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Abstract 

Alzheimer’s disease (AD) is currently the most prevalent cause of dementia for people 

aged 60 and over, with more than 35 million patients worldwide. This number is 

expected to massively increase within the next years; therefore, there is an urgent 

necessity to find effective treatments and improved diagnostic techniques for this, to 

date, incurable pathology. Although the origin of the disease is still a matter of intense 

debate, the amyloid cascade hypothesis has reached general acceptance. According to 

this hypothesis, the aberrant aggregation of β-amyloid (Aβ), a 39-43 amino acid 

peptide, is believed to trigger the events leading to AD. Fibrillary aggregates of Aβ(1-

40) and Aβ(1-42) represent the major components of the senile plaques found in AD 

brains. However, oligomeric aggregates rather than fibres are currently considered to 

be the most toxic species since they hinder the synaptic function, disrupt the integrity 

of membrane bilayers and generate reactive oxygen species (ROS). 

An increasing body of evidence indicates that AD brains present unbalanced levels of 

some metal ions such as Cu(I/II), Zn(II) and Fe(II/III). Furthermore, high concentrations 

of copper and zinc have been detected in senile plaques. Aβ has indeed been found to 

bind such metal ions, modulating its aggregation through rapidly exchangeable 

coordination modes. Among them, copper has been reported to stabilise toxic 

oligomeric species and to catalyse the generation of ROS. Hence, preventing the 

copper-associated toxicity of Aβ may represent a promising approach to develop anti-

AD agents. However, the role of metal ions at the origin and expansion of the 

pathology has not been extensively explored. Some 8-hydroxyquinolines, such as 

clioquinol and PBT2, have recently shown promising results in clinical trials. This class 

of compounds, which have been called metal-protein attenuating compounds 

(MPACs), are intended to redistribute mis-localised metal ions. MPACs exhibit 

moderate Cu(II)- and Zn(II)-binding affinities, are able to cross the blood-brain barrier 

(BBB) and can prevent the copper-catalysed production of ROS. 

The imidazole rings of histidine residues are efficient Cu(II)-ligands and histidinic 

peptides hence represent valuable synthons for the discovery of new drugs aimed at 

reducing the copper-associated toxicity of Aβ. Peptides present high biocompatibility, 

low toxicity and water solubility; furthermore, they display a great versatility and their 

Cu(II)-chelating properties can be easily tuned. In our group, the Cu(II)-chelating 

properties of peptides with different sequences have been studied, and those with the 

sequence His-Xaa-His (Xaa = randomly-chosen amino acid) have led to interesting 
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results. In the present PhD thesis, short peptides (containing 3-4 L-amino acids) with 

the N-terminal His-Xaa-His sequence were rationally designed to be applied in i) the 

chelation and detection of copper ions, ii) their grafting onto gold nanocarriers to 

improve their pharmacological properties and iii) the detection of Aβ aggregates. 

Chapter 1 comprises a detailed introduction on the state-of-the-art in the field and the 

description of the objectives of the present work.   

As described in Chapter 2, the peptides were either custom-made or prepared by Fmoc 

solid-phase peptide synthesis (SPPS). The chelating agents contained indole 

(tryptophan residue), coumarin (Coum), 4-N,N-dimethylamino-1,8-naphthalimide 

(4DMN) or fluorescein emissive probes for their application as fluorescent sensors. The 

non-natural probes were incorporated either by derivatisation of Fmoc-Lys-OH or by 

labelling the preformed peptide. Some of the peptides had their N-terminal amino 

function or both the N-terminal amino and C-terminal carboxylate groups protected 

as amides. 

In Chapter 3, the evaluation of the Cu(II)-binding properties of the His-Xaa-His 

tripeptides is reported, which was evaluated by mass spectrometry (MS), UV-Vis 

spectroscopy, circular dichroism (CD), electron paramagnetic resonance (EPR) and 

nuclear magnetic resonance (NMR). Besides, the Cu(II)-binding affinities were 

determined by fluorescence spectroscopy. The N-terminal free peptides presented a 

4N albumin-like ATCUN coordination donor set, and were able to remove Cu(II) ions 

bound to Aβ(1-16),  and to inhibit the copper-induced stabilisation of oligomeric Aβ 

species and the generation of ROS. The N-terminal protected peptides acted as a 

different donor set, namely 3N1O, which involves the two imidazole rings; these 

peptides were less effective than the ATCUN ones regarding their inhibition of the Cu-

induced production of ROS. 

