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Resumen 

Síntesis y evaluación de heterociclos activos para el diagnóstico precoz y 

tratamiento de enfermedades cerebrales 

De acuerdo con la Fundación Americana del Cerebro, “las enfermedades cerebrales se manifiestan 

de muy distintas maneras, y reciben diferentes denominaciones”. Efectivamente, las enfermedades 

del cerebro presentan una alta incidencia en la población, afectando 1 de cada 6 personas Enel 

mundo, lo que supone un gran reto para la sociedad tanto desde un punto de vista socioeconómico 

como sanitario.  

El presente trabajo de tesis doctoral se ha centrado en desarrollo de heterociclos para el diagnóstico 

y tratamiento de enfermedades cerebrales, en particular, Enfermedad de Alzheimer (EA) y 

glioblastoma multiforme (GBM). EA es una enfermedad neurodegenerativa perteneciente a un grupo 

de patologías denominadas tauopatías, que se caracterizan por los depósitos anormales de proteína 

tau en el cerebro, en forma de agregados de la misma, ubicados en el interior de las neuronas y 

denominados ovillos neurofibrilares. El mayor problema que presenta actualmente EA es su 

diagnóstico, pues el daño cerebral se produce años antes de la aparición de los primeros síntomas. 

Es por ello que existe la necesidad de desarrollar potentes herramientas para el diagnóstico fiable y 

precoz, que permitirá a su vez incrementar el éxito de cualquier terapia destinada a tratar EA. GBM, 

por su parte, es un tipo de tumor cerebral perteneciente al grupo de los astrocitomas y el más 

agresivo entre los de su clase. El mayor reto para la terapia de GBM es la presencia de la barrera 

hematoencefálica (BBB), que limita el paso del 98% de los nuevos tratamientos y reduce las 

concentraciones efectivas de fármaco que llegan al cerebro. El tratamiento standard para GMB 

(protocolo Stupp) comprende cirugía, radiación y quimioterapia. Sin embargo, este protocolo 

presenta altos niveles de recurrencia tras la intervención y, una esperanza de vida de 15 meses. Esta 

falta de efectividad corrobora el hecho de que GBM es una enfermedad muy compleja y heterogénea, 

que necesita el desarrollo de nuevas más sofisticadas terapias capaces de atravesar la BBB que 

permitan tratarla eficazmente.  

La tomografía por emisión de positrones (PET) es una técnica de imagen médica de diagnóstico 

ampliamente extendida que permite la visualización y monitorización de las funciones de tejidos y 

órganos mediante el uso de radiofármacos o radiotrazadores. En el presente estudio se plantearon 

objetivos que incluyeron la síntesis y caracterización de nuevos heterociclos con afinidad por 

agregados de proteína tau, baja citotoxicidad e idoneidad para ser transformados en radiotrazadores 

para administración parental. Por último, plantear posibles rutas de síntesis para convertir estas 

moléculas en radiotrazadores. Así, en esta primera parte del trabajo dedicada a EA y tauopatías, se 

han desarrollado satisfactoriamente familias de compuestos pertenecientes al grupo de las 

imidazo[2,1-a]piridinas e imidazo[2,1-b]tiazoles capaces de unirse a agregados de proteína tau, 

además de no presentar citotoxicidad frente a células del hematocrito. Se desarrolló además una 

ruta sintética para la obtención de radiotrazadores marcados con flúor radioactivo. Estos resultados 

abren el camino a la utilización de estas nuevas familias de heterociclos identificadas como 
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potenciales nuevos radiotrazadores selectivos 18F-PET para el diagnóstico precoz de este tipo de 

enfermedades. 

La segunda parte de esta tesis doctoral está dedicada a los tumores cerebrales, en particular al 

tratamiento de GBM. Para ello, se han planteado dos aproximaciones diferentes. Por un lado, la 

inhibición del enzima LDH-A humana mediante heterociclos con actividad inhibidora de LDH-A. Por 

otro lado, la utilización de terapias dirigidas basadas en nanopéptidos para “cargar y lanzar” 

compuestos citotóxicos activos frente a células tumorales.   

Para el desarrollo de inhibidores de LDH-A humana, se planteó la realización de un screening de una 

biblioteca de compuestos del grupo de investigación, mediante el uso de las técnicas de Resonancia 

de Plasmón de Superficie (Surface Plasmon Resonance; SPR) y ensayos enzimáticos en disolución. El 

screening señaló a los conjugados quinona-aminoácido como potenciales inhibidores de LDH-A, por 

lo que se sintetizaron y caracterizaron más análogos que probaron su óptima actividad tanto en SPR 

como en los ensayos enzimáticos. Una vez identificados los compuestos activos frente a LDH-A, el 

siguiente objetivo fue la caracterización de dichos compuestos mediante la determinación de las 

constantes cinéticas Ki y KD, así como evaluar su eficacia antitumoral (IC50) en células de glioblastoma 

(U87 MG). Los ensayos celulares mostraron resultados más modestos, pero definitivamente nos 

abren paso para el desarrollo de inhibidores de LDH-A más potentes y efectivos.  

El último capítulo del presente trabajo de tesis doctoral tenía como objetivo el empleo de terapias 

dirigidas para el tratamiento de GBM con 11PS04, una molécula innovadora capaz de modificar y 

restaurar a niveles fisiológicos la transcripción de microRNAs (miRNA) que se encuentran alterados 

en procesos patológicos como el cáncer. Tal y como ha sido descrito previamente por nuestro grupo 

de investigación, 11PS04 puede actuar como agente sensibilizante de células tumorales, e 

incrementar el efecto citotóxico de TMZ, un fármaco actualmente indicado para el tratamiento de 

GBM, pero que presenta un gran nivel de resistencia en pacientes tratados con el protocolo Stupp. 

Por ello, 11PS04 ha sido formulado en el interior de un péptido denominado TPGnRH, el cual ha sido 

desarrollado por el equipo de la Dra. Lalatsa a partir de la hormona liberadora de gonadotropina 

(GnRH). TPGnRH es capaz de atravesar la barrera hematoencefálica y dirigirse específicamente a las 

células de GBM, que sobreexpresan GnRH. La formulación de 11PS04 con TPGnRH fue caracterizada 

en cuanto a morfología y grado de encapsulación, así como su actividad frente a células de 

glioblastoma humano en presencia y ausencia de TMZ. La formulación permitió reducir las dosis 

necesarias efectivas de cada componente sin sacrificar el efecto antiproliferativo deseado. Se puede 

concluir, por tanto, que la terapia combinada desarrollada tiene un gran potencial farmacológico para 

el tratamiento de GBM. 
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Abstract 

Synthesis and evaluation of active heterocycles for early diagnosis and 

treatment of brain diseases. 

According to the American Brain Foundation: “Brain disease comes in many different forms, and goes 

by many different names”. It affects 1 out of 6 people worldwide,  which entail  important challenges 

of all societies from a medical  and socio-economic perspective. 

This work is focused in developing novel heterocyclic molecules for the early diagnosis and treatment 

of brain diseases and particularly we focused on Alzheimer’s disease and Glioblastoma multiforme 

(GBM). AD is a well-known neurodegenerative disease, and belongs to a family of tauopathies, which 

are characterized by the deposition of aberrant tau protein aggregates forming neurofibrillary tangles 

inside the neurons. Early and accurate diagnosis is critical in treatment of AD but remains an unmet 

challenge as  development of potent diagnostic tools for an early and reliable diagnose will increase 

the success of any applied therapy for the treatment of AD. A major challenge in GBM therapy and 

diagnosis remains the presence of the blood-brain barrier which limits 98% of novel compounds from 

reaching the brain in theragnostic concentrations. The presence of the BBB lies behind the poor 

treatment and short time between survival and diagnosis of GBM, the most prominent and malignant 

tumour astrocytoma subtype in adults. GBM therapy involves surgery, radiation and chemotherapy 

(usually temozolomide) (Stupp protocol) which can only increase time from diagnosis to death by 15 

months. Thus, only therapies able to cross the BBB and address the tumour heterogeneity are likely 

to improve therapeutic outcome and ideally improve survival and quality of life.  

Positron Emission Tomography (PET) is an imaging technique widely used that allows functional 

imaging of biological processes of tissues and organs by using radiopharmaceuticals. In this work we 

aim to synthesise and characterise new heterocycles with high affinity for the tau protein aggregates 

and low cytotoxicity and haemotoxicity that can be easily converted into radiotracers for parenteral 

administration. Hence, in this first part of the study devoted to AD and tauopathies, several families 

of compounds containing the imidazo[2,1-a]pyridine and imidazo[2,1-b]thiazole scaffolds which bind 

tau proteins have been developed.  Additionally, we have established a workable synthetic route to 

obtain radio-fluorine-labelled tracers. These results open the door for the utilization of these families 

of heterocycles as potential new selective radiotracers 18F-PET for the early diagnose of tauopathies 

such as AD. 

The second part of this doctoral thesis work was focused on developing heterocycles with inhibitory 

activity against the lactate dehydrogenase A (LDH-A) for the treatment of GBM. LDH-A inhibitors 

were tested for efficacy in U87MG GBM cells for efficacy. A screening library of compounds from our 

research group were tested as LDH-A inhibitors using surface plasmon resonance (SPR) and 

enzymatic assays. Screening revealed quinone-amino acid conjugates as the most promising family 

of compounds, and more analogues from this family were synthetised and screened on SPR and on 

enzymatic assays. The most potent LDH-A inhibitors against LDH-A enzyme were selected and the 
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kinetic constants Ki and KD were determined. Their antitumoral efficacy (IC50) in human glioblastoma 

cells (U87 MG) was also assessed. Quinone-amino acid hybrids showed moderate to excellent Ki 

values, although their physicochemical properties were not optimal for membrane permeability as 

discreet results were obtained on glioblastoma cells. These finding demonstrate the potential of this 

family of compound and constitute a good starting point for the development of LDH-A inhibitors 

with higher potency and effectiveness.  

The final chapter of the present work was focused in the targeted delivery of a novel compound, 

11PS04, that modifies and restores the physiological levels of microRNAs (miRNAs) that are altered 

in conditions such as GBM. 11PS04 acts as a sensitising agent for GBM cells and potentiate the 

cytotoxic effect of temozolomide (TMZ). Patients treated with the Stupp protocol, show high level of 

resistance to TMZ. In this work, we have loaded 11PS04 in brain permeable peptide loaded 

nanofibers prepared from a gonadotrophin-releasing hormone (GnRH) amphiphile developed by Dr 

Lalatsa’s group to protect it from degradation, enable its permeability across the blood-brain barrier 

and target it to GBM cells known to overexpress the GnRH receptor towards a targeted nanomedicine 

for the treatment of GBM.  The formulation was characterised in terms of loading and morphology 

and assessed for efficacy in GBM cells in the presence and absence of TMZ in clinically relevant and 

clinically ineffective concentrations. Loading 11PS04 into nanofibers (TPGnRH) allowed the reduction 

of the effective concentration of each component needed without sacrificing the desired 

antiproliferative effect which also allowed the efficacy of subclinical TMZ concentrations when used 

in combination. Thus, the combined treatment elicited powerful antiproliferative results and could 

constitute a potential strategy for the treatment of GBM. 
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1.1 INTRODUCTION 

1.1.1 Alzheimer’s disease and tauopathies  

Progressive dysfunction and death of nerve cells remain the hallmark of neurodegenerative diseases 

in human beings. It causes ataxias (problems with movements) or dementias (problems with mental 

functioning). In 2015, dementia affected 47 million people worldwide, a figure that it is predicted to 

increase by 2030 to 75 million and 132 by 2050.1 Alzheimer’s Disease (AD), one of the most 

representative examples of dementia and may contribute with 60-70% of cases. The Global action 

plan on the public health response to dementia (World Head Organisation, WHO) states AD  

represents one of the most important challenges of ageing societies from a medical  and socio-

economic perspective.2 In Spain, the prevalence for this disease among elderly people between 85-

89 years is 20,1%, and 39,2% among those older than 90 years.3  

AD, named in honour of Alois Alzheimer, belongs to a family of conditions known as tauopathies. 

Clinically, biochemically and morphologically, tauopathies involve the deposition of aberrant tau 

protein (tubulin associated unit), also known as microtubule-associated-protein tau (MAPT), in the 

brain.4 Molecular lesions start many years before the apparition of clinical symptoms in tauopathies, 

which makes early detection difficult.5 Tauopathies differ according to the affected brain regions and 

the isomeric forms of aggregated tau.6 There is also well-established evidence for disease-specific 

spatial patterns of tau accumulation. For example in AD, the earliest aggregation of tau is 

preferentially found in the transentorhinal cortex, before extending widely to the medial and inferior 

temporal lobe, the parietal regions and the posterior cingulate cortex.7 This hierarchical pattern is 

different from the midbrain and frontostriatal accumulation found in PSP and CBS, respectively.8,9 

However, AD can be clinically defined by two distinct features; the first involves the above intraneural 

accumulation of aberrant tau protein, and the second involves β -amyloidosis which clinically 

manifests as extraneuronal amyloid β (Aβ) deposits known as senile plaques.10 

Amyloid-β biogenesis and the amyloid cascade hypothesis 

Until recently, Aβ accumulation has been considered the distinct morphological hallmark of early 

onset of AD and as well as to be an activator to induce the sequential lesion events induced by the 

aggregation of tau in the so-called “amyloid cascade hypothesis”.11 

AD neuropathological features include extracellular senile plaques and the intracellular 

neurofibrillary tangles (NFTs).12 The formation of senile plaques starts with the accumulation of 

aggregated, non-fibrillar, fibrillar or oligomeric Aβ peptide. In AD is possible to find two types of Aβ 

plaques: diffuse and dense-core plaques. Differences between them stem from their staining 

properties with the dyes Thioflavin S (Th S) and Congo Red, that are specific for the β-pleated sheet 

conformation.12,13 Diffuse Aβ plaques are Th S negative and are commonly present in the brains of 

cognitively healthy adults. By contrast, the dense-core Aβ plaques are made of Aβ fibrils, which are 

Th S positive and are mostly found in AD patients. Dense-core plaques are associated with 

neurotoxicity as they frequently appear surrounded by synaptic loss, microglia and reactive 

astrocytes. The dense-core plaques also correlate with dystrophic neurites, which are defects in 
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neuronal axons or dendritic processes that contain tau paired helical filament (PHF), also referred to 

as neuritic plaques.14  

 

Amyloid-β biogenesis 

Aβ is a peptide composed by 39-43 amino acids. The most important Aβ isoforms are Aβ1-40 and Aβ1-

42, the latter in higher percentage concentration in AD patients and are more prone to aggregate.11  

Aβ is produced from amyloid precursor protein (APP). APP is a highly conserved large transmembrane 

type-I protein, which can be sequentially cleaved by either α-secretase or β-secretase (also known as 

BACE-1) to yield sAPPα and sAPPβ peptides. α-secretase is responsible for the non-amyloidogenic 

processing of APP, whereas β-secretase initiates the formation of Aβ peptide (Figure 1). Under 

physiological conditions, 90% of APP is cleaved by the α-secretase.14  

α-secretase is part of a large group of proteolytic proteins referred to as ADAM (a disintegrin and 

metalloprotease domain). The APP cleavage site for α-secretase is very close to the cell membrane 

surface and occurs between Lys-16 and Leu-17 (based on Aβ-peptide numbering), thus clearly 

disrupting the release of full length Aβ peptide. Therefore, α-secretase activity affords two 

fragments: the nonamyloidogenic and soluble APPα fragment, and CTF83 (a soluble carboxyterminal 

fragment). CTF83 is further processed by γ-secretase, which generates the small non-toxic p3 peptide 

(Figure 1).15 The γ -secretase is a multi-subunit complex composed of four transmembrane proteins: 

presenilin, nicastrin, Pen2, and Aph1.16  

The amyloidogenic processing pathway is initiated by β-secretase cleavage between Met – Asp 

residues of APP, affording the soluble APPβ and a CTF99 fragment (Figure 1). The latter is targeted 

by γ-secretase at distinctly different sites than the CTF83. γ-secretase generates different Aβ peptide 

isoforms, 38–43 amino acids in length, and an amyloid intracellular domain (AICD). Under non- 

pathological conditions, the predominant isoform is the Aβ40 peptide whereas in AD there is an 

increase of the Aβ42 peptide, which displays a higher propensity to aggregate.17 
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Figure 1 - Amyloid precursor protein (APP) processing and Aβ biogenesis. Adapted from reference 
11. 

 

Aβ42 peptides can associate together more readily, forming larger structures called oligomers. 

Further accumulation produces insoluble fibrils, which then aggregate into the characteristic plaques 

found in Alzheimer’s disease. These plaques are often surrounded by a halo of soluble oligomers. Aβ 

removal is dependent on the lysosome degradation system and proteolysis. 

The amyloid cascade hypothesis 

While aggregation features of Aβ40 and Aβ42 are identical, the aggregation kinetics differ as the 

additional amino acids in Aβ42 increase the peptide’s hydrophobic C-terminal end and its rate of 

aggregation. Accumulating Aβ leads to Aβ oligomerization, widely considered the most neurotoxic 

aggregation-state of Aβ. Maturation of these oligomers generates individual filaments that come 

together to form the fibrils, which adopt the antiparallel cross- β-sheet conformation, attributed to 

amyloid-type aggregates.  

The aggregation of Aβ might also triggers free radical formation, such as reactive oxidative species 

(ROS) which rapidly react with several moieties of proteins and lipids. Protein oxidation might cause 

harm to the membrane integrity or damage the sensitivity to oxidative modification of the enzymes 
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such as glutamine synthetase (GS) and creatine kinase (CK), which are critical to neuronal function.18 

Lipids peroxidation can afford 4-hydroxy-2-nonenal (HNE) and 2-propenal (acrolein), which are toxic 

products that migrate to different parts of the neurons to cause multiple deleterious alterations of 

cellular function. For instance, loss of Ca2+ homoeostasis, inhibition of ion-motive ATPases and glial 

cell sodium-dependent glutamate and disruption of signalling pathways, are reported all of which are 

associated with neuronal death.19–21 

Furthermore, Aβ aggregation alters the kinase/phosphatase activity, such as GSK-3β protein kinase, 

that leads to the Tau protein hyperphosphorylated , which initiates tau pathology ending with the 

formation of neurofibrillary tangles (NFTs).22 

Additionally, continuous Aβ aggregation or sustained elevation of Aβ would cause a chronic response 

of the innate immune system by activating microglia through some immunological receptors such as 

Toll-like Receptors 2 (TLR2), TLR4, TLR6, their coreceptors CD14, CD36, and CD47, which can probably 

destroy functional neurons by direct phagocytosis.23–25 Besides, it also generates inflammatory 

response, concomitantly releasing a lot of inflammation related mediators including complement 

factors, eicosanoids, chemokines, and proinflammatory cytokines, which can impair microglial 

clearance of Aβ.  

All these events would ultimately lead to synaptic and neuronal dysfunction, microglia-mediated 

neuronal death and AD (Figure 2).  

 

 

Figure 2 - The mechanism of Aβ toxicity. Key: AD, Alzheimer’s disease; FAD, familiar AD; ROS, 

reactive oxidative species. 
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The genetics of Alzheimer’s Disease: 

AD is classified as familiar AD (FAD) if the onset of the disease is related to the presence of mutations 

in different genes highly involved in the metabolism of Aβ peptide, or as sporadic AD, which include 

AD with unknown origin. The pathology of FAD is very similar to sporadic AD,26 including the 

development of neurofibrillary tangles and microglial infiltration. This single observation is central to 

the concept that Aβ deposition is also the primary event in sporadic AD. 

Secretases have been the target of multiple therapeutic strategies to reduce the burden of Aβ 

peptide, either by inhibition of β - and γ -secretases, or by activation of α-secretase. These strategies 

were reinforced thanks to the knowledge in the human genetics of AD.  

There are over 200 autosomal dominant mutations in the genes for APP and presenilin, the active 

subunit of γ-secretase, that cause familial AD (FAD). These mutations unfailingly lead to either an 

increased Aβ42 : Aβ40 ratio or over-production of total Aβ. Remarkably, the FAD mutations in APP 

are found near the β - and γ -secretase cleavage sites and make APP a more efficient substrate for 

endoproteolysis by the secretases. Notably mutations are the K670N; M671L (Swedish) double 

mutation27 and the A673V mutation28 that are adjacent to the β-secretase cleavage site and cause 

FAD by increasing β -secretase processing and total Aβ production (Figure 3). 

Rare APP locus duplications and duplication of the APP gene in Down syndrome/trisomy 21 also cause 

FAD, due to APP over-expression and total Aβ production. Furthermore, the epsilon 4 allele (ε4) of 

apolipoprotein E (ApoE) is the major genetic risk factor for late-onset AD (LOAD). In humans, there 

are three common alleles of the APOE gene (ApoE2, ApoE3, and ApoE4). Strong evidence supports 

that ApoE protein influences amyloid-β plaque deposition. ApoE4 carriers show an earlier age of 

onset for clinical dementia and these patients also present an increased amyloid plaque burden, 

which is in alignment with the amyloid cascade hypothesis.29,30 

A-secretase enzyme (ADAM10) has shown to harbour rare mutations in the prodomain that debilitate 

α -secretase activity, thereby causing increased β-secretase cleavage of APP, Aβ over-production, and 

LOAD.31 Two more mutations  were identified in 1996, in the genes that encode the γ-secretase 

proteins presenilin 1 (PSEN1) and presenilin 2 (PSEN2), which condition the location at which γ-

secretase cuts APP.32 The mutations favour the production of longer variants of amyloid-β that clump 

together more readily. 

In the same way, there are known genetic variants that protect against AD, such as the A673T coding 

substitution in the APP gene. The A673T substitution occurs only two amino acids C-terminal to the 

β-secretase cleavage site (Figure 3) and is at the identical position as the A673V mutation that causes 

FAD.28 However, opposite to A673V, APP carrying A673T is less efficiently cleaved by β- secretase, 

leading to a ~40% reduction in Aβ production in vitro. These results suggest that heterozygous carriers 

of the A673T mutation should have a decrease in Aβ generation, thus protecting them from AD.  
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Figure 3 - APP mutations. APP transmembrane protein (grey string) and key residues (grey spheres) 
that affect β -secretase processing of APP in humans. Image reproduced from reference 17.  

 

The A673T mutation served as proof-of-principle that modest inhibition of β-secretase cleavage of 

APP may prevent AD. In fact, the amyloid hypothesis gained strength since the discovery of the 

dominantly inherited mutations that are responsible for the familial forms of the disease.  

For that reason and some others, secretase enzymes have been the object of multiple therapeutic 

strategies to reduce the burden of Aβ peptide, either by inhibition of β- and γ -secretases, or by 

activation of α-secretase.  

The amyloid hypothesis for AD has guided research toward understanding the biological and 

pathological roles of Aβ and its precursor protein, monopolising the field over the past two decades. 

However, this dominance has led to research too focused on Aβ, developing therapeutic strategies, 

which aimed at either enhancing Aβ clearance and plaque burden or decreasing Aβ production and 

aggregation. To date, large clinical trials targeting Aβ has failed to meet their primary endpoints.33 

This situation raised the questionability of the approach in the amyloid cascade hypothesis. Several 

facts can be considered after the failing of these multiple clinical trials when targeting Aβ: first, 

therapies that went in phase III did not hit their primary objectives and did not effectively removed  

Aβ from the brain. Second, these therapies are being given at the wrong point in the progression of 

Alzheimer’s disease , this is ~20-25 years after Aβ started accumulating,  when it is quite probable 
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that other mechanism are driving disease.34 Third, Aβ may be critical as initiator and catalyst element 

of a series of pathological events (which includes tau aggregation) in a time-dependent manner, that 

we ultimately known of as AD. Therefore, consistent with the amyloid hypothesis, Aβ may still be the 

trigger factor of the disease but targeting Aβ production or elimination alone might not be enough 

to interrupt downstream events once significant Aβ deposits have already taken place.  

Redefinition of the amyloid cascade 

Recent clinical studies, advances in imaging analysis, mouse models and biomarkers are now 

redefining this original hypothesis, as it is likely tau, Aβ and other physio-pathological mechanism 

such as inflammation, converge all together to finally lead to  the development of AD.14 Furthermore, 

Brier and co-workers evaluated the relationship between cerebrospinal fluid measures, Aβ PET 

imaging, tau PET imaging and cognition in healthy control and mild AD patients. The study concluded 

that tau burden, and no Aβ burden, can reflect better the progression of the disease.35 In contrast to 

Aβ PET imaging, tau PET could discern more efficiently between groups of patients classified 

according to their different global cognitive and functional performance (Clinical Dementia Rating 

scale, CDR). Same authors found that the severity of temporal lobe tau pathology is enough to predict 

the levels of cognitive dysfunction in early disease stages of AD, unlike Aβ plaque deposition. These 

findings reinforce the necessity of a new approach less Aβ-focused, that considers the role of tau 

pathology and other mechanisms such as inflammation as necessary events for AD progression.  

 

1.1.2 Tau Protein 

Tau protein isoforms and biological function 

In human tissues, tau protein exists in 6 isoforms originated by alternative splicing (process that 

involves intron and exon elements rearrangement that alter the mRNA coding sequence, and  

conducts to different protein variants – isoforms – which may have different functions or properties36 

of the MAPT gene.37 Exons 2, 3 and 10 suffer alternative splicing, whereas exons 4A, 6 and 8 are not 

expressed (Figure 4). Tau isoforms present four distinct regions identified as the N-terminal domain 

(N), the proline-rich domain (PRD), the microtubule-binding domain, with 18  amino acid imperfect 

repeats (R1, R2, R3 and R4), and the C-terminal domain. The length of the isoforms ranges from 352 

to 441 amino acids and the six tau isoforms are differentiated depending on the number of N-

terminal inserts (0, 1 or 2) and the number of repeats in the repeat region (3 or 4).38 

Thus, tau protein denomination is based on the difference in the N and R length, with 0N3R for the 

shortest and 2N4R for the longest isoform. 0N3R is found only in foetal brains, whereas the 

proportion of 3R and 4R proteins is practically equal in adult brains. 
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Figure 4 - Schematic representation of tau gene, mRNA and the six tau protein isoforms. Adapted 
from reference 38.  

Tau protein is mostly associated with microtubules in the axon of neurons. Microtubules are the 

major constituent of the cytoskeleton, compose of a tubulin polymer (Figure 5). After translation, tau 

undergoes several post-translational modifications (e.g. phosphorylation, glycation, acetylation, 

methylation, etc), that will determine its functionality. Among all these modifications, 

phosphorylation is one of the most important. The 2N4R isoform present up to 85 potential 

phosphorylation sites, normally occurring on serine (Ser), tyrosine (Tyr) and threonine (Thr) residues 

of the protein,38 all observed to weaken the interaction with microtubules.39 There is in fact a very 

dynamic phosphorylation by kinases and dephosphorylation by phosphatases activity which allow 

cell to control over the degree of tau proteins bind to microtubules.  For example, the main kinases 

that phosphorylate serine/ tyrosine/ threonine residues include glycogen synthase kinase-3β (GSK-

3β), extracellular signal-regulated kinase/mitogen-activated protein kinase (ERK /MAPK), cyclic AMP-

dependent protein kinase (PKA), cyclin- dependent kinase 5 (Cdk5), Ca2+ or calmodulin-dependent 

protein kinase II (CaMKII), Akt (or protein kinase B, PKB), protein kinase C (PKC) and tyrosine kinases 

such as the SRC family members LCK (lymphocyte- specific protein tyrosine kinase), FYN (proto-

oncogene tyrosine-protein kinase) and SYK (spleen tyrosine kinase), and the ABL (a non-receptor 

tyrosine kinase) family members ARG and ABL1.40,41 
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Regarding phosphatases, the main enzymes are phosphoprotein phosphatases (PPP) and metal-

dependent protein phosphatases (PPM) families. The main phosphatase is protein phosphatase 2A 

(PP2A), which shows low activity in AD brains. It belongs to the PPP family and includes almost 70 % 

of overall tau phosphatase activity in the human brain.42 

Upon binding microtubules, the repeat region in tau protein interacts with tubulin. Interestingly, the 

4R isoforms show stronger affinity that the 3R isoforms. When bound to microtubules, the 4R C-

terminal domain is projected away from the microtubule core, probably due to coulombic repulsion, 

helping to maintain the proper inter-strand distance between microtubules in filaments. 

Microtubules carry out more important functions, such as being transport highways for vesicles, 

proteins and organelles among cells. Thus, in neurons, tau plays an important role in axoplasmic flow 

by creating and maintaining the microtubule network. It has been observed that more than 80% of 

the available tau proteins are bound to microtubules at any given time, even if the average residence 

time of tau proteins on microtubules may be as short as 40 ms.39 

Although phosphorylation is critical for tau activity, it has been demonstrated that improper 

hyperphosphorylation at serine and threonine residues at sites within or immediately adjacent to the 

MBD (Microtubule Binding Domain) alters tau conformation leading to its detachment from 

microtubules, therefore inhibiting its activity.41 However, it is still a matter of debate and it remains 

to be proven that phosphorylation is the trigger for tau assembly in human diseases. Alternatively, a 

change in tau conformation as a result of other post-translational modifications above mentioned 

such as glycosylation, may contribute to hyperphosphorylation and aggregation.40 Upon 

hyperphosphorylation, soluble phosphorylated tau proteins, also known as pre-fibrils, relocate to the 

neuronal body and accumulates. The neuronal depletion of functional tau protein results in 

destabilized microtubules, significantly blocking axonal transport and hindering the neuronal health 

maintenance. The process would explain the degraded neuronal synapses found in AD.37 

In summary, two mechanisms – a shift in tau protein kinase and phosphatase activities, and 

dissociation from microtubules – contribute to promote tau hyperphosphorylation, leading to 

neurofibrillary pathology and neurodegeneration. 

Tau aggregation process 

Neurofibrillary tangles (NFTs) are protein inclusions found in the brain of AD patients. Although they 

were the first histopathological elements identified for the post-mortem diagnosis of AD, NFTs 

constitute the last stage in tau pathology.10 NFTs are mostly composed of self-aggregated 

hyperphosphorylated tau structures, known as Pair Helicoidal Filaments (PHFs) and Straight 

Filaments (SFs) (Figure 5). It has been proposed that the real toxic species in tauopathies are tau 

oligomers (PHFs and SPs) and the formation of tau tangles as NFTs would represent a cellular defence 

mechanism, in order to sequester the toxic forms as tangles, until this mechanism fails and ultimately 

the cell dies.39 
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Figure 5 - Tau protein (yellow filament) helps to maintain the microtubule integrity in the neuronal 

axon. Upon dysregulation of the phosphorylation-dephosphorylation control system, tau can 

progress into toxic paired helical filaments (PHFs) and straight filaments (SPs) species that ultimately 

aggregate forming NFTs. Taken from reference 37. 

Tau does not aggregate by itself.43 The MBD, core of tau protein, is positively charged and that charge 

avoids intermolecular interactions of tau. These positively charged residues interact with negatively 

charged residues of tubulin. Under pathological conditions, tau is highly phosphorylated and neutral 

as the positive charge is neutralised by the negative charges of phosphorus residues, and this 

neutralization of charges in the MBD could induce detachment of tau from tubulin and allow tau-tau 

interactions.43 Polyanionic compounds such as heparin or RNA promote aggregation of recombinant 

tau probably by also neutralizing the positive charges of tau.44 Tau oligomers self-assemble and 

aggregate forming cross-β amyloid fibrils. 

Monomers, oligomers and fibrils – The hierarchy of cross-β amyloid fibril 

Proteins can adopt β-sheet conformation as secondary structure. As initially demonstrated by 

Berriman et al., and later by Fitzpatrick and co-workers via Cryo-EM studies, tau protein aggregates 

forming β-sheets, which consist of β-strands connected laterally by hydrogen bonds between N-H of 

one strand with the C=O groups of opposite strands, inside the protein itself (Figure 6).45,46 

 

Figure 6 - Example of a β-sheet conformation of one single molecule of Tau441. Arrows in different 
colours indicate the different β-strands that connect one another to conform the β-sheet structure. 
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In the case of Tau protein, each β-sheet presents differences in height of 10 Å. Picture taken from 
reference 46. 

A wide variety of peptide of proteins can self-assemble into amyloid fibrils without any evidence of 

sequence similarity.47,48 Amyloid fibrils have many common characteristics, such as being 100-200 Å 

in diameter and a core structure composed of arrays of beta-sheets stack antiparallel one to another 

via 180° rotation, which running parallel to the long axis of the fibrils to create a two-sheet 

protofilament49,50 (Figure 7A). This pattern is called “cross-β” structure and confers mechanical 

properties comparable to those of steel,51 and much greater than typical biological filaments such as 

microtubules, due to its highly ordered state and persistence lengths of the order of microns.51 

Amyloid fibrils possess high kinetic and thermodynamic stabilities, as well as greater resistance to 

degradation by biological or chemical means.52 

Understanding the conversion of normally soluble functional proteins into the amyloid state is key 

for the study of many human disorders, such as AD or type II diabetes. Indeed, Fitzpatrick and co-

workers observed that a hierarchical order of assembly is stablished in amyloid fibrils.50 

 

Figure 7 - (A) 3D view of two antiparallel β-sheets that forms a protofilament. (B) Hierarchy of atomic-
resolution motifs involved in the self-assembly or amyloid fibrils.  Picture taken from refence 50. 

 

B 

A 
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The next level is the assembly of protofilaments into filament, where two protofilaments face each 

other. As final step, a fibril is form by interactions between filaments interconnected in a head-to-tail 

fashion. A fibril can easily accommodate 2, 3 or 4 sets of filaments, forming mature fibrils of different 

size (Figure 7B).  

Ultrastructural polymorphism is a common feature of amyloid fibrils.47,48 Human Tau protein 

presents polymorphism at the filament level of assembly: straight filaments (SPs) and Paired 

Helicoidal Filaments (PHFs). 

SPs and PHFs structures 

Tau inclusions on AD patients are made of PHFs and SFs. Analysis and modelling of the cryo-EM 

densities by Fitzpatrick et al. revealed that both PHFs and SFs filaments are composed of two 

protofilaments with C-shaped subunits comprising residues 306-378, and disordered N- and C termini 

forming the fuzzy coat (Figure 8). The β-sheet rich C-shaped cores consist of R3, R4 domains and the 

10 following C-terminal amino-acids (Figure 8A) which form eight β-sheets (β1-8) that run along the 

length of the protofilament (Figure 8B).46 

 
 

Figure 8 - A) Sequence alignment of the four microtubule-binding repeats (R1-R4) of Tau protein. 
Each of the eight β-strands observed are coloured from blue to red. R1 and R2 may form an 
additional, less-ordered β-sheet which is indicated with grey dashed underlines. B) C-shaped -

B 
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protofilament core unit - representation of the secondary structure elements in three successive 
rungs. Pictures taken from reference 46. 

Differences in lateral contacts between the two protofilaments explains the ultrastructural 

polymorphism found between PHFs and SPs.  

Figure 9 - Cross-sections of the PHF and SF structures. Cryo-EM structural assignments of Pair 

Helicoidal Filaments (PHF), A and Straight Filaments (SFs), B. Red arrows indicate additional densities 

in contact. Red squares highlight the interface between the two protofilaments. Taken from 

reference 53. 

In PHFs, the two protofilaments form identical structures, whose interface is formed by the anti-

parallel stacking of residues 332PGGGQ336. The glycine tripeptide adopts a characteristic polyglycine 

II,54 β-spiral structure that forms a hydrogen-bonding pattern both within and between the two 

protofibrils. The PHF interface is further stabilized by the formation of two hydrogen bonds between 

Q336 and the backbone carboxyl of K331 on the opposite protofilament. 46 

In the case of SFs, the two protofilaments pack asymmetrically. The backbones of the two 

protofilaments are nearest each other between residues 321KCGS324 of the first and 313VDLSK317 of the 

second protofilament. However, these residues do not form hydrogen bonds or inter-protofilament 

salt bridges, nor the interaction seem to be mediated by hydrophobic packing. Fitzpatrick and co-

workers46 speculated that salt bridges between the negatively charged glutamates of the N terminus, 

(7EFE9 motif), and the positively charged lysines of the core stabilize the interaction between the two 

B 

A 
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protofilaments (red arrow, Figure 9B). Similar additional density has been observed in PHFs, although 

it does not contribute to the protofilament interfaces (red arrows, Figure 9A). 

In summary, Tau protein can assemble and form a core consisting of a pile of parallel β-sheets with 

C-shape, 55 whereas the amino-and carboxy-terminal regions of tau are disordered and project away 

from the core to form the fuzzy coat 56 (Figure 10A and 10B). The two polymorphs derived from the 

distinct lateral contact between protofibrils constitute the PHFs and SP. The former more 

symmetrical than the latter, since the N-terminal of each protofibril can interact with the core of the 

filament (Figure 10C). 

 

 

Figure 10 - (A) 2N4R tau sequence and ultrastructure in tau filaments. N-terminus (7EFE9 is 

represented by a blue dot). The microtubule-binding repeats are labelled R1-4. (B) Radom packing of 

all six different isoforms of tau. (C and D) Schematic representation of full-length tau filaments, with 

the ß-sheet region bold of PHFs (C) and SPs (D), colour scheme following (C). The hypothesized 

“backbiting” interaction is shown between the 7EFE9 motif (blue dot) and the filament core. Images 

taken from Fitzpatrick et al. 46   

  

A 

B 
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Tau and Amyloid β: “I need you - You need me” 

Even though tau pathology is more closely associated with cognitive decline and neuronal cell loss 

than Aβ plaque deposition in AD, Braak and co-workers frequently found NFTs in the medial temporal 

lobe and brainstem of older subjects who are cognitively normal with no evidence of 

neurodegeneration. These findings suggest tau inclusions do not necessarily provoke AD.57 On the 

other hand, brain regions with both Aβ deposition and tau tangles present, have been found in 

patients with AD, which enforces the theory that only the combination of these two molecular 

pathologies are necessary for the AD degenerative process to occur.14 

Brier and co-workers showed evidence suggesting Aβ plaque burden aggravate tau pathology 

progression, as there is a strong correlation between the severity of tau pathology and Aβ pathology 

in clinically demented AD patients.35 The injection of synthetic Aβ fibrils into transgenic mice 

overexpressing either human APP or human mutant tau induced tau pathology. 14,58 

Therefore, AD is a complex disease characterized by a dual proteinopathy, which needs both amyloid 

and tau deposition to disease progression. Figure 11 summarise the pathology and progression in 

Alzheimer’s Disease:14 

 

Figure 11 - Schematic representation of Alzheimer’s disease pathology and progression. (A) The 

first pathological event is the production of the Aβ42 peptide, which is yielded by the cleaving activity 

of two enzymes, β-secretase and γ-secretase, of protein APP. (B, C) Extracellular Aβ42 peptide forms 

Aβ42 oligomers and initiates Aβ plaque deposition. The Aβ plaque activates microglial defence 

system, which surround the plaque and recruit astrocytes. Initially, this response is neuroprotective 
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by forming a barrier between the plaques and the surrounding neurons, diminishing the impact Aβ-

induced neurotoxicity. (D) As the disease progresses, the Aβ plaque deposition reaches a threshold 

forming the dense-core plaques that are associate with dystrophic neurites and influences tau 

pathogenesis. In late-stage AD, disease-associated microglia may facilitate tau pathogenesis by 

phagocytosing tau protein and secreting neurotoxic factors, thus promoting a neurotoxic 

inflammatory response. (E) Tau pathology spreads to connect brain regions, which drives the 

neurodegenerative process. Reproduced from reference 14.  

 

1.1.3 Diagnosis of AD 

PET imaging 

In AD, tau pathology is more closely linked to neuronal death than Aβ aggregation and is presumed 

to begin decades before the clinical onset of the disease.59 Awareness of the importance of early 

diagnosis in neurodegenerative diseases such as AD, has risen in the last decade, and there is a 

growing interest in the development of new radiotracers capable  of showing high selectivity for one 

of the two hallmarks on AD, especially on tau protein, due to its better correlation with the disease 

progression. Therefore, the possibility of visualizing tau lesions in living brains would provide 

information about AD progression from an asymptomatic early stage of the condition. 

Nowadays, examples of very sensitive molecular imaging techniques are the radionuclide-based 

positron emission tomography (PET) and single photon emission computed tomography (SPECT).  

PET is a medical radiodiagnosis technique effective for the obtention of functional images of 

biological processes, from molecular to body level, using specific imaging probes.60 This technique is 

non-invasive, possess high sensitivity, good resolution, and enables accurate quantification of 

biochemical, physiological and pharmacological processes real-time. As molecular imaging 

technique, PET provides the physician with information on metabolic or molecular events, e.g. which 

is the drug efficacy in a precise biological system. By contrast, Computerized Tomography (CT) or 

Nuclear Magnetic Resonance (NMR) techniques provide structural imaging (anatomical images with 

information on the shape and size) of organs. 

PET requires the use of imaging probes named radiotracers, which are drug-like organic molecules in 

which one of the atoms is radioactive, i.e. fragments spontaneously resulting in the emission of 

radiation. As its name indicates, PET requires that the radioactive decay take places by emission of 

positrons.  

After the administration of the radiotracer, the emission of radioactivity is measured from the 

outside (Figure 12). The tracer will reach its target and the positron generated by the natural decay 

of the positron-emitting radionuclide will collide with an electron (the antimatter of the positron) 

belonging to the patient. This collision (annihilation) generates two γ-ray photons (511 KeV), which 

depart from each other in the same direction and opposite sense. The external detection of the two 
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photons simultaneously emitted is key in the accuracy of PET technique, and allows the construction 

of three-dimensional maps of radioactivity by sections (computerized tomography).61 

  

Figure 12 - Annihilation between a positron and an electron (left) producing 511keV photons that are 
registered by the circular gamma ray detector in the PET camera. Picture taken from reference 61. 

PET employs positron-emitting isotopes of atoms found in bioorganic molecules such as carbon, 

nitrogen and oxygen, thus allowing the syntheses of radiopharmaceuticals that are chemically equal 

to their non-radioactive counterparts (apart from a negligible isotopic effect). The biological activity 

also remains the same. Fluorine-18 radiolabelling is commonly used due to its advantageous physical 

properties: it has the best imaging physical characteristics (due to low positron energy) and an 

optimal half-life (t1/2 = 110 min). Fluorine atom is not a common constituent of biomolecules but is 

frequently used for bio-isosteric replacements of hydrogen atoms or methyl groups. From a steric 

point of view, H-F swap causes minimum perturbations. However, the strong electron-withdrawing 

properties of F can alter electronic properties, lipophilicity or biological characteristics, sometimes 

improving the outcomes when compared to their nonfluorinated analogues.60 

More examples of PET radionuclides are 15O (t1/2 = 2 min), 13N (t1/2 = 10 min) and 11C (t1/2 = 20,3 min), 
94Tc (t1/2 = 52.5 min) or 124I (t1/2 =4.17 d). 

 

The choice of a radionuclide depends on its half-life, the aim of the study (for example, receptor 

binding equilibrium of antibody might be only obtained several days after the injection of the tracer, 

so long life radionuclides are used), the protein binding propensity and the clearance rate. Low 

binding of radioligand to plasma proteins is essential, since only free fraction of radiotracer will reach 

the target. The accepted free fraction of a radioligand in plasma (fP) is ~0.1.62 The ability to cross the 

blood brain barrier (BBB) is fundamental for radiopharmaceuticals targeting the brain. For instance, 

fluorodeoxyglucose (18F-FDG), a widely used radiotracer in clinics, can be used to monitor the glucose 

metabolism in the brain after brain injury and it easily cross the BBB by means of GLUT transporters.63 

This mechanism guaranties the access to the targeted area.  

Synthesis, isolation, and purification of radiopharmaceuticals is carried out in shielded hoods or “hot 

cells”, normally using automatic synthesis modules. Purification is performed under radioactive 

protection by semipreparative HPLC inside the hot cell, and characterization is carried out under 
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radioactive protection by HPLC or GC. This requires the availability of cold standards (non-radioactive 

compound) for reference. 

Tau and Amyloid-β PET imaging 

One of the main issues of AD was the accuracy of the diagnosis. Until recently, patients were 

diagnosed based on clinical tests (e.g. Mini-Cog test)64 that were oriented to identify other 

neurological conditions. When any other disorder was dismissed, then the physician would diagnose 

AD. In fact, accurate diagnosis could only be performed via post-mortem analysis of patient’s brains 

with suspected Alzheimer’s disease. 

However, the clinical phenotypes of patients with proteinopathy do not always allow the 

identification of the underlying cause of the condition, especially in early stages of the disease. By 

contrast, biochemical and imaging biomarkers can identify, even at asymptomatic stages, the hidden 

proteinopathy likely to cause the disease.65 Imaging of tau biomarker in combination with new 

diagnostic criteria (such as levels of tau and Aβ in cerebrospinal fluid) can help stage disease 

progression, without being conditioned by clinical symptoms that are often late features (sometimes 

nonspecific, mainly at early stages) of AD. 

Progress for tau tracers has considerably delayed behind its amyloid counterparts due to several 

challenges: first, tau is intracellular, thus requiring the ligand to cross the plasma cell membrane as 

well as the blood-brain barrier, imposing restrictions on molecular size and lipophilicity and second, 

are present in lower concentrations than amyloid-β aggregates, thus requiring tau ligands to have 

higher selectivity (20–50 fold affinity) for tau over amyloid-β deposits.66 Until now, our understanding 

about the pathological behaviour and topography of tau deposition has only been based on post-

mortem and cerebrospinal fluid studies. Having evidence in the progression of the disease in patients 

can provide evidence to demonstrate tau as a central driver of downstream neurodegenerative 

processes and cognitive decline.6 

 

Tau PET radiotracers 

In recent years, significant advances have occurred in tau tracers starting from the development of 

first class PET tracers (namely 18F-FDDNP, 18F-Flortaucipir or 18F-T807, 18F-T808, 18F-THK-5351, 18F-

THK-523) and moving to second generation tau-tracers (namely, 18F-RO69558948, 18F-MK-6240, 18F-

PI2620 and 18F-PM-PBB3) which are under development.65,67–70 
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Figure 13 - Chemical structures of the first generation of tau tracers.  

 

First-generation tau tracers:  

First generation tau tracers showed higher affinity for tau than amyloid-β aggregates and have 

reached clinical trials in humans. However, they all present some issues that limit their use, mostly 

related with suboptimal pharmacokinetics and off-target binding. 65  

18F-FDDNP 

This naphthylethylidene derivative was the first PET radiotracer to be applied in clinical PET imaging 

of tau pathology in patients with AD.71 18F FDDNP was initially a Aβ tracer, which, in contrast to 

[11C]PiB, also bound to neurofibrillary tangles. 72 

18F-T808 and 18F-T807 

18F-T808, a benzo[4,5]imidazo[1,2-a]pyrimidine derivative, was reported as selective tau PET 

radiotracer.69,73 This radioligand showed selective labelling of tau pathology with a laminar 

distribution in the neocortex of AD brain sections.  

Developed by Kolb et al., 18F-AV1451 (formerly known as 18F-T807) is a pyrido[4,3-b]indole which is 

among the most used tracers at present. However, substantial off-target binding has been found for 

both 18F-T808 and 18F-T807 in the absence of tauopathies. 
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11C-PBB3  

11C-PBB3 is a pyridinyl-butadienyl-benzothiazole derivative, which was developed by Higuchi’s 

group74 as part of a unique chemotype class of radiotracers. As with [18F]T807, there is minimal white 

matter binding, but the existence of a radiolabelled metabolite constitutes a significant limitation for 

quantification of 11C-PBB3. An important assumption underlying measurement with PET is that the 

radioactivity measured in brain tissue is composed exclusively of unchanged radioligand; that is 

without contamination by any radiometabolite that interferes and affords inaccurate 

measurements.62   

THK- radiotracers 

The first generation of THK radiotracers included 18F-THK-523, 18F-THK-5105, and 18F-THK-5117 

(Figure 13), a family of quinoline analogues which show several defects, including poor disease 

discriminability and high white matter retention, that hindered their clinical utility. 75 

 

 

Figure 14 - Enantiomers R and S of 18F-THK5117. 

The use of pure enantiomers helped to reduce the limitations of this first generation. Thus, 18F- THK-

5317 (S- enantiomer of 18F-THK-5117; Figure 14) is able to differentiate between AD and mild 

cognitive impairment (MCI) patients and healthy controls.  

 

Second-generation of tau radiotracers: 

The second generation of tau tracers improved some of the limitations of their predecessors, showing 

lower off-target binding defects and improved pharmacokinetic profiles. 
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Figure 15 – Chemical structures of second generation of tau tracers.  

 

18F-MK-6240 

This isoquinoline derivative showed high affinity to tau deposits specifically in the brain tissue of AD 

patients over those in the tissue of patients with other tauopathies, Aβ, and α-synuclein. However, 

important  off-target binding has been found for 18F-MK-6240. 76 

 

18F -GTP1 

Genentech tau probe 1 (18F -GTP1, Figure 15) possess a chemical structure that highly resembles to 

that of T808 (Figure 13). 18F-GTP1 is one of the most recently developed tau tracers77 with improved 

affinity and selectivity for tau pathology that its parent compound T808. 

 

18F-PM-PBB3 

Shimada et al. have developed new fluorinated PBB3 derivatives, such as 18F-PM-PBB3 to overcome 

some of the limitations present by 11C-PBB3. As previously described, the chief disadvantages of the 

[11C]PBB3 include the short half-life of carbon-11 (t1/2 = 20 min), significant off-target binding in 

striatal regions and limited dynamic range. Current clinical trials in AD patients show an improved 

profile in behalf of these new PBB3 ligands, and reduction or total absence of off-target signals in the 

basal ganglia and thalamus.78 

 

18F-RO6958948 
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Developed by Roche, 18F-RO695894 is the isosteric product of 18F-T807. The benzyl ring was 

substituted by pyridine, affording a fused pyrido-indole. As a result, 18F-RO695894 improved 

significantly the affinity for tau tracer in AD brains, as well as the clinical profile and kinetic 

characteristics compared to 18F-T807.68 However, none of these tracers showed significant binding 

to other tau pathology such as PSP, CBD and Pick’s disease.6 

 

18F-JNJ64349311 

Rombouts and co-workers developed in 2017 the 1,5-napthtiridin-2-amines derivative 18F-

JNJ64349311,  which showed higher affinity for aggregated tau over β-amyloid in comparison with 
18F-T807 in animal models 

.
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1.2 HYPOTHESIS, AIM AND OBJECTIVES 

Neurodegenerative diseases represent a concern for the society. Tauopathies and more specifically, 

AD, will affect an increasing number of people in the near future. Early diagnose of these diseases is 

key for the success of therapies currently under development.  

One of the most powerful tools for the early diagnose is PET, and development of radiotracers with 

high affinity for tau protein ensures not only the diagnose but also the ability to monitor the evolution 

of tauopathies. 

We aim: 

1.-  to design, synthesise and characterize novel heterocyclic structures with potential affinity for tau 

protein. 

2.- to evaluate  the binding-affinity of the synthetized compounds for tau protein using different 

approaches (i.e. SPR, molecular modelling, in vitro studies) to select the most promising candidates 

for further development. 

3.- to assess the stability and cytotoxicity (i.e. ex vivo haemolysis assay) of best candidates to tau 

tracers. 

4.- to design of synthetic routes suitable for the preparation of cold ligands and radiosynthesis 

precursors for the selected structures. 
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1.3 RESULTS AND DISCUSSION 

1.3.1 Introduction and background 

Tau imaging and the requirements for tau PET-radiotracer design 

Cognitive impairment is highly associated with tau deregulation and deposition, as it has been 

demonstrated in post-mortem studies and cerebrospinal fluid measurements.12,35,79 Tau-PET imaging 

is the latest addition to the array of tools for the non-invasive diagnosis of degenerative 

proteinopathies. It helps and improves understanding of tau aggregation and deposition in the 

human brain, affording insight into causes, diagnosis, and treatment of tauopathies such as 

Alzheimer’s disease, progressive supranuclear palsy, or chronic traumatic encephalopathy among 

others. If administered before the event of irreversible neuronal damage, therapeutic interventions 

have a better chance of success. Early detection of the underlying pathological process is decisive for 

therapeutic strategies intended for modulation of tau aggregation and deposition. 

PET imaging is advantageous because it provides quantitative information of physiological, 

biochemical and pharmacological processes using picomolar concentrations, without perturbing the 

biological system.80  

Candidates to PET probes must fulfil a series of requirements to be useful neuroimaging tracers.81,82 

For instance, small, non-toxic lipophilic molecules that can cross the blood-brain barrier. Amyloid and 

tau tracers are usually polycyclic compounds, with high planarity due to the presence of aromatic 

residues. In addition, tracers should be rapidly cleared from blood, ideally not metabolised and 

possess low levels of non-specific binding. Most importantly, they should selectively, reversibly and 

specifically bind to the target. This is experimentally determined by biodistribution, radiometabolite, 

and autoradiography studies.62,83  

The radiolabelling is preferably done with isotopes whose radioactive half-lives are long, such as 18F 

(half-life~120 min) or 64Cu (~13h), that allow centralised manufacture and regional distribution of 

these radiotracers. 

 

Imidazo[1,2-a]pyridines 

Our first objective was selecting a suitable heterocycle not previously used as  tau tracer, that 

accomplished the requirements above mentioned and possessed a privileged scaffold with optimal 

pharmacological and pharmacokinetics profiles.  

Imidazo[1,2-a]pyridine is, among the nitrogen-fused azoles, one of the most relevant moieties in the 

pharmaceutical and pharmacological field. Imidazo[1,2-a]pyridine is an advantageous scaffold: it is 

present in molecules with a wide  range of biological activities such as antifungal, antiviral, 

antituberculotic, anticancer, antiprotozoal, anti-inflammatory, hypnoselective, antipyretic, 

antibacterial, anthelmintic, analgesic, antiepileptic, anticonvulsant, antiulcer and anxioselective.84–88 
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They also act as β-amyloid formation inhibitors, GABA and benzodiazepine receptor agonists, H2 

receptor antagonist and cardiotonic agents.89–91 Marketed drugs such as olprinone (for the treatment 

of heart failure,92 zolimidine (used for the treatment of peptic ulcer),93 zolpidem (for the treatment 

of insomnia), 94 and the optically active GSK812397, candidate for the treatment of HIV (Figure 16) 

are imidazo[1,2-a]pyridine analogues.95 In view of this, imidazo[1,2-a]pyridine heterocycle arose as 

a strong candidate and was chosen for the development of the molecules presented in this work. 

 

 

 

 

Figure 16 - Imidazo[1,2-a]pyridine-based marketed drugs. 

 

Synthetic methods for the preparation of imidazo[1,2-a]pyridines  

We would not be surprised if such a well-equipped heterocycle had a wide variety of synthetic routes 

for its preparation. In fact, that is the case, due to a continuous effort to develop different synthetic 

strategies covered in the literature96,97 for this privileged imidazo[1,2-a]pyridine scaffold. 

These multiple approaches can be classified into condensation, oxidative coupling and 

multicomponent reactions, synthesis from pyridinium salts, etc. Some of the most relevant routes 

are next reviewed. 

Condensation reactions 

From α-haloketones 

2-Aminopyridines a constitute key substrates for the synthesis of imidazo[1,2-a]pyridines c (scheme 

1). The nucleophilic substitution of the halogen atom in the α-haloketone (b) by the pyridine-nitrogen 
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in 2-aminopyridine is the key step for these reactions. Tschitschibabin (also known as Chichibabin) 

pioneered the reporting of a method for the synthesis of imidazo[1,2-a]pyridines 3 in 1925.97 The 

reaction of 2-aminopyridine with an α-haloketone at 150–200 °C in a sealed tube afforded the 

formation of 3, although in low yields. This method was later adapted by using a base like sodium 

hydrogen carbonate under mild reaction conditions to give 3 with higher efficiency. 

 

  

Scheme 1. Synthesis of imidazo[1,2-a]pyridines (c) from 2-aminopyridine (a) and an α-haloketone (b).  

 

The Chen and Wu group showed that the imidazo[1,2-a]pyridines could be synthesized from α-

bromo/chloro-ketones and 2-aminopyridines under catalyst and solvent-free conditions at 60 °C 

(Scheme 2). 98 

 

  

Scheme 2- Solvent and catalyst-free conditions for the synthesis of imidazo[1,2-a]pyridines by using 

α-haloketones.  

 

From diazoketones 

α-Diazoketones are as practical as α-haloketones for the synthesis of imidazo[1,2-a]pyridines. The 

copper-catalysed reaction between α-diazoketones (d) and 2-aminopyridines (a) afforded these 

heterocycles with good selectivity and good yields (Scheme 3).99 Cu(OTf)2 catalysis worked efficiently 

for both the aromatic and aliphatic diazoketones. This reaction undergoes via the imine formation 

followed by nitrogen insertion. Other Lewis acids like InCl3, In(OTf)3, Sc(OTf)3, InBr3, Bi(OTf)3, and 

Brønsted acids like hetero, polyacid, PMA, Amberlyst-15 are not effective to afford the 

imidazopyridines by this reaction. 
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Scheme 3- Copper-catalysed reaction between 2-aminopyridines and α-diazoketones. Proposed 

mechanism of the reaction is detailed on the bottom reaction sequence. 

 

From α-toxyloxyketones 

The imidazopyridines have been synthesized directly from ketones by in situ generation of the -

tosyloxyketones, e (Scheme 4).100 The ionic liquid is preferable for this condensation reaction 

compared to common organic solvents. Ionic liquid BPyBF4 afforded the imidazopyridine derivatives 

at room temperature, low temperatures and short reaction times (1h). 

  

Scheme 4-  Synthesis of imidazopyridines by using α-toxyloxyketones. 
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From alkynyl(phenyl)iodonium salts  

Chen group developed a simple method for the synthesis of 2-substituted imidazopyridines by the 

reaction of alkynyl(phenyl)iodonium salts (g) with 2-aminopyridine (Scheme 5).101 The reaction 

proceeds through the [3,3]-sigmatropic rearrangement followed by intramolecular cyclization. Only 

K2CO3 in chloroform is effective to carry out the reaction.  

 

Scheme 5- Reaction of alkynyl(phenyl)iodium salts with 2-aminopyridine. 

 

From 1-bromo-2-phenylacetylene/1,1-dibromo-2-phenylethene  

3-arylimidazo[1,2-a]pyridines were synthetized by the catalyst-free reaction between 2-

aminopyridines and 1-bromo- 2-phenylacetylenes (h) or 1,1-dibromo-2-phenylethenes (i) by Zhou 

group (Scheme 6). The bromoalkynes bearing electron-withdrawing groups on the aromatic ring 

afforded better yields in comparison to those bearing electron donating groups. More detailed 

reaction mechanism in reference.102 
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Scheme 6 Synthesis of 3-arylimidazo[1,2-a]pyridines from 1-bromo-2-phenylacetylene (e) or 1,1-

dibromo-2-phenylethene (i). 

Tandem reactions 

Tandem coupling between 2-aminopyridines and nitroolefins  

Yan and Huang group prepared 3-methyl-2-arylimidazo[1,2-a]pyridine derivatives (k) by Fe(II)-

catalysed tandem coupling of 2-aminopyridines and 2-methylnitroolefins (j) (Scheme 7).103 FeCl2 was 

more suitable compared to the other iron salts for this transformation. A library of 3-methyl-2-

arylimidazo[1,2-a]pyridines were synthesized to establish the general applicability of this method. 

This is also applicable for the synthesis of 3-ethyl-2-phenylimidazo[1,2-a]pyridine (l) with good yields. 

