) respectively. A Capintec (Ramsey, NJ) CRC®-

25R/W dose calibrator was used to measure the activity of fluorine-18. Agilent 

(Santa Clara, CA, USA) HPLC systems were used to purify the cold AMBF3Los 

and the azide-losartan precursor, and to perform the purification 
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and quality control of [18F]AMBF3Los. HPLC systems were equipped with a model 

1200 UV absorbance detector, a Bioscan (Washington DC, USA) NaI scintillation 

detector, and a model 1200 quaternary pump. The radio‐detector was connected 

to a Bioscan B‐FC‐1000 flow‐count system, and the output from the Bioscan flow‐

count system was fed into an Agilent 35900E Interface which converted the analog 

signal to digital signal (Gonçalves Nunes et al., 2018). The Agilent ChemStation 

software was used to control the Agilent HPLC systems. The methods used for 

HPLC purification and quality control were the following ones. Method A: 

Phenomenex Luna C18 semi-preparative column (5 µ, 250 x 10 mm), solvent A: 

0.1% trifluoroacetic acid (TFA) water, solvent B: MeCN, 40:60 B / A, 0-10 min, 40-

100% B, 11-15 min, 100% B, 15-25 min, 4 mL/min, 254 nm. Method B: 

Phenomenex Luna C18 semi-preparative column (5 µ, 250 x 10 mm), solvent A: 

Milli-Q water, solvent B: MeCN, 20:80 B / A, 0-10 min, 40:60 B / A, 11-25 min, 4 

mL/min, 254 nm. Method C: Phenomenex Luna C18 semi-preparative column (5 

µ, 250 x 10 mm), 60:40, 0.1% TFA water / 0.1% TFA acetonitrile, 4.5 mL/min. 

Method D: Phenomenex analytical Luna C18 column (5 µ, 250 x 4.6 mm), solvent 

A: 0.1% TFA water, solvent B: 0.1% TFA MeCN, 60:40, A / B, 2 mL/min. The hot 

ligand [125I]-(Sar1,Ile8)-Angiotensin II (81.4 TBq/mmol) and the membranes 

expressing the human AT1R from CHO-K1 cells were purchased from Perkin 

Elmer (USA) for the in vitro competition binding assays. Balb/c mouse plasma was 

purchased from Innovative Research.  A WIZARD 2480 gamma counter 

(PerkinElmer) was used to count the radioactivity of the samples from in vitro 

binding assays and ex vivo biodistribution studies. PET imaging experiments were 

executed using a Siemens (Malvern, PA) Inveon µPET/CT scanner. A Typhoon 

FLA 9500 scanner (GE Healthcare) was used for autoradiography studies. 

The manual syntheses of [18F]FEtOTs, [18F]FEtLos and [18F]AMBF3Los 

were performed at the Radiopharmacy Center, IPEN, SP, Brazil. No carrier-added 

[18F]F- was produced by the 18O (p,n) 18F nuclear reaction in a 18-MeV cyclotron 

(IBA, Belgium) using H2
18O target. Sep-Pak Light QMA cartridges (Waters, Brazil) 

were pre-conditioned with 10 mL of 0.5-M K2CO3, followed by 20 mL of Milli-Q 

water and purged with air. Sep-Pak C18 Plus cartridges were obtained from 

Waters (Brazil) and pre-conditioned with 5 mL of ethanol and 10 mL of Milli-Q 

water. µ-QMA cartridges were always flushed with 3-mL brine and 6-mL Milli-Q 

water before [18F]F- trapping. Sep-Pak C18 light cartridges (Waters, Brazil) were 
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preconditioned with 3-mL ethanol and 3-mL of Milli-Q water. Radioactivity 

measurement of fluorine-18 was performed using a Capintec radioisotope dose 

calibrator (CRC-15R, New Jersey, USA). Agilent HPLC system (USA) was used 

for the purifications and quality control of the 18F-labeled compounds. HPLC 

system are equipped with a model 1260 quaternary pump, a model 1260 UV 

absorbance detector, and a radioactivity detector from Raytest (Germany). The 

Agilent ChemStation software was used to operate the Agilent HPLC systems. 

The methods used for HPLC purification and quality control are the following ones. 

Method E: Agilent analytical Zorbax Eclipse Plus C18 column (5 µ, 250 x 4.6 mm), 

solvent A: 0.1% TFA water, solvent B: MeCN, 55:45 A / B, 1 mL/min, 254 nm. 

Method F: Phenomenex Nucleosil C18 semi-preparative column (5 µ, 250 x 10 

mm), solvent A: 0.1% TFA water; solvent B: MeCN, 50:50 A / B, 3 mL/min, 254 

nm. Method G: Phenomenex Nucleosil C18 semi-preparative column (5 µ, 250 x 

10 mm), solvent A: 0.1% TFA water, solvent B: MeCN, 55:45 A / B, 3 mL/min, 254 

nm. Method H: Agilent analytical Zorbax Eclipse Plus C18 column (5 µ, 250 x 4.6 

mm), solvent A: 0.1% TFA water, solvent B: MeCN, 0-15 min, 55:45 A / B, 15-20 

min, 45-100% B, 20-30 min, 100% B, 1 mL/min, 254 nm. Method I: Agilent 

analytical Zorbax Eclipse Plus C18 column (5 µ, 250 x 4.6 mm), solvent A: 0.1% 

TFA water, solvent B: MeCN, 0-30 min, 0-100% B, 1 mL/min, 254 nm. The 

radioactivity of the samples from in vitro binding assays and ex vivo biodistribution 

studies were counted with a Cobra II gamma counter (Packard). The hypoxic 

chamber H35 hypoxystation (Don Whitley Scientific Ltd, Shipley) was used to 

simulate hypoxic conditions. PET imaging was performed using an Albira 

µPET/SPECT/CT imaging system (Bruker Corporation, Spain). 

4.2 Chemistry 

4.2.1 Synthesis of the cold FEtLos 

The cold FEtLos (1a) was prepared following two synthetic routes 

represented by scheme 1.  
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Scheme 1 – The synthesis of the cold FEtLos (1a) by alkylation of losartan potassium commercially 

available provided the regioisomers 1a and 2a (A); while alkylation of compound 3 followed by trityl 

removal only delivered the derivative 1a (B). 

 

Source: thesis author. 

2-butyl-4-chloro-5-(hydroxymethyl)-1-[(2´-(1H-(1-(triphenylmethyl))tetrazol-5-yl) 

biphenyl-4-yl)methyl]-1H-imidazole (3) 

Compound 3 was synthetized according to the literature (Hadizad et al., 

2011). Trityl chloride (1.7 g, 6.1 mmol) was added to an ice-cooled solution of 

losartan potassium (2 g, 4.3 mmol) and triethylamine (0.86 mL, 0.62 g, 6.1 mmol) 

in anhydrous DMF (10 mL). The reaction was set at 0 oC for 1 h under stirring and 

then, at room temperature (22 oC) overnight (21 hrs). Thin layer chromatography 

(TLC) was used to monitor the completion of the reaction (silica gel, retention 

factor (Rf) of 3 = 0.5 using 50:50 hexane / ethyl acetate, and Rf of 3 = 0.8 using 

30:70 hexane / ethyl acetate), and then, the reaction was quenched and the 

product extracted with ethyl acetate and brine. The organic layer was dried over 

magnesium sulfate (MgSO4), filtered and the solvent was evaporated. The residue 

was purified by flash column chromatography (silica gel, hexane / ethyl acetate, 

50:50) to obtain 3, that was then analyzed by 1H NMR (proton NMR), (1H,1H)-

COSY (Correlation Spectroscopy), and HRMS. 
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2-butyl-4-chloro-5-(2-fluoroethoxy)methyl-1-[(2´-(1H-(1-(triphenylmethyl))tetrazol-5-

yl) biphenyl-4-yl)methyl]-1H-imidazole (4a) 

2-Fluoroethyl-tosylate (28 μL, 37 mg, 0.17 mmol) was added dropwise 

to an ice-cooled solution of 3 (50 mg, 0.11 mmol) and sodium hydride (NaH, 3.6 

mg, 0.15 mmol) in anhydrous DMF (400 μL) under stirring and argon atmosphere. 

The reaction mixture was stirred at 0 oC for 30 minutes, and then, at 80 oC for 2 

hrs (the reaction color changed from transparent to yellow). The formation of the 

product was monitored by TLC (silica gel, toluene / ethyl acetate, 90:10, Rf = 0.5). 

Afterwards, the reaction was quenched by dripping deionized water. Crude 

product was extracted by ethyl acetate (3 times) using brine as the aqueous 

phase. The organic layers were pool together, dried over MgSO4, filtered and the 

solvent was evaporated. The residue was purified by flash column 

chromatography (silica gel, toluene / ethyl acetate, 90:10, Rf = 0.5) to obtain 4a, 

which was then analyzed by 1H NMR, 13C NMR (Carbon NMR), 19F NMR (Fluorine 

NMR), (1H,1H)-COSY and HRMS. 

2-butyl-4-chloro-5-(2-fluoroethoxy)methyl-1-[(2´-(1H-tetrazol-5-yl)biphenyl-4-yl) 

methyl]-1H-imidazole (1a) 

According to the scheme 1A, a solution of losartan potassium (100 mg, 

0.22 mmol) in anhydrous DMF (500 μL) was added to an ice-cooled mixture of 

NaH (6 mg, 0.22 mmol) and anhydrous DMF (500 μL) under stirring and argon 

atmosphere. Next, a solution of 2-fluoroethyl-tosylate (40.4 μL, 0.24 mmol) in 

anhydrous DMF (400 µL) was dropwise added into the solution previously 

prepared. The reaction mixture was stirred at room temperature for 30 minutes, 

and then, at 80 oC for two hours (orange in color). The progress of the reaction 

was monitored by TLC (silica gel, Rf of 1a = 0.31 using 50:50 hexane / ethyl 

acetate, and Rf of 1a = 0.68 using 30:70 hexane / ethyl acetate). The reaction was 

quenched, and the solvent was evaporated using a rotary evaporator with vertical 

dry-ice condenser. The residue was purified by flash column chromatography 

(silica gel, hexane / ethyl acetate, 50:50 - 30:70) to obtain 1a.  

Following scheme 1B, a solution of DMF-TFA 40:1 (64 μL) was added 

to the solution of 4a (8 mg, 11.3 µmol) diluted in DMF. After heating the mixture at 

80 oC for 15 min, the reaction was monitored by TLC. Then, the crude product was 

purified by a semipreparative HPLC (Shimadzu Corporation, Japan) with the 
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following conditions: Nucleosil C18 column 250 x 10 mm 5 μm, solvent A: 0.1 % 

TFA water; solvent B: MeCN; 0-40 min, 10-100 % A; 3 mL / min; 254 nm. 

The compound 1a was analyzed by 1H NMR, 13C NMR, 19F NMR, 

(1H,13C)-HMQC (Heteronuclear Multiple-Quantum Correlation), (1H,13C)-HMBC 

(Heteronuclear Multiple-Bond Correlation), and HRMS. 

2-butyl-4-chloro-5-(hydroxymethyl)-1-[(2´-(1H-(1-(2-fluoroethyl))tetrazol-5-

yl)biphenyl-4-yl)methyl]-1H-imidazole (2a) 

Compound 2a was synthetized following the scheme 1A, as a side-

product during the synthesis of 1a.  The Rf values of 2a on TLC plate (silica gel) 

were 0.28 using 50:50 hexane / ethyl acetate and 0.59 using 30:70 of hexane / 

ethyl acetate, during the assessment of the progress of the reaction to obtain 1a. 

The starting material losartan always showed a lesser Rf than 1a and 2a. The 

compound 2a was also purified by flash column chromatography (silica gel, 

hexane / ethyl acetate, 50:50 - 30:70). 1H NMR, 19F NMR, (1H,13C)-HMBC and 

HRMS were performed to characterize 2a. 

4.2.2 Synthesis of the cold AMBF3Los 

The cold AMBF3Los (9a) was prepared following the synthetic route 

represented by scheme 2.  

Scheme 2 – Synthesis of the cold AMBF3Los (9a) by click chemistry using a copper (I)-catalyzed 

azide - alkyne cycloaddition 

 

Source: thesis author. 
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N-propargyl-N,N-dimethylammonio-methylboronyl pinacolate (5) 

Iodomethyl-pinacol boronate (200 μL, 1.1mmol) was dropwise added 

into the solution of N,N-dimethylpropargylamine (129 μL, 1.2 mmol) in anhydrous 

diethyl ether (4 mL) as previously described by Liu and coworkers (Liu, 

Pourghiasian, Radtke, et al., 2014; Liu, Z. et al., 2015). The mixture was stirred for 

5 min at room temperature. The formed precipitate was filtered, washed with 

diethyl ether and dried under high vacuum to obtain the compound 5. Compound 5 

was analyzed by MS. 

N-propargyl-N,N-dimethyl-ammoniomethyl-trifluoroborate (6) 

Compound 6 (AMBF3-alkynyl) was prepared according to Liu and 

coworkers (Liu, Pourghiasian, Radtke, et al., 2014; Liu, Z. et al., 2015). 

Hydrochloric acid (4M HCl) (6 eq.) and 3M potassium hydrogenfluoride (KHF2) (5 

eq.) were added to the solution of 5 (200 mg, 0.9 mmol) in MeCN (1.3 mL). The 

reaction was set at 45 oC for two hours, and then quenched with a concentrate 

ammonium hydroxide solution (NH4OH, 60 μL) until pH reached ~7 on a pH paper. 

The top layer (MeCN) was extracted, the solvent was dried down using a rotary 

evaporator, and the residue was further dried using a vacuum line (yellowish oil) 

overnight. Subsequently, the crude product was dissolved in acetone to crash the 

salt; the salt was filtered out, and the collected acetone mixture was dried down on 

a rotary evaporator. The residue was then crashed out using diethyl ether, and the 

solid product was filtered. The product was further purified by a silica column using 

acetone as a mobile phase. Compound 6 was analyzed by MS. 

2-butyl-4-chloro-5-(azidomethyl)-1-[(2´-(1H-(1-(triphenylmethyl))tetrazol-5-

yl)biphenyl-4-yl)methyl]-1H-imidazole (7) 

Compound 7 was prepared as previously described (Arksey et al., 

2014). 1,8-Diazabicyclo(5.4.0)undec-7-ene (DBU, 250 µL, 1.7 mmol) and diphenyl 

phosphoryl azide (DPPA, 360 µL, 1.7 mmol) were sequentially added to a solution 

of 3 (1 g, 1.5 mmol) in anhydrous tetrahydrofuran (THF, 10 mL) under nitrogen 

atmosphere. After stirring overnight at room temperature (20 hrs), the progress of 

the reaction was monitored by TLC (silica gel, Rf of 7 = 0.7 using 70:30 hexane / 

ethyl acetate). The reaction was quenched, extracted with ethyl acetate and brine, 

dried over MgSO4, filtered and the solvent was evaporated. Compound 7 was 
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purified by flash column chromatography (silica gel, hexane / ethyl acetate, 95:5 - 

70:30), and analyzed by HRMS and 1H NMR.  