The fluorescent properties of a peptide containing the (potential) Förster resonance 

energy transfer (FRET) coumarin-fluorescein pair were investigated in the presence and 

absence of Cu(II) ions. Unfortunately, the emission of the coumarin probe was 

remarkably lower than that of fluorescein and the occurrence of a FRET process could 

not be confirmed. Nonetheless, the coumarin-fluorescein intensity ratio increased with 

the concentration of Cu(II), which might be exploited for the ratiometric detection of 

this metal ion.  
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In Chapter 4, the generation of Aβ(1-40) dityrosine cross-links in the presence of 

copper(II) and H2O2 is described. Aβ dityrosine cross-links are created through the 

formation of an ortho-ortho C-C bond between two Tyr10 residues. Dityrosine-bridged 

Aβ dimers have been found in AD brains, where they are believed to display an intense 

Cu-induced redox activity within prolonged periods of time. Besides, they have been 

proposed as initiators of Aβ aggregation. Dityrosine was prepared using horseradish 

peroxidase in the presence of H2O2; it was subsequently used as a reference compound 

to quantify, by fluorescence spectroscopy, the formation of dityrosine cross-links in 

Aβ(1-40). Hence, the aggregation of Aβ(1-40) under various oxidative conditions was 

analysed by fluorescence spectroscopy and transmission electron microscopy (TEM). 

Dityrosine-cross-linked Aβ(1-40) did not lead to the formation of fibres, while the 

addition of an ATCUN peptide restored the fibrillation process. 

Chapter 5 describes the preparation of monodisperse suspensions of spherical gold 

nanoparticles (of size 5 and 15 nm) with the objective to use them as peptide-

nanocarriers. These Au NPs were functionalised with HS-PEG2100-COOH (PEG = 

poly(ethylene glycol)) to improve their stability and resistance against particle 

aggregation. The Cu(II)-chelating peptide Ac-His-Lys(Coum)-His-Lys-NH2 was grafted 

onto the surface of the PEGylated gold nanoparticles through its Lys4 side chain, by 

means of an amide bond. The nanoparticles were characterised by TEM, UV-Vis 

spectroscopy, thermogravimetric analysis (TGA), dynamic light scattering (DLS), Z-

potential measurements and agarose gel electrophoresis. The amount of peptide 

coupled was quantified by fluorescence spectroscopy. The peptide-functionalised Au 

NPs were able to (partially) extract Cu(II) ions bound to Aβ(1-16). Ac-His-Lys(Coum)-

His-OH and nanoparticles of 15 nm, containing or not the peptide, were non-toxic to 

neuronal embryo cells of wildtype mice. 

In Chapter 6, the design and preparation of fluorescent dyes to detect aggregated Aβ 

are reported. An analogue of thioflavin T (ThT, an amyloid-selective fluorescent dye) 

and its lysine derivative, which would allow its inclusion into peptides, were prepared 

by click chemistry. Unfortunately, spectroscopic changes did not take place upon 

interaction with fibrillary Aβ. The environment-sensitive properties of a naphthalimide 

derivative (4DMN), whose fluorescent emission is blue-shifted and enhanced as the 

polarity of the solvent decreases, were then exploited for the detection of different 

types of Aβ aggregates. The emission of Boc-Lys(4DMN)-OH and 4DMN-containing 

peptides displayed hypsochromism and intensity enhancements in the presence of Aβ 
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fibres, which allowed to monitor Aβ aggregation; the 4DMN peptides also detected 

Cu(II)- and Zn(II)-induced Aβ aggregates. The presence of the peptides did not alter 

Aβ aggregation as evidenced by ThT experiments; the 4DMN-containing peptides may 

thus be used as bimodal probes for the detection of different types of Aβ aggregates. 

The promising results achieved during this doctoral research validate the proposed 

approach to use His-containing Cu(II)-chelating peptides to reduce the copper-

induced production of ROS and the generation of oligomeric Aβ in vitro. Furthermore, 

the incorporation of functional fluorescent probes to these peptides allows to i) 

monitor the Cu(II)-binding process and ii) detect aggregated species of Aβ. Hence, 

such Cu(II)-chelating peptides may find applications in therapy, diagnosis, and 

theranosis of AD. 
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Acronyms and abbreviations 

2-CTC 2-chlorotrityl chloride 

4DAPA 4-N,N-dimethylaminophthalimidoalanine 

4DMAP 4-N,N-dimethylaminophthalimide 

6DMN 6-N,N-dimethylamino-2,3-naphthalimide 

6DMNA 6-N,N-dimethylamino-2,3-naphthalimidoalanine 

4DMN 4-N,N-dimethylamino-1,8-naphthalimide 

4DMNA 4-N,N-dimethylamino-1,8-naphthalimidoalanine 

AD Alzheimer’s disease 

AFM atomic force microscopy 

ALADAN 6-(2-dimethylaminonaphthoyl) alanine 

alloc allyloxycarbonyl 

APLP2 amyloid-like protein 2 

apoE apolipoprotein E 

APP amyloid precursor protein 

ATCUN amino terminal Cu(II)- and Ni(II)-binding motif 

A. U. arbitrary units 

BBB blood-brain barrier 

Boc tert-butoxycarbonyl 

Bzl benzyl 

BzTz 1-(benzo[d]thiazol-2-yl)-1H-1,2,3-triazole-4-carboxylic acid 

CD circular dichroism 

COSY correlation spectroscopy 
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CSF cerebrospinal fluid 