The reaction proceeds through tandem Michael addition/intramolecular cyclization. 
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Scheme 7 - Synthesis of imidazo[1,2-a]pyridines through reaction of 2-aminopyridines with 

nitroolefins. 

 

Synthesis of 3-unsubstituted imidazo[1,2-a]pyridines was possible in a cascade reaction between the 

bielectrophilic nitroolefins (m) and binucleophilic 2-aminopyridines (Scheme 8).104 Hajra et al. found 

that FeCl3 was the most efficient catalyst among the Lewis acids such as AlCl3, ZnCl2, LaCl3, BF3·OEt2, 

In(OTf)3, Cu(OTf)2, etc. for this reaction. This FeCl3-catalyzed reaction is applicable for both the 

aromatic and aliphatic nitroolefins as well as for various substituted 2-aminopyridines. Zolimidine 

drug was obtained employing this strategy.  

 

Scheme 8 - Synthesis of 3-unsubtituted imidazopyridines such as Zolimidine from nitroolefins. 

 

Multicomponent Reactions 

Multicomponent reaction of 2-aminopyridine, aldehyde and nitroalkane 

The Fe(III)-catalyzed three-component cross-coupling reaction of 2-aminopyridine, aldehyde and 

nitroalkane constitute a new strategy for synthesis imidazo[1,2-a]pyridine rings developed by Huang 

and co-workers105 (Scheme 9). Aldehydes containing electron-withdrawing as well as electron-

donating groups were well tolerated. 2-Aminopyridine with electron-withdrawing substituents gave 

higher yield compared to the electron-donating group containing 2-aminopyridines. Aliphatic and 

heteroaryl aldehydes also afforded the heterocycle. 
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Scheme 9 - Three component reaction to obtain imidazo[1,2-a]pyridines (top image). Proposed 

course of reaction involves the formation of an imine (n) between the aldehyde and the 2-

aminopyridine. Next, a Michael addition followed by internal proton transfer and a second 

intramolecular Michael addition gave the intermediated (p). Loss of water and nitric acid molecules 

afforded the imidazo[1,2-a]pyridines (bottom image).  
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Multicomponent reaction of 2-aminopyridine, aldehyde and isonitrile 

DiMauro and co-workers prepared several 2,6-disubstituted- 3-amino-imidazopyridines using a 

microwave-assisted one-pot cyclization/Suzuki coupling approach (Scheme 10).106  The reaction 

works for various aldehydes, isonitriles and bromo derivatives. 2-aminopyridine-5-boronic acid 

pinacol ester constitute a robust and versatile building block for the synthesis of diverse compound 

libraries. The boronate functional group was notably tolerant to the Lewis acid catalysed cyclisation. 

 

Scheme 10 - One-pot reaction for the synthesis of 3-amino-imidazopyridines using Ugi-type reagents. 

The reaction involves cyclization followed by Suzuki cross coupling reaction.  

 

Multicomponent reaction of 2-aminopyridine, aldehyde and alkynes 

Gevorgyan et al. reported a smart method for the synthesis of imidazo[1,2-a]pyridine derivatives by 

the copper-catalyzed three-component coupling reaction of aldehydes, 2-aminopyridines and 

terminal alkynes (Scheme 11).107 This transformation led to imidazoquinoline and 

imidazoisoquinoline frameworks prepared in good yields from 2-aminoquinoline and 2-

aminoisoquinoline coupling partners. This one-pot route permitted the obtention of the marketed 

drugs alpidem and zolpidem. 

 

Scheme 11 - Cooper catalysed three component reaction to obtain imidazopyridines. 

 

Aminooxigenation and hydroamination 

An unprecedent and novel intramolecular dehydrogenative aminooxygenation reaction for the 

preparation of imidazopyridines containing a formyl group was achieved by Zhu and co-workers 
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(Scheme 12).108 This copper-catalyzed methodology was carried out under an oxygen atmosphere 

employing simple acyclic precursors.  DMF or DMA were the most effective solvents, whereas copper 

salt was essential for this transformation. A library of imidazo[1,2-a]pyridine-3-carbaldehydes with a 

wide substrate scope was synthesized in moderate to good yields. 

 

Scheme 12 - Copper-catalysed synthesis of imidazo[1,2-a]pyridines-3-carbaldehyde. 

The intramolecular hydroamination of N-(prop-2-yn-1-yl)pyridin-2-amines (Scheme 13) was also 

possible in aqueous medium without any catalyst, affording the methylimidazo[1,2-a]pyridines.109 

Water apparently plays a dual role as a solvent and catalyst since polar and non-polar organic solvents 

(except ethanol) were not able to afford the product in the absence of any transition metal catalyst.  

 

Scheme 13 - Intramolecular hydroamination of N-(prop-2-yn-1-yl)pyridin-2-amines. 

 

Intramolecular C-H amination 

Cooper-catalysed synthesis of fused imidazo[1,2-a]pyridines, in particular pyrido[1,2-

a]benzimidazole, have been reported independently  by Zhu et al. and Maes et al. Zhu group 

employed iron salts that did not promoted the reaction itself but improved the yield significantly. 

Pivalic acid was use an additive which also increased the yield (Scheme 14). 110  

  

Scheme 14 – Copper-catalysed synthesis of pyrido[1,2-a]benzimidazole through aromatic C-H 

amination. 
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On the other hand, Maes group evaluated the influence of the acid additive by employing different 

carboxylic acids. Acetic acid, pivalic, butyric and benzoic acid produced the product with good 

efficiency. 3,4,5-trifluorobenzoic (TFBA) acid was clearly a superior additive since it provided a faster 

reaction and complete conversion of the starting material. Non-carboxylic acids were also useful 

when used in catalytic amount. (Scheme 15).111 

  

Scheme 15- Direct copper-catalysed synthesis of pyrido[1,2-a]benzimidazole with TFBA as acid 

additive. 

 

Oxidative coupling 

Oxidative coupling between 2-aminopyridine and alkene 

In 2012, Donohoe and co-workers developed an effective method to generate α-halo carbonyl 

compounds by the reaction of alkenes with 2-iodoxy-benzoic acid/ iodine/ dimethyl sulfoxide 

(Scheme 16). The in situ generated reactive α-iodoketones (q) were further used for the synthesis of 

diverse heterocycles such as imidazo[1,2-a]pyridines.112 

  

Scheme 16 In situ generation of α-haloketone from alkenes as intermediate reagent for the synthesis 

of imidazopyridines. 

 

Cu-catalysed oxidative coupling from 2-aminopyridine 

The next copper-catalysed oxidative coupling of nitroolefins with 2-aminopyridines is another  

tandem reaction as those described in Schemes 7 and 8. The reaction produced 3-nitro imidazo[1,2-

a]pyridines in moderated to excellent yields (Scheme 17).113 Aerial oxygen was enough to act as the 

terminal oxidant. Authors found copper bromide was the most efficient catalyst.  
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Scheme 17- Nitroolefins afford imidazopyridines under cooper-catalysis. 

 

Although being classified here as an oxidative coupling reaction, the obtention of next imidazo[1,2-

a]pyridine derivatives involved the C–H amination of the aryl ketones with zinc-salt as the additive 

under ambient air (Scheme 18).114 Among the various copper salts evaluated in the study, best results 

were obtained with Cu(OAc)2·H2O. This process was employed for the one-step synthesis of 

Zolimidine on a gram-scale. 

  

Scheme 18 - Direct copper-catalysed oxidative coupling between 2-aminopyridines and ketones. 

 

Adimurthy et al. reported a similar methodology employing CuI as the catalyst in DMF (Scheme 19).115 

Kumar group reported a ligand-free approach for the synthesis of imidazopyridines using CuI in 

dioxane medium (Scheme 20).97 

  

Scheme 19 - CuI catalyses the coupling reaction of 2-aminopyridines and ketones. 
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Scheme 20 - Additive-free synthesis of 3-unsubtituted imidazopyridines. 

 

Chalcones have also been used for the synthesis of imidazo[1,2-a]pyridine derivatives. Hajra and co-

workers used copper-catalysed oxidative coupling under oxygen atmosphere, which is applicable for 

a wide range of chalcones in gram-scale (Scheme 21).116 

  

Scheme 21 - Synthesis 3-aroylimidazo[1,2-a]pyridines from chalcones and copper-catalysis. 

From pyridinium salts 

Interesting synthetic routes for imidazo[1,2-a]pyridine use pyridinium salts as a key precursor. Zhu 

et al. demonstrated the potential utility of Morita–Baylis–Hillman (MBH) acetates for the synthesis 

of structurally diversified heterocyclic motifs by varying the nucleophilic partners (Scheme 22). The 

method was highly efficient and allowed the reactivity of all the electrophilic sites (α, β, γ, and δ) of 

Morita–Baylis–Hillman acetates, affording imidazo[1,2-a]pyridines, indolizines, pyrroles, pyrazoles, 

and benzo[b][1,6]oxazocin-2-ones with their respective coupling partners.  

It was found that MBH acetates bearing electron-withdrawing substituents gave good yields of 

substituted imidazo[1,2-a]pyridines j when compared to Morita–Baylis–Hillman acetates containing 

electron-rich groups. The mechanism involved Michael elimination and rearrangement (intermediate 

t) followed by intramolecular Michael addition at the α-position of t, affording u which transformed 

into the desired imidazo[1,2-a]pyridine s through elimination of the ester counterpart. 117 
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Scheme 22- MBH acetate provided diverse nitrogen-based heterocycles when combined with 

pyridinium salts. 

The quaternization of 2-aminopyridines with propargyl bromide gave 2-amino-1-(prop-2-

ynyl)pyridinium bromides m. 118 These salts afforded 2-benzylimidazo[1,2-a]pyridines o on 

subsequent Sonogashira coupling and intramolecular cyclization. Electron-withdrawing groups on 

the aryl iodide n were essential because in the case of iodobenzene, 2-methylimidazo[1,2-a]pyridine 

was the major product which is the heterocyclization product without Sonogashira coupling (Scheme 

23).  

  

Scheme 23- Sonogashira coupling followed by intramolecular cyclization for the synthesis of 3-

substituted imidazopyridines from pyridinium salts. 
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1.3.2 Results and discussion 

Synthesis of imidazo[1,2-a]pyridine derivatives 

Imidazo[1,2-a]pyridine derivatives (1, Figure 17) were prepared via two-step procedure consisting on 

Suzuki-Miyaura cross-coupling and heterocyclization reactions.  

 

 

Figure 17 – General chemical structure of imidazo[1,2-a]pyridine derivatives presented in this work. 

The sequence of reactions could be interchanged, cross-coupling followed by heterocyclization or 

vice versa, so we employed two different methods (A or B) depending on the order of the reactions 

performed (Scheme 24). 

 
 

Scheme 24 – Retrosynthetic analysis for the preparation of imidazo[1,2-a]pyridine analogues. Two 

synthetic routes were followed: A (blue arrows) and B (green arrows). 
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The reaction of organometallic and organohalides compounds can be achieved by using a catalytic 

source of Pd(0), with additional ligands, base and solvent. The Suzuki reaction (palladium-catalysed 

cross-coupling of aryl halides with boronic acids) is one of the most versatile and used reactions for 

the formation of carbon-carbon bonds, in particular biaryls (Scheme 25). 

 

 

Scheme 25- Schematic representation of the Suzuki cross-coupling between aryl halides and boronic 

acids with palladium (0) catalysis. 

 

Method A: 

 

 

 

Scheme 26 - Method A. Synthetic route for the obtention of imidazo[1,2-a]pyridine derivatives 

comprising two subsequent steps: Suzuki’s cross coupling (A1) and heterocyclization (A2).  

 

4-bromo and 5-iodo 2-aminopyridine are commercially available, as well as the aryl boronic acids (R-

B(OH)2) and α-haloketones (Table 1, entries 1-9).  
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Table 1 - Chemical structures of boronic acids (entries 1-5) and alpha-haloketones (entries 6-9) 
utilised in the present study. 

Entry R-B(OH)2  (3a-e) Entry α-haloketone (5a-d)  

1 

 

3a 6 
 

5a 

2 

 

3b 7 

 

5b 

3 

 

3c 8 

 

5c 

4 

 

3d 9 

 

5d 

5 

 

3e    

 

Enguehard et al. observed that differently substituted 6-haloimidazo[1,2-a]pyridines at the C2 

influenced the Suzuki reaction,119 when using well-known conditions for Suzuki cross-coupling, that 

is, Pd(PPh3)4 as catalyst, a base and DME/H2O as solvent. In that work, 2-alkyl and 2-arylimidazo[1,2-

a]pyridines appeared to be much more reactive towards the Suzuki-coupling than those without 

substitution on C2. Based on this knowledge, and with the scope of avoiding the potential effect of 

the substitution on carbon 2, the Suzuki reaction was carried out prior to forming the imidazopyridine 

core via condensation with α-haloketones. With this method, intermediates (4a-e) were obtain with 

mild to excellent yields (Table 2). 

The metal catalyst of choice was the tetrakis(triphenylphosphine)palladium(0) ([Pd(PPh3)4]), and 

K2CO3 the chosen base. Solvents for Suzuki´s reaction were either DME/H2O, H2O/EtOH/Toluene or 

1-4-dioxane/H2O.120–122 
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Table 2 - Reagents and conditions explored for the preparation of intermediates 4a-d and 12a. Key: 
DME, dimethoxyethane. Reactions were carried out in a microwave reactor. 

Entry 
Comp. 

2 (a-b) 

Boronic 

acid 

3a-e 

Base Solvent 
Time 

(min) 

Temp 

(°C) 

Compound 

4a-e 

Yields 

(%) 

1 2a 3a K2CO3 

H2O/MEOH/ 

Toluene 

(1:2:8) 

60 150 

 4a 

93 

2 2a 3b K2CO3 

H2O/ 

MEOH/ 

Toluene 

(1:2:8) 

60 150 

4b 

30 

3 2a 3a K2CO3 
DME: H2O 

(4:1) 
30 110 

 
4b 

84 

4 2b 3a K2CO3 
DME: H2O 

(4:1) 
30 110 

4c 

25 

5 2b 3a NaHCO3 

1,4-

Dioxane: 

H2O 

(3:1) 

45 110 

4c 

42 

6 2a 3a K2CO3 
DME: H2O 

(4:1) 
30 110 

 
4d 

82 

7 2a 3c K2CO3 
DME: H2O 

(4:1) 
30 110 

12a 

58 

 

Compound 4a was successfully synthesised applying the conditions in Table 2 (entry 1)121 using the 

boronic acid 3b (Table 1). However, when those conditions were used with 4-hidroxyphenylboronic 

acid 3a, the yield dropped drastically (Table 2, entry 2). In addition, more side-products were 

observed by NMR, that could not be isolated. The substitution of the solvent by the mixture DME: 
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H2O afforded the desired p-hydroxy-biaryl compound 4b (Table 2, entry 3) in a cleaner reaction.120 

The solvent in cross-coupling reactions plays an important role because of its significant influence on 

the rate and selectivity of the reaction, as well as equilibria. By choosing the correct solvent, the life-

time of the catalyst and activity of acids and bases can be enhanced.123 Time and temperature were 

also reduced under these new conditions.  

Interestingly, when the conditions to synthetize 4b were applied for the synthesis of 4c (structural 

isomer of 4b), the yield decreased notably (Table 2, entry 4). In this case, the 5-halo-2-aminopyridine 

reagent had an iodine atom instead of a bromine, which it is known to have a different reactivity on 

cross-coupling reactions.124 Therefore, the solvent and the base were changed122 (Table 2, entry 5), 

which improved the overall yield, although still far away from the values obtained with its isomer 4b.  

Intermediates 4d and 12a were satisfactorily prepared with the corresponding boronic acids under 

the conditions applied to 4b, with mild to good yields (Table 2, entries 6 and 7). 

In general, the use of the microwave reduced reaction times drastically: from 8-24h as described in 

the literature,120,125 to 10-60 minutes. 

 

The subsequent heterocyclization reaction (A2) used NaHCO3 as base and one of the α-haloketones 

shown in Table 1 (entries 6-9).126 

Table 3 – Method A, step A2. Reagents and conditions for the preparation of imidazo[1,2-a]pyridine 
analogues 1a-i.  

Entry 
Comp. 4 

(a-e) 

Comp. 5 

(a-d) 

Exp. Conditions*/ 

Solvent 
Comp. 1 (a-i) 

Yields 

(%) 

1 4a 5b 

NaHCO3, reflux 

overnight / EtOH 

  
1a 

74 

2 4c 5b 

NaHCO3, reflux 

overnight / EtOH 

   
1b 

54 

3 4a 5a 
NaHCO3, reflux 

overnight / EtOH 
  

1c 

31 
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4 4c 5c 

NaHCO3, reflux 

overnight / 

Acetone   
1d 

67 

5 4a 5b 

NaHCO3, reflux 

overnight / 

Acetone  
1e 

60 

6 4e 5a 

NaHCO3, reflux 

overnight / 

Acetone  
1f 

94 

7 4e 5c 

NaHCO3, reflux 

overnight / 

Acetone  
1g 

47 

9 4d 5a 
NaHCO3, reflux 

overnight / EtOH 
 

1i 

45 

 

The condensation of intermediates 4a-d and 12a with the α-haloketones shown in Table 1 (entries 5-

9), allowed us to easily obtain the desired imidazo[1,2-a]pyridines 1a-i from mild to excellent yields 

(Table 3). 

Only in the case of 1c, which showed lower solubility, presented some issues during the  purification 

process that led to lower yields. This problem was solved by replacing ethanol by a less polar solvent, 

for instance, acetone. Hence, chemically related compounds such as 1d and 1e, precipitated in 

acetone once the reaction cooled down and were readily isolated in higher yields. 
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Method B:  

The alternative route for the synthesis of  imidazo[1,2-a]pyridine analogues 1i-m is shown in the next 

scheme: 

 

 

Scheme 27- Synthetic route for the obtention of imidazo[1,2-a]pyridine comprising heterocyclization 

(B1) followed by Suzuki’s cross coupling reaction (B2).  

 

Intermediates 6a-c were prepared from commercially available 5-iodo-2-aminopyridine and the 

corresponding α-halo carbonyl compound (Table 1, entries 6 and 8) in refluxing EtOH.  

Table 4 - Method B, step B1. Reagents and conditions for the synthesis of intermediates 6a-c via 
condensation of 4- and 5-halo-2-aminopyridines and α-haloketones. 

Entry 
Comp. 

2 (a-b) 

α-haloketone 

5a 

Exp. Conditions 

/Solvent 

Compound 

6 a-c 

Yields 

(%) 

1 2a 5a 
NaHCO3, reflux 

overnight / EtOH  
6a 

86 

2 2b 5a 
NaHCO3, reflux 

overnight / EtOH  
6b 

90 

3 2b 5b 
NaHCO3, reflux 

overnight / EtOH  
6c 

47 
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Intermediate 6c was obtained in less yield because of the lower number of equivalents of 2-

chloroacetaldehyde (5a) employed, 1.5 instead of 2 equivalents, in the attempt of adjusting the 

quantity of this reagent. However, optimal results were obtained with 2 equivalents of halo-ketone 

5a, as it was the case of intermediate 6b (90% yield, 1 g scale).  

Compound 6b was used in the Suzuki’s reaction with a boronic acid to obtain imidazo[1,2-a]pyridine 

derivatives 1j-m in good to excellent yields (Table 5). Different solvent mixtures were used in the 

cross-coupling reaction, such as DME/H2O (4:1) or 1-4-dioxane/H2O (3:1). 

 

Table 5 – Method B, step B2. Reagents and experimental conditions for the synthesis of imidazo[1,2-
a]pyridines 1i-l.  

Entry 
Comp. 

6 (a-b) 

Boronic acid 

3a-3c, 3e 

Exp. Conditions*/ 

Solvent 

Compound 

1i, 1j-m 

Yields 

(%) 

1 6b 
 

3a 

Pd(PPh3)4 K2CO3 / 

DME:H2O 

4:1  
1j 

70 

2 6b 
 

3c 

Pd(PPh3)4 K2CO3 / 

1-4-dioxane: H2O 

(3:1).  
1k 

91 

3 6b 

3e 

Pd(PPh3)4 , 

NaHCO3 / 

DME:H2O (4:1)  
1l 

52 

4 6b 

3b 

Pd(PPh3)4 K2CO3 

/H2O:MeOH:Tol 

(1:2:8)  
1m 

96 

5 6a 

3e 

Pd(PPh3)4 K2CO3 / 

DME:H2O 

(4:1)  
1i 

70 

*110 °C in a microwave reactor, 30 min. 

These compounds were alternatively synthesised, so the heterocyclization step was carried out 

before the Suzuki cross-coupling. Thus, compounds 1k and 1i were obtained firstly via 

heterocyclization and secondly cross-coupling reaction. Compound 1i had been previously 
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synthesised by Suzuki reaction followed by heterocyclization with 2-chloroacetaldehyde (5a) to 

afford 1i in 45% (Table 3, entry 9). By contrast, the same compound significantly improved the yield 

to 70 % when the 5-haloimidazo[1,2-a]pyridine was firstly synthesised and then reacted further with 

the corresponding boronic acid (3e) (Table 5, entry 5). Therefore, the lack of substitution in carbon 2 

is not always related with poorer yields, as it has been suggested by Enguehard et al.119 One more 

example to probe this fact was the preparation of compound 1k and 1m, which were also obtained 

from the cross-coupling reaction between 5-iodo-imidazo[1,2-a]pyridine in excellent yields (Table 5, 

entries 2 and 4). This value was very similar to the 94% obtained in the synthesis of 1f (structural 

isomer of 1k) which was obtained via Suzuki’s-heterocyclization route.  

Additionally, an imidazo[1,2-a]pyridine analogue substituted in C3 was prepared via Heck reaction.127 

The commercially available imidazo[1,2-a]pyridine and the unsaturated halide 8 reacted via 

palladium (II) catalysis with potassium acetate base dissolved in DMF for 2 h, affording the desired 

imidazo[1,2-a]pyridin-3-yl)-indole 9 (Scheme 28).  

 

Scheme 28- Palladium-catalysed C-C coupling between an aryl halide (8) and  imidazo[1,2-a]pyridine 

(7) afforded the substituted indole-2-carboxylate analogue (9). Key: MW, microwave reactor.  

The Heck reaction is one of the most widely used catalytic carbon-carbon bond forming tools in 

organic synthesis.128 The reaction allows the arylation or alkenylation of olefins via palladium (0) 

catalysis by substitution of the olefinic proton. The reaction can occur with Pd (II) precursor, which is 

reduced to form Pd (0) in situ. The C2-C3 double bond present in the imidazo[1,2-a]pyridine scaffold 

behaves as an isolated double bond. Although lacking the presence of the reductive phosphine, the 

C-H arylation of C3 carbon was possible by palladium (II) catalysis (Scheme 28).  

 

Synthesis of 2-aminopyridine derivatives  

Whilst synthetizing the imidazo[1,2-a]pyridine derivatives, we realised that intermediates 4a-d highly 

resembled to some PET radiotracers described in the literature. In fact, the N-methyl-aminopyridine 

moiety is a common feature of several radiotracers of amyloid fibrils, (see article review 65). Thus, we 

wanted to explore the effect of double methylation of the amine group in the pyridine as well as 

leaving the ring “opened”, instead of forming the imidazo[1,2-a]pyridine core. Intermediate 12a was 

selected as starting point for the synthesis of new 2-aminopyridine derivatives as potential tau 

radiotracers. Compounds 12c and 12b were prepared in a two-step procedure (Scheme 32). First, 

methylation of 5-iodo-2-aminopyridine with MeI afforded N,N-dimethyl-pyridine-2-amine. Then, the 



Chapter 1 – Results and discussion 

48 
 

desired products were prepared via Suzuki cross-coupling reaction with palladium (0) catalysis and 

K2CO3 as a base.  

 

Scheme 29- Synthetic route for the synthesis of 2-aminopyridine analogues 12a-c. 

Three analogues were prepared, 12a-c, to evaluate the effect of the free amine in 12a  compared to 

the dimethylated analogue (12b) as well as the cold ligand 12c, which already possesses a F atom in 

its structure. All compounds were obtained in good yields, being 12a the analogue with lower yield, 

may be due to the free amine group, which can bind palladium, thus reducing the effective amount 

of catalyst in the reaction. 

 

Cold ligands and radiosynthesis precursors  

Positron emitting nuclides possess relatively short half-lives (recall 18fluorine, whose t1/2 is 110 min). 

Thus, the synthesis time for a PET imaging probe should be as short as possible. As Ametamey and 

colleagues suggest in their work, the synthesis and purification period should not exceed 2  to 3 times 

the physical half-life of the radionuclide, and in consequence, the radioactive label is introduced in 

the synthetic route as late as possible.60 Therefore, the radiosynthesis precursor is the molecule 

obtained immediately before the introduction of the radioactive label. In nucleophilic radiolabelling 

strategies, these precursors typically possess a good leaving group in their structure, such as 

mesylate, tosylate, bromo, iodine and sulfonate groups, which are substituted by the radioligand via 

SN2 mechanism.60,129 18F-fluoride ion is accomplished by applying cryptands in combination with 

tetra-n-butylammonium cation or alkali salts. A cryptand serves to capture the metal cation (usually 

K+) and to separate it from the 18F- fluoride ion, thereby enhancing its nucleophilicity. A large cation 

without cryptand (Cs+, Et4N+, tBu4N+) serves the same purpose of charge separation.130 Quaternary 

ammonium or the alkali (K, Cs, Rb) salts are readily obtained from their respective hydroxides or 

carbonates and bicarbonates, respectively. Practical reaction times for this last step ranges from 1 to 

30 minutes, and can be assisted my microwave heating. 131 

For practical reasons, studies with radiotracers which do not need the presence of the radionuclide 

are carried out using the so-called cold ligands, which are the unlabelled counterpart of PET probes. 
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Cold ligands are useful for studying pharmacodynamics and pharmacokinetics characteristics of new 

radiotracers, since isotopes of the same atom do not alter their biological activity.80   

In the next scheme, a retrosynthetic route is proposed for the synthesis of 18F-PET radiotracers with 

the imidazo[1,2-a]pyridine core (Scheme 30, top route).  Additionally, and as a probe of concept, 

compound 1a was transformed into its cold ligand counterpart, by means of adding the fluoroethanol 

side-chain (Scheme 30, bottom route). Compound 1n was obtained in good yields for its assessment 

as a model of potential radiotracer. 

 

 

 

Scheme 30 – Proposed retrosynthetic route for the synthesis of imidazo[1,2-a]pyridine-based 18F-PET 

radiotracers (top). Synthetic route for the obtention of cold ligand 1n (bottom).    
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1.3.3 Tau Aggregation and Morphological Studies  

In Alzheimer’s Disease (AD), the assembly of tau proteins into paired helicoidal filaments (PHFs) is 

linked to neurodegeneration.132 Ultrastructurally, tau inclusions are made of paired helical filaments 

(PHFs) and straight filaments (SFs). Tau protein degenerates from soluble tau to tau fibrils which 

eventually will form the neurofibrillary tangles (NFTs).133,134 

Unlike other amyloidogenic proteins, such as prion protein, α-synuclein and amyloid beta, tau does 

not spontaneously aggregate in vitro under physiological conditions, and even high temperatures or 

extreme pHs do not lead to aggregation.135 In vitro aggregation of Tau441 requires the use of  heparin 

or other polyanions (such as arachidonic acid, an abundant fatty acid in human brain) to accelerate 

tau nucleation136,137 by acting through one or more mechanisms, including 1) neutralizing positive 

charges on tau molecules and thereby reducing electrostatic repulsion that might retard aggregation; 

2) binding to tau, thereby unfolding the molecule and exposing hydrophobic regions that are needed 

for nucleation to proceed or by bringing multiple tau molecules into close proximity and 3), 

promoting hydrophobic interactions by stabilizing H-bonds of surrounding water molecules.134 

Tau aggregation has been described under a vast variety of conditions varying length of incubation 

period, temperature, pH, ionic strength, protein concentration and protein to heparin molar ratios. 

We started an optimization process for tau aggregation where protein concentration, buffer 

composition (and consequently the ionic strength), incubation period, tau to heparin ratio and pH 

where modified and optimised. Transmission electron microscopy and atomic force microscopy 

techniques were used to confirm the structure of tau assemblies upon tau incubation with heparin 

in increasing lengths of time. 

The ionic strength of a buffer 

Ionic strength, I, is a measure of the concentration of electrically charged species in solution. It is 

calculated by the equation: 

 𝐼 =  
1

2  
 ∑ 𝐶𝑖𝑍𝑖2

𝑖

 

         Equation 1.1 

in which Ci is the concentration of ion i of charge Zi.138 

In our first attempt to form tau fibrils, we were more focused on protein concentration than any 

other factor, knowing that higher concentrations facilitate the aggregation process.139 Lyophilised 

protein was resuspended in the aggregation buffer for a final concentration of 11 µM. Aggregation 

buffer composition included 500 mM MES, 1000 mM NaCl and 100 mM ammonium acetate. Heparin 

was added at 2.75 µM molar ratio tau to heparin 4:1. As additive, the  preparation contained the 

chelating agent EDTA, final concentration 5 mM. The final pH of the preparation was 7 ± 0.03, 

whereas the calculated ionic strength of this buffer was I= 1.6. Tau protein was aggregated at 37 °C 

for 8 days. TEM images were obtained to verify the formation of tau fibrils (Figure 18). 
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Figure 18 - TEM images of tau assembly into spherical nucleation units (SNUs) and their linear 

assembly. Tau was incubated for 8 days at 37 °C. A drop with tau aggregates was placed in a copper 

coated grid and negatively stained with uranyl acetate aqueous solution (2% w/v) for 30 seconds. 

Presence of SNUs -highlighted by a white circle-, and short fibres formed by multiple SNUs linked 

together is detected in the 8th day of incubation.  

The first tau assemblies observed in our samples were the spherical nucleation units (SNUs) (Figure 

18). These spherical assemblies, that resemble a string of beads formed by linearly aligned spheres, 

are thought to be the initial building blocks of nascent tau fibrils. It has been reported that these 

oligomers adopt a conformation that allows thioflavin T binding, indicative of β-sheet secondary 

structure.140 The appearance and size of individual SNUs and those arrayed into assemblies were 

similar in size and diameters of 19.3 ± 2.4 nm (n= 10), in close agreement to those reported by Xu et 

al. (21.1 ± 2.9 nm).134 The protein concentration was optimal for its self-assembly; however, the high 

ionic strength of the buffer was detrimental for tau aggregation. It has been observed that the 

formation of PHFs is highly sensitive to elevated ionic strength.44 In fact, previous works involving tau 

aggregation in vitro used aggregation buffers whose ionic strength ranged from 0.07 to 0.24 (6 to 22-

fold less concentrated than our buffer).141–143 

In view of these results, we set up a new test for tau aggregation. In this occasion, incubation period 

and pH and were increased. By contrast, the final concentration of tau was reduced, as well as the 

ionic strength. Tau protein was incubated at 2.18 µM (4-fold less concentrated), in aggregation buffer 

composed by 20 mM Tris-HCl, 50 mM NaCl and 1 mM DTT additive, pH 7.4. The ionic strength of this 

preparation was I= 0.07. Heparin was added, so the molar ratio heparin to tau protein was 1: 1.87. 

Tau fibrils were formed at 37 °C for 13 days. Two different structures were prevalent in the images 

as indicated by AFM imaging; short and long fibrils.  
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Figure 19 - AFM imaging of Tau 441 assemblies into granular oligomers and mature tau fibrils. 5 L 
of aggregation buffer containing tau aggregates was placed in the surface of a mica disk and analysed 
with tapping mode AFM (A – zoom n. 1, and B – zoom n. 2).  

 

SNUs evolved to form spherically or elliptically shaped granules and long fibrils (Figure 19.A and 19.B). 

As the incubation period increases, SNUs seem to coalesce to form straight and twisted ribbon-like 

filaments as well as paired-helical filaments, similar to those found in human tauopathies.144 

Maeda and co-workers 140 used the major-to-minor axis ratio to define granules (1 ≤ major-to-minor 

axis ratio ≤ 2) and fibrils and PHFs (2 ≤ major- to-minor axis ratio). Ratio X/Y values between 1 and 2 

are descriptors of granules, whereas values above 2 indicate mature fibrils such as PHFs. According 

to this formula, after 13 days of aggregation, PHFs could be appreciated, reaching lengths of above 

700 nm (Figure 19), although granules were also abundant at this stage.  

A 

B 
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Table 6 - Major (X) and minor (Y) axis length (µm) of tau 
assemblies (Figure 20) measured after 13 days of 
incubation.  

 X (µM) Y (µM) 
RATIO 

(X/Y) 

1 0.047 0.063 1.3 

2 0.066 0.047 1.40 

3 0.102 0.063 1.61 

4 0.066 0.039 1.69 

5 0.063 0.035 1.8 

6 0.152 0.043 3.53 

7 0.129 0.035 3.68 

8 0.170 0.045 3.77 

9 0.137 0.035 3.91 

10 0.776 0.025 31  

 

Figure 20 - AFM imaging of Tau 441 assemblies into granular oligomers and mature tau fibrils -  
Enlarged section from Figure 19.B. Different tau aggregates were selected for elucidating their 
aggregation state (granular tau oligomers or fibrils) according to their major-to-minor axis ratio.  

 

Fibril n.10 showed an x/y ratio above 2 (Table 5), and 24 ± 1.7 nm-wide, values that are similar to 

those previously reported in the literature (15-25 nm).134,140 Additionally, shorter fibrils (Figure 20, 

tau structures labelled as 4 and 5) presented a x/y ratio above 2 and higher diameter (>40 nm),  

indicative of an intermediate state in the formation of mature fibrils. 

Our samples with tau aggregates presented filamentous species with periodical twists. The 

topography along the backbone of the fibre (blue line, Figure 21.B) showed a ~130 nm twist 

periodicity (white arrows, Figure 21.A and 21.C), which is in accordance to what is found in the 

literature for PHFs.145  
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Figure 21 - Tau fibrils twist profile. The backbone of the fibre (B) was plotted (C) as the registered 
height (Y) versus the traversed distance by the cantilever. Data was processed with Gwyddion 
software and plotted on Excel. 

The reduction of the ionic strength and the increased length of the incubation period clearly 

improved the formation of tau aggregates, as more mature fibrils were observed. This highlights the 

ionic character of the interaction between tau and heparin, which would be shielded by salts.44 

Our third preparation of tau fibrils was however carried out in reduced pH (6.0).  Lyophilised tau 

protein was resuspended in water (final tau concentration was 4.36 µM), and the final composition 

of the aggregation buffer was 100 mM MES, 200 mM NaCl. Additives were 0.5 mM EGTA and 1 mM 

DTT. Heparin was added to prone tau aggregation at molar ratio was 1: 1.87 (heparin to tau protein). 

The ionic strength of this preparation was I= 0.3. 

Fibrils were visualized by TEM, confirming the presence of granulates and PHFs (Figure 22).  
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Figure 22 - TEM imaging of tau fibrils. Granular tau oligomers (a) and PHFs (b) were visible after 13 
days of incubation at 37 °C.  

Compared to the previous experiment, the ratio heparin to tau was kept constant, whereas the ionic 

strength increased, and the pH was reduced. This third conditions also generated mature tau fibrils; 

however, in our experience, the second conditions were the best as far as fluorescence-based assays 

with Thioflavin T are concerned, since higher fluorescence values were obtained when working with 

these fibrils. 

In summary, the present morphological study allowed us to find the optimal conditions for the 

obtention of PHFs and a better understanding of the aggregation process followed by Tau441 protein. 

SNUs were more abundant at early time points (8 days) and decreased progressively during longer 

periods of incubation with an increased abundance of non-filamentous granules and mature tau 

fibrils. SNUs combined and ultimately coalesced together in granular tau oligomers.140 These non-

filamentous granules are considered an intermediate species of tau fibril which will evolve to form 

mature tau fibrils as the incubation period increases. Tau filaments undergo a series of 

conformational rearrangements before fibrillization is fully complete. Different states of tau fibrils 

can coexist in the same reaction mixture, and it has been hypothesised that fibrils of different 

morphologies can be interconvertible, depending on conditions in the microenvironment.134 Hence, 

tau fibrils were obtained after 13 days incubating under two suitable conditions to form granulates 

of tau oligomers as well as the characteristic PHFs and SFs in AD. These aggregates were used further 

in different studies to identify new candidates for tau radiotracers.  

  

b 

a 
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1.3.4 Binding studies with Surface Plasmon Resonance  

Surface plasmon resonance (SPR) is a technique that allows label-free, real-time investigation of 

detailed and quantitative studies of protein-protein interactions, as well as determination of their 

equilibrium and kinetic parameters.  

The SPR-based binding method entails immobilization of a ligand (in our specific case, tau protein) 

on the surface of a sensor chip which has a monolayer of carboxymethylated dextran covalently 

attached to a gold surface. Immobilization is possible due to the formation of amide bonds between 

free amine groups in the ligand and the activated carbonyl groups in the dextran matrix. (Figure 23 

A). The ligand is immobilized on the surface of the sensor chip by means of well-defined chemistry, 

allowing solutions with different concentrations of an analyte (for us, the compounds under study) 

to flow over it and to characterize its interactions to the immobilized ligand. The SPR signal is 

obtained from changes in the refractive index at the surface of the gold sensor chip. A binding event 

implies an increase in mass that causes a proportional increase in the refractive index, which is 

detected as a change in response.146 The response signal is quantified in resonance units (RU) and 

represents a shift in the resonance angle (θ), where 1 RU is equal to a critical angle shift of 10-4 deg 

or 10-12 gmm-2.  

  

 

Figure 23 - Schematic representation of amine coupling (A) in SPR. (B) Experimental set up of an SPR 

experiment. Binding events provoke changes in the resonance angle (δθ) of refracted light when the 

Dextran matrix

Gold surface

Ligand

A B 

C 
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analyte, flowing through the channel, binds to the immobilized ligand and increases in density at the 

sensor chip.  (C) Typical shape of a sensorgram after one run or analysis cycle. Resonance Units (Y 

axis) are represented as function of time (X axis). Bars below the sensorgram curve represent type of 

solutions that pass over the sensor surface. Picture B has been taken from reference 146 and picture 

C has been taken from the Sensor Surface Handbook (BiacoreTM). 

 

Monitoring the responses over the time on the SPR signal it is possible to observe different stages of 

a binding event (Figure 23.C). Once the sample is injected, we can observe a binding response 

increase due to the formation of analyte–ligand complexes at the surface of the sensor-chip. This is 

the association phase. After a certain time of injection, binding and dissociation molecules are in 

equilibrium: a steady state is reached, and the binding response tends to plateau. In the next phase, 

the dissociation phase, a decrease in response is observed indicating the separation of the 

complexes. Regeneration phase removes bound analyte from the ligand surface and allows to reach 

the baseline again. This is step is not always necessary, as it depends on the dissociation rate of the 

tested ligand. Binding affinities, association (ka) and dissociation (kd) rate can be obtained by fitting 

the sensorgram data to an appropriate kinetic binding model. 

Surface Plasmon Resonance (SPR) analysis was carried out to evaluate the interaction between 

imidazopyridines derivatives and tau protein. Tau aggregates were immobilized in the surface by 

amine coupling at 7800 RUs. The second channel was blocked as reference. Compounds were 

subjected to a systematic screening, where each compound was injected at 100 µM and exposed to 

tau aggregates for a whole cycle, comprising association, binding and dissociation steps (Figure 24). 
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Figure 24 – Binding data obtained by SPR with immobilized tau aggregates on sensor chip CM5. 
Sensorgrams were obtained after exposing imidazo[1,2-a]pyridines (Sensorgrams A and B) to 
immobilized tau aggregates. Compounds were injected at 100 µM.  

 

None of the tested compounds presented affinity for tau aggregates, as it can be appreciated by the 

plain shape of the sensorgrams in Figure 24. In all experiments, compounds were flown through the 

reference channel (channel 1), where no ligand is immobilised, and this channel was used as blank. 

Response generated by compounds is reported as signal observed in the main channel minus the 

signal observed in the reference channel. In many cases, compounds had a certain level of unspecific 

interactions with the surface of the reference channel, which explains why the signal was negative.  

Two positive controls were also injected (Figure 25A). The first one was 18F-T808 (T808 for short), a 

known radiotracer used in clinics to imaging PHF-tau.69 The second was a compound property of our 

group that had previously shown very good affinity for tau aggregates on SPR experiments. This last 

compound was not structurally related to the imidazopyridines or T808, since it has a benzothiazole-

based core, but served as a good indicator of the correct performance of the analysis. 
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Figure 25 – (A) Chemical structures of radiotracer T808, compound 1c and benzothiazole-based 

compound (internal control) and their sensorgrams with binding affinities for tau aggregates (B). 

Compounds were injected at 100 M. 

To our surprise, T808 displayed a very low affinity for tau aggregates, even though it is known as a 

selective radioligand for Tau imaging.73 On the other hand, the benzothiazole analogue showed 

noticeable affinity for tau assemblies with a good profile of association and dissociation.  

At this point of the investigation, two new radiotracers were published. Their structures highly 

resembled those presented in this work. The first one was 11C-RO6924963, developed by Gobbi and 

co-workers at Hoffmann-La Roche (Figure 26, molecule A). Most interestingly, the new  imidazo[2,1-

a]pyridine analogue presented high affinity for tau deposits over Aβ plaques in vitro autoradiography 

tests. In addition, this compound showed the absence of significant off-target binding to any other 

CNS targets.68 
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The second compound was designed and developed by Zhang et al. as imaging probe for amyloid-β 

plaques for single photon emission computed tomography (SPECT/CT). This radioligand presents a 

benzene and pyridine rings interconnected by a conjugated double bond147 (Figure 26, molecule B). 

Authors did not evaluate the affinity of Aβ plaques over tau aggregates. 

 

 

Figure 26 - Chemical structures of one tau radiotracer (A) and a radioligand for amyloid-β plaques 
(B).68,147  

 

Encouraged by these findings and intrigued by the low response observed with T808 on SPR, we re-

adjusted our investigation. In addition to the imidazopyridines analogues, a new family of compounds 

was synthesised. The new structural motif was based on an imidazo[2,1-b]thiazole scaffold, and the 

affinity for tau aggregates for the new synthetized molecules was also evaluated by SPR. Moreover, 

in order to understand the results obtained by SPR, and to compare them with a different technique, 

further fluorescence-based binding affinity studies with Thioflavin T were also carried out. 
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1.3.5 Synthesis and SPR studies on imidazo[2,1-b]thiazole derivatives  

Previous work 

Imidazo[2,1-b]thiazole scaffold is a privileged and well-considered heterocycle in the field of 

medicinal chemistry due to its wide spectrum of biological activities.148 It is commonly found as core 

unit in anthelminthic and immunomodulatory agents such as Levamisol,149 modulators of 5-HT 

receptor or inhibitors of p53 MAK kinase.150,151 To date, the use of imidazo[2,1-b]thiazole analogues 

as imaging probes for amyloid aggregates remains unreported. 

 

Traditional methods for the preparation of imidazothiazole involve the reaction of α-substituted 

ketones with sulphur heterocycles. 152 

   

 

Scheme 31- Some traditional synthetic routes for preparing imidazothiazoles. Taken from reference 
148. 

 

Esters, acyl chlorides or even carboxylic acids substituted on α-position with a halogen atom can react 

with sulphur heterocyclic systems to afford the desired imidazo[1,2-b]thiazole. 153,154 

For example, 2-amino-4-arylthiazoles (IIa-c) were prepared from phenacyl bromide and thiourea, 

and further reacted with chloroacetic acid for the obtention of various 3-arylimidazo[2,1-b]thiazole- 

6(5H)-one analogues (IIIa-c) (Scheme 32).154 
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Scheme 32- Synthesis of 3-arylimidazo[2,1-b]thiazol-6(5H)-one.  

Park et al. synthetized an imidazo[2,1-b]thiazole-based compound for the treatment of melanoma  

from α-bromo-3-methoxyacetophenone and 2-aminothiazol as starting materials. The obtained  

cyclic 6-(3-methoxyphenyl)imidazo[2,1-b]thiazole reacted further in a C-C arylation, via Heck 

reaction, in presence of palladium acetate and triphenylphosphine giving the corresponding 

methylthiopyrimidinyl intermediate. The side chain was introduced as the corresponding amine 

derivative after the oxidation of the sulphide moiety with oxone. Finally, demethylation afforded the 

target antitumoral compound (Scheme 33).155 

 

 

Scheme 33- Synthetic route followed by Park and co-workers for the synthesis of an antitumoral 

agent with an imidazothiazole core. 
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Metal-catalysis has also been employed for the synthesis of this imidazothiazole scaffold.  

Kamali et al. developed a successful coupling of a 2-amino thiazole with an alkyne using 

palladium/copper as catalyst (Sonogashira coupling) in the presence of sodium lauryl sulphate as the 

surfactant in aqueous medium. 156 

 

  

 

Scheme 34 - Sonogashira coupling for the synthesis of 6-arylmethyl imidazo[2,1-b]thiazole. 

 

Synthesis of imidazo[2,1-b]thiazole derivatives 

Compounds 14a-c were prepared via heterocyclization between 2-aminothiazol (13) and several α-

bromo-phenylethanones 5b-d (Table 1, entries 6-8)157 with moderate yields (Scheme 35). 

 

 

Scheme 35 – Initial (top) and final conditions (bottom) explored synthesis of imidazo[2,1-b]thiazole 

derivatives. 

 

The synthesis of compounds 14a-c was not possible under the conditions applied previously with 

imidazopyridine derivatives, this is, EtOH or acetone refluxing overnight. The 2-aminothiazole ring is 

less reactive, due to the presence of the S atom which withdraws electron density from the N atom 
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in the ring. Thus, only the reaction intermediate 14α was isolated. The use of microwave irradiation 

allowed the obtention of imidazo[2,1-b]thiazole scaffold as previously described elsewhere.157 The 

described conditions included K2CO3 as base, however, higher number of side-products was observed 

on the TLC, in addition to a more difficult extraction process. By this procedure, compound 14c was 

obtained in 52% yield.158 Derivatives 14b-c were prepared without the base and were obtained in 

similar yields with easier purification processes and less side-products. 

 

Binding affinity studies on SPR with imidazothiazole derivatives 

The affinity of imidazo[2,1-b]thiazole analogues for tau aggregates was also assessed by SPR. Similar 

to imidazo[1,2-a]pyridines, none of the imidazothiazoles tested displayed a positive sensorgram, 

indicating the absence of binding to tau protein aggregates (Figure 27).  

 

Figure 27 - Binding data obtained by SPR with immobilized tau aggregates on sensor chip CM5. 
Sensorgrams were obtained after exposing imidazo[2,1-b]thiazole analogues to immobilized tau 
aggregates. Compounds were injected at 100 µM. 

 

In view of these results and bearing in mind the demonstrated potential of imidazo[1,2-a]pyridine 

derivatives, alternative in vitro binding affinity studies were designed and carried out. 
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1.3.6 Fluorescence-based affinity studies - Thioflavin T competition assay 

Thioflavin T and S dyes (ThT and ThS) are known as molecular rotors: when their rotational freedom 

is restricted, they show a dramatic increase in fluorescence (Figure 28).159 This restriction manifests 

in confined spaces within proteins as well as in high viscosity solvents. These dyes possess a flat 

structure and therefore, are particularly well suited to bind β-sheet rich proteins. Thioflavin staining 

is the gold standard in the post-mortem diagnosis of AD.  

The principle 

Taking advantage of this ability to bind β-sheets, we carried out fluorescence-based competition 

assays with ThT to assess the binding affinity of imidazopyridines and imidazothiazole derivatives to 

amyloid aggregates. In ThT competition assays, changes in the ThT fluorescence are monitored in the 

mixture comprising protein aggregates, ThT and the competitor (our compounds under study). If the 

affinity for the fibrils is high enough, the competitor may displace Th T, so the emitted fluorescence 

of ThT would drop. The bigger the reduction of ThT fluorescence, the higher the affinity of the 

competitor for the aggregates.  

 

  

Figure 28 - (a) Chemical structure of Thioflavin T dye. (b) Changes in ThT emission fluorescence 
spectrum upon binding to amyloid fibrils. Picture taken from reference 160. 

 

ThT competition assay with insulin aggregates 

Insulin is a peptide that readily assembles into amyloid fibrils under low pH and elevated 

temperature. Many proteins in humans undergo misfolding processes that lead to the formation of 

amyloid fibrils.  Insulin has been widely employed to study amyloid formation.161–163 In vitro, human 

and porcine insulin can be converted to amyloid fibrils at low pH and high temperatures (60 °C) in 

few hours.164 With our first approach with insulin, we wanted to evaluate the general binding affinity 

of the synthesised compounds for amyloid fibrils as well as find suitable conditions to perform the 

ThT competition assay.  

The thioflavin T competition assay required optimization regarding molar ratios of ThT to protein 

molar ratio and protein to compound as well as determination of potential intrinsic fluorescence of 
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compounds. Insulin aggregates were prepared by incubating 2 mg/mL in glycine-HCl buffer, pH = 2 

for 8 hours and then located in 96-well plates with a fixed concentration of ThT and a range of molar 

ratio of the aggregated protein to the competitor between 1:20 to 5:1 (protein to competitor). After 

an incubation period of two hours, the fluorescence of ThT was measured and compared with the 

control (no competitor added).  

We also determined if our fused imidazole presented intrinsic fluorescence. The intrinsic florescence 

of compounds was in all cases ≤25% of the background at the highest concentration tested, although 

most concentrations were found below 5%. We corrected these values by baseline subtraction in 

every test performed.165  

We also assessed whether any of the imidazopyridines and imidazothiazole could behave as Th T, 

eliciting an increase in fluorescence in the presence of insulin or tau aggregates that could interfere 

in the assay. Thus, for every concentration of compound tested in the assay, the fluorescence in the 

presence of protein aggregates was obtained. The conditions mimicked those employed in the 

competition assay (i.e. length of exposition to amyloid fibrils, temperature and concentration of 

aggregates), except for the absence of Th T, which was substituted by the appropriate buffer used in 

the assay. None of the evaluated compounds did show an increase of fluorescence when mixed with 

amyloid aggregates.  

The ratio of ThT to protein was selected based on previous work,166 where the final concentration of 

the dye was half the concentration of the aggregates. Insulin was added at 4.3 µM and thus ThT was 

tested at 2.15 µM. 

Since the assay is based on a direct competition between the ligands and Th T, and there is little 

known about the number of possible binding sites present in insulin, the concentrations of compound 

tested were chosen using the concentration of ThT as reference. Hence, compounds were tested at 

molar ratios [1:1], [1:4] [1:6] [1:10] (ThT: compound), as Lockhart and co-workers reported 

previously.166 Additionally, molar ratios [1:0.1] and [1:0.5] were also tested.  Results after the 

competition assay on insulin aggregates are shown in Figure 29 below. The chemical structure of 

studied compounds is shown in Figures 30-32. 
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Figure 29 - Binding affinity of imidazo[1,2-a]pyridines-based compounds expressed as remaining 

ThT fluorescence (%). The lower the percentage value, the higher the affinity of competitor for tau 

aggregates. P values *p< 0.05, **p< 0.01, ***p< 0.001 comparing control samples (no competitor 

added) with test samples. One-Way ANOVA with Dunnett’s post-hoc test. Mean ± SD (n=6). 

 

Among all the compounds tested, those which had a disubstituted imidazopyridine core carrying 

phenol rings showed the maximum ThT displacement (Figure 29). Compound 1d was the most potent 

compound, which was able to displace ThT when tested at 1.075 µM, a concentration ~4-fold times 

below the insulin concentration (4.36 M). The ability of 1d to displace ThT increased in a 

concentration-dependent manner. However, the highest concentration tested in these assays (21.5 

M) gave similar results to lower concentrations. This might be due to lower solubility of 1d at high 

concentrations under the conditions of this assay. If the competitor precipitated, and therefore 

moved out of the solution, it could not bind the aggregates.  

 

 

Figure 30 - Chemical structure of imidazo[1,2-a]pyridine derivatives 1b-1e. 

 

Inside the same subfamily of compounds, imidazopyridine 1e and 1c gave also good results, with a 

ThT remaining fluorescence of 41 ± 8% and 36 ± 9%, respectively. Interestingly, compound 1g, which 

possess a styryl moiety instead of the phenol present in 1d (Figure 30), showed much lower affinity 

for insulin amyloid fibrils. Only  21.5 M of  1g effectively displaced ThT (remaining fluorescence 

~55%)  

Similar behaviour was shown by 1f and 1k, both imidazopyridines with the styryl moiety in position -

7 and -6, respectively (Figure 31). 1k displaced ThT slightly better than 1f. All together, these 

observations could imply that the styryl moiety in position -7 is detrimental for the affinity for the 

aggregates. The reason could be the inability of forming H bonds with the protein (as it is possible 
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with the phenol moiety of 1d). Another explanation could be the bulkiness of the styryl moiety, 

whose hindering effect was more prevalent if present in the position -7.  

 

 

Figure 31 - Chemical structures of imidazo[1,2-a]pyridine derivatives 1d, 1f, 1g and 1k. 

Other imidazopyridines with low affinity for insulin aggregates were 1l and 1a. 9 showed modest 

affinity for the aggregated protein, reducing the ThT fluorescence up to 25% (Figure 32).  

 

Figure 32 – Chemical structures of compounds imidazopyridine derivatives 1a, 9 and 1l and the N-N-
dimethyl-2-aminopyridine analogue 12b. 

The substitution on the C2 of the imidazopyridine also played a role in amyloid affinity: compounds 

1a and 1d differed only on the substitution on that carbon. 1d showed higher affinity for insulin 

aggregates than 1a, revealing the importance of the substitution on the C2. This effect has been 

observed previously in the literature.68 

12b, whose chemical structure contains a pyridine ring instead of the imidazopyridine core, showed 

a good level of affinity for insulin aggregates (Figure 29C). 12b did displace ThT at almost every 
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concentration tested, with remaining fluorescence values below 30% at the highest concentrations 

tested (13 and 21.5 µM). However, no statistical difference was found between these two groups, 

which means that 21.5 µM of 12b were as good as 13 µM when binding insulin aggregates. 

The family of imidazo[2,1-b]thiazole derivatives showed mild to high affinity for insulin aggregates 

(Figure 33). The best analogue was 14c, which reduced the ThT fluorescence below 50 % at 21.5 µM. 

14a and 14b behaved similarly towards ThT, and both displaced the dye ~45%. 

 

 

Figure 33 – Chemical structures (top) and binding affinity (bottom) of imidazo[2,1-b]thiazole-based 

analogues for insulin aggregates, expressed as remaining ThT fluorescence (%). Binding affinity is 

expressed as remaining ThT fluorescence (%), the lower the percentage value, the higher the affinity 

of competitor for tau aggregates. P values *p< 0.05, **p< 0.01, ***p< 0.001 comparing control 

samples (no competitor added) with test samples. One-Way ANOVA with Dunnett’s post-hoc test. 

Mean ± SD (n=6). 

When comparing the affinity of imidazo[1,2-a]pyridines analogues with imidazo[2,1-b]thiazole 

compounds for insulin aggregates at equal concentration employed, it is possible to observe that 

imidazo[1,2-a]pyridines derivatives presented in general higher affinity for insulin aggregates than 

imidazo[2,1-b]thiazole analogues.  

Overall, these results showed that the synthesised imidazo[1,2-a]pyridine and  imidazo[2,1-

b]thiazole analogues did bind amyloid fibrils by means of ThT displacement and showed mild to good 

affinity for insulin aggregates.  
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Our next step was the assessment of the affinity of these compounds for aggregated human Tau 

protein. 

Th T competition assay with Tau protein 

Optimization of the assay 

Recombinant or normal brain tau protein can polymerize spontaneously but slowly into a PHF-like 

structure in vitro, as denoted by the binding of several β-sheet preferred fluorescent dyes, light 

scattering spectroscopy and electron microscopy. Molecules such as heparin or arachidonic acid, an 

abundant fatty acid in human brain, dramatically accelerates PHF formation in tau isoform.142 

Tau protein aggregates were obtained after 13 days incubating at 37°C in the presence of heparin to 

trigger the aggregation. Our first goal was performing a screening with the most relevant compounds 

selected from the assay with insulin aggregates.  

The available amount of tau protein forced us to use lower protein concentrations in each assay, 

(below 1.5 µM). According to our previous tests performed with insulin, ThT concentration would be 

below 1 µM (ratio protein to ThT 2 to 1). We wondered if this ratio would be still optimal for tau 

protein or a different ThT:protein ratio would be needed.  

Thus, a test with insulin aggregates was set, where this protein was tested at 0.55 or 1.09 µM 

(mimicking the concentrations planned for tau aggregates), with ThT added at different molar ratios 

[1:1], [1:2] and [1:5] to protein. The objective was to find the minimum molar ratio at which a 

significant difference in fluorescence emission, ∆F,  between negative control (ThT alone) and test 

samples (ThT + insulin aggregates), considering that ThT does not emit fluorescence in the absence 

of amyloid aggregates. With this scope, equation 1.2 was applied.  

 

𝐹𝑙𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 (∆𝐹)  =  Fluorescence [ThT +  insulin] –  fluorescence [ThT alone]  

           Equation 1.2 

The fluorescence emitted by ThT alone was subtracted from the fluorescence emitted by ThT in the 

presence of insulin aggregates. The resulting fluorescence variation (∆F) is expressed in arbitrary 

units (a.u). 

We set two orders of magnitude as the minimum fluorescence variation to ensure the good 

performance of future assays. The fluorescence of ThT alone was measured at 0.1 µM, 0.5 and 0.25  

µM when corresponding. 
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Table 7 – Optimization test of ThT: protein ratio. Tests were done in triplicates. Data is shown as 
mean ± SD. 

Entry Pair ThT – Insulin / ratio 
Control 

(ThT alone) 

Test (ThT + 

Insulin) 

Fluorescence variation 

(∆F) 

1 Th T 0.5 µM + Insulin 0.5 µM 

[1:1] 

5.28E+04 1.28E+06 1.22E+06 

2 Th T 0.5 µM + Insulin 1.09 µM 

[1:2] 

5.28E+04 4.04E+06 3.99E+06 

3 Th T 0.25 µM + Insulin 0.5 µM 

[1:2] 

5.27E+04 1.64E+06 1.12E+0.6 

4 Th T 0.1 µM + Insulin 0.5 µM 

[1:5] 

5.26E+04 3.28E+05 2.76E+05 

 

Ratios 1 to 1 and 1 to 2 (ThT to protein) did satisfied our criteria, and all the combinations tested at 

that ratios showed a fluorescence increment of two orders of magnitude. Comparing entries 1 and 

2, we could observe that the increment of fluorescence was higher when insulin aggregates were 

added at 1.09 µM, indicating that ThT fluorescence increases linearly in a concentration dependent 

manner/trend, in accordance with the literature.44 

By contrast, the ratio 1:5 showed a smaller increment of fluorescence, one order or magnitude lower 

than the ratio 1:2 (Table 7, entry 4 and 3). This could mean that that 0.1 µM of ThT were not enough 

for binding all the available binding sites of insulin aggregates, so this ratio was discarded. 

The pair 0.5 -0.25 µM generated a similar ∆F to that one obtained in the combination 0.5-1.09 µM 

and 0.5-.05 µM. However, 0.5-0.9 µM was chosen as the most appropriate concentration because it 

kept the same ratio as previously used in ThT competition assays with insulin and afforded higher 

fluorescence emission. 