2-butyl-4-chloro-5-(azidomethyl)-1-[(2´-(1H- tetrazol-5-yl)biphenyl-4-yl)methyl]-1H-

imidazole (8) 

Deprotection of the tetrazole moiety to obtain the compound 8 was 

performed according to the procedure reported by Hadizad and coworkers for the 

synthesis of [11C]methyl-losartan (Hadizad et al., 2011). A solution of 1M HCl in 

methanol (1.7 mL) was added to a solution of 7 (15.7 mg, 22.8 µmol) in 1,4-

dioxane (1.4 mL). After stirring at room temperature (22 oC) for 24 hrs, the reaction 

was completed and monitored by HPLC (method A: retention time of 16 min). The 

reaction was quenched, extracted with ethyl acetate and brine, dried over MgSO4, 

filtered and the solvent was evaporated. The residue was dissolved in MeCN and 

purified by HPLC. The product was also purified by flash column chromatography 

(silica gel, hexane / ethyl acetate, 95:5 - 30:70). The collected fractions were 

pooled together, concentrated and the product was freeze-dried. Compound 8 was 

analyzed by HRMS, 1H NMR and 13C NMR. 

2-butyl-4-chloro-5-[((1H-1,2,3-triazol-4-yl)-(N,N-dimethyl-ammoniomethyl-

trifluoroborate)methyl)methyl]-1-[(2´-(1H-tetrazol-5-yl) biphenyl-4-yl)methyl]-1H-

imidazole (9a) 

Finally, the compound 9a was synthetized using the AMBF3 approach 

developed by Perrin´s group (Liu, Z. et al., 2015). Copper (II) sulfate (CuSO4, 1M, 

15 uL), sodium ascorbate (Na asc., 1M, 40 uL), 5% NH4OH (vol/vol in 1:1 MeCN / 

H2O, 150 uL), compound 6 (6.6 mg, 40 µmol, in 300 uL MeCN / H2O 1:1) and 

compound 8 (4.8 mg, 10.7 µmol, in 700 uL of MeCN), were sequentially added to 

a 5-mL eppendorf. After stirring at 45 oC for 2 hrs, the product was purified by 

HPLC (method B: retention time of 15.2 min). The collected fractions were frozen 

and the product was freeze-dried. The purified 9a was diluted in acetone and 

stored in aliquots of ~25 or 100 nmol for radiolabeling; the solvent was blow-dried. 

Compound 9a was analyzed by 1H NMR, 13C NMR 19F NMR, (1H,13C)-HMQC, 

(1H,13C)-HMBC and HRMS. 
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4.3 Radiochemistry 

4.3.1 Radiosynthesis of [18F]FEtOTs 

4.3.1.1 Obtention and Azeotropic drying of [18F]F-  

The irradiated water containing the [18F]F- was loaded onto a QMA 

cartridge (130 mg, carbonate form), and [18F]F- was eluted with 1 mL of K2CO3 (2 

mg, 14 µmol) / K222 (11 mg, 29 µmol) mixture in 2:8 Milli-Q water / MeCN (Schoultz 

et al., 2013). [K+/ K222]/[
18F]F-/CO3

2- complex was dried by azeotropic distillation at 

100 oC and nitrogen atmosphere with a sequential addition of MeCN (1 mL, 3 

times). 

4.3.1.2 General protocol to prepare the [18F]FEtOTs  

[18F]FEtOTs (scheme 3) was prepared according to previous protocols 

(Schirrmacher et al., 2002; Schoultz et al., 2013). The ethylene glycol bistosylate 

precursor (8 mg) was dissolved in 1 mL of anhydrous MeCN and added to the vial 

containing the [K+/K222]/[
18F]F-/CO3

2- dried complex. The reaction was set in sealed 

and non-sealed vials, at different labeling temperatures and reaction times, and 

different amounts of K2CO3 were used for [18F]F- elution from the QMA cartridge. 

After cooling down the reaction vial, an aliquot of the crude mixture was analyzed 

by HPLC with the method E (retention time of 8.16 ± 0.04 min). Next, the crude 

mixture was injected onto a semi-preparative HPLC system to purify the product 

(method F: retention time of 14 min). The collected fraction of [18F]FEtOTs was 

diluted and loaded onto a Sep-Pak C18 Plus cartridge. The loaded cartridge was 

washed with Milli-Q water (10 mL) and heated at 50 oC for 10 min while flushing 

with nitrogen (Schoultz et al., 2013). Afterwards, [18F]FEtOTs was eluted with DMF 

(1 mL). An aliquot of the final formulation was analyzed by HPLC to confirm the 

identity of the labeled compound by comparing the radiochromatogram of the cold 

compound on the 254-nm UV profile. The chemical and radiochemical purity were 

also evaluated. 
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Scheme 3 – General scheme to prepare the [
18

F]FEtOTs following a bimolecular nucleophilic 
18

F-

substitution-SN2-reaction. 

 

Source: thesis author. 

4.3.1.3 Optimization of the labeling temperature and reaction time during the 

radiosynthesis of [18F]FEtOTs  

The influence of the labeling temperature [T(oC)] and the reaction time 

[t(min)] were evaluated using a rotatable central composite design (RCCD) with a 

two-level full factorial core for two factors (22), analyzing just the crude mixture. All 

reactions were performed in sealed vials. The amount of K2CO3 was fixed at 2 mg 

because it is the most used amount according to the literature (Schirrmacher et al., 

2002; Tietze et al., 2006; Zheng et al., 2008; Prabhakaran et al., 2012; Sun et al., 

2012; Majo et al., 2013; Schoultz et al., 2013). The activity of [18F]F- for 

radiolabeling was 1.6 ± 0.3 GBq. The minimum (70 oC and 3 min) and maximum 

(130 oC and 15 min) levels of T(oC) and t(min) were also chosen according to the 

literature (Kniess et al., 2015). Ten different combinations of T(oC) and t(min) were 

evaluated. The RCCD matrix comprised a 22 factorial core, center points and 

additional runs including the so-called star points. The experiment corresponding 

to the center point was repeated three times to calculate the experimental 

standard deviation. The star points were calculated using an axial distance of 1.42, 

based on previous reports (Domínguez Catasús et al., 2014). The response or 

dependent variable was the percentage of the integrated signal of the 18F-labeled 

side-product at ~5 min ([18F]FSP5 (%)) on the HPLC profile (method E) of the 

crude mixture.  

4.3.2 Radiosynthesis of [18F]FEtLos 

The hot compound [18F]FEtLos (1b) was prepared following the two 

synthetic routes used for the synthesis of the cold compound, represented by 

scheme 4.  
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Scheme 4 – Radiosynthesis of the [
18

F]FEtLos (1b) by [
18

F]fluoroalkylation of losartan potassium 

commercially available, which provided the regioisomers 1b and 2b (A); while [
18

F]fluoroalkylation 

of compound 3 followed by trityl removal only delivered the derivative 1a (B). 

 

Source: thesis author. 

Losartan potassium as precursor of the radiosynthesis (Scheme 4A) 

 A solution of [18F]FEtOTs (200 ± 70 MBq = 5 ± 2 mCi) in DMF (800 μl) 

was added dropwise to a vial containing losartan potassium (1 mg) and NaH (8 

eq.) in DMF (30 μL). The reaction vial was heated at 80 oC for 20 min under 

stirring and nitrogen atmosphere. The labeling reaction was monitored by 

analytical HPLC (method E). The crude mixture was diluted with 5:5 water / MeCN 

solution and injected onto a semi-preparative HPLC system to purify 1b (method 

G: retention time of 21 min). The collected fraction was diluted with Milli-Q water 

and loaded onto a Sep-Pak C18 Plus cartridge. Finally, 1b was eluted with MeCN 

(1 mL). The final formulation was concentrated at 100 oC and reconstituted with 

saline for in vivo studies.  
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Compound 3 as precursor of the radiosynthesis (Scheme 4B) 

[18F]fluoroethylation of 3 was performed according to the described 

procedure for obtention of [11C]methyl-losartan (Hadizad et al., 2011). A solution of 

[18F]FEtOTs (150 MBq = 4 mCi) in DMF (170 μL) was added dropwise to a vial 

containing 3 (5 mg) and NaH (8 eq.) in DMF (30 μL). The reaction was allowed to 

proceed for 30 min at 80 oC under stirring and nitrogen atmosphere. After cooling 

the reaction vial in dry ice for one min, tetrazole moiety was deprotected by adding 

200 μL of 4 M hydrochloric acid (HCl) and heating at 80 oC for three minutes.  The 

reaction vial was cooled in dry ice for two minutes followed by addition of Milli-Q 

water (300 μL) and HPLC purification (method G). Each radiosynthesis’ step was 

monitored by analytical HPLC (method H: 7.9 ± 0.1 min). 

4.3.3 Radiosynthesis of [18F]AMBF3Los 

The hot compound [18F]AMBF3Los (9b) was prepared following the 

simple synthetic route represented by scheme 5.  

Scheme 5 – Radiosynthesis of the [
18

F]AMBF3Los (9b) by 
18

F-
19

F isotopic exchange (IE). 

 

Source: thesis author. 

Using high activities of [18F]F- 

The compound 9a (100 nmol) was resuspended in a mixture of DMF 

(15 µL), aqueous pyridazine-HCl buffer (1.0 M, pH 2.0–2.5, 15 µL), and aqueous 

solution of KHF2 (7.5 mM, 1 µL). No carrier-added [18F]F- (61 ± 23 GBq; 1.6 ± 0.6 

Ci) was trapped on a µ-QMA cartridge (9 mg, QMA, chloride form). The [18F]F- was 

eluted with 70-µL isotonic saline into the polypropylene Falcon tube (reaction vial) 

containing the precursor (9). The 18F-labeling reaction was set at 80 oC for 20 

minutes under vacuum, and quenched with NH4OH (5% in water, 2 mL). The 

reaction mixture was then loaded onto a Sep-Pak C18 light cartridge. The 
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cartridge was washed with 2-mL Milli-Q water, and 9b was eluted with 0.5-mL 1:1 

ethanol / saline. The product was subsequently purified by HPLC (method C: 

retention time of 15.7 min) to totally remove the free [18F]F-. The collected fraction 

containing 9b was diluted in 50-mL Milli-Q water and loaded onto a second Sep-

Pak C18 light cartridge. Finally, [18F]AMBF3Los was eluted with 0.5-mL 1:1 ethanol 

/ saline and reconstituted with phosphate-buffered saline (PBS) for biological 

studies (percent of ethanol < 10% in the final formulation).  

Using low activities of [18F]F- 

Similar to the procedure with high activities, the compound 9a (25 nmol) 

was resuspended in a mixture of DMF (15 µL), aqueous pyridazine-HCl buffer (1.0 

M, pH 2.0-2.5, 15 µL), and aqueous solution of sodium fluoride (15 mM, 1 µL). No 

carrier-added [18F]F- (700 ± 200 MBq; 19 ± 5 mCi), was trapped on the µ-QMA 

cartridge pre-conditioned with ions chloride. The [18F]F- was eluted with 100-µL 

isotonic saline into the polypropylene Falcon tube (reaction vial) containing the 

precursor (9a). The 18F-labeling reaction also proceeded at 80 oC for 20 minutes 

under vacuum, and quenched with NH4OH (5% in water, 2 mL). The reaction 

mixture was then loaded onto a Sep-Pak C18 light cartridge, washed with 2-mL 

Milli-Q water, and 9b was eluted off with 0.5-mL 1:1 ethanol / saline. HPLC 

purification was not needed. The final formulation was concentrated at 45 oC 

under a slow nitrogen flow, and reconstituted with saline for the biological studies.  

4.3.4 Quality control 

Aliquots of the final formulation of 1b and 9b were analyzed by HPLC to 

determine the radiochemical purity, molar activity, and confirm the chemical 

identity. The compound 1b was analyzed using the methods E and H (retention 

time of 7.9 ± 0.1 min), while methods D (retention time of 6.0 ± 0.4 min) and I 

(retention time of 17.60 ± 0.04 min) were used to analyze 9b.  Radiochemical 

yields were decay-corrected.  

The molar activity was calculated at the end of the synthesis using a 

calibration curve (nmol of the cold compound vs. area under the curve recorded 

from the HPLC analytical profile). To calculate the molar activity, the injected 

activity of hot compound onto the HPLC was divided by the cold amounts (nmol) 

that were extrapolated from the calibration curve.  
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The chemical identities of the hot compounds were determined by co-

injection with their cold compounds, respectively, onto analytical HPLC.  

The radiochemical stability of 1b and 9b in saline was also evaluated by 

analytical HPLC for up to four hours. 

Distribution coefficient of 1b and 9b at pH 7.4 (log D7.4) was determined 

following a general method described in the literature (Lin et al., 2015). Aliquots of 

the hot compound (2 μL) were added to polypropylene Falcon tube containing 3-

mL octanol and 3-mL PBS. The samples were vortex mixed for 20 seconds (2 

times) and centrifuged at 500 x g for 15 minutes. Aliquots (0.1 mL) of each layer 

were counted in a gamma counter to determine the log D7.4 as log [Counts in 

octanol layer / Counts in PBS layer].  

Mouse plasma stability of 9b was assessed following a general protocol 

previously described for other molecules (Lin et al., 2015). Aliquots of 9b (0.1 mL) 

were incubated in 400-µL of balb/c mouse plasma for 5, 15, 30, and 60 minutes at 

37 oC. After each incubation time, the insoluble proteins were precipitated with 0.5-

mL MeCN. The samples were centrifuged for 10 minutes; the supernatant was 

aspirated, filtered and analyzed by HPLC with the method D (retention time of 6.0 

± 0.4 min). 

4.4 In vitro assays 

4.4.1 Competition binding assays in membranes expressing the human AT1R 

The procedure was performed according to the Recommended Assay 

Conditions recommended on the Technical Data Sheet of the purchased hot 

ligand [125I]-(Sar1,Ile8)-Angiotensin II. Losartan potassium, FEtLos (1a) and 

AMBF3Los (9a) were used as cold ligands whereas losartan potassium was used 

as a positive control. The Multiscreen MSFCN6B50 - 96 well plates were used for 

this assay; 1.2 um upper pore size. Briefly, the membranes expressing the human 

AT1R were diluted (1:150) with buffer Assay (50 mM tricine (Tris) - HCl pH 7.4, 5 

mM magnesium chloride (MgCl2)) to obtain a final concentration of 0.6 µg / well in 

200-μL total volume per well. Eight samples of the cold ligand with decreasing 

concentrations (10-4 to 10-12 M) were also prepared; the competition assays were 

done in triplicate for each concentration of cold ligand (24 wells per cold ligand). 

The concentration of the hot ligand was adjusted to 0.3 nM taking into account the 
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activity of 125I decay-corrected at the day of the assay and the specific activity of 

the hot compound (81.4 TBq (2200 Ci)/mmol). 

The wells were preincubated for 1-2 hrs at 4 oC with 200 µL of 0.5 % 

bovine serum albumin (BSA). Next, all the wells were washed (3 times) with Assay 

buffer to remove the previous buffer and the plate was thoroughly blotted dry. The 

membranes (150 µL), cold (25 µL) and hot ligand (25 µL) were sequentially added 

to each well. After incubating for 60 minutes at 27 oC under stirring, all the wells 

were washed (9 times) with cold Wash Buffer (50 mM Tris - HCl pH 7.4). The 

backing plate was removed; membranes were punched out and counted in 

gamma counter. Inhibition constants (Ki) of the cold ligands were calculated by 

non-linear curve fitting using GraphPad Prism 7.01 Software. 