CuAAC  Cu(I)-catalysed alkyne-azide cycloadditions 

Coum coumarin-3-ylcarbonyl 

DANA 6-(2-dimethylaminonaphthoyl)alanine 

DCC N,N’-dicyclohexylcarbodiimide 

DCM dichloromethane 

DIC N,N’-dicyclopropylcarbodiimide 

DIPEA N,N-diisopropylethylamine 

DKP 2,5-diketopiperazine 

DLS dynamic light scattering 

DMF N,N-dimethylformamide 

DMSO dimethylsulfoxide 

DOPA 3,4-dihydroxyphenylalanine 

DVLO Derjaguin-Verwey-Landau-Overbeek 

EDC 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

EPR electron paramagnetic resonance or enhanced permeation and 

retention 

ESI electrospray ionisation 

EXAFS extended X-ray absorption fine structure 

FDA Food and Drug Administration 

Fluo 5(6)-carboxyfluorescein 

Fmoc 9-fluorenylmethoxycarbonyl 

FRET Förster resonance energy transfer 
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HIV human immunodeficiency virus 

HOAt 1-hydroxy-7-azabenzotriazole 

HATU N-[(dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridin-1-

ylmethylene]-N-methylmethanaminium hexafluorophosphate N-

oxide 

HBTU O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium 

hexafluorophosphate 

HCTU O-(6-chlorobenzotriazole-1-yl)-N,N,N’,N’-tetramethyluronium 

hexafluorophosphate  

HD Huntington’s disease 

HEPES N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid 

HFIP 1,1,1,3,3,3-hexafluoro-2-propanol 

HMBC heteronuclear multiple bond correlation 

HOBt 1-hydroxybenzotriazole 

HPLC high-performance liquid chromatography 

HRP horseradish peroxidase 

HSQC heteronuclear single quantum coherence 

IR infrared 

ITC isothermal calorimetry 

LRP1 low-density lipoprotein receptor-related protein 1 

MCO metal-catalysed oxidation 

MEF murine embryonic fibroblast 

MPAC metal-protein attenuating compounds 

MS mass spectrometry 

NAdT N-acetyldityrosine 
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NFT neurofibrillary tangle 

NIR near infrared 

NMR nuclear magnetic resonance 

NP nanoparticle 

Oxyma ethyl 2-cyano-2-(hydroxyimino)acetate 

PBS phosphate buffered saline 

PBT2 2-(dimethylamino)methyl-5,7-dichloro-8-hydroxyquinoline 

PD Parkinson’s disease 

PDI polydispersity index 

PEG poly(ethylene glycol) 

PET positron emission tomography 

PG protecting group 

PiB Pittsburgh compound B 

PRODAN 6-propionyl-2-(dimethylamino)naphthalene 

PyAOP (7-azabenzotriazol-1-yloxy)tripyrrolidinophosphonium 

hexafluorophosphate 

PyBOP (benzotriazol-1-yloxy)tripyrrolidinophosphonium 

hexafluorophosphate 

RA AM Rink amide aminomethyl 

Rf retention factor 

RhoB rhodamine B isothiocyanate 

ROS reactive oxygen species 

rt room temperature 

SDS sodium dodecyl sulphate 
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SN1 unimolecular nucleophilic substitution 

SOD superoxide dismutase 

SPECT single-photon emission computed tomography 

SPPS solid phase peptide synthesis 

spr surface plasmon resonance 

tBu tert-butyl 

TEM transmission electron microscopy 

TFA trifluoroacetic acid 

TGA thermogravimetric analysis 

THF tetrahydrofuran 

ThT thioflavin T 

TIPS triisopropylsilane 

TIRFM total internal reflection fluorescence microscopy 

TLC thin-layer chromatography 

TMS tetramethylsilane 

TNF tumour necrosis factor 

TSP [D4]-3-(trimethylsilyl)propanoic acid 

tR retention time 

Tris tris(hydroxymethyl)aminomethane 

UV ultraviolet 

Vis visible 

WHO World Health Organization 

XANES X-ray absorption near-edge spectroscopy 
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1. Introduction 

1.1 Alzheimer’s disease: Figures and facts 

Alzheimer’s disease (AD), a lethal neurodegenerative pathology, is currently the most 

common cause of dementia in the adult population. The most important symptoms 

exhibited by patients are memory loss, cognitive decline, mood changes and difficulty 

in remembering new information. Such disturbances are related to the injury and death 

of neurons, which begin at the hippocampus, the area of the brain involved in memory 

and learning.1,2 It must be differentiated from cognitive decline naturally associated 

with aging, which develops gradually and presents less severe symptoms.3 AD primarily 

affects people aged over 65, and women present a higher risk of developing the 

disease (approximately two thirds of the AD patients worldwide are women). Moreover, 

no effective treatment is known yet. 