In order to determine optimal molar ratios tau protein fibrils to compound, in the next ThT 

competition assay, different molar ratios tau to 12b were tested (Figure 34). A positive control (with 

active competitor benzothiazole analogue) were also added. As positive control, the benzothiazole 

derivative active in SPR was used. 12b was selected to find the suitable conditions for the 

programmed screening since it was one of the best candidates as well as possess higher solubility at 

low DMSO percentage contained in the assay buffer.  

While incubating, changes in ThT fluorescence were monitored every 15 minutes in the fluorimeter. 

After 2 hours of total acquisition, the highest peak of fluorescence in the control wells was found 30 

minutes after starting the assay. 
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Figure 34 - ThT competition assay results. Binding affinity of 12b compound and benzothiazole 

(positive control) expressed as remaining ThT fluorescence (%). Chemical structures of 12b (top) and 

benzothiazole (bottom) are shown on the left. P values *p< 0.05, **p< 0.01, ***p< 0.001 are relative 

to control values. P values no significant ns> 0.05, #p< 0.05, ##p< 0.01, ###p< 0.001, indicate multiple 

comparisons between groups. One-Way ANOVA with Dunnett’s post-hoc and Tukey’s Post-hoc test. 

Mean ± SD (n=3). 

 

Compound 12b showed affinity for Tau fibrils above 1: 5 molar ratio. This pyridine-based compound 

reduced the ThT fluorescence emission 50%. The positive control, benzothiazole analogue, showed 

a remarkable ability to displace Th T, whose fluorescence dropped below 15%.  

These results validated the assay as well as provided the minimum molar ratio needed for the 

experimental design of the screening assay for the selected imidazopyridine and imidazothiazole 

analogues. 

 

Screening of imidazopyridine and imidazothiazole analogues with tau aggregates 

Tau protein was aggregated for 13 days at 37 °C prior to performing the screening assay. Compounds 

were tested at 1:5 molar ratio, with tau aggregates concentration of 1.09 M (Figure 35). 
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Figure 35 - Binding affinity of compounds for tau aggregates expressed as remaining ThT 

fluorescence (%). Student’s t-test. P values *p< 0.05, **p< 0.01, ***p< 0.001 are shown for 

competitors relative to control. P values > 0.05 were statistically no significant (ns). Comparisons 

between compounds were analysed by One-way ANOVA and Tukey´s post hoc test. Mean ± SD (n=3). 

 

Some interesting insights were obtained after this first screening. First, compound 1d, which 

positioned itself as the best candidate after ThT competition assay with insulin aggregates (Figure 

29.A), appeared now as the compound with less affinity in the tested set. With a similar behaviour, 

compound 1e, the structural isomer of 1d, displaced slightly ThT (73 ± 13% remaining fluorescence), 

although this value did not have statistical significance. On the other hand, other chemically related 

compounds such as compound 1c kept its affinity for tau aggregates (Th T fluorescence reduction 49 

± 7%). Chemical structures of isomers 1b-1c and 1d-1e were shown on Figure 30. 

We aimed to observe differences in affinity values between compounds that only differed in one 

substituent, as it happens with 1c and 1e. 1c possesses a trifluoromethyl group whereas 1e has a 

methoxy group (Figure 36). Apparently, 1c showed higher affinity than 1e for tau aggregates (Figure 

35); however, that difference was not statistically significant (p> 0.05, ANOVA and Tukey’s post hoc 

test), and therefore we could not assume it as real. 

Compounds 1f, 1g and 1k showed low affinity for tau amyloid fibrils (Figure 35). By contrast, the cold 

ligand 1n reduced the ThT florescence 40 ± 7%. These values were very similar to those obtained by 

12b in this test.   
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Figure 36 – Chemical structures of compounds 1g, 1m, 1f, 1k and 12b. 

Another interesting observation is related with the ring-opening in compound 12b. Used as control 

in this assay, compound 12b, repeated score and displaced ThT so the fluorescence reduction was 44 

± 11%. By contrast, when the 2-aminopyridine ring was closed to form the imidazopyridine analogues 

1f  and 1k, the affinity dropped strikingly, especially in the case of 1f, which reduced the ThT 

fluorescence 13% (no statistically different compared to control). 1k was slightly better (24% 

reduction), although still above the values obtained with 12b. 

Regarding imidazothiazoles, both 14c and 14b displaced ThT, the figures being 35 ± 12% and 41 ± 7%, 

respectively. However, the affinity of 14c for insulin aggregates was clearly higher than its affinity for 

tau aggregates, the figures being 62% versus 35 % fluorescence reduction, respectively (molar ratio 

protein to compound was 1:5 in both assays) (Figures 33 and 35).  

Next, a second screening of compounds was carried out to evaluate the affinity for tau aggregates. 

This time, the ratio competitor to protein was increased, as we wanted to evaluate the effect of 

doubling the proportion of competitor. Thus, compounds were tested at 1:10 molar ratio under the 

same conditions as the previous set (Figure 37): 
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Figure 37 – (A) Binding affinity of compounds for tau aggregates expressed as remaining ThT 

fluorescence (%). Molar ratio tau aggregates: compound was 1:10. P values *p< 0.05, **p< 0.01, 

***p< 0.001 are shown for competitors relative to control (Student’s t test). P values > 0.05 were 

statistically no significant (ns). Student’s t-test Mean ± SD (n=3). (B) Chemical structures of tested 

compounds. 
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The third imidazothiazole analogue 14a reduced the ThT fluorescence 44 ± 1%, in a similar trend to 

its analogues 14b and 14c. 

Compound 12b is the N,N-dimethylated analogue of 12a. Both compounds showed the same ability 

to displace the ThT dye, indicating that the presence or absence of methyl groups did not affect the 

affinity for tau aggregates. The fluorinated analogue of 12b, 12c, was also equally effective displacing 

Th T. Therefore, 12c could be a potential radiotracer as its structure allows the use of 18F as 

radioligand. 

In the imidazo[2,1-b]thiazole family, 14b showed the highest affinity for tau aggregates, with similar 

results to those obtained by the imidazopyridine 1c and 2-aminopyridine analogue 12b. Therefore, 

the imidazothiazole scaffold could be a good alternative to imidazo[1,2-a]pyridine heterocycle. 

Additionally, this second screening was used to evaluate the affinity of 1b for tau aggregates. 

Interestingly, even if tested at higher concentration that its structural isomer 1c (Figure 30), 1b 

showed less affinity for tau aggregates (Th T fluorescence reduction was 21 ± 15%, Figure 37.A). The 

ThT fluorescence reduction observed for compounds 1b, 1c, 1d, 1e against tau aggregates gave us 

valuable information (Figure 35). For example, the phenolic group in position -6 is preferred over the 

position -7. Compound 1e showed higher affinity for tau aggregates than 1d, as it happens with the 

couple 1b and 1c, the former showing more affinity than the latter.  

In summary, whereas compounds 1b, 1d and 1e present higher affinity for insulin than for tau 

aggregates, compound 1c showed good affinity for both aggregates. These observations suggest that 

compound 1c could be considered as a good starting point for the development of molecules with 

higher selectivity for tau aggregates over other amyloids, such as insulin or β-amyloid aggregates. In 

fact, more studies with β-amyloid aggregates are planned to confirm this potential selectivity for tau 

aggregates over other amyloids. 
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1.3.7 Computer-assisted modelling studies 

Computational modelling is a powerful tool that can provide the knowledge necessary for rational 

design of drugs and radiotracers, as well as help to explain the interactions taking place between 

protein and its ligand.  

Amyloid fibrils, including tau filaments, represent non-canonical binding targets for small molecules, 

because of the absence of deep pockets normally related to high-affinity, stereo-specific binding. 

Instead, they possess narrow, solvent exposed channels that extent along their surfaces.167 Although 

tau fibrils do not fit the “lock and key” model for ligand binding, some molecules do bind tau protein 

aggregates with higher affinity than others. 

Lemoine et al. investigated the binding profile of several radiotracers, such as 18F-T807, 18F -THK5351, 

and PBB3 in brain tissue (Figure 13). They reported the existence of multiple high-affinity binding 

sites for all the tracers.168 Overall, from in vivo competitive binding assay studies using PBB3, THK5117 

and T807 tracers, it has been gleaned that there are at least three different high affinity binding sites 

available in tau fibrils.169 

Until recently, computational binding studies on tau filaments remained untested due to the lack of 

3D structures for the tau protofibrils. Very recently, Fitzpatrick and co-workers have elucidated the 

atomic structure of tau filaments PHFs and SPs.46 Based on this findings, Murugan et al. have 

performed modelling studies (comprising docking, molecular dynamics and binding free energy 

calculations) with known PET tracers to declare the presence of 4 different high-affinity binding sites 

in tau protofibril, namely S1, S2, S3 and S4.170 Sites 1, 3 and 4 are termed core sites as they are buried 

inside the fibril, whereas site 2 is named surface site as it is located in the outer face of the fibril 

(Figure 38). 

 

Figure 38 - Tau protofibril structure showing the various high-affinity binding sites S1-S4.  
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Our results from ThT-based assays revealed clear differences of binding affinity when different 

isomeric forms were tested on tau aggregates (i.e. 1b versus 1c). In view of this, computational 

studies were carried out for a better understanding of the interactions occurring between tau 

protofilaments and the selected molecules (Figure 39). In particular, molecular docking was 

employed as a prediction tool for gaining insights about the preferential binding site for the most 

promising compounds. The candidate 12c was also studied, as well as RO6924963, the latter used as 

benchmark for computing the relative activity of radiotracers, and herein used as positive control.68 

 

Figure 39 - Structure of selected compounds (1b, 1c, 12b and RO6924963) for molecular docking 
simulations.  RO6924963 is a known tau selective radiotracer used as reference in this study.68   

The results of docking simulation on tau protofilament are reported in Table 8. Docking poses were 

re-evaluated using the HINT scoring function, which provides a HINT score (HS) based on the 

empirical Log P-based assessment of interatomic interactions at the ligand-protein contact point and 

it may correlate with the free energy of binding. In general terms, the higher the score, the stronger 

the interaction, as demonstrated by several works.171–173 Therefore, the HS could be used to propose 

the preferential binding site of ligands under analysis.  

Table 8 – HINT scores obtained after rescoring docking results of tracer candidates 
compared with a known tau radiotracer, RO6924963. 

 Binding site 

Compound S1 S2 S3 S4 

RO6924963 631 -355797 409 403 

12c 707 -12652 345 422 

1c 978 -136917 684 603 

1b 716 -416252 598 556 

 

Compounds were ranked for their relative theoretical binding potency compared to the reference 

radiotracer. Of note, a precise system validation could not be possible due to the shortage of 

experimental data in background preventing an optimal quantitative comparison of ligands and sites 



Chapter 1 – Results and discussion 

80 
 

of interaction. However, on the basis of the HS recorded, all four compounds under analysis showed 

a theoretical preferential binding for S1. Interactions with the other sites (S3 and S4) were not 

completely excluded, but they were considered hypothetically less favoured compared to S1 on the 

basis of the lower score recorded. In particular, each compound showed similar scores at S3 and S4, 

which might indicate comparable and low-specificity binding events, while the scores at S1 were 

much higher compared to the others for all four compounds. By contrast, none of the assessed 

compounds showed an appreciable interaction for the external binding site S2, as suggested by the 

negative scores recorded. Moreover, to our delight, the synthetized compounds showed higher HS 

than the positive control RO6924963 (Table 8), which might indicate a higher binding affinity 

(especially for 1c that recorded the highest score). However, a more precise quantitative comparison 

was not possible due to the lack of an appropriate validation, as mentioned above. 

Compound 1c presented higher theoretical binding activity than its isomer 1a for all sites. These 

results are in highly agreement with our previous findings observed in ThT competition assays and  

confirm the suitability of the substitution in position -6 instead of -7 in the imidazopyridine ring. A 

hydrogen bond is stablished between the phenolic -OH in 1c and the His362 of the protofibril, whilst 

it is absent in the case of 1b. The lack of this interaction provided the chemical rationale of the 

differences found in HSs between these two isomers. The following preferred binding site for both 

isomers was S3, with HS values of 684 and 603 for 1c and 1b, respectively. These values were slightly 

higher than those found for S4.  

Compound 12c occupied the third position in the ranking, which also showed higher affinity for S1, 

although it bound with less computed affinity if compared with the values shown by 1c. The styryl-

pyridine analogue bound strongly S1, higher than RO6924963, however, in the case of S3, the tau 

tracer showed higher affinity than 12c.  
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1.3.8 Comparison of ThT competitive assay and SPR interaction study: a theory 

supported by molecular modelling 

The most intriguing aspect in the present study has been the consistent lack of signal in SPR when 

testing the imidazopyridine and imidazothiazole derivatives. Those results did not correlate with the 

results obtained with the ThT competition assay, where some compounds clearly bound tau fibrils. 

There are some factors that could explain this contradictory occurrence.  

The aggregation technique of tau protein has been optimized in the first stage of this study, thus the 

last sets of aggregated tau (used in the ThT assays) were richer in fibrils compared to those used in 

preliminary screening studies with SPR. The optimization of the buffer (i.e. improved control of the 

ionic strength and antioxidant components) and the optimization of the incubation period led to the 

formation of a higher number of matured fibrils.  

Our compounds show preferential selectivity for the S1 binding sites of tau protofibrils which is the 

most shielded of the available binding sites (Figure 38). In the study of Murugan and co-workers,170 

a variety of known tau tracers was selected to evaluate the affinity for each binding site. The study 

revealed that each radiotracer had a preferential binding site, which explains why different molecules 

non-structurally related to each other presented high affinity for tau fibrils.  

Our molecular docking studies predicted S1 as the preferable site for the imidazopyridine derivatives 

1b, 1c and 12c. S1 was also preferred by T807, as predicted by Murugan et al. Structurally speaking, 

T807 is highly related with T808 (Figure 13), which was used as reference in our studies on SPR. 

However, SPR could not detect binding of T808 to tau aggregates. 

The immobilization of tau aggregates on the sensor-chip surface could also be another factor. The 

amine coupling takes place between the carboxyl groups present in the dextran matrix and the amine 

groups of the protein (Figure 23). This implies that the bond formation between tau aggregates and 

SPR sensor-chip is random and it occurs in different positions alongside the aggregates. Therefore, it 

is possible that during the immobilization, the tau protofibril is bound facing downwards, this is, with 

the S1 facing the dextran matrix. In consequence, S1 binding-site would remain completely buried 

and unreachable for the compounds flowing over the matrix. This occurrence can be true and 

extended to the whole population of tau fibrils present in the solution, to a greater or lesser degree. 

Therefore, the actual number of available S1 binding sites would be fewer than what is reflected on 

the sensor-chip by the number of immobilized RUs of protein. In other words, the ratio bound fibril: 

available binding site will not be 1:1 but potentially lower. This theory would also explain the results 

observed with T808. 

Given that SPR is a surface technique, where one component has limited freedom of movement and 

possibly a constrained orientation, mass transport effects, etc, caution is required when comparing 

SPR with solution-based assays such as the ThT competition assay, where aggregates are suspended 

in the solution and potentially free, allowing the imidazopyridines and imidazothiazoles to readily 

reach the binding site. 
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At this point, the question arises spontaneously: why did the benzothiazole derivative show such as 

high affinity on both SPR and ThT assays? 

An insight can be found in the work of Murugan et al., where the radiotracer 11C-PBB3 (a highly 

conjugated benzothiazole, Figure 13) was tested on molecular docking and molecular dynamics. 11C-

PBB3 revealed itself to be the most potent radiotracer among the molecules assessed in their work. 
11C-PBB3 showed high affinity for all the proposed binding-sites. In fact, it has been reported that 11C-

PBB3 is able to compete and displace T807.174 Thus, due to its ability to bind all four binding sites, if 

some sites are shielded because of the position of the filament on the gold surface, the benzothiazole 

would still be able to bind other available sites and this would explain the high affinity observed in 

SPR. In our results from ThT assays the ability of the benzothiazole analogue to bind tau fibrils is even 

more striking, as it is shown in Figure 25. 

This is supported by the structural analogies between our benzothiazole derivative and 11C-PBB3, 

both compounds bearing a highly conjugated benzothiazole moiety. 

In conclusion, the poor signal of imidazopyridines in SPR could be explained by the lower number of 

accessible binding sites on tau fibrils after the immobilization process, and a relative low density of 

mature tau fibrils on the sensor-chip. 
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1.3.9 Haemolysis assay  

Radiotracers are typically intravenously injected simple alcoholic formulations administered as a 

bolus injection to monitor the in vivo behaviour of a functional molecule. Thus, understanding their 

haemolytic potential can provide an initial assessment of their safety for intravenous injection.  

According to the Guidance for in vitro haemolysis prepared by Johnson & Johnson and Novartis,175 

compounds in parental formulations with a haemolysis value <10% are considered non-haemolytic, 

whereas those > 25% are considered to be at risk of haemolysis. 

The haemolytic toxicity of imidazopyridines and imidazothiazole derivatives was evaluated at 

concentrations ranging between 0.05 M to 50 M, although only graphs corresponding to the 

highest and lowest concentrations tested are shown. Red Blood Cells (RBC) were incubated with 

compounds for 1 hour prior to measuring the released haemoglobin (Figure 40).  

 

Figure 40 - Haemolysis (%) of selected imidazopyridines, imidazothiazole and pyridine derivatives, at 

50 nM (left) and 50 µM (right). Compounds were incubated with RBC for one hour at 37 ºC. RBC 

treated with Triton 1% represented the 100% haemolysis.   

All compounds produced haemolysis values below 10% even at high concentrations (50µM). Highest 

haemolytic values are found at 50 M, where compound 1n and 1k were the most haemolytic, with 

3 ± 1.1% and 2.9 ± 1% .  At 50 M, the percentage of haemolysis among families was very similar, 

ranging from 1.9 to 3% (Figure 40). At 50 nanomolar, the differences between families were more 

noticeable. For example, 1k, 1n and 14c were the most haemolytic ones, being ~2-fold more cytotoxic 

than the rest of analogues. 

For PET imaging studies, the mass doses can range between 0.045 and 1.26 g.68 Assuming the 

highest dose, 1.26 g, we can calculate the number of moles contained in such dose. For example, 

compound 1c, whose molecular weight (MW) is 354.33 g/mol, would be dosed at 3.56 nmol 

(Equation 1.3)  

𝑛𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑  =  
𝑚𝑎𝑠𝑠 𝑑𝑜𝑠𝑒 (µ𝑔) 𝑥 103

 𝑀𝑊
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Equation 1.3 

The corresponding molarity of this amount of 1c would be 3.56 nM. Assuming for example 1 mL of 

formulation, the administered concentration would be 0.0036 nM: 

This concentration is quite below the 50 nM tested in the ex vivo haemolysis assay, where 1c 

produced 0.63 ± 0.3% haemolysis. Another example could be the cold ligand 1n (MW = 256.28 g/mol), 

which under the same assumption it would be dosed at 0.005 nM, 1000-fold less concentrated that 

50 nM sample, whose percentage of haemolysis was 1.39 %. Both values are far away from the 10% 

haemolysis considered as the limit of non-haemolytic behaviour as stablished in the guidance for 

parenteral excipients.175 However, haemolysis studies need to be repeated with the final formulation 

injected parentally, as excipients utilised to solubilise tracers might also add to the overall haemolysis 

risk. Based on our results, compounds developed and tested are non – haemolytic at concentrations 

that are likely to be utilised for PET imaging. 
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1.4 CONCLUSIONS 

A new family of imidazo[1,2-a]pyridine and imidazo[2,1-b]thiazole derivatives has been successfully 

synthesised and characterised.  

These families were designed for their potential application as selective tau radiotracers. The 

techniques employed for the assessment of the binding properties were Surface Plasmon Resonance 

and thioflavin T competition assay. Results obtained in the ThT assay demonstrated the ability of a 

series of compounds to bind tau aggregates, in contrast with poor outcomes from SPR experiments.  

Molecular docking studies with tau fibrils supported the ThT assay results and gave important insights 

about where these compounds could preferably bind to the tau protofibrils. Interestingly, all the 

compounds clearly preferred the high-affinity binding site S1 over the rest of available sites. 

It can be concluded that SPR is a suitable technique for drug discovery, however, when employed for 

the detection of potential radiotracers under the tested conditions, there is a high risk of false 

negatives. Further improvements should be done in this respect in order to obtain consistent results 

compared to the standard in vitro assays commonly employed to screen for the binding affinity of 

radiotracers.   

The ex vivo haemolysis studies revealed that imidazo[1,2-a]pyridines and imidazo[2,-b]thiazoles are 

not cytotoxic and can potentially be formulated for intravenous administration.   

New synthetic routes suitable for radiosynthesis are currently being developed, as well as the 

determination of the pharmacokinetic profile of the most promising compounds. In addition to our 

studies, PET complementary experiments are planned to fully assess possibilities of these compounds 

as new tau radiotracers, which will enable the early detection of Alzheimer’s disease. 
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1.5 MATERIALS AND METHODS 

1.5.1 Materials and Equipment 

Table 9 - Summary table of reagents utilised. 

Chemical Name Abbreviation Purity % Company 

Heparin sodium salt porcine 

intestinal mucosa 
Hep IU>100/mg Alfa Aesar 

Insulin from porcine pancreas Insulin ≥85% (GE), ~24 IU/mg  Sigma 

Thioflavin T ThT >98% Sigma 

Sodium phosphate 

heptahydrate 
Na3PO4 ACS grade Fisher Scientific 

Sodium phosphate dibasic 

monohydrate 
Na2HPO4 ACS grade Fisher Scientific 

Glycine - Molecular biology grade Fisher Scientific 

Hydrochloric acid HCl 32% VWR 

Tau441 protein Tau 

Recombinant human Tau 

– liquid 

> 90% purity 

Abcam UK 

Tau441 protein Tau 

Recombinant human 

Tau- lyophilised powder 

> 90% purity 

rPeptide, GA, US 

Dimethyl Sulfoxide  DMSO Molecular Biology grade Thermo Fisher 

Sodium chloride NaCl ACS grade Sigma 

2-Amino-2-(hydroxymethyl)-1,3-

propanediol 
Tris base Molecular biology grade Fisher Scientific 

Dithiothreitol DTT Molecular biology grade Fisher Scientific 

Triton X100 Triton Molecular biology grade Sigma 

 

All reagents employed as starting materials were purchased from commercial suppliers with high 

purity and were used without further purification. Solvents were obtained from Sigma-Aldrich, Fisher 

Scientific, Acros and Scharlab and were employed with no additional pre-treatment. Reactions were 

monitored by Thin Layer Chromatography (TLC) whose spots were visualized by an UV lamp at 254 

and 356 nm. In certain occasions, a solution of Vanillin or Phosphomolybdic acid, with subsequent 

heating, was used for better traceability of the reaction course. When needed, the purification of the 

synthesised compounds was performed by flash column chromatography with Silica Gel Merck-60 

(230-400 mesh). All plastics for experiments and 96- well plates were obtained from Sarstedt Ltd. 

(Leicester, UK) or ThermoFisher Scientific. UV-VIS spectrometry assays were performed in a 

Multiskan Spectrophotometer (ThermoFisher Scientific).  
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Solvents were obtained from Sigma-Aldrich Chemical Co. (Dorset, UK) or Fisher Scientific 

(Loughborough, UK) with purity >99.0%. 96- well black plates were purchased from ThermoFisher 

Scientific (Loughborough, UK). Fluorimetry assays were performed with a SpectraMax i3x 

Fluorometer (Molecular Devices, ROM v16b45, UK).  

NMR analysis 

Nuclear magnetic resonance (NMR) spectra were recorded in deuterated solvents on Bruker 

AVANCE-300, Varian INOVA -300 Varian INOVA -400 and Varian INOVA-500 spectrometers. 13C-NMR 

were registered with complete proton decoupling.  The chemical shifts measured are reported in δ 

(ppm) and the residual signal of the solvent was used as the internal calibration standard. The 

multiplicity of the signals is reported as follows: s = singlet, d = doublet, t = triplet, q= quartet, m = 

multiplet, dd = doublet of doublets, dt = doublet of triplets, ddt = doublet of doublet of triplets, br = 

broad signal. The coupling constant J is reported in hertz (Hz). 

LC-MS analysis 

HPLC-MS analyses were performed on a Waters (2695 HPLC system) apparatus, equipped with a 

quaternary pump and photodiode array detector (PDA), using a SunfireTM column (C18 stationary 

phase, 3.5 µm particle size, 4.6 × 50 mm). Mobile phase consisted of acetonitrile +0.08% formic acid 

(v/v) and H2O +0.01% formic acid (v/v). The solvent gradient is specified for each compound in the 

following section. The molecular weight was determined by the nominal mass obtained from a single 

quadrupole mass spectrometer coupled to the HPLC system operating in positive electrospray 

ionization (ES+). 
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1.5.2 Synthesis of Imidazo[1,2-a]pyridine and Imidazo[2,1-b]thiazole 

Derivatives  

 

Experimental procedures A-C for the synthesis of imidazo[1,2-a]pyridine derivatives 1 and 9. 

 

Experimental procedure A: Suzuki’s cross coupling reaction (1) and heterocyclization (2): 

 

 

 

Suzuki´s reaction: in a microwave vial, boronic acid (3, 1,2 eq) and K2CO3 (1.3 eq) were dissolved in 5 

ml of DME/ H20 (4:1). Pd(PPh3)4, (2 mmol%), was added and the mixture was purged with argon for 

one minute. Then, 4- or 5-halo-2-aminiopyridine (2, 1 eq) was incorporated. The tube was sealed 

with a pressure cap and irradiated in a microwave reactor. After cooling to room temperature, the 

solvent was evaporated. The crude product was purified by flash column chromatography to afford 

substituted 2-aminopyridine-based intermediates, 4. 

 

Heterocyclization: substituted 2-aminopyridine-based intermediates (4, 1 equiv), NaHCO3 (0.1 g/5 ml 

EtOH) and 4 ml of EtOH were added into a sealed tube. Then, an α-halo-ketone (5, 1.5-2 eq) was 

incorporated to the reaction mixture. The tube was sealed and stirred at reflux overnight. After 

cooling to room temperature, the solvent was evaporated. The solid was suspended in concentrated 

K2CO3 (aq) and extracted with ethyl acetate (x3). The organic phases were dried over anhydrous 

MgSO4, filtered and evaporated under high vacuum to afford imidazo[1,2-a]pyridine derivatives, 1.  
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4-(3,4-dimethoxyphenyl)pyridin-2-amine, 4a : According to experimental procedure A, 3,4-

dimethoxyphenylboronic acid (126 mg, 0.693 mmol), 4-bromo-2-aminiopyridine (80 mg, 0.462 

mmol), Pd(PPh3)4 (27 mg, 5mmol%) and K2CO3 (128 mg, 0.924 mmol) were dissolved in 4 mL of 

H20/EtOH/Toluene (1:2:8) mixture. The crude product was purified by flash column chromatography 

(DCM: MeOH) to afford 4a (white solid, 100 mg, 93% yield). 1H NMR (400 MHz, DMSO-d6) δ 7.92 (d, 

J = 5.4 Hz, 1H, 6), 7.19 (d, J = 7.2 Hz, 2H, 8, 12), 7.04 (d, J = 8.8 Hz, 1H, 9), 6.78 (dd, J = 5.4, 1.7 Hz, 1H, 

5), 6.69 (d, J = 1.7 Hz, 1H, 3), 3.83 (s, 3H, -OCH3), 3.79 (s, 3H, -OCH3). 13C NMR (101 MHz, DMSO) δ 

160.3 (C2), 149.4 (-C10-), 149.0 (C11), 148.2 (C6), 148.0 (C7 or C4), 130.9 (C7 or C4), 118.8 (C8), 112.0 

(C9), 109.9 (C12), 109.9 (C5), 104.5 (C3), 55.5 (-OCH3), 55.57 (-OCH3). HPLC-MS (ES+): CH3CN/H2O 5:95 

to 95:5 (5 min), RT = 4.01 min, [M+H+] = 231. 

 

 

 

4-(2-aminopyridin-4-yl)phenol 4b: Experimental procedure A was used with 4-

hydroxyphenylboronic acid (38 mg,0.277 mmol) and K2CO3 (40 mg, 0.300 mmol), Pd(PPh3)4, (4 mg, 2 

mmol%) and 4-bromo-2-aminiopyridine (0.231 mmol) dissolved in 5 ml of dimethoxyethane and H20 

(4:1). The crude product was purified in DCM: MeOH to afford 36 mg of 4b in 84% yield. 1H NMR (400 

MHz, DMSO-d6) δ 9.71 (s, 1H, -OH), 7.90 (d, J = 5.4 Hz, 1H, 6), 7.48 (d, J = 8.6 Hz, 2H, 9, 11), 6.86 (d, J 

= 8.6 Hz, 2H, 12, 8), 6.71 (dd, J = 5.4, 1.7 Hz, 1H, 5), 6.64 (s, 1H, 3), 5.86 (s, 2H, -NH2). 13C NMR (101 

MHz, DMSO) δ 160.3 (C2), 158.1 (C10), 148.2 (C6), 148.0 (C7), 128.8 (C4), 127.5 (C9 y 11), 115.7 (C12, 

C8), 109.6 (C5), 104.0 (C3). HPLC-MS (ES+): CH3CN/H2O 2: 98 to 30:70 (5 min), RT = 1.66 min, [M+H+] 

= 187.  
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4-(imidazo[1,2-a]pyridin-7-yl)phenol 1a: According to procedure A, 4-(4-hydroxyphenyl)-2-

aminopyridine (30 mg, 0.161 mmol), NaHCO3 (83 mg, 0.1g/5ml EtOH) and 2-cloroacetaldehyde (20 

µL, 0.322 mmol) were stirred in 4 ml of EtOH to afford 1a (25 mg, 74 % yield). 1H NMR (400 MHz, 

DMSO-d6) δ 8.53 (d, J = 7.2 Hz, 1H, 5), 7.89 (s, 1H, 3), 7.70 (s, 1H, 8), 7.61 (d, J = 8.2 Hz, 2H, 11,13), 

7.54 (s, 1H, 2), 7.20 (d, J = 6.9 Hz, 1H, 6), 6.86 (d, J = 8.3 Hz, 2H, 10,14). 13C NMR (101 MHz, DMSO- 

d6) δ 158.6 (C12), 145.2 (C8a), 136.2 (C7), 133.5 (C2), 127.9 (C9), 127.6 (C10, C14), 126.7 (C5), 116.0 

(C11, C13), 112.4 (C3), 111.3 (C8), 111.0 (C6). HPLC-MS (ES+): CH3CN/H2O 2:98 to 95:5 (5 min), RT = 

3.95 min, [M+H+] = 211.  

 

 

 

4-(2-(4-(trifluoromethyl)phenyl)imidazo[1,2-a]pyridin-7-yl)phenol, 1b:  Following experimental 

procedure A, 4-(4-hydroxyphenyl)-2-aminopyridine 4b (30 mg, 0.161 mmol), NaHCO3 (83 mg, 0.1g/5 

ml EtOH) and 4 ml of EtOH were combined with 2-bromo-1-(4-(trifluoromethyl)phenyl)ethan-1-one 

(30 mg, 0.322 mmol).The crude product was purified by flash column chromatography DCM: MeOH 

to give 31 mg of 1b in 54% yield. 1H NMR (500 MHz, DMSO-d6) δ 9.74 (s, 1H, -OH), 8.56 (d, J = 7.1 Hz, 

1H, 5), 8.52 (s, 1H, 3), 8.19 (d, J = 8.1 Hz, 2H, 17,21), 7.80 (d, J = 6.4 Hz, 3H, 8, 18,20), 7.68 (d, J = 8.6 

Hz, 2H, 10,14), 7.26 (dd, J = 7.2, 1.9 Hz, 1H, 6), 6.89 (d, J = 8.6 Hz, 2H, 11, 13). 13C NMR (126 MHz, 

DMSO-d6) δ 158.4 (C12), 146.2 (C8a), 143.6 (C2), 138.4 (C16), 137.5 (C7), 128.7 (C9), 128.2 (C10, C14), 

127.3 (C5), 126.4 (C17, C21), 126.1 (q, JC-F = 3.78 Hz, -CHCCF3), 124.8 (q, JC-F = 271 Hz, -CF3), 116.3 

(C11, C13), 112.2 (C8), 111.8 (C6), 110.5 (C3). HPLC-MS (ES+):  CH3CN/H2O 30: 70 to 95:5 (10 min), RT 

= 1.96 minutes, [M+H+] = 355. 
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4-(6-aminopyridin-3-yl)phenol 4c: Following experimental procedure A, 4-hydroxyphenylboronic 

acid (138 mg, 0.999 mmol), NaHCO3 ( 83 mg, 0.154 mmol), Pd(PPh3)4, (21 mg, 2 mmol%) and  5-iodo-

2-aminiopyridine (200 mg, 0.909 mmol) were dissolved in 9 ml of 1,4-dioxane /H20 (3:1). Crude 

product was purified by flash column chromatography (DCM: MeOH) to afford 71 mg of 4c as a yellow 

solid (42 % yield). 1H NMR (500 MHz, DMSO-d6) δ 9.38 (s, 1H, -OH), 8.13 (d, J = 2.4 Hz, 1H, 6), 7.59 

(dd, J = 8.6, 2.6 Hz, 1H, 4), 7.35 (d, J = 8.6 Hz, 2H, 9, 13), 6.79 (d, J = 8.5 Hz, 1H, 10, 12), 6.49 (d, J = 8.6 

Hz, 1H, 3), 5.90 (s, 2H, -NH2). 13C NMR (126 MHz, DMSO-d6) δ 158.4 (C2), 156.1 (C10), 144.8 (C6), 

134.9 (C4), 128.9 (C7), 126.5 (C12 and C8), 124.2 (C5), 115.6 (C11 and C9), 107.9 (C3). HPLC-MS (ES+): 

CH3CN/H2O 2:98 to 30:70 (5 min), RT = 1.55 min, [M+H+] = 187. 

 

 

 

4-(2-(4-(trifluoromethyl)phenyl)imidazo[1,2-a]pyridin-6-yl)phenol, 1c: According to experimental 

procedure A,  5-(4-hydroxyphenyl)-2-aminopyridine 4c (50 mg, 0.268 mmol), NaHCO3 (0.1g/5ml 

EtOH) and 2-bromo-1-(4-(trifluoromethyl)phenyl)ethan-1-one (215 mg, 0.805 mmol, 3.5 eq)  were 

dissolved in 4 ml of EtOH. Crude product was purified by flash column chromatography to afford 31 

mg of 1c (31% yield). 1H NMR (500 MHz, DMSO-d6) δ 9.65 (s, 1H, -OH), 8.77 (dd, J = 1.9, 1.0 Hz, 1H, 

5), 8.52 (s, 1H, 3), 8.20 (d, J = 7.8 Hz, 2H, 20, 16), 7.80 (d, J = 7.9 Hz, 2H, 19, 17), 7.65 (d, J = 9.4 Hz, 

1H, 8), 7.58 (dd, J = 9.4, 1.8 Hz, 1H, 7), 7.56 - 7.53 (m, 2H, 18, 22), 6.89 (d, J = 8.6 Hz, 2H, 11, 13). 13C 

NMR (126 MHz, DMSO-d6) δ 157.4 (C12), 144.1 (C8a), 142.9 (C2), 137.9 (C15), 127.7 (C10, C14), 127.1 

(C9), 126.0 (C16, 20), 125.7 (C6), 125.6 (q, JC-F = 3.8 Hz, CH-CCF3), 125.6 (C7), 124.3 (q, JC-F = 272.5 Hz, 

CF3), 122.9 (C5), 116.7 (C8), 115.9 (C11, C13), 110.8 (C3). HPLC-MS (ES+): CH3CN/H2O 30:70 to 95:5 

(10 min), RT = 2.91 min, [M+H+] = 355.  
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4-(2-(4-methoxyphenyl)imidazo[1,2-a]pyridin-7-yl)phenol, 1d: According to experimental 

procedure A, 4-(2-aminopyridin-4-yl)phenol 4b (69 mg. 0.386 mmol) and 2-bromo-1-(4-

(methoxyl)phenyl)ethan-1-one (103mg, 0.464 mmol, 1.2eq) were dissolved and refluxed in acetone 

(5 ml) over night. After cooling at room temperature, crude product formed a white precipitate that 

was separated by filtration (0.22uM) to afford 1d (82 mg, 67% yield). 1H NMR (400 MHz, DMSO-d6) δ 

9.79 (s, 1H, -OH), 8.58 (d, J = 7.1 Hz, 1H, 5), 8.33 (s, 1H, 3), 7.89 (d, J = 8.7 Hz, 2H, 18,20), 7.77 (s, 1H, 

8), 7.69 (d, J = 8.7 Hz, 2H, 11, 13), 7.34 (d, J = 7.1 Hz, 1H, 6), 7.05 (d, J = 8.8 Hz, 2H, 17, 21), 6.91 (d, J 

= 8.6 Hz, 2H, 10, 14), 3.81 (s, 3H, -OCH3). 13C NMR (101 MHz, DMSO) δ 159.4 (C19), 158.2 (C12), 144.2 

(C8a), 142.7 (C2), 138.2 (C7), 127.9 (C9), 127.9 (C11, C13), 127.0 (C5), 127.0 (C18, C20), 124.7 (C16), 

115.9 (C10, C14), 114.3 (C17, C21), 112.1 (C6), 109.6 (C8), 108.0 (C3) 55.2 (-CH3). HPLC-MS (ES+): 

CH3CN/H2O 15:85 to 95:5 (5 min), RT = 4.09 min, [M+H+] = 317. 

 

 

 

4-(2-(4-methoxyphenyl)imidazo[1,2-a]pyridin-6-yl)phenol, 1e: According to experimental 

procedure A, 4-(6-aminopyridin-3-yl)phenol 4c (70 mg. 0.375 mmol) and 2-bromo-1-(4-

(methoxyl)phenyl)ethan-1-one (103mg, 0.451 mmol, 1.2eq) were dissolved in acetone (5 ml). After 

cooling at room temperature, crude product formed a precipitated that was recovered by filtration 

(0.22uM) to give 1e (71 mg, 60% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.64 (s, 1H, -OH), 8.76 (s, 

1H,5), 8.30 (s, 1H, 3), 7.90 (d, J = 8.7 Hz, 2H, 17, 21), 7.61 (m, 2H, 7, 8), 7.54 (d, J = 8.5 Hz, 2H, 10, 14), 

7.04 (d, J = 8.8 Hz, 2H, 18, 20), 6.89 (d, J = 8.6 Hz, 2H, 11, 13), 3.81 (s, 3H, -OCH3). 13C NMR (126 MHz, 

DMSO-d6) δ 159.2 (C19), 157.4 (C12), 149,6 (C2) 143.1 (C8a), 127.7 (C10, C14), 127.0 (C9 or C16), 

126.9 (C18, C20), 125.8 (C7), 125.7 (C9 or C16 ), 122.8 (C5), 115.8 (C11, C13), 115.6 (C8), 114.2 (C17 

and C21), 108.5 (C3), 55.1 (CH3). HPLC-MS (ES+): CH3CN/H2O 15:85 to 95:5 (5 min), RT = 4.13 min, 

[M+H+] = 317. 
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(E)-7-styrylimidazo[1,2-a]pyridine , 1f: According to experimental procedure A, (E)-4-styrylpyridine-

2-amine (50 mg, 0.254 mmol) and 2-chloroacetaldehyde (~50 wt. % in H2O, 19 µL, 0.305 mmol)  were 

dissolved in acetone forming a suspension. Compound 1f was obtained) as a brown solid without 

further purification (53mg, 94% yield). 1H NMR (400 MHz, Chloroform-d) δ 8.00 (d, J = 7.1 Hz, 1H, 5), 

7.54 (apparent d, J = 8.0 Hz, 2H, 2, 8), 7.46 (apparent d, J = 8.8 Hz, 3H, 3, 13, 15), 7.31 (apparent t, J 

= 7.5 Hz, 2H, 12, 16), 7.26 – 7.17 (m, 2H, 14), 7.03 (dd, J = 16.5, 6.5 Hz, 3H, 6, 9, 10). 13C NMR (101 

MHz, CDCl3) δ 145.8 (C8a), 136.6 (C11), 134.3 (C7), 134.1 (C2) 130.6 (C10 or C9), 128.9 (C16, C12), 

128.3 (C14), 126.8 (C9 or C10, C13 and C15), 125.5 (C5), 115.7 (C8), 112.6 (C3), 110.2 (C6). HPLC-MS 

(ES+): CH3CN/H2O 5:95 to 95:5 (5 min), RT = 4.59 min, [M+H+] = 221. 

 

 

 

 

(E)-2-(4-methoxyphenyl)-7-styrylimidazo[1,2-a]pyridine, 1g: According to experimental procedure 

A, to a mixture of (E)-4-styrylpyridine-2-amine (63 mg, 0.323 mmol) in 5 mL of acetone, 2-bromo-1-

(4-(trifluoromethyl)phenyl)ethan-1-one (88 mg, 0.387 mmol,) was added. Crude product was 

filtrated in nylon filter (0.22 µM) to afford 60mg of 1g (47% yield). 1H NMR (500 MHz, Chloroform-d) 

δ 7.98 (d, J = 7.0 Hz, 1H, 5), 7.73 (d, J = 8.7 Hz, 2H, 11, 13), 7.67 (s, 1H, 3), 7.44 (s, 1H, 8), 7.39 (d, J = 

7.1 Hz, 2H, 20, 24), 7.22 (t, J = 7.6 Hz, 2H, 21, 23), 7.14 (t, J = 7.3 Hz, 1H, 22), 7.01 (d, J = 16.3 Hz, 1H, 

18), 6.98 - 6.92 (m, 2H, 17, 6), 6.81 (d, J = 8.8 Hz, 2H, 10, 14), 3.69 (s, 3H, -OCH3). 13C NMR (126 MHz, 

CDCl3) δ 159.4 (C12), 145.5 (C8a), 145.3 (C2), 136.2 (C19), 134.3 (C7), 130.2 (C18), 128.5 (C21, C23), 

127.9 (C22), 127.0 (C13, C11), 126.4 (C24, C20), 126.45 (C17), 125.7 (C9), 125.2 (C5), 114.3 (C8), 113.9 

(C14, C10), 109.9 (C6), 107.5 (C3), 55.1 (-OCH3). HPLC-MS (ES+): CH3CN/H2O 15:85 to 95:5 (5 min), RT 

= 4.81 min, [M+H+] = 327. 
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7-(3,4-dimethoxyphenyl)imidazo[1,2-a]pyridine, 1h: According to experimental procedure A, 4-(3,4-

dimethoxyphenyl)pyridin-2-amine 4a (50 mg 0.217 mmol), 2-cloroacetaldehyde (27 µL, 0.434 mmol) 

and NaHCO3 (50 mg, 0.1g/5ml EtOH) were dissolved in  2.5 ml of EtOH. The organic phases were dried 

over anhydrous MgSO4, filtered and evaporated under high vacuum to afford 1h as a brown oil (52 

mg, 94 % yield). 1H NMR (400 MHz, Chloroform-d) δ 8.13 (d, J = 7.1 Hz, 1H, 5), 7.76 (s, 1H, 8), 7.63 (s, 

1H, 3), 7.55 (s, 1H, 2), 7.20 (dd, J = 8.3, 2.2 Hz, 1H, 14), 7.15 (d, J = 2.2 Hz, 1H, 10), 7.04 (dd, J = 7.1, 

1.8 Hz, 1H, 6), 6.95 (d, J = 8.3 Hz, 1H, 13), 3.95 (s, 3H, -OCH3), 3.92 (s, 3H, -OCH3). 13C NMR (101 MHz, 

CDCl3) δ 149.5 (C11, C12), 146.1(C8a), 137.4(C7), 134.3 (C2), 131.6 (C9), 125.6(C5), 119.3 (C14), 113.9 

(C8), 112.3 (C6), 111.9 (C3), 111.7 (C13), 109.9 (C10), 56.1 (-OCH3 x2). HPLC-MS (ES+): CH3CN/H2O 

gradient 10:90 to 95:5 (5 min), RT = 1.46 min, [M+H+] = 255. 

 

 

 

4-(benzofuran-2-yl)pyridin-2-amine, 4d: According to experimental procedure A, benzofuran-2-yl 

boronic acid (0.65 mg, 0.405 mmol) and K2CO3 (52 mg 0.375 mmol,) were dissolved in 5 ml of DME/ 

H20 (4:1). Pd(PPh3)4, (6 mg, 2 mmol%), was added followed by 4-bromo-2-aminiopyridine (50 mg, 

0.281 mmol) was incorporated. The crude product was purified by column chromatography (DCM: 

MeOH) to give 50 mg of 4d in 82% yield. 1H NMR (500 MHz, DMSO-d6) δ 8.00 (dd, J = 5.3, 0.8 Hz, 1H, 

6), 7.73 – 7.66 (m, 1H, 11), 7.64 (dd, J = 8.3, 0.9 Hz, 1H, 14), 7.50 (d, J = 1.0 Hz, 1H, 9), 7.37 (ddd, J = 

8.4, 7.2, 1.3 Hz, 1H, 13), 7.29 (ddd, J = 7.9, 7.4, 1.0 Hz, 1H, 12), 6.98 (dd, J = 5.3, 1.6 Hz, 1H, 5), 6.93 

(dd, J = 1.6, 0.8 Hz, 1H, 3), 6.13 (s, 2H,-NH2). 13C NMR (126 MHz, DMSO- d6) δ 160.4 (C15), 154.3 (C10), 

153.6 (C4), 148.6 (C6), 137.3 (C2), 128.3 (C8), 125.4 (C13), 123.4 (C12), 121.6 (C11), 111.2 (C14), 107.4 

(C5), 104.4 (-C9), 102.3 (C3). HPLC-MS (ES+): CH3CN/H2O 15:85 to 95:5 (5 min), RT = 1.42 minutes, 

[M+H+] = 211. 
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Experimental procedure B: Heterocyclization (B1) and Suzuki’s cross coupling reaction (B2) 

 

 
 

 

Heterocyclization (B1): halo-2-aminopyridine (2, 1 eq) and NaHCO3 (0.1g/5ml if EtOH was used) were 

added into a sealed tube. The solvent used was either EtOH or acetone. Then, an α-halo-ketone (5, 

1.5 to 2 eq) was added to the reaction mixture. The tube was sealed and stirred at reflux overnight. 

After cooling to room temperature, the solvent was evaporated. The solid was suspended in 

concentrated K2CO3 (aq) and extracted with ethyl acetate (x3). The organic phases were dried over 

anhydrous MgSO4, filtered and evaporated under high vacuum to afford imidazo[1,2-a]pyridine 

intermediates, 6.  

 

Suzuki´s reaction (B2): in a microwave vial, boronic acid (3, 1.2 eq) and NaHCO3 or K2CO3 (1.1 or 1.3 

eq, respectively) were dissolved in 1,4-dioxane / H2O (3:1) or DME/ H2O (4:1). Pd(PPh3)4, ( 2 mmol%), 

was added and the mixture was purged with argon for one minute. Finally, halo-imidazo[1,2-

a]pyridine (6, 1 eq) was added. The tube was sealed with a pressure cap and irradiated in a microwave 

reactor at 130 °C for 30’. After cooling at room temperature, the solvent was evaporated and the 

crude product was purified by flash column chromatography to afford imidazo[1,2-a]pyridine 

derivatives, 1. 

 

7-bromoimidazo[1,2-a]pyridine, 6a: According to experimental procedure B, a solution of 4-

bromopyridin-2-amine (0.2 g, 1.15 mmol), and 2-chloroacetaldehyde (~50 wt. % in H2O, 0.14 mL, 2.31 

mmol) and NaHCO3 (50 mg, 0.59 mmol) in ethanol (2.5 mL) was refluxed overnight. Crude product 
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was purified by flash chromatography with a gradient (DCM: MeOH) give 6a (196mg, 86%) as a brown 

solid. Spectral data are in accordance with those found in the litterarure.176 1H NMR (400 MHz, CDCl3) 

δ 7.99 (d, J = 7.1 Hz, 1H, 5), 7.81 (s, 1H, 3), 7.59 (s, 1H, 2), 7.56 (s, 1H, 8), 6.88 (dd, J = 7.2, 1.6 Hz, 1H, 

6). 13C NMR (101 MHz, CDCl3) δ 145.5 (C8a), 134.2 (C7), 126.0 (C2), 120.0 (C5), 118.2 (C8), 116.5 (C3), 

112.7 (C6).  

 

 

 

6-iodoimidazo[1,2-a]pyridine, 6b: According to experimental procedure B, 2-chloroacetaldehide (50 

percent wt. aqueous solution, 0.58 mL, 2 eq, 9.08 mmol,) was added to a reaction mixture of  5-iodo-

2-aminopiridine (1g, 4.54mmol), NaHCO3 (100 mg) and ethanol (5 ml). The final product was obtained 

without further purification as a brown solid (1g, 90% yield). Spectral data are in accordance with 

those found in the litterarure.119 1H NMR (400 MHz, Methanol-d4) δ 8.80 (dd, J = 1.7, 0.9 Hz, 1H, 5), 

7.81 (s, 1H, 3), 7.53 (s, 1H, 2), 7.48 (dd, J = 9.4, 1.7 Hz, 1H, 7), 7.37 (d, J = 9.4 Hz, 1H, 8). 13C NMR (101 

MHz, Methanol-d4) δ 145.0 (C8a), 134.6 (C7), 133.6 (C2), 133.2 (C5), 118.4 (C8), 114.3 (C3), 76.2 (C6). 

HPLC-MS (ES+): CH3CN/H2O 5:95 to 95:5 (5 min), RT = 0.69 min, [M+H+] = 245. 

 

 

 

6-iodo-2-(4-(trifluoromethyl)phenyl)imidazo[1,2-a]pyridine, 6c: Following experimental procedure 

B (first step), 5-iodo-2-aminopiridine (41 mg, 0.136 mmol) was added to a mixture of  2-bromo-1-(4-

(trifluoromethyl)phenyl)ethan-1-one (60 mg, 0.204 mmol,) and NaHCO3 (80 mg, 0.99 mmol) in EtOH 

(4 ml). The crude product was purified by flash column chromatography (DCM: MeOH) to give 25 mg 

of 6c in 47% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.40 (s, 1H, 5), 8.03 (d, J = 8.0 Hz, 2H, 10, 14), 

7.85 (s, 1H, 3), 7.68 (d, J = 8.1 Hz, 2H, 11, 13), 7.45 (d, J = 9.4 Hz, 1H, 8), 7.37 (dd, J = 9.5, 1.6 Hz, 1H, 

7). 13C NMR (101 MHz, CDCl3) δ 144.6 (C2), 144.4 (C8a), 136.6 (C10), 133.4 (C5), 126.3 (C14, C10), 

125.9 (q, JC-F = 273 Hz, -CF3), 124.3 (q, JC-F = 3.81 Hz, CH-CCF3), 118.7 (C8), 108.7 (C3), 75.8 (C6). HPLC-

MS (ES+): CH3CN/H2O 40:60 to 95:5 (10 min), RT = 5.57, [M+H+] = 389. 
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7-(benzofuran-2-yl)imidazo[1,2-a]pyridine, 1i : According to experimental procedure B, benzofuran-

2-yl boronic acid 4d (62mg, 0.106 mmol) and K2CO3 (46 mg, 0.106 mmol) were dissolved in 3 ml of 

DME/H20 (4:1) in a microwave tube. Pd(PPh3)4, (6 mg, 2mmol%), followed by 7-bromoimidazo[1,2-

a]pyridine (50 mg, 0.082 mmol). The crude product was purified by flash column chromatography to 

yield 1i (42 mg 70% yield). 1H NMR (400 MHz, CDCl3) δ 8.09 - 8.00 (m, 2H, 5, 11), 7.62 (s, 1H, 3), 7.55 

- 7.43 (m, 3H, 12, 15, 2), 7.29 - 7.21 (m, 1H, 14), 7.20 - 7.11 (m, 2H, 6, 13), 7.01 (s, 1H, 8). 13C NMR 

(101 MHz, CDCl3) δ 155.2 (C15a or C10), 153.8 (C15a or C10), 145.5 (C8a), 135.0 (C2), 129.0 (C11a or 

C7), 126.7 (C11a or C7), 125.8 (C5), 125.1 (C14), 123.3 (C13), 121.2 (C12), 112.96 (C3), 112.9 (C11), 

111.4 (C15), 109.7 (C6), 103.2 (C8). HPLC-MS (ES+): CH3CN/H2O 15:85 to 95:5 (5 min), RT = 1.39 min, 

[M+H+] = 235.  

 

 

 

4-(imidazo[1,2-a]pyridin-6-yl)phenol 1j: According to experimental procedure B, 4-

hydroxyphenylboronic acid (20 mg, 0.147 mmol) and K2CO3 (22mg, 0.160 mmol) were dissolved in 3 

ml of DME/H2O (4:1). Pd(PPh3)4, (2mmol%), was added and then 6-iodoimidazo[1,2-a]pyridine 6a (30 

mg, 0.123 mmol). The crude product was purified by flash column chromatography (DCM: MeOH) to 

give the desired product, 1j (28 mg, 70% yield).  1H NMR (400 MHz, DMSO-d6) δ 9.60 (s, 1H,-OH), 8.78 

(s, 1H, 5), 7.93 (s, 1H,3), 7.63 – 7.55 (m, 2H, 2, 8), 7.55 – 7.48 (m, 3H, 12, 14, 7), 6.87 (d, J = 8.6 Hz, 

2H, 11, 15). 13C NMR (101 MHz, DMSO) δ 157.2 (C12), 143.5 (C8a), 133.3 (C2), 127.6 (C11, C13), 127.3 

(C6), 125.1 (C9), 124.4 (C7), 122.9 (C5), 116.7 (C8), 115.8 (C10, C14), 113.3 (C3). HPLC-MS (ES+): 

CH3CN/H2O 2:98 to 95:5 (5 min), RT = 3.92 min, [M+H+] = 211. 
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(E)-6-styrylimidazo[1,2-a]pyridine, 1k: According to experimental procedure B, in a microwave tube, 

styrylboronic acid (22mg, 0.147 mmol) and NaHCO3 (11mg, 0.135 mmol) were dissolved in 3 ml of 

1,4-dioxane and H20 (3:1). Pd(PPh3)4, (2 mg, 2 mmol%), followed by 6-iodoimidazo[1,2-a]pyridine 6b 

(30 mg, 0.123 mmol) were added. The crude product was purified in DCM: MeOH to afford 25 mg of 

1k (91% yield). 1H NMR (400 MHz, Chloroform-d) δ 8.05 (s, 1H, 5), 7.57 - 7.50 (m, 2H, 3, 8), 7.47 (s, 

1H, 2), 7.46 - 7.36 (m, 3H, 7, 13, 15), 7.34 - 7.25 (m, 2H, 16, 12), 7.25 - 7.17 (m, 1H, 14), 6.99 (d, J = 

16.3 Hz, 1H, 10), 6.92 (d, J = 16.3 Hz, 1H, 9). 13C NMR (101 MHz, CDCl3) δ 145.1 (C8a), 136.9 (C11), 

134.1 (C2), 129.5  (C9), 128.9 (C12, C16), 128.1 (C14), 126.5 (C13, C15), 124.3 (C5), 124.2 (C10), 123.5 

(C6), 122.4 (C7), 117.9 (C8), 112.9 (C3). HPLC-MS (ES+): CH3CN/H2O 10:90 to 95:5 (5 min), RT = 4.13 

min, [M+H+] = 221. 

 

 

 

6-(benzofuran-2-yl)imidazo[1,2-a]pyridine 1l: According to experimental procedure B, benzofuran-

2-yl boronic acid (16 mg, 0.106 mmol, 1.2 eq), K2CO3 (15 mg, 0.106 mmol) Pd(PPh3)4, (2 mg, 2mmol%) 

and 6-iodoimidazo[1,2-a]pyridine (20 mg 0.082 mmol) were dissolved in 3 ml of DME/H20 (4:1). The 

crude product was purified by semipreparative HPLC (gradient 10: 90 to 40: 60 CH3CN/H2O for 30 

min) to give 10 mg 1l in 52% yield. 1H NMR (400 MHz, Acetone-d6) δ 9.07 (s, 1H, 5), 8.02 (s, 1H, 3), 

7.74 (dd, J = 9.5, 1.8 Hz, 1H, 7), 7.70 – 7.60 (m, 3H, 2, 8, 15), 7.56 (d, J = 8.1 Hz, 1H, 12), 7.41 – 7.32 

(m, 2H, 11, 14), 7.27 (apparent t, J = 7.4 Hz, 1H, 13). 13C NMR (101 MHz, Acetone) δ 155.6 (C15a), 

153.9 (C10), 145.4 (C8a), 135.0 (C2), 130.04 (C11a), 125.6 (C11), 124.1 (C13), 123.9 (C5), 122.5 (C7), 

121.9 (C15), 118.5 (C8), 117.0 (C6), 114.8 (C3), 111.7 (C12), 103.2 (C12). HPLC-MS (ES+): CH3CN/H2O 

10:90 to 95:5 (5 min), RT = 4.40 min, [M+H+] = 235.  
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6-(3,4-dimethoxyphenyl)imidazo[1,2-a]pyridine, 1m: According to experimental procedure B,  3 3,4-

dimethoxyphenylboronic acid (33 mg 0.184 mmol) and Na2CO3 (20 mg, 0.246 mmol) were dissolved 

in 3 mL of  H2O/MeOH/Toluene (1:2:8). Pd(PPh3)4, (7 mg 5mmol%),  6-iodoimidazo[1,2-a]pyridine (30 

mg, 0.123 mmol) was incorporated. The crude product was purified in DCM: MeOH to give product 

1m (30 mg, 96% yield). 1H NMR (400 MHz, Chloroform-d) δ 8.25 (s, 1H, 5), 7.64 (apparent t, J = 10.9 

Hz, 3H, 2,3,8), 7.39 (dd, J = 9.3, 1.9 Hz, 1H, 7), 7.09 (dd, J = 8.2, 2.2 Hz, 1H, 14), 7.03 (d, J = 2.1 Hz, 1H, 

10), 6.95 (d, J = 8.2 Hz, 1H, 13), 3.95 (s, 3H, -OCH3), 3.92 (s, 3H, -OCH3). 13C NMR (101 MHz, CDCl3) 

δ149.5 (C12), 149.2 (C11), 144.7 (C8a), 134.0 (C2), 130.3 (C9), 126.9(C6), 125.4 (C7), 122.6 (C5), 119.5 

(C14), 117.7 (C8), 112.8 (C3), 111.8 (C13), 110.3 (C10), 56.1 (-OCH3), 56.1 (-OCH3). HPLC-MS (ES+): 

CH3CN/H2O 10:90 to 95:5 (5 min), RT = 1.39 min, [M+H+] = 255. 