4.4.2 Cell culture 

MDA-MB-231(ATCC: HTB-26), SKOV3 (ATCC: HTB-77), U251 (Sigma: 

08061901), U87 (ATCC: HTB-14), MiaPACA2 (ATCC: HTB-1420), SKBR3 (ATCC: 

HTB-30), BT474 (ATCC: HTB-20), MCF-7 (ATCC: HTB-22) and the Chinese 

hamster ovary cells CHO and CHO-AT1R (a gift of the professor Claudio Costa-

Neto from the Department of Biochemistry and Immunology, at the School of 

Medicine of Ribeirão Preto, University of São Paulo, Ribeirão Preto, Brazil), were 

cultured in high glucose Dulbecco's modification of Eagle medium (DMEM) (Gibco, 

Life technologies, MD, USA).  

MKN45 [American Type Culture Collection, Manassas, VALLC (Tamura 

et al., 1996)], PC3 (ATCC: CRL-1435), A549 (ATCC: CCL-185), Skmel-37 

(Memorial Sloan-Kettering Cancer Center, N. Y., USA) and AGS (ATCC: CRL-

1739) were cultured in Roswell Park Memorial Institute medium (RPMI) (Gibco, 

Life technologies, MD, USA).  

All the cell lines were supplemented with 10% of fetal bovine serum (FBS) 

(Gibco, Life technologies, MD, USA), penicillin (100 U/mL) and streptomycin (100 

µg/mL) (Sigma), and kept at regular normoxic conditions (37 ºC, 5% CO2 and 21% 

O2). For some experiments, cells were maintained under hypoxic conditions (37 

ºC, 5% CO2, 94% N2 and 1% O2) for 24 hours, generated using an adjustable 

hypoxic chamber suitable for cell culture experiments (H35 Hypoxystation, Don 

Whitley Scientific Ltd, Shipley, UK). 
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4.4.3 Real-time polymerase chain reaction (RT-PCR) 

AT1R mRNA abundance was assessed by RT-PCR in glioblastoma (U251, 

U87), pancreas (MiaPACA2), breast (MDA-MB-231, SKBR3, BT474), lung 

(A549), melanoma (SKMEL37), gastric (MKN45, AGS), prostate (PC3) and 

ovarian (SKOV3) human cancer cell lines. CHO-AT1R and CHO cells were used 

as positive and negative controls of AT1R expression, respectively. The AT1R 

mRNA abundance was also measured in MDA-MB-231-, SKOV3-, MKN45-derived 

tumors (subcutaneously implanted on mice).  

Total RNA from cells and tumors were isolated with Tri-Reagent (Sigma) 

according to the manufacturer’s instructions. Complementary DNA was 

synthesized using the High capacity cDNA RT kit (Applied Biosystems), according 

to the manufacturer’s protocols. Quantitative PCR analysis was performed in 

triplicate using the Power SYBR® Green PCR Master Mix (Applied Biosystems). 

Relative quantification was done using the ΔΔCt method and β-actin to normalize 

gene expression levels (Table 3 for primers details).  

Table 3 – Primer’s sequence 

Primer Forward 5’ – 3’ Reverse 5’ – 3’ 

Human AT1R GCGTCAGTTTCAACCTC TCCGGGACTCGTAATG 

Human β-actin GCCAGGTCATCACCATTGG GGTAGTTTCGTGGATGCCACA 

Hamster β-actin GGCAGGCAAAGGTTACTCTG TGGTGACAGGTGGACAAGAT 

Source: thesis author. 

4.4.4 Binding assays in AT1R-expressing cells 

Cells were incubated at 4 oC for one hour with 10 µCi (370 kBq) of 

[18F]FEtLos or [18F]AMBF3Los per vial or well, in the presence or absence of the 

AT1R blocker. Losartan potassium (100 µM/well/vial) in PBS was used as AT1R 

blocker to assess the in vitro binding specificity of both radioligands. The cells of 

the blocking group were treated with losartan 30 minutes before adding the tracer. 

The assay medium was the same cell culture medium.  

All assays with [18F]FEtLos were performed with the cells seeded in 6-

well plates. After the tracer incubation, the supernatant was aspirated and the cells 

were washed six times with ice-cold PBS, removed with 1M NaOH solution (MDA-
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MB-231 and MKN45) or a cell scraper (CHO-AT1R and CHO), and transferred to a 

gamma counter tube. 

A set of experiments (MDA-MB-231, SKOV3, MKN45 and CHO-AT1R) 

was performed using cells in suspension; the supernatant was removed by 

centrifugation (500 x g, 3 min, 4 oC) after the tracer incubation, and then, the cell 

pellet was washed three times with cold PBS, resuspended in PBS and transfer to 

a gamma counter tube. Another set of experiments (MDA-MB-231, CHO-AT1R and 

CHO) was performed using adherent cells in 6-well culture plates; the supernatant 

was aspirated after the tracer incubation, the cells were washed six times with ice-

cold PBS, removed with a cell scraper and transferred to a gamma counter tube. 

Additional experiments with [18F]AMBF3Los were also performed using adherent 

cells (MDA-MB-231, SKOV3 and MKN45) seeded in 6-well culture plates under 

normoxic and hypoxic conditions. In this case, the cells were lysed with trypsin and 

then transferred to a gamma counter tube. 

4.5 In vivo assays 

4.5.1 Animals 

All the experiments were approved by the Institutional Animal Care  and 

Use Committee at IPEN (São Paulo, Brazil) and University of British Columbia 

(Vancouver, Canada). Female immunodeficient Balb/c Nude mice were obtained 

from an in-house breeding colony in the Animal Resource Centre at IPEN. 

Immunodeficient NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice were obtained from 

an in-house breeding colony at the Animal Resource Centre at BC Cancer 

Research Facility. 

4.5.2 Tumor-bearing mouse models 

Female Balb/c Nude mice were subcutaneously injected with 1 x 106 

human cancer cells (MKN45, MDA-MB-231 or SKOV3) in a 1:1 mixture of PBS 

and basement membrane matrigel (BD science) on the left flank. Three (MKN45), 

five (MDA-MB-231) and six (SKOV3) weeks after tumor cell implantation, in vivo 

and ex vivo biodistribution studies were performed. MKN45, MDA-MB-231, and 

SKOV3-derived tumors were also harvested and frozen to measure the AT1R 

mRNA expression. 

Female immunodeficient NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ mice were 

subcutaneously implanted with 17β-estradiol pellets 0.72 mg, 60 day release 
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(Innovative Research of America). Seven days later, mice were subcutaneously 

injected with 6 x 106 MCF-7 breast cancer cells in a 1:1 mixture of PBS and 

basement membrane matrigel (BD science) on the left shoulder. Four weeks after 

cell implantation, in vivo and ex vivo studies with [18F]AMBF3Los were performed. 

MCF7 cells are AT1R-positive breast cancer cell line according to the literature (Du 

et al., 2012; Chen et al., 2013). 

4.5.3 µPET/CT imaging 

Mice were divided into baseline and AT1R blocked groups in some 

experiments to assess the tracer AT1R binding specificity. Losartan potassium 

(dissolved in PBS) was the AT1R blocker and always co-injected with the tracer. 

Before and during the acquisition, mice were sedated with a continuous flow of 

isoflurane. 

Dynamic PET scan 

Healthy NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ mice were injected via the tail 

vein with 6 ± 1 MBq (170 ± 38 µCi) of [18F]AMBF3Los at the initial time of PET 

acquisition after a baseline CT scan for 12 minutes. Sixty-minute dynamic PET 

scans were carried out on a µPET/CT scanner (Inveon, Siemens) following 

procedures reported by the lab (Zhang et al., 2017). The dose of the AT1R blocker 

losartan was 18 mg/kg. 

Static PET scan 

Healthy Balb/c Nude and tumor-bearing mice were intravenously 

injected with the tracer at dose of 8 ± 3 MBq (218 ± 70 µCi). The mice were 

imaged with a µPET/CT scanner (Inveon, Siemens) in Canada (MCF7); while the 

Albira µPET/SPECT/CT imaging system (Brucker Corporation, Spain) was used at 

IPEN with the healthy Balb/c Nude, MDA-MB-231, MKN45, SKOV3 tumor-bearing 

mice. The µPET/CT imaging at IPEN was recorded using a FOV (field of view) of 

60 mm and 15 min for PET scan, and 35 kV and 400 µA for CT scan. The tumor-

bearing mice were imaged 60 minutes after tracer injection. The blocking studies 

in healthy mice were performed using 70 mg/kg of losartan potassium, chosen 

according to the literature (Coulson et al., 2017).  
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Additional static PET scans were recorded using the Albira 

µPET/SPECT/CT imaging system after 60 minutes of intratumoral tracer injection 

(3.3 ± 0.5 MBq (89 ± 15 µCi)) on MDA-MB-231 tumor-bearing mice. In this case, 

the dose of losartan was also 70 mg/kg, chosen according to the literature 

(Coulson et al., 2017).  

4.5.4 Autoradiography 

After the 60-min dynamic PET scans, the healthy NOD.Cg-

PrkdcscidIl2rgtm1Wjl/SzJ mice were kept sedated with isoflurane, and euthanized 

using CO2 inhalation. Kidneys were harvested, rinsed in PBS and frozen in 

isopentane / dry-ice bath.  

Following general procedures of the lab (Zhang et al., 2017), ten μm-

thick slides of the kidneys were obtained using a cryostat (Leica), and thaw-

mounted onto Superfrost Plus microscope slides (Fisherbrand). Afterwards, the 

kidney slides were exposed to a phosphor screen overnight and imaged on a 

Typhoon FLA 9500 scanner (GE Healthcare). 

4.5.5 Ex vivo biodistribution studies 

Mice were intravenous or intratumoral injected with tracer dose of 3 ± 1 

MBq (90 ± 27 µCi). AT1R blocker losartan (70 mg/kg) was co-injected with the 

tracer for in vivo blocking studies. Mice were sedated with isoflurane before 

euthanasia. Healthy Balb/c Nude mice were euthanized by cervical dislocation 10 

min post injection (p.i.). The healthy NSG, MCF7, MDA-MB-231, MKN45, and 

SKOV3 tumor-bearing mice were euthanized 60 min p.i. by CO2 inhalation 

(Canada) or cervical dislocation (Brazil). Blood, tumor, organs, bone and muscle 

were harvested, rinsed in PBS, weighted and counted in a gamma counter to 

quantify the percentage of injected dose per gram of tissue (%ID/g).  

4.5.6 Blood clearance 

MDA-MB-231, MKN45, and SKOV3 tumor-bearing mice were injected 

with 3 ± 1 MBq (90 ± 27 µCi) of [18F]AMBF3Los. At 0, 5, 10, 20, 30 and 60 minutes 

after tracer injection, blood samples (5 µL) were collected and counted in a 

gamma counter. Then, the counts were converted into percentage of injected dose 

per volume of blood (%ID/µL) to calculate the half-life of [18F]AMBF3Los by one 

phase decay curve using GraphPad Prism 7.01 Software.  
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4.6 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. Results 

of the RT-PCR assays were analyzed by one-way ANOVA (Tukey´s multiple 

comparisons test). One unpaired t-test (multiple t tests) was used to analyze the 

blocking effect at the in vitro and 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 

5.1 Chemistry 

5.1.1 Synthesis of the cold FEtLos 

We initially started the synthesis of a new analog of 2-butyl-4-chloro-5-

hydroxymethyl-1-[(2´-(1H-tetrazol-5-yl)biphenyl-4-yl)methyl]-1H-imidazole 

(losartan) aiming for a substitution in the imidazole 5-position. Two synthetic 

routes were designed and tested for that purpose (scheme 1A e 1B).  

The synthetic route from scheme 1A, originated two compounds, 2-

butyl-4-chloro-5-(2-fluoroethoxy)methyl-1-[(2´-(1H-tetrazol-5-yl)biphenyl-4-yl) 

methyl]-1H-imidazole (1a) and, 2-butyl-4-chloro-5-(hydroxymethyl)-1-[(2´-(1H-(1-

(2-fluoroethyl))tetrazol-5-yl)biphenyl-4-yl)methyl]-1H-imidazole (2a) with 

substitution at the imidazole 5-position and tetrazole moiety, respectively. Both 1a 

and 2a are regioisomers, and were obtained as a result of an alkylation reaction of 

losartan potassium, commercially available, with the prosthetic group 2-fluoroethyl 

tosylate following a one-step synthetic route (scheme 1A) with poor yields. In spite 

of the complex mixture of by-products originated from this reaction, 1a and 2a 

were successfully purified by flash column chromatography.  

The synthetic route, scheme 1B, on the other hand, originated the 

compound 1a as a single regioisomer from the alkylation of the tetrazole-protected 

losartan (3) followed by an acid trityl removal with poor yield (scheme 1B).  

Both compounds (1a and 2a) were analyzed by HRMS and NMR 

techniques that confirmed the chemical structure of the regioisomers. HRMS and 

NMR data reported below. 
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Compound 1a: 26% yield following reaction scheme 1A, and 15% yield following 

the last step of the reaction scheme 1B, obtained as light-yellow oil. 1H NMR (300 

MHz, CDCl3) δH 7.82 (dd, J = 7.4 Hz, 1.4 Hz, 1H), 7.53-7.32 (m, 4H), 7.08 (d, J = 

8.2 Hz, 2H), 6.89 (d, J = 8.1 Hz, 2H), 5.14 (s, 2H), 4.77 (s, 2H), 4.70-4.65 (m, 1H), 

4.64-4.57 (m, 1H), 4.41 (s, 2H), 2.53 (d, J = 7.6 Hz, 2H), 1.61 (q, J = 7.6 Hz, 2H), 

1.29 (sx, J = 7.3 Hz, 2H), 0.82 (t, J = 7.3 Hz, 3H).13C NMR (75 MHz, CDCl3) δC 

165.6, 148.7, 141.3, 140.8, 135.0, 130.8, 130.5, 130.4, 130.0, 128.0, 127.7, 126.1, 

125.8, 124.9, 81.3, 79.0, 53.3, 53.0, 47.5, 29.9, 26.9, 22.6, 13.9. 19F NMR (282 

MHz, CDCl3) δF -147.17 (sept, JF-H = 49.9 Hz (F-CH), 3JF-H = 25.3 Hz (F-C-CH)). 

HRMS (ES+): m/z [M+H]+ calculated for C24H27ClFN6O: 469.1919, found: 

469.1923. (1H,13C)-HMQC (300 MHz, 75 MHz, CDCl3) δH,C 7.90,130.37 (CHbiphenyl), 

7.54,130.18 (CHbiphenyl), 7.51,127.80 (CHbiphenyl), 7.43,130.59 (CHbiphenyl), 

7.16,129.81 (CHbiphenyl), 7.15,125.65 (CHbiphenyl), 6.98,129.95 (CHbiphenyl), 

6.97,125.67 (CHbiphenyl), 5.22,47.03 (imidazole-CH2-biphenyl), 4.85,78.69 (F-CH2), 

4.69,81.06 (F-C-CH2), 4.49,52.92 (imidazole-CH2-O-), 2.60,26.52 (CH2), 

1.68,29.55 (CH2), 1.36,22.19 (CH2), 0.84,13.44 (CH3). (
1H,13C)-HMBC (300 MHz, 

75 MHz, CDCl3) showed a correlation over three bonds between the methylene 

hydrogen (4.70 ppm) from the fluoroethyl moiety and the methylene carbon (52.70 

ppm) at imidazole 5-position (Figure 6).  