According to the World Health Organization (WHO) and Alzheimer’s Disease 

International (ADI), about 35.6 million people throughout the world suffered from 

dementia in 2010, an amount that is expected to increase to 74.7 million in 2030 and 

131.5 million in 2050 as elderly population continues to grow; one new case of AD was 

diagnosed around the world every 3 seconds in 2015.1,2,4 Much of this increase is 

expected to occur in low and middle income countries: 58% of the people suffering 

from dementia lived in such countries in 2015, a number which will rise to 63% in 2030 

and to 68% in 2050.4 

Figure 1.1 shows the estimated number of people living with dementia in each 

continent in 2015.4 In Europe, the number of people suffering from dementia in 2015 

was estimated to 10.5 million cases and is forecasted to rise to 14 million by 2030.4 
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Figure 1.1: Estimated number of people living with dementia in each continent in 2015.4 

Taking these figures into account, it is not surprising that dementia (and especially 

Alzheimer’s disease) causes a massive socio-economic impact, hence putting the 

health-care system into increasing pressure. The cost of dementia in 2018 was 

estimated to be 1 trillion US dollars and is projected to increase to 2 trillion by 2030.4 

More specifically, AD costs the world over 600 billion US dollars per year, while the 

annual cost in Europe is projected to reach 250 billion euros in 2030.1,2 

As far as diagnosis is concerned, the advent of the disease is thought to occur 20-30 

years before the first detectable psychological symptoms appear.3,5-8 Despite the 

existence of some biomarkers of the pathology, the diagnosis cannot be definitively 

confirmed until post-mortem autopsy by examining brain tissue.3,5,6 Thus, it is 

necessary to develop new diagnostic techniques for the early stage of the disease, 

when therapeutic treatments are likely to be more efficient. 

It is currently believed that the vast majority of AD cases are not genetically inherited 

and are usually called sporadic. Most of them are late-onset AD cases, presenting their 

onset over the age of 60 years old. Genetic cases, also termed familial, are 

heterogeneous in their origin and are estimated to represent 0.1-1% of total AD cases.9-

12 Most familial cases are early-onset AD, some people presenting advent of the disease 

as early as 30-40 years old. The presence of some alleles is considered a risk factor. 

However, it is remarkably difficult to determine the actual contribution of genetic 

factors, especially taking into account that sporadic and familial AD show 

indistinguishable symptoms.9 
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Since genetic factors are believed to account for a small number of AD cases, it has 

been hypothesised that certain environmental factors might be decisive in the 

occurrence of the disease. Nonetheless, prevention trials are so far scarce and many of 

them recruited elder volunteers, in which preventive strategies would probably come 

too late to show clear effects.2 Accumulating evidence is however pointing towards 

some risk as well as protective factors.1,2,13 For example, regular physical activity, 

education and a healthy diet (Mediterranean diet is usually remarked) have been 

underscored as decreasing the risk of suffering AD, whereas some pre-existing 

pathologies (such as cardiovascular diseases or type II diabetes), depression or obesity 

have been associated with increased risk of AD. In contrast, occupational exposures 

showed no relationship, either positive or negative, with AD, including exposures to 

low electromagnetic fields, solvents, pesticides or aluminium.13 

In summary, AD represents a titanic challenge which requires the collaboration of 

highly skilled professionals of a very wide range of scientific fields. Transversal works 

have indeed produced the major advances in the understanding of the pathology in 

the last three decades. Hence, despite the daunting complexity of AD, the growing 

knowledge of how such a devastating disease originates from should be received with 

optimism by scientists and spur further fundamental research, as the elucidation of its 

mechanistic features has led to the rational development of, by far, the most promising 

anti-AD strategies. 

 

 

1.2 AD’s aetiology 

The German psychiatrist Alois Alzheimer, after whom the disease is named, was the 

first to describe the symptoms and study post mortem brains of affected patients in 

1906. In his observations, he described the two distinct hallmarks which are present in 

AD brain tissues: intracellular neurofibrillary tangles and extracellular senile plaques. 