 

 

Experimental procedure C: Heck’s reaction 

 

 

In a microwave vial, imidazo[1,2-a]pyridine (7, 1 eq), haloheteroaryl (8, 1.3 eq) and KOAc (2 eq) were 

dissolved in 4 mL DMF. The mixture was purged with argon for 1 minute prior to addition of the metal 

catalyst Pd(OAc)2 (10 mmol%). The tube was sealed and irradiated in a microwave reactor for two 

hours at 165 °C. After cooling to room temperature, 1 mL KOH (aq) concentrated was added, and the 

mixture was stirred for 1 h prior to removing the solvent. Crude reaction was diluted in water, 

extracted with AcOEt (3x 10 mL) and dried over anhydrous MgSO4. The crude product was purified by 

flash column chromatography (hexane: ethyl acetate) to afford imidazo[1,2-a]pyridine derivative, 9. 
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Ethyl 5-(imidazo[1,2-a]pyridin-3-yl)-1H-indole-2-carboxylate  9: According to experimental 

procedure C, imidazo[1,2-a]pyridine (80 mg,0.677 mmol), ethyl 5-bromo-1H-indole-2-carboxylate 

(0.235 mg, 0.880 mmol), KOAc (86 mg,0.880 mmol) and Pd(OAc)2 (15 mg, 10 mmol%) were dissolved 

in 4 mL DMF. Crude product was purified by flash column chromatography (hexane: ethyl acetate) to 

yield 9 in good yield (130 mg, 62%). 1H NMR (400 MHz, Chloroform-d): δ 9.61 (s, 1H, -NH ), 8.33 (d, J 

= 6.9 Hz, 1H, 5), 7.86 (s, 1H, 12), 7.70 (d, J = 11.5 Hz, 2H, 2, 8), 7.58 (d, J = 8.4 Hz, 1H, 15), 7.48 (d, J = 

8.5 Hz, 1H, 14), 7.29 (s, 1H, 11), 7.20 (t apparent, J = 7.9 Hz, 1H, 7), 6.80 (t apparent, J = 6.9 Hz, 1H, 

6), 4.44 (q, J = 7.1 Hz, 2H, -CH2), 1.43 (t, J = 7.1 Hz, 3H, -CH3). 13C NMR (101 MHz, CDCl3): δ 161.9 (CO), 

145.8 (C8a), 136.7 (C15a), 132.1 (C2), 128.8 (C10), 128.1 (C11a), 126.4 (C13), 126.0 (-C14), 124.2 (C7), 

123.5 (C5), 122.6 (C12), 121.8 (C3), 118.2 (C8), 113.0 (C15), 112.6 (C6), 108.7 (C11), 61.3 (-CH2), 14.5 

(-CH3). HPLC-MS (ES+): CH3CN/H2O 10:90 to 90:10 (5 min), RT = 4.24, [M+H+] = 306. 

  

Experimental procedure D for the synthesis of 2-aminopyridines derivatives 

 

 

 

N-methylation: NaH (10.6 eq) and the commercial 5-iodo-2-aminopyridine (10, 1 eq) were stirred at 

0 °C under inert atmosphere for 30 min in DMF. Next, methyl iodide (2.5equiv) was added dropwise 

and stirred for another 10 min. Then, the mixture was allowed to reach room temperature for 1.5h, 

prior to quenching with water. After extraction with ethyl acetate (x3), the combined organic layers 

were dried over MgSO4, and then the solvent was evaporated under vacuum. The obtained crude 

mixture was then purified by flash silica-gel column chromatography to give the corresponding N-N-

dimethylated product, 11.  
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Suzuki’s cross coupling reaction (2): In a microwave tube, styrylboronic acid (3c, 1.2 equiv) and K2CO3 

(1.3 equiv) were dissolved in 4 ml of 1,4-dioxane/ H20 (3:1). Pd(PPh3)4, (2 mmol%), was added and 

the mixture was purged with Ar for one minute. Then, 1 eq of 5-iodo-2-aminopyridine (10 or 11, 

depending on example,) was added. The tube was irradiated in a microwave reactor for 30 minutes 

at 110ºC. After cooling to room temperature, the solvent was filtered and evaporated. The crude 

product was purified by flash column chromatography to afford 2-aminopyridines derivatives, 12. 

 

 

 

5-iodo-N,N-dimethylpyridin-2-amine, 11: According to experimental procedure D for N, N-

methylation, product 14 was obtained by mixing NaH (34 mg, 1.14 mmol) 5-iodo-2-aminopyridine 

(100 mg, 0.454 mmol) and  MeI (161 mg, 1.14 mmol). Crude product was purified by column 

chromatography (hexane: AcOEt) to afford 70 mg of product 14 (60% yield). 1H NMR (400 MHz, CDCl3) 

δ 8.28 (d, J = 2.3 Hz, 1H, 6), 7.61 (dd, J = 9.0, 2.3 Hz, 1H, 4), 6.35 (d, J = 9.0 Hz, 1H, 3), 3.05 (s, 6H, -

CH3). 13C NMR (101 MHz, CDCl3) δ 158.15 (C5), 153.58 (C6), 144.60 (C4), 108.31(C3), 75.52 (C2), 38.20 

(-CH3). HPLC-MS (ES+): CH3CN/H2O 15-95 (5 min), RT = 1.32 min, [M+H+] = 249. 

 

 

 

(E)-5-styrylpyridin-2-amine, 12a: Following experimental procedure D, second step, styrylboronic 

acid (73mg, 0.499 mmol) Pd(PPh3)4, (10mg, 2 mmol%), 5-iodo-2-aminopyridine (100 mg, 0.454 mmol) 

and K2CO3 (81 mg, 0.590 mmol) were dissolved in 4 ml of 1,4-dioxane/H20. The crude product was 

purified by column chromatography (DCM: MeOH) to give 52 mg of 12a as a white solid (58% yield). 
1H NMR (400 MHz, Acetone-d6) δ 8.12 (d, J = 2.5 Hz, 1H, 6), 7.74 (dd, J = 8.7, 2.5 Hz, 1H, 4), 7.53 (d, J 

= 7.3 Hz, 2H, 10, 14), 7.33 (t, J = 7.7 Hz, 2H, 11, 13), 7.21 (t, J = 7.4 Hz, 1H, 12), 7.11 (d, J = 16.4 Hz, 1H, 

7), 7.00 (d, J = 16.4 Hz, 1H, 8), 6.58 (d, J = 8.6 Hz, 1H, 3), 5.55 (s, 2H, -NH2). 13C NMR (101 MHz, 

Acetone) δ 160.2 (C2), 148.6 (C6), 138.9 (C9), 134.7 (C4), 129.4 (C4), 127.7 (C13, C11), 126.8 (C12), 

126.7 (C10, 14), 125.6 (C7), 123.4 (C8), 109.0 (C3). HPLC-MS (ES+): CH3CN/H2O 10:90 to 95:5 (5 min), 

RT = 4.36 min, [M+H+] = 197. 
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(E)-N,N-dimethyl-5-styrylpyridin-2-amine, 12b: According to procedure D, styrylboronic acid (38 mg 

0.262 mmol) and K2CO3 (36mg, 0.262 mmol) were dissolved in 4 ml of 1,4-dioxane and H20 (3:1). 

Pd(PPh3)4, (4 mg, 2 mmol%) followed by N,N-dimethyl-5-iodo-2-aminopyridine (50 mg, 0.136 mmol). 

The crude product was purified by column chromatography (DCM: MeOH) to yield a pale-yellow solid 

(35 mg, 74% yield). 1H NMR (500 MHz, Chloroform-d) δ 8.30 (s, 1H, 6), 7.74 (d, J = 9.0 Hz, 1H, 4), 7.52 

(dd, J = 8.0, 2.2 Hz, 2H, 10, 14), 7.38 (td, J = 7.8, 2.3 Hz, 2H, 11, 13), 7.29 - 7.23 (m, 1H, 12), 7.04 (d, J 

= 16.3 Hz, 1H, 7), 6.93 (d, J = 16.3 Hz, 1H, 8), 6.57 (d, J = 8.9 Hz, 1H, 3), 3.16 (s, 3H, -CH3, 16 or 17), 

3.15 (s, 3H, -CH3, 16 or 17). 13C NMR (126 MHz, CDCl3) δ 158.7 (C2), 147.6 (C6), 137.9 (9), 133.9 (4), 

128.7 (C11, C13), 127.1 (C12), 126.1 (C14, C10), 125.8 (C7 or C8), 125.1(C8 or C7), 121.3 (C5), 106.0 

(C3), 38.3 (-CH3 x2). HPLC-MS (ES+): CH3CN/H2O 10:90 to 95:5 (5 min), RT = 4.54 min, [M+H+] = 225. 

 

 

(E)-5-(4-fluorostyryl)-N,N-dimethylpyridin-2-amine 12c: According to procedure D, styrylboronic 

acid (30 mg, 0.123 mmol) and K2CO3 (17 mg, 0.123 mmol) were dissolved in 4 ml of 1,4-dioxane and 

H20 (3:1). Pd(PPh3)4, (2 mg, 2 mmol%) followed by N,N-dimethyl-5-iodo-2-aminopyridine (15.2 mg, 

0.062 mmol). The crude product was purified by column chromatography (DCM: MeOH) to yield a 

pale-yellow solid (70% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.22 (d, J = 2.4 Hz, 1H, 6), 7.82 (dd, J = 

8.9, 2.5 Hz, 1H, 4), 7.61 – 7.52 (m, 2H, 10, 14), 7.23 – 7.13 (m, 2H, 11,13), 7.08 (d, J = 16.5 Hz, 1H, 8), 

7.01 (d, J = 16.4 Hz, 1H, 7), 6.68 (d, J = 8.9 Hz, 1H, 3), 3.05 (s, 6H, 2x -CH3). 13C NMR  (101 MHz, DMSO-

D6) δ 161.7 (d, JC-F = 243.8 Hz, C12), 158.8 (C2), 147.8 (C6), 134.7 (d, JC-F = 3.2 Hz, C9), 134.7 (C4), 128.2 

(d, JC-F = 8.0 Hz, C10, C14), 126.2 (d, JC-F = 2.5 Hz, C8), 123.75 (C7), 121.29 (C5), 116.0 (d, JC-F = 21.5 Hz, 

C11, C13), 106.5 (C3), 38.2 (-CH3 x2). 
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Experimental procedure E for the synthesis of cold ligand 1n:  

Synthesis of the fluorinated lateral chain: 

 

 

2-fluoroethyl-4-methylbenzenesulfonate: A solution of 2-fluoroethanol (1 g, 15.6 mmol, 1eq) in 5 

mL of pyridine was stirred for 5 min under inert atmosphere. Next, p-toluenesulfonyl chloride (3.57 

g, 18.7 mmol, 1.2 eq) was added dropwise and the mixture was stirred at room temperature for 24 

hours. The mixture was dilute in DCM and extracted with an aqueous solution of 10 % (w/v) CuSO4 

(3 x 50 mL). The organic phases were dried over anhydrous MgSO4, filtered and evaporated under 

high vacuum. The solid was purified by column chromatography (hexane: ethyl acetate) to afford the 

desired product (1.185 g, 35% yield). The spectral data is in accordance with that found in the 

literature.177 1H NMR (300 MHz,CDCl3): δ 7.81 (d, J = 8.3 Hz, 2H, CH3CCHCHCCHCH‐), 7.36 (d, J = 8.4 

Hz, 2H, CH3CCHCHCCHCH‐), 4.57 (dm, JHF = 47.1 Hz, 2H,  ‐OCH2CH2F), 4.26 (dm, JH‐F = 27.2 Hz, 2 H, ‐

OCH2CH2F), 2.45 (s, 3 H,‐CH3). 13C NMR (100 MHz, CDCl3) δ: 145.2 (-CSO3), 132.7 (-C-), 130.0 (-CH- Ar), 

128.0 (CH- Ar), 80.6 (d, JC-F = 173.8 Hz, -CH2F), 68.5 (d, JC-F = 21 Hz, -OCH2-), 21.7 (-CH3). 

 

 

 

7-(4-(2-fluoroethoxy)phenyl)imidazo[1,2-a]pyridine, 1n: To a stirring solution of 4-(imidazo[1,2-

a]pyridin-7-yl)phenol 1a (41 mg, 0.195 mmol), KI (48 mg, 0.292 mmol), K2CO3 (107 mg,  0.78 mmol) 

and nBu4NI (14 mg, 0.039 mmol) in anhydrous DMF (4 ml) were added 120 mg (0.580 mmol) of  2-

fluoroethyl 4-methylbenzenesulfonate. After a reaction time of 3 h at 70 ºC, the solvent was 

evaporated under reduced pressure. The mixture was suspended in water and extracted 3 times with 

ethyl acetate. The combined organic layers were dried over MgSO4 and dried under vacuum. The 

crude product was purified by flash column chromatography (DCM: MeOH) to yield 1n (36 mg, 72 %). 

Purification was also possible by means of precipitation using a mixture of DCM and ether. 1H NMR 

(400 MHz, Methanol-d4) δ 8.45 (d, J = 7.1 Hz, 1H, 5), 7.82 (s, 1H, 3), 7.72 – 7.64 (m, 3H, 8, 10, 14), 7.59 

(s, 1H, 2), 7.22 (d, J = 7.1 Hz, 1H, 6), 7.11 – 7.03 (m, 2H, 11, 13), 4.34 – 4.28 (dm, JH-F = 47.7 Hz, 2H, -

CH2CH2F), 4.27 – 4.20 (dm, JH-F = 28.9 Hz, 2 H, -OCH2CH2F). 13C NMR (101 MHz, Methanol-d4) δ159.1  

(C12), 138.1 (C7), 132.4 (C2), 130.9 (C9), 127.7 (10,14), 126.5 (C5), 114.8 (C11, C13), 112.6 (C3), 112.0 

(C6), 111.5 (C8), 81.8 (d, JC-F = 168.9 Hz, CH2F), 67.3 (d, JC-F = 20.1 Hz, -OCH2-).  
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Experimental procedure F for the synthesis of 6-arylimidazo[2,1-b]thiazole derivatives, 14. 

  

 

2-aminothiazol (13, 1eq) and a α-bromoketone (5, 1eq) were added to a microwave vial and solved 

with 4 ml of DMF. The tube was sealed with a pressure cap and irradiated in a microwave reactor for 

10 minutes at 120 ºC. After cooling at room temperature, the solvent was evaporated. The crude was 

suspended in water, basified with concentrated K2CO3 aqueous solution and extracted with 

dichloromethane (10 mL x 3). The organic phases were dried over anhydrous MgSO4, filtered and 

evaporated under high vacuum. The solid product was purified by flash column chromatography to 

afford imidazothiazole derivatives 14. 

 

  

 

6-(4-nitrophenyl)imidazo[2,1-b]thiazole , 14a. The experimental procedure F was used with 2-

aminothiazol (100mg, 0.999 mmol), K2CO3 (83 mg, 0.6 mmol) and 2-bromo-1-(4-nitrophenyl)ethan-

1-one (243mg, 0.999 mmol) in 4 mL of DMF. Crude product was purified in DCM: MeOH, to give 

product 14a. (127mg, yield 52%). 1H NMR (500 MHz, DMSO-d6) δ 8.48 (s, 1H, 5), 8.25 (d, J = 9.0 Hz, 

2H, 10, 12), 8.09 (d, J = 9.0 Hz, 2H, 9, 13), 7.98 (d, J = 4.5 Hz, 1H, 3), 7.33 (d, J = 4.5 Hz, 1H, 2). 13C NMR 

(126 MHz, DMSO-d6) δ 150.1 (C7a), 145.8 (C11), 144.0 (C6), 140.7 (C8), 125.2 (C13, C9), 123.9 (C12, 

C10), 119.9 (C3), 114.1 (C2), 112.0 (C5). HPLC-MS (ES+): CH3CN/H2O 30:70 to 95:5 (5 min), RT = 3.95 

min, [M+H+] = 246. 
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6-(4-(trifluoromethyl)phenyl)imidazo[2,1-b]thiazole , 14b. The experimental procedure F was used 

to obtain compound 14b by mixing 2-aminothiazol (100mg, 0.99 mmol) and 2-bromo-1-(4-

(trifluoromethyl)phenyl)ethan-1-one (266mg, 0.99mmol) in 4 mL of DMF. Crude product was purified 

in DCM, to give 133 mg of the desired product in 50% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.91 

(d, J = 8.1 Hz, 2H, 10, 12), 7.79 (s, 1H, 5), 7.63 (d, J = 8.1 Hz, 2H, 9, 13), 7.42 (d, J = 4.5 Hz, 1H, 3), 6.84 

(d, J = 4.5 Hz, 1H, 2). 13C NMR (101 MHz, CDCl3) δ 150.7 (C7a), 146.5 (C6), 137.6 (C8), 129.2 (q, JC-F = 

32.4 Hz, -C-CF3), 125.7 (q, JC-F = 3.8 Hz, CH-CCF3), 125.3 (C13, C9), 124.4 (q, JCF = 272.5 Hz, -CF3), 118.6 

(C3), 113.3 (C5) 109.1 (C2). HPLC-MS (ES+): CH3CN/H2O 15:85 to 95:5 (5 min), RT = 5.31 min, [M+H+] 

= 269. 

 

 

 

6-(4-methoxyphenyl)imidazo[2,1-b]thiazole, 14c: According to procedure F, 2-aminothiazol (70 mg, 

0.718 mmol) and 2-bromo-1-(4-(methoxyl)phenyl)ethan-1-one (165mg, 0.718mmol) with 4 ml of 

DMF. Crude product was purified in DCM: MeOH, to give product 14c. (95 mg, yield 57%). 1H NMR 

(300 MHz, DMSO-d6) δ 8.45 (s, 1H, 5), 8.24 (d, J = 4.2 Hz, 1H, 3), 7.74 (d, J = 8.8 Hz, 2H, 12, 10), 7.66 

(d, J = 4.2 Hz, 1H, 2), 7.05 (d, J = 8.8 Hz, 2H, 9, 13), 3.80 (s, 3H, -CH3). HPLC-MS (ES+): CH3CN/H2O 15:85 

to 95:5 (5 min), RT = 2.61 min, [M+H+] = 231. Spectral data was in accordance with that found in the 

literature.158  
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1.5.3 Thioflavin T Competition  Assays with Amyloid Proteins 

Affinity studies with porcine insulin 

Insulin aggregates preparation 

Insulin aggregates were obtained by incubating the protein at 2 mg/mL in Glycine-HCl buffer,178 pH = 

2, for 8 h at 60 °C under mild and constant shaking (70 rpm) as describe elsewhere.164,179 Final 

concentration of aggregates = 346 µM. 

ThT and compound stocks preparation 

Thioflavin T shows a dramatic increase in fluorescence when its rotational freedom is restricted in 

confined spaces within proteins. These dyes possess a flat structure and the ability to bind β-sheets 

such as those present in amyloid aggregates. Thus, binding affinity of small molecules to amyloid 

aggregates can be assessed by the ThT competition assay. In this test, changes in the ThT fluorescence 

are monitored at 440 nm and 482 nm (excitation and emission wavelengths). If the affinity for the 

fibrils is high enough, the competitor may displace ThT, so the emitted fluorescence of ThT would 

drop. The bigger the reduction of ThT fluorescence, the higher the affinity of the competitor for the 

aggregates. 

ThT stock solution was freshly prepared at 1 mM (0.636 mg in 2 mL in sodium phosphate buffer 10 

mM, pH= 7.4). The solution was filtered (0.22µm) and diluted further for a final diluted stock at 2.42 

µM. In the assay, 142 µL of 2.42 µM ThT stock were added to each test well, so the final concentration 

of ThT employed was 2.15 µM (Table 10). 

Compounds stock solutions at 10 mM in pure DMSO were used to prepare diluted stock solutions at 

1 mM (10 % v/v DMSO) by mixing 30 µL of compound stock and 270 µL of sodium phosphate buffer 

10 mM, pH 7.4. The 1 mM stock was used to prepare 10-fold serial dilutions of compound ranging 

2.15 µM to 215 µM, by diluting with the mixture 10% DMSO v/v in PBS. Compounds were tested in a 

range of concentrations from 0.215 µM to 21.5 µM (16 µL of diluted compound stocks in 160 µL total 

volume). 

Table 10 - Stock solutions and volume employed in the ThT competition assay. 

Stock solution (µM) Volume (µL) Final concentration per well (µM) 

Insulin aggregates – 340  2 4.32 

Competitor – 2.15-215 16 0.215-21.5 

ThT - 2.42 142 2.15 

Total volume 160 - 

 

ThT binding assay 

In a 96-well black plate, sample test contained 2 µL of insulin aggregates, 16 µL of competitor stock 

solution and 142 µL of ThT stock solution. The final concentration of  each component is shown in 

Table 10, and the final percentage of DMSO was 1% (v/v) per well. Molar ratios [competitor: protein] 
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were [5: 1], [3:1], [2: 1], [0.5: 1], [0.25: 1] and [0.05: 1]. As positive control, insulin aggregates were 

added with only ThT (insulin- ThT molar ratio 2:1). Fluorescence of insulin aggregates with every 

concentration of competitor was also calculated.  

Plates were covered in foil and incubated at room temperature for 2 h under low agitation in a 

rotatory shaker. Fluorescence emission spectra were then taken using excitation at 440 nm, emission 

at 482 nm. The excitation and emission slit widths were set as 9 nm and 15 nm, respectively. Tests 

were performed in 6 replicates. 

Data were obtained from SoftMax Software 7.0 (Molecular Devices, San Jose, CA, USA) and processed 

in Microsoft Excel. The percentage (%) Th T displacement induced by competitors was obtained by 

normalizing the values according to Equation 1.4.   

% ThT displacement = 
𝑇ℎ 𝑇 𝑓𝑙𝑢𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒  S𝑎𝑚𝑝𝑙𝑒 − 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝑇ℎ 𝑇 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒  𝐶𝑜𝑛𝑡𝑟𝑜𝑙 
 𝑥 100    

         Equation 1.4 

Baseline was corrected by subtracting intrinsic fluorescence of compounds to sample test values. 

After background subtraction, the average fluorescence of the positive control (insulin aggregates + 

ThT samples) was used to normalize all experimental data points. Finally, each well value was 

multiplied by 100 to calculate the % ThT displacement that occurred in each individual well relative 

to control.  

Hence, the remaining ThT fluorescence (%) was calculated by subtracting the % ThT displacement 

value to 100, according to Equation 1.5 

𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑇ℎ𝑇 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 (%)  =  100 −   𝑇ℎ𝑇 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 (%) 

               Equation 1.5 

Affinity studies with Tau441 protein 

Formation of Tau protein aggregates 

Assays were performed with two different suppliers of Tau protein 

 

- Abcam, UK: Tau protein (0.2 mg/mL) was dissolved in aggregation buffer composed by 20 

mM Tris-HCl, 50 mM NaCl and 1 mM DTT (final concentrations). The pH was adjusted with 

HCl to 7.4 and buffer solution was filtered (0.22 µm filter). In order to prone the aggregation 

of the peptide, heparin was added into the aggregation mixture dissolved in aggregation 

buffer,44,165 for a final ratio Tau: Hep = 1.87: 1.165 Tau protein (2.18 µM) was allowed to 

aggregate at 37 ºC for 13 days with no agitation.  

 

- rPeptide: The manufacturer provided tau protein as lyophilized powder. 

Initial conditions: 100 µg Tau441 were dissolved in aggregation buffer for a final concentration 

of 11 µM. Heparin was included in the aggregation buffer so that the tau: heparin molar 

ratio was 4:1.44 Aggregation buffer included: 50 mM MES, 100 mM NaCl and 100 mM 
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ammonium acetate pH 7. Tau protein was incubated under these conditions for 8 days at 

37ºC. 

Final conditions: Tau protein from rPeptide was resuspended from lyophilized powder with 

filtered deionized water containing 2.3 µM of heparin and 1 mM of DTT. The final 

concentration of Tau was 200 µg/mL (4.36 µM), so that the molar ratio of tau: heparin was 

1.87:1. The composition of the aggregation buffer was: 100 mM MES, 200 mM NaCl, 0.5 mM 

EGTA, 1 mM DTT (pH 6).142 Aggregation conditions were 13 days at 37 ºC with no agitation. 

ThT stock solution 

ThT stock solution was freshly prepared at 1 mM in sodium phosphate buffer (10 mM, pH= 7.4). The 

solution was filtered (0.22µm) and diluted further in phosphate buffer for a final 2.2 µM stock. 

ThT competition assay - Competition assay with 12b:  

The assay was performed in 96-well black plates, final volume per well was 60 µL. Tau and ThT were 

added separately for final concentrations of 1.09 µM and 0.55 µM, respectively (molar ratio 2:1). 

Compound: tau molar ratios were and [1:1], [5:1], [10:1]. Negative and positive controls were also 

included. Final DMSO percentage was 1% (v/v) in aggregation buffer (20 mM Tris-HCl, 50 mM NaCl, 

1 mM DTT). Firstly, the compound was added followed by tau aggregates and then the ThT solution. 

Plate was incubated for 2.5 h inside the fluorometer at room temperature, and fluorescence values 

were obtained every 15 min under a slow intensity shake between reads in an orbital mode (orbital, 

low intensity for 800 seconds). Fluorescence spectra were taken using excitation at 440 nm, emission 

at 482 nm. The excitation and emission slit widths were set as 9 nm and 15 nm, respectively (Height 

14.9mm, PTM and Optics: 6 flashed/read, read from top, read height 1.00mm).  Tests were 

performed in 3 replicates.  Data were obtained from SoftMax Software 7.0 (Molecular Devices, San 

Jose, CA, US) and processed in Microsoft Excel. Results were normalized by dividing the ThT 

fluorescence in the presence of the competitor divided by the ThT fluorescence value of the control 

(without compound) expressed in percentage (%) as per equation 1.4 above. 

 

ThT competition assay - Screening of compounds 

Tau protein (rPeptide) was aggregated as described above in the “final conditions” tau aggregation 

in tau aggregates formation section. In a 96-well plate, 15 µL of tau aggregates were added, followed 

by 15 µL of compound and 30 µL of ThT stock solution. Compound stocks were prepared at 4% DMSO 

in aggregation buffer. The total volume per well was 60 µL, and final concentration of tau, competitor 

and ThT was 1.09 µM, 5.45 µM and 0.5 µM, respectively. Buffer contained 50 mM MES and 150 mM 

NaCl in deionized water. (For fluorimeter setup, refer to the section above).  
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1.5.4 Morphological Studies  

Atomic Force Microscopy (AFM) 

Tau aggregates were prepared as described previously (section 3.3b), and  visualized in a AFM 

microscope (Park NX10 enclosed in a Park NX10 acoustic enclosure, Park Systems Europe GmbH, 

Mannheim, Germany) with triangular silicon cantilevers with integrated tips [t = 3.0 - 5.0 μm, l = 115–

135 μm, w = 22.5 – 37.5 μm, Vo = 204–497 kHz, k = 10–130 N m−1, R < 10 nm; PointProbe® Plus Non-

Contact Tapping Mode High Resonance Frequency Reflex Coating (PPP-NCHR-20) Nanosensors, 

Neuchâtel, Switzerland] 

Sample preparation:  

Muscovite disk was cut (1 cm x 1 cm) and the surface was clean by stripping off with scotch tape. 

Immediately after, a drop of 5 µL of tau stock suspension (4.36 µM) in aggregation buffer was placed 

in the surface of the disk,  incubated at room temperature for 5 min and dried under air prior to being 

attached to a nickel disk (1 cm2) using double-side adhesive tape and placed on the AFM microscope.  

Samples were analysed at scan rate 1 Hz, amplitude ~40 nm. The images were processed, and 

dimensions were measured using Gwyddion 2.55 software (Department of Nanometrology, Czech 

Metrology Institute).  

 

Transmission Electron Microscopy (TEM) 

Tau aggregates were also characterized by TEM. A drop of tau stock suspension (4.36 µM) was 

located on the coated side of a copper coated grid and allowed to dry for 5 minutes. Then, samples 

were negatively stained with uranyl acetate aqueous solution (2% w/v) for 30 sec. The excess of dye 

was removed, and samples were immediately loaded for their visualization on a JEM-1400 electron 

microscope (Jeol, Herts, UK). 

 

1.5.5 Surface Plasmon Resonance (SPR) 

Surface plasmon resonance experiments were accomplished at a Biacore X100 instrument at 25 ºC. 

Tau aggregates were prepared as specified previously on section 3.3b and immobilised on a CM5 

sensor chip by standard amine coupling reactions. Buffer acetate (pH 5.0, 90 µL) was used to 

immobilize 7800 resonant units (RUs) of tau aggregates (10 µL) in the second channel, whereas 

channel 1 was block as reference. One RU represents approximately 1pg protein/mm3 of chip surface 
180,181 or angle shift of 10-4 deg. Chip was inactivated by a consecutive injection of ethanolamine 1.0 

M pH 8.5. 

All the solutions and the running buffer had 50 mM MES, EGTA 1mM, NaCl 100 mM, 0.005% Tween 

and 2% DMSO, pH 6.8.  
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Compounds  were weighted and dissolved in pure DMSO to obtained stock solutions at 10 mM, which 

were used further diluted stock solutions. Thus, 4 µL of 10 mM stock solution were dissolved in 196 

µL of running buffer to obtain a 200 µM diluted stock solution, with the desired percentage of DMSO: 

2% (v/v). The 200 µM stock solution was used to prepare serial dilutions (2-100 µM) diluting with 

running buffer enriched with 2% (v/v) DMSO. 

The flow rate was 30 µL/min. As contact and dissociation times, 50 sec were selected, total time of 

experiments 300 sec. After each injection, an extra wash with 50% DMSO (v/v) in water was 

completed. No chip regeneration was needed. 

 

1.5.6 Modelling Studies 

Docking simulations 

The protofibril unit from the paired helical filament was used as the target structure for the molecular 

docking (this dodecamer can be found in the protein database, PDB, reference ID 5O3L). Each unit of 

the paired helical filament corresponds to a protofilament comprising residues 306−378 of the tau 

protein.  

Docking simulations of various imidazopyridine analogues were performed using the four high-

affinity binding sites (S1-S4) recently described in tau protofibrils by Murugan and co-workers.170 

Hence, compounds were subjected to successive docking simulations on each binding site with the 

program GOLD version 5.7.2 (CCDC; Cambridge, UK; http://www.ccd.cam.ac.uk). A semi-flexible 

docking was done with the polar hydrogen atoms of protein left free to rotate, while ligands were 

set fully flexible. For each ligand, 50 poses were generated and rescored using the HINT scoring 

function (see below).   

Re-scoring methodology 

Each pose generated by docking underwent the re-scoring procedure using the HINT function to 

better predict the protein-ligand association. Hydrophatic INTerations is a post-docking tool that re-

evaluates the scores obtained by docking algorithms.182 A positive and high HINT score (HS) correlates 

with favourable binding free energy, thus allowing the estimate of the thermodynamic benefit of 

certain predicted complexes (i.e. the higher the score, the higher the thermodynamic benefit). 171,173 

For each site, only the best scored pose of each ligand was considered for the analysis as it best 

represents the binding architecture, as previously shown.183 

 

1.5.7 Ex Vivo Red Blood Cell Haemolysis Assay 

Haemolysis was undertaken as previously published with minor modifications.184 Briefly, sodium 

chloride 0.9% (w/v) was prepared, adjusted to pH 7.4 and the final solution was filtered (0.22 µm). 

Vehicle used to solubilise the tested compounds contained 5% DMSO (v/v) in 0.9% NaCl. Triton X-100 

(1% w/w) was used as a positive control.  



Chapter 1 – Materials and Methods 

111 
 

Blood was obtained from 6-8 weeks old C57BL/6 male mice in EDTA spray coated K6 vacutainers (BD 

Biosciences). Blood was centrifuged (2,500 g, 4°C, 15 minutes). Plasma was removed and RBC 

suspension was washed twice with sodium chloride 0.9% solution and centrifuged. The final RBC 

suspension was diluted to 4.45 w/v with sodium chloride as prepared above or Triton X-100 (1% w/w) 

for the positive control. Compounds were tested at six different concentrations ranging from 0.05 

µM to 150 µM in triplicate. 10-Fold stock solutions of compounds were prepared, so when diluted 

with 4.45% RBC suspension the DMSO concentration never exceeded 0.5% v/v.  Thus, 20 µL of each 

compound stock was added to each well followed by 180 µL of diluted erythrocytes (RBC suspension). 

Sodium chloride with DMSO (20 µL) or Triton X-100 (1%, 20 µL) were diluted with 180 µL of RBC 

suspension and served as controls. Plates were incubated for 1 h at 37 °C, after which they were 

centrifugated at 1200g for 5 min. The supernatant (100 µL) was transferred into a new 96-well clear 

flat bottom plate without disturbing the pellet, and the absorbance was measured at 405 nm using a 

UV spectrophotometer.  

 

% 𝐻𝑎𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =  
𝑂𝐷 𝑠𝑎𝑚𝑝𝑙𝑒 −  𝑂𝐷 𝑚𝑒𝑎𝑛 𝑛𝑒𝑔 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑂𝐷𝑚𝑒𝑎𝑛 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 ×  100 

 

Equation 1.6 

Background average absorbance values from the negative control was subtracted from all other 

samples. After background subtraction, the average absorbance of the positive control (Triton 

samples) was used to normalize all experimental data points. Finally, each well value was multiplied 

by 100 to calculate % haemolysis that occurred in each individual well relative to the detergent 

control. (Optical density, OD) 

 

1.5.8 Statistics 

Experimental data was analysed with Excel (Microsoft®) or GraphPad Prism 8 (GraphPad Inc., 

California, USA) software. Results were expressed as mean ± SD using One-way ANOVA or Two-

ANOVA to evaluate any statistically significant differences, and Dunnett’s and/or Tukey’s post-hoc 

tests for perform multiple group comparisons. Confidence interval= 95%. Data was considered 

statistically significant when P value (p) was < 0.05.
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Synthesis and evaluation of novel LDH-A inhibitors. 
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2.1 INTRODUCTION 

2.1.1 Cancer and the Warburg effect 

Cancer cells are recognised by an aberrant glucose metabolism. Their altered activity is characterized 

by an upregulated glycolysis pathway to obtain the energy from glucose, instead of using the cellular 

respiration (the oxidation-phosphorylation mechanism, “OxPhos”).185 

Cellular respiration is a highly efficient process that involves three main phases, where glucose is 

used as energy and carbon source. The first phase is known as glycolysis, and it takes place in the 

cytoplasm. This process does not need oxygen, and includes ten different reactions, all of them 

catalysed by enzymes.186 The final products of glycolysis are pyruvate, a key intermediate in the 

energetic metabolism of cells, 2 ATP molecules and nicotinamide adenine dinucleotide in the reduced 

form (NADH).  

If oxygen is available, in the second phase cells continue getting energy introducing the glucose-

derived pyruvate into the mitochondrial matrix, where it is oxidised into acetyl-coenzyme A (CoA) by 

the pyruvate dehydrogenase complex. CoA entries into the Krebs cycle or tricarboxylic acid cycle 

(TCA), which is a series of redox and decarboxylation reactions that remove high-energy electrons 

and carbon dioxide. The electrons temporarily stored in molecules of NADH and flavin adenine 

dinucleotide (FADH2) are used to generate ATP in a subsequent pathway. ATP or GTP are also 

produced on in each turn of the cycle. 

Last phase of cellular respiration is the oxidative phosphorylation. This process involves a series of 

protein complexes that move electrons through redox reactions (the electron transport chain). Here, 

atmospheric oxygen is the final electron acceptor of the electrons removed from the intermediate 

molecules in glucose catabolism. The final products of the electron transport chain are water and 

ATP.187 

The full oxidation of one molecule of glucose produce, ideally, up to 38 ATP molecules (36 molecules 

+ 2 ATP from glycolysis).185 However, the yield of ATP varies. Intermediate compounds generated in 

previous pathways are used for different purposes. For example, five-carbon sugars, such as ribose, 

that form nucleic acids are made from intermediates in glycolysis. This metabolic pathway, named  

the pentose phosphate pathway, is parallel to glycolysis (Figure 2.1). Certain amino acids and lipids, 

such as triglycerides, are built or broke down for energy through these pathways. Overall, these 

alternative pathways extract about 34% of the energy obtained by a molecule of glucose.188 

In absence of oxygen, pyruvate is metabolized by the enzyme lactate dehydrogenase (LDH). This 

enzyme is required to maintain glycolysis and ATP production by regenerating NAD+ from NADH and 

pyruvate. This reaction is known as lactic acid fermentation, because lactate is obtained as a by-

product. The net production of ATP is two molecules per molecule of glucose (Figure 41).  

 

 



Chapter 2 – Introduction 

114 
 

 

Figure 41 - Glycolysis is the first route in the breakdown of glucose to extract energy for cellular 
metabolism. Glycolysis is the source of metabolic intermediates that are used in parallel metabolic 
pathways, such as the pentose phosphate pathway (yellow) and the glycogenesis (light blue 
pathway). 

 

Compared to the lactic acid fermentation, OxPhos is a more effective pathway for cells to get the 

energy necessary for their normal activity. However, cancer cells present an extensive reliance on 

glycolysis and lactate production, even under normoxic conditions and fully functioning of 

mitochondria. This deviation in metabolism is known as the “Warburg effect”, in honour of its 
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discovery by Otto Warburg in 1956.189 Although human cancers display a wide range of metabolic 

profiles, the Warburg effect is present in most, if not all, types of cancer.190  

Solid tumours are characterised by the presence of hypoxic regions, which originate from an 

imbalance between blood supply and consumption of oxygen. Cancer cells possess an elevated rate 

of growth, so their metabolic requirements exceed the vasculature ability to provide oxygen and 

nutrients.191 

Hypoxia provokes an overexpression of a big number of genes implicated in the cell survival, thus, 

hypoxia acts as a promoter of tumour progression. This phenomenon translates into changes in 

cellular behaviour and metabolism. For instance, hypoxic tumours overexpress the transcription 

factor HIF-1α (hypoxia-inducible factor 1α) as an adaptive response to hypoxia. This transcription 

factor up-regulates a series of downstream target genes, such as  Glucose Transporter-1 (GLUT-1), 

Lactate Dehydrogenase A (LDH-A), together with Carbonic Anhydrase IX (CA IX), Vascular Endothelial 

Growth Factor (VEGF) and Lysyl Oxidase (LOX)192,193 (Figure 42).   

 

Figure 42 - Proteins (squared) up-regulated by HIF-1α and their effect on cell metabolism in hypoxic 
environment. Key: ECM: extracellular matrix. Adapted from reference 191. 

 



Chapter 2 – Introduction 

116 
 

The principal objective of these proteins is to protect cells from the adverse hypoxic environment 

and to help them to proliferate and survive under hostile conditions. As a result, tumour cells can 

overcome the nutritive privation by increasing their vascularization through angiogenesis, boosting 

the glucose uptake, and optimizing their sugar metabolism. Furthermore, the overexpressed proteins 

mentioned above contribute to cell invasiveness because they provide a selective growth advantage 

over other competing cell populations. Taking all together, hypoxia triggers the development of 

tumours with a more malignant and aggressive phenotype. 

Tumour cells found in hypoxic areas are highly dependent to glucose-fuelled anaerobic glycolysis, 

whereby they oxidize glucose to pyruvate and/or lactate. Likewise, oxidative tumour cells, present in 

the highly vascularized areas, can choose among several precursor substrates, depending on their 

availability (for example, lactate is oxidized to pyruvate), with the aim of fuelling OxPhos process. 

One of the most important adaptive responses to hypoxia is the metabolic switch from oxidative to 

glycolytic pathway (Warburg effect), and here LDH-A plays a key role. 

 

2.1.2 Human lactate dehydrogenase 

hLDH isoforms 

Human LDHs (hLDH) are a family of tetrameric isozymes, that is, enzymes which are coded by 

different genes, but phenotypically, they are very similar to each other in terms of protein sequence 

and activity.194  

In mammals, each tetramer is assembled from two different subunits, the M and H-type. These 

subunits merge originating 5 possible combinations, corresponding to five forms of LDH.191 Thus, 

there are two homotetramers: LDH-1 (H4) and LDH-5 (M4), which are commonly referred as LDH-H 

(or LDH-B) and LDH-M (or LDH-A), respectively, and three hybrid tetramers: LDH-2 (M1H3), LDH-3 

(M2H2) and LDH-4 (M3H1) (Figure 43).  
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Figure 43 - LDH activity and isoforms. (A) LDH catalyses the redox interconversion between pyruvate 
and lactate with NADH as cofactor. (B) human LDH subunits H and M. (C) The functional LDH is a 
tetramer containing different ratios of the M and H subunits, which associate randomly. The five 
isozymes of LDH are shown. 

The name of the subunits is derived from the tissues where they are most expressed. In humans, 

LDH-5 and LDH-4 are found mainly in anaerobic tissues such as skeletal muscle (M stands for muscle), 

liver and neoplastic tissues; LDH-3 is present in lymphatic tissues, platelets and malignant tissues. 

LDH-1 and LDH-2 predominate in tissues with aerobic metabolism as the main source of energy, such 

as spleen, heart, brain, kidney or erythrocytes.  

These five isozymes are localized in the cytosol of somatic cells, although they also can be found in 

mitochondria. The distribution of each isozyme between cytosol and mitochondria also depends on 

the type of isozyme. For instance, the heart LDH-1 is mostly found in the mitochondrial matrix. By 

contrast, LDH-5 is equally present in mitochondria and cytosol, whereas the same isoform in liver is 

mainly present in mitochondria.  

The catalytic activity of LDH 

The general accepted catalytic mechanism of LDH involves the initial binding of NADH to its binding 

site in the enzyme followed by binding of the substrate, the pyruvate, forming a ternary complex 

LDH-NADH-pyruvate. This complex undergoes a rate-limiting conformational change, where a 

substrate specificity loop (residues 98-107) closes in order to bring the catalytical residue Arg109 into 

the active site. LDH possesses a hydrophobic active site which is quite buried inside the protein; thus, 

A 

LDH 

H M 

B 

LDH-5 LDH-1 LDH-2 LDH-3 LDH-4 

C 
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it is not incongruous supposing that a considerable portion of protein does unfold so that the 

substrate reaches the binding pocket. Then, Arg109 can polarise the ketone moiety of pyruvate, 

promoting hydride transfer to the substrate (Figure 44). 195,196 

Other important residues in the active site are Asp168, His195, Gln102, Arg171, and Thr246. They are 

involved in substrate discrimination and recognition, for example, by enclosing the methyl side chain 

of the substrate.191 

The catalytic mechanism of pyruvate reduction into lactate involves a direct and stereospecific 

transfer of a hydride ion from the C4 carbon of the dihydronicotinamide ring of NADH to the ketone 

group of the pyruvate, with simultaneous proton donation from the catalytic pair Asp168/His195 to 

the carbonyl oxygen of pyruvate, yielding lactate (Figure 43A). His195 imidazole ring functions as 

proton donor-acceptor as well as it orientates the substrate in the proper position. Aps168, for its 

part, stabilises the cationic form of His195 through an H-bond between its carboxylic group and the 

protonated imidazole ring of His195.  The residue Ile250 has been found to provide an environment 

suitable for the nicotinamide ring of NAHD due to its hydrophobic side chain.191 

 

Figure 44 - Hydride and proton transfer occurring in the LDH active site. The cofactor NADH binds 

first and prepares the binding site for pyruvate binding. Arg109 polarises the carbonyl residue of 

pyruvate, which facilitates the hydride transfer between NADH and pyruvate, and the proton transfer 

from His195 and the substrate. Taken from reference 191. 

 

All hLDH isoforms can catalyse the transformation of pyruvate into lactate, however, when the ratio 

H-M increases in favour of H subunits, the isozymes present higher efficiency in catalysing the 

reaction in the opposite direction, this is, the conversion of lactate into pyruvate via reduction of 

NAD+. If we recall the aerobic pathway to obtain ATP via cellular respiration, this modality of energy 
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production introduces the pyruvate into the Krebs cycle, which yields high energy molecules that are 

further transformed into ATP in the oxidation-phosphorylation. Thus, the presence of isozymes LDH-

1 and LDH-2 (with four and three H subunits, respectively) in aerobic-dependent tissues is not casual: 

these two isoforms contribute to obtaining energy by catalysing the conversion of lactate into 

pyruvate.  

hLDH-5 (or LDH-A) contains approximately 330 amino acids adopting a bilobal structure197 consisting 

in a large and a small domain. Each monomer in the tetramer has full catalytic function. The NADH 

cofactor binding site is form by the large domain that adopts a Rossmann fold.198 The small domain 

constitutes the substrate binding site, and it is characterised by a mixed α/β structure. 

 

 LDH and metabolic reprograming in cancer 

As we have discussed before, glycolysis is a catabolic pathway that depletes nicotinamide adenine 

dinucleotide (NAD+). For example, the oxidation of glyceraldehyde 3-phosphate requires NAD+ as an 

electron acceptor–it reduces to NADH (GAPDH step).185 A recent study shows that low availability of 

NAD+ attenuates glycolysis at the GAPDH step, resulting in the accumulation of glycolytic 

intermediates before this step and a decrease of glycolytic intermediates after the step.199 Cells 

contain a limited supply of NAD+, and the constant high-rate glycolysis found in tumoral tissues will 

deplete the NAD+ pool. Glycolysis cannot continue unless NAD+ is regenerated.  

LDH-mediated reduction of pyruvate into lactate is coupled to the oxidation of NADH into NAD+, thus 

efficiently refilling NAD+. Typical traits of the glycolytic phenotype are high rate of conversion of 

glucose into lactate with an elevated glucose uptake. Both mechanisms ensure adequate ATP levels 

and constant supply of intermediates essential for cell growth and division.200 

This behaviour in  metabolism is maintained even when cells derived from hypoxic tumours are 

located under normoxic conditions, confirming that the conversion of pyruvate into lactate is not 

only a simple adaptive mechanism to hypoxia for energy obtaining, but most importantly, a hallmark 

of hypoxic tumours involving epigenetic transformations that deeply affect some cellular 

pathways.191 Therefore, cancer cells may limit glucose oxidation in order to maximally increase 

lactate conversion and NAD+ recycling, allowing the continuation of high-rate glycolysis.  

In summary, a high glycolytic rate has several advantages for rapidly proliferating cells: 201  

First, despite its low efficiency at producing ATP compared to OxPhos in the mitochondria, anaerobic 

glycolysis can generate ATP at a faster rate when the supply of glucose is abundant. 

Second, the carbon building blocks necessary for de novo synthesis of nucleotides, lipids, and non-

essential amino acids required from proliferating cells are provided by glycolytic intermediates. 

Finally, the maintenance of biosynthesis in fast-growing cells requires the regeneration of NAD+, 

which is partially supported by the conversion of pyruvate to lactate.  
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Hypoxia as an Obstacle to Medical Treatment of Cancer 

“Oxygen enhancement effect” is the name given to the phenomenon observed in poor oxygenated 

tissues, which are resistant to standard therapies such as radiotherapy.202 The link between hypoxia 

and radio-resistance can be explained considering that DNA damage is usually induced by oxygen 

radicals such as hydroxyl radical, superoxide anion etc., or provoked by direct ionization from ionizing 

radiations. In the presence of oxygen, O2 reacts with the broken DNA forming stable organic 

peroxides which are hardly repaired by the cell, leading to important chromosome aberrations. 

Basically, oxygen fixes the DNA damage, making it permanent. By contrast, under hypoxia conditions, 

the damage is more easily repaired: the broken DNA can be restored to its original form, thanks to 

reparative processes based upon reductions by –SH containing intracellular components. This 

mechanism explains why tumours with low levels of oxygen present a reduced effect on response to 

radiotherapy, compared with normal oxygenated tissues.202–204 

Some anticancer drugs fail in defeating hypoxic cells because their mechanism of action: 

chemotherapy is usually more efficient against cells with high rates of proliferation. However, 

hypoxic tissues present a slower rate of division. Moreover, hypoxia selects cells that overexpress 

genes encoding for proteins involved in drug resistance.203,205 A very recent study demonstrated that 

LDH-A is also responsible for the resistant of cells to TMZ therapy.206 In that study, tests performed 

on glioblastoma cell lines showed that the combination of LDH-A knockdown with TMZ treatment 

significantly reduced cell viability of tumoral cells. 

In addition to radiotherapy and chemotherapy resistance, hypoxic cancer cells possess more 

malignant phenotypes, which predispose to the formation of metastases, thus compromising 

curability of tumours by surgery.207 

Nevertheless, hypoxic tumours present a unique feature that is common to many cancer tissues and 

it lacks in healthy tissues: the metabolic switch associated to the Warburg effect. This phenomenon 

can be exploited in targeted cancer therapy. 

 

Taking advantage of Tumour Hypoxia: LDH-A inhibition 

LDH-A enzyme is overexpressed in many tumours such as pancreatic cancer, prostate cancer, gastric 

cancer, gliomas and cutaneous melanoma metastases. 208–211 

When LDH-A levels are knocked down via shRNAs (short hairpin RNA) in tumour cell lines that show 

high glucose dependency and high LDH-A expression under both normal and hypoxic conditions, the 

ability of these cell populations to proliferate shows a noticeable reduction.212  

Furthermore, LDH-A silencing enhances oxygen consumption via OxPhos metabolism, which results 

in elevated level of mitochondrial reactive oxygen species (ROS) (cellular respiration generates ROS 

even under physiological conditions). Exposure to cellular stressors such as ROS can trigger p53 

tumour suppressor (a sequence-specific transcription) which induces cell growth arrest or 

apoptosis.213  
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ROS are powerful regulators of Ca2+ signalling, and as a consequence, knocking down the LDH-A 

causes an increase of intracellular levels of Ca2+ (~2.9-fold; p < 0.001), which may be involved in 

triggering apoptosis, among other mechanism, via an activation of apoptotic endonucleases. 214,215 

Simultaneously, humans suffering from complete LDH-A deficiency due to an inherited 20-bp 

deletion in the LDHA gene, which results in the loss of LDH-A protein, have been studied. This 

condition has only relatively mild symptoms of exertional myopathy and myoglobinuria after intense 

anaerobic exercise, without showing any symptoms under ordinary circumstances.216–218  

In summary, LDH-A constitutes a crucial checkpoint in the bifurcation point of glycolysis, and it can 

be blocked with a limited risk of affecting “normal” glucose metabolism through OxPhox. Therefore, 

LDH-A constitutes a valid target for the development of antiglycolytic agents against cancer. 

2.1.3 Lactate dehydrogenase A inhibitors 

The interest on LDH inhibitors as therapeutic agents rose after Plasmodium falciparum, the parasite 

that produces malaria, developed resistance against almost all the existing anti-malarial drugs, 

especially against chloroquine. 

Plasmodial metabolic pathways are quite different from human´s, if not absent. During its life cycle 

in human beings, the parasite lacks a functional Krebs cycle, and presents a total dependence on the 

glycolytic pathway for the obtention of ATP. 

The LDH in the parasite, pfLDH, possesses key structural features that make it different from human 

LDH. A wide range of chemical structures has been developed aiming the selective inhibition of pfLDH 

over hLDH.191 Many of them presented activity against both enzymes, if some showed higher affinity 

for the human dehydrogenase. Their chemical structures served as starting point for designing new 

LDH-A inhibitors.219–221 

Gossypol and its derivatives 

Gossypol is a polyphenolic bynaphthyl disesquiterpene compound (Figure 45) obtained from the 

Gossypium species (cotton plant). It participates on redox reactions catalysed by NAD+/NADH-based 

enzymes such as many dehydrogenases, which possess a common structural homology showing the 

typical dinucleotide “Rossmann fold”. It possesses antifertility action due to the inhibition of LDH-

C4
222 and antimalarial activity by inhibition of pfLDH. This toxicity and low selectivity questioned its 

use as therapeutic agent, and some derivatives have been developed.191 

 

Figure 45 - Gossypol chemical structure. 
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Some structural modifications include the removal of the dimeric fragment of gossypol and/or 

acylation of the 1 and 1’ (peri) positions, or simply removal of these hydroxy groups. The CHO 

functional group has been also replaced by nitriles, obtaining peri-acylated gossylic nitriles derivates. 

Despite of having Ki in the nano and low micromolar range, none of these derivatives has shown a 

better selectivity than gossypol and most part of them are better inhibitors of the pfLDH.   

 

Naphthoic acids 

Another important group of LDH inhibitors are the naphthoic acid family, composed by a naphthalene 

scaffold substituted by carboxylic acid or sulphonic acid groups.223 This family showed very low 

potency for both human and pfLDH. Compound FX-11224 was an exception (Figure 46), reaching IC50 

values of 50 nM against LDH-A on enzymatic assays. However, Ward et al.225 fail to find significant 

binding affinity by NMR and Surface plasmon resonance. 

 

 

Figure 46 – Structure of naphthoic acid derivative FX-11. 

 

Piperidinone derivatives 

Genentech (CA, USA) reported a family of piperidinone derivatives with potent LDH-A inhibitory 

activity (IC50 in the nanomolar range).226 Some examples are shown in the next figure: 

 

 
 

Figure 47 - Examples of piperidone-based LDHA inhibitors. 
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Pyrazole and indole derivatives 

The research group lead by F. Minutolo reported a series of glucose-conjugated methyl esters of N-

hydroxyindole-2-carboxilates that were able to inhibit LDH-A (Figure 48).227 Among them, the 

glycosylated analogue of NHI-2, showed good cellular activity. Although having a higher Ki constant 

in enzymatic assays with isolated enzyme (Ki= 37.8 µM), than NHI-2 (Ki= 5.1 µM), the glucose 

fragment enhanced its cellular uptake, via GLUT-1 transporters, obtaining higher cytotoxic activity on 

HeLa cells.228 

 

Figure 48 - Structures of NHI-2 and its glucose-conjugated analogue. 

 

Other types of pyrazolo- and indole-based analogues have been discovered (Figure 49) by screening 

of large compound databases.229 These derivatives showed high inhibitory activity against LDH-B. 

However, these compounds showed also good selectivity for other dehydrogenases, such as 

glyceraldehyde 3-phosphate. 

  

 

 

Figure 49 - General chemical structure of pyrazole (left) and indole derivatives (right). 
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Pyrazolidine derivatives 

A family of pyrazolidine derivatives showed IC50 between 10 and 50 µM in carcinoma cell lines (Figure 

50). These compounds showed affinity for both LDH-A and LDH-B. 230 

 

Figure 50 - Example of pyrazolidine analogue with LDH inhibitory activity. 

 

Pyrazolylthiazole derivatives 

Very recently, novel LDH inhibitors containing a 2-(1H-pyrazol-1-yl)thiazole-4-carboxylate scaffold 

have been reported. An example is shown in Figure 51. This compound was active in biological assays 

for the determination of inhibitory activity on LDH. It showed an IC50 value lower than 100 nM in LDH-

A inhibition assays and an IC50 value lower than 1 µM in the cellular inhibition of lactate production.231 

 

Figure 51 - Pyrazolylthiazole derivative active as LDHA inhibitor. 

 

4-aminoquinoline derivatives 

A patent application of GSK for LDH inhibitors contained compounds with the 4-aminoquinoline 

scaffold.232 One of the most potent derivatives is shown in Figure 52, where the quinoline motif has 

a sulphonamide group at position 3, and the nitrogen atom at position 4 carries an aryl ring containing 

a carboxylic acid. This compound showed a certain level of selectivity for LDH-A over LDH-B. Assays 

with this compound in Snu398 cells (hepato-carcinoma cell line) resulted in promotion of apoptosis. 
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Figure 52 - 4-aminoquinoline derivative. 

 

Malonic derivatives  

The diacid malonate-derivative AZ-33 was discovered by NMR fragment-based approaches at 

AstraZeneca UK as LDH-A inhibitor. It showed an IC50 of 0.5 µM on enzymatic assays with isolated 

enzyme, however, this compound lacked any cellular activity.225 

 

Figure 53 - Chemical structure of the hLDH5 inhibitor AZ-33. 

 

Nicotinic acid derivatives 

With a similar approach to AZ-33, scientists from ARIAD Pharmaceuticals followed a similar fragment-

based approach to discover a family of LDHA inhibitors by linking fragments of different picolinic acid 

analogues.233 Methyl esters analogues were also evaluated. Acid derivatives showed better activity 

than their ester counterparts and reached the low IC50 values in micromolar range in the enzymatic 

assay, as well as the KD on SPR assays.  

 

Figure 54 - Example of nicotinic acid derivative developed as LDH-A inhibitor. 
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2.1.4 Enzymology: a short introduction 

Enzymes are macromolecules that catalyse the chemical transformation of one molecule, named 

substrate, into a different molecular entity, the product. This reaction implies that enzyme and 

substrate must meet and form a binary complex through the binding of the substrate to a specific 

site on the enzyme macromolecule, the active site.234 

All the equations presented in this section and their corresponding dissertation have been adapted 

from several books written by R. Copeland.235,236 We will start this short review of key concepts in 

enzymology by introducing the equilibrium dissociation constant, KD.  

KD describes the equilibrium between free and ligand-bound receptor molecules. Assuming, for now, 

that the receptor has a single binding site for the ligand, and the only states of any ligand molecule 

are either free or bound to a receptor molecule, we can obtain a pair of mass conservation equations 

to describe it: 234 

[R] = [RL] + [R]f  Equation 2.1 

[L] = [RL] + [L]f   Equation 2.2 

where [R] and [L] are the total concentrations of receptor and ligand, respectively, [R]f and [L]f  are 

the free concentrations of the two molecules, and [RL] is the concentration of the binary receptor—

ligand complex. Under any specific set of solution conditions, an equilibrium will be established 

between the free and bound forms of the receptor. The position of this equilibrium is most commonly 

quantified in terms of the dissociation constant, KD:  

   

𝐾𝐷  =  
[R]f [L]f

[RL]
 

             Equation 2.3 

The strength of binding, or as Robert Copeland states in his book, “the relative affinities of different 

receptor-ligand complexes are inversely proportional to their KD values: the tighter the ligand binds, 

the lower the value of the dissociation constant”.234 

 

The rapid equilibrium model of enzyme kinetics 

Since early in the 20th century, it is accepted among enzymologists that the reaction catalysed by an 

enzyme can be described by the following reaction scheme: 

 

Scheme 2.1- General scheme of enzyme-catalysed reactions provided by Brown in 1902. 237 
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The equilibrium between two components, the enzyme E and substrate, S, forming a complex, ES, 

will be governed by the rate of complex formation (association rate constant, k1) and by the rate of 

dissociation of the formed complex, (dissociation rate constant k-1).234  

The equilibrium dissociation constant, KD is given by the ratio k-1 to k1: 

  Equation 2.4 

Equilibrium constants k-1 and k1 are also referred to with the general terms koff and kon, respectively. 

  Equation 2.5 

Thus, KD is giving us information about the affinity of the substrate for an enzyme and ES complex 

formation. 

When illustrating the rate of enzyme activity versus increasing substrate concentrations, rather than 

observing a linear relationship, enzymologists found that the velocity approached asymptotically to 

maximum velocity, Vmax. The velocity slowed down at high substrate concentrations (Figure 55). 

 

 

Figure 55 - Enzyme activity rates measured at different substrate concentrations. Data are fitted by 
a non-linear regression. Taken from reference 234. 

 

The model initially proposed in scheme 2.1, and the observed behaviour of the enzyme in the 

reaction progress need of an equation that could be used by experimental scientist for studying 

Vmax 
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enzymes kinetics. This was first achieved by Henri (1903) and Michalis-Menten ten years later 

(1913).237 The Henri—Michaelis—Menten approach assumes that a rapid equilibrium is established 

between the reactants (E + S) and the ES complex, followed by slower conversion of the ES complex 

back to free enzyme and product(s); this is, this model assumes that k2 << k-1 (Scheme 2.1). Based in 

this assumption, the mathematical expression that describes the enzyme behaviour was: 

 

𝑣 =  
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑑  +  [𝑆]
 =  

𝑉𝑚𝑎𝑥

1 +  
𝐾𝑑

[𝑆]

 

            Equation 2.6 

Equation 2.6 was derived independently by Henri and Michaelis and Menten to describe enzyme 

kinetic data in the rapid equilibrium state.234 It possesses a remarkable similarity with the equation 

and the forms of equation firstly derived by Langmuir (Figure 56).  