Figure 6 – Chemical structure of FEtLos (1a). The red arrow indicates the methylene hydrogens 

from the fluoroethyl moiety, which correlates with the methylene carbon at imidazole 5-position. 

 

Source: thesis author. 

Compound 2a: 7% yield as light yellow oil. 1H NMR (400 MHz, CDCl3) 

δH 7.67 – 7.59 (m, 1H), 7.52 – 7.46 (m, 2H), 7.19 (s, 2H), 7.05 (d, J = 8.4 Hz, 2H), 

6.87 (d, J = 8.4 Hz, 2H), 5.11 (s, 2H), 4.46 (t, J = 5.0 Hz, 1H), 4.41 (s, 2H), 4.34 (t, 
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J = 5.0 Hz, 1H), 3.86 (t, J = 5.0 Hz, 1H), 3.80 (t, J = 5.0 Hz, 1H), 2.48 – 2.44 (m, 

2H), 1.63 – 1.53 (m, 2H), 1.27 (sx, J = 7.4 Hz, 2H), 0.81 (t, J = 7.2 Hz, 3H). 19F 

NMR (282 MHz, CDCl3) δF -147.16 (sept, JF-H = 49.1 Hz (F-CH), 3JF-H = 24.5 Hz 

(F-C-CH)). HRMS (ES+): m/z [M+H]+ calculated for C24H26ClFN6O, 469.1919, 

found 469.1923. As expected, (1H,13C)-HMBC (400 MHz, 75 MHz, CDCl3) did not 

show a heteronuclear correlation between the methylene hydrogen from the 

fluoroethyl moiety and the methylene carbon at imidazole 5-position.  

Compound 3: 83% yield as white powder. 1H NMR (300 MHz, DMSO) 

δH 7.77 (d, J = 7.5 Hz, 1H), 7.62 – 7.49 (m, 2H), 7.41 – 7.27 (m, 10H), 7.04 (d, J = 

8.1 Hz, 2H), 6.90 – 6.83 (m, 8H), 5.21 (t, J = 5.2 Hz, 1H), 5.17 (s, 2H), 4.19 (d, J = 

5.1 Hz, 2H), 2.35 (t, J = 7.6 Hz, 2H), 1.39 (q, J = 7.5 Hz, 2H), 1.12 (sx, J = 7.4 Hz, 

2H), 0.71 (t, J = 7.3 Hz, 3H). HRMS (ES+): m/z [M+H]+ calculated for 

C41H37ClN6O, 665.2795; found, 665.2811. Similar to previous works (Hadizad et 

al., 2011), the correlation between the hydroxyl proton (5.17 ppm) and methylene 

protons (4.19 ppm) linked to the imidazole ring was also found in our case by the 

two-dimensional (1H,1H)-COSY (300 MHz, DMSO).  

Compound 4a: 33% yield as yellow oil. 1H NMR (300 MHz, CDCl3) δH 

7.93 (dd, J = 7.5 Hz, 1.5 Hz, 1H), 7.53-7.41 (m, 2H), 7.38-7.32 (m, 4H), 7.29-7.22 

(m, 6H), 7.11 (d, J = 8.2 Hz, 2H), 6.95-6.90 (m, 6H), 6.75 (d, J = 8.3 Hz, 2H), 5.07 

(s, 2H), 4.53-4.44 (m, 1H), 4.39-4.33 (m, 1H), 4.23 (s, 2H), 3.62-3.54 (m, 1H), 

3.52-3.45 (m, 1H), 2.57-2.47 (m, 2H), 1.77-1.56 (m, 2H), 1.36-1.20 (m, 2H), 0.86 

(t, J = 7.3 Hz, 3H).13C NMR (75 MHz, CDCl3) δC 164.1, 149.0, 141.4, 141.0, 134.6, 

130.9, 130.4, 130.3, 130.1, 130.0, 129.3, 129.2, 128.5, 128.1, 127.9, 127.8, 126.4, 

125.4, 121.7, 83.6, 83.0, 82.0, 68.60, 68.4, 61.1, 47.3, 29.9, 26.9, 22.5, 13.9. 

HRMS (ES+): m/z [M+H]+ calculated for C43H41ClFN6O: 711.3014; found: 

711.3018. The two-dimensional (1H,1H)-COSY (300 MHz, CDCl3) spectra did not 

show the signal for the coupling of the hydroxyl proton to the methylene protons.  

In conclusion, HMBC spectroscopy detected some differences between 

1a and 2a (scheme 1A) regarding the correlation between the methylene hydrogen 

from the fluoroethyl moiety and the methylene carbon at the imidazole 5-position. 

Although two losartan analogs were obtained, only the regioisomer 1a was 

considered for further studies. Compound 2a lacks the 5-substituted tetrazole with 

mobile hydrogen which is indispensable for the binding affinity of losartan to AT1R. 

Indeed, the negatively-charged tetrazole moiety plays a crucial role in receptor 
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binding through salt bridge formation with basic amino acid residues of the AT1R 

(Carini et al., 1991; Vauquelin et al., 2001; Zhang et al., 2015).  

5.1.2 Synthesis of the cold AMBF3Los 

2-Butyl-4-chloro-5-[((1H-1,2,3-triazol-4-yl)-(N,N-dimethyl-ammonio 

methyl-trifluoroborate)methyl)methyl]-1-[(2´-(1H-tetrazol-5-yl)biphenyl-4-yl)methyl]-

1H-imidazole (9a) was also synthetized as new derivative of losartan with 

substitution at the imidazole 5-position. Compound 9a (AMBF3Los) was 

synthetized by click chemistry in mild conditions with moderate yield. As illustrated 

in scheme 2, the hydroxyl group of the compound 3 was substituted by the azide 

function resulting into compound 7 with good yields; the AMBF3-alkynyl (6) was 

synthetized in moderate yield. Next, compound 8 was synthetized by acid removal 

of trityl protecting group in excellent yield. Finally, compound 9a was synthetized 

by a copper (I)-catalyzed cycloaddition of the compounds 6 and 8, that exclusively 

delivered the 1,4-disubstituted regioisomer as expected. The copper (I) catalyst 

was in situ formed by reduction of copper (II) with sodium ascorbate. NH4OH (5%) 

was immediately added to the solution of CuSO4 / Na asc. in order to avoid the 

precipitation of the copper (I) complex because of its poor solubility in aqueous 

solutions (Liu et al., 2015). 1H NMR, 19F NMR, HRMS, (1H,13C)-HMQC showed a 

direct carbon-hydrogen correlations, and (1H,13C)-HMBC exhibited a correlation 

between quaternary carbons and protons separated by two, three and four bonds, 

confirming the identity of 9a as the cold AMBF3Los.   

Compound 5: 75% yield as fluffy white powder. MS calculated for 

C12H23BNO2
+, 224.1816, found, 224.1609. 

Compound 6: 52% yield as white powder. MS calculated for C6H11BF2N 

[M-F]+, 146.0953, found 146.0576, as previously reported (Liu et al., 2015).  

Compound 7: 77% yield as white powder. 1H NMR (400 MHz, CDCl3) 

δH 7.96 (dd, J = 1.8 Hz, 7.4 Hz, 1H), 7.48 (qnd, J = 1.8 Hz, 7.0 Hz, 2H), 7.36 - 7.23 

(m, 10 H), 7.12 (d, J = 8 Hz, 2H), 6.91 (d, J = 8.4 Hz, 6H), 6.70(d, J = 8.0 Hz, 2H), 

4.99 (s, 2H), 3.94 (s, 2H), 2.54 - 2,50 (m, 2H), 1.67 (m, 2H), 1.30 (sx, J = 7.4 Hz, 

2H), 0.86 (t, J = 7.4 Hz, 3H). HRMS (ES+): m/z [M+H]+ calculated for C41H36ClN9, 

690.2861; found,690.2859. 

Compound 8: 96.2% yield as white powder. 1H NMR (300 MHz, CDCl3) 

δH 7.95 (dd, J = 7.5 Hz, 1.4 Hz, 1H), 7.66-7.51 (m, 2H), 7.42 (dd, J = 7.2 Hz, 1.5 
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Hz, 1H), 7.15 (d, J = 8.2 Hz, 2H), 6.85 (d, J = 8.1 Hz, 2H), 5.14 (s, 2H), 4.12 (s, 

2H), 2.43 (t, 2H), 1.59 (q, J = 7.6 Hz, 2H), 1.32 (sx, J = 7.4 Hz, 2H), 0.88 (t, J = 7.3 

Hz, 3H). 13C NMR (75 MHz, CDCl3) δc 149.3, 140.6, 139.9, 135.1, 131.4, 131.1, 

130.7, 130.0, 128.6, 120.3, 77.2, 47.3, 42.9, 30.0, 26.8, 22.5, 13.9. HRMS (ES+): 

m/z [M+H]+ calculated for C22H23ClN9: 448.1765; found: 448.1758. 

Compound 9a: 52% yield as fluffy white powder. 1H NMR (500 MHz, 

CD3CN) δH 7.96 (s, 1H), 7.80 (d, J = 7.4 Hz, 1H), 7.65 (t, J = 7.4 Hz, 1H), 7.56 (t, J 

= 7.4 Hz, 1H), 7.47 (d, J = 7.6 Hz, 1H), 6.96 (d, J = 8.1 Hz, 2H), 6.68 (d, J = 7.9 

Hz, 2H), 5.49 (s, 2H), 5.45 (s, 1H), 5.24 (s, 2H), 4.28 (s, 2H), 3.27 (s, 1H), 2.83 (s, 

6H), 2.58 (t, J = 7.6 Hz, 2H), 1.60 (q, J = 7.7 Hz, 2H), 1.33 (h, 2H), 0.87 (t, J = 7.3 

Hz, 3H).13C NMR (75 MHz, CD3CN) δC 149.7, 136.7, 131.3, 131.0, 130.7, 129.3, 

128.0, 127.5, 125.6, 59.7, 52.5, 47.0, 42.5, 29.3, 26.3, 21.9, 13.0. 19F NMR (470 

MHz, CD3CN) δF -137.25 – -137.75 (m). HRMS (ES+): m/z [M+H]+ calculated for 

C28H34BClF3N10: 613.2702; found: 613.2693. (1H,13C)-HMQC (300 MHz, 75 MHz, 

CD3CN) δH,C 7.98,126.77 (CHtriazol), 7.81;130,53 (CHbiphenyl), 7.65,130.72 

(CHbiphenyl), 7.57,127.56 (CHbiphenyl), 7.48;130.28 (CHbiphenyl), 6.97,128.73 (2 x 

CHbiphenyl), 6.69,125.06 (2 x CHbiphenyl), 5.50,41.90 (imidazole-CH2-biphenyl), 

5.25,46.45 (imidazole-CH2-triazole), 4.30,58.90 (triazol-CH2-N), 3.30,121.10 (CH2-

BF3), 2.83,51.86 (2 x CH3), 2.57,29.65 (CH2), 1.59,28.60 (CH2), 1.32,21.35 (CH2), 

0.86,12.44 (CH3). (1H,13C)-HMBC (300 MHz, 75 MHz, CD3CN) δH,C 7.97,136.51 

(two bonds: HC5-Htriazol - C4-substituted triazol), 7.80,131.14 (three bonds: HC3´-H biphenyl - 

Ctetrazole), 7.46,129.17 (three bonds: HC6´-H biphenyl - C2´- substituted biphenyl), 6.96,135.65 

(two bonds: HC3-H biphenyl - C4- substituted biphenyl), 6.96,129.17 (three bonds: HC3-H biphenyl 

- C1´- substituted biphenyl), 5.24,149.63 (four bonds: HCH2-imidazol - C2-substituted imidazol), 

5.50,129.08 (two bonds:HCH2 - C1- substituted biphenyl), 5.24,125.34 (two bonds: HCH2-

imidazol - C5-substituted imidazol), 5.24,119.40 (three bonds: HCH2-imidazol - C4-substituted imidazol), 

4.28,136.54 (two bonds: HCH2-N-dimethylammonio - C4-substituted triazol), 2.58,149.54 (two 

bonds: Hn-butyl chain - C2-substituted imidazol)  (Figure 7).  
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Figure 7 – Chemical structure of AMBF3Los (9a). The carbons that were referred at the (
1
H,

13
C)-

HMBC data are represented in red, blue and pink colors. 

 

Source: thesis author. 

5.2 Radiochemistry 

5.2.1 Radiosynthesis of [18F]FEtOTs 

The radiosynthesis of the [18F]fluoroalkylating agent [18F]FEtOTs was 

optimized from a radiation safety point of view varying some reaction parameters. 

Firstly, results of the radiolabeling reaction in sealed and non-sealed vials 

suggested the formation of one radioactive volatile side-product with the reaction 

conditions: 130 oC, 15 min, 2 mg of K2CO3, and 1200 ± 200 MBq of [18F]F-.  

HPLC analysis of the crude mixtures (Figure 8) showed the formation of 

18F-labeled side-products with retention times between 2.5 and 5 min. However, 

the HPLC signals of these side-products were smaller when the reaction was done 

in a non-sealed vial in which the solvent was completely evaporated in comparison 

to the sealed vial. We therefore considered that the 18F-labeled side-product with a 

retention time of ~5 min was a volatile by-product because the signal was 

considerably decreased in the radiochromatogram of the crude mixture after 

complete evaporation of solvent (non-sealed vial) in comparison to the sealed vial. 

In addition, we could observe a loss of 18F activity, (decay-corrected) by 20%, 

when the reaction proceeded in non-sealed vials while the activity of 18F was 

invariable in the sealed vials. Since the radiosynthesis of [18F]FEtOTs may 

increase the risk of a radioactive contamination because of the formation of a 

radioactive gas, all further radiolabeling reaction were performed in sealed vials. 
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Figure 8 – Radiochromatograms of the crude mixture of [
18

F]FEtOTs (8.16 ± 0.04 min) in non-

sealed (A) and sealed (B) reaction vials.  The analyses showed a decreased signal of 
18

F-labeled 

side-products (2.5-5 min) when solvent evaporation was complete (A). The analytical HPLC 

conditions were 55:45, 0.1% TFA water / MeCN, 1 mL/min.  

 

Source: thesis author. 

Next, different temperatures (70 ºC to 130 ºC) and reaction times (3 to 

15 min) were tested to evaluate the best condition for [18F]FEtOTs production, 

without the formation of volatile compounds. The HPLC profiles of the crude 

mixtures from the different radiolabeling conditions tested are shown in Figure 9. 