- Intracellular neurofibrillary tangles (NFTs). NFTs are mainly composed of an 

abnormally hyperphosphorylated form of the microtubule-associated protein tau, a 

352-441 amino-acid residues protein involved in cell polarity, intracellular transport 

and neurite outgrowth.9,14,15 This highly hydrophilic protein contains an acidic N-

terminal domain and two basic domains. Besides, it presents many sites susceptible to 
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phosphorylation such as serine and threonine residues. Specifically, phosphorylation of 

Ser214 or Ser262 leads to the dissociation of the protein from the microtubules and its 

precipitation into NFTs in AD. The presence of NFTs has been correlated with the 

severity of dementia and neuronal loss.14 

- Extracellular senile plaques. The major component of senile plaques, which are also 

found in Down syndrome individuals, are aggregated species of a peptide called 

amyloid-β or simply Aβ, usually in the form of fibrils.12 This 39-43 amino acid peptide 

is ubiquitous in the body but aggregated forms are only found in the brain, and its role 

in the organism is unknown.16,17 The most common forms of Aβ peptide are Aβ(1-40) 

and Aβ(1-42), the latter being the most prone to aggregate. Aβ encompasses a 

hydrophilic N-terminus domain (1-28), responsible of the interaction with certain metal 

ions such as Cu(II) and Zn(II), and a hydrophobic C-terminal domain (29-43), 

responsible of the intermolecular interactions that ultimately lead to the aggregation 

of the protein.18 

Despite these observations and all the effort, time and resources invested in the study 

of AD during the last decades, its aetiology remains unclear due to the high complexity 

of the processes that are involved and their slow progression over decades. However, 

it is mostly accepted that aggregated Aβ has a causative role in the disease; it is the 

so-called Amyloid cascade hypothesis.9,12,15,19 According to this concept, the 

neuropathological events that culminate in the clinical manifestation of AD are 

downstream to the aggregation processes of the Aβ peptide. The amyloid cascade 

hypothesis is mainly supported by the following two arguments: 

i) Aβ species seem to induce NFT formation. Lewis and Dickson reported that 

double-mutant mice expressing both tau protein and Aβ peptide showed higher NFT 

levels compared to those expressing only tau, but Aβ levels were similar to those for 

mice expressing only Aβ.20 Similarly, Götz and co-workers found that mutant tau 

transgenic mice injected with Aβ fibrils contained 5-fold increased NFT levels in 

amygdala, while Jin and Selkoe obtained comparable results using Aβ dimers directly 

extracted from AD brains.21,22 Conversely, Roberson and Mucke reported that reduction 

of endogenous tau did not alter Aβ levels in mice.23 Therefore, Aβ species are thought 

to induce the formation of NFTs, although little is known about the mechanism of this 

interaction. It is hypothesised that it might involve disturbances in calcium 

homeostasis, inflammation and oxidative stress.7 
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ii) Mutations that enhance the production of Aβ peptide cause familial AD. 

Several forms of familial AD have been associated with mutations of proteins 

implicated in either increased production or increased aggregation of Aβ peptide.9,11,17 

Mutations of the amyloid-precursor protein (APP), the protein from which Aβ peptide 

is cleaved, have been found in chromosome 21 of some families affected of hereditary 

AD, especially for early-onset variants.24 The apolipoprotein E (apoE) allele ε4, located 

in chromosome 19, is implicated in late-onset and sporadic forms of AD, where 

enhanced Aβ deposition has been detected.25 The apoE protein avidly binds Aβ and 

has been found surrounding amyloid plaques. Finally, mutations in presenilins, viz. 

proteins involved in the processing of Aβ from the APP, have been associated with 70% 

of early-onset autosomal dominant AD cases, including the most aggressive forms of 

early-onset AD.26 In such cases, elevated Aβ(1-42) levels have been found.10,17 

Accordingly, most researchers focused on Aβ peptide as the putative root of AD, since 

this peptide is believed to trigger the cascade of aberrant processes that cause this 

devastating disease. In line with this hypothesis, Aβ peptide is considered the main 

potential therapeutic target of this disease in the present PhD work. 

 

 

1.3 The Aβ peptide 

1.3.1 Production, structure and self-assembly of Aβ peptides 

As aforementioned, Aβ peptides are fragments of the amyloid-precursor protein (APP). 

APP is a ubiquitous, highly-conserved, multi-domain transmembrane protein 

encompassing 751/770 amino acid residues, although neurons mostly express a 695-

residue isoform.10,17 This protein is present in the plasma membrane as well as in the 

membranes of the Golgi and endoplasmic reticulum. Despite its wide expression, the 

function of APP remains unknown. Suppression of APP expression did not lead to 

serious health problems in mice, probably due to the presence of other highly 

homologous proteins. 

α-, β- and γ- secretases promote the cleavage of Aβ from APP and its release into the 

cerebrospinal fluid (CSF), which is the fluid surrounding the brain and the spinal 

cord.9,10,17 The amyloidogenic processing of APP is carried out by β-secretase (also 
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called BACE1), which cleaves the peptide fragment at the N-terminal Aβ domain (Asp1), 

and γ-secretases, which cleave APP at the Aβ C-terminus (Figure 1.2). γ-secretases can 

cleave APP between Val40 and Ile41, thus generating Aβ(1-40), or between Ala42 and 

Thr43, hence producing Aβ(1-42). Aβ(1-40) is the most abundant fragment; it is 

produced 10-fold more than Aβ(1-42), which is more prone to aggregate and is thus 

considered more toxic.10,12 In contrast, α-secretase cleaves APP between Lys16 and 

Leu17 and generates the non-aggregating fragment Aβ(1-16). 