 

 

  

Equation 2.7  

 

 

 

 

 

Figure 56 - Langmuir equation (Equation 2.7) and its representation (right graph, the Langmuir 
isotherm) for the formation of the binary complex, RL. Taken from reference 234. 

 

The equation describes a square hyperbola that is typical of saturable binding in a variety of physical, 

chemical, and biochemical situations. Langmuir derived this equation to describe adsorption of gas 

molecules as function of pressure under constant temperature, this is, under isothermal. In his 

honour, the equation is known as the Langmuir isotherm equation. 
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The steady state model of enzyme kinetics 

The Henri-Michaelis-Menten model was based on a rapid equilibrium approach to enzyme reactions. 

However, most of experimental measurements of enzyme reactions take place when the ES complex 

is present at a constant, steady state concentration. 

As described by Copeland, “steady state refers to a time period of the enzymatic reaction during 

which the rate of formation of the ES complex is exactly matched by its rate of decay to free enzyme 

and products”.237  

To achieve a steady state, certain conditions must be met:237 

a) During the initial phase of the reaction progress, this is, conditions which measures the linear 

initial velocity) there is no appreciable formation of any intermediates other than the ES 

complex. Thus, all the enzyme molecules possibly found are either free enzyme [E] or enzyme-

substrate complex [ES].  

 

[E]t = [E] + [ES] 

 

b) The total amount of S can be obtained by the free substrate plus the substrate forming the 

ES complex 

[S]t  = [S] + [ES] 

The enzyme works catalytically, so in the rapid equilibrium stablished between S and E, the 

concentration of substrate is very high compared to that of the enzyme ([S] >> [E]). The 

formation of the ES complex barely decreases the concentration of free substrate, so the 

approximation [S]t  ~ [S] can be assumed. 

c) At the start of the reaction will be fast burst of formation of the ES complex followed by a 

kinetic phase where the formation of the ES complex is balance by the dissociation of such 

complex into free enzyme and products. This is the steady state, defined by  

 

 

With these assumptions made, we can now elaborate an expression for the enzyme velocity under 

the steady state conditions as a function of the [S].237 Recalling our scheme of the simplest of 

enzymatic reactions (Scheme 2.1), the pseudo-first-order progress curve for an enzymatic reaction 

(this is, the velocity, V0) can be described as: 

 

V0= k2[ES]              Equation 2.8 

 

The rate of the reaction depends on the concentration of the ES complex. At the same time, [ES] is 

dependent on the rate of formation and dissociation of the complex.  
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The rate of ES complex formation is given by equation 2.9: 

[ES] = k1[E] [S]                   Equation 2.9 

 

ES complex can dissociate in two directions, either to form E+ S or E + P (Scheme 2.1). The rate of 

dissociation of ES is described as follows: 

ES = k-1[ES] + k2[ES]              Equation 2.10 

 

The steady state requires that the formation of ES complex is balanced by its dissociation into free 

enzyme and products and substrate.237 In other words, a moment in which the rate of ES formation 

(Equation 2.9) is equal to the rate of ES dissociation (Equation 2.10). Thus: 

k1[E][S] = k-1[ES] + k2[ES]   Equation 2.11 

 

This can be arranged to give the equation: 

 

k1[E][S] = (k-1 + k2)[ES]   Equation 2.12 

 

and therefore, 

   

Equation 2.13 

 

Instead using these three constants ratio, we use a new constant named Michaelis constant, Km:  

 Equation 2.14 

 

And now we can rearrange the equation as follows: 

  

Equation 2.15 
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Bearing in mind the conditions assumed in the steady state, this is, [E]t = [E] + [ES] and [S] ~ [S]t, we 

can rewrite equation 2.16:  

 

 Equation 2.16 

 

Which can be simplified as:  

 

 Equation 2.17 

 

If we now combine equation 2.17 with the expression of the velocity expression in equation 2.8, we 

obtain:  

 

  Equation 2.18 

 

Recalling now the reaction reaches a maximum velocity, Vmax, where all the enzyme’s active sites 

are occupied, the equation that describes that enzymatic state is: 

 

Vmax= k2[ES]max  Equation 2.19 

 

If all the enzyme’s active sites are occupied, this means that no free enzyme is found, so the equation 

[E]t = [E] +[ES] can be simplified as [E]t = [ES] and therefore: 

 

Vmax = k2 [E]t    Equation 2.20 

 

Rearranging equation 2.20, the total enzyme concentration is:  

 

[E]t = Vmax / k2    Equation 2.21 
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Including this expression in equation 2.19, we finally obtain the central expression for steady state 

enzymatic kinetics that describe our curve represented in Figure 56: 

 

    Equation 2.22 

Although equation 2.22 differs from the original equilibrium expression derived by Henri and by 

Michaelis-Menten (equation 2.6), this equation is nevertheless universally referred to as the 

Michaelis—Menten equation. 

Furthermore, if we compare these equations, 2.22 and 2.6, the former for steady state conditions 

and the latter for the rapid equilibrium treatment, we realise that the equations are identical except 

for the substitution of KD for Km. However, the two constants are not equal. Recall that Kd is defined 

by the ratio of the reverse and forward reaction rate constants (KD= k-1 / k1; equation 2.4).  

This value is different from the expression for Km given in equation 2.7. Only when k2<< k-1, Km and 

KD are equivalent. Otherwise, depending on the enzymatic system, Km value can be greater than, 

equal to or less than KD. Therefore, Km should be considered as a kinetic, not thermodynamic 

constant.237  

The significance of Km – Interpretation of the Michaelis-Menten equation  

We have just derivate the equation 2.22 that explains the behaviour of an enzyme and how its 

velocity catalysing a reaction changes as the concentration of substrate increases.  

When plotting the V0 as function of [S], we obtained a curve as the one represented in the next figure: 

 

Figure 57 - Saturating curve representing the variation of the reaction rate of an enzyme as function 
of substrate concentration [S]. Michaelis-Menten constant (KM) and Vmax values are also indicated. At 
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the beginning or the reaction, there is a relative straight line and then, the velocity starts to decrease 
and approach asymptotically to the Vmax value.  

What value do Km add to the understanding of the enzyme under study?  

First, we will simplify the Michaelis-Menten equation. Because Km has the same units as [S], we will 

assume that Km value is equal to [S]: 

 

Km= [S]    Equation 2.23 

Now we can substitute this value on the Michaelis-Menten equation (equation 2.22), and obtain: 

 

𝑉0 =  𝑉𝑚𝑎𝑥  
[𝑆]

[𝑆]  +  [𝑆]
 

Equation 2.24 

Which can be simplify as follows: 

𝑉0 =  𝑉𝑚𝑎𝑥  
[𝑆]

 2[𝑆]
 =  

𝑉𝑚𝑎𝑥

2
 

          Equation 2.25 

This simplification has a relevant physiological meaning: when the Km constant is equal to that 

particular substrate concentration [S], the velocity of the enzyme is exactly half of the maximum 

velocity of that particular enzyme (Figure 16).237   

In other words, the Km is the substrate concentration [S] at which the velocity of that enzyme’s 

activity is exactly half of its maximum velocity, Vmax.  

Km describes the situation in which exactly half of all the active site of the enzyme are occupied with 

the substrate in the steady state.    

Km value varies considerably from one enzyme to another, and for a specific enzyme with different 

substrates. Although Km is not an equivalent to KD (the constant that measures the formation of the 

ES complex), it can nevertheless be used as a relative measure of substrate binding affinity.237 

 

“Apparent” Michaelis-Menten constant, Km’ 

A competitive inhibitor obstructs binding of substrate to enzyme, hence raising the Km value (this 

new Km value is the “apparent” Michaelis-Menten constant, Km’), without affecting the Vmax.  

 

The relationship between Km and Km’ (or Kmapp) is described by equation 2.26: 237 
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 Equation 2.26 

where I is the concentration of inhibitor and Ki is the dissociation constant for the enzyme-inhibitor 

complex.  

Increasing concentrations of inhibitor displace the midpoint of the binding isotherm towards the right 

(Figure 58). This change is indicative of a “loss” of affinity of the S for the enzyme, however, 

competitive inhibition can be overcome by increasing substrate concentration. 

 

Figure 58 - Substrate titration of steady state velocity for LDH-A in the presence of an inhibitor at 
varying concentrations.  

 

In the present chapter we will study to what extent the compounds under study will alter the Km 

values of pyruvate and NADH, both the natural substrate and cofactor of LDH-A enzyme, to exert 

inhibitory activity with the enzyme.
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2.2 HYPOTHESIS, AIM AND OBJECTIVES 

Cancer cells differ from healthy tissues because of their metabolism. They preferentially obtain 

energy through glycolysis rather than oxidative phosphorylation.  This so-called Warburg effect is 

based on the over expression and strong dependence of tumoral cells on LDH-A to obtain energy. 

This deviation from normal metabolism is a common feature of cancer processes and makes of LDH-

A a perfect target for antitumoral therapies.    

The aim of the present study was to discover novel human Lactate Dehydrogenase A inhibitors for 

their use as antitumoral agents. 

In particular, the objectives pursued in this chapter were the following: 

1- To screen the library of compounds present in the research group and unveil potential new 

LDH-A inhibitors.  

2- To synthesize and characterize new derivatives of the selected compounds, with the goal 

to improve their inhibition activity. 

3- To perform enzymatic based assays and Surface Plasmon Resonance experiments to assess 

the potency of each inhibitor via derivation of the kinetics parameters (Ki, Kd, IC50). 

4- To evaluate the cytotoxic activity against a specific type of cancer cells: human glioblastoma 

cell line. 

5- To determine the Structure-Activity relationships of the target compounds based on the 

outcomes of the enzymatic assays, as well as to apply chemical modifications for improving 

the inhibition potency. 
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2.3 RESULTS AND DISCUSSION 

The compound library belonging to our research group was screened via enzymatic assays to detect 

potential novel active LDH inhibitors. As a result, several compounds with a quinone-based core 

structure showed good inhibitory activity, and were selected for their further development and 

characterization as LDH-A inhibitors. 

2.3.1 Biologically active quinones 

Quinones derivatives are part of the chemical structure of many compounds with a great variety of 

functions, some of them naturally occurring. They play key roles in the metabolism of cells, including 

respiration and photosynthesis. For instance, coenzyme Q works as electron carrier in the respiratory 

chain, whereas vitamin K (Figure 59) is fundamental for blood coagulation and carboxylation of 

glutamate.238 Quinones and naphthoquinones can function as cellular mechanism of defence. For 

example, juglone (from Juglans nigra) and plumbagin (from Plumbago rosea) are naturally produced 

in plants against fungi and bacteria.239 Quinones are even active against parasite (e.g. as trypanocidal 

agents).240 Very recently, a series of naphthoquinone derivatives has been found to avoid aggregation 

of amyloid proteins such as ß-amyloid, tau protein and insulin.241 Naphthoquinones have shown anti-

inflammatory and antipyretic activities,242 as well as potent antitumoral agents approved for clinical 

use (doxorubicin, mitomycin C and mitoxantrone,  among others). 243,244 

 

Figure 59- Chemical structures of some quinone-base compounds with different physiological and 
pharmacological activities. 

In the present work, naphtho- and anthraquinones have been conjugated to different L-amino acids 

with the aim of exploring their potential activity as human LDH inhibitors, which, to our knowledge, 

it remains unreported in the literature. 
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2.3.2 Synthesis of Quinone-Amino acid Conjugates  

The synthesis of the quinone-amino acids hybrids family pivots on the idea of using L-tryptophan as 

the amino acid fragment in combination with two commercially available quinone derivatives. The 

selected quinone fragments were the 1,4-naphthoquinone and the 1,4-anthraquinone (Figure 60).‡

 

 

Figure 60 - Quinone-based fragments used in this study: the 1,4-napthoquinone, 15a, and the 1,4-
anthraquinone, 15b. 

The reaction involves two steps: the conjugate addition of the amine on the quinone analogue and 

the subsequent aromatization of the product to yield the quinone-amino acid conjugate with general 

formula 17 (Table 10). 

 

The experimental conditions for these reactions were previously described by Katritzky and co-

workers.245 Briefly, the amino acid and the quinone were dissolved in a mixture of EtOH and water 

and stirred for 24 h at room temperature. Table 10 summarises the conditions and general structure 

of naphtho- and anthraquinone-L-tryptophan conjugates:  

Table 11 - Synthesis of quinone- L-tryptophan conjugates (17a-e) via Michael addition and re-
oxidation. 

 

 

 
‡ Many of the compounds here described has been previously presented in the Master’s project entitled 

“Síntesis de nuevos radiotrazadores 18F-PET con esqueletos heterocíclicos novedosos para el diagnóstico in 

vivo de la enfermedad de Alzheimer y otras tauopatías” (Álvaro González Molina, 2017) 
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Entry 15 16 R R2 17 Yield (%) 

1 15a 16a H H 17a* 61 

2 15a 16b CH3 H 17b 63 

3 15a 16c H OH 17c 57 

4 15b 16a H H 17d 68 

5 15b 16c H OH 17e 52 

*17a has been previously described by Kratritzky et al. 245 

The quinone-amino acid conjugates were obtained in moderated yields, due to the arduous 

extraction and purification steps. Amino acids are zwitterionic species, and the determination of the 

pH value at which the isoelectric point was reached was hard to determine.  

The extraction procedure was optimized from the conditions described in the literature.245 Those 

conditions included, first, direct purification by column chromatography eluting with hexane: ethyl 

acetate under gradient conditions; and second, extraction of the yielded naphthoquinone-amino acid 

triethyl ammonium salts with dichloromethane and acidified water (HCl 4M) and then with brine. 

This methodology was improved by altering the order, this is, firstly the extraction (starting with a 

saturated aqueous solution of Na2CO3) and then, washing the organic phases with HCl 4M. Finally, 

the crude was purified by column chromatography affording the desired compounds in yields 

indicated above (Table 10). 

More amino acids were employed for their conjugation with 1,4-naphthoquinone, 2a. The selected 

amino acids were those which possess a cycle in their side chain. Hence, new naphthoquinone 

hybrids were obtained with tyrosine, proline, and histidine. 

The applied conditions for the obtaining of these new quinone-amino acids hybrids were equal to 

those described in Table 10 and are summarised in scheme 2.2:  

 

 

Scheme 2.2- Reaction between 1,4-naphthoquinone 2a and the corresponding amino acid 3 to afford 

quinone conjugates 17g-h. 
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The yields of the products 17g-h were moderate. When the amino acid L-proline was used, the 

reaction proceeded in a different manner affording unexpected products, probably due to the steric 

hindrance on the secondary amine. 

 

Structural elucidation of compound 17x 

Interestingly, when the 1,4-naphthoquinone and L-histidine were incidentally left to react for a longer 

period (i.e. 3 days rather than 1 day) the reaction led to a new compound, 17x (Scheme 2.3). 

 

Scheme 2.3 - Reaction conditions under which compound 17x was formed. 

 

The HPLC-MS analysis of 17x after purification on silica revealed a base-peak in the chromatogram 

whose m/z was 512 (M+H+), which did not match with the expected naphthoquinone-histidine hybrid 

(m/z 312, M+H+). 

The 1H NMR spectrum of 17x product is shown in Figure 61: 
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Figure 61: 1H NMR spectrum of crude product 17x, the deuterated solvent of choice was DMSO. This 
spectrum was acquired in a 400 MHz Bruker instrument.  

Some of the most important features presented in this series of quinone amino acids conjugates were 

visible. For example, the single proton corresponding to the quinone fragment presented a chemical 

shift of 5.70 ppm. The chiral CH appeared at 4.57 ppm and the vicinal CH2 appeared at 3.17 ppm, 

partially hidden by the signal corresponding to residual water of the deuterated solvent (3.33 ppm). 

The COOH group was also visible at 10.20 ppm as well as a very congested aromatic zone. Particular 

signals were the quartet at 4.15 ppm and the triplet at 1.19 ppm, which initially could be interpreted 

as residuals of AcOEt as solvent, but the singlet at 1.90 ppm in this spectrum did not correlate with 

the expected chemical shift typical of AcOEt (1.99 ppm), also its integral did not correspond to the 

theoretical value (expected for AcOEt = 3, found = 0.46). The aromatic area of the spectrum was very 

rich in signals, with integral values superior to the expected ones for the quinone-histidine hybrid. 

To facilitate the structural elucidation of 17x, an Ion Mobility-High Resolution Mass Spectrometry 

(IM-HRMS) analysis was undertaken using electrospray ionization operating in positive and negative 

ion mode (ESI+/-). 

The base-peak ion chromatogram (BPI) shows a peak with a RT = 6.48 min, whose purity (blank 

subtracted) was 88% (Figure 62).  
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Figure 62- Base-peak ion chromatogram (BPI) of compound 17x. 

MS raw data were processed on UNIFI Scientific Information System which uses a 3D-peak detection 

algorithm that takes into account the three dimensions: retention time (RT), mass-to-charge ratio 

(m/z) and arrival time (tA). A component list is automatically generated by the software. In ESI+, by 

sorting the components for their absolute response (i.e. detector counts for the monoisotopic ions) 

the component with the 3 coordinates: RT = 6.48 min, tA = 6.93 ms, m/z = 512.1467 was recognised 

as the most intense ion in the chromatogram.  

The low energy spectrum (A) presented the quasi-molecular ion at m/z 512.1467 (Figure 63), whilst 

the drift time-aligned high energy spectrum (B) shows the product ions originated in the collision cell 

from the fragmentation of the precursor ion (Collision Induced Dissociation, CID). 
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Figure 63 - Low energy (A) and high energy spectrum (B) of the compound 17x in ESI+. 

It is important to note that by enabling the ion mobility separation prior to the Q/Tof mass analyser, 

the alignment of fragment ions with the respective precursor is performed. In this way, the ion 

mobility cell acts as an ion-filter, thus the low energy spectrum presents only the ions with a tA = 6.93 

±0.21 ms (i.e. the component of interest), while the high energy spectrum presents exclusively the 

fragments of the precursor ion at the above-mentioned arrival time. This allowed us to perform a 

comprehensive fragmentation study of the candidate molecule, as all major product ion peaks are 

attributed to the fragmentation of the ion m/z 512.1467, whilst the fragments coming from potential 

co-eluting compounds and/or background contaminants with a different drift time are discarded. 

 

Figure 64 - Low energy spectrum of compound 17x showing its [M+Na]+ and [M+K]+ adducts. 

The m/z 512.1467 was attributed to the [M+H]+ adduct. This was confirmed by the presence of the 

ions m/z 534.1275 and 550.1011 in the low-energy (non-drift aligned) spectrum, being the [M+Na]+ 

and [M+K]+ adducts, respectively (Figure 64).  
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The elemental composition of all adducts was automatically calculated by UNIFI software (Waters 

Corp.), keeping the mass error threshold at 2 mDa. The most probable calculated molecular formula 

was C28H21N3O7. 

A first hypothesis for the chemical structure of compound 17x was that illustrated in Figure 65. This 

structure would be consistent with a further addition of the amino acid moiety to a second 

naphthoquinone molecule: 

 

Figure 65-  First hypothesised chemical structure for compound 17x. 

 

Due to an excess of base and naphthoquinone, in addition to a longer time of reaction, a second 

Michael addition would have taken place on a second molecule of naphthoquinone from one of the 

imidazole nitrogen atoms. However, this structure didn’t match the hypothesised molecular formula 

by the mass analysis mentioned above (C28H21N3O7). But the double bond equivalent (DBE) for this 

structure was 20 (based on the sum of molecule insaturations and rings). A value that fully agrees 

with that calculated for the main ion peak.  

Therefore, the previously hypothesised molecule (Figure 65) missed a chemical group consisting of 

C2H4O. This fragment highly resembled an ethoxide moiety, that is -OCH2CH3, or ethanol: HOCH2CH3. 

It can be assumed that the solvent of the reaction, ethanol, added to one of the quinone rings via 

Michael addition, followed by aromatization of the product, possibly via oxidation by atmospheric 

oxygen or other quinone molecules present in the reaction mixture, as previously observed for the 

naphthoquinone analogues. 

 

This led us to a second possible structure, which is shown in figure 66. 
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Figure 66 - Proposed chemical structure of compound 17x. 

 

This new chemical structure matched the predicted molecular formula, the calculated mass and the 

DBE. 

From a deeper analysis of the 1H-NMR spectrum in Figure 60, we can speculate that the addition of 

an ethoxide group can be explained by the presence of the quartet at 4.66 ppm and the triplet at 

1.19 ppm. It is important to notice that the addition of this fragment to the naphthoquinone directly 

linked to the imidazole ring has been based on the more electrophilic nature of the C3 carbon in this 

quinone compared to the C3 carbon of the second quinone fragment. The imidazole ring can 

potentially reduce the electron density in the double bond on the quinone, making of it a more 

reactive Michael’s acceptor. Nevertheless, NOE studies are required to confirm the location of the 

ethoxyl moiety. 
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Summary of the synthesised candidate LDH inhibitors  

A total of 9 quinone-conjugates hybrids were selected for the enzymatic and SPR studies as potential 

LDH-A inhibitors (Figure 67): 

 

 
 

Figure 67 - Quinone-amino acids hybrids proposed in the present study as candidates for LDH-A 
inhibitors. 
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2.3.3 Assessment of the Inhibitory Activity of Quinone Activity of Quinone-

Amino Acid Conjugates  

The inhibitory potency of quinone hybrids was initially explored by two screening assays: first, 

evaluating the strength of interactions in the inhibitor-protein complex by Surface Plasmon 

resonance (SPR). Second, measuring the consumption of NADH as a direct indicator of the enzyme 

activity.  

Next, kinetic studies were performed, for the obtention of dissociation constants KD and Ki. 

Screening with Surface Plasmon Resonance (SPR)  

SPR is a surface technique which allows real-time study and monitoring of binding events between 

entities such as proteins and small molecules. Additionally, it provides kinetics and affinity 

parameters. In brief, the protein – or more technically named, the ligand- is immobilised in the 

surface of a gold sensor chip. Then, solutions of different analytes flow over the surface allowing the 

study of the interactions between both ligand and analyte. (Please refer to Chapter 1, Results and 

Discussion section 2.3, for further technical details of SPR). 

In the present study, SPR was initially used as screening tool for determining interactions between 

the protein LDH-A and the synthetised compounds (the analytes). Next, SPR was employed to 

perform  kinetic studies and determination of the dissociation constant, KD.  

With the aim of discerning the compounds that bind to the enzyme from those that present no 

interaction, LDH-A enzyme was immobilized in the gold sensor-chip by means of amine coupling, and 

compounds were injected one at a time. The compounds flow over the functionalised chip with the 

enzyme (Figure 68). Compounds were injected at 100 µM dissolved in running buffer.  

  



Chapter 2 – Results and Discussion 

147 
 

 

 

 

Figure 68 - SPR Sensorgrams for quinone-amino acids hybrids and NHI-2 binding to the surface with 
immobilised LDH-A.  

According to the principle of the SPR assay, the response (which is measured as resonance units, RUs) 

is a direct indicator of the binding events on the surface of the sensor chip, and the higher the 

response registered, the higher the number of molecules of analyte bound the ligand. However, it is 

important to remember that under these experimental conditions what we are observing is just a 

yes/no answer to the question Is there any interaction with the enzyme? 

As it can be appreciated in Figure 68A and 68B, most of the quinone-amino acids conjugates bound 

the enzyme. Compounds 17a, 17f, 17g and 17x, with more than 200 RUs, appeared again as the best 

candidate LDH inhibitors, closely followed by 17d (~140 RUs). By contrast, the histidine methyl ester 

compound, 17h, barely bound the enzyme 

Compounds 17c, 17e and the positive control NHI-2 gave a response ranging between 40 to 70 RUs. 

NHI-2 presented a more irregular profile, partly due to the high lipophilicity of this compound. 

Compound 17b behaved similarly to NHI-2, reaching up to 40 RUs. (Figure 68A).  
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Kinetic studies with SPR 

The next step was the assessment of the compound’s affinity for LDH-A enzyme by obtaining the 

dissociation constant (KD) with respect to the enzyme-inhibitor (EI) complex. The assay was 

performed in two stages: 1) the enzyme was fixed on the surface of the sensor-chip; 2) each 

compound was injected in a range of scaled concentrations.  

The compounds showed an interaction ratio enzyme:  inhibitor of 1:1.  Experimental data fitted the 

kinetic model (based on kon/koff measurements), according to Equation 2.27, which describes a two-

state reaction model. This model addresses the situation where the analyte binds to immobilized 

ligand followed by a  conformational change that stabilizes the complex.   

 

A+ B AB AB* 

                   𝐾𝐷  =  
𝑘𝑑1

𝑘𝑎1
×

𝑘22

𝑘𝑑2 + 𝑘𝑎2
   Equation 2.27 

 

kd1 corresponds to the dissociation constant of the first state whereas kd2 is the dissociation constant 

for the second state. Likewise, ka1 described the association rate in first state and ka2 described the 

association rate in the second state. 

The KD of compounds was calculated (Table 11). 
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Figure 69 – SPR sensorgrams and 
kinetic fitted curves (black lines) of 
synthetised compounds. Sensorgrams 
were obtained using dilution series of 
the tested compounds (5-100 µM). 
Curve fit and error (Chi2) values were 
obtained with Biacore Software. 
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Table 12 - KD values obtained in SPR for quinone-amino acids hybrids. 

Compound KD (µM) 

17a 189 

17d 575 

17f 1100 

17g 682 

17x 117 

 

Compound 17x showed the highest affinity, with a KD value of 117 µM, closely followed by compound 

17a (Table 11). Despite presenting a high level of binding in the previous screening, compound 17f 

showed the lowest affinity, possibly due to additional off-target interactions with the enzyme. 

The shape of the sensorgram can provide useful information. As we already introduced in Chapter 1, 

sensorgrams can be divided in three main regions, corresponding to association, equilibrium and 

dissociation phases (Figure  70). 

 

 

Figure 70 – Typical curve shape of a SPR sensorgram. Taken from reference 146. 

 

A pronounced slope in the association phase indicates a quick interaction between ligand and 

analyte, which rapidly leads to the steady state, where binding and dissociation events are in 

equilibrium. This phase is identified when the curve reaches plateau. Finally, the ease by which the 

analyte separates from the ligand is also reflected in the curve shape. The more pronounced the 

slope, the faster is the dissociation, and vice versa. 

In general, all the tested compounds dissociated rapidly from the ligand, as it can be appreciated by 

their curve shape. Fast dissociation phase implied a reversible interaction, which means that our 
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compounds bind the enzyme in a reversible manner. This fact gave us valuable insights of the 

enzyme-inhibitor complex formation, suggesting that our quinone-amino acid compounds could 

behave as reversible inhibitors of LDH-A.  

Compounds 17f, 17g and 17x presented very good profiles, reaching equilibrium and then a fast 

dissociation (Figure 69). In particular, compound 17g rapidly reached equilibrium and kept the steady 

state for a longer period compared to the other compounds. Compounds 17d and 17a showed good 

profiles as well, with quick association and dissociation phases.  

Encouraged by these preliminary results and with the aim to better characterise the mechanism of 

action of the quinone- amino acid hybrids as LDH-A inhibitors, compounds were subjected to a 

second screening via enzymatic assays. 
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Enzymatic assays 

The oxidation of NADH is a direct measure of the consumption of pyruvate and its transformation 

into lactate. The reaction rate of LDH-A was determined by a decrease in absorbance of NADH at 340 

nm in a UV-VIS spectrophotometer. In all experiments described herein, the activity of LDH was 

observed under competitive conditions between the compounds and the natural substrate 

(pyruvate) or the cofactor (NADH). Thus, two experimental designs were applied:  

1. NADH competition assay - the ability of inhibitor candidates to interact with the active site of 

NADH is assessed by using competitive concentrations of NADH and a fixed (and saturating) 

concentration of pyruvate (Figure 71). 

 

2. Pyruvate competition assay - by using competitive concentrations of pyruvate and fixed and 

saturating concentration of NADH, the ability of compounds to bind the pyruvate site of LDH 

was evaluated. 

 

 

 

Figure 71 - Schematic representation of the NADH competition assay. In this experiment, the natural 

substrate, pyruvate (P), is added at high concentrations, so the inhibitor (illustrated as red circles and 

diamond figures) is forced to compete with NADH (N) for binding the NADH site. 

 

Screening of inhibitory activity of quinone-amino acid hybrids on enzymatic assays  

The assessment of the inhibitory capacity of the compounds relative to the negative control was 

verified by using 125 µM of each candidate under standard enzyme kinetics experiments (refer to 

materials and methods for more details). Compound N-hydroxyindole-2 (NHI-2) is a known small 

molecule with potent inhibitory activity against human LDH-A that was included in the screening 

assays as positive control.246 

The screening was carried out in two independent experiments, A: saturating the pyruvate binding 

site, and B: saturating the nicotinamide binding site (Figure 72). 
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Figure 72 - Measurement of inhibition (%) of enzymatic activity of LDH-A in the presence of 
quinone-amino acid hybrids (17a-h and 17x) at 125 µM. Results are reported as mean ± SD (n=3). 

In the NADH competition assay (Figure 72A), the cofactor was added at 90 µM, and pyruvate at 2 

mM. By contrast, in the pyruvate competition assay (Figure 72B), pyruvate was added at 200 µM, 

and NADH at 300 µM. NHI-2 was used as positive control in both tests. These conditions have been 

reported  previously by Granchi et al. and they have been used here with minor modifications. For 

instance,  the concentration of enzyme used in the assay was optimized, so that the consumption of 

NADH could be observed for the total length of the experiment. In addition, the pyruvate competition 

assay was included, for better comparisons between active sites. 

These screening experiments revealed promising results for quinone-amino acid hybrids. All screened 

compounds showed moderate to very good level of  enzymatic inhibition, with compound 17d at the 

forefront of the group in both NADH and pyruvate competition assays (92 ± 2.5% and 85 ± 6%, 

respectively). Compound 17d presented very good inhibitory values, comparable to the positive 

control NHI-2. 

Compounds 17a, 17x and 17g presented remarkable inhibitory potency in both tests, with inhibitory 

percentages above 60% in the NADH competition assay (Figure 72A). 

In these preliminary results, compounds 17c, 17f, and 17h showed a modest affinity for the LDH-A 

binding sites, with inhibition percentages around the 50% in the NADH competition assay and closer 

to 40 % inhibition in the pyruvate competition assay. 

Interestingly, esterification of compound 17a caused a striking drop in the inhibitory potency of the 

resulting compound (17b), which could be appreciated in both tests. Similarly, compound 17h, 

another ester, showed lower inhibitory capacity (38 ± 4% in the NADH competition assay) compared 

with its acid analogue, 17g.  

The screening via enzymatic assay in solution helped us to contrast the results firstly obtained in the 

screening with SPR, and confirmed the union of compounds to the active centre of the enzyme. 
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Candidates with a percentage inhibition relative to control higher than 50% were selected to further 

characterize their profile as LDH-A inhibitors in kinetic studies to obtain the IC50 and the inhibition 

constant (Ki) values. 

 

Determination of the inhibition constant (Ki)   

Ki - the concept 

An enzymatic reaction starts when the substrate (S) reversibly binds to the free enzyme (E) to form 

the ES complex. This process is quantified by the dissociation constant KD (which comprises the kon 

and koff rate constants for the formation of the ES complex). The ES complex will generate the 

reaction product(s) through a series of chemical modifications which are collectively defined by the 

rate constant kcat. 

 

Scheme 2.4- Schematic representation of the enzyme-catalysed conversion of the substrate (S) into 

the product(s) (P).  

Copeland described the enzyme-inhibitor binding equilibria in three different ways:247 Inhibitors can 

irreversibly bind to an enzyme and render it inactive, which usually happens by the formation of a 

covalent bond between the inhibitor and some group on the enzyme molecule. The second binding 

mode possible is through tight binding, this is, the inhibitor binds so strongly that for all practical 

purposes they are permanently bound (the dissociation rates are very slow). These inhibitors are 

known as tight binding inhibitors. However, in most cases inhibitors bind reversibly to enzymes with 

rapid dissociation and association rates. Inhibitors that follow this third type of binding are known as 

classical reversible inhibitors.247  

There are three major forms of reversible inhibitor interaction with enzymes: competitive, non-

competitive and uncompetitive inhibition. The relative potency of a reversible inhibitor is measured 

by its binding capacity for the enzyme. The equilibrium between the binary EI complex and the free 

enzyme and inhibitor molecules is defined by the dissociation constant KD, but in the case of enzyme-

inhibitor interactions, the dissociation constant is often referred to as inhibitor constant and is given 

the special symbol, Ki. 
248 

 

 

Scheme 2.5- Ki represents the dissociation constant of [EI] complex. 

A competitive inhibitor reversibly binds to the same site as the substrate, so its inhibition can be 

totally overcome by using a very high concentration of substrate. The Vmax will not be altered, 

whereas the effective Km increases.  
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In the case of a non-competitive inhibitor, it reversibly binds to both the enzyme-substrate complex, 

and the enzyme itself. This means that the effective Vmax decreases with inhibition, but the Km does 

not change. 

Finally, if the inhibitor binds to the enzyme-substrate complex, but not the free enzyme, the inhibition 

is uncompetitive. This reduces both the effective Vmax and the Km. 
249 

The EI complex could bind the substrate to form the ESI complex. However, the S could display a 

lower affinity for the EI complex than for the free enzyme. To quantify the degree to which inhibitor 

binding affects the affinity (KD) of the enzyme for substrate, Copeland described the constant α. 248 

Alpha determines the mechanism of inhibition: if there is no change in substrate affinity after the 

formation of the EI complex, then α = 1. This a non-competitive inhibition. By contrast, if the 

formation of the EI complex prevents the binding of substrate, α >>1 and the inhibition type is 

competitive. Finally, if the substrate’s affinity for the enzyme increases upon the formation of the EI 

complex, then α< 1 and the inhibition is uncompetitive.     

 

 

Figure 73 - Equilibrium scheme for enzyme turnover in the presence and absence of a reversible 

inhibitor. KD is the dissociation constant for dissociation of the ES complex, kcat expresses the overall 

rate of reaction after the ES complex formation. Alpha quantifies the effect of inhibitor on KD and Ki  

and ultimately, the alteration substrate- enzyme and inhibitor enzyme affinity. Taken from Copeland, 

2000.248 

 

Ki is very advantageous for expressing the potency of an inhibitor because, unlike IC50,  Ki is 

independent from the concentration of the substrate. 
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Experimental obtaining of Ki 

Prior to calculating the inhibition constants of each compound, the Michaelis-Menten constants (Km) 

of pyruvate and NADH were obtained under steady state conditions at 37 °C (Figure 74). 

 

 

Figure 74 - Michaelis-Menten curves corresponding to NADH and pyruvate. Km NADH= 20.7 µM; Km 
pyruvate = 118.7 µM. Data is reported as the mean of 3 independent experiments.   

Under this conditions, pyruvate showed a Km of 118.7 µM, whereas NADH presented a Km of 20.7  

µM, both in high agreement with values found in the literature (120 µM and 20 µM, respectively).246 

We obtained the dissociation constant (Ki) of LDHA with each substrate in the presence of the 

quinone derivatives (Table 12). Each compound was tested at different concentrations, ranging 

between 2 and 80 µM. For each concentration, a scaled amount of NADH was used, while keeping 

the concentration of pyruvate constant, for saturating the pyruvate binding site. The same study was 

performed by keeping the concentration of NADH fixed to saturate its binding site, the target 

compounds were tested with respect to the pyruvate binding site. The alpha values were determined 

by mixed-model inhibition fit in GraphPad Prism software. This model includes the alpha parameter 

discussed above as indicator of the type of inhibition mechanism (α = 1 non-competitive; α >1 

competitive; α <1 uncompetitive). 
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Table 13 - Ki for LDH-A - inhibition data in the presence of quinone-amino acid hybrids 
17a-h and 17x. Mixed-model inhibition fit (GraphPad Prism 8 software) was applied for 
the obtention of Ki and alpha values (α). Mean ± SD (n=3). 

LDH-A Ki (µM) 

Entry Compound NADHa Pyruvateb αNADH αPyruvate 

1 17a 57.0 ± 2.7 49.9 ± 3.8 

α >1 α >1 

2 17c 130.2 ± 4.3 134.7 ± 8.8 

3 17d 5.88 ± 0.7 2.9 ± 0.35 

4 17e 153.3 ± 10.1 212.0 ± 5.1 

5 17f 83.2 ± 4.3 89.3 ± 5.1 

6 17g 81.6 ± 1.3 78.8 ± 2.4 

7 17x 31.6 ± 3.2 84.14 ± 4.1 

The smaller the Ki value, the higher the affinity of the compound for the enzyme. 
aSaturating concentration of sodium pyruvate (2 mM) and competitive increasing 

concentrations of NADH (30- 900 µM). bCompetitive increasing concentrations of 

sodium pyruvate (25 µM to 2025 µM) and saturating concentration (300 µM) of NADH.  

 

According to the obtained alpha values, all the inhibitors behaved as competitive inhibitors in both 

binding sites of the enzyme (α >1). These results reinforced our previous outcomes with SPR, where 

the curve shape of the sensorgram indicated a reversible interaction between inhibitor and enzyme.   

 

Compound 17d showed the highest affinity for both nicotinamide and pyruvate sites, with Ki values  

of 5.88 ± 0.7 µM and 2.9 ± 0.35 µM, respectively. The most striking data were the Ki values of 

compounds 17d and 17e. Both entities are 1,4-anthraquinones coupled with tryptophan, that only 

differ on one -OH group (Figure 67). Compound 17e has the hydroxy group in position 5’ in the indole 

ring, whereas this group is absent in compound 17d. The -OH substitution provokes that the affinity 

for both binding sites drops by ~30-fold for the NADH site and almost ~200-fold in the pyruvate site 

(Table 12, entries 3 and 4). 

Compounds 17a and 17c are the 1,4-naphthoquinone counterparts of 17d and 17e. The same 

behaviour was observed in the pair 17a and 17c. 17a lacks of the hydroxy group, and displayed higher 

affinity for both binding sites (57.0 ± 2.7 µM and 49.9 ± 3.8 µM, respectively), whereas 17c showed 

Ki values of 130.2 ± 4.3 µM and 134.7 ± 8.8 µM (Table 12, entries 1 and 2). 

The quinone derivative possessing the amino acid tyrosine, 17f, showed moderate affinity for the 

LDH binding sites, with Ki values ranging 80-90 µM (Table 12, entry 5). 

Notably, compound 17x improved the inhibitory effect observed of compound 17g, as it can be 

appreciated by comparing the kinetic constants in both in SPR and enzymatic assays (Tables 11 and 

12).  
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Overall, quinone-amino acid hybrids presented similar affinity for both binding sites, as it is 

demonstrated by their respective Ki values. Only compound 17x, the analogue with the highest 

structural variability, presented a preference for NADH binding site (Ki = 31.6 ± 3.2 µM), almost 3-

fold smaller than the Ki value calculated for the pyruvate binding site (84.1 ± 4.1 µM). 

These Ki values manifest the good activity of quinone amino-acid hybrids as LDH-A inhibitors, 

particularly compounds 17a, 17x and 17d, the latter with a Ki value of 2.9 µM in the pyruvate site 

and 5.8 in the nicotinamide site. These values are among the lowest Ki values found in the literature 

obtained by enzymatic assays as the one here performed.250 For example, the N-hydroxyindole-based 

compounds developed by Granchi and co-workers (among them our positive control NHI-2) showed 

Ki values ranging from 4.7 to 35.4 µM.246  

 

Effect of inhibitors in binding isotherms of pyruvate and NADH 

Figure 75 shows to what extent an inhibitor can modify the Michaelis-Menten curve of each substrate 

(binding isotherms). These curves were obtained by plotting the reaction rates (V) obtained in the Ki 

tests versus the concentration of substrate. Increment in Km values (with the consequent 

displacement of the Michaelis-Menten curve towards the right) is indicative of a competitive 

inhibition. 
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Figure 75 - Michaelis-Menten curves of LDH-A in the absence (black line) or in the presence of 

compounds (coloured line). Quinone derivatives were tested at a range of concentrations (2-80 µM). 

Curves were obtained with GraphPad Prism software. 

 

The higher the affinity of the inhibitor for the enzyme, the larger will be the shift of the coloured 

curve towards the right. This phenomenon can be appreciated in some examples such as compound 

17g. Under equal concentrations, the binding isotherm of pyruvate shifts more than the isotherm of 

NADH. In other words, with the same quantity of 17g, we can inhibit more efficiently the enzyme by 

binding the pyruvate site.  

Another example is compound 17d. As a start, we can appreciate to what extent very small quantities 

of compound provoke a noticeable shift in both Michaelis-Menten curves. The shift observed in the 

pyruvate binding isotherm is approximately 2.5 fold the shift observed in the NADH binding isotherm, 

which is in accordance to the Ki values obtained for this compound. 

A final example is compound 17e. A higher concentration of 17e equal to 80 µM was needed to 

effectively modify the Km of pyruvate compared with that of NADH site, where 30 µM of 17e was 

sufficient. This trend is also observed in compounds 17c and 17x, the former with equal affinity for 

both binding sites and the latter with higher potency when displacing the NADH isotherm. 
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Different substitutions modulate the inhibitory potency 

The carboxylic acid 

The presence of a carboxy group is key for the inhibition activity. It is known that carboxylic acids 

moieties are recurrent in LDH inhibitors.225,231,233 Consequently, esterification of the carboxylic acid 

residue had detrimental effects that lead to poor results in LDH-A inhibition (compounds 1b, 1h). This 

can be explained by the presence of a carboxylic acid in the natural substrate of the enzyme: 

pyruvate. Indeed, oxalic acid is considered a classic competitive inhibitor of LDH. Although having Ki 

in the millimolar range, oxalic acid is commonly used as positive control of LDH inhibition due to its 

chemical structure that highly resembles pyruvate. Similarly, oxamic acid behaves as competitive 

inhibitor when lactate is present.251 

Furthermore, previous works demonstrated that vicinal -OH and -COOH groups are fundamental for 

the inhibitory activity of a several classes of LDH inhibitors252 (Figure 76). For example, the azole-

based compounds described by Cameron et al. such as 3-hydroxyisoxazole-4-carboxylic acid (HICA) 

and 4-hydroxy-1,2,5-thiadiazole-3-carboxylic acid (HTCA) showed IC50 values of 54 and 10 μM, 

respectively, on LDH-A (Figure 76). In fact, both methoxy-substituted derivatives or N-CH3 tautomer 

of HICA were inactive, as well as its ester analogues. Unfortunately, these compounds showed high 

affinity for both human and plasmodium falciparum-LDH enzymes.252 Granchi and co-workers 

developed a series of N-hydroxyindole derivatives with a carboxylic acid in position 2- that displayed 

very good affinity for hLDH-A, acting as competitive inhibitor with both substrate and cofactor246 

(Figure 76). 

The inhibitory effect of the quinone-amino acid hybrids of the present work could be imputed to a 

similar pharmacophore, composed by the carboxylic acid and the secondary amine (Figure 76). 

Naphthoic acids have been previously described as LDH inhibitors,223 thus, naphthoquinone and 

anthraquinone scaffolds could also contribute to the inhibitory activity. 

 

Figure 76 - Structure of LDH inhibitors bearing the OH/COOH pharmacophore and proposed 

pharmacophore quinone-amino acid conjugates. Key: 3-hydroxyisoxazole-4-carboxylic acid (HICA) 

and 4-hydroxy-1,2,5-thiadiazole-3-carboxylic acid (HTCA).  
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Molecular modelling with LDH-A and NHI-based compounds showed strong interactions between 

Arg109 and the carboxylic acid and H-bonds between OH group and His195 and Arg171 in the active 

site. Granchi and collaborators concluded that NHI compounds may occupy the whole substrate 

pocket as well as a portion of the cofactor pocket, which would explain the dual competitive 

behaviour of NHI derivatives observed in their enzymatic assays,246 and our quinone-amino acid 

hybrids might act in a similar way. 

The hydroxy group  

The next key modification is the substitution in position 5- on the indole ring of the quinone-

tryptophan hybrids with a hydroxy group. This substitution was clearly detrimental in all compounds 

tested with this group. Compounds 17a and 17d  showed higher inhibitory potency compared to 17c 

and 17e (Figure 77).  

 

Figure 77 - Chemical structure of quinone-tryptophan conjugates. Ki values are shown for the NADH 

site. 

A hypothetic explanation for these outcomes could lie on the ability of the hydroxyl group to form 

hydrogen-bonds. The formation of H-bonds in the active site of enzymes may help to adopt the most 

favourable position of substrate and/or cofactors for the enzymatic reaction to occur.191 However, 

this might have the reverse effect, where the hydroxy group could interact with an amino acid 

spatially closer to the active site, preventing the inhibitor from approaching and completely entry 

inside the pocket, or, once inside, obstructing the compound to adopt the correct position. These 

two possible situations would imply that the substrate can easily compete and displace the inhibitor 

from the binding site. 
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The quinone fragment 

Another structural key feature is the anthraquinone fragment. The third ring markedly increased the 

inhibitory potency of compound 17d compared to 17a (Figure 77). The LDH pocket is a very 

hydrophobic area of the enzyme, in fact, within 10 Å of pyruvate, 24 out of 33 amino acids have 

lipophilic character.195 One more possible explanation could be the total length of the molecule, 

being more favourable for the inhibitory activity compounds bigger in size (for a better interaction 

inside the pocket). Thus, the anthraquinone fragment improves the inhibitory potency of quinone-

hybrids conjugates. 

Bearing in mind what we have just discussed, we would expect compound 17e to inhibit more 

efficiently the enzyme than 17c. However, the opposite effect is observed: although lacking the third 

ring, 17c competed more efficiently with the substrate (Figure 77). This observation implies that the 

introduction of a third ring in the structure combined with the substitution on position 5 increases 

the detrimental effect exerted by the hydroxy group. Nevertheless, the effect of replacing the 

anthraquinone ring by the naphthoquinone fragment is less acute than the effect observed after the 

substitution on position 5 in the indole ring.  

 

The amino acid 

Regarding the contribution of each amino acid to, we can conclude that L-tryptophan presented the 

best results, closely followed by L- histidine, and finally L-tyrosine. 

 

In summary, the quinone-L-tryptophan subfamily presented all the above-discussed structural 

modifications, from which valuable insights regarding SAR are gained. Those are: the substitution of 

the 5’ position in the indole moiety with a hydroxy group, which has a detrimental effect on inhibitory 

activity. Next, the esterification of the carboxylic acid afforded analogues with lower potency and 

finally, the type of quinone fragment, being the 1,4-anthraquinone fragment more suitable than the 

1,4-naphtoquinone.  

 

Determination of the IC50  

The half maximal inhibitory concentration IC50 of the naphtho- and anthraquinone derivatives was 

obtained (Table 13). Opposite to the obtention of the dissociation constant (Ki), in the IC50 test the 

concentrations of cofactor and pyruvate are fixed, and compounds are evaluated using a wide range 

of concentrations (0 - 1 mM). When determining the IC50 in the nicotinamide site, NADH is added at 

competitive concentrations (90 µM), whereas pyruvate is added a saturating concentration (2 mM). 

Likewise, in the pyruvate competition assay, the natural substrate is added at 200 µM (competitive 

concentration) whilst NADH is added at saturating concentrations (300 µM). 
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Table 14 - Half maximal inhibitory concentration (IC50) of quinone-hybrids.   

 LDH-A IC50  (µM) 

Compound NADHa Pyruvateb 

17a 253 ± 9.6 139.8 ± 4.1 

17c >500 >500 

17d 38.5 ± 5.2 12.3 ± 3.0 

17e >500 >500 

17f >500 >500 

17g 218.5 ± 12.6 >500 

17x 174.2 ± 6.3 251.7 ± 5.5 

Compounds were tested in a range of concentrations ranging 0 µM – 1 mM. 

a NADH competition assay: competitive concentration of NADH (90 µM) 

and saturating concentration of pyruvate (2 mM).  b Competitive 

concentration of pyruvate (200 µM) and saturating concentrations of 

NADH (300 µM). Mean ± SD (n=3). 

IC50 results correlated with the obtained Ki. Compound 17d showed the lower IC50 in both enzyme 

pockets, with 12.3 ± 3 and 38.5 ± 3.2 µM values. Compounds 17a and 17x displayed higher IC50 values, 

both compounds above 100 µM in both binding sites. The remaining compounds presented IC50 

values superior to 500 µM. 

These values were not surprising. According to the Cheng-Prusoff equation, the IC50 of competitive 

inhibitors can be related with the Ki (Equation 2.28).  

𝐾𝑖 =
𝐼𝐶50

1 +  
[𝑆]
𝐾𝑚

 

Equation 2.28 

Thus, values of IC50 are expected to be equal or higher than the Ki values. This relationship strongly 

depends on the substrate concentration [S] and it is valid only for competitive inhibition.  

These good results obtained by 17d align it with those found in the literature. Ward and co-workers 

developed by fragment-based approach a series of malonic acid derivatives which presented IC50 

values on enzymatic assays on the low micromolar range.225 Our reference compound, NHI-2, 

displayed also very good activity (14.7 ± 2.1 µM in the pyruvate site and 10.5 ± 2.5 µM in the pyruvate) 

and its acid counterpart, slightly higher values (29 ± 3 and 73 ± 11 µM).253 
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2.3.4 KD, Ki and IC50 

It worth pausing and summarise the results obtained until now. Quinone-amino acid conjugates were 

assessed by two techniques as potential human LDH-A inhibitors. The first one, surface plasmon 

resonance, provided initial knowledge of the interactions and affinity grade of quinone derivatives 

for LDH-A enzyme. The second one, enzymatic assays in solution, helped us to confirm the 

preliminary results in SPR and were used to better characterise the type of inhibition by the obtention 

of Ki values.  

Table 15 - Summary of results obtained with quinone derivatives by SPR and enzymatic assays. 

Compound KD (µM) Ki NADH (µM) 
Ki Pyruvate 

(µM) 

IC50 NADH 

(µM) 

IC50 Pyruvate 

(µM) 

17a 189 57.0 ± 2.7 49.9 ± 3.8 253 ± 9.6 139.8 ± 4.1 

17c - 130.2 ± 4.3 134.7 ± 8.8 >500 >500 

17d 575 5.88 ± 0.7 2.9 ± 0.35 38.5 ± 5.2 12.3 ± 3.0 

17e - 153.3 ± 10.1 212.0 ± 5.1 >500 >500 

17f 1100 83.2 ± 4.3 89.3 ± 5.1 >500 >500 

17g 682 81.6 ± 1.3 78.8 ± 2.4 218.5 ± 12.6 >500 

17x 117 31.6 ± 3.2 84.14 ± 4.1 174.2 ± 6.3 251.7 ± 5.5 

 

In general, it is wiser to compare different LDH inhibitors tested in different laboratories based on 

their Ki values instead of IC50 values. This is due to the highly dependence of IC50 on the substrate 

concentration, according to the Cheng-Prusoff equation, as we discussed previously. Thus, the 

comparison we made above regarding IC50 values must be interpreted with caution. Ki it is a more 

reliable parameter since it does not possess such limitation.  

Similarly, caution is advised when comparing results obtained by SPR, such as dissociation constant 

(KD), with those obtained  by enzymatic solution-based assays (Ki). The dissociation constant of a 

system is very dependent on the physical conditions that the components are tested in. Given that 

SPR is a surface technique, where one component has limited freedom of movement and possibly a 

constrained orientation, mass transport effects, etc., there are often large differences when 

comparing to gel-based assays (e.g. EMSAs) which are semi-constrained (caged) or solution-based 

assays where components are potentially free.   

Hence, the different techniques employed in the present study contributed to the identification of a 

new series of quinone-amino acid hybrids with activity as inhibitors of human LDH-A enzyme.  
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2.3.5 Antiproliferative Assays  

High levels of LDH-A are a hallmark of many tumours, among them GBM.254,255 LDH-A is considered a 

major molecular mediator of the Warburg effect and to play a critical role in nursing cancer’s 

glycolytic phenotype. Remarkably, LDH-A suppression led to reduction of tumour progression. 256,257   

In view of the good results in enzymatic assays, quinone-amino acids compounds were selected to 

test their cytotoxic activity in human glioblastoma cell line (U87 MG) using the SRB (Sulforhodamine 

B) assay.258 This colorimetric method was chosen as reliable alternative to the MTT assay to avoid 

interferences provoked by LDH inhibition (the MTT assay assesses the cell viability of cells by 

measuring the activity of dehydrogenase enzymes in the mitochondria).259 The SRB binds to protein 

basic amino acid residues in TCA-fixed (trichloroacetic acid) cells to quantify cellular proteins. Cells 

were exposed to quinone-amino acid hybrids for 48 h and the IC50 for each compound was calculated 

(Table 15).  

Table 16 - Cytotoxic effect on U87-MG cells after 48 h of 
treatment with quinone-amino acid hybrids, as determined by 
the SRB assay. Mean ± SD (n=6). 

Compound IC50 (µM) 

17a 158 ± 9 

17c 256 ± 8 

17d > 500 

17f 365 ± 16 

17g 51 ± 10 

 

Interestingly, only the compound 17g showed cytotoxic activity on glioma cells, with an IC50 value of 

51 ± 10 µM. Compounds 17a, 17c and 17f barely showed cytotoxic activity whereas compound 17d 

was inactive.  

The phospholipidic bilayer in the cell membrane is impermeable to polar molecules such as glucose 

or amino acids. The cellular membrane naturally possesses a negative charge that ranges between -

40 and -80 mV. Increased membrane charge can increase the permeability of amino acids  of opposite 

charge,260 whilst repelling those with same charge. The -COOH can be easily deprotonated, thus 

preventing the molecules from passing through the membrane. In the case of the L-histidine 

analogue (17g), the imine-like N atom in the imidazole has a pKa of 6.75, and it readily gets 

protonated. Thus, the net charge of this molecule would be zero (-COO-, =NH+-) which could facilitate 

the pass through the membrane. 

A potential approach to solve this problem would be masking the carboxylic groups as methyl ester 

derivatives. Then, subsequent cleavage of the esters into the active acid form should occur once the 

compounds were inside the cell.253,261  
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The third benzene ring in compound 17d could also prevent the permeation through the cell 

membrane, which would explain the differences found between 17d and its naphthyl-analogue 17a. 

More studies are planned to assess the activity the methyl ester derivatives 17h and 17b as well as 

improve the ADME properties of this compounds, including structural modifications, and  

formulation of best candidates for targeted therapies. 
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2.4 CONCLUSIONS 

A novel class of inhibitors of human LDH-A enzyme has been identified in a series of quinone-amino 

acids conjugates.  

Results obtained in the enzymatic assays led to conclusion that this series of quinone-based 

molecules are competitive inhibitors of LDHA with NADH and pyruvate. Some of the tested 

compounds presented good Ki values. Compound 17d showed remarkable activity as LDH-A inhibitor. 

Cytotoxic activity of studied quinone-amino acid conjugates has been assessed on glioblastoma cell 

line. Results suggest that physicochemical properties of compounds like 17d are not optimal for 

cellular permeability. By contrast, compound 17g, which possess lower activity against LDH-A on the 

enzymatic assays, showed the best cytotoxic activity.  

Further studies are needed to characterise the interactions with the LDHA molecule, as well as 

improving their ADME properties. Nevertheless, the good results on enzymatic assays encourage us 

to continue studying these quinone-based compounds and develop strong candidates suitable for 

antitumoral therapies. 
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2.5 MATERIALS AND METHODS 

2.5.1 Materials and Equipment  

Chemicals and reagents 

All reagents employed as starting materials were purchased from commercial suppliers with high 

purity and were used without further purification. Solvents were obtained from Sigma-Aldrich, Acros 

and Scharlab and were employed with no additional pre-treatment. Reactions were monitored by 

Thin Layer Chromatography (TLC) whose spots were visualized by an UV lamp at 254 and 356 nm. In 

certain occasions, a solution of Vanillin or Phosphomolybdic acid, with subsequent heating, was used 

for better traceability of the reaction course. When needed, the purification of the synthetised 

compounds was performed by flash column chromatography with Silica Gel Merck-60 (230-400 

mesh). All plastics for experiments and 96- well plates were obtained from Sarstedt Ltd. (Leicester, 

UK) or ThermoFisher Scientific. UV-VIS spectrometry assays were performed in a Multiskan 

Spectrophotometer (ThermoFisher Scientific). 

NMR analysis 

Nuclear magnetic resonance (NMR) spectra were recorded in deuterated solvents on Bruker 

AVANCE-300, Varian INOVA -300 Varian INOVA -400 and Varian INOVA-500 spectrometers. 13C-NMR 

were registered with complete proton decoupling.  The chemical shifts measured are reported in δ 

(ppm) and the residual signal of the solvent was used as the internal calibration standard. The 

multiplicity of the signals is reported as follows: s = singlet, d = doublet, t = triplet, q= quartet, m = 

multiplet, dd = doublet of doublet, dt = doublet of triplet, ddt = doublet of doublet of triplet, br = 

broad signal. The coupling constant J is reported in hertz (Hz). 

LC-MS analysis 

HPLC-MS analyses were performed on a Waters (2695 HPLC system) apparatus, equipped with a 

quaternary pump and photodiode array detector (PDA), using a SunfireTM column (C18 stationary 

phase, 3.5 µm particle size, 4.6 × 50 mm). Mobile phase consisted of acetonitrile +0.08% formic acid 

(v/v) and H2O +0.01% formic acid (v/v). The solvent gradient is specified for each compound in the  in 

the following  section. The molecular weight was determined by the nominal mass obtained from a 

single quadrupole mass spectrometer coupled to the HPLC system operating in positive electrospray 

ionization (ES+). 
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UPLC-IM-HRMS analysis 

The chromatographic separation was achieved on an ACQUITY UPLC® I-Class System with an FTN 

sample manager. An Acquity BEH C18 column (Waters) with 2.1 x 100 mm and particle size of 1.7 µm, 

heated at 40°C was used. The injection volume was 4 µL, and the flow rate was 0.45 mL min-1. LC 

solvents were 5 mM ammonium formate in water +0.1% formic acid (aqueous mobile phase, A), and 

acetonitrile +0.1% formic acid (organic mobile phase, B). A binary gradient method was used as 

follows: initial equilibration at 2% B for 0.7 min; 2 – 100% B in 14.1 min; hold at 100% B for 2.9 min, 

repristinated initial conditions (2% B) in 0.01min, final re-conditioning at 2% B for 2.29 min. The total 

run time was 20 min.  

The chromatographic system was interfaced with a Vion IMS QTof (Waters) operating in electrospray 

positive and negative mode (ESI+/-). The mass range was m/z 50 – 1000 at an acquisition frequency 

of 5 Hz, using the following source parameters: capillary voltage +2.0 kV and -1.7 kV, sampling cone 

voltage 32 and 25 V for positive and negative ion mode, respectively, source temperature 120 °C, 

desolvation gas temperature 650 °C, desolvation gas flow 950 L h-1, cone gas flow 50 L h-1. Nitrogen 

was used as collision gas. Two independent scans with different collision energies (CE) were 

alternatively acquired during the run in high definition MSE mode (HDMSE acquisition). A low-energy 

scan (CE 6 eV) was to monitor the protonated/deprotonated molecules and other potential adducts, 

whilst the high-energy scan (CE ramp 27−55 eV) was used to fragment the ions traveling through the 

collision cell. The LockSpray was used for the one-point real-time mass correction and consisted of a 

50 pg µL-1 solution of Leucine-Enkephalin solution in 50:50 acetonitrile:water +0.1% formic acid 

(LockSpray infusion rate: 15 µL min-1,  acquisition every 2.5 min). The TOF analyzer operated in 

sensitivity mode. The drift cell was set using the following parameters: IMS gas flow rate 25 mL min-

1, wave velocity 250 m s-1, IMS pulse height 45 V. Major Mix IMS/Tof Calibration Kit (Waters, p/n 

186008113) was used for mass and CCS calibration. Data acquisition and processing were performed 

using UNIFI software v. 1.9.4.  