As shown, an increase of the reaction time from 3 min (Figure 9A) to 15 min 

(Figure 9B) at the minimum test temperature (70 oC), enhanced the formation of a 

side product with retention time of approximately 5 minutes ([18F]FSP5). When the 

temperature was raised to 130 ºC (Figure 9C and 9D), an increase in the formation 

of [18F]FSP5 was observed in comparison to 70 ºC. The formation of [18F]FSP5 at 

130 ºC was further improved when the reaction time raised from 3 min (Figure 9C) 

to 15 min (Figure 9D). The crude yields of [18F]FEtOTs, analyzed by HPLC, was in 

the range of 60 and 74%; the higher yield (74%) was reached when  temperature 

was set at 70 ºC with a reaction time of 15 min. 
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Figure 9 – Radiochromatograms of crude mixtures of [
18

F]FEtOTs (8.6 ± 0.5 min) at different 

combinations of labeling temperature and reaction times in sealed vials. A: 70 
o
C for 3 min. B: 70 

o
C for 15 min. C: 130 

o
C for 3 min. D: 130 

o
C for 15 min.  The signal of the 

18
F-labeled side-product 

with retention time of ~5 min ([
18

F]FSP5) was maximum at the highest test temperature (130 
o
C). 

The analytical HPLC conditions were 55:45, 0.1% TFA water / MeCN, 1 mL/min. 

 

Source: thesis author. 

Next, the radiosynthesis of [18F]FEtOTs was optimized using a rotatable 

central composite design (RCCD) matrix to choose the best reaction time and 

temperature conditions to obtain the final product with the lowest percentage of the 

volatile by-product (observed at a retention time of ~5 min). Ten different 

combinations of labeling temperature and reaction time were performed and the 

percentage of 18F-labeled side-product ([18F]FSP5) (in the crude yield by HPLC) 

and the analysis of variance, are presented in Table 4.  
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Table 4 – Results from the rotatable central composite design for the volatile 
18

F-labeled side-

product [
18

F]FSP5 

RCCD matrix Experimental results Analysis of variance 

Exp. 

No. 

T 

(
o
C) 

t 

(min) 

[
18

F]FSP5 

(%) 

 

Effect p-value 

T (
o
C) 0.0023* 

t (min) 0.0177* 

T (
o
C) * t (min) 0.1471 

T (
o
C) * T (

o
C) 0.5215 

t (min) * t (min) 0.8304 

  

 

*significance at p < 0.05 

1 70 3 2 

2 70 15 16 

3 130 3 26 

4 130 15 28 

5 100 9 23 

6 100 9 20 

7 100 9 18 

8 100 10 23 

9 79 9 13 

10 121 9 20 

11 100 5 11 

12 100 13 25 

Experimental standard deviation = 2 

Source: thesis author. 

The highest yield of [18F]FSP5 (28%) was observed at both the 

maximum temperature (130 oC) and reaction time (15 min) tested (exp. 4); 

whereas the lowest yield of [18F]FSP5 (2%) was obtained with the minimum 

temperature (70oC) and time reaction (3 min) tested (exp. 1). The experimental 

results showed that the combinations of 70 oC & 15 min, 100 oC & 5 min, 79 oC & 

9 min and 70 oC & 3 min led to the lowest percentage of [18F]FSP5 by-product 

while [18F]FEtOTs, was obtained with 74%, 67%, 62% and 61% in the crude yields 

by HPLC (data not shown), using the same experimental conditions, respectively. 

The analysis of variance confirmed the significant influence of the temperature (p = 

0.0023 at 95% confidence) and time (p = 0.0177 at 95% confidence) in the 

percentage of [18F]FSP5 production. Pareto chart (Figure 10) showed that both 

temperature and reaction time positively favor the formation of [18F]FSP5. 
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Figure 10 – Pareto chart obtained from the statistical analysis of the experimental results on the 

obtained yield of [
18

F]FSP5. The chart shows the significant positive influence of increasing the 

labeling temperature and reaction time with a 95% confidence for the formation of [
18

F]FSP5. 

 

Source: thesis author. 

Afterward, we evaluated the formation of [18F]FSP5 by shortening the 

reaction time to one minute and heating at 100 oC, and found an increased 

formation of [18F]FEtOTs with low formation of [18F]FSP5 (6% ± 2%; n=5). At these 

conditions, the crude yield of [18F]FEtOTs by HPLC was 80% ± 4% (n=5), and the 

identity of [18F]FEtOTs was confirmed by comparing with the profile of the cold 

compound (Figure 11). These experiments were achieved with 1.8 ± 0.3 GBq of 

[18F]F-.  

Figure 11 – Radiochromatogram of the crude mixture of [
18

F]FEtOTs (8.8 min) after heating at 100 

o
C for 1 min. The HPLC profile of the cold compound (8.7 min) confirmed the chemical identity of 

the hot compound [
18

F]FEtOTs. The analytical HPLC conditions were 55:45, 0.1% TFA water / 

MeCN, 1 mL/min. 

 

Source: thesis author. 

Additional experiments with 130 oC, 15 min and sealed vials were 

performed using a lower (0.7 mg) and higher (5 mg) amount of K2CO3 than the 

conventionally used (2 mg) during the elution of [18F]F- (1200 ± 100 MBq) from the 
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QMA cartridge. The HPLC profiles showed in Figure 12, a high percentage (>90%) 

of free [18F]F-.when a low mass of K2CO3 (0.7 mg) was used for the labeling. In 

contrast, the addition of 2 and 5 mg of K2CO3 led to the formation of 28% and 12% 

[18F]FSP5, respectively, whereas the crude yield of [18F]FEtOTs obtained by HPLC 

was 60% and 65%, respectively.  

Figure 12 – Radiochromatograms of the crude mixture of [
18

F]FEtOTs (8.1 min) varying the 

amounts of K2CO3. The reaction was set at 130 
o
C for 15 min with 0.7 mg (A), 2 mg (B) or 5 mg (C) 

of K2CO3. Low mass of K2CO3 (0.7 mg) affected the labeling reaction; while 2 and 5 mg afforded 

60% and 65% crude yields for [
18

F]FEtOTs, respectively. Besides, 2 mg formed higher [
18

F]FSP5 

(28%). The analytical HPLC conditions were 55:45, 0.1% TFA water / MeCN, 1 mL/min. 

 

Source: thesis author. 
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Therefore, the subsequent manual radiosyntheses of [18F]FEtOTs were 

performed at 100 oC for 1 min in sealed vials, which were the best reaction 

conditions observed from a radiation safety point of view (lower amount of volatile 

compound), also improving both the reaction time and [18F]FEtOTs yield. The 

amount of K2CO3 was kept at 2 mg in further experiments. The radiochemical yield 

of [18F]FEtOTs was 30% ± 8% (decay-corrected from dried [18F]F-) after HPLC 

purification and concentration. 

In order to further improve 18F]FEtOTs radiosynthesis, the purification of 

[18F]FEtOTs using only SPE cartridges (C18 Plus and silica Plus) was also tested 

following previously described procedures  (Schoultz et al., 2013; Khanapur et al., 

2014). However, the [18F]fluoroethylation reaction with our target molecules only 

proceeded when [18F]FEtOTs was purified by semi-preparative HPLC. Purification 

using SPE cartridges provided ≥92% radiochemical purity of [18F]FEtOTs; 

however, this purification procedure was not capable of eliminating the precursor 

ethylene glycol bis-tosylate from [18F]FEtOTs. In contrast, with HPLC purification 

[18F]FEtOTs was obtained with >99% chemical and radiochemical purity, and the 

[18F]fluoroethylation reaction was successfully achieved.  

5.2.2 Radiosynthesis of [18F]FEtLos 

[18F]Fluoroethylation of both losartan potassium (scheme 4A) and 

compound 3 followed by acid trityl removal (scheme 4B) provided the desired 

regioisomer 1b ([18F]FEtLos). The first successful radiosynthesis was performed 

using 50 mg of losartan potassium as a precursor; however, in subsequent 

reactions, the mass of the precursor was gradually decreased up to 1 mg without 

affecting the overall yield. The [18F]Fluoroalkylation of losartan potassium formed 

two regioisomers, 1b and 2b, with an overall yield of 48% and 37% by HPLC, 

respectively (Figure 13A).  Similar to the cold synthesis, [18F]Fluoroalkylation of 3 

only formed the 18F-labeled derivative 4b with a crude yield of 56% analyzed by 

HPLC. The regioisomer 1b was formed with a crude yield of 55% after 

deprotection of tetrazole moiety and without further purification of 4b (scheme 4B). 

However, the product 4b was only formed at higher reaction time (Figure 13B).   
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Figure 13 – Representative HPLC profiles of both crude mixtures after [
18

F]fluoroethylation of 

losartan potassium (A), and compound 3 (B). The retention times of 4a, 3, 1a, 2a and losartan 

potassium were 24, 22.8, 7.9, 5.7 and 4 min, respectively at 254-nm UV detector. The retention 

times of 1b and 2b were 7.9 ± 0.1 min and 5.8 ± 0.2 min respectively. The analytical HPLC 

conditions were 0-15 min, 55:45, 0.1% TFA water / MeCN, 15-20 min, 45-100% MeCN, 20-30 min, 

100% MeCN, 1 mL/min. 

 

Source: thesis author. 

The isomer 1b was successfully purified by semi-preparative HPLC 

from the mixture containing 2b, with >99% chemical and radiochemical purity 

(Figure 14A). The chemical identity of the [18F]FEtLos was confirmed by analytical 

HPLC through the co-injection of 1b and the cold compound ([19F]FEtLos) 1a 

(Figure 14B). [18F]FEtLos was prepared in 12% ± 5% yield (decay-corrected from 

[18F]FEtOTs) and 1.4 ± 1.2 GBq (38 ± 33 mCi)/μmol molar activity (n=12). The 

overall yield was 2.7% ± 0.9% (decay-corrected from dried [18F]F-). A typical 

radiosynthesis (scheme 4A) began with 1480 MBq of dried [18F]F- and afforded 13 

MBq of [18F]FEtLos, which was enough to perform the biological studies.  
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Figure 14 – Quality control of the final formulation of [
18

F]FEtLos . Representative HPLC profiles of 

the final formulation of 1b (A), and the co-injection of the cold compound 1a (B). The analytical 

HPLC conditions were 55:45, 0.1% TFA water / MeCN, 1 mL/min. 

 

Source: thesis author. 

[18F]FEtLos was stable in saline for at least 4 hours (Figure 15) and 

displayed less lipophilicity (log D7.4 = 0.21 ± 0.09 (n=3)) than the parental losartan 

(log D7.4 = 1.7 (Kalgutkar and Daniels, 2010)). 
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Figure 15 –Stability of [
18

F]FEtLos in saline. [
18

F]FEtLos was incubated in saline for 5 min, 1, 2 and 

4 hrs. Retention time of the unchanged tracer was 7.9 ± 0.1 min. The analytical HPLC conditions 

were 55:45, 0.1% TFA water / MeCN, 1 mL/min. 

 

Source: thesis author. 

5.2.3 Radiosynthesis of [18F]AMBF3Los 

The hot compound [18F]AMBF3Los (9b) was synthetized via a 18F-19F 

isotopic exchange reaction in aqueous medium without azeotropic drying of [18F]F- 

in a hot cell using manipulators (Facility in Canada). The labeling reaction started 

with high 18F activities (61 ± 23 GBq), and 100 nmol (~61 µg) of cold AMBF3Los 

and led to the production of [18F]AMBF3Los with a good molar activity (108 ± 29 

GBq (2.9 ± 0.8 Ci)/µmol). In these conditions, the overall radiochemical yield was 

10% ± 1%, and the radiochemical purity was higher than 99%. The total 

radiosynthesis was achieved within 52-65 minutes, including HPLC purification 

and reformulation (n=4).  

On the other hand, in order to produce manually [18F]AMBF3Los at the 

Radiopharmacy Center of the IPEN (Brazil) without using manipulators, we tested 

different reaction conditions. Firstly, we performed the synthesis of  [18F]AMBF3Los 
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using 100-fold lower activities of [18F]F- and the same amount of precursor (100 

nmol), which led to the obtention of [18F]AMBF3Los with radiochemical yield of 26 

% and lower molar activity (0.8 GBq/µmol) (entry 1; Table 5) in comparison to the 

higher molar activity obtained when the synthesis was performed using 

manipulators (108 ± 29 GBq). In order to increase the molar activity of molecule, 

the amount of precursor was reduced from 100 to 10 nmol (Table 5). When using 

10 nmol of the precursor (entry 4; Table 5), [18F]AMBF3Los was obtained in very 

low radiochemical yield (4%) but with higher molar activity (4.9 GBq/µmol) in 

comparison with 100 nmol of the precursor. Therefore, we next tested 25 and 50 

nmol of the precursor in order to obtain [18F]AMBF3Los with enough yield and 

molar activity to enable the in vivo studies. As can be seen in Table 5 and Figure 

16A, when using 25 nmol of the precursor, [18F]AMBF3Los was obtained with 

molar activity of 2.9 GBq/µmol, radiochemical yield of 17% and radiochemical 

purity higher than 97%, and therefore this reaction condition was chosen. A typical 

manual radiosynthesis started with 700 MBq of [18F]F- and afforded 60 MBq 

[18F]AMBF3Los with molar activity of 2.4 ± 0.5 GBq (0.06 ± 0.01 Ci) / µmol, and 

radiochemical yield of 11 ± 4 %. The total radiosynthesis time, including C18 Sep-

Pak purification, solvent evaporation and reformulation was 55-65 min (n=20). The 

chemical identity of [18F]AMBF3Los was always confirmed by a single peak on the 

analytical HPLC profile after co-injection of the final formulation with the cold 

AMBF3Los (Figure 16B).  

Table 5 – The best results of radiochemical yield, molar activity and radiochemical purity of 

[
18

F]AMBF3Los when different amounts of precursor with low activities of [
18

F]F
-
 were tested. 

Entry Precursor 

(nmol) 

Radiochemical 

yield (%) 

Molar activity 

(GBq/µmol) 

Radiochemical 

purity (%) 

1 100 26 0.8 >97 

2 50 22 2.1 >97 

3 25 17 2.9 >97 

4 10 4 4.9 >97 

Source: thesis author. 
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Figure 16 – Quality control of the final formulation of [
18

F]AMBF3Los. The figure shows 

representative HPLC profiles of the final formulation of 9b (A), and the co-injection with 9a (B). The 

retention times of 9a and 9b were 17.50 ± 0.04 min and 17.60 ± 0.04 min, respectively. The 

analytical HPLC conditions were solvent A: 0.1% TFA water, solvent B: MeCN, 0-30 min, 0-100% 

B, 1 mL/min. 

 

Source: thesis author. 

[18F]AMBF3Los displayed a log D7.4 of -0.43 ± 0.02 (n=3), and was 

stable in saline (Figure 17) and mouse plasma for at least 60 min (Figure 18).  
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Figure 17 –Stability of [
18

F]AMBF3Los in saline. [
18

F]AMBF3Los was incubated in saline for 5 min, 1, 

2 and 4 hrs. Retention time of the unchanged tracer was 17.60 ± 0.04 min. The analytical HPLC 

conditions were solvent A: 0.1% TFA water, solvent B: MeCN, 0-30 min, 0-100% B, 1 mL/min. 