 

Figure 1.2: APP domain containing the different fragments of the Aβ peptide. 

Aβ peptide is an intrinsically disordered peptide, that is, it lacks a well-defined 3D 

structure.18,19,27 In aqueous solution, Aβ adopts a random coil conformation, although 

it presents a considerable degree of α-helicity in hydrophobic environments. Thus, the 

protein presents a high number of conformations, which co-exist in fast equilibria with 

very similar energies. 

The aggregation of Aβ peptide into mature fibres, which are found in senile plaques, 

occurs in several steps and involves a number of intermediates, usually classified as 

soluble oligomers and protofibrils (Figure 1.3).18,28 In classical peptide aggregation, 

prior monomer destabilisation must take place. However, this is not necessary for Aβ 

since it is an intrinsically disordered peptide.  

In a first step, monomeric Aβ self-assembles into oligomeric species (dimers, trimers, 

tetramers...). Oligomers are defined as the species that remain in the supernatant 

following centrifugation at 100000 × g; they are structurally very diverse and present 

different degrees of order.29 The formation of these oligomers is thermodynamically 

unfavourable due to the associated entropy decrease. Therefore, their generation 

represents the rate-limiting step in the aggregation process, which is thus illustrated 

by the presence of a lag time.30 Oligomers appear to serve as seeds for the fibrillation 

process (nucleation phase), although it remains unclear if some oligomeric species 

might be off-pathway intermediates, hence not resulting in fibril formation.31  
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Figure 1.3: Aggregation steps of Aβ peptide. 

Once a critical number of nuclei are formed, they template the addition of further 

monomeric or oligomeric Aβ resulting in an abrupt acceleration of the formation of 

fibres (elongation phase).32 A typical sigmoidal curve characterises the aggregation 

progression. Intermediate species termed protofibrils are generated, which are 

progressively enriched with β-sheets. Such protofibrils are believed to suffer 

fragmentation, hence providing further seeds for the formation of fibres and the 

acceleration of the process.33  
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Figure 1.4: Frontal schematic view of the β-sheet structure of Aβ fibres. 

Finally, highly ordered, mature fibres are produced, which accumulate into senile 

plaques. Such fibres are also called amyloids, which are fibrillary protein aggregates 

presenting cross-β-sheet structures, thus giving the name to the infamous peptide.34 

A high number of human diseases involve amyloids, such as spongiform 

encephalopathies, Parkinson’s disease (PD) or Huntington’s disease (HD), among many 

others. Alternatively, amorphous aggregates, which lack the presence of ordered fibres, 

can be generated, especially when a very rapid aggregation takes place.  

In Aβ amyloids, the peptide chains lie parallel or antiparallel to each other and are 

perpendicular to the fibre axis (Figure 1.4). The interpeptidic hydrogen bonds between 

the NH and O=C groups of the amide backbones and the side-chain interactions are 

parallel to each other and perpendicular to the axis. 
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Figure 1.5: Cross-section schematic views of fibrillary Aβ polymorphs constituted by two or 

three molecules of Aβ peptide. 

The fibres present different polymorphisms. Solid-state nuclear magnetic resonance 

(NMR) studies suggest that the Aβ peptide molecules constituting amyloid fibres 

exhibit a β-sheet conformation in the C-terminus, a turn in the middle and a rather 

flexible N-terminus, with probably some degree of β-sheet content. Besides, the fibres 

are generated by a varying number of Aβ piles, as illustrated in Figure 1.5.  

 

1.3.2 Oligomeric Aβ are the most toxic species  

It is stated that senile plaques containing 99% of total Aβ are a clear hallmark of AD; 

however, the presence of plaques has also been observed in healthy individuals.10,35,36 

For long, it was believed that such people would develop AD as they age, but 

subsequent studies determined that the levels of insoluble Aβ (and actually total Aβ 

levels) were poorly correlated to the severity of the disease.7,35,37  

Actually, the oligomer-containing soluble fraction, especially that of Aβ(1-40), 

presented the best correlation. Soluble Aβ can diffuse freely and thus be more harmful 

than the plaques, which can produce rather local damage. Moreover, oligomers form 

channel-like structures that can penetrate cell membranes, giving rise to an influx of 

Ca2+ ions into the cytosol causing cell dysfunction.12,38-40 
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The study of oligomers’ toxicity is therefore remarkably challenging due to their 

transient character. The purification of various species in equilibrium and with often 

poorly defined 3D structures is required; such purification can shift the equilibrium to 

certain oligomeric species or conformations while concealing others.18 Furthermore, 

amyloid plaques are hypothesised to serve as pools of soluble oligomers.  