 

LDH-A Enzyme 

Purified human Lactate Dehydrogenase A enzyme (recombinant, expressed in E. coli,) was purchased 

at Sigma-Aldrich (Product number SAE0049, Purity >95%, Enzymatic Assay = 1014 (Activity U/ml). 

 

Cell Culture 

Cell culture reagents were obtained from Gibco and Thermo Fisher Scientific (Paisley, UK). Plastics 

for the enzymatic assays and cell culture were obtained from Sarstedt Ltd. (Leicester, UK) and Thermo 

Fisher Scientific. 
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2.5.2 Synthesis and characterization of Quinone-Amino Acid Conjugates  

General procedure: 

 

 

Scheme 2.6- Michael addition reaction for the functionalization of L-amino acids (3) with quinone-

based compounds (2). 

 

In a round bottom flask, anthracene-1,4-dione or naphtalene-1,4-dione 2 (2 eq) were added to a 

stirring solution containing one equivalent the corresponding L-amino acid 3 and Et3N (0.7 mL/mmol) 

dissolved in ethanol (20 mL/mmol) and H2O (2 mL/mmol). The reaction mixture was stirred for 24 h 

at room temperature, after which the solvent was removed under high vacuum. The crude reaction 

was then basified with saturated Na2CO3 and extracted three times with AcOEt. If necessary, the 

aqueous phase was then acidified with HCl 36% and extracted again with AcOEt. The combined 

organic phases were dried over anhydrous MgSO4, filtered and evaporated under high vacuum. The 

crude product was purified by flash column chromatography to afford the desired quinone-amino 

acid conjugate derivatives 1a-i.  

 

 

 

N-(1,4-dioxo-1,4-dihydronaphthalen-2-yl)-L-tryptophan, 17a. According to the general procedure 

for the synthesis of quinone- amino acid hybrids, the commercially available naphtalene-1,4-dione 

(550 mg, 3.4 mmol), L-tryptophan (0.355 mg, 1.7 mmol), and Et3N (1.19 mL, 8.5 mmol) were dissolved 

and allowed to react in EtOH/H2O. The crude product was purified by chromatography (DCM: MeOH) 
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to yield a reddish solid (376 mg, 61% yield). The spectrometric data is in accordance with that found 

in the litteraure.245 1H NMR (500 MHz, DMSO-d6) δ 10.81 (s, 1H, -OH), 7.92 (ddd, J = 11.7, 7.7, 1.3 Hz, 

2H, 17, 20), 7.81 (td, J = 7.6, 1.3 Hz, 1H, 19 or 18), 7.70 (td, J = 7.5, 1.3 Hz, 1H, 19 or 18), 7.48 (d, J = 

7.9 Hz, 1H, 7 or 10), 7.28 (d, J = 8.2 Hz, 1H, 7 or 10), 7.12 (dd, J = 12.0, 4.8 Hz, 2H, 5, -NH), 6.99 (ddd, 

J = 8.1, 6.9, 1.1 Hz, 1H, 8 or 9), 6.86 (ddd, J = 7.9, 7.0, 1.1 Hz, 1H, 8 or 9), 5.63 (s, 1H, 15), 4.17 – 4.14 

(m, 1H), 3.31 – 3.24 (m, 2 H, 3, 3’). 13C NMR (126 MHz, DMSO-d6) δ 181.4 (C=O), 181.3 (C=O), 172.3 

(C=O), 147.1 (C), 135.9 (C), 134.9 (C18 or C19), 133.1 (C), 132.2 (C18 or C19), 130.1 (C), 127.7 (C), 

125.9 (C17 or C20), 125.3 (C17 or C20), 123.8 (C), 120.7 (C8 or C9), 118.27 (C7 or C10), 118.2 (C8 or 

C9), 111.2 (C7 or C10), 109.93 (C), 99.8 (C15), 56.6 (C2), 26.26 (C3) ppm. HPLC-MS (ES+): CH3CN/H2O 

30:70 to 95:5 (5 min), RT = 4.74 min, [M+H+] = 361. 

 

 

 

Methyl N-(1,4-dioxo-1,4-dihydronaphthalen-2-yl)-L-tryptophanate 17b: According to the general 

procedure for the synthesis of quinone- amino acid hybrids, the commercially available naphtalene-

1,4-dione (550 mg, 3.4 mmol), methyl L-tryptophanate hydrochloride (0.355 mg, 1.7 mmol), and Et3N 

(1.19 mL, 8.5 mmol) were dissolved and allowed to react in EtOH/H2O. The crude product was 

purified by chromatography (DCM: MeOH) to yield a brown solid (392 mg, 63% yield). 1H NMR (300 

MHz, Acetone-d6) δ 7.99 (ddd, J = 7.6, 3.1, 1.3 Hz, 2H, 17,20), 7.79 (tt, J = 7.6, 1.4 Hz, 1H, 19 or 18), 

7.69 (tt, J = 7.5, 1.4 Hz, 1H, 19 or 18), 7.56 (d, J = 8.0 Hz, 1H, 7 or  10), 7.38 (d, J = 8.1 Hz, 1H, 7 or  10), 

7.28 (d, J = 2.5 Hz, 1H, 5), 7.09 (ddd, J = 8.1, 6.9, 1.3 Hz, 1H, 8 or 9), 7.01 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H, 

8 or 9), 6.60 (d, J = 8.1 Hz, 1H, -NH), 5.77 (s, 1H, 15), 4.61 (dt, J = 8.1, 5.7 Hz, 1H, 2), 3.72 (s, 3H, -CH3), 

3.60 – 3.40 (m, 2H, 3). 13C NMR (75 MHz, Acetone) δ 181.99 (C=O), 181.29 (C=O), 171.14 (C=O), 

146.95 (C), 136.7 (C), 134.6 (C18 or C19), 133.2 (C), 132.2 (C18 or C19), 130.5 (C), 127.6 (C), 125.9(C17 

or C20), 125.6 (C17 or C20), 124.0 (C5), 121.5 (C8 or C9), 118.9 (C8 or C9), 118.1(C7 or C10), 111.50 

(C7 or C10), 108.8 (C), 101.6 (C15), 55.4 (C2), 51.9 (-CH3), 26.77 (C3). HPLC-MS (ES+): CH3CN/H2O 

30:70 to 95:5 (10 min), RT = 4.80 min, [M+H+] = 375. 
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N-(1,4-dioxo-1,4-dihydronaphthalen-2-yl)-5’-hydroxy-L-triptophane, 17c: According to the general 

procedure for the synthesis of quinone- amino acid hybrids, the commercially available naphtalene-

1,4-dione (275 mg, 1.7 mmol), L-5-hydroxy-tryptophan (187 mg, 0.85 mmol), and Et3N (0.6 mL, 4.3 

mmol) were dissolved and allowed to react in EtOH/H2O. The crude product was purified by 

chromatography (Hexane/AcOEt/MeOH; 5:2:3) to yield a brown solid (183 mg, 57% yield).  1H NMR 

(300 MHz, DMSO-d6) δ 10.45 (s, 1H, COOH), 8.53 (s, 1H, -OH), 7.93 (apparent t, J = 7.6 Hz, 2H), 7.81 

(dd, J = 8.4, 6.9 Hz, 1H, 18 or 19), 7.70 (td, J = 7.5, 1.4 Hz, 1H, 19 or 18), 7.15 (d, J = 7.0 Hz, 1H, -NH 

12), 7.06 (d, J = 8.5 Hz, 1H, 10), 6.97 (d, J = 2.3 Hz, 1H, 5), 6.81 (d, J = 2.3 Hz, 1H, 7), 6.52 (dd, J = 8.5, 

2.3 Hz, 1H, 9), 5.76 (s, 1H, 15), 4.07 – 3.96 (m, 1H), 3.19 (qd, J = 14.7, 5.2 Hz, 2H, 3, 3’). 13C NMR (75 

MHz, DMSO-d6, 25 °C): 181.5 (C=O), 181.2 (C=O) 172.4 (CO) 150.11 (C), 146.9 (C), 134.8 (C18 or C19), 

133.3 (C), 132.0 (C19 or C18), 130.4 (C), 130.2 (C), 128.5 (C), 125.9 (C17 or C20) 125.3 (C20 or C17) 

124.1 (C5),  111.4 (C7), 111.0 (C9), 109.2 (C7), 102.4 (C10), 99.4 (C15), 54.9 (C2), 26.4 (C3) ppm. HPLC-

MS (ES+): gradient CH3CN/H2O 20:80 to 95:5 (5 min), RT = 4.63 min, [M+H+] = 377. 

 

 

 

N-(1,4-dioxo-1,4-dihydroanthracen-2-yl)-L-tryptophan, 17d: According to the general procedure for 

the synthesis of quinone- amino acid hybrids, anthracene-1,4-dione (611 mg, 2.93 mmol), L-

tryptophan (300 mg, 1.46 mmol), and Et3N (1 mL, 7.32 mmol) were dissolved and allowed to react in 

EtOH/H2O. The crude product was purified by chromatography (Hexane/AcOEt/MeOH; 5:2:2) to yield 

a brown solid (405 mg, 68% yield). 1H NMR (400 MHz, DMSO-d6) δ 10.69 (s, 1H, COOH), 8.61 (s, 1H, 

22 or 17), 8.48 (s, 1H, 22 or 17), 8.23 (d, J = 7.9 Hz, 1H, 18 or 21), 8.19 (d, J = 7.9 Hz, 1H, 18 or 21), 

7.79 – 7.66 (m, 2H, 20, 19), 7.51 (s, 1H, -NH), 7.44 (d, J = 7.9 Hz, 1H, 10), 7.25 (d, J = 8.2 Hz, 1H, 7), 

7.06 (d, J = 2.2 Hz, 1H, 5), 6.94 (t, J = 7.1 Hz, 1H, 9), 6.79 (t, J = 7.9 Hz, 1H, 8), 5.67 (s, 1H, 15), 3.88 – 

3.79 (m, 1H, 2), 3.28 – 3.15 (m, 2H, 3, 3'). 13C NMR (75 MHz, DMSO‐d6, 25 °C): 181.0 (C=O), 180.5 

(C=O), 173.9 (C=O), 147.8 (C), 137.80 (C) 137.4 (C), 133.3 (C17 or C22), 132.1 (C), 130.1 (C17 or C22), 
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129.7 (C) 129.6 (C20 or C19) 128.6 (C) 128.4 (P), 128.0 (C21 or C18), 127.4F (C21 or C18), 126.8 (C), 

126.4 (C5), 123.7 (C9 or C8), 120.5 (C9 or C8), 117.9 (C10 or C7), 112.6 (C), 111.1 (C10 or C7), 99.5 

(C15), 57.3 (C2), 26.5 (C3) ppm. HPLC-MS (ES+): CH3CN/H2O 50:50 to 95:5 (5 min), RT = 1.93 min, 

[M+H+] = 411. 

 

 

N-(1,4- dihydroanthracen-2-yl)-5’-hydroxy-L-triptófano 17e: According to the general procedure for 

the synthesis of quinone- amino acid hybrids, commercially available anthracene-1,4-dione (470 mg, 

2.26 mmol), L-5-hydroxy-tryptophan (250 mg, 1.13 mmol), and Et3N (0.8 mL, 5.7 mmol) were 

dissolved and allowed to react in EtOH/H2O. The crude product was purified by chromatography 

(Hexane/AcOEt/MeOH; 5:2:3) to yield a brown solid (254 mg, 52% yield). 1H NMR (300 MHz, DMSO-

d6, 25 °C): δ 8.65 (s, 1H, 22 or 17), 8.55 (s, 1H, OH), 8.51 (s, 1H, 22 or 17), 8.25 (d, J = 7.9 Hz, 1H, 21 

or 18), 8.21 (d, J = 7.9 Hz, 1H, 21 or 18), 7.79 – 7.66 (m, 3H, 20, 19, NH), 7.10 (dd, J = 8.4, 4.5 Hz, 2H, 

10, NH), 7.05 (d, J = 2.4 Hz, 1H, 5), 6.83 (d, J = 2.3 Hz, 1H, 7), 6.56 (dd, J = 8.6, 2.3 Hz, 1H, 9), 5.81 (s, 

1H, 13), 3.91-3.98 (m, 1 H, 2) 3.24-3.34 (m, 2H, 3) ppm. 13C NMR (75 MHz, DMSO-d6, 25 °C): 181.1 

(C=O), 180.8 (C=O), 170.5 (C=O), 150.2 (C), 148.1 (C), 135.2 (C), 133.5 (C), 130.6 (C22 or C17),  130.2 

(C22 or C17), 129.8 (C21 or C18), 129.8 (C) 129.7 (C), 128.8 (C21 or C18), 128.5 (C),  127.5 (C20 or 

C19), 126.5 (C19 or C20), 124.3 (C5), 114.5 (C) 111.5 (C7), 111.1 (C9), 109.7 (C), 102.5 (C10), 101.3 

(C15), 48.7 (C2), 31.4 (C3) ppm. HPLC-MS (ES+): CH3CN/H2O 30:70 to 95:5 (5 min), RT = 4.43 min, 

[M+H+] = 427. 

 

 

 

N-(1,4-dioxo-1,4-dihydronaphthalen-2-yl)-L-tyrosine, 17g. According to the general procedure for 

the synthesis of quinone- amino acid hybrids, naphtalene-1,4-dione (450 mg, 2.9 mmol), L-tyrosine 
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(256 mg, 1.4 mmol), and Et3N (1 mL, 7.17 mmol) were dissolved and allowed to react in EtOH/H2O. 

The crude product was purified by chromatography (Hexane/AcOEt/MeOH; 5:2:0.5) to yield a brown 

solid (123 mg, 26% yield). 1H NMR (500 MHz, Methanol-d4) δ = 8.01 (d, J = 6.8 Hz, 2H), 7.98 (d, J = 7.6 

Hz, 1H), 7.76 (td, J = 7.5, 1.3 Hz, 2H), 7.67 (td, J = 7.6, 1.3 Hz, 2H), 7.04 (d, J = 8.4 Hz, 2H), 6.68 (d, J = 

8.4 Hz, 2H), 5.63 (s, 1H), 4.29 (m, 1H), 3.23 (dd, J = 14.1, 5.1 Hz, 1H), 3.09 (dd, J = 14.0, 6.9 Hz, 1H). 
13C NMR (126 MHz, cd3od) δ 183.57 (C=O), 180.81 (C=O), 156.12 (C=O), 147.7(C), 134.5 (C17 or C18), 

133.22 (C), 132.1 (C17 or C18), 130.5 (C), 130.1 (C8 and C6), 127.0 (C), 126.0 (C19 or C16), 125.4 (C19 

or C16), 114.9 (C9 and  C5), 100.1 (C14), 65.5 (C2), 36.0 (C3). HPLC-MS (ES+): CH3CN/H2O 25:75 to 

95:5 (5 min), RT = 4.07 min, [M+H+] = 338. 

 

 

 

Methyl N-(1,4-dioxo-1,4-dihydronaphthalen-2-yl)-L-T , 17h According to the general procedure for 

the synthesis of quinone- amino acid hybrids, the commercially available naphtalene-1,4-dione (655 

mg, 4.14 mmol), methyl-L-histidinate hydrochloride (425 mg, 2.07 mmol), and Et3N (1.45 mL, 10.2 

mmol) were dissolved and allowed to react in EtOH/H2O for 24h. The crude product was purified by 

chromatography using DCM/MeOH under gradient conditions to yield a brown solid (52 mg, 38% 

yield). 1H NMR (500 MHz, Chloroform-d) δ 8.02 (m, 2H, 15, 18), 7.76 – 7.66 (m, 2H, 6 and 16 or 17), 

7.60 (ddd, J = 8.8, 5.2, 2.0 Hz, 1H, 16 or 17), 7.00 (d, J = 7.5 Hz, 1H, -NH, 12), 6.88 (s, 1H, 8), 5.67 (s, 

1H, 13), 4.44 – 4.32 (m, 1H, 2), 3.74 (s, 3H, 10), 3.32 – 3.18 (m, 2H, 3, 3”). 13C NMR (126 MHz, 

Chloroform) δ 183.5 (C=O), 181.5 (C=O), 170.9 (C=O), 147.3 (C), 135.5 (C6), 134.8 (C16 or C17), 134.2 

(C), 133.4 (C), 132.3 (C17 or C16), 130.6 (C), 126.5 (C15 or C18), 126.2 (C15 or C18), 115.2 (C8), 102.1 

(C13), 55.1 (C2), 52.9 (C10), 29.6 (C3) ppm. HPLC-MS (ES+): CH3CN/H2O 20:80 to 95:5 (5 min), RT = 

4.51 min, [M+H+] = 326. 
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N-(1,4-dioxo-1,4-dihydronaphthalen-2-yl)-L-histidine, 17g. According to the general procedure for 

the synthesis of quinone- amino acid hybrids, the commercially available naphtalene-1,4-dione (202 

mg, 1.28 mmol), L-histidine (100 mg, 0.64 mmol), and Et3N (0.95 mL, 6.54 mmol) were dissolved and 

allowed to react in EtOH/H2O 24 h. The crude product was purified by chromatography using 

Hexane/AcOEt/MeOH  [5:3:1] to yield a brown solid (90 mg, 45% yield) 1H NMR (300 MHz, DMSO-

d6, 25 °C): δ = 9.78 (br, 1 H, COOH) 7.99 (d, 1 H, J = 7.3 Hz,15) 7.91-7.96 (m, 1 H, 18 ) 7.84-7.86 (m, 1 

H, 6) 7.71-7.76 (m, 2 H, 16, 17), 7.54 (t, 1 H, J = 7.5 Hz, NH), 6.94 (s, 1 H, 8), 6.88 (d, J = 8.4 Hz, 1 H, 

NH), 5.67 (s, 1 H, 13), 3.63-3.66 (m, 1 H, 2), 3.12-3.18 (m, 2 H, 3, 3’) ppm. 13C NMR (75 MHz, DMSO-

d6, 25 °C): 181.8 (C=O), 181.1 (C=O), 170.0 (C=O), 147.6 (C), 147.6 (C), 135.8 (C6), 134.9 (C17 or C16), 

133.7 (C), 132.4 (C), 130.4 (C17 or C16), 125.9 (C), 125.3 (C15 or C18), 125.2 (C15 or C18), 112.9 (C8), 

101.0 (C13), 54.7 (C2), 54.7 (C2), 21.0 (C3) ppm. HPLC-MS (ES+): CH3CN/H2O 25:75 to 95:5 (5 min), RT 

= 3.59 min, [M+H+] = 312. 

 

 

 

N-(1,4-dioxo-1,4-dihydronaphthalen-2-yl)-Nt-(3-ethoxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-L-

histidine, 17x. Naphtalene-1,4-dione (510 mg, 3.2 mmol), L-histidine (250 mg, 1.6 mmol), and Et3N 

(1.12 mL, 7.9mmol) were dissolved and allowed to react in EtOH/H2O for 72 h. The crude product 

was purified twice by chromatography using Hexane/AcOEt/MeOH under gradient conditions to yield  

product 1x (82 mg, 10% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.02 (dd, J = 7.7, 1.4 Hz, 1H), 7.95 

(ddd, J = 7.8, 4.8, 1.3 Hz, 2H), 7.89 – 7.82 (m, 3H), 7.75 (ddd, J = 14.8, 7.5, 1.4 Hz, 2H), 7.59 (td, J = 7.5, 

1.4 Hz, 1H), 7.10 (s, 1H), 5.70 (s, 1H, 13), 4.57 (s, 1H), 4.15 (q, J = 7.1, 2H), 3.21 (s, 2H), 1.19 (t, J = 7.1 

Hz, 3H). HPLC-MS (ES+): CH3CN/H2O 20:80 to 95:5 (10 min), RT = 5.82 min, [M+H+] = 512 
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2.5.3 Enzymatic assays 

The oxidation of NADH was observed at 340nm, which is a direct measure of the consumption of 

pyruvate and its transformation into lactate. The reaction rate of LDH-A was determined by a 

decrease in absorbance of NADH at 340 nm in a UV-VIS spectrophotometer. All the assays here 

described were carried out by measuring the optical values every 15 seconds for 3 min at 37 °C.  

In order to avoid loss of activity, commercial LDH-A solution was slowly thaw on ice and aliquoted in 

plastic eppendorf tubes (30 µL/eppendorf). Aliquots were kept at -18 °C and thaw immediately prior 

to use. Enzyme stocks were kept on ice for the whole length of the assay. The NADH stock solution 

was freshly prepare before each assay and kept on ice covered in foil. By contrast, pyruvate stocks 

solutions are stable and can be prepared in advance and kept in the fridge when not used. Buffer for 

assays was kept warm (40 °C) in a water bath. In every assay, calculations were made for a total 

volume of 200 µL/well.  

Sodium phosphate buffer (100 mM, pH 7.4) was used to prepare all the stock solutions of reagents.  

Enzyme stock preparation: 

Commercial LDH-A enzyme  possessed an activity of 1014 U/mL. A first diluted stock of LDH-A at 6 

U/mL was freshly prepared by diluting 6 µL of enzyme solution at 1014 U/mL in 994 µL of buffer 0.1M 

pH 7.4. From this stock at 6 U/mL, a second 10-fold diluted stock (0.6 U/mL) was prepared (100 µL in 

1 mL of buffer, total volume). 20 µL of this second stock were added to reaction wells, diluted 1 to 

10 in reaction media, affording the desired 0.06 U/mL. 

Determination of Michaelis-Menten constants: 

Michaelis-Menten constants (Km) for both substrates of LDH-A (NADH and Pyruvate) were calculated 

in saturating conditions as described elsewhere with minimal modifications:246 

- NADH Km determination: in a 96-well plate, a range of NADH concentrations (12 µM- 900 µM) 

were combined with 2 mM of sodium pyruvate (pyruvate-saturated) and 0.06 units/mL of 

LDH-A.  

- Pyruvate Km determination: in a 96-well plate, a range of pyruvate concentrations (25-2025 

µM) were combined with 300 µM of sodium pyruvate (NADH-saturated) and 0.06 units/mL of 

LDH-A.  

The reaction velocity V [concentration (µM)/min] of LDH-A was obtained by applying two equations. 

First, the decrease of absorbance of NADH per minute was calculated according to equation 2.29: 

∆𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒/𝑚𝑖𝑛 =  
[ 𝑂𝐷𝑡=0  − 𝑂𝐷𝑡=3]

3
 

Equation 2.29 

The optical density (OD) value at time = 3 minutes was subtracted to the OD value at time zero and 

divided by 3 to obtain the variation of absorbance of NADH per minute (∆Absorbance/min).  
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The Lambert-Beer law (Equation 2.30) directly correlates the concentration and the absorbance of a 

particular substance in the solution, thus allowing to calculate the concentration of that substance 

by measuring the absorbance. 

𝐴 =  𝐶 ×  𝑙 ×  𝜀            Equation 2.30   

  

where  A= absorbance; C = molar concentration and l = path length (cm). The molar extinction 

coefficient (ε, M-1) of NADH at 340 nm is 6.2 mM-1.  

Lambert-Beer equation can be rewritten as   

        𝐶 = A /l ×  𝜀             Equation 2.31 

. 

The Absorbance/min value obtained in equation 2.29 is then included in the Lambert-Beer law 

equation (Equation 2.31)  to calculate the reaction velocity, V, which is expressed as µM/min: 

 

𝑉 =  𝐶/𝑚𝑖𝑛 =  
𝐴 (∆𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 / 𝑚𝑖𝑛)

𝑙 ×  𝜀
 

Equation 2.32 

Data analysis was performed by nonlinear regression analysis with GraphPad Prism 8.4 software 

(GraphPad – USA).  

Opposite to experiments in cuvettes, where light pass through the cuvette horizontally, experiments 

performed in 96-well plates the direction of the incidental light is from top to bottom. Therefore, the 

path length will depend on the volume added in each well. All the assays carried out in this study had 

200 µL as final volume. The path length was determined experimentally accordingly to 200 µL total 

volume. 

Determination of the path length in 96-well microtiter  

Materials: Thioflavin T (ThT), cuvette (1 cm path length) and 96-well plate with flat bottom. 

ThT is a coloured substance whose molar extinction coefficient ε at 412 nm is known (31600 M-1). 

ThT was weighted and dissolved in deionized water at 1 mM (MW = 318.86 g/mol). This stock solution 

was filtered and diluted further to 0.05 mM (50 µM). Absorbance of ThT (expressed as optical density, 

OD) was measured at 412 nm in a spectrophotometer. 

• Determination of the absorbance of ThT in the cuvette (A1):  

2 mL of ThT solution at 50 µM were introduced into the cuvette and measured at the above-

mentioned wavelength. The average absorbance (A1) of three replicates was obtained:  

A1= 1.093 
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• Determination of the absorbance of ThT in the 96-well plate (A2) 

 

200 µL of ThT solution at 50 µM were dispensed in the microtiter and the OD values were 

acquired at 412 nm. The OD average value, A2, of three replicates was calculated: 

 

A2 = 0.523 

We have two Lambert-Beer equations, one for the cuvette test (equation 2.33) and one with the 

microplate test (equation 2.34): 

A1 = ε x C1 x l1 

    Equation 2.33 

A2 = ε x C2 x l2 

                      Equation 2.34 

ε depends only on the employed wavelength. Here we have used the same value (412 nm), therefore, 

ε is constant. C is the molar concentration of ThT. In both test the concentration was the same, thus, 

C1 = C2. 

Only the path length is different. The length of the cuvette (l1) is standard (1 cm),  whereas the path 

length of  200 µL in the microtiter is our unknown value.  

If C1 is equal to C2, then:  

𝐴1

𝜀 𝑥 𝑙1
=

𝐴2

𝜀 𝑥 𝑙2 
 

         Equation 2.35 

ε is constant, so we can remove it from the equation and get the equation for l2: 

  

𝑙2  =  
𝐴2  ×  𝑙1

𝐴1
 =

0.523 ×  1

1.093
 =  0.48 𝑐𝑚 

         Equation 2.36 

According with equation 2.36, the path length (l) for a microtiter well plate filled up with 200 µL is 

0.48 cm. This value has been used on Equation 2.32 for rate reaction determination in this study. 

Obtention of UV-visible spectrum of quinone-amino acid conjugates 

The UV-visible spectrum of compounds was obtained, so any possible interference of quinone-amino 

acid hybrids with NADH absorbance. 
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Figure 78 - UV-visible absorbance spectra of some quinone-amino acid hybrids and NADH at 100 

µM. OD values were acquired from 200 to 600 nm, although only the important window of values is 

shown.  

The maximum absorbance of NADH was found at 340 nm. Compound 17d presents a blue shift due 

to the presence of a third ring in its structure, the anthracene core. In all assays, background 

absorbance corresponding to quinone derivatives was calculated and subtracted. 

Screening of quinone - amino acids hybrids as  LDH-A inhibitors.  

Inhibitory properties of compounds were initially screened in an enzymatic assay against human LDH-

A.  0.06 units of enzyme were combined with the cofactor NADH (300 µM), the substrate pyruvate 

(200 µM) and the candidate inhibitors at 125 µM dissolved in 0.1 M of sodium phosphate. 

Enzyme stocks were prepared as specified at the beginning of this section 2.5.3. Stocks of compounds 

were prepared in pure DMSO at 50 mM. 10-fold more concentrated diluted stock solutions of 

compounds (1.25 mM, 2.5% DMSO v/v) were prepare by diluting 2 µL of 50 mM stock in 78 µL of  0.1 

M phosphate buffer. Then, 20 µL of 1.25 mM stock were added to reaction wells, diluted 1 to 10 in 

reaction media, affording the desired 125 µM concentration of inhibitor. The final percentage of 

DSMO per well was 0.25% (v/v), except for compound 17b and the reference molecule, NHI-2, which 

were evaluated at 2% of DMSO, due to their low solubility at lower DMSO percentages. 

Enzyme inhibition (%) was determined by measuring the reduction of NADH absorbance at 340 nm 

(Equation 2.37): 

% enzyme 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = 100% − [
 𝑉(µ𝑀/𝑚𝑖𝑛)𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟 

𝑉 (µ𝑀/𝑚𝑖𝑛)𝑐𝑜𝑛𝑡𝑟𝑜𝑙 
×  100] 

 

Equation 2.37 
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The percentage of enzyme inhibition was calculated by subtracting the remaining enzyme activity 

(enzyme activity in the presence of inhibitor) to the maximum enzyme activity (100%). The remaining 

enzyme activity was determined by dividing the enzyme reaction rate in the presence of the inhibitor 

by the reaction rate of control and multiplying it by 100.   

Determination of the half maximal inhibitory concentration (IC50) 

These assays were conducted in 96-well plates containing a solution with reagents dissolved in 0.1 M 

sodium phosphate buffer at pH 7.4. Six different concentrations (in triplicate for each concentration) 

of compound were used to generate a concentration – response curve. As previously done in the 

screening test, DSMO stock of compounds were used for preparing stock dilutions. The final 

percentage of DMSO on each test did not exceeded 2%. 

In the NADH competition assay, compounds were tested in the presence of 90 µM of NADH and 2 

mM of pyruvate (saturating conditions). NADH and pyruvate stock solutions were freshly prepared 

10-fold more concentrated (i.e. 900 µM and 20 mM, respectively). Both NADH and pyruvate were 

weighted separately and diluted with sodium phosphate buffer 0.1 M, pH 7.4.  

In the pyruvate competition assay, compounds were tested in the presence of 200 µM of pyruvate 

and 300 µM of NADH (saturating conditions). Similarly,  NADH and pyruvate stock solution were 10-

fold more concentrated. Both were weighted separately and diluted with sodium phosphate buffer 

0.1 M, pH 7.4.  

Pyruvate and NADH stock solutions (20 µL) were dispensed dissolved in the buffer. Compound 

solution (20 µL) was mixed with enzyme (20 µL from stock 0.6 U/mL) and incubated for 1 minute 

separately from substrate and cofactor. Once the incubation period finished, the mixture containing 

both inhibitor and enzyme (Mix I+E) was added to the corresponding well (total volume = 200 µL). 

The amount of consumed NADH was monitored every 15 seconds for 3 minutes. Volumes used in the 

assay are collected in Table 16: 

Table 17 - Volumes used in IC50 and Ki calculations. 

Reagent Volume /well (µL) 

NADH 20 

Pyruvate 20 

Mix I+E LHD   20 

Inhibitor 20 

Buffer 120 

Total volume 200 

 

The order of addition of reagents was kept constant: 

Pyruvate  – NADH – buffer – mix E+I – Start 
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IC50 values were generated using the curve- fitting tool for nonlinear regression, modality [Inhibitor] 

vs. normalized response -- Variable slope, with GraphPad Prism 8.4 software. 

Determination of the inhibition constant (Ki) 

In the kinetics experiments, the progression of the reaction in the presence of the inhibitor was 

evaluated. Two values of Ki for LDH-A were calculated, one under pyruvate-saturating concentrations 

and another under NADH saturating-concentrations. 

Compound stocks were prepared at 50 mM in pure DSMO. Diluted stock solutions were prepared by 

diluting with buffer sodium phosphate 0.1 M pH 7.4. The final percentage of DMSO on each test only 

exceeded the 0.5% in the case of compounds 17b and NHI-2 (which was 2%). Negative controls were 

prepared with the same percentage of DMSO as sample tests. 

Calculation of Ki – Pyruvate-saturating concentrations 

0.06 units of enzyme were mixed externally with the compound at concentrations ranging from 0.2 

µM to 80 µM and incubated for 1 min (concentrations were selected depending on the potency of 

the inhibitor shown in the previous screening assay). After the incubation period was finished, the 

mix was added to a reaction mixture containing scalar concentrations of NADH (30-900 µM) and 2 

mM of pyruvate (saturating concentration). All tests were performed in triplicates. 

Calculation of Ki – NADH-saturating concentrations 

0.06 units of enzyme were mixed externally with the compound (0.2-80 µM) and incubated for 1 min. 

Then, the mix was added to a reaction mixture containing scalar concentrations of pyruvate (25-2025 

µM) and 300 µM of NADH (saturating concentration). All tests were performed in triplicates. 

Volumes of reagents for both assays are indicated in Table 16. Experimental data was analysed with 

GraphPad Prism software by non-linear regression using the mixed-model inhibition fit.248 

 

2.5.4 Surface Plasmon Resonance (SPR) Studies  

Surface plasmon resonance experiments were carried out on a Biacore X100 instrument at 25 ºC. 

Human LDH-A was immobilised on a CM5 sensor chip by standard amine coupling reactions. Buffer 

acetate (pH 5.0) was used to immobilize 9700 resonant units (RUs) of enzyme in the second channel, 

whereas channel 1 was block as reference. One RU represents approximately 1pg protein/mm3 of 

chip surface.180,181 Chip was inactivated by a consecutive injection of ethanolamine 1.0 M pH 8.5. 

HBS-P buffer (HEPES 10mM, NaCl 150 mM, EDTA 3mM, 0.05% tween) was used as running buffer. 

Stock solutions of compounds at 10 mM in pure DMSO were used to prepare a 200 µM diluted stock 

solution. 4 µL of 10 mM stock solution were dissolved in 196 µL of running buffer, to obtain the 

desired 200 µM diluted stock solution at 2% DMSO (v/v). This stock solution was used to prepare 

serial dilutions (2-100 µM) diluting with running buffer enriched with 2% (v/v) DMSO.  
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The flow rate was 30 µL /min. As contact and dissociation times, 50 sec were selected, total time of 

experiments 300 sec. After each injection, an extra wash with 50% DMSO (v/v) in water was 

completed. No chip regeneration was needed. 

 

2.5.5 Cell Culture and Cytotoxicity Tests  

Human glioblastoma cell line, U87 MG, was obtained from the European Collection of Cell culture 

(ECACC, No. 89081402, Lot 11K009, P21 to P28) and cultured in growth medium DMEM 

supplemented with 10% (v/v) of heat-inactivated FBS, 1% (v/v) of non-essential amino acids and 1% 

Penicillin-Streptomycin. 

For all assays, U87 MG cells were maintained in a humidified atmosphere of 5% CO2 at 37ºC, and the 

medium refreshed every 2-3 days. When cells reached ~80% of confluency, the cells were washed 

with PBS (~5 mL) and incubated with 2-3 mL of TrypLE Enzyme 0.25% at 37ºC for 3 minutes. Then, 

growth medium (3 mL) was added and cells suspension was centrifuged at 1500 rpm for 5 minutes. 

Supernatant was discarded, and the pellet re-suspended in 1 mL of complete medium. Cell number 

was obtained using the Trypan Blue Exclusion Assay262 and the haematocytometer. 

 

The Sulforhodamine B assay 

The Sulforhodamine B (SRB) assay measures cell density by determining the cellular protein content. 

This assay was chosen for the evaluation of the antiproliferative properties of LDH inhibitors in 

tumoral cells. The SRB assay was performed as describe previously in the literature 258,263 with some 

modifications:  

1. Cell preparation:  

U87MG cell line was seeded in a sterile 96-well plate at cell density 12,500 cells/well. Medium: 

DMEN (Dulbecco's Modified Eagle Medium) enriched with 10% fetal bovine serum (FBS), 1% 

NEAA and 1% Penicillin-Streptomycin. 

 

2. Treatment solution preparation:  

Compound of choice was dissolved in 100% (v/v) DMSO. Serial dilutions were prepared from 

stock using 5% (v/v) DMSO in sterile buffer phosphate (PBS). Final percentage per well of 

DMSO was 0.5%. 

Vehicle-control dilution is also prepared (10 µL of 5%DMSO/PBS + 190 µL fresh medium). 

Procedure: 

Day -1: Cell seeding at 1.25 x 104 cell per well and allow attachment overnight. 

Day 0: Media was removed and replaced by 200 µL/well of freshly prepared treatment solutions or 

vehicle control dilution. Plates were incubated at 37ºC, 5% CO2 for 48 h. 
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Day 2: Cell fixation with trichloroacetic acid (TCA). Without removing the supernatant, 100 µL of cold 

TCA 10% (wt/v) in H2O were added to each well. Plates were incubated at 4 °C for 1h. 

Next, plates were washed four times with slow-running tap water via plastic tubing connected 

directly to a faucet, and the excess of water was removed using paper towels. Plates were allowed 

to air-dry at room temperature (20–25 ºC).  

Day 3: 100 µL of 0.057% (wt/vol) Sulforhodamine B* solution were added to each well and left at 

room temperature for 1h, after which plates were quickly rinsed four times with 1% (vol/vol) acetic 

acid to remove unbound dye. Plates were allowed to dry at room temperature. *SBR solution is 

prepared in 1% v/v AcOH in deionized water.  

Day 4: Optical density (OD) measurement and analysis of results. 200 µL of 10 mM Tris base solution 

(pH 10.5) were added to each well and plates were placed on a gyratory shaker for 5 minutes to 

solubilize the protein-bound dye.  

UV absorbance was measured at 570 nm and 690 nm (the latter for background subtraction).  Cell 

growth (%) and cell growth inhibition (%) were obtained by applying equations 2.38 and 2.39: 

            

 % 𝑐𝑒𝑙𝑙 𝑔𝑟𝑜𝑤𝑡ℎ =  
𝑀𝑒𝑎𝑛  𝑂𝐷 𝑠𝑎𝑚𝑝𝑙𝑒 510 𝑛𝑚  −  𝑀𝑒𝑎𝑛 𝑂𝐷 𝑠𝑎𝑚𝑝𝑙𝑒690 𝑛𝑚

𝑀𝑒𝑎𝑛 𝑂𝐷 𝑐𝑜𝑛𝑡𝑟𝑜𝑙510 𝑛𝑚 −  𝑀𝑒𝑎𝑛 𝑂𝐷 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 690 𝑛𝑚
 𝑥 100 

Equation 2.38 

 

% 𝑐𝑒𝑙𝑙 𝑔𝑟𝑜𝑤𝑡ℎ 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  100 − % 𝑐𝑒𝑙𝑙 𝑔𝑟𝑜𝑤𝑡ℎ 

Equation 2.39 
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3.1 INTRODUCTION 

3.1.1 Gliomas and their classification 

Gliomas are the most frequent primary tumours in the central nervous system accounting for 27% of 

all brain tumours.264 Gliomas have been divided in different subtype of tumours according to the 

WHO classification of 2007 based on the origin of the cell type. Hence, there are four main categories: 

diffuse astrocytoma (with glioblastoma as the most common and aggressive representative), 

oligodendroglial phenotype (oligoastrocymas), oligoastrocytic and ependymal tumours. A fifth group, 

named mixed neuronal-glial tumours, encompasses gliomas with mixed characteristics of different 

subtypes of glial tumours. From a histologically point of view, gliomas are very similar to normal glial 

cell (oligodendrocytes or astrocytes), however the origin of these cancerous cells remains unclear.265 

Until 2016, the World Health Organization (WHO) classified tumours of the central nervous system 

based mainly on the histology of the tumour.266 Then, a malignancy grade (WHO grade I to IV) was 

assigned, depending on the presence/absence of marked mitotic activity, necrosis and microvascular 

proliferation.266,267 

Important changes in the criteria for classifying a tumour have been introduced, giving more 

relevance to molecular types of glioma. The new classification incorporates diagnostic and prognostic 

markers such as mutation in the isocitrate dehydrogenase (IDH) enzyme, chromosome 1p/19q 

deletion, and histone mutations. This way, there are 2 main molecular categories: IDH wildtype and 

IDH-mutant and few subcategories (chromosome deletion and others).  

With the new 2016 WHO Classification, astrocytoma and glioblastoma are classified into IDH mutant 

and IDH wild types. Oligondendrioma belong to the IDH mutant category, and are 1p/19q co-deleted. 

Diffuse gliomas are classified by the histone H3 K27M mutations. A “not otherwise specified” (NOS) 

category was introduced for cases where molecular testing could not be performed, or the results 

were not conclusive. 268 
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Figure 79 - Schematic algorithm for classification of gliomas. Not only the histology but also 
molecular genetic features are nowadays considered for classifying gliomas. IDH: isocitrate 
dehydrogenase; NOS: not otherwise specified. 

 

3.1.2 Glioblastoma Multiforme  

Glioblastoma multiforme (GBM) or simply glioblastoma, is the most prominent (with an incidence of 

4.13/100.000 individuals per year) and malignant tumour astrocytoma subtype in adults.264,269 The 

incidence of GBM is higher in individuals above age 65, and more predominant in male over female.  

The median overall survival of patients with primary glioblastoma is 4.7 months.270 Treatment with 

surgical resection, radiation therapy and TMZ (the STUPP protocol271) increases the survival of 

patients with an assigned WHO grade IV to 12-14 months.272 

GBMs are divided into GBM IDH wild-type (IDHwt, 90% of the cases) which closely corresponds with 

the clinically defined as primary (de novo) tumour, and IDH mutant 1 and 2 (10% of the cases) which 

presents the characteristics of secondary GBM.273 If IDH status is unavailable, the diagnosis of GBM 

is NOS. In general, both GBM has poorly differentiated neoplastic astrocytes, with mitotic activity, 

microvascular proliferation, nuclear atypia and necrotic tissue. IDH1 and IDH2 mutations correlates 

with better outcome and increased overall survival (31 months),274 which is notably longer than the 

survival 14-month survival in patients with IDHwt glioblastoma.275 Furthermore, patients with 

anaplastic astrocytoma carrying IDH mutations showed improved outcome compared to the wild 

type: the average survival was 65 months for patients with mutations and 20 months for those 

without them.274  

Treatment of GBM 

The Stupp protocol is the standard treatment of glioblastoma since its publication in 2005. It 

comprises radiotherapy and chemotherapy with Temozolomide after surgery.271 
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Surgery 

Although almost all GBM tumours recur after surgery, resection of the tumour is a key factor for 

increased survival.276 The aim of the surgery is to obtain diagnosis and relieve clinical symptoms by 

removal of the tumour.   

Finding a balance between aggressive removal of malignant cells and minimizing the risk of inducing 

neurological damage is critical in order to determine the extent of resection (EOR) that provides 

maximal survival and functional guarantees. If the lesion is located near or involving critical areas, 

this is, those that if removed will generate linguistic or sensorial deficits, a subtotal resection or tissue 

biopsy will be performed.277 This situation invariably might leave residual disease (even with 

microscopic size) that can favour the reactivation of the tumour and further progression. For this 

reason, surgery is always supported by co-adjuvant therapies for tackling GBM. 

Radiotherapy 

Radiation therapy is the application of high energy X-rays to reduce a tumour. Post-operative 

radiation has been in use since the earlies 70’s. The standard dose is 60 gray (Gy) in 1.8 to 2.0 Gy 

fractions. Surgery combined with these fraction sizes of radiotherapy have proven to be effective and 

increase survival of patients in clinical trials (14 weeks survival increment among patients with only 

resection surgery compared to 29.5 weeks of those that also received dosed radiotherapy).278  

There are some cases in which re-irradiation is applied for recurrent gliomas, however, there is not 

enough evidence to support it, and is used mostly as palliative therapy.276 

Chemotherapy  

Temozolomide (TMZ) is currently the first-line treatment of primary GBM. It is one compound of a 

series of imidazotetrazinones279 that acts as an alkylating agent.  

The molecular structure of TMZ is advantageous because of the presence of three nitrogen atoms 

that confer unique physicochemical properties, with similar antitumor activity and less toxic than its 

parent compound, mitozolomide280 (Figure 80). 

 

 

Figure 80 - Chemical structures of Mitozolomide (A) and Temozolomide (B). 
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TMZ is an orally bioavailable (96-100%) prodrug,281 which doesn’t need hepatic activation to convert 

into its active metabolite. It is readily absorbed in the intestine and widely distributed in tissues, 

among them the brain (brain/plasma area under the curve ratio of 17.8% and peak concentration of 

0.6 ± 0.3 µg mL-1 after 2.0 ± 0.8 hours of a single dose of 150 mg m-2).282 TMZ possesses an 

imidazotetrazinone core with a carboxamide moiety (Figure 80B) and due to its small size (194 Da) 

and lipophilicity, it can penetrate the blood-brain barrier.283  Temozolomide is stable at acidic pH, 

whereas at physiologic pH (pH>7) the tretrazinone ring opens by the nucleophilic attack of H2O on 

the highly electropositive carbon C4, yielding CO2 and the active antitumor metabolite: the 

monomethyl triazene 5-(3-methyltriazen-1-yl)-imidazole-4-carboxamide, MTIC. MTIC breaks down 

further, when the secondary amine  receives a proton, releasing the methyldiazonium ion, +N2CH3, 

which easily transfers the methyl group to nucleophiles (NuH) such as the DNA bases 284 (Figure 81). 

 

 

Figure 81-  Scheme of TMZ pH-dependent conversion into its active form. Adapted reference 285. 

Among the lesions produced by TMZ on DNA, the most common are N-methylation on the N7 position 

of guanine and O-methylation on the  O3 position of adenine bases. 283,284,286 The cytotoxic mechanism 

of TMZ is related to the inability of DNA mismatch repair (DNA MMR) system to find a complementary 

base for the methylated guanine. Methylation of DNA results in disruption of the DNA replication and 

accumulation of long-lived nicks in the DNA, which persist into the next cell cycle, where they 

ultimately obstruct replication in daughter cells, stopping the cell cycle at the G2/M phase, followed 

by apoptosis of the cell due to detention of growth process.  

TMZ showed antitumoral activity in high-grade glioma287,288 and increased considerably the 

effectiveness of radiotherapy when combined with TMZ, as well as a better survival rate compared 

to radiotherapy alone. 271 However, GBM cells can become resistant to TMZ due to the action of O6-

alkylguanine alkyltransferase (AGT, also known as MGMT) enzyme, which specifically removes 

methyl groups at the O6 position of guanine. The high expression of AGT in GBM (~40 % of all GBM) 

clearly limits the efficacy of alkylating agents such as TMZ. 

It has been observed that patients bearing the IDH-mutations respond better to Temozolomide and 

have a better prognosis than patients carrying the histone H3-mutation (a very common mutation 

among patients diagnosed with diffuse midline gliomas, DMGs).289 IDH mutations are known to be 

gain-of-function mutations and are associated with a high diffuse DNA hypermethylation and MGMT 

promoter methylated.290,291 As a result, the MGMT transcription is stopped and glioma cells are more 

sensitive to Temozolomide. By contrast, histone H3-mutations is associated with the opposite effect, 
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this is, a hypomethylation of DNA and therefore, lower levels of MGMT promoter methylation.292,293  

The higher expression of the MGMT enzyme make of H3-mutation positive- patients unreactive to 

TMZ. 

If GBM becomes recurrent, the treatment regime that would be effective is not so well 

demonstrated. It usually includes the combination of TMZ with other alkylating agents such as 

procarbazine, lomustine or carboplatin, or alkaloid agents (irinotecan or vinblastine).294 Newer 

approaches/therapies are Gliadel® implants, containing carmustine (3.85% w/w), a mustard gas-

related drug. The implant contains the co-polymer of poly[bis(p-carboxypehnoxy)propane to sebacic 

acid in 20:80 molar ratio.295 When hydrated, the polymer releases carmustine in the tumour. 

Carmustine can partially across the BBB, however it is limited by its short half-life (13-20 min)296 and 

significant immunosuppression. Although clinical trials have shown an increase in the survival of 

patients treated with this implant of carmustine, the important side-effects (brain oedema and 

intracranial infections among others) limits the translation of Gliadel® as a first-line treatment of 

GMB. 295,297,298 

A recombinant humanised monoclonal immunoglobulin G1 antibody, bevacizumab (Avastin®, 

Hoffman-La Roche Ltd.) is currently in clinical trials for its use in primary tumours. 299–301 Bevacizumab 

selectively binds endothelial growth factor (VEGF), which plays a key role in angiogenesis and 

regulation of the permeability of the BBB. Due to Bevacizumab VEGF pathway is blocked, and it 

cannot bind to its receptors (VEGFR-1 and VEGFR-2). This situation restores the abnormal tumour 

vasculature, reducing the vascular permeability and blood supply around the malignant tissue. 302 Up 

to date, the European Medicines Agency have not yet approved the use of Bevacizumab as co-

adjuvant agent for the treatment of recurrent glioblastoma due to the scarcity of robust trial data 

demonstrating benefit. However, some European countries do administrate it in patients with 

recurrent glioblastoma, due to the lack of definitive treatments. 

Similarly, this antibody has been evaluated for it use in newly diagnosed glioblastomas, although it 

did not significantly improved the patient’s survival either. 303 The most widely applied regimen for 

bevacizumab monotherapy is 10 mg/kg intravenously every 2 weeks until disease progression or 

inadmissible toxicity.304 In 2015, the cost of bevacizumab was $66.6 per 10 mg,305  which means that 

an average patient of 70 kg would cost to the administration ~ $4,660 every fifteen days.  
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3.1.3 New approaches for the treatment of glioblastoma: Endocrine targeted 

therapy 

Gonadotropin-releasing hormone (GnRH) is a decapeptide (pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-

Gly-NH2) firstly described in 1971. GnRH is synthesised in the septal-preoptic-hypothalamic region of 

the brain and released in a pulsatile way by neurons.306 GnRH plays a crucial role in the control of 

reproductive functions by stimulating the synthesis/release of luteinizing hormone (LH) and the 

follicle-stimulating hormone (FSH).307  

Once secreted by the hypothalamic neurons into the portal system, GnRH reaches the anterior 

pituitary where it interacts with the Gonadotropin-releasing hormone receptor (GnRH-R),  to 

stimulate gonadotropin synthesis and release. GnRH-R is a member of the G protein-coupled 

receptor (GPCR) family, which contains seven transmembrane domains. It also possess a short 

carboxyl-terminal cytoplasmic tail, a region implicated in the coupling to G proteins and believed to 

be important for receptor internalization306  GnRH-R is coupled to a Gαq/11 protein to activate 

phospholipase C, which transmits downstream signalling to diacylglycerol and inositol 1,4,5-

triphospate (IP3). Next, intracellular Ca2+ is released by IP3 and DAG activates the intracellular protein 

kinase C (PKC) pathway.306 Phospholipase A2 and phospholipase D are also activated by GnRH and 

both activate PKC. Phospholipase A2 yields long-chain unsaturated fatty acids such as arachidonic 

acids, whereas phospholipase D acts on the membrane phospholipid phosphatidylcholine, converting 

it into phosphatidic acid. This fatty acid can be further metabolized into DAG, thus prolonging the 

PKC activation.308 PKC is a major mediator of the activation of the MAPK cascades. GnRH-R 

intracellular signalling has been found to activate all four MAPK cascades: ERK1/2, c-Jun N-terminal 

kinase (JNK), p38MAPK, and big MAPK1 (also known as ERK5). MAPK cascade is the link for the 

transmission of signals from the cell surface to the nucleus, leading to transcription factor (e.g. Elk1 

and c-Jun), phosphorylation and ultimately triggering gonadotropin synthesis and release. Both GnRH 

agonist and antagonist, the former if a sustained dose is present, can cause desensitization of the 

GnRH-R, which translates into antiproliferative effect.  

Recent research has indicated that GnRH-R are overexpressed in cancer tissues, either related (i.e. 

breast, ovarian, prostate and endometrial cancers) or unrelated (i.e. glioblastoma, lung or 

melanoma).309,310 Western blot and mRNA protein expression have confirmed the overexpression of 

GnRH in U87MG glioblastoma cells that if treated with micromolar concentration of GnRH agonists 

can result in a concentration dependent antiproliferative effect.309 This could be mainly explained by 

three mechanisms: crosstalk with growth factor receptor, upregulate JNK inducing apoptosis, and 

downregulate cAMP reducing cell proliferation (as shown in figure 82) and the latter has been 

demonstrated by GnRH agonists in U87MG cells.309 However, GnRH peptides have not been 

translated into treatments for GBM due to their short half-life or their inability to across the BBB.311 
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Figure 82 - Signalling pathways involved after the activation of the GnRH receptor and their effects 

on glioblastoma cells. Key: dashed arrows: indirect activation. Solid arrows: direct activation. Solid 

line with the transversal line: direct blocking. 

 

 

Tyrosyl5 palmitoyl GnRH (TPGnRH) nanofibers as a targeted endocrine GBM therapy 

Chemically-modified neuropeptides by lipidation has proven to enhance their amphiphilicity and, in 

some cases, allow their self-assembly intro supramolecular structures (micelles, vesicle, nanotubes, 

and nanofibers).309,312 Peptide nanofibers have been shown to be able to enhance permeability 

across the BBB and result in therapeutic levels of the peptide  in vivo.312,313  

Dr Lalatsa’s group has developed a lipidized analogue of GnRH by grafting a palmitic tail via an ester 

bond at position Tyr5 (Figure 83).  TPGnRH has been shown to be able to bind to GnRH-R and maintain 

agonistic activity and to have a strong dose-dependent antiproliferative effect in GBM U87MG cells 

(IC50 10.31 µM), while being able to elicit a G2/M phase arrest and trigger apoptosis.314 TPGnRH self-

assembles into long axial nanofibers that are able to be loaded with high concentrations of cytotoxic 

drugs (namely paclitaxel (~2mg/mL), lomustine, doxorubicin) and target them in GBM cells. TPGnRH 

nanofibers and paclitaxel loaded nanofibers are able to cross across an in vitro 2D human BBB model 

prepared by human brain endothelial cells (hCMEC) and human astrocytes (SC-1800), while being 

able to increase paclitaxel’s permeability by 30-fold. Peptide nanofibers are stable upon dilution and 

possess an excellent biological half-life (Table 17).  



Chapter 3 - Introduction 

193 
 

 

Figure 83 - Molecular structure of Tyrosyl5 palmitoyl GnRH (TPGnRH) peptide. 

 

Table 18 - The half-life (minutes) of Glu-GnRH and TPGnRH in 50% plasma or brain 
or liver homogenate.   

Homogenate Glu-GnRH  (minutes) TPGnRH (minutes) 

Plasma 50% 17.66 ± 4.22 445.14 ± 4.95 

Brain 50% 3.59 ± 0.08 1951.40 ± 8.01 

Liver 50% 0.67 ± 0.03 
4.94 ± 2.61* 

196.47 ± 84.90** 

U87MG 82.46 ± 20.05 2908.22 ± 34.79 

 * half-life alpha phase ~60% 

 ** half-life beta phase 

 

TPGnRH nanofibers counteracted FSK-induced cAMP intracellular accumulation, implying that GnRH-

R was coupled to a Gαi protein as previously described for other GnRH D-analogues in GBM cells.309 

TPGnRH at 35 µM neutralizes cAMP accumulation in a concentration – dependent manner, affording 

13-fold decrease in the cAMP levels.314 It is thought that Gαi protein could be the major mediator of 

alteration of proliferation or apoptosis signals.310 TPGnRH nanofibers have demonstrated its ability 

to elicit an antiproliferative effect by activating the GnRH-Rs coupled to the Gαi protein and the cAMP 

-dependent signalling cascade in the GBM cells. Additionally, TPGnRH nanofibers were able to 

generate G2/M phase arrest followed by apoptosis on U87MG cells. This is similar to other studies of 

stable GnRH analogues such as triptorelin (a D-analogue of GnRH) causes antiproliferation on HEK293 

cells transfected with functional GnRH receptor by altering the MAPK pathway, causing G2/M phase 

arrest and apoptosis.315 GnRH activation in the U87-MG cells might be also associated with similar 

alterations, thus, MAPK pathway alterations could be another mechanism for TPGnRH to produce 

antiproliferative effects.  

At low concentrations of TPGnRH (up to 7 µM), apoptotic effects may be also involved, as there is no 

alteration in the cell cycle316 but there is an increase of apoptotic cells. In the study with the GnRH 
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analogue Triptorelin, alterations in some genes involved in apoptosis (caspase-8, cFLAR, Fas-

associated protein) were observed after 72 to 96 hours of treatment.315 In GBM cells, TPGnRH might 

act similarly, and trigger apoptosis either by a direct apoptotic pathway or by an alteration of cells 

cycle regulators. More studies are needed in this behalf to fully elucidate the mechanism of action of 

TPGnRH. 

 

3.1.4 microRNA  as treatment of cancers 

Protein synthesis is a highly controlled and conserved process on cells. The information that provides 

the instructions for the synthesis of any protein in our body is contained in the DNA. When a specific 

protein should be synthetised, a copy of its DNA-sequence is copied as messenger RNA (mRNA). This 

mRNA travels out of the nucleus to the cytoplasm and reaches the ribosome. Inside the ribosome, 

information encoded in the sequence of bases in the mRNA is translated by transfer RNA (tRNA) 

molecules, that carry specific amino acids at one end and bind to the mRNA by the other end.317 The 

ribosome links every new amino acid to the growing peptide chain (Figure 84). 

  

 

Figure 84 - Transcription and translation processes for peptide biosynthesis on cells. Adapted from 
https://www.cancer.gov/. 
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At the end of the last century, Fire and co-workers discovered the presence of double-stranded RNA 

in Caenorhabditis elegans that induced potent and specific gene silencing, a phenomenon termed 

RNA interference (RNAi).318 Gene silencing is a well-conserved process that functions in several 

species, including mammals. The inhibitory capability of RNA in mammalian cells is carried out by 

single-stranded RNAs or microRNA (miRNA).  

MicroRNA (miRNA) are small non-coding transcripts of 19 to 25 nucleotides in length without protein-

coding ability, but able to regulate protein expression at the post-transcriptional level. miRNA 

negatively regulate synthesis of proteins by base-pairing to complementary or partially 

complementary sites on target mRNAs.319 Up to 60% of the human transcriptome is under the 

negative regulation of miRNAs activity. Thus, miRNAs constitute one of the most important and 

abundant classes of gene-regulatory systems in animals.320   

There are ~ 2,000 known human miRNAs but the knowledge about their specific target mRNA is 

limited. However, a clear function of this extensive regulatory network is the control over processes 

that regulate normal cell proliferation, differentiation and apoptosis, as well as determination of the 

final phenotype of other human diseases, such as cancer, thus defining carcinogenesis and metastatic 

potential.321 

Despite their global dysregulation, most miRNAs (oncomiRNAs) are repressed in cancer tissue relative 

to normal tissue, indicative of a loss of differentiation of tumour cells.320 However, several miRNAs 

are upregulated, some of them playing key oncogenic roles. 

 

3.1.5 microRNA-21  

We will focus our attention into microRNA-21 (or miR-21). miR-21 is abundantly expressed in 

mammalian cells, whose upregulation is associated with numerous types of cancer.322,323 

Mature miR-21 is a 22-nucleotide long molecule whose sequence is 5′-

UAGCUUAUCAGACUGAUGUUGA. In humans, miR-21 gene is located on chromosome 17q23.2. For 

most miRNAs, among them miR-21, the transcription process starts on the nucleus by RNA 

polymerase II, which transcribes the miR-21 genes and generates long primary transcripts (pri-miR-

21). Subsequently, RNase III enzyme (Drosha) trims pri-miR-21 to release pre-miR-21 hairpin, which 

is transferred to the cytoplasm by exportin 5.324,325 In the cytoplasm, the pre-miR-21 is further 

processed by  a protein complex containing dicer protein (Dicer) and the transactivation response 

RNA binding protein (TRBP) that further cut pre-miR21 to form double-stranded miRNA fragment, 

which finally unwinds into mature single-stranded miRNA (Figure 85). 