 

Source: thesis author. 
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Figure 18 – Mouse plasma stability of [
18

F]AMBF3Los. [
18

F]AMBF3Los was incubated in mouse 

plasma for 5, 15, 30 and 60 min. Retention time of the unchanged tracer was 6.34 ± 0.01 min. The 

analytical HPLC conditions were 60:40, 0.1% TFA water / 0.1% TFA MeCN, 2 mL/min. 

 

Source: thesis author. 

5.3 In vitro assays 

5.3.1 Competition binding assays in membranes expressing the human AT1R 

To evaluate the best radiotracer for the detection of AT1R, we next 

performed an in vitro competition binding assay using the cold ligands FEtLos and 

AMBF3Los to displace the binding of [125I]-(Sar1,Ile8)-Angiotensin II to AT1R 

(Figure 19). The Ki values of FEtLos, AMBF3Los and losartan potassium (positive 

control) were 2.2 ± 0.2 μM (n=3), 7.9 ± 0.4 nM (n=3) and 1.5 ± 0.3 nM (n=3), 

respectively. AMBF3Los showed the best AT1R binding affinity compared to 

FEtLos.  
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Figure 19 – In vitro competition binding assays. Competition curve of FEtLos (1a), AMBF3Los (9a 

and losartan potassium with [
125

I]-(Sar1,Ile8)-Angiotensin II to human AT1R expressed in 

membranes from CHO-K1 cells. Ki of FEtLos: 2.2 ± 0.2 μM (n=3); Ki of AMBF3Los: 7.9 ± 0.4 nM 

(n=3); Ki of losartan potassium: 1.5 ± 0.3 nM (n=3). 
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Source: thesis author. 

5.3.2 RT-PCR 

We next checked the mRNA expression of AT1R in several cancer cell 

lines and derived tumors (Figure 20) in order to choose the best model for in vitro 

and in vivo binding studies. MDA-MB-231 (breast), SKOV3 (ovary), U251 (glioma), 

SKBR3 (breast), and MKN45 (gastric) presented a high expression of AT1R mRNA 

in comparison to U87 (glioma), MiaPACA2 (pancreas), BT474 (breast), A549 

(lung), SKMEL37 (melanoma), PC3 (prostate) e AGS (gastric). Among all cells 

tested, the one with the highest AT1R mRNA expression was MDA-MB-231 breast 

cancer cell line. Nonetheless, MKN45-derived tumor displayed the highest 

expression of AT1R mRNA among all tumors analyzed. Interestingly, MDA-MB-23, 

SKOV3 and MKN45-derived tumors displayed higher AT1R mRNA abundance 

compared to their respective cell culture. The non-cancerous cell line 

overexpressing AT1R (CHO-AT1R) showed higher levels of AT1R than the control 

CHO. The subsequent in vitro and in vivo studies were performed using MDA-MB-

231, SKOV3 and MKN45 cancer cell lines. CHO cells were included in the in vitro 
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assays to evaluate the specific binding of the radiotracers to AT1R in AT1R-

overexpressing cells (CHO-AT1R) and control (CHO). 

Figure 20 – AT1R mRNA expression in several cancer cell lines and some derived tumors. The 

AT1R mRNA expression (n=3) was determined by RT-PCR in glioblastoma (U251, U87), pancreas 

(MiaPACA2), breast (MDA-MB-231, SKBR3, BT474), lung (A549),  melanoma (SKMEL37), gastric 

(MKN45, AGS), prostate (PC3)  and ovarian (SKOV3) human cancer cell lines (black bars); 

Chinese hamster ovary cells (CHO-AT1R, CHO) (gray bars), and MDA-MB-231, SKOV3, MKN45-

derived tumors (subcutaneously implanted on mice) (red bars). Relative quantification was done 

using the ΔΔCt method normalizing to β-actin gene expression. Data analyzed by one-way ANOVA 

(Turkey´s multiple comparisons test); **** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05, n.s. (not 

significant).  
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Source: thesis author. 

5.3.3 Binding assays in AT1R-expressing cells 

We next evaluated the in vitro binding of [18F]FEtLos and 

[18F]AMBF3Los AT1R-expressing cells in suspension. 

The results of the binding assays with [18F]FEtLos showed high 

[18F]FEtLos uptake after incubation for 60 minutes at 4 oC, and a non-significant 

AT1R blocking effect (Figure 21). Therefore, the results showed high non-specific 

binding. We expected quite lower activity uptake since the AT1R binding affinity of 

the cold compound FEtLos was low.  
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Figure 21 – In vitro assays with [
18

F]FEtLos  in AT1R-positive cancer cells (A) and non tumoral cells 

(B) after incubation for 60 minutes at 4 
o
C in presence (white bars) or absence (black bars) of the 

AT1R blocker losartan (100 µM/vial). Graph shows the mean ± SD of three independent 

experiments (n=3). The blocking effect was analyzed using the one unpaired t-test (multiple t 

tests); non-significant blocking effect was obtained. 

 

Source: thesis author. 

Then, binding assays with [18F]AMBF3Los using cells in suspension 

(MDA-MB-231, MKN45, SKOV3 and CHO-AT1R)(Figure 22) demonstrated that the 

binding of [18F]AMBF3Los to CHO-AT1R cells was receptor-mediated since 

saturation of the receptors by preincubation with unlabeled AMBF3Los significantly 

decreased the binding of the radiolabeled [18F]AMBF3Los (p<0.001). Nonetheless, 

low [18F]AMBF3Los uptake was found in the tested human cancer cells and 

binding was not inhibited by the cold compound. 

 

 

 

 

 

 

 

 

 

 



90 
 

Figure 22 – In vitro assays with [
18

F]AMBF3Los in suspension cells. AT1R-positive cancer cells 

(MDA-MB-231, MKN45 and SKOV3) and the non tumoral CHO-AT1R-overexpressing cell lines 

were incubated for 60 minutes at 4 
o
C in the presence (white bars) or absence (black bars) of 

potassium losartan (AT1R blocker, 100 µM/vial). Graph shows the mean ± SD of three independent 

experiments (n=3). The blocking effect was analyzed using the one unpaired t-test (multiple t 

tests); *** p<0.001.  

 

Source: thesis author. 

Binding assays with [18F]AMBF3Los were also performed in the human 

cancer cell line MDA-MB-231, and in the non tumoral cells CHO-AT1R and CHO 

previously seeded in 6-well plates (Figure 23). Similarly to the previous results, 

CHO-AT1R exhibited the highest uptake of [18F]AMBF3Los, which was inhibited by 

AT1R blockade. The uptake levels of [18F]AMBF3Los in MDA-MB-231 cells were 

similar to the ones found in the control CHO cells.  
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Figure 23 – In vitro assays with [
18

F]AMBF3Los in cells seeded on 6-well plates. AT1R-positive 

cancer cells (MDA-MB-231) and the non tumoral CHO and CHO AT1R-overexpressing cells were 

incubated with [
18

F]AMBF3Los for 60 minutes at 4 
o
C in the presence (white bars) or absence 

(black bars) of potassium losartan (AT1R blocker, 100 µM/well). Graph shows the mean ± SD of 

three independent experiments (n=3). The blocking effect was analyzed using the one unpaired t-

test (multiple t tests); ***p<0.001. 

 

Source: thesis author. 

It has been previously reported that AT1R mRNA expression levels 

increase in cancer cells cultured under hypoxic (1% O2) conditions for 24 hrs in 

comparison to normoxic (21% O2) conditions (Liu et al., 2013; Fan et al., 2014). 

Based on these results, we subsequently prepared adherent cell cultures of MDA-

MB-231, MKN45 and SKOV3 tumor cells under normoxic (21% O2) or hypoxic (1% 

O2) conditions for 24 hours and evaluated [18F]AMBF3Los cellular binding (Figure 

24). As shown, hypoxic conditions did not increase [18F]AMBF3Los uptake by cells 

in comparison to normoxic conditions. However, we found that the previous 

treatment of SKOV3 cells with losartan potassium blocked [18F]AMBF3Los uptake 

both in normoxic and hypoxic conditions. On the other hand, AT1R blockade by 

losartan potassium was only observed in MKN45 and MDA-MB-231 cells cultured 

under hypoxic conditions. 
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Figure 24 – In vitro assays with [
18

F]AMBF3Los in MDA-MB-231, MKN45 and SKOV3 cells cultured 

under normoxic and hypoxic conditions. AT1R-positive cancer cells (MDA-MB-231, MKN45 and 

SKOV3) were seeded in a 6-well plates and kept under hypoxia or normoxia culture for 24 h (n=3). 

[
18

F]AMBF3Los was incubated for 60 minutes at 4 
o
C in the presence (white bars) or absence 

(black bars) of potassium losartan (AT1R blocker, 100 µM/well). Graph shows the mean ± SD of 

three independent experiments (n=3). The blocking effect was analyzed using the one unpaired t-

test (multiple t tests); **p<0.01, *p<0.05. 

 

Source: thesis author. 

Overall these data demonstrate that [18F]AMBF3Los has a better AT1R 

binding affinity compared to [18F]FEtLos, and suggest that the cancer cells tested 

have a low AT1R protein expression level, unlike expected. 

5.4 In vivo assays 

5.4.1 µPET/CT imaging and autoradiography in healthy mice 

Since kidneys are physiologically AT1R-rich organs, we then aimed to 

evaluate the in vivo binding specificity of the new derivatives [18F]FEtLos and 

[18F]AMBF3Los to renal AT1R in healthy mice. It was previously reported that 

losartan derivatives presented the highest renal uptake at early time points after 

injection in rats: 10-15 min (Arksey et al., 2014; Ismail et al., 2015). Therefore, 

renal AT1R binding specificity of [18F]FETLos was evaluated by an ex vivo 

µPET/CT imaging of the mice kidneys 10 min post tracer injection. Our results 

showed an increased renal [18F]FETLos uptake (baseline), which was blocked 
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when losartan potassium (AT1R blocker) was co-injected with [18F]FETLos (Figure 

25A and B). Interestingly, [18F]FETLos uptake was mainly observed in the renal 

medulla instead of the cortex. 

Figure 25 – (A) Representative ex vivo µPET/CT imaging (coronal view) of Balb/c Nude mice 

kidneys 10 minutes after [
18

F]FEtLos intravenous
 
injection in the absence (baseline) or presence of 

losartan potassium (AT1R blocked). Quantification of [
18

F]FEtLos %ID/g in kidneys is presented in 

graph (B). The blocking effect was analyzed using the one unpaired t-test (multiple t tests); 

*p<0.05. LK: left kidney; RK: right kidney. 

 

 

 

 

 

 

 

 

 

Source: thesis author. 

On the other hand, the renal AT1R binding specificity of [18F]AMBF3Los 

was evaluated in NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ mice with a 60-min dynamic 

µPET scan followed by autoradiography. As shown in Figure 26A, there was a 

high renal [18F]AMBF3Los uptake at early time points (Figure 26A), which was 

reduced when losartan potassium (AT1Rblocker) was co-injected with 

[18F]AMBF3Los (Figure 26B). Unlike [18F]FEtLos, the uptake of [18F]AMBF3Los was 

observed on the kidney cortex rather than medulla. These results were similar to 

the ones reported Arksey et al., using the analog [18F]FPyKYNE-losartan (Arksey 

et al., 2014). The µPET images also showed a fast clearance of [18F]AMBF3Los 

from most of the mouse tissues. For example, a high [18F]AMBF3Los uptake was 

found in the liver at early time points, which markedly decreased 25-30 min p.i. In 

addition, the time-activity curves (TAC) showed that the most of the tracer uptake 

occurred within the first few minutes, and the activity was slowly washed out 

(Figure 26C). However, the TACs did not showed significant differences between 

B A 



94 
 

baseline and AT1R blocked possibly due to the small number of animals per group 

(n=3), or a low dose of the AT1R blocker losartan potassium (18 mg/kg). 

Figure 26 – Representative frames of the dynamic PET imaging (coronal view, 0-10% ID/g) with 

[
18

F]AMBF3Los in healthy NOD.Cg-Prkdc
scid

Il2rg
tm1Wjl

/SzJ mice of the baseline (A) and AT1R 

blocked (B) groups. The images showed a high tracer uptake by the renal cortex 5-15 minutes 

post-injection, and a decreased [
18

F]AMBF3Los uptake when the AT1R blocker losartan (18 mg/kg) 

was co-injected. C. The time-activity curves obtained from the dynamic PET data at baseline (n=3) 

and AT1R blocked (n=3) groups. 
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Source: thesis author. 
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Autoradiographic studies were performed after the 60-min dynamic PET 

scans and we confirmed that [18F]AMBF3Los was mainly captured on kidney 

cortex, and this uptake was blocked by the co-injection of losartan potassium 

(Figure 27). The renal cortex activity was approximately 5-times smaller in the 

mouse kidney blocked with losartan potassium.  

Figure 27 – Representative autoradiographic images of kidneys from healthy NOD.Cg-

Prkdc
scid

Il2rg
tm1Wjl

/SzJ mice after the 60-min dynamic PET scan with [
18

F]AMBF3Los (baseline) and 

[
18

F]AMBF3Los + losartan potassium (AT1R blocked group). The images showed a reduced signal 

in the kidney cortex when AT1R was blocked with losartan potassium (18 mg/kg).  

 

 

 

 

Source: thesis author. 

These findings suggested that [18F]FEtLos and [18F]AMBF3Los are 

specific radioligands for renal AT1R.  

5.4.2 µPET/CT imaging in tumor-bearing mice 

We then evaluate whether [18F]AMBF3Los was able to image AT1R-

expressing tumors in vivo by µPET/CT scan. Four tumor-bearing mouse models 

were tested: tumor derived from MKN45 (Figure 28), SKOV3 (Figure 29), MDA-

MB-231 (Figure 30) or MCF7 (Figure 31) cells, all positive for AT1R expression. 

Unfortunately, 60 min after tracer injection, no signal was found in the tumor in 

none of the groups. Static µPET/CT imaging at this time point only exhibited 

[18F]AMBF3Los uptake in the intestines and gallbladder (Figures 28-31).  
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Figure 28 – Representative static µPET/CT imaging of MKN45 gastric tumor-bearing mice after 60 

minutes of intravenous [
18

F]AMBF3Los injection.  

 

Source: thesis author. 

Figure 29 – Representative static µPET/CT imaging of SKOV3 ovarian tumor-bearing mice after 60 

minutes of intravenous [
18

F]AMBF3Los injection.  

 

Source: thesis author. 
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Figure 30 – Representative static µPET/CT imaging of MDA-MB-231 breast tumor-bearing mice 

after 60 minutes of intravenous [
18

F]AMBF3Los injection.  

 

Source: thesis author. 

Figure 31 – Representative static µPET/CT imaging (coronal view) of MCF7 breast tumor-bearing 

mice after 60 minutes of intravenous [
18

F]AMBF3Los injection. No tumor uptake was found at the 

baseline and in AT1R blocked (20 mg/kg of losartan potassium) groups. 