Some authors have succeeded in studying isolated oligomeric species. Ono et al. found 

that the toxicity of oligomers increased with the oligomer order (that is, with the 

number of Aβ molecules constituting the assembly); thus, high-order oligomers are 

much more toxic than low-order ones.31 Yet, the occurrence of such high-order 

oligomers has a negative exponential dependence with the oligomer order, and hence 

their contribution might be less significant. In turn, Chiti and collaborators used the N-

terminal domain of Escherichia coli HypF-N peptide as a model for the study of the 

relationship between the structure of oligomeric peptides and their toxicity; they found 

that the flexibility and exposure of the hydrophobic domains were strongly related with 

the toxicity.38 Finally, Selkoe and co-workers reported that injection of Aβ dimers 

extracted directly from AD brains into mice brains potently induced cognitive 

impairment.41 

Indeed, Aβ oligomers are thought to induce neurotoxicity by disrupting membrane 

bilayers, compromising synaptic plasticity and producing oxidative stress.10,15,19 

Therefore, intense efforts are being invested in the development of therapeutic 

approaches targeting oligomeric species, such as immunotherapy. Current clinical 

medications and the foremost experimental anti-AD strategies are summarised in 

section 1.6.3.  

 

1.3.3 Accumulation of metal ions in aggregated Aβ 

Despite the growing knowledge on the biochemistry of Aβ and its implications in AD, 

some questions regarding how Aβ peptide becomes toxic, ultimately leading to 

dementia, remain to be answered. APP is a highly conserved and ubiquitous protein, 

and Aβ peptide is produced by healthy humans and other mammals, as it is detected 

in plasma and CSF.9,16,17 Why then aggregated Aβ is only found in certain areas of the 

brain? Why rat and mice Aβ does not undergo self-assembly? Why Aβ deposition 

occurs exclusively (except in early-onset AD) in elder age? 
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A possible explanation for such conundrums emerged upon the observation that high 

(millimolar) concentrations of some transition-metal ions, especially Cu(II), Zn(II) and 

Fe(II), are found in amyloid plaques.16,18,27,42,43 Among these, Cu(II) and Zn(II) are bound 

to the fibrils.  

Indeed, Aβ aggregation has only been observed in areas where prominent levels of 

loosely bound metal ions are found. Senile plaques and these metal ions are enriched 

in the synaptic cleft, where they are released in higher concentrations during neuronal 

excitation. Furthermore, metal homeostasis is much less efficiently regulated in elder 

age, thus exacerbating the possibility of Aβ-metal interaction.42 Finally, the sequence 

of rat and mice Aβ presents three mutations compared to other mammals: R5G (glycine 

instead of arginine), Y10F (phenylalanine instead of tyrosine) and H13R (arginine 

instead of histidine).44 Of these amino acid residues, histidine is crucial in metal binding, 

and tyrosine participates in metal-induced redox chemistry, as will be explained in 

section 1.5.4. These combined findings suggest a pathological role of metal ions in the 

advent of Aβ toxicity. 

The coordination of Cu(II) and Zn(II) to Aβ peptide is relatively weak and 

dynamic.16,18,27,42 They are therefore considered a labile pool of metal ions, which has 

important consequences in the modulation of the aggregation and toxicity of Aβ, as 

will be discussed in the following sections. The pathophysiological properties of both 

zinc and copper ions will be first described, and then the specific interaction of copper 

with Aβ and its implications in AD will be addressed.  

Despite the active role attributed to zinc ions in the aggregation of the peptide, this 

work is focused on the aberrant interaction of copper with Aβ for several reasons. First, 

copper is considered more toxic since it can undergo redox cycling with concomitant 

production of highly harmful reactive-oxygen species (ROS). Second, copper is thought 

to induce the formation of toxic oligomers under certain conditions. Finally, its 

paramagnetic behaviour can be used to study its binding properties by techniques such 

as fluorescence (fluorescence quenching), EPR and paramagnetic NMR spectroscopies. 
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1.4 The role of metals in AD 

1.4.1 Biological roles of Zn and Cu 

Zinc and copper (respectively the second and third most abundant transition metals in 

humans, only after iron) are essential metal ions that play vital roles in living 

organisms.42,45 Copper is for instance found in tyrosinase (implicated in melanin 

production), cytochrome c oxidase (participates in electron transport in mitochondria) 

and in superoxide dismutase (SOD, involved in antioxidant defence via dismutation of 

the superoxide anion). Besides, Wilson’s and Menkes diseases, two severe copper 

metabolism pathologies, are caused by copper accumulation or deficiency, 

respectively. Zinc is also present in SOD, in zinc fingers (crucial for the synthesis and 

stabilisation of DNA) and in lactate dehydrogenase (which catalyses the oxidation of 

lactate to pyruvate and vice versa). It also participates in the production of antibodies 

and the absorption of calcium.  