Like other mature miRNAs, mature miR-21 incorporates into the RNA-induced silencing complex 

(RISC). RISC tethers, by means of the miRNA fragment, to total or partially complementary motifs in 

target mRNAs. This will provoke post-transcriptional gene silencing of the target mRNA and (or) 

promotion of its degradation.326 
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Figure 85 - Biosynthesis of miR-21. The course followed by miR-21 transcript is indicated with arrows. 

Mature miR-21, coupled with RNA-induced silencing complex (RISC), binds target mRNA in the 

cytoplasm and provokes translational block and (or) mRNA cleavage. Picture adapted from 326  and 

prepared with Servier Medical Art (https://smart.servier.com/). 

 

Role of miRNA-21 in GBM 

It has been demonstrated that miR-21 overexpression functions as an oncogene, this is, it can cause 

the growth of cancer cells.327  In a study that profiled 540 clinical samples of cancer patients, miR-21 

was found to be the only one that consistently was upregulated.328 miR-21 is also expressed in 

hematopoietic cells, including B/T cells, monocytes, dendritic cells and macrophages. For these 

reasons, miR-21 is considered a biomarker and target for cancer treatments.329 

Chan and colleagues  confirmed the overexpression miR-21 in gliomas by Northern blot in different 

mammalian tissues and cells.319 Its expression was increased 5- to 100-fold in human GBM tissue 

compared to non-neoplastic brain, and strongly elevated in all high-graded glioma samples tested.330 

Similarly, miR-21 expression was remarkable elevated in six model cell lines, commonly used as 

models for human glioblastoma (LM299, U373, A172, U87, LN308 and LN428). Interestingly, miR-21 

expression was present in other primary brain tumours such as oligoastrocytoma, oligodendroglioma 

and anaplastic astrocytoma, but such high levels of miR-21 were only found in glioblastoma.                    
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The phenotypic effect of miR-21 inhibition has been also studied. To investigate the effect of miR-21 

inhibition, glioblastoma cells (U87, A172, LN229 and LN208 cell lines) were transfected in parallel 

with 2’-O-methyl-oligonucleotide or with antisense oligonucleotides containing LNA (locked nucleic 

acid) complementary to miR-21. They both are molecules that can be engineered with a very high 

affinity for miRNA in vitro and in vivo, and when bound to a miRNA, prevent miRNA interaction with 

its mRNA target. 319 Both techniques, 2’-O-methyl and LNA-oligonucleotides, showed similar 

effectiveness and specificity, with a significant drop in cell number, whereas unrelated 2’-O-methyl- 

or LNA/DNA-oligonucleotides (non-targeting miR21) did not affect cells. The metabolic activity was 

clearly reduced after the suppression of miR-21, but not with the control or with the suppression of 

two other miRNAs (miR-124a and miR125b) which are abundant in normal and tumour brain.  

The decrease in cell number was related with a marked enhance in cell apoptosis. Enzymatic activities 

of caspases-3 and caspase-7 (key executioners of apoptosis) increased 3-fold by 48 hours post-

transfection with the antisense-modified oligonucleotides, 2’-O-methyl-miR-21 or LNA/DNA-miR-21. 

This means that the aberrant overexpression of miR-21 in glioblastoma cells down-regulate the 

translation of mRNAs coding for apoptosis-related genes, and therefore, miR-21 acts as an 

antiapoptotic factor in GMB. 

 

Targeted molecular pathways by miR-21 in GBM 

miR-21 targets multiple genes including associated with glioma cell apoptosis, migration and 

invasiveness. Figure 86 gather key downstream pathways that are altered by miR-21 upregulation in 

multiple cancers.  

Cells possess survival signalling pathways whose expression is upregulated by the effect of miR-21. 

An example of these survival pathways is the PI3K/AKT. PI3K catalyses phosphatidylinositol 4,5-

bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3), which recruits AKT and 

phosphoinositide dependent kinase (PDK) to allow PDK to phosphate and activate AKT. Activated AKT 

increases cell proliferation and decreases cell apoptosis. Phosphatase and tensin homolog (PTEN) is 

a tumour suppressor mRNA and protein that negative regulate of PI3K/ AKT pathway, by turning PIP3 

into PIP2. miR-21 directly target mRNA of PTEN, with subsequence increase of AKT activation. 331 In 

a very recent study, it has been observed  that PTEN loss of function in GBM directly upregulates 

oncogene expression of the histone-chaperone (DAXX) and histone variant (H3.3) complex, which are 

involved in tumorigenesis.332 

Other known mRNA targets of miR-21 are the programmed cell death protein 4 (PDCD4), Maspin, 

matrix metalloproteinases inhibitors RECK and TIMP3, Bax and tumour suppressor gene tropomyosin 

1 (TPM1). 333 

PDCD4 is a potent tumour suppressor and one of the principal targets of miR21. It can down regulate 

tumour promotion and progression 334 and inhibits invasion and intravasation.335 PDCD4 inhibits 

eIF4A activity to suppress translation of p53 and Sin1. Inhibition of Sin1 translation attenuates cell 

proliferation, invasion and metastasis. PCDC4 may directly bind with mRNAs of c‐Myb transcription 
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factor, anti-apoptotic protein Bcl‐xL and X chromosome‐linked inhibitor of apoptosis (XIAP) to inhibit 

their translations, leading to suppression of proliferation and anti‐apoptosis. Moreover, knockdown 

of Pdcd4 also causes a decrease in expression of several epithelial markers including E‐cadherin, α‐

catenin and γ‐catenin as well as an increase in expression of mesenchymal markers like β‐catenin, N‐

cadherin and fibronectin, suggesting that PDCD 4 knockdown induces epithelial to mesenchymal 

transition (EMT) and ultimately, increases cell migration and invasiveness potential. 336 

RECK is a membrane-anchored inhibitor of metalloproteinases (MMPs). Reduced expression or 

inactivation of RECK is critical for the angiogenesis, invasiveness and metastasis of diverse cancers 

like glioblastoma.330 Tissue inhibitor of metalloproteinases 3, TIMP3, acts in similarly to RECK, not 

only by inhibition of MMPs but also by participation in other cellular processes, such as apoptosis. 

Krichevsky and co-workers demonstrated that TIMP3 activates caspases and induce apoptosis on 

human glioma cells.337 MMP levels and activities are significantly elevated in human gliomas, which 

contributes to glioma cell invasion of the surrounding normal tissues, metastasis, and angiogenesis 

through cell surface degradation.338 

Bax is a key component for cellular induced apoptosis through mitochondrial stress. Bcl-2 is an 

antiapoptotic protein and constitute one of the major obstacles for chemotherapy in many cancer 

cells. Under proper stimuli, Bax forms toxic oligomers which drill the mitochondrial membrane, 

releasing pro-apoptotic proteins such as Cytochrome C and apoptosis-inducing factors. Leakage of 

pro-apoptotic mediators results in activation of caspase pathways that ultimately precipitate cell 

death.339 miR-21 protects glioma cells by reducing the Bax/Bcl-2 ratio and lessening the activity of 

caspase 3.340 

Tropomyosin 1 (TPM1) another suppressor gene whereas Maspin (mammary serine protease 

inhibitor) is a well-known tumour suppressor. Both mRNAs are targeted by miR21. TPM1 is involved 

in cell migration and invasion; Maspin regulates cell growth, invasiveness and metastasis.341 
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Figure 86 - Scheme of miR-21 signalling pathways for carcinogens and feedback regulation. As a 

result of the direct repression on targeted mRNA, many signalling pathways involved in cell 

proliferation, invasiveness and metastasis are altered and initiates carcinogenesis phenomena in the 

cell. Key: miR, microRNA; pri-mRNA, primary mRNA; pre-mRNA, precursor mRNA; AP-1, activated 

protein-1; NFIB, nuclear factor I/B; Maspin, mammary serine protease inhibitor;  PDCD4, 

programmed cell death protein 4; TPM1, tropomyosin 1; RECK, reversion-induced cystine-rich 

protein with Kazal motifs; TIMP3, tissue inhibitor of metalloproteinases 3; MMP, matrix 

metalloproteinase; PTEN, phosphatase and tensin homologue; c‐Myb transcription factor; XIAP, X 
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chromosome‐linked inhibitor of apoptosis; STAT3, signal transducer and activator of transcription 3. 

Picture made using Servier Medical Art (https://smart.servier.com/). 

How does miR-21 maintains its expression over the time? 

Sustained miR-21 expression might involve miR- 21 itself and its direct target Nuclear Factor I/B 

(NFIB). NFIB is a transcriptional repressor that suppresses basal expression of the miR-21 gene. In 

stimulated or cancer cells, NFIB can be displaced from the miR-21 promoter (e.g. by AP-1), which may 

lead to elevation of miR-21 levels. Then miR-21 would bind to NFIB mRNA inducing down-regulation 

of NFIB production and therefore further upregulation of miR-21 expression (Figure 86). 

Another related mechanism of continuous miR-21 expression might implicates its transcriptional 

inducer AP-1 and PDCD4 regulator. miR-21 represses expression of PDCD4, a protein that blocks the 

transactivation of AP-1 by interfering with c-Jun phosphorylation and activation. Therefore, miR-21, 

in turn, is capable of inducing AP-1 activity and AP-1-dependent transcription by two, likely 

independent, mechanisms to maintain its expression.  

The Signal Transducer and Activator of Transcription 3 (STAT3) is a transcriptional factor which is 

constitutively activated in tumoral tissues. STAT3 promotes tumour growth, angiogenesis, tumour 

invasion and metastasis. Many cytokines, growth factors, miRNAs (miR-21) and G-protein coupled 

receptors induce STAT3 phosphorylation. Ganguly et al.342 demonstrated that Glioma Initiating Cells 

(GICs)  are strongly dependent on STAT3 factor. Simultaneously, STAT3  is one of the factors that 

induce miR-21 transcription in various cancers, such as myeloma and GBM.337 The STAT3-mediated 

IL-6-miR21 autocrine feedback stabilises miR-21 levels in glioma cells (Figure 86).  

 

3.1.6 Cancer stem cells and miRNAs 

Cancer stem cells (CSCs) present self-renewal capacity, limitless proliferative and metastasis 

potential, making of them critical drivers of tumour progression, recurrence and malignancy.333  

Epithelial-to-mesenchymal transition (EMT), as defined by Li and co-workers,  is a well-recognized 

integral component of invasion and migration processes, which is characterized by loss of cell 

adhesion, changing in the composition of the cytoskeleton and acquisition of migration ability and 

invasive traits.343 It is hypothesized that cells that undergoes EMT acquire cancer stem cell 

characteristics. 

It has been reported that CSCs are also formed in glioblastoma (GSCs or GICs), making them more 

resistance to radiation, chemotherapy with TMZ and biological treatment.344  

miR-21 can also support CSCs development in GBM.  The mechanism by which miR-21 boots GSCs 

formation is by the inhibition of FASLG protein expression, an driver of apoptosis that belongs to the 

Tumoral Necrosis Factor α (TFN- α) family.345   
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miR-205 

miRNA-205 belong to the miRNA-200 family and plays a key role in glioblastoma. Although its 

expression can vary from one type of tumour to another (being upregulated or downregulated), it 

behaves as tumour suppressor. In glioblastoma, miR-205 is downregulated, situation that facilitates 

tumour initiation and proliferation. miR-205 directly targets the vascular endothelial growth factor 

A, provoking apoptosis and cell-cycle arrest and reduce viability and invasive properties of glioma 

cells.346 

Another target of miR-200 family is Zinc finger E-box binding homeobox 1 (ZEB1), a transcriptional 

factor that enhances tumour invasion and metastasis by inducing EMT on carcinoma cells. 347 It has 

been observed that glioma cells overexpress ZEB1, due to the low levels of miR-205. EMT is then 

undertaken for many cancerous cells gaining CSCs profiles. 

 

3.1.7 11PS04, TMZ and other strategies for cancer stem cells   

In view of the key role played by miRNAs in cancer, and specifically that of miR-21 and miR-205 in 

GBM, it is obvious that novel antitumoral therapies are oriented towards these targets. Malignant 

gliomas are treated with a combination of surgery, radiation, and chemotherapy (TMZ). Sadly, in 

many occasions this is not enough for total health recovery due to tumour recurrence. CSCs in 

glioblastoma are recurrent even though TMZ significantly reduces its formation. Therefore, there is 

need of new therapies that target miRNAs and restore their physiological levels as well as completely 

avoid the formation of CSCs. 

The most common approach for repressing miRNA expression is by treating cells with anti-miRNA 

oligonucleotides, both for studying the signalling pathways affected and for the treatment of 

glioblastoma. A second option is the use of antisense peptide nucleic acids (PNAs), which bind 

complementary RNA with high binding affinity. 

A very recent study employed an anti-miR-21 oligonucleotide and a PNAs to inhibit miR-21 

expression.348 In order to overcome the rapid clearance of these oligonucleotides and help them to 

across the BBB, the miR-21 inhibitors were loaded in two nanoparticles (NP) formulations: the first 

formulation used the cationic polymer poly(amine-co-ester) (PACE) modified with apolipoprotein E 

(ApoE) in the NP surface, and was employed to load the anti-miR-21). The second formulation was a 

poly(lactic acid) based NP with different chemical modification on the surface. Convection-enhanced 

delivery (CED) of NPs formulations facilitated the intracranial distribution of the active nucleotides, 

which did not provide a survival benefit in the animal models when dosed alone but it did it when 

combined with TMZ. 

A different strategy is by using chemotherapeutics to modify the expression and/or the signalling 

pathways altered by oncomiRNAs. 
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Candance and co-workers developed gamma-secretase inhibitors that enhanced the effect of TMZ 

on neurosphere (CSCs that mimics those from GBM patients in glioblastoma) by targeting the Notch 

pathway, which has demonstrated to be able to enhance glioma cell survival.349 Their gamma-

secretase inhibitor DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-5-phenylglycine t-butyl ester) 

partially succeeded in combined treatment with TMZ. Pre-treatment and co-treatment of glioma cells 

with DAPT before addition of TMZ reduced the efficacy of TMZ whereas post-treatment did reduce 

the neurosphere formation.350  

Our group has developed a novel molecule with a pyrano-oxazolone core named 11PS04 ((3aR,7aS)-

2-(3-propoxyphenyl)- 7,7a-dihydro-3aH-pyrano[3,4-d]oxazol-6(4H)-one) with a demonstrated 

capacity to fight oncogenicity in vitro and in vivo by targeting both miRNAs 21 and 205.351 

The antitumor profile of 11PS04 was validated by real-time PCR, which confirmed the inhibition of 

miR-21 as well as the enhancement of miR-205 expression in a dose-dependent manner in U87MG 

cells and MCF-7 cell lines. 

After 24 h hours cell exposition to 11PS04, the expression of miR-21 and miR-205 targeted mRNAs 

were measured: PDCD4 increased significantly compared to control (p<0.005) whereas ZEB1 

decreased (p<0.005). E-Cadherin, a downregulated protein under the expression of ZEB1 was also 

measured to evaluate the restoration of miR-205 levels. miR-21 was reduced in both cell lines as well 

as miR-205 expression was found significantly higher compared to control (Figure 87). 

 

 

Figure 87 -  11PS04 regulates the expression of known targets of miR-21 and miR-205 in MCF-7 and 

U87 cells. Regulation of proteins that are downstream targets of miR-21 and miR-205: PDCD4 and E-

B 

C D 
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Cadherin, respectively. Exposure to 11PS04 (5 μM, 24h exposure time) led to the transcriptional 

regulation of miR-21 (A) PDCD4 (B) miR- 205 and ZEB1. Transcription was compared with the 

endogenous control: ACTB ribosomal RNA. The accumulation of the miR-21 and miR-205 target 

proteins in extracts of treated MCF-7 and U87 cells was measured in Western blots, PDCD4 (C) and 

E-Cadherin (D) respectively (mean ± SEM; n = 3; *P < 0.05; **P < 0.01; ***P < 0.005 (Student’s t-test). 

Taken from reference 351. 

  

Furthermore, 11PS04 restricted the potential of CSCs to form oncospheres. The frequency of sphere 

formation (f) was assessed in vitro by using an extreme limited dilution analysis (ELDA) which can 

indicate the number of tumour cells capable of forming a single sphere. 5 μM of 11PS04 significantly 

supressed the formation of stem cells both in breast cells and glioma cells relative to controls. For 

instance, MCF-7 control cells presented a f of one nanosphere out of eight cells (f = 1/8). Same cells 

after treatment with 11PS04 showed a f value of 1/75.5. Similarly, U87 cells reduced the sphere 

formation from 1/3.6  to 1/38.  

 

It is known that miR-21 is involved in resistance to solid cancer cells to multiple drugs, among them 

TMZ.321 11PS04 proved its ability to sensitise U87 MG cell line to TMZ effect, both against glioma cells 

and glioma stem cells (GSCs) (Figure 88). 
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Figure 88  - (A) Cell viability of U87 MG cells after 72 h of treatment with Temozolomide (TMZ). Cells 

were pre-treated for 48 h with 11PS04. MTT test (n = 3): *p < 0.05, **p < 0.01, ***p < 0.001 relative 

to the vehicle pre- treated; #p < 0.05, ##p < 0.01, ###p < 0.001 relative to vehicle cells. (B) Sphere 

frequencies from U87 single-cell suspensions are plotted relative to the number of cells seeded per 

well, in the presence of 11PS04 (5 μM), TMZ (100 μM) or 11PS04 (5 μM) plus TMZ (100 μM) during 

the formation of the spheres. Solid lines represent the frequency estimation and the dashed lines the 

95% confidence intervals. The right panel shows the frequency of spheres produced by U87 cells pre-

treated with 11PS04 (5 μM) or the vehicle alone, and then exposed to 11PS04 (5 μM), TMZ (100 μM) 

or 11PS04 (5 μM) plus TMZ (100 μM) during the formation of the spheres. The controls are the cells 

pre-treated and treated during sphere formation with the vehicle alone. (C) The frequency of 

initiating cancer stem cells was calculated using the ELDA platform. Taken from reference 351. 

 

Therefore, 11PS04 is an miR-21 inhibitor and enhance TMZ effect via PDCD4 pathway as well as 

restores miR-205 levels. Both effects on miR expression influence the behaviour of CSC and their 

participation in oncogenesis, tumour progression, metastasis and recurrence.  

A 
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3.2 HYPOTHESIS, AIM AND OBJETIVES   

Large amounts of evidence point to miRNAs as key players the regulation of many proteins which are 

essential for cell-cycle control, stress response, differentiation, migration and metabolism. miRNAs 

are found in cells with physiological activity, but a significant dysregulation of their functionalities 

(then become into oncogenic miRNAs) trigger the activation of multiple signalling pathways 

implicated in multiple diseases, among them cancer. Thus, they are not only biomarkers for the 

diagnosis of a specific disease but also targets of antitumoral treatments.  

 

Our group has developed 11PS04, a new chemical entity with the ability of modify and restore miR-

21 and miR-205 to normal levels, and therefore increasing the susceptibility of GSCs to Temozolomide 

(Temodar®) as well as potentiating the antitumoral effect of Temozolomide over glioblastoma cells. 

 

The success of many therapies sometimes relays on their optimal pharmacokinetic properties. In fact, 

being able to across the BBB is basic for any drug that aspires to treat a brain disease. TPGnRH has 

emerged as targeted nanomedicine for GBM, not only because of its antiproliferative activity on 

glioma cells but also due to its ability to cross the BBB barrier carrying chemotherapeutics such as 

Paclitaxel (Taxol®).  

 

We aim:  

1. to load TPGnRH nanofibers with 11PS04 and TMZ in clinically relevant concentrations 

2. to assess 11PS04-loaded nanofibers efficacy in GBM cells. 

3. to evaluate the effectiveness of combined therapy with 11PS04-loaded nanofibers with TMZ in 

GBM cells. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 11PS04 and 11PS04 – TMZ loaded TPGnRH Nanofibers Characterization 

Particle size and zeta potential measurements. Quantification of loading using HPLC 

Three formulations were prepared (F1-3) and characterised for drug loading, particle size and zeta 

potential (Table 18).  F1 contained 11PS04 loaded into TPGnRH (molar ratio 1:8); F2 was prepared 

with  11PS04-TMZ loaded nanofibers (molar ratio 1:4:8) and F3 was made with 11PS04-loaded 

nanofibers (molar ratio 1:3). Drug loading was determined using HPLC-UV.   

 

Table 19 – Average particle size (nm), peaks (% by volume), Z potential  and drug loading of 11PS04-
loaded and 11PS04-TMZ-loadend TPGnRH formulations. Peak (%) noted by volume. Mean ± SD (n=3).  

Key: PDI: polydispersity index; F1: Formulation 1 - 11PS04 loaded into nanofibers, molar ratio 1:8; F2: 

Formulation 2 - 11PS04-TMZ loaded nanofibers; F3: Formulation 3 – 11PS04-loaded nanofibers, 

molar ratio 1:3.  

 

All formulations were cationic as expected for TPGnRH nanofibers that are protonated at 

physiological pH. Polydispersity values were relatively high, due to the long axial nature of the 

particles. Formulation 2 contained 2.2 ± 2.9% w/w for 11PS04 (90.9 ± 2.9 % encapsulation efficiency), 

while TMZ demonstrated a final concentration of 5.4 ± 0.7 % w/w (89.3 ± 1.5% encapsulation 

efficiency). Formulation 1 and 3 presented drug loading values of 2.0 ± 0.4 and 5.7 ± 0.23 % w/w, 

respectively. Peaks were well separated using HPLC and retention times for TMZ, 11PS04 and TPGnRH 

were 3.29, 8.60 and 14.81 respectively (Figure 89).   

 

 

Average 

particle  

size (nm) 

Peak 1 

(nm) 

% 

Peak 2 

(nm) 

% 

Peak 3 

(nm) 

% 

PDI 
Z potential 

(mV) 

Drug loading 

(% w/w) 

F1 
1311 ± 

140.1 

196 ± 

13.49 

(3.3%) 

1677.3 ± 

22.85 

(51.5%) 

2620±137.1

8 

(45.2%) 

0.656 ± 

0.073 
10.2 ± 2.33 2.0 ± 0.4 

F2 
580.7 ± 

59.07 

700.9 ± 

518.11 

(62.1%) 

3698.5 ± 

239.7 

(34.7%) 

- 
0.404 ± 

0.06 
13.0 ± 1.79 

11PS04 

2.2 ± 0.07 

TMZ 

5.4 ± 0.7 

F3 
434.1 ± 

11.73 

136.9 

±22.2 

(35.7) 

916.3 

±317.9 

(67.1) 

164.5± 32.6 

(2.8%) 

0.445 ± 

0.017 
10.1 ± 0.23 5.7 ± 0.23 
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Figure 89 - HPLC chromatogram at 254 nm of TMZ and 11PS04-loaded TPGnRH nanofibers showing 
the peaks of TMZ, 11PS04 and TPGnRH at 3.294, 8.607 and 14.819 minutes respectively. 

 

Transmission electron microscopy (TEM) and Atomic Force Microscopy (AFM) 

TEM studies of 11PS04 and TMZ-loaded TPGnRH formulations confirmed the long-axial morphology 

of the nanofibers (Figure 90). Nanofibers showed ribbon-like appearance and had an average width 

of 27.4 ± 7.0 nm. 11PS04 loaded-TPGnRH nanofibers (Formulation 1) forms thin fibers with a 

diameter of 10.3 ± 1.9 nm (n=10) and an average length of 587 ± 100 nm (n=10). Formulation 1 was 

also imaged using AFM (Figure 91) and the measured diameter was 17 ± 2 nm (n=10) (which is higher 

possibly due to lower quality of AFM images and probe selected).  

Formulation 2 (containing 11PS04 and TMZ loaded into nanofibers) showed fibers with an average 

diameter of 8.52 ± 2.0 nm (n=10) and a length of 847 ± 244 nm (n=10). These fibers were different 

from those formed on formulation 1 ( P value < 0.05). If forming bundles, the diameter of fibers in 

Formulation 2 was 31.23 ± 8.5 nm.  Loaded fibers of TPGnRH with 11PS04 in Formulation 3 appeared 

mostly forming bundles with diameters of 23.0 ± 2.72 nm (n=10) and an average length of 726 ± 79 

(n=10) (Figure 90). 

 

TMZ

11PS04
TPGnRH



Chapter 3 -Results and discussion 

208 
 

 

 

Figure 90 - Negatively stained TEM images of the 11PS04-TMZ-loaded TPGnRH (A,B) and 11PS04-

loaded TPGnRH corresponding to F1 and F3 (C,D). Formulations were diluted (1:100 v/v) in 0.01 M of 

PBS (pH 7.4) and negatively stained with 2% uranyl acetate prior to their visualization in TEM. 

 

 

B A 

C D 
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Figure 91 - AFM image of 11PS04-loaded TPGnRH nanofibers (Formulation 1). AFM images were 
analysed) using Gwyddion software. 

 

AFM imaging revealed a fiber whose size was 0.45 µm and its diameter was 17 ± 2 nm (n=10), which 

is in accordance with the sizes observed by TEM 
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3.3.2 Antitumoral Activity of 11PS04, Temozolomide and TPGnRH 

11PS04 and Temozolomide 

We evaluated the effect of different concentrations of TMZ combined with 5 µM of 11PS04 on 

U87MG for a total of four days.  This amount of 11PS04 was chosen as it has previously proven to be 

able of modify the expression of miR-21 and miR-205.351 In this assay, the dose of 11PS04 was added 

on day 2 and on day 4 (refer to Figure 104 for more details). The effect of TMZ alone on U87 MG cell 

line was also evaluated after its addition on the 4th day. 

  

 

Figure 92 - Cell viability of U87 MG cells treated with Temozolomide without (black bars) or with 

11PS04 (white bars). U87 MG cells were seeded at 1400 cells/cm2 in complete medium and allowed 

to attach and grow for 3 days. Cells were treated with 11PS04 every two days for four days. Treatment 

with TMZ was added on the 4th day alone or in combination with 11PS04. Cell metabolic activity was 

measured at the end of the assay by the MTT test.  Statistical comparisons among black bars: P values 

*p< 0.05, **p< 0.01, ***p< 0.001 relative to non-treated cells (0 µM of TMZ); comparisons among 

white bars: P values #p< 0.05, ##p< 0.01, ###p< 0.001 relative to treated cells with 5 µM of 11PS04 

and 0 µM of TMZ. Two-way ANOVA with Dunnett’s post hoc test. Mean ± SD (n=3).  

 

The treatment with only TMZ did not produce significant cytotoxic effect on cells at low 

concentrations of the drug (<175 µM). Above 175 µM, TMZ started to alter the cell viability of U87 

MG cells (15% effective). These results corralate with those obtained by Aguado et al.,351 showed in 

Figure 88A; however, higher concentrations of TMZ (250 µM and 500 µM) were more effective when 

measuring the cell viability after 48 h than after 72 h. This effect has been previously reported in the 

literature286 and supports the necesity of frequent renewal of TMZ doses. Essentially, this particular 

type of cells present the ability to auto-recover after administration of an active agent such as TMZ  
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if being maintained in culture for a longer period of time without repeating the treatment (i.e. 

treatment lasted for two days instead of three), which is the case of the experiment showed in figure 

88A. The antitumoral effect of therapeutic TMZ concentrations is potentiated after 48 h of treatment, 

when cells are sensitised previously with 11PS04. Prolongation of treatment of U87MG with 11PS04 

(5 µM) over 4 days reduced viability to 75.6 ±5% (p<0.05) (Figure 92). An additive effect was only 

observed when TMZ was added at concentrations above 250 µM. The combination of 11PS04 and 

TMZ reduced the cell viability by approximately 43 ± 5% when TMZ was dosed at 250 µM, and by 50 

± 4 % when added at 500 µM. 

 

The Triple-Treatment 

The effect of combining TPGnRH in a range of concentrations (7-70 µM) with 11PS04 (5 µM) and TMZ 

at two levels, 100 and 250 µM, was assessed and cells were treated every two days for a total of 6 

days (Figure 93). Treatments were performed every two days, for a total duration of the treatment 

equal to six days.  TPGnRH reduced cell proliferation after 48 h of treatment at higher concentrations 

than 21µM (Figure 93A) in a concentration dependent manner and the effect is potentiated with 

increasing duration of treatment.  Addition of 11PS04 to TPGnRH nanofibers did not elicit additive 

antiproliferative effects, but effects were driven by TPGnRH concentration. Cells treated with both 

TPGnRH nanofibers and TMZ did not show additive effects at low TMZ doses of 100 µM but did show 

a significant effect when higher TMZ concentrations were added. (Figure 93D). However, when cells 

were pre-treated with 11PS04 and also TPGnRH and TMZ, even low TMZ doses (100 µM) resulted in 

an added additive effect that were significant (Figure 93C). At higher TPGnRH concentrations (35 and 

70 µM), addition of TMZ did not improve antiproliferative effect as efficacy was driven by TPGnRH 

efficacy primarily. The triple-treatment can allow for lower doses of TMZ and TPGnRH when 

combined (Table 19), which can result in lower systemic side-effects (Figure 93). Addition of TMZ 

reduced TPGnRH IC50 fourfold and when cells were pre-treated with 11PSO4 before TMZ was added. 

TPGnRH was only needed in nanomolar concentration to elicit 50% reduction in antiproliferation 

(Table 19).  

After two days of treatment with only 11PS04 (Figure 93B), the cell viability was 85%, which is in 

accordance with the results obtained by Aguado et al.352 However, by contrast to what expected, the 

effect of TPGnRH on cells did not increase when 11PS04 was added (Figure 93B). The cell viability 

percentage was practically the same in the presence and absence of 11PS04.  
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Figure 93 - Cell viability of U-87 MG cells during the triple-treatment. U87-MG cells were seeded at 

1400 cells/cm2 and allowed to attach and grow for 3 days. Cells were treated with TPGnRH (7-70 µM) 

every two days for 6 days in every test performed. Treatment with only TPGnRH is represented by 

black bars, treatment with TMZ and TPGnRH in grey colour, and the triple-treatment with 11PS04, 

TMZ and TPGnRH in white colour. Cell metabolic activity was evaluated by the MTT assay at day 2 

(TPGnRH alone, A), at day 4 (TPGnRH with or without 11PS04, B), and day 6 (TPGnRH with or without 

11PS04 and two different doses of TMZ  (TMZ at 100 µM (C) and 250 µM (D)). P values *p< 0.05, **p< 

0.01, ***p< 0.001 comparing treated cells with untreated cells. P values #p< 0.05, ##p< 0.01, ###p< 

0.001 indicated for multiple comparisons between groups. Two-Way ANOVA with Dunnett’s post-

hoc and Tukey’s Post-hoc. Mean ± SD (n=3). See protocol 2 on materials and methods for more 

details. 

The next table shows how the IC50 of TPGnRH is modified and reduced by the presence of TMZ and 

11PS04 after 6 days of treatment: 

Table 20 - Half maximal inhibitory concentration (IC50) of TPGnRH alone, TPGnRH 
with 250 µM of TMZ and TPGnRH with TMZ (250µM) and 11PS04 (5 µM) after 6 
days of treatment.  

Treatment IC50 (µM) 

TPGnRH 10.39 ± 0.8  

TPGnRH + TMZ 250 µM 2.56 ± 0.68  

TPGnRH + TMZ 250 µM + 11PS04 5 µM 0.64 ± 0.3  

 

TMZ lowered the IC50 of TPGnRH fourfold (10.4 µM to 2.6 µM), whereas 11PS04 with TMZ contributed 

to further reduce the IC50 in nanomolar concentrations. As it can be appreciated, the use of the three 
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compounds in combination clearly improved the effectiveness of the treatment, thus allowing to 

reduce the amount of peptide dosed as the final use.  

 

3.3.3 ANTITUMOURAL ACTIVITY OF LOADED TPGnRH NANOFIBERS 

11PS04 – TMZ loaded nanofibers 

Previous studies have demonstrated the ability to load high concentrations of paclitaxel in TPGnRH 

nanofibers when the latter are used in excess ideally at equal or above 1:2 molar ratio and preferably 

1:4 molar ratio.314  However, the amount of TMZ (~250 µM) needed to load to elicit an 

antiproliferative effect are 6584-fold higher compared to paclitaxel that is active in nanomolar doses 

(~1-10 nM), which makes loading difficult without utilising high doses of TPGnRH. As doses of TPGnRH  

greater than 40 µM are resulting in near complete inhibition of U87MG cells, we decided to set a 

TPGnRH concentration of 40 µM for these studies and use the lowest needed molar ratio  between 

TPGnRH and TMZ of 2:1 respectively.  On other hand, as 11PS04 effective dose is in the micromolar 

range (5µM), we formulated these nanofibers in higher molar ratio of 11PS04 to TPGnRH of 1 to 8 

respectively. Combined formulations were prepared in isopropanol by thin film method and 

resuspended in acetate buffer (pH 4.5). Formulations were freshly diluted in saline phosphate prior 

their use, (see protocol 3 in Materials and methods section for more details). 

Treating U87MG cells with 40 µM TPGnRH nanofibers concentration resulted in 50% inhibition of 

cells by day 2. No further enhancement of antiproliferative effects was demonstrated after another 

2 days of treatment with TPGnRH nanofibers (Figure 94, Treatment A) and the treatment with 

11PSO4 loaded TPGnRH nanofibers (Treatment C) or added 11PS04 and TPGnRH nanofibers 

(Treatment B)  (p>0.05, Two-way ANOVA). However, pre-treatment with 11PS04 and TMZ resulted 

in enhanced antiproliferative activity. At day 6, the remaining cell viability following the three 

treatments (A, B and C) was very similar and not statistically different, with values of 20 ± 5%, 19 ± 5 

% and 23 ± 7%, respectively. This suggests that the formulation containing TMZ and 11PS04 worked 

as the three components did when individually added (treatment B). Previous studies indicated that 

TMZ at 20 or 25 µM were not able to elicit antiproliferative effects but did show some 

antiproliferative effects when combined with 11PS04 (82 ± 2 %, Figure 10.A, p<0.01, Two-way 

ANOVA). Inclusion of 11PS04 and TMZ into nanofibers demonstrated similar efficacy to solubilised 

doses of each drug added separately. This indicates release of TMZ and 11PSO4 from the nanofibers.  

Benefit of loading these agents in TPGnRH remains permeability across the blood-brain barrier and 

targeting of these agents specifically to GBM cells as the peptide nanofibers can bind the GnRH 

receptor overexpressed in GBM cells. Loading of TMZ at therapeutic concentrations was difficult but 

this can be overcome in clinical practise by oral administration of TMZ as currently used. TMZ could 

be given orally in a range of doses in combination with 11PS04-loaded TPGnRH doses, allowing for a 

wider array of possibilities for tailoring the treatment regime to the patient’s needs.   
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Figure 94 - Cell viability (%) of U87MG cells after treatment with 11PS04 and TMZ-loaded 

nanofibers as determined by the MTT assay. U87-MG cells were seeded at 1400 cells/cm2 and 

allowed to attach and grow for 3 days. P values *p< 0.05, **p< 0.01, ***p< 0.001 comparing treated 

cells with untreated cells, and multiple comparisons between groups were done. Two-Way ANOVA 

with Dunnett’s post-hoc and Tukey’s Post-hoc. Mean ± SD (n=4). Key Formulation 1 included 11PS04-

loaded nanofibers; formulation 2 contained 11PS04-TMZ-loaded nanofibers. Treatment A 

corresponds to TPGnRH dosed alone. Treatment B corresponds to TPGnRH, 11PS04 and TMZ 

externally added. Treatment C corresponds to TPGnRH, 11PS04 and TMZ formulated. Treatment D 

corresponds to TMZ alone. Treatment E corresponds to 11PS04 and TMZ. 
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Combining 11PS04 loaded nanofibers with TMZ 

As TMZ loading was difficult in clinical relevant concentrations, we chose to also study the effect of 

11PS04 loaded TPGnRH nanofibers with externally added TMZ in a range of concentrations. In this 

case, the molar ratio 11PS04 to peptide was 1:3 (F3), which allowed us to test TPGnRH at 15 µM and 

11PS04 at 5 µM. Drug loading percentage was 5.7 ± 0.23 % (w/w) and encapsulation efficiency was 

84.2 ± 3.4 %.  Particle size (Table 18) and morphology (Figure 90) were similar as with11PS04-TMZ 

loaded nanofibers tested above (formulation 2, p>0.05) but smaller than 11PS04 loaded nanofibers 

(formulation 1, p<0.05) (One-way ANOVA, Tukey’s post hoc test). The antiproliferative effects of F3 

are shown in Figure 95 as per protocol 4 in Figure 107.  

 

 

 

 

 

 

 

 

0

50

100

C
e
ll
 v

ia
b

il
it

y
 %

Vehicle

TPGnRH 15 M

0

25

50

75

100

125

C
e
ll

 v
ia

b
il
it

y
 % *** ***

**
*

Vehicle

TPGnRH 15M

Formulation 15M

11PS04 5M

TPGnRH 15M + 11PS04 5M

A 

B 



Chapter 3 -Results and discussion 

217 
 

 

Figure 95 – Evaluation of cell viability (%) of U87 MG cells by MTT test, after the addition of 11PS04 

loaded into TPGnRH nanofibers formulation, with TMZ externally added. U87-MG cells were seeded 

at 1400 cells/cm2 and allowed to attach and grow for 3 days and received treatments every 2 days 

for 6 days. Results are shown for day 2 (A), day 4 (B) and day 6 (C).  P values ns: no significant, *p< 

0.05, **p< 0.01, ***p< 0.001 are relative to untreated cells (vehicle), One-Way ANOVA with 

Dunnett’s post hoc test. One-Way ANOVA with Tukey’s post hoc test was run for multiple 

comparisons between groups, #p< 0.05, ##p< 0.01, ###p< 0.001. Mean ± SD (n=3).  

 

TPGnRH nanofibers (15 µM) did not reduce U87MG proliferation after 2 days. After 4 days of 

treatment and addition of F3 for a further 2 days resulted in similar antiproliferative effects to 

TPGnRH and 11PS04 added separately (p>0.05, One-Way ANOVA with Tukey’s post hoc test). These 

further confirms that TPGnRH and 11PS04 do not elicit additive effects after 2 days in co-treatment. 

Combining TMZ (175 µM) with F3 resulted in a reduction of cell viability to 26 ± 5%, which was 

statistically insignificant to effects produced by addition of the three drugs separately (27 ± 4 %) 

(Figure 95C). Thus, 11PS04 was successfully loaded into TPGnRH nanofibers and improved the 

effectiveness of the peptide when the latter was used at a low concentration of 15 µM. The triple-

treatment showed improved antiproliferative effects, when compared to cells treated only with 

TPGnRH nanofibers and with the co-treatment: TMZ + nanofibers (55 ± 5 % and 43 ± 5%, respectively).  

 

At the tested concentration, TMZ has shown to be cytotoxic when added alone, but no additive effect 

was observed in combination with 11PS04. This would imply that the effect observed by the three 

compounds is essentially due to an additive effect between TPGnRH and 11PS04. This finding was 

confirmed by the evaluation of the F3, added without TMZ (stripped bar). The results from F3 

supported the concentration-dependant behaviour of TMZ previously observed (Figure 93C), where 

100 µM of TMZ was not active, and only the combined effect of TPGnRH and 11PS04 was observed. 

TMZ was used at 175 µM which is the minimum concentration demonstrating cytotoxic effects in 

0

25

50

75

100

C
e

ll
 v

ia
b

il
it

y
 %

TPGnRH 15M

TPGnRH +  175M TMZ

TPGnRH +  175M TMZ

+ 11PS04 5M

Formulation 15M

+ TMZ 175M

Formulation 15M

TMZ 175M

11PS04 5M + TMZ 175M

11PS04 5M

***

***

*** *** ***

*

*
*

ns

ns

#

#

Control

ns

##

C 



Chapter 3 -Results and discussion 

218 
 

U87 MG cells. Thus, we hoped to have shown that utilising smaller doses of each active anticancer 

compound would be able to elicit a similar antiproliferative effect to that obtained by high doses of 

the peptide alone by acting by different mechanistic pathways.   

 

Doubling the dose of 11PS04 

11PS04, when incubated for 48 h with cells, is capable of sensitizing cells without producing high 

cytotoxicity.351 When 11PS04 was added for 4 days at 5 µM, 11PS04 showed an antiproliferative 

effect reducing viability by 28 ± 3 % which is additive to the effect produced by the nanofibers.  As 

the next step in this investigation, we wanted to explore to what extent the concentration of 11PS04 

would affect the cytotoxic effectiveness of TPGnRH nanofibers. (See Figure 108 for more details of 

addition protocol followed). Thus, we also assessed the effect of 11PS04 at 10 µM when combined 

with 15 µM of TPGnRH nanofibers (both components were individually added) (Figure 96). Higher 

concentrations of 11PS04 (10 µM) resulted in higher antiproliferation (cell viability of 58 ± 9 %) which 

was similar to that of combined 11PS04 and TPGnRH (61 ± 7%). Once again, TPGnRH and 11PS04 did 

not show additive effect when added together.  

 

Figure 96 - Cell viability of U87MG cells at day 4 after their exposure to 10 µM of 11PS04 in the 

presence and absence of TPGnRH nanofibers. U87-MG cells were seeded at 1400 cells/cm2 and 

allowed to attach and grow for 3 days. Cells were pre-treated with TPGnRH (15 µM) for two days 

prior to adding 11PS04 (Protocol 5, Figure 108).  P values *p< 0.05, **p< 0.01, ***p< 0.001 are 

relative to untreated cells (vehicle), One-Way ANOVA with Dunnett’s post hoc test. Mean ± SD (n=3). 
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by TPGnRH fibers (15µM) or 11PS04 alone (10µM) (p<0.001, One-way ANOVA with Dunnett’s post 

hoc test). Further studies are needed to fully understand and describe the mechanism behind these 

results.     

 

 

Figure 97 - Cell viability of U87MG (%) on the 6th day. P values *p< 0.05, **p< 0.01, ***p< 0.001 are 

relative to untreated cells (vehicle), One-Way ANOVA with Dunnett’s. Mean ± SD (n=3). Tukey’s post 

hoc test for multiple comparisons between groups (# p< 0.05). Mean ± SD (n=3). 
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3.3.4 Discussion 

The current standard of care of GBM is surgical resection, followed by radiation and chemotherapy, 

usually with TMZ. However, these therapeutic interventions provide only a modest improvement in 

survival and result in nearly universal recurrence. TMZ is an alkylating agent, whose active metabolite 

(MTIC) crosses the BBB and penetrates into cancer cells, where it is further metabolised releasing the 

highly reactive methyldiazonium ion (+N2CH3, Figure 3.3), which transfers the methyl group to 

nucleophilic residues such as the amine groups present in DNA bases. However, tumoral cells has 

developed a mechanism to repair the methylated bases: the enzyme O6-methylguanine 

methyltransferase (MGMT).  

As our understanding of GBM continues to advance, it has become increasingly clear that treatments 

need to address the complexity and heterogeneity of the disease. There are many studies that 

indicate that dysregulation of miRNAs, referred to as oncomiRs, show differential expression levels 

in cancer and are able to affect cellular transformation, carcinogenesis and metastasis, acting either 

as oncogenes or tumour suppressors. GBM cells overexpress miRNA-21 (miR-21), a non-coding RNA 

fragment able to silence the expression of proteins involved in the control of cell-cycle regulation, 

proliferation, migration and invasiveness.319 Furthermore, another miRNA belonging to the miR-200 

family has its expression altered in GBM. This miRNA is miR-205 (miR-205), which is downregulated 

in GBM cells. miR205 is key to maintain under control the expression of ZEB1 protein and, by 

extension, the activation of the epithelial to mesenchymal transition (EMT) program on cancerous 

cells. ZEB1 and EMT facilitates cells to enter in a metastasis-initiating cell state and favour the 

creation of cancer stem cells. 

11PS04 has demonstrated its ability to enhance the susceptibility to TMZ in GBM cells and glioma 

stem cells.351 In our studies, we saw a very similar trend to that shown by Aguado and co-workers 

(Figure 88A). TMZ did not show significant effect when dosed alone at concentrations below 100 µM 

(Figure 92 and 93C). At 175 µM, TMZ presented low antiproliferative effects that were potentiated 

only at concentrations higher than 250 µM (Figure 92). Cell viability reduction was higher after 48h 

than 72 h of treatment with TMZ (Figure 88A vs Figure 92), which has been previously observed,286 

due to the effect of  the alkyltransferease MGMT enzyme. After three days of TMZ treatment, cells 

have had more time to express higher amounts of the enzyme that counteract the alkylating activity 

of the dosed TMZ. However, many tumours with low levels of MGMT are chemoresistant to alkylating 

agents.353 TMZ induces apoptosis on cells by increasing the activity of caspase 3. However, due to the 

characteristic overexpression of miR-21 in glioma cells, caspase 3 activity is downregulated, 340,354 

thus, protecting tumoral cells against TMZ. 

In recent years, the role of GnRH receptor has gain interest as potential target for hormonal therapy 

because of its overexpression in cancer tissues, such as GBM. TPGnRH, a stable lipidized analogue of 

the GnRH neuropeptide has been shown to cross the BBB, be stable to plasma, brain and liver 

enzymes, while able to bind and activate the GNRH-R exerting antiproliferative effects. TPGnRH 

causes cell cycle arrest at G2/M phase and apoptosis, while being able to reduce the intracellular 

cAMP levels, which can trigger additional mechanism for cellular apoptosis. TPGnRH is able to self-
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assemble in peptide nanofibers that can entrap antitumoral agents that are brain impermeable or 

labile in certain physiological media and enable their delivery across the BBB and to cells 

overexpressing the GnRH-R. Thus, TPGnRH can be utilised as carrier for labile drugs such as TMZ that 

is unstable under basic conditions or 11PS04 that possesses a lactone ring that can open under both 

strong basic and acidic conditions before reaching the target cell.  Therefore, entrapping 11PS04 and 

TMZ in TPGnRH nanofibers can result in their enhanced chemical stability as well as elicit a treatment 

protocol that is effective and ideally targeted to only GBM cells. 

Prior to evaluating the three compounds together, the effect of combining 4 days of 11PS04 and 2 

days of TMZ treatment was assessed. The antiproliferative effect of TMZ was enhanced in the 

presence of 5 µM of 11PS04 (Figure 92) especially at therapeutic TMZ concentrations (250 and 500 

µM). We have previously shown that 11PS04 dosed at 5 µM is able to inhibit miR-21 expression and 

restores the synthesis of PDCD 4 protein (Figure 87), that result in downregulation of the MAPK/ERK 

cascade and JUNK/c-Jun/AP-1 pathway (Figure 86). Taken all together, G2/M phase arrest can be 

elicited as well as potential cell apoptosis. Thus, 11PS04 can be employed not only as  sensitizer 

(previous work of Aguado et al., Figure 88A) but also as an adjuvant to TMZ therapy to reduce the 

dose and length of exposure to TMZ  needed (Figure 92) as some antiproliferative effects were visible 

after 4 days of treatment at 5µM.  

Combining 11PS04 and TMZ with TPGnRH can potentially have many advantages. Loading 11PS04 

into TPGnRH nanofibers can enable its permeability across an intact BBB and ensure its targeting to 

GBM cells reducing potential side effects. Ideally co-formulating with an alkylating agent such as TMZ 

or doxorubicin could elicit cell sensitisation and reduction in alkylating agent needed to elicit 

antiproliferative effects required.  

 

The results obtained in this chapter will be discussed by type of treatment or combination treatment 

employed. This way, we will be focus on TPGnRH alone, then TPGnRH with TMZ followed by TPGnRH 

with 11PS04. Finally, treatments comprising the three components together (TPGnRH + TMZ + 

11PS04) will be examined.  

TPGnRH  

In order to figure out which concentration of nanofibers would be optimal for combining it with TMZ 

and 11PS04, TPGnRH was assessed in a set of concentrations that ranged from 7 µM to 70 µM (the 

triple-treatment assay, Figure 93).  

The morphological characteristics and secondary structure of TPGnRH in aqueous dispersion has 

been previously elucidated by Dr. Lalatsa’s group. TPGnRH self-assembles in nanofibers depending in 

micromolar concentrations and when formulated in a concentration above the critical aggregate 

concentration for formation of nanofibers (> 189 µM) there is a hysteresis upon dilution as nanofiber 

structure is maintained.355 Nanofibers possess a poly(proline)-helix type II (PPII) structure as 

demonstrated by circular dichroism and XRD studies.355 TPGnRH has enhanced stability in plasma, 

brain, liver and U87MG cell homogenates which allow dosing every two days. When U87MG cells 
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were treated with three doses every two days, the IC50 was in the micromolar range under normoxia 

(10.31 ± 3.46 µM) and hypoxia (16.56 ± 5.92 µM)314 and nanofibers were able to elicit G2/M phase 

arrest. Additionally, TPGnRH nanofibers can result in early and late apoptosis and reduce forskolin 

induced cAMP levels in a concentration dependent manner, which indicates that antiproliferation 

results from activation of Gai protein inhibiting the cAMP dependent pathway. AFM studies have also 

indicated the specificity of binding of TPGnRH to cells overexpressing the GnRH receptor. Other 

mechanisms might explain the apoptotic effect of TPGnRH at low concentrations of TPGnRH, when 

no alteration of the cell cycle is observed, but there is cell death. Some genes involved in apoptosis, 

such as cFLAR, caspase-8 or FAS protein, showed activity after 72 to 96 h after the treatment  with a 

GnRH-analogue.315 It is possible that TPGnRH might trigger the same signalling pathways, although 

more transcriptomic studies are needed to confirm this theory.  

TPGnRH showed significant antiproliferative effects even after only two days of treatment in a 

concentration-dependent manner (Figure 93A). The antiproliferative effect is cumulative and further 

doses reduce concentration necessary for reducing cell viability. Results obtained are in accordance 

to previous studies produced in our group.  

 

TPGnRH and TMZ 

In order to understand if an additive effect exists between TMZ and TPGnRH, the combination of 

these two components have been tested in two modalities: 1) TMZ 100 µM + TPGnRH at increasing 

concentrations (5 points, range: 7 – 70 µM); 2) TMZ 250 µM + TPGnRH at increasing concentrations 

as before. 

The alkylating agent showed a lack of effect when tested alone at 100 µM and when combined with 

any of the TPGnRH concentrations (Figure 93C). However, when TMZ was tested at 250 µM, it 

improved the effect of TPGnRH on glioblastoma cells especially when low doses of TPGnRH are used. 

TMZ can induce apoptosis by activating caspase-3, therefore, the additive effect observed could be 

attributed to the combined effect of caspases 3 and 8 (hypothesised for TPGnRH at low 

concentrations), but further studies are needed to confirm this.  However, when 175 µM of TMZ were 

tested with TPGnRH (Figure 95C) an improved TPGnRH antiproliferative effect was possible.  This 

means that 175 µM of TMZ could be the minimum dose needed for showing an additive effect 

combined with the nanofibers for in vitro treatment of U87 MG. However, we were unable to load 

TMZ in concentrations that showed additive efficacy (250 µM). Formulation 2 loaded with 20 µM of 

TMZ lacked significant effects on cells which was expected.  

 

TPGnRH + 11PS04 

11PS04 is a pyran-oxazolone that can modify the expression of two key miRNAs in glioblastoma: miR-

21 and miR-205.  Doses of 5 µM effectively reduce miR-21 levels when U87MG cells were exposed 

for 24 h. In the case of miR-205, qPCR showed restoration of “normal” levels after the cell exposure 

to 11PS04 for the same period of time (Figure 87). Inhibition of miR-21 expression can have multiple 
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effects on the post-transcriptional level. The main targeted mRNAs of miR-21 are shown in Figure 86. 

Previous transcriptional studies have been done regarding the expression of tumour suppressor 

protein PDCD 4 after subjecting glioblastoma cells to 11PS04 (Figure 87).351 The inhibition of miR-21 

caused by 11PS04 did increase the levels of PDCD 4 protein. Therefore, the phenotypic response due 

to this change in PDCD 4 expression cell was expected to be visible. For example, inhibition of Bcl-2 

and XIAP expression by PDCD 4, producing anti-apoptotic and antiproliferative effect, or the 

upregulation of E-cadherin, reducing the EMT process and therefore the invasiveness capabilities of 

glioblastoma cells. 

Co-treatment of 11PS04 for 2 days did not show any additive effect, but when treatment was 

prolonged to 4 concomitant days this resulted in an additive effect (Figure 93C). The effect of 11PS04 

on cells seemed to be highly time-dependent, and 2 days were not enough to enhance TPGnRH 

antiproliferative effect. The effect of 11PS04 on miR21 and miR-205-levels became only visible after 

24 h of exposure.  After 24 hours we can assume a change in the machinery inside the cells (from 

transcriptional to translational levels). mRNAs directly targeted by miR-21 started to recover their 

function and began to translate into proteins. This process can take a variable length of time. For 

example, the MMPs inhibitor TIMP3 is upregulated after miR-21 inhibition. TIMP3 protein can induce 

apoptosis both by reducing MMPs activity and activating caspases. Zhou and co-workers needed 3 

days to measure this apoptotic effect on U87MG transfected cells with an antisense oligonucleotide 

of miR-21.354 It has been observed in glioblastoma cell lines that after reducing miR-21 expression, 

the level of RECK (another inhibitor of MMPs), increased consistently. MMPs reduced activity and 

tumour progression reduction was obtained 4 days after the addition of the studied anti-miR-21.330 

 

This bring us back to 11PS04’s phenotypic effect. Knowing that 24 hours are needed for effective 

miR-21 inhibition, and assuming another 24 to 72 hours for signalling pathways modifications to 

become noticeable, we are likely to see the effect of 11PS04 after 72h than after 48 h of treatment. 

This can explain why 11PS04 do not add to TPGnRH antiproliferative effect in the first 48 h but does 

after 96 h. To confirm this hypothesis, a time course studio with protein quantification of a direct 

miRNA target such as TIMP3 would have to be carried out (Western Blot technique). Measurement 

of protein levels every 24 h would allow us to stablish the time point at which miR-21 inhibition 

becomes effective. 

 

We cannot ignore either the fact that 11PS04 is dosed twice. The cytotoxicity displayed by 11PS04 

alone after 4 days of treatment was twice as potent as after 2 days. Repeated doses of 11PS04 could 

also explain the additive effect. The second dose of 11PS04 might be reducing further the miR-21 

expression, bringing miR-21 levels below a minimum threshold of active oligonucleotides that are 

unable to interfering with mRNAs’ transcription. In this respect, we evaluated the effect of doubling 

the dose of 11PS04 to 10 µM (which is equal to the total dose administered on the previous assay). 

Cell viability was measured the presence and absence of TPGnRH, applying the same protocol of 

addition for treatments as previously done. 

After 48 h since the addition of 11PS04, the cytotoxic effect of 11PS04 increased too, (from ~15% cell 

viability reduction, Figure 95B to ~40% on Figure 96). 11PS04 did not improved the cytotoxic activity 
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of TPGnRH after two days in co-treatment, even if the sensitizer was more concentrated.  By contrast, 

after 4 days in co-treatment, the additive effect was evident and cell viability dropped notably below 

10% (7 ± 2%, Figure 96). These results reinforced our first hypothesis that the time of exposure (and 

not the concentration of sensitizer) is responsible for the antiproliferative effects observed in these 

experiments. The “delayed” additive effect between the nanofibers and the sensitizer in co-

treatment could be due to the time required by the cell machinery to process and express the 

changes derived from miR-21 inhibition.  

 

Thus, TPGnRH and 11PS04 add their apoptotic and antiproliferative effects, the former by lowering 

intracellular cAMP levels (via the GnRH-R activating Gαi protein-cAMP signalling pathway) and the 

later by increasing PDCD4 expression (via miR-21 inhibition).314,351 Inhibition of miR-21 in U87 MG 

cells upregulate the transcripts levels of RECK, TIMP3, PTEN and Bax proteins, and recover the 

apoptotic activity of caspase 9 and 3 (Figure 86).330,340,354,356 11PS04 may help to recover the activity 

of these antitumoral factors via inhibiting miR21. Any of the above mechanisms could be additive to 

TPGnRH antiproliferative and apoptotic effect observed (Figure 98). TPGnRH-11PS04 combination 

appears as a very attractive strategy for GBM treatment. However, more transcriptomic and 

proteomic studies are needed to fully understand 11PS04 mechanism of action for miR-21 inhibition 

and its effect at the post-transcriptional level.  
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Figure 98 - Molecular pathways induced by TGnRH-11PS04 and TMZ treatment(s).11PS04, TPGnRH 

and TMZ combine their effect upon their interaction with the GnRH-R (in the case of TPGnRH and 

11PS04-loaded peptide), or with channel proteins in the cellular membrane. TPGnRH effects are 

coloured in deep purple. TPGnRH binds to GnRH-R, which is coupled to a Gαi protein, and inhibits the 

adenylate cyclase provoking a decrease in cAMP levels with subsequence antiproliferation and 

apoptosis. Dashed purple arrows indicate the hypothesised mechanism of action of TPGnRH at low 

concentrations. TMZ hydrolyses and form MTIC which alkylates guanine bases of DNA and activates 

caspase-3 for a global apoptotic effect. TMZ mechanism is indicated by red arrows. 11PS04 reduce 

the intracellular levels of miR-21 and increases PDCD4 expression upon miR-21 downregulation. 

Whether if this effect is due to the inhibition of the pro-transcription factor STAT3 or by direct 

interaction with pre-miR-21 it has not been elucidated yet. Signalling pathways that can be 

beneficiate indirectly by miR-21 downregulation after 11PS04 treatment are indicated in bleu dashed 

arrows. Key: cAMP cyclic AMP, PKA protein kinase A, CREB, cAMP response element binding; RECK, 

reversion-induced cystine-rich protein with Kazal motifs; TIMP3, tissue inhibitor of 

metalloproteinases 3; PDCD 4, programmed cell death protein 4; PTEN, phosphatase and tensin 

homologue; Akt, Protein kinase B; PIP2, phosphatidylinositol 4,5-bisphosphate to 

phosphatidylinositol 3,4,5-trisphosphate, PIP3. Picture made with Servier Medical Arts. 
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TPGnRH + TMZ + 11PS04 

TPGnRH + TMZ + 11PS04 were additive at high concentrations of TMZ (250 µM, Figure 93D). The 

triple-treatment assay confirmed that it is possible to combine the 3 compounds to enhance 

antiproliferative effects with lower concentrations of each therapeutic. TPGnRH doses can be 

readjusted and reduced ~5-fold if combined with TMZ and 11PS04 without reducing the 

antiproliferative effect on cells.  