 

Source: thesis author. 
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5.4.3 Ex vivo biodistribution studies in tumor-bearing mice 

The ex vivo biodistribution studies were then performed in MKN45 

(Figure 32), SKOV3 (Figure 33), MDA-MB-231 (Figure 34) or MCF7 (Figure 35) 

tumor-bearing mice to quantify tissue uptake of [18F]AMBF3Los. However, 60 min 

after the intravenous tracer injection no uptake was found in the tumor and kidneys 

of all studied groups. Intestines, gallbladder and bladder displayed the highest 

uptake at this time point, suggesting that [18F]AMBF3Los was rapidly excreted via 

hepatobiliary and renal pathways. When losartan potassium (20 mg/kg) was co-

injected with [18F]AMBF3Los, a significant decrease of tracer uptake was found in 

the intestines (Figure 35). 

Figure 32 – Ex vivo biodistribution of [
18

F]AMBF3Los in MKN45 gastric tumor-bearing mice after 60 

minutes of intravenous injection (baseline group).  Graph shows the mean ± SD (n=5). Data were 

analyzed using one-way ANOVA (Dunnett´s multiple comparisons test compared to blood); * 

p<0.05, ** p<0.01. 

 

Source: thesis author. 
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Figure 33 – Ex vivo biodistribution of [
18

F]AMBF3Los in SKOV3 ovarian tumor-bearing mice after 60 

minutes of intravenous injection at baseline group.  Graph shows the mean ± SD (n=5). Data were 

analyzed using one-way ANOVA (Dunnett´s multiple comparisons test compared to blood); **** 

p<0.0001. 

 

Source: thesis author. 

Figure 34 – Ex vivo biodistribution of [
18

F]AMBF3Los in MDA-MB-231 breast tumor-bearing mice 

after 60 minutes of intravenous injection (baseline group). Graph shows the mean ± SD (n=4). Data 

were using one-way ANOVA (Dunnett´s multiple comparisons test compared to blood); ** p<0.01, 

**** p<0.0001. 

 

Source: thesis author. 
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Figure 35 – Ex vivo biodistribution of [
18

F]AMBF3Los in MCF7 breast tumor-bearing mice 60 min 

after intravenous injection. Baseline group are black bars, (n=4) and AT1R blocked are white bars, 

(n=3). Graph shows the mean ± SD and data were analyzed using one-way ANOVA (Dunnett´s 

multiple comparisons test) to analyze the individual effect of each tissue compared to blood, and 

one unpaired t-test (multiple t tests) to analyze the AT1R blocking effect; **** p<0.0001; * p<0.05.  

 

Source: thesis author. 

5.4.4 Ex vivo biodistribution studies and µPET/CT imaging after intratumoral 

injection 

To further evaluate [18F]FEtLos and [18F]AMBF3Los binding specificity to 

tumoral AT1R, we performed a direct intratumoral injection of both radioligands (in 

the presence or absence of cold losartan) in MDA-MB-231 breast tumor-bearing 

mice and evaluated tumor tissue uptake by ex vivo biodistribution studies. Sixty 

minutes p.i., [18F]FEtLos showed a tumor uptake of 40% (baseline) and co-

injection with losartan potassium (AT1R blocker) did not block the radiotracer 

uptake (Figure 36). [18F]FEtLos displayed a significant uptake in the gallbladder 

and bladder, sugesting an hepatobiliar and renal excretion pathways. Overall, 

these data suggest that [18F]FEtLos is not a suitable PET radioligand for AT1R-

expressing tumor microenvironment since it did not show any specific AT1R 

binding for MDA-MB-231 breast cancer or CHO-AT1R non-cancer cells (Figure 

21B) which is in agreement with the low Ki value (Figure 19). 
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Figure 36 – Ex vivo biodistribution of [
18

F]FEtLos in MDA-MB-231 breast tumor-bearing mice 60 

min after intratumoral injection. Baseline group are black bars, (n=4) and AT1R blocked (70 mg/kg) 

are white bars, (n=3). Graph shows the mean ± SD (n=3) and data were analyzed by one unpaired 

t-test, * p<0.05, *** p<0.001. 

 

Source: thesis author. 

On the other hand, when [18F]AMBF3Los was injected intratumorally in 

MDA-MB-231 breast cancer-bearing mice, the ex-vivo biodistribution studies 

obtained 60 min p.i. showed a high tumor uptake (%ID/g ~ 80 %) that was 

significantly reduced (to a %ID/g ~ 20%) by the co-injection of losartan potassium 

(AT1R blocker) (Figure 37). In addition, static µPET/CT imaging showed a high 

activity concentration in tumor 60 minutes after intratumoral injection (baseline) 

that was significantly reduced by the co-injection of losartan potassium (AT1R 

blocker) (Figure 38). These findings suggested that although [18F]AMBF3Los is 

specific for tumor AT1R binding, because of its very short time in the bloodstream, 

it may not reach the tumor when injected intravenously. 
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Figure 37 – Ex vivo biodistribution of [
18

F]AMBF3Los in MDA-MB-231 breast tumor-bearing mice 60 

min after intratumoral injection. Baseline group are black bars, (n=4) and AT1R blocked (70 mg/kg) 

are white bars, (n=3). Graph shows the mean ± SD (n=3) and data were analyzed by one unpaired 

t-test,  ** p<0.01. 

 

Source: thesis author. 

Figure 38 – Representative static µPET/CT imaging (transverse view) of MDA-MB-231 breast 

tumor-bearing mice 60 minutes after the intratumoral injection of [
18

F]AMBF3Los. The image shows 

a high tumor uptake at the baseline, and notable tumor uptake reduction in the AT1R blocked 

group. 

 

Source: thesis author. 
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5.4.5 Blood clearance  

Finally, the half-life of [18F]AMBF3Los in blood circulation was 

determined in MKN45, SKOV3, and MDA-MB-231 tumor-bearing mice. The results 

showed that [18F]AMBF3Los displays a very fast blood clearance of 0.76 min (46 

seconds) for MKN45 (Figure 39A) and SKOV3 (Figure 39B) tumor-bearing mice, 

and 0.91 min (55 seconds) for the MDA-MB-231 group (Figure 39C). 

Figure 39 – Blood clearance of [
18

F]AMBF3Los in MKN45 (A), SKOV3 (B), and MDA-MB-231 (C)  

tumor-bearing mice. Data are representative of n=3 and the half-life was calculated by fitting to one 

phase decay curve.  

 

 

Source: thesis author. 

In summary, we showed in this thesis for the first time that 

[18F]AMBF3Los, a new AT1R PET radioligand, binds specifically to AT1R-

expressing tumor cells in vitro and displays a high tissue uptake in the kidney 

cortex of mice. When injected intratumorally, [18F]AMBF3Los was found to bind 

specifically to tumor xenograft and was competitively inhibited by cold losartan. 

However, [18F]AMBF3Los was not able to reach the tumor site once injected 
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intravenously probably because of its rapid metabolism and very fast clearance. 

Nonetheless our results demonstrate that 18F- ARBs derivatives could be suitable 

tracers to cancer imaging AT1R-expressing tumor microenvironment, however, 

radiolabeled ARBs that possess better pharmacokinetics profile may be required. 
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6 DISCUSSION 

Many PET tracers have been developed using the [18F]fluoroalkylating 

agent [18F]FEtOTs since its first reported radiosynthesis in 1987 (Block et al., 

1987; Kniess et al., 2015). [18F]FEtOTs has been prepared by nucleophilic 18F-

substitution on the ethylene glycol bistosylate precursor at different labeling 

temperatures and reaction times varying mostly from 70 to 130 oC and 3 to 15 

minutes, respectively, with 30% - 90% radiochemical yields (Kniess et al., 2015). 

According to the literature, the formation of a radioactive gas as side-product 

during the radiosynthesis of [18F]FEtOTs has not been reported yet. However, the 

formation of an unknown volatile radioactive side-product during the 

[18F]fluoroalkylation reaction using [18F]FEtOTs as a [18F]fluoroalkylating agent was 

mentioned previously (De Vries et al., 2003). These authors suggested that 

[18F]vinyl fluoride might have been formed through the β-elimination of [18F]FEtOTs 

(De Vries et al., 2003). The indirect 18F-radiolabeling using the prosthetic group 

[18F]FEtOTs usually involves high temperatures and strong basic medium that may 

favor elimination over substitution mechanisms. The radiolabeling reaction with 

[18F]F- to prepare  the [18F]FEtOTs also proceeds at high temperatures and basic 

medium, which might have enhanced the formation of the gas [18F]vinyl fluoride. In 

addition, the nucleophile [18F]F- can also act as a base, inducing the elimination 

mechanism. According to our results, a radioactive gas was formed during the 

radiosynthesis of [18F]FEtOTs, which may lead to radioactive contamination if lab 

conditions are inadequate or handling procedures are misguidedly performed. 

Therefore, the radiosynthesis of [18F]FEtOTs was optimized (temperature, time 

and amount of base) in order to afford [18F]FEtOTs and reduce the formation of 

volatile radioactive side-products as much as possible. 
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Temperature and reaction times mainly influenced the formation of a 

radioactive gas. The reaction conditions of 100 oC and 1 min in sealed vials 

provided a safer manual radiosynthesis with high HPLC crude yields of 

[18F]FEtOTs. This product is quickly formed at 100 oC and both labeling 

temperature and reaction time, varying from 70 to 130 oC and 3 to 15 min 

respectively, significantly enhanced the formation of the radioactive gas at 95% 

confidence. However, the increased amount of base did not favor the formation of 

the radioactive gas. The best crude yields of [18F]FEOTs (80 ± 4%) with a low 

formation of the radioactive gas (6 ± 2%) were reached at the labeling 

conditions:100 oC and 1 minute. At the same time, HPLC profiles at 2 and 5 mg of 

K2CO3 exhibited a formation of the18F-labeled side-product with a retention time of 

2.7 minutes approximately in a K2CO3-dependent way, which might be 2-

[18F]fluoroethanol due to the basic reaction conditions as mentioned by other 

reports (Tietze et al., 2006). 

In conclusion, the formation of radioactive gas is expected both during 

the radiosynthesis of [18F]FEtOTs and the following [18F]fluoroalkylation reaction. 

Therefore, both radiosynthesis must always proceed in radioisotope fume hoods 

or hot cells with excellent exhaustion and radioactivity trapping. In effect, the 

formation of a radioactive gas was also recorded when the [18F]fluoroethylation of 

losartan was performed with >3.7GBq activities of [18F]FEtOTs, using the strong 

base NaH, and heating at 80 oC for 20 min. 

Two new Angiotensin II receptor Blockers [19/18F]FEtLos and 

[19/18F]AMBF3Los were designed, synthetized and evaluated as novel AT1R 

radioligands for PET imaging of AT1R-positive tumors. Both compounds were 

designed via substitution of the hydroxyl group by fluoro ligands at imidazole 5-

position of losartan. Several substituents with different length such as a small 

methyl group (Hadizad et al., 2011) and a bulky side chain (Verjans et al., 2008), 

have been introduced into the losartan pharmacophore at the same position, 

without reducing the AT1R binding affinity. For instance, the chelate-coupled 

losartan-Leucine-Diglycoloyl-Tetraethyleneglycol-Tetraamine showed superior 

AT1R affinity (Ki = 60 pM) compared to parental losartan (Ki = 10 nM); 

radiolabeling of this compound with 99mTc displayed an acceptable biodistribution 

profile in mouse model of post-myocardial infarction heart failure (Verjans et al., 

2008). The increase of AT1R affinity of this losartan analog is probably due to the 
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higher possibility to form hydrogen bonds, which may increase their affinity to the 

receptor (Figure 40). Other losartan derivatives were synthesized by adding nitric 

oxide (NO)-donor side chains to losartan at imidazole 5-position as well (Figure 

41), and all of them displayed antagonist potency values similar to losartan 

(Breschi et al., 2004). The [18F]FPyKYNE-losartan derivative also showed high 

affinity to kidney AT1R in rats and pigs (Hachem et al., 2016).  

Figure 40 – Structure of the chelate-coupled losartan-Leucine-Diglycoloyl-Tetraethyleneglycol-

Tetraamine for radiolabeling with 
99m

Tc and SPECT imaging in cardiology 

 

 

Source: (Verjans et al., 2008). 

Figure 41 – Structure of the NO-releasing derivatives of losartan as cardiovascular drugs with 

vasorelaxing effects and AT1R-antagonist activity  

 

Source: modified from literature (Breschi et al., 2004). 

[18F]FEtLos and the cold FEtLos were synthetized by both 

[18/19F]fluoroethylation of losartan potassium and tetrazole-protected losartan 

through a SN2 reaction. The regioisomer with the substitution at the imidazole 5-

position was obtained with higher yield due to the localized negative charge on 

oxygen atom in contrast to the delocalized negative charge at the tetrazol moiety, 
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which is stabilized by resonance. We also put some efforts in synthetizing a 

precursor for direct 18F-labeling, however we did not achieve successfully results. 

On this regard, it is worth mentioning that the reaction of tetrazole-protected 

losartan with ethylene glycol bistosylate failed when we tested three different 

bases: NaH, K2CO3 and sodium ethoxide (NaOEt), either at room temperature / 80 

oC up to 24 h, or microwaves radiation (80 oC for 5 min, 300 watts). The reaction 

color varied from yellow to dark brown with the strong base NaH, and TLC results 

always showed the presence of the starting material and the consumption of 

ethylene glycol bistosylate without forming UV-visible products. The formed 

products obtained with NaOEt were not the expected ones, and no product was 

observed when using the weaker base K2CO3.  

On the other hand, the cold AMBF3Los was synthetized via a copper (I) 

- catalyzed Huisgen alkyne - azide 1,3-dipolar cycloaddition, the most used click 

reaction, and the 18F-labeled compound was obtained from an aqueous 18F-19F 

isotopic exchange reaction. The one step 18F-19F isotopic exchange approach 

using organotrifluoroborates is like a kit for 18F-labeling. This approach was 

successfully used for radiolabeling peptides and smaller molecules within 40 min, 

obtained with radiochemical purity greater than 95%, without further HPLC 

purification and in high molar activities ranging from 24 to 207 GBq/µmol. All these 

radiosynthesis started with ≥ 3.7 GBq of [18F]F- (Liu, Pourghiasian, Bénard, et al., 

2014; Lau et al., 2015; Pourghiasian et al., 2015; Gonçalves Nunes et al., 2018; 

Huang et al., 2018). 

The AMBF3-alkynyl (6) was prepared according to the literature by 

alkylating the tertiary amine N,N-dimethylpropargylamine with iodomethyl-pinacol 

boronate, followed by the fluorination reaction with mildly acidic KHF2 (Liu, 

Pourghiasian, Radtke, et al., 2014; Liu et al., 2015). The fluorination mechanism is 

represented in Figure 42 and involves a one-pot two-step reaction: (1) acid 

catalyzed hydrolysis of the boronic ester to boric acid and (2) conversion of the 

boric acid to trifluoroborate (Lin et al., 2019).  

 

 

 

 

 



110 
 

Figure 42 – Reaction mechanism to synthetize the AMBF3-alkynyl (6)  

 

Source: modified from literature (Lin et al., 2019). 