However, the uncontrolled interaction of these metal ions with biomolecules can 

shatter the intricate organisation of biological systems, since metal-bound 

biomolecules can change their conformation and/or lose their function.42 Moreover, 

copper is redox-active and can react with dioxygen and generate ROS, which may lead 

to oxidative stress and cause severe damage to proteins, nucleic acids and fatty acids. 

Thus, zinc and copper ions are tightly controlled and always bound to proteins and 

other naturally occurring ligands, which only release them upon highly regulated 

stimuli. Such regulation mechanisms, though, are energy-dependent and lose 

efficiency with aging.  

High concentrations of exchangeable zinc (300 µM) and copper (15 µM) ions are found 

in the grey matter, which are released in synapses upon neuronal excitation. The 

proteins involved in the traffic of Zn(II) and Cu(II) are shown in Figure 1.6.  

Zinc ions have been proposed as second messengers and neurotransmitters.18,27,42 

Glutamatergic neurons release glutamate together with zinc ions in the hippocampus, 

which plays a key role in memory. Slc30a proteins, also called ZnT, are responsible of 

the efflux of Zn2+ ions from the cytoplasm, while Slc39a proteins, called ZIPs, regulate 

the uptake of zinc ions into the cytoplasm.  

The situation of copper is less clear, although the severity of diseases where brain 

copper is imbalanced is indicative of its importance. The transport of extracellular 
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copper to target tissues is mediated by high-affinity proteins such as albumin, 

transcuprein and ceruloplasmin.27,42,43 Cellular uptake is regulated by Ctr1 (and 

probably by ZIPs as well), whereas its efflux is controlled by ATP7A and ATP7B. Inside 

cells, copper is trafficked and delivered to the target organelles by chaperones.  

 

Figure 1.6: Proteins involved in the traffic of copper and zinc. 

Recent reports indicate that presenilins are involved in the uptake of a high percentage 

of total copper and zinc.  Indeed, Bush and coworkers found that presenilins were 

necessary for the fast uptake of copper and zinc in murine embryonic fibroblasts 

(MEFs).46 They also observed a reduced antioxidant activity of SOD1 in MEFs and mouse 

brain tissue, indicating that presenilins also play a role in the intracellular distribution 

of copper and zinc. As a matter of fact, mutations in presenilins are responsible for 

familial (genetic) AD. 

Even though the uptake and intracellular transport of copper is performed in the Cu(I) 

oxidation state, it is found as non-bound, exchangeable Cu(II) when released by 

neurons. Hence, a labile pool of copper ions is generated in synapses; such labile pool 

has to be cleared from the synaptic cleft since non-bound Cu(II) ions can lead to ROS 

formation and harmful interactions with biomolecules.27 
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1.4.2 Metal dyshomeostasis in AD 

The total metal levels are altered in AD-affected tissues. Although regulatory systems 

become less efficient with normal aging, resulting in a certain dyshomeostasis, such 

imbalance is severe in patients suffering from this pathology. In AD, the concentrations 

of iron and zinc (this last one is controversial) are higher than those found in healthy 

brains, whereas copper levels are decreased.  

Moreover, these metal ions are mis-compartmentalised.43 Both copper and zinc ions 

accumulate in the synaptic cleft together with the Aβ peptide. Cortical intracellular 

copper is decreased within normal aging, but it is more pronouncedly reduced in AD. 

Conversely, zinc is elevated 2-3 fold in AD-affected neuropil.  

The breakdown of zinc homeostasis may be caused by incorrect regulation of ZnT 

transporters, which play crucial roles in cognition.42,47 One of the most studied 

transporters of this family is ZnT3, which loads zinc into the synaptic vesicles of 

neurons, and whose suppression leads to depletion of synaptic zinc.48 Oestrogens have 

been found to regulate the levels of ZnT3 (and in consequence, of synaptic vesicle zinc): 

oestrogens reduced the expression of this Zn transporter in mice, whereas ovariectomy 

caused an elevation in ZnT3 levels.49 This is important as postmenopausal women 

experience a drop on oestrogen production and present a higher risk of suffering AD. 

Furthermore, dysfunctional zinc buffering may lead to zinc release in cytoplasm, which 

activates neuronal death by oxidative stress.50,51 The administration of oestrogens to 

postmenopausal women has been one of the leading anti-AD approaches, as will be 

discussed in section 1.6.3. 

Experiments with model mice have provided important insights regarding the 

biochemistry of AD. Tg2576 mice present the Swedish mutation of APP (hAPP+), 

responsible of the production of human Aβ peptides; such mice are thus used to 

evaluate the cognitive decline caused by Aβ accumulation. In a relevant experiment, 

Koh and collaborators bred Tg2576 mice with ZnT3-knockout mice (ZnT3-/-).52 Whereas 

abundant plaque formation was found in the brains of control mice, the production of 

plaques was remarkably reduced in the hAPP+:ZnT