TMZ (175 µM)did not show additive effect with 11PS04, who masked the apoptotic activity of the 

alkylating agent. However, it did improve TPGnRH effect, which could be explained by the activation 

of caspase 3 by both compounds. In this experiment, the effect on cells we treated with the 3 

components was mainly driven by the effect of TPGnRH and 11PS04. 11PS04-loaded nanofibers alone 

were as effective as their combination with 175 µM of TMZ, with  cell viability values below 30 % 

(Figure 95C). Thus, we can conclude that TMZ is needed above 175 µM so the triple-treatment can 

be effective. The possibility of adding TMZ externally at different concentrations allows a wider 

variety of combinations of treatments, using TPGnRH in combination with 11PS04. Indeed, TPGnRH 

combined with 5 µM of 11PS04 and TMZ (≥ 175 µM) could potentially serve as fruitful clinical strategy 

for the treatment of glioblastoma.  
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3.4 CONCLUSIONS 

Our knowledge of GBM grows as new insights of its specific biomarkers and carcinogenic signalling 

pathways are discovered. In this work, we utilized two powerful agents developed in our research 

team, named 11PS04 and TPGnRH, whose combined mechanism of action proved to be able to tackle 

GBM by targeting different but related anticancer pathways. 11PS04 and TMZ-11PS04 loaded 

TPGnRH nanofibers were successfully formulated in two different preparations. The formulation with 

the incorporation of 11PS04 and TMZ together did not lead to an efficient entrapment of high doses 

of TMZ and therefore its cytotoxic effect was reduced. By contrast, 11PS04-loaded nanofibers 

showed high antiproliferative activity with respect to glioblastoma cells. Furthermore, 11PS04 was 

also assessed at higher concentrations, exhibiting almost total inhibition of cell growth.  These 

findings demonstrated the benefits of a combined therapy, and opened up a new potential treatment 

to be used side by side with existing approved antitumoral drugs in the fight against brain cancer. 

 



Chapter 3 -Materials and Methods 

228 
 

3.5 MATERIALS AND METHODS 

3.5.1 Materials and Equipment 

All reagents employed as starting materials were purchased from commercial suppliers with high 

purity and were used without further purification (Table 20). Solvents were obtained from Sigma-

Aldrich, Acros and Scharlab and were employed straightforward.  

Table 21 - Summary table of reagents utilised 

Chemical Name Abbreviation Purity % Company 

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

MTT 97.0 Invitrogen 

Arginine Arg PS Novabiochem 

Dimethyl Sulfoxide DMSO ≥ 99.9 Sigma Aldrich 

Dulbecco’s Modified Eagle Medium DMEM CC Gibco 

Fetal Bovine Serum FBS CC Gibco 

Glutamic acid Glu PS Novabiochem 

Glycine Gly PS AAPTEC 

Histidine His PS Sigma 

Leucine Leu PS Novabiochem 

Liquified Phenol - ≥89.0% Sigma-Aldrich 

Ninhydrin - ≥95.0% Sigma-Aldrich 

N-Methylmorpholine NMM 99% Sigma-Aldrich 

Non-Essential Amino Acids NEA CC Gibco 

O-(Benzotriazol-1-yl)-N,N, N, N’- tetramethyluronium 
hexafluorophosphate 

HBTU PS Novabiochem 

Palmitic acid N-hydroxysuccinimide ester PANS ≥ 98 Sigma-Aldrich 

Penicillin-Streptomycin Pen-Strep CC Gibco 

Phosphate-Buffered Saline PBS CC Gibco 

Piperidine - 99.0 Sigma-Aldrich 

Potassium cyanide KCN ≥99.0% Sigma-Aldrich 

Proline Proline PS Novabiochem® 

Rink Amide MBHA Resin (200 µM, 0.59 mmol/g - PS Novabiochem 

Serine Ser PS Novabiochem 

Temozolomide TMZ ≥ 98 Sigma Aldrich 

Tryptophan Trp PS Novabiochem 

Trypan Blue Solution (0.4%) - CC Invitrogen 

TrypLE Enzyme 0.25% Trypsin CC Gibco 

Tyrosine Tyr PS Novabiochem 

Key: cell culture grade, (CC); Peptide Synthesis (PS) 
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Reactions were monitored by Thin Layer Chromatography (TLC) and spots were visualized by an UV 

lamp at 254 and 356 nm. In certain occasions, a solution of vanillin or phosphomolybdic acid, with 

subsequent heating, was used for better traceability of the reaction course. If the crude product was 

not pure enough, the purification of the synthetised compounds was performed by flash column 

chromatography with Silica Gel Merck-60 (230-400 mesh).  

Peptide synthesis: Resin, Fmoc amino acids and solvents were purchased from Merk (Novabiochem®) 

and AAPTEC and used without further purification. The peptide was synthetised using a custom-made 

fritted reaction vessel. Coupling completion was monitored by the Kaiser test. 

NMR analysis 

Nuclear magnetic resonance (NMR) spectra were recorded in deuterated solvents on Bruker 

AVANCE-300, Varian INOVA -300 Varian INOVA -400 and Varian INOVA-500 spectrometers. 13C-NMR 

were registered at 75 MHz with complete proton decoupling.  The chemical shifts measured are 

reported in δ (ppm) and the residual signal of the solvent was used as the internal calibration 

standard. The multiplicity of the signals is reported as follows: s = singlet, d = doublet, t = triplet, m = 

multiplet, dd = doublet of doublet, dt = doublet of triplet, ddt = doublet of doublet of triplet, br = 

broad signal. The coupling constant J is reported in hertz (Hz). 

LC-MS analysis 

HPLC-MS analyses were performed on a Waters (2695 HPLC system) apparatus, equipped with a 

quaternary pump and photodiode array detector, using a SunfireTM column (C18, 3.5 µm, 4.6 × 50 

mm) with a solvent gradient of 0.08% formic acid in acetonitrile and 0.01% formic acid. The solvent 

gradient is specified for each compound in the  in the following  section .The molecular weight was 

determined in a quadrupolar spectrometer coupled to the HPLC system and with positive 

electrospray ionization (ES+) 

TPGnRH peptide formulations were analysed on an Agilent 1100 series apparatus, equipped with a 

quaternary pump and photodiode array detector (Agilent Technologies, Cheadle, UK). Peptide was 

eluted using a Phenomenex® column (C18, 100 x 4.6 mm, 5µm) using a gradient elution method with 

mobile phases consisting in 0.1% (v/v) TFA in H2O and 0.08% (v/v) TFA in ACN .  Peaks were detected 

at 220 nm. The retention time (RT) of the peak corresponding to each product is reported in minutes. 

Elemental analysis and optical rotation analysis 

Elemental analysis (EA) was performed in a Heareus CHN-O-RAPID analyser measuring the 

percentage of Carbon (C), Nitrogen (N), Sulphur (S) and Hydrogen (H).  

Optical rotation values were measured on a JASCO P-2000 Digital Polarimeter at the concentration 

indicated in each case (c 1 corresponds to 10 mg/mL). 

Cell culture 

Cell culture reagents were obtained from Gibco and Thermo Fisher Scientific (Paisley, UK). All plastics 

for the cell culture were obtained from Sarstedt Ltd. (Leicester, UK). 
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3.5.2 Experimental procedures for the synthesis of 11PS04351 

 

(S,Z)-tert-Butyl 4-(3-methoxy-3-oxoprop-1-en-1-yl)-2,2-dimethyloxazolidine-3-carboxylate (2) 

To a stirred solution of methyl 2-(bis(2,2,2-trifluoroethoxy)phosphoryl)acetate (1.3 mL, 6.1 mmol) in 

anhydrous THF (180 mL) under argon at room temperature, a solution of 18-crown-6 (5.7 g, 21.5 

mmol) in anhydrous THF (4 mL) was added. The mixture was cooled to -78 ºC (cooling bath with the 

mixture dry ice/acetone) and stirred for 5 minutes prior to adding a 0.5 M solution of potassium 

bis(trimethylsilyl)amide in toluene (12.3 mL, 6.1 mmol) via a syringe. Stirring was maintained for 15 

minutes at this temperature. Next, a solution of (R)-tert-butyl 4-formyl-2,2-dimethyloxazolidine-3-

carboxylate 1 (2.8 g, 5.6 mmol) in anhydrous THF (13 mL) was added. The mixture was stirred for 1 

hour at -78 ºC and then diluted with a saturated aqueous solution of NH4Cl (15 mL). This mixture was 

extracted with Et2O (3x15 mL), washed with brine (2 x 20 mL), dried over anhydrous MgSO4, filtered 

and evaporated in vacuo. The crude mixture was subjected to chromatography on silica gel to obtain 

1.4 g (90% yield) of pure Z-alkene, (S,Z)-tert-butyl 4-(3-methoxy-3-oxoprop-1-en-1-yl)-2,2-

dimethyloxazolidine-3-carboxylate, 2. 1H NMR (300 MHz, CDCl3) δ(ppm): 6.40 - 6.17 (m, 1H), 5.82 (d, 

1H, J = 11.0 Hz), 5.38 (m, 1H), 4.32-4.17 (m, 1H), 3.76 (m, 1H), 3.70 (s, 3H), 1.61 (s, 3H, J = 6.0 Hz), 

1.49 (s, 3H, J = 13.3 Hz), 1.38 (s, 9H); 13C NMR (75 MHz, CDCl3) δ (ppm): 166.2, 152.3, 95.3, 80.3,125.6, 

122.5, 68.2, 59.2, 51.9, 28.7, 27.0, 26.8 ppm; HPLC- MS (ES+): Gradient MeCN/H2O 40:60 to 100:0 (5 

min), RT: 3.98 min, [M+H]+ = 286.3; EA calculated for C14H23NO5: C 58.93, H 8.12, N 4.91 obtained C 

59.04, H 8.22, N 5.06; Optical rotation: [α]D =-28 (c =1, CHCl3). 

 

(S)-tert-Butyl (6-oxo-3,6-dihydro-2H-pyran-3-yl)carbamate (3) 

Trifluoroacetic acid (TFA: 0.5 mL, 6 mmol) was added to a stirred solution of (S,Z)-tert-butyl 4-(3-

methoxy-3-oxoprop-1-en-1-yl)-2,2-dimethyloxazolidine-3-carboxylate via a syringe, 2, (850 mg, 2.95 

mmol) in anhydrous CH2Cl2 (35 mL) under an argon atmosphere at room temperature. The mixture 

was stirred overnight and then diluted with dichloromethane, and this mixture was washed with a 

saturated aqueous solution of NaHCO3 until a basic pH was obtained. The organic phase was washed 

with brine, dried over anhydrous MgSO4, filtered and evaporated in vacuo to obtain 508mg of lactone 

3, (S)-tert-Butyl (6-oxo-3,6-dihydro-2H-pyran-3-yl)carbamate (80% yield). 1H NMR (300 MHz, CDCl3) 

 (ppm): 6.88 (dd, 1H, J = 9.5, 4.6 Hz), 6.09 (d, 1H, J = 9.8, 0.9 Hz), 4.77 (broad s, 1H), 4.53 - 4.32 (m, 

3H), 1.45 (s, 9H); 13C NMR (75 MHz, CDCl3)  (ppm): 162.5, 155.7, 144.3, 122.9, 79.2, 70.5, 42.7, 28.2. 

HPLC-MS (ES+): Gradient MeCN/H2O 10:90 to 100:0 (5 min), RT: 4.7 min, [M+23]+= 236. EA calculated 

for C10H15NO4: C 56.33, H 7.09, N 6.57 obtained C 56.32, H 7.10, N 6.61; Optical rotation: [α]D = +113 

(c = 1.15, CHCl3) Lit . [α]D = +105 (c = 1.06, CHCl3). 
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(S)-3-Propoxy-N-(6-oxo-3,6-dihydro-2H-pyran-3-yl)benzamide (4) 

A solution of lactone 3 (200 mg, 0.9 mmol) in anhydrous dichloromethane (8 mL) was cooled to 0 ºC 

in an argon atmosphere and TFA (1.52 mL, 19.7 mmol) was then added to the solution at room 

temperature. The mixture was stirred at 0 ºC for 5 minutes, removed from the bath, left to reach 

room temperature slowly and then stirred for 1 hour. When the reaction was completed, the mixture 

was diluted with dichloromethane and the solvent evaporated at reduced pressure (x4) in order to 

remove the remaining TFA. The unprotected lactone was dissolved in anhydrous dichloromethane 

under argon and at room temperature. Then, N,N-diisopropylethylamine (DIPEA; 0.5 mL, 2.8 mmol) 

was added via a syringe, followed by 3-propoxybenzoic acid (202 mg, 1.1 mmol), EDCI (320 mg, 1.7 

mmol) and HOBt (151 mg, 1.1 mmol) in anhydrous THF (9 mL). When the reaction was complete, the 

mixture was treated with a saturated aqueous solution of NH4Cl (5 mL) and extracted with EtOAc (3 

x 10 mL). The organic layer was washed with saturated solution of NaCl (2 x 10 mL), dried over MgSO4, 

filtered, and concentrated to dryness. The crude product was purified by silica gel chromatography 

(hexane:EtOAc 5:1 to 3:1) to obtain the desired compound, 4, as a white solid (186mg, 72% yield). 1H 

NMR (400 MHz, CDCl3)  (ppm): 7.70 (d, J = 8.3 Hz, 1H), 7.41 – 7.35 (m, 2H), 7.25 (t, J = 8.1 Hz, 1H), 

7.00 (ddd, J = 8.2, 2.5, 1.1 Hz, 1H), 6.92 (ddd, J = 9.7, 5.3, 1.2 Hz, 1H), 6.05 (dd, J = 9.7, 1.1 Hz, 1H), 

5.01 – 4.88 (m, 1H), 4.51 (dd, J = 11.9, 4.1 Hz, 1H), 4.44 (ddd, J = 11.9, 3.3, 1.3 Hz, 1H), 3.87 (t, J = 6.6 

Hz, 2H), 1.75 (q, J = 6.9 Hz, 2H), 0.98 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3)  (ppm): 167.4, 

162.8, 159.8, 143.9, 134.8, 129.9, 123.6, 119.1, 119.0, 113.6, 70.7, 70.1, 42.1, 22.7, 10.6. HPLC-MS 

(ES+): Gradient MeCN/H2O 10:90 to 100:0 (5 min), RT: 4.2 min, [M+1]+ = 276. E.A. calculated for 

C15H17NO4: C 65.44, H 6.22, N 5.09 found C 65.18, H 6.09, N 4.90. 

 

(3aR,7aS)-2-(3-Propoxyphenyl)-7,7a-dihydro-3aH-pyrano[3,4-d]oxazol-6(4H)-one (5; 11PS04) 

A solution of compound 4 (155mg, 0.56mmol) was prepared in anhydrous dichloromethane under 

argon and at 0 ºC on ice. Triflic acid (TfOH, 0.25ml, 2.77mmol) was added to this via a syringe and the 

mixture was stirred at room temperature for 2 hours. When the reaction was complete, the mixture 

was diluted with dichloromethane, the pH of the aqueous phase was adjusted with a saturated 

aqueous solution of K2CO3 above pH 8, and it was extracted with dichloromethane. The organic 

extract was dried with anhydrous MgSO4 and filtered before removal of the solvent. The crude 

product was purified on a silica gel column eluting with mixtures of hexane/AcOEt to obtain the title 

compound, 5d, as a white solid (139mg, 90% yield). 1H RMN (300 MHz, CDCl3)  (ppm): 7.47 (m, 1H), 

7.41 (m, 1H), 7.35 – 7.25 (m, 1H), 7.03 (ddd, J = 8.3, 2.7, 1.0 Hz, 1H), 5.24 (ddd, J = 9.9, 4.3, 2.7 Hz, 

1H), 4.64 (ddd, J = 10.0, 3.1, 1.9 Hz, 1H), 4.59 (dd, J = 12.3, 2.0 Hz, 1H), 4.42 (dd, J = 12.4, 3.2 Hz, 1H), 

3.96 (t, J = 8.0, 2H), 3.10 (dd, J = 16.2, 2.8 Hz, 1H), 2.80 (dd, J = 16.2, 4.2 Hz, 1H), 1.82 (m, 2H), 1.06 (t, 

J = 8.0, 3H). 13C RMN (75 MHz, CDCl3)  (ppm): 168.8, 165.4, 159.4, 129.6, 127.9, 121.0, 119.4, 114.2, 

75.3, 70.0, 68.9, 64.5, 34.5, 22.7, 10.6. HPLC-MS (ES+): Gradient MeCN/H2O 10:90 to 100:0 (5 min), 

RT: 4.3 min, [M+H]+=277.3. E.A. calculated for C15H17NO4: C, 65.44%; H, 6.22%; N, 5.09%; obtained: 

C, 65.28%; H, 6.27%; N, 5.23%. Optical rotation: [α]D = -72 (c = 1, CHCl3). 
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Figure 99 - Schematic representation of the synthesis of 11PS04. Adapted from reference 351.  
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3.5.3 Solid Phase Peptide Synthesis (SPPS) 

Synthesis of Tyrosyl-Palmitoyl-Gonadotropin Releasing Hormone (TPGnRH) 

 

 

 

Figure 100 - Chemical structure of TPGnRH peptide (Glu-His-Trp-Ser-Tyr5-(O-palmitoyl)-Gly-Leu-Arg-
Pro-Gly-CO-NH2). 

 

Solid phase peptide synthesis of TPGnRH  

The peptide synthesis of TPGnRH was performed in solid phase, starting from 0.1695g of Rink amide 

MBHA (substitution 0.59 mmol/g) at a 0.1 mmol scale. General procedure is shown on Figure 101. 

Solid phase peptide synthesis was undertaken using an Fmoc/tBu orthogonically protected strategy 

based on the activation of the carboxyl group of a Fmoc-protected amino acid, A, with a coupling 

agent such as HBTU, B, and its addition over a growing chain of amino acids linked to a resin, C. The 

last amino acid of the chain has been deprotected: the α-NH2 group is ready to react with the pre-

activated carboxyl group of the next amino acid, which is added to the chain, obtaining D (Figure 

101). Amino acids were protected with acid-labile sidechain protecting groups, which can be 

removed only under highly acidic conditions but remain stable under α-amino N-Fmoc deprotection 

(which is base-labile) needed for propagation of the peptide chain.  

 

 
 

 Figure 101 - Schematic representation Fmoc/tBu method for peptide synthesis. 



Chapter 3 -Materials and Methods 

234 
 

Swelling. After being weighted and transferred into a clean and dry reaction vessel, the resin was 

swelled in DMF for 45-60 minutes under continuous shaking prior to starting the synthesis.  The Fmoc 

protected Rink amide was treated with 20 % piperidine in DMF for 10 minutes, then beads were rinse 

with DMF, filtered and drain under vacuum. This process was repeated twice. 

Coupling. The corresponding Fmoc-protected amino acid (4.2 eq.) and the coupling agent, HBTU (4 

eq.), were weighted separately in SPSS DMF resistant tubes. To activate the Nα-protected amino acid, 

HBTU was added in solid and both were dissolved with 3 mL of 4.45% v/v NMM in DMF. The addition 

of NMM ensured the basic environment needed to initiate the reaction. Some amino acids such as 

Fmoc-Arg-Pbf-OH that presented lower solubility required that the mixture was vortexed for few 

seconds prior to pouring it into the vessel containing the resin. The reaction mixture was left stirring 

for 30 minutes. In the case of the arginine coupling step, the reaction time was extended to 45 

minutes to ensure the complete coupling due to the bulky protecting group present in this amino 

acid (2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl)-L-arginine, Arg (Pbf). Couplings were 

performed twice for each amino acid.  

After coupling each amino acid, the Kaiser test was performed357 to confirm the completion of 

coupling reaction. The Kaiser test is widely used as qualitative proof for the presence of absence of 

free amino groups. A small amount of resin beads (1-3 mg) were transferred to a filter paper, washed 

with DCM: MeOH (1:1) to remove the remaining DMF, dried under vacuum and transferred to a small 

glass tube. Next, one drop of liquified phenol in ethanol (80 w/v), 2 drops of potassium cyanide 

(0.001M) in pyridine (2% v/v) and 1 drop of ninhydrin ethanolic solution (5% w/v) were added. The 

suspension was mixed and heated at 120º C for 4-6 minutes, in a heat block (Pierce Reacti-Therm 

Heating, USA).  

A dark blue colouration of resin beads is indicative of the presence of free primary amines while an 

orange/yellow colour of the beads indicates absence of free primary amines and thus a successful 

coupling. If coupling was not successful, a third coupling of the amino acid was undertaken prior 

proceeding to removal of the Fmoc protecting group.  

 

Selective deprotection of Fmoc group. Removal of the Fmoc protecting group was achieved by 

adding 4 mL of 20% piperidine in DMF to the resin under shaking for 10 minutes. Then, the resin was 

drained under vacuum, and a second deprotection undertaken.   After the second Fmoc-cleavage, 

the Kaiser test was performed. If deprotection was successful, the resin was rinsed with DMF (8-10 

mL) and drained under vacuum. A small quantity of clean DMF (enough to cover the beads) was left 

while preparing the next coupling reaction.  

 

Lipidation of the tyrosyl hydroxyl group. The esterification of the peptide chain was achieved by the 

reaction of palmitic acid succinimide ester with the phenolic hydroxyl group of Tyr5, as previously 

described 312. The process involved two steps: first, the selective acid deprotection of the hydroxy 

group of tyrosine followed by the palmitoylation with N-hydroxysuccinimide palmitic acid ester. 
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a. Selective deprotection 2-Chlorotrityl protecting group of Fmoc-Tyr(ClTrt)-Gly-Leu-Arg-Pro-Gly-CO-

NH-Rink amide resin 

The resin was rinsed with DMF and filtered in a glass funnel with filter paper, where it was washed 

with a mixture DCM: MeOH (1:1). A freshly prepared cleavage solution (20mL) composed of 

DCM/TFA/TIS [90:5:5 (v/v/v)] was added to the resin beads (10 mL of cleavage mixture per 1g of 

resin) and allowed to stir in a glass vial for 5 minutes protected from light.  Beads were filtered again, 

and fresh cleavage mixture was added and left to stir for 5 minutes.  This process was repeated for a 

total of 4 times. Removal of the 2-chlorotrityl group was evidenced by a yellow colouration of the 

cleavage mixture filtrate. After the fourth cleavage the filtrate did not show any colouration indicative 

of complete removal of the protecting group.  

 

b. Palmitoylation 

Immediately after deprotection of the 2-chlorotrityl group of tyrosine, beads were washed with DCM 

followed by washing with DMF. Beads were transferred in a glass vial with DMF (5-10 mL) and allowed 

to swell and set over 10-20 minutes. DMF was syringed out leaving only enough DMF to cover the 

beads by 1mm (1-2 mL).  Freshly dissolved palmitic acid N-hydroxysuccinimide ester (0.8 mmol, 8 eq.) 

was dissolved in 4 mL of DMF and immediately added into the vial containing the beads, followed by 

24.2 equivalents (2.425 mmol) of Et3N. The vial was covered in foil and the reaction mixture was 

stirred for 24 h at room temperature. 

Resin was then left to set, and supernatant was syringed out. Beads were filtered with filter paper 

and washed by alternating volumes of DCM and DMF. Resin beads were then transferred in the 

peptide synthesis reaction vessel, washed with DMF and left to swell for 10 minutes prior undertaking 

the Kaiser test was performed. An orange colour of the sampled beads indicated protection of the 

reactive groups and SPSS was continued till all amino acids were added as above.   

 

Resin cleavage. Resin was washed with DCM (20-30 mL) and then with DCM: MeOH (20 mL) and left 

to dry overnight in a pre-weighted glass vial. A freshly prepared mixture of TFA/H2O/TIS [95:2.5:2.5 

(v/v/v)] was added to the resin (10 mL of cleavage mixture per 1g of resin). The reaction mixture was 

stirred for 4h protected from light. The resin was filtered, and the cleavage solution was collected in 

a round bottom flask for rota-evaporation under liquid nitrogen for over 4h.  

Ether extraction. Cold diethyl ether (-20°, 20-25mL) was slowly added on the crude peptide and a 

white precipitate was formed. The flask was sealed and kept overnight at -18 °C for maximum peptide 

precipitation. The suspension was transferred into centrifuge tubes and centrifuged at 1,500 rpm for 

5 minutes. Ether was decanted and more fresh cold ether (5-10 mL) was added prior to another cycle 

of centrifugation. After decanting the supernatant, 3 mL of de-ionized water were added, and the 

peptide was redispersed. The suspension was snap frozen using liquid nitrogen and lyophilized for at 

least 24 h. 
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Figure 102 - Schematic SPPS synthesis of tyrosyl-palmitoyl gonadotropin releasing hormone 

peptide (TPGnRH). a. 20% v/v piperidine/DMF, twice. b1-b10. Corresponding Fmoc-aa (4.2 eq.), 

HBTU (4 eq.) dissolved in NMM, 30', twice. b1 Fmoc-Gly-OH, b2- Fmoc-Pro-OH, b3. Fmoc-Arg(Pbf)-

OH, b4. Fmoc-Leu-OH, b5. Fmoc-Gly-OH, b6. Fmoc-Tyr(2ClTrt)-OH, b7. Fmoc-Ser-(tBu)-OH, b8. Fmoc-

Trp(Boc)-OH, b9. Fmoc-His(Trt)-OH, and b10. Fmoc-Glu(tBu). c. TFA: TIS: DCM (5:5:5 v/v/v), 5' (x4). d. 

Palmitic acid N-hydroxysuccinimide ester (8eq.) and EtN3 (24.2eq) in DMF, 24h e. TFA:TIS:H2O 

(95:2.5:2.5) for 4 hours, then dry under vacuum. f.  Precipitation and extraction with cold diethyl 

ether and freeze drying. 
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3.5.4 Peptide Characterization 

HPLC 

Mobile phase consisted of 0.1 % (v/v) TFA in water (eluent A) and 0.08% (v/v) TFA in ACN (eluent B). 

Flow rate was set at 1.5 mL min-1 at 25ºC and the injection volume was 40 µL. Detection of peak by 

diode array was performed at 220 and 280 nm. OpenLAB software was used to analyse the results 

(Agilent Technologies, Cheadle, UK). RT: 22.24 minutes. 

 

Table 22 - HPLC gradient method for TPGnRH. 

Time 

(minutes) 
0.1% (v/v) TFA in H2O (A) 0.08 % TFA in ACN (B) 

0 99 10 

5 90 10 

15 50 50 

18 50 50 

28 40 60 

33 20 80 

38 90 10 

 

Fourier-transform infrared (FTIR) spectroscopy 

TPGnRH palmitoylation was confirmed by FTIR spectroscopy. Peaks at 2923 and 2852 cm-1 

correspond to the vibration of the palmitoyl moiety, whereas the peak at 1641 cm-1 belongs to the 

ester linkage between the phenolic tyrosyl residue and palmitoyl moiety. The CO stretch 

corresponding to the phenolic group of the tyrosine residue appears at 1172 cm-1. At 1633 cm-1 C=O 

stretch of the amides is observed as well as the peak of the C=C stretch characteristic of aromatic 

residues at 1515 cm-1. 
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Figure 103 - FTIR spectra of TPGnRH. 

 

3.5.5 Formulation of 11PS04 and TMZ into TPGnRH nanofibers 

A total of three formulations were prepared. 11PS04 and Temozolomide were loaded into TPGnRH 

nanofibers following a thin-film hydration method 314. 

Formulation 1: 

Calculates were done for 1 mL of formulation containing 137.5 µg/mL (500 µM) of 11PS04 loaded 

into 5697 µg/mL (4 mM) of TPGnRH (molar ratio 1:8).  TPGnRH (5.63 mg) was weighted in a 6 mm 

vial, whereas 11PS04 was added as 4.5 µL from a more concentrated stock solution (110 mM, 100% 

(v/v) in DMSO). The mixture was diluted with 245.5 µL of isopropyl alcohol. The suspension was 

vortexed, and bath sonicated briefly prior being probe sonicated for 15-20 minutes with the 

instrument set at 60% of its maximum output (200 watts, Hielscher UP200S, GE). The content of the 

HPLC open vial was transferred into a 50 mL round bottom flask. Solvent was removed by rota-

evaporation with liquid N2 over 4 h until a thin-film was formed on the side of the flask.  The dried 

thin film was hydrated with 0.5mL of 50mM sodium acetate buffer (pH=4.5, adjusted with NaOH 1M) 

and suspension was vortexed vigorously to ensure complete film hydration and removal from the 

glass flask. The formulation was removed and transferred in a clean vial and another 0.5 mL was 

added to reduce physical losses.   

Formulation 2:  

11PS04 (137.5 µg/ml, 500 µM), and TMZ (388 µg/ml, 2mM) were loaded into TPGnRH nanofibers 

(5697 µg/ml, 4mM), the molar ratio was 11PS04:TMZ:TPGnRH (1:4:8). TPGnRH (5.63 mg) was 

weighted in a 6 mm vial, 11PS04 and TMZ were also added from more concentrated stock solutions. 

Regarding 11PS04, the stock solution was 110 mM in pure DMSO from which 4.5 µL were added to 
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the vial containing TPGnRH. In the case of TMZ, 245.5 µL from the stock solution 7.57 mM (1.7 mg in 

1.075 mL of IPA) were added followed by vortexing, bath sonication, probe sonication, rota-

evaporation, and thin film rehydration as above.  

Formulation 3: 

In this new formulation, 11PS04 (110 µg; 0.4 mM) and TPGnRH nanofibers (1709 µg; 1.2 mM were 

present in a  molar ratio 1:3, respectively in 1 mL total volume. 3.6 µL of 11PS04 were added from a 

more concentrated solution (110 mM in pure DMSO) to a vial containing TPGnRH (1.7mg) and 

suspended in 246.4 µL of IPA. Then, the suspension was subjected to vortexing, bath sonication, 

probe sonication, rota-evaporation and thin film rehydration as above. 

 

3.5.6 Characterization of Formulations  

Particle size and zeta potential measurements 

Prior to particle and zeta potential measurement (Zetasizer Nano-Zs, Malvern instruments) at 25oC 

and wavelength of 633 nm, the formulations were diluted [2µL in 1mL of 10mM phosphate buffer 

(pH7.4) for F1 and F2 and 10µL in 1.1 mL of 10mM phosphate buffer (pH7.4) for F3]. All particle size 

(n=13) zeta potential (n=100) measurements were performed in triplicate and mean and standard 

deviation was reported. The data were analysed using the Contin method of data analysis.  

 

Transmission electron microscopy (TEM) 

TEM images of formulations were obtained by dissolving stock formulations in PBS 0.01M (pH= 7.4). 

A drop of each formulation was located on the coated side of a copper coated grid and allowed to 

dry for 5 minutes. Then, samples were negatively stained with uranyl acetated aqueous solution (2% 

w/v) for 30 sec. Samples were visualised immediately after using Jeol JEM-1400 electron microscope. 

 

Atomic Force Microscopy (AFM) 

Formulations were visualized by AFM by diluting 10 µL of each formulation in 1mL of de-ionized 

water. The aqueous diluted formulations (5 μL) were placed on the surface of muscovite mica (1 cm2, 

Agar Scientific, Essex, UK) and left to dry for 2 min, and dried under air prior to being attached to a 

nickel disk (1 cm2) using double-side adhesive tape and placed on the AFM microscope (Park NX10 

enclosed in a Park NX10 acoustic enclosure, Park Systems Europe GmbH, Mannheim, Germany). 

Measurements were performed in air under ambient conditions (T = 23 °C, RH = 21%) using the 

scanner (max xy = 50 μm). Scanning was performed in tapping mode using triangular Si cantilevers 

with integrated tips [t = 3.0 - 5.0 μm, l = 115–135 μm, w = 22.5 – 37.5 μm, Vo = 204–497 kHz, k = 10–

130 N m−1, R < 10 nm; PointProbe® Plus Non-Contact Tapping Mode  High Resonance Frequency 

Reflex Coating (PPP-NCHR-20) Nanosensors, Neuchâtel, Switzerland] and an RMS amplitude of 0.8V. 
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The images were processed, and dimensions were measured using Gwyddion 2.55 software 

(Department of Nanometrology, Czech Metrology Institute).  

 

Quantification of loading using HPLC – Drug loading and encapsulation efficiency 

Formulations were diluted with methanol 1: 4 or 1: 10 v/v prior to their analysis. Mobile phase 

consisted of 0.1 % (v/v) TFA in water (eluent A) and 0.08% (v/v) TFA in ACN (eluent B). Flow rate was 

set at 1 mL min-1 from 0-4, 1.2 mL min-1 from 4-19 minutes and 1 mL min-1 from 19.1 - 22 minutes 

(Table 22). Temperature was set at 25ºC and the injection volume was 12 µL. Detection of peaks by 

diode array was performed at 220 nm (for TPGnRH and 11PS04, although the λmax for the latter was 

nm) and 330 nm (for TMZ). Calibration curves for TPGnRH, 11PS04 and TMZ between 570-57 µg mL-

1, 137.5- 5.5 µg mL-1  and 338-33.8 µg mL-1, respectively, were also analysed at these wavelengths, 

used for quantification and linear curves were obtained [y = 2,1796x + 16,025 (r² = 0.9986) for 

TPGnRH, y= 14.435x-102.12 (r2= 0.9943) for TMZ and y = 10.798x + 9.2653 (r² = 0.9972) for 11PS04]. 

OpenLAB software was used to analyse the results (Agilent Technologies, Cheadle, UK).  

 

Table 23 - Gradient HPLC method for analysis of 11PS04, TMZ and TPGnRH formulations. 

Time (minutes) 
0.1% (v/v) TFA in 

H2O (A) 

0.08 % TFA in ACN 

(B) 

0 99 1 

3 99 1 

4 99 10 

6 70 30 

12 50 50 

16 15 85 

17 0 100 

19 0 100 

19.1 99 1 

22 99 1 

 

Drug loading (% w/w) and encapsulation efficiency (%) of formulations were and calculated 

according to equations 3.1 and 3.2. 

 

𝐷𝑟𝑢𝑔 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 (%) =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑇𝑃𝐺𝑛𝑅𝐻
 𝑥 100 

 

Equation 3.1 
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𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑖𝑐𝑦 (%) =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑛𝑡𝑟𝑎𝑝𝑝𝑒𝑑 𝑑𝑟𝑢𝑔

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔
 𝑥 100 

 

Equation 3.2 

3.5.7 Antiproliferative Assays in U87 MG cells 

Cell culture and cell seeding 

Human glioblastoma cell line, U87 MG, was obtained from the European Collection of Cell culture 

(ECACC, No. 89081402, Lot 11K009, P21 to P28) and cultured in growth medium DMEM 

supplemented with 10% (v/v) of heat-inactivated FBS, 1% (v/v) of NEAA and 1% Penicillin-

Streptomycin. 

For all assays, U87 MG cells were maintained in a humidified atmosphere of 5% CO2 at 37ºC, and the 

medium refreshed every 2-3 days. When cells reached ~80% of confluency, the cells were washed 

with PBS (~5 mL) and incubated with 2-3 mL of TrypLE Enzyme 0.25% at 37ºC for 3 minutes. Then, 

growth medium (3 mL) was added and the cells were centrifuged (C-28A, Boeco, Hamburg, Germany) 

at 1,500 rpm for 5 minutes. Supernatant was discarded, and the pellet re-suspended in 1 mL of 

complete medium.  

Cell number was obtained using the Trypan Blue Exclusion Assay 262 and the haematocytometer. This 

method is based on the principle that live cells have intact membrane that exclude dyes such as 

trypan blue, whilst dead cells take up the dye and are visualised with a blue cytoplasm. In brief, 20 

µL of the 1 mL cell suspension was mixed 1: 1 with a solution 0.4% (v/v in PBS) of trypan blue. 10 µL 

of this mixture were applied to a haematocytometer and visualised on a microscope. Cells with non-

coloured cytoplasm were counted. To obtain total the number of viable cells, counted cells were 

multiplied by 2 (dilution factor of trypan blue mixture) and per 104 as per the haematocytometer 

dilution. 

In all experiments, 96-well plates were seeded with U87 MG cells at 1400 cells/cm2 in complete 

medium and allowed to attach and grow for 3 days in adherent conditions.  

Experiments design 

After the 3 days, complete change of media and cell treatment took place every 2 days for a total of 

6 days. Treatment volume constituted the 10% of the total volume in the well (200 µL). Hence, in all 

experiments, treatment was added in 20 µL with 180 µL of complete DMEN media. 

Non-treated cells were used as negative control and cells treated with PBS [with  0.5% of DMSO (v/v)] 

were used as vehicle control. 
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11PS04 and Temozolomide Assay - Protocol 1 

An initial experiment was undertaken to assess if addition of 11PS04 can sensitise cells and increased 

the efficacy of TMZ when combined. 11PS04 stock solution (11 mM, 3 mg mL-1 in pure DMSO) was 

used to prepare diluted stock dilutions. First, 5 µL of 11 mM stock were mixed with 45 µL of PBS 

(0.01M, pH 7.4) to obtain a 1.1 mM stock with 10% DMSO v/v. Next, 11PS04 dilution at 100 µM 10% 

DMSO v/v was freshly prepared by adding 50 µL of 11PS04 1.1 mM to 500 µL of PBS enriched with 

10% of DMSO. This 100 µM that was immediately diluted 1 to 20 in complete media to elicit  the final 

concentration in well of 11PS04 (5 µM).  

A 0.1 M TMZ stock solution (1.36 mg in 70 µL of pure DMSO) was used to prepare 20-fold 

concentration of TMZ diluted stocks in PBS (with 10% DMSO v/v) at concentrations ranging 0.5 to 10 

mM, which were added to each well (10 µL) for a final concentration of 25- 500 µM. 

 

Figure 104 - Schematic representation of TMZ and 11PS04 assay . After 3 days growing, the media 

were removed and substituted with fresh media. On day 2, the media were again removed and 

substituted with fresh media, this time containing 5 µM of 11PS04. Two days after (day 4), the media 

were changed and TMZ was added in a range of concentrations (25-500 µM) in the presence or 

absence of a new dose of 11PS04. Cell metabolic activity was measured by the MTT test on day 6.  

 

The triple treatment Assay -Protocol 2 

An experiment was undertaken with 11PS04, TMZ and TPGnRH to assess their antiproliferative 

potential when combined. In this assay, each component was externally added. The effect of the pair 

TMZ -TPGnRH was also evaluated. 

Cells were exposed to TPGnRH in a range of concentrations (7 - 70 µM) prepared from more 

concentrated stock dilutions (140-1400 µM in PBS, pH=7.4). 1400 µM was used as stock solution to 
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prepare 2-fold serial dilutions by mixing 4 mg of peptide in 2 mL of PBS. 10 µL of each stock were 

added per well to achieve the desired concentration. 

A fixed dose of 11PS04 (5 µM) was employed in this assay. Two stocks were prepared: 

Stock 1 at 100 µM - used when 11PS04 was combined with TPGnRH: 11PS04 stock 11 mM was used 

as stated above on Assay 1 to prepare a diluted stock at 100 µM (10% DMSO v/v). 10 µL of this stock 

were added in a total volume of 200 µL per well (dilution 1 to 20) to afford the desired final 

concentration (5 µM).  

Stock 2 at 200 µM- used when 11PS04 was combined with TMZ and TPGnRH. First, a stock solution 

1.1 mM 10% DMSO v/v was prepared as stated in Assay 1. The 200 µM stock solution was freshly 

prepared by mixing 60 µL of 1.1 mM stock with 270 µL of 10% DMSO v/v in PBS, from where 5 µL 

were added to each well (1 to 40 dilution) to achieve the desired 5 µM.   

Cells were treated with TMZ at two different concentrations (100 and 250 µM). TMZ stock solution 

0.1M in pure DMSO was used to prepare two 40-fold diluted stocks at 10 and 4 mM. The 10 mM 

stock was prepared by mixing 50 µL of 0.1M stock and 450 µL of PBS, whereas 4 mM stock solution 

was prepared by mixing 120 µL of 10 mM diluted stock with 180 µL of 10 %DMSO in PBS. From each 

diluted stock, 5 µL where added to corresponding wells to achieve the desired final concentration. 
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Figure 105 - Schematic representation of Triple Treatment assay . Cells were treated with TPGnRH 

(7-70 µM) every two days for 6 days in every test performed. Treatment with only TPGnRH is 

represented by black bars, treatment with TMZ and TPGnRH in grey colour, and the triple-treatment 

with 11PS04, TMZ and TPGnRH in white colour.  Cell viability was assessed by the MTT assay. 
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11PS04 and 11PS04 and TMZ loaded TPGnRH formulations Assay - Protocol 3 

The present experiment was undertaken to assess the antiproliferative effect of two formulations. 

Formulation 1 consisted on TPGnRH nanofibers loaded with 11PS04 whereas Formulation 2 

contained 11PS04-TMZ loaded nanofibers (Formulation 2). 

TPGnRH nanofibers stock at 800 µM (1.14 mg mL-1) was used to prepare a diluted stock solution at 

400 µM by mixing 200 µL of 800 µM stock with 200 µL of PBS. Cells were treated on Day 0 with 20 µL 

of freshly prepared 400 µM stock diluted in 180 µL of DMEM. 

Cells were treated with 2 µL of 11PS04-loaded nanofibers (Formulation 1; 500 µM of 11PS04 and 

4000 µM of TPGnRH) diluted in complete DMEN media (1 to 100) for a final concentration per well 

of 5 µM and 40 µM, respectively. Likewise, 2 µL of Formulation 2 (11PS04 500 µM, TMZ 2 mM and 

TPGnRH 4 mM) were freshly prepared and diluted 1 to 100 in complete DMEM media to afford a final 

concentration per well of 5 µM, 20 µM and 40 µM of 11PS04, TMZ and TPGnRH, respectively.  

 

 

 

Figure 106 - Schematic representation of assay  with 11PS04 loaded nanofibers (Formulation 1) and 

11PS04-TMZ loaded nanofibers (Formulation 2). Cells were treated for 2 days with TPGnRH at 40 

µM. Formulation 1 (TPGnRH 40 µM; 11PS04 5 µM) was added on the second day and, two days after, 

media were removed and refreshed with a new dose of formulation 2 (TPGnRH 40 µM; 11PS04 5 µM, 

TMZ 20 µM).  Cell viability was assessed by the MTT assay. 
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Combining 11PS04 loaded nanofibers with TMZ Assay – Protocol 4 

This experiment was undertaken to evaluate the antiproliferative efficacy of 11PS04-loaded 

nanofibers (Formulation 3, 400 µM 11PS04, 1.2 mM TPGnRH) when combined with TMZ externally 

added.  

TPGnRH nanofibers stock at 800 µM (1.14 mg mL-1) was used to prepare a diluted stock solution at 

300 µM by mixing 510 µL of 800 µM stock with 850 µL of PBS, from which 10 µL were immediately 

added to each test well diluted in 180 µL of DMEN for a final concentration of 15 µM of peptide. 

A freshly prepared diluted stock was made by diluting formulation 3 in PBS at ratio formulation: PBS 

1:4. Then, 10 µL of this diluted stock were immediately added to test wells, eliciting a final 

concentration of 5 µM and 15 µM of 11PS04 and TPGnRH, respectively. This treatment was added 

on the 2nd and 4th day.  

A 20-fold diluted stock of TMZ at 3.5 mM was prepared by mixing 50 µL of 35 mM (100% DMSO) 

stock of TMZ with 450 µL of PBS. The 3.5 mM stock was diluted further in DMEN 1 to 20 to afford the 

desired final concentration per well (175 µM). Freshly prepare physical mixtures of 11PS04 (5 µM) 

with TMZ (175 µM) and TMZ (175 µM) with TPGnRH nanofibers (15 µM) were used as control.  
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Figure 107  - Schematic representation of the applied treatments with 11PS04-loaded nanofibers 

(Formulation 3) and TMZ. Treatments started at day 0 with periodical refreshment of the medium 

and addition of the corresponding treatments every two days.  TPGnRH was added at a final 

concentration of 15 µM, 11PS04 at 5 µM and TMZ 175 µM. Cell viability was measured by the MTT 

assay every 2 days. 
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Doubling the dose of 11PS04 Assay – Protocol 5 

An experiment was undertaken to assess the antiproliferative efficacy of  TPGnRH nanofibers 

combined with double amount of 11PS04, this is,  10 µM (each compound externally added). 

TPGnRH nanofibers stock at 800 µM (1.14 mg mL-1) was used to prepare a diluted stock solution at 

300 µM by mixing 51 µL of 800 µM stock with 85 µL of PBS,  from which 10 µL were immediately 

added to each test well diluted in 180 µL of DMEN for a final concentration of 15 µM of peptide. A 

10-fold concentration stock of 11PS04 was prepared from 2 mM stock (in pure DMSO) by diluting 10 

µL in 90 µL of PBS to elicit a 200 µM diluted stock solution, from which 10 µL were added to each well 

for a final concentration of 10 µM.  

 

 

Figure 108 - Schematic representation of the addition protocol followed in assay 5. Vehicle contains 

0.5% (v/v) of DMSO in PBS. The final concentration of each treatment was 15 µM and 5 µM for 

TPGnRH and 11PS04, respectively.  
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Cell metabolic activity 

Cell metabolic activity was measured by the MTT assay. In this colorimetric test, MTT (3-(4,5-

dimethylthiazol-2-yl)-2–5-diphenyltetrazolium bromide) is reduced by NADH-dependent 

oxidoreductase enzyme to form formazan, a purple precipitate that can be measured and is directly 

related with the number of viable cells. An MTT stock solution (5 mg/mL in PBS) was bath sonicated 

for x minutes and filtered sterilised via a 0.22 µm nylon filter. The filtrate was stored in the freezer 

protected from light.  

In all experiments , after 2, 4 and 6 days of treatment, MTT assay was performed by adding 20 µL of 

MTT solution to each well (without removing supernatant), after which cells were incubated for 4 h 

at 37ºC. Then, media were removed and 100 µL of DMSO were added to dissolve the formazan 

crystals. Plates were covered in foil and rotated in a gyratory shaker for 15 min to help the dissolution 

process of crystals. UV absorbance was measured at 570 and 690 nm using Multiskan Go microplate 

spectrophometer (Thermo Scientific, Paisley, UK). Cell metabolic activity can be calculated by 

subtracting the values at 690 nm 570 nm to remove background, and dividing the values by the 

control per 100 to express as a % relative to control (Equation 3.3): 

 

𝐶𝑒𝑙𝑙 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
(𝐴𝑏𝑠570 𝑛𝑚 𝑠𝑎𝑚𝑝𝑙𝑒 −  𝐴𝑏𝑠690 𝑛𝑚 𝑠𝑎𝑚𝑝𝑙𝑒

(𝐴𝑏𝑠570 𝑛𝑚 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 −  𝐴𝑏𝑠690 𝑛𝑚 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
 𝑥 100 

 

           Equation 3.3 

Where Abs570 nm sample is optical density (OD) values registered at 570 nm on test wells and Abs570 

nm control are OD obtained for control wells; likewise, Abs690 sample and Abs690 are OD values of 

control and samples are obtained as background 

 

 

3.5.8 Statistics 

Experimental data was analysed with GraphPad Prism 8 (GraphPad Inc., California, USA) software. 

Results were expressed as mean ± SD and statistical significance was set at 5% and assessed using 

the t-test or One-way ANOVA or Two-ANOVA using the Dunnett’s and/or Tukey’s post-hoc tests for 

multiple group comparisons.  
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1H NMR 1a (500 MHz, DMSO-d6)  

 

13C NMR 1a (126 MHz, DMSO-d6) 

 



COSY 1a (500 MHz, DMSO-d6)  

 

HSQC 1a (500 MHz, DMSO-d6) 

 



1H NMR 1b (500 MHz, DMSO-d6)  

 
13C NMR GBG206 1b (126 MHz, DMSO-d6) 

 



COSY 1b (500 MHz, DMSO-d6)  

 

HSQC 1b (500 MHz, DMSO-d6)  

 



 

1H NMR 1c (500 MHz, DMSO-d6) 

 
13C NMR GBG210 1c (126 MHz, DMSO-d6) 

 



COSY 1c (500 MHz, DMSO-d6)  

 

HSQC 1c (500 MHz, DMSO-d6)  

 



1H NMR 1d (400 MHz, DMSO-d6)  

 
13C NMR 1d (126MHz, DMSO-d6)  

 



 

COSY 1d (500 MHz, DMSO-d6) 

 

HSQC 1d (500 MHz, DMSO-d6) 

 



1H NMR 1e (400 MHz, DMSO-d6)  

 
13C NMR 1e (126 MHz, DMSO-d6)  

 

MeOH



COSY 1e (400 MHz, DMSO-d6)  

 

HSQC 1e (400 MHz, DMSO-d6)

 

  



1H NMR 1f (400 MHz, CDCl3)  

 
13C NMR  1f (101 MHz, CDCl3) 

 



COSY 1f (101 MHz, CDCl3)  

 

COSY 1f (101 MHz, CDCl3)  

 



1H NMR 1g (500 MHz, CDCl3) – Note: 0.2 mL of deuterated DMSO were added to increase solubility  

 
13C NMR 1g (125 MHz, CDCl3)   

 



COSY 1g (400 MHz, CDCl3)   

 

HSQC 1g (400 MHz, CDCl3)   

 



1H NMR 1h (400 MHz, CDCl3)  

 
13C NMR 1h (101 MHz, CDl3) 

 



 

COSY 1h (400 MHz, CDl3) 

 

HSQC 1h (400 MHz, CDl3) 

 



1H NMR 1i (400 MHz, CDCl3)  

 
13C NMR 1i (400 MHz, CDCl3) 

 



COSY 1i (400 MHz, CDCl3) 

 

HSQC 1i (400 MHz, CDCl3) 

 



1H NMR 1j (400 MHz, DMSO-d6)  

 
13C NMR 1j (101 MHz, DMSO-d6) 

 

 



COSY 1j (400 MHz, DMSO-d6) 

 

HSQC 1j (400 MHz,  DMSO-d6) 

 

 



1H NMR 1k (400 MHz, CDCl3)  

 
13C NMR 1k (126 MHz, CDCl3)  

 



COSY 1k (400 MHz, CDCl3)  

 

HSQC 1k (400 MHz, CDCl3)  

 



1H NMR 1l (400 MHz, Acetone-d6)  

 
13C NMR 1l (101 MHz, Acetone-d6)  

 



COSY 1l (101 MHz, Acetone-d6)  

 

HSQC 1l (400 MHz, Acetone-d6) 

 



1H NMR 1m (400 MHz, CDCl3)  

 
13C NMR 1m  (101 MHz, CDCl3)  

 

N

N

O

O



COSY 1m  (400 MHz, CDCl3)

 

HSQC 1m  (400 MHz, CDCl3) 

 

 

N

N

O

O



1H NMR 1n (400 MHz, CDCl3)  

  



1H NMR 9 (400 MHz, CDCl3)  

 
13C NMR  9 (101 MHz, CDCl3)  

 



COSY 9 (400 MHz, CDCl3)  

 

HSQC 9 (400 MHz, CDCl3) 

 

 



1H NMR 1n (400 MHz, MeOD)  

 
13C NMR 1n (101 MHz, MeOD) 

 



COSY 1n (400 MHz, MeOD)  

 

COSY 1n (400 MHz, MeOD) 

 



1H NMR 12b (500 MHz, CDCl3)  

 
13C NMR 12b (126 MHz, DMSO-d6) 

 



COSY 12b (400 MHz, DMSO-d6)  

 

HSQC 12b (400 MHz, DMSO-d6)  

 



1H NMR 12c (400 MHz,DMSO-d6)  

 
13C NMR 12c (126 MHz, DMSO-d6 

 



HSQC 12c (400 MHz, DMSO-d6)  

 

HMBC 12c (400 MHz, DMSO-d6) 

 

 



1H NMR GBG235 14a (500 MHz, DMSO-d6)  

 
13C NMR GBG235 14a (126 MHz, DMSO-d6)  

 

 



 

HSQC 14a (400 MHz, DMSO-d6)  

 

 

 

  



 

1H NMR 14b (400 MHz, CDCl3)  

 
13C NMR  14b (101 MHz, CDCl3) 

 



HSQC 14b (400 MHz, CDCl3)  

 



1H NMR 14c (400 MHz, CDCl3) 

 

1H NMR 1n (400 MHz, CDCl3) 

 



1H NMR 17a (500 MHz, DMSO-d6)  

 
13C NMR 17a  (126 MHz, DMSO-d6)  

 



1H NMR 17b (500 MHz, DMSO-d6)  

 
13C NMR 17b  (75 MHz, DMSO-d6) 

 



1H NMR 17c (300 MHz, DMSO-d6) 

 
1H NMR 17c (400 MHz, DMSO-d6) -Post lyophilization 

 



13C NMR 17c  (75 MHz, DMSO-d6) 

 

 

  



1H NMR 17d (400 MHz, DMSO-d6)  

 
13C NMR 17d  (75 MHz, DMSO-d6) 

 



1H NMR 17e (300 MHz, CDCl3)  

 
13C NMR 17e (75 MHz, CDCl3) 

 



1H NMR 17f (500 MHz, MeOD)  

 
13C NMR 17f (75 MHz, DMSO-d6) 

 



1H NMR 17h (500 MHz, CDCl3)  

 
 13C NMR 17h (126 MHz, CDCl3) 

 



Structural elucidation of compound 17x 

Calculated molecular formulae by UNIFI software in ESI+ based on the m/z of the three detected adducts: 

 

 

 

 

  

 

 

 

 

Although C29H17N7O3 was calculated as a potential molecular formula, C28H21N3O7 was selected as the most 
probable calculated molecular formula for 2x since its elemental composition matched better with the 
starting materials. 

  

534.1275 m/z [M+ Na]+ 

550.1011 m/z [M+K]+ 

512.1467 m/z [M+H]+ 



Fragmentation analysis and collision cross section (CCS) determination 

With the aim of confirming the chemical structure of the unknown molecule, a fragmentation analysis was 
carried out. The total number of fragments are shown in the figure below. The most probable cleavage sites 
are indicated with red lines. 

The fragment m/z 466.1038 correlated with the loss of a molecule of ethanol, which could be associated 
with the loss of the ethoxy group (Figure 27).  

Another observed fragment of high intensity was m/z 354.1082. The predicted molecular formula for this 
m/z value correlated with the loss of the 1,4-napththoquinone scaffold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

466.1038 m/z  [M+H-C2H6O]+ 

354.1082 m/z [M+H-Naphthoquinone]+ 

280.0720 m/z  



 

 

 

 

 

 

 

 

The m/z 280.0720 generated by the loss of the naphthoquinone group, the ethyl fragment and the carboxylic 
acid group. 

The m/z 253.0611 can be explained by the loss of (1,4-dioxo-1,4-dihydronaphthalen-2-yl)glycine neutral 
fragment and the ethyl group. 

In both cases, the rearrangement of the product ions in the gas phase can occur, leading to hydride shifts 
followed by potential cyclizations of the molecule to more stable fragments. 

 

  

253.0611 m/z 



From the ESI- analysis, in addition to the [M-H]- adduct (m/z 510.1310, 0.3 mDa error) the same fragments 
were found, which represent the deprotonated species of the above-mentioned ions. 

 

  

Figure- High resolution mass spectrum of compound 17x in negative mode (ESI-). Low energy (A) and high 
energy spectrum (B). Fragments m/z 464 and 352 corresponds to m/z 466 and 354 in ESI+. 

 

  



 

In addition to the accurate mass of the precursor and fragment ions, it was possible to measure the collision 
cross section (CCS, or Ω) of the adducts in positive and negative ion mode for the candidate molecule. This 
parameter can be related to the mobility of ions according to the Mason-Schamp equation,13 and describes 
the momentum transfer between ions and drift gas particles.  The mobility of an ion depends on 
experimental conditions such as drift gas composition, temperature, and reduced field strength (E/N, where 
E represents the electric field and N is the gas number density). In this work the technology adopted was the 
traveling-wave ion mobility spectrometry (TWIMS) embedded in the Vion system, which has extensively 
been described elsewhere.14 By the use of a calibration equation, it is possible to derive the CCS of an ion 
from its arrival time (tA). In general terms, the CCS is related to the chemical structure and three-dimensional 
conformation of an ion where the projection of the rotating three-dimensional volume into a two-
dimensional space represents the average cross section. Since this parameter is ultimately determined by 
the mass, shape and size of an ionized molecule, ion mobility separation and CCS are being utilized by 
researches for three main purposes: 

1. As an added dimension of separation for increasing the peak capacity and partitioning the chemical 
noise from analyte signals of interest (in our case, the drift time alignment allowed cleaner spectra 
to be obtained by the removal of noise peaks and potential co-eluting components). 

2. As an additional measurement for analyte identification and characterization. 
3. As a structural measurement technique, where the ion mobility information is used to infer some 

details regarding the structure (either primary or higher-order) of the analyte. 

The latter two strategies, analyte identification and structural measurement, are achieved by converting the 
ion mobility measurement (typically arrival time, also called “drift time”), to an ion-neutral collision cross 
section value (CCS), which represents a fundamental property of the analyte comparable across different 
laboratories and different instrumental platforms.15 

Herein we measured the TWCCSN2 of the compound 17x in triplicate for the adducts [M+H]+, [M+Na]+, [M+K]+ 
and [M-H]-. We then calculated the theoretical TWCCSN2 value for each of these adducts using a prototype 
model that is based on a Gradient Boosting machine learning algorithm1. We obtained a total of 198 chemical 
descriptors via RDKit Library (https://www.rdkit.org/), of which only 70 are used for model training and 
prediction. Preliminary data from previous cross-validation of the model, we verified that the prediction 
capability leads to CCS percentage errors < ±5% in all cases (nested 10-fold cross-validation)16.  

  

 
11 R. Bouwmeester, L. Martens, S. Degroeve, K. Richardson, J.P.C. Vissers, Predicting ion mobility collision cross sections by combining 
conventional and data driven modelling, ASMS Proc. (2019) MP 366. 
Because the prediction model is in a beta-validation stage, no additional references are available at present for the currently used algorithm.  

 



The relative standard deviation of the measured CCS values was used as precision index, while the 
percentage CCS deviation of the measured values (mean, n = 3) to the theoretical ones was calculated in 
order to gain additional insights on the chemical structure of the candidate molecule.  

 

Table  - Summary table with measured and predicted CCS values using the TWIMS technology for 
the compound 2x. Relative Standard Deviation % (RSD%) of measured values, percentage deviation 
between measured and predicted CCS values (ΔCCS%). 

 Adduct 

 [M+H]+ [M+Na]+ [M+K]+ [M-H]- 
Arrival time (ms) 6.95 7.18 7.27 7.32 

Measured TWCCSN2 (Å2) 218.4 224.5 227.1 225.6 

Predicted TWCCSN2 (Å2) 222.4 226.0 225.3 222.0 
RSD% 0.34 0.10 0.09 0.21 
ΔCCS%  -1.8 -0.7 0.8 1.6 

 

The RSDs are below 0.35% in all cases, which is an indication of very good precision of the experimental 
values.  

The maximum ΔCCS% is -1.8%, whilst average |ΔCCS%| is 1.2%. All deviations are below the generally 
accepted threshold value for the CCS measurements (± 2%)14, which adds more confidence in the assignment 
of the chemical structure for the compound 17x.  

It is worth noting that deviations higher than ± 1.5% are usually encountered for protonated species with 
multiple equivalent protonation sites. The same concept stands for the [M-H]- species. This is caused by the 
presence of potential charge-isomers, which are not separated in the ion mobility dimension. 

 


	Tesis María Gracia Baquero Gálvez
	Portada
	Agradecimientos
	Table of Contents
	Resumen
	Abstract
	List of Tables
	List of Figures
	LIst of Acronyms
	Chapter 1 Synthesis and evaluation of novel heterocycles
with differential affinity for tau protein
	Introduction
	Hypothesis, Aim and Objectives
	Results and Discussion
	Conclusions
	Materials and Methods

	Chapter 2- Synthesis and evaluation of novel LDH-A inhibitors
	Introduction
	Hypothesis, Aim, and Objectives
	Results and Discussion
	Conclusions
	Materials and Methods

	Chapter 3 - Preparation and evaluation of 11PS04- loaded
TPGnRH nanofibers
	Introduction
	Hypothesis, Aim and Objectives
	Results and Discussion
	Conclusions
	Materials and Methods

	References
	Supplementary Information