The alcohol to azide conversion at the imidazole 5-position of losartan 

took place by a SN2 inversion following a Mitsunobu displacement with the azide 

nucleophile. The mechanism for converting the alcohol moiety to the 

corresponding azide initially involves the formation of the phosphate of the alcohol 

and the DBU salt; then, the phosphate leaving group is displaced by the organic 

soluble form of azide at ambient temperature (Thompson et al., 1993; Thompson 

and Grabowski, 1995). The DBU salt of diphenyl phosphate is also formed, and 

can be removed with an aqueous wash (Thompson et al., 1993; Thompson and 

Grabowski, 1995). This method allows getting the azide product in high yield (60-

95 %) and enantiomeric purity, which can be used to produce azides from the 

corresponding benzylic alcohols or alpha hydroxyl alkane esters (Thompson and 

Grabowski, 1995). The reaction mechanism for converting alcohol into azide at 

losartan is represented in Figure 43. We also used tetrazole-protected losartan (3) 

as precursor for avoiding formation of side-products due to deprotonation of 

tetrazole moiety at losartan commercially available. 
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Figure 43 – Reaction mechanism to introduce the azide function at the losartan molecule 

 

Source: thesis author. 

Trityl protecting group was then removed under acidic conditions before 

proceeding to the click reaction for avoiding trifluoroborate hydrolysis at the 

AMBF3-conjugated losartan. The cold AMBF3Los was finally afforded in similar 

yield to other compounds using the same approach (Lau et al., 2015; Pourghiasian 

et al., 2015).  

The radiochemical yield of [18F]AMBF3Los was low due to a significant 

part of the [18F]F- was lost by volatilization as [18F]HF during the 18F-19F isotopic 

exchange reaction, which is performed in acidic conditions under vacuum and 

heating. According to the literature, the reaction pH is the crucial step of this 

radiolabeling approach, and a pH of 2-2.5 generally gives lower by-product 

(boronic acid) levels, and better radiochemical yield (Liu et al., 2015). The carrier 

[19F]fluoride was used during the radiolabeling because it increases the [18F]BF3 

formation while still providing a molar activity of 37 GBq/µmol (Lin et al., 2019).  

In addition, log D7.4 measurements of [18F]FEtLos (0.2) and 

[18F]AMBF3Los (-0.4) showed that these new derivatives are more hydrophilic than 

the parental losartan with a log D7.4 of 1.7 (Kalgutkar and Daniels, 2010). 
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Therefore less non-specific liver uptake is expected compared to the 

[18F]FPyKYNE-losartan. 

Nonetheless, results of the in vitro competition binding assays showed 

that only the derivative AMBF3Los (Ki = 7.9 nM) displayed a good binding affinity 

to human AT1R. The high Ki value (2.2 μM) of FEtLos reveals that FEtLos has a 

low binding affinity for AT1R. Therefore, the substitution of hydroxyl group by the 2-

fluoroethoxy moiety substantially affected the AT1R binding due to the lack of 

hydrogen bonding or other intermolecular forces. In case of AMBF3Los, the 1,2,3-

triazole is a polar moiety and a good hydrogen bond acceptor that may keep the 

receptor binding affinity of the modified losartan. The derivative [18F]FPyKYNE-

losartan, also containing a 1,2,3-triazole at the imidazole 5-position, displayed high 

affinity (dissociation constant = 49.4 nM) to rat kidney AT1R (Hachem et al., 2016). 

The structure-activity relationships at the imidazole 5-position revealed that it 

generally prefers small hydrogen-bonding substituents such as alcohols or 

carboxylic acids but also tolerates a wide range of functional groups (Carini et al., 

1991). Thus, our results corroborate data from the literature showing that 

hydrogen-bonding substituents at the imidazole 5-position also play an important 

role to the AT1R binding affinity.  

For the biological evaluation of the new derivatives in cancer models, 

the AT1R mRNA abundance was firstly confirmed by RT-PCR on several cells and 

derived tumors. As AT1R is physiologically localized on vascular smooth muscle 

cells to mediate vasoconstriction (Paul et al., 2006), the increased AT1R mRNA 

abundance on tumors was expected because of tumor vascularization. In 

particular, we hypothesize that the great increase of the AT1R mRNA abundance 

on MKN45-derived tumor compared to MKN45 cell culture is probably due to the 

hypoxic condition. Hypoxia promotes vessel growth to deliver oxygen and nutrients 

by upregulating multiple angiogenic factors such as extracellular matrix 

degradation and vascular permeability (Krock et al., 2011). In addition, we 

confirmed that MKN45 tumors are hypoxic because of the tumor uptake of 

[18F]Fluoroazomycin arabinoside ([18F]FAZA), a hypoxia PET tracer (unpublished 

data from our research group). On the other hand, AT1R mRNA expression levels 

were significantly increased in human lung fibroblast (HLF-1) cells after 24 hrs of 

hypoxic treatment (Liu et al., 2013). These authors found that hypoxia induced the 

mRNA expression of other RAS components (angiotensinogen and ACE) in HLF-1 
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cells and increased ANG II levels (Liu et al., 2013). ANG II, ACE and AT1R were 

also up-regulated in mouse Lewis lung carcinoma (LLC) cells after 24 hrs of 

hypoxia exposure (Fan et al., 2014). Since hypoxia can regulate a local RAS as 

well, we expected a higher tracer uptake by the cancer cells cultured under 

hypoxia. Nevertheless, AT1R-positive MDA-MB-231, SKOV3 and MKN45 cells did 

not show a substantial [18F]AMBF3Los uptake at normoxic nor at hypoxic 

conditions. In contrast, CHO-AT1R cells displayed high [18F]AMBF3Los uptake and 

extremely significant AT1R blockade at normoxia. The low [18F]AMBF3Los uptake 

by MDA-MB-231, SKOV3, and MKN45 cells compared to CHO-AT1R cells could 

be due to a significantly lower AT1R protein expression. Levels of mRNA are not 

always positively correlated with protein expression. In fact, several reports have 

shown that mRNA expression is useful, however certainly far from perfect in 

predicting the protein levels of certain proteins (Guo et al., 2008; Maier et al., 

2009). Moreover, cancer cells probably have a lower AT1R concentration which 

may have been saturated with the cold mass of the tracer formulation. In general, 

receptors have relatively low concentration (10 pmol/mg tissue) and therefore, 

molar activities must be as high as possible to avoid receptor saturation, and to 

ensure maximal ligand-receptor binding (Elsinga, 2002). Although these assays 

were performed with low molar activity, the increased uptake at the CHO-AT1R 

cells indicated the concentration of the receptor is another important parameter to 

ensure and visualize the ligand-receptor binding. In addition, it is well known that 

tumor cells display aberrant glycosylation (Munkley and Elliott, 2016) and that 

AT1R glycosylation enhances receptor stability and cell surface receptor 

expression (Jayadev et al., 1999). Further studies will be needed to verify whether 

or not cell surface AT1R expression levels in tumor cells are similar to non-tumoral 

cell lines such as CHO.  

Kidneys are usually chosen as control organ for evaluating the AT1R 

binding properties of new  AT1R radioligands due to the highly conserved AT1R 

distribution in all adult mammals, including humans (Allen et al., 2000). In vivo 

studies in healthy mice showed that both [18F]FEtLos and [18F]AMBF3Los are 

specific for renal AT1R binding with different  profiles of kidney uptake. In 

particular, the higher activity concentration on kidney cortex instead of medulla, 

showed by [18F]AMBF3Los, was also visualized with other PET losartan derivatives 

evaluated in rats (Arksey et al., 2014; Ismail et al., 2015).  
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Rodents have two AT1R isoforms: subtype A (AT1A) and subtype B 

(AT1B). In mouse kidney, AT1AR is the predominant form of AT1R (Gonzalez-

Villalobos et al., 2010). According to literature, AT1AR expression was clearly 

evident in kidney, adrenal gland, liver, brain, ovary, testes, adipose tissue, lung, 

and heart of adult mice; while AT1BR was absent from most of these tissues and 

detectable in brain, testes, and adrenal gland (Burson et al., 1994). Reports of 

immunohistochemistry studies showed AT1R expression extensively throughout 

the kidneys from C57BL/6J mice on glomeruli and proximal tubules cells, 

interstitial cells and, more strongly, on blood vessels, distal tubules, and collecting 

ducts (Gonzalez-Villalobos et al., 2010). Other reports revealed that mRNA AT1AR 

abundance on kidney tissues from wild-type mice was similar between the renal 

cortex and the medulla (Herrera et al., 2013). Therefore, both kidneys profiles of 

[18F]FEtLos and [18F]AMBF3Los may be acceptable since the mice models were 

not exactly the same. 

In spite of the specific in vivo [18F]AMBF3Los tumor binding, evaluated 

60 minutes after intratumoral injection, no tumor uptake was visualized at this time 

point when tracer injection was performed intravenously. Furthermore, 

[18F]AMBF3Los displayed a very quickly blood clearance with less than one minute 

half-life. Therefore, the very short time of [18F]AMBF3Los in the bloodstream may 

also account for the non-tumor uptake seen after i.v. injection. On the other hand, 

[18F]FEtLos exhibited non-specific tumor AT1R binding, possibly due to the lower 

AT1R expression on tumors compared with kidneys, and the low AT1R binding 

affinity; consequently, no further studies were performed with this derivative.  

AT1R blockers like losartan, valsartan and telmisartan have high protein 

binding (98.7, 95 and >99 %, respectively), and longer half-lives such as 2, 9 and 

24 hours, respectively (Burnier e Brunner, 2000). Hence, the short blood 

circulation time of [18F]AMBF3Los may be due to poor plasma protein binding or 

water solubility. A ligand with high plasma protein may have longer circulation time 

and higher probability to reach the tumor tissue leading to the ligand - receptor 

binding if the free fraction is responsible for that. Moreover, poor water solubility 

may lead to drug elimination from the bloodstream before reaching the tumor 

tissue, because the reticulo-endothelial system recognizes hydrophobic materials 

as foreign (Tran et al., 2017). Indeed, the negative log D7.4 of [18F]AMBF3Los (-0.4) 

indicates it is hydrophilic, which would favor the circulation time and tumor uptake. 
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[18F]AMBF3-tracers targeting carbonic anhydrase IX, a transmembrane enzyme,  

displayed good tumor uptake at 1 h after tracer injection and a log D7.4 varying 

from -1.9 to -2.5 (Lau et al., 2015), which indicate that these tracers are more 

hydrophilic than [18F]AMBF3Los. Therefore, new analogs of AT1R blockers should 

be designed to be more hydrophilic than [18F]AMBF3Los and then evaluated as 

tumor imaging PET tracers. 

Despite the increasing in vitro and in vivo evidence exhibiting AT1R as a 

promising cancer target, a recent analysis highlighted the opposite. These authors 

argued that (1) subpopulation overexpressing AT1R represents a low incidence 

(<20% in breast cancer); (2) AT1R activation follows a complex signaling and 

certainly possible not all of the actions of ANG II acting via AT1R in tumors are 

harmful; (3) very high doses are used for the AT1R blockade in tumor-bearing mice 

compared with the normal doses for adult patients (Vinson, 2017). Nonetheless, 

other authors reported that the positive expression rate of AT1R in human breast 

cancer tissue was 48% (49/102), and was correlated with axillary lymph node 

metastasis (Chen et al., 2013). Besides, immunohistochemical AT1R expression in 

human ovarian tumor tissues showed that AT1R was expressed in 85% (57/67) of 

invasive adenocarcinomas, and 55% of them were strongly positive (Suganuma et 

al., 2005). In human samples from 152 surgically resected esophageal squamous 

cell carcinoma (ESCC) patients, AT1R overexpression was univariately associated 

with inferior overall survival compared to disease-free survival; besides that, AT1R 

has been considered an independent prognosticator in ESCC (Li et al., 2016). 

Although these results are quite promising, several gaps between preclinical and 

clinical data need to be addressed such as: 1) No one knows for sure if enough 

levels of ARBs reach to the tumor microenvironment and exerts a direct anti-tumor 

effect; 2) Although the half-lives of ARBs vary from 2 (losartan) to 24 (telmisartan) 

hours, the great majority of the antitumoral preclinical data was obtained using 

losartan, whereas clinical studies do not provide specific information regarding 

which ARBs is being taken by the patients enrolled in the studies and; 3) The 

doses of losartan used in preclinical cancer models are 100-fold higher than the 

regular doses used for the treatment of hypertension in adult patients.  

Since losartan has the shortest half-life among the ARBs (Abraham et 

al., 2015), our apparent negative result led us to hypothesize that higher doses of 

losartan needed in preclinical cancer models in order to exert its antitumoral 
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effects are necessary due to its pharmacokinetic profile. As an example, the usual 

daily doses of losartan to control the blood pressure range from 20-100 mg per 

day/adult patient. Assuming that the average weight of a mouse is 25 grams, the 

usual doses of losartan used in preclinical cancer models range from 2000-2800 

mg of losartan per day/mouse (Coulson et al., 2017; Zhao et al., 2019). In addition, 

and considering that ARBs have different half-lives, our data point out the 

importance of comparing the same ARBs used in in vitro and in vivo studies. It is 

quite common to associate the preclinical benefits of high doses of losartan with 

extended overall cancer survival in patients under treatment with ARBs, without 

specifying which ARBs they have been treated with (Zhao et al., 2019). 

Nonetheless our results demonstrate that 18F-ARBs derivatives could be suitable 

tracers to cancer imaging AT1R-expressing tumor microenvironment, however, 

radiolabeled ARBs that possess better pharmacokinetics profile may be required.  
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7 CONCLUSIONS 

1 The cold compounds FEtLos and AMBF3Los were successfully synthesized 

and characterized by MS and NMR experiments confirming their chemical 

structures. 

2 The manual radiosynthesis of [18F]FEtOTs was optimized from a radiation 

safety point of view; then, [18F]FEtLos was synthetized by the 

[18F]fluoroethylation of two losartan precursors with low molar activity and 

high radiochemical purity. [18F]FEtLos was found to be less lipophilic than 

parental losartan, stable in saline, and exhibited low AT1R binding affinity. 

3 [18F]AMBF3Los was synthetized by 18F-19F isotopic exchange reaction with 

high radiochemical purity, and molar activities ranging from 2 to 139 

GBq/μmol. [18F]AMBF3Los was slightly hydrophilic, stable in mouse plasma 

and saline, and showed high AT1R binding affinity. 

4 The radioligand [18F]AMBF3Los bound specifically to AT1R-expressing cells 

in vitro and displayed a high tissue uptake in the kidney cortex of mice.  

5 When injected intratumorally, [18F]AMBF3Los was found to bind specifically 

to tumor xenograft and was competitively inhibited by cold losartan, while 

[18F]FEtLos showed non-specific AT1R binding. However, [18F]AMBF3Los 

was not able to reach the tumor site once injected intravenously probably 

because of its rapid metabolism and very fast clearance. Both radioligands 

were excreted by renal and hepatobiliary pathways. 

6 18F-Angiotensin II receptor blockers derivatives could be suitable tracers to 

cancer imaging AT1R-expressing tumor microenvironment, however, 

radiolabeled ARBs that possess better pharmacokinetics profile may be 

required.  
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9 APPENDIX A – (1H,13C)-HMBC spectra of FEtLos in CDCl3 
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10 APPENDIX B – HRMS (ES+) of FEtLos  
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11 APPENDIX C – (1H,13C)-HMBC spectra of AMBF3Los in CD3CN 
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12 APPENDIX D – HRMS (ES+) of AMBF3Los  
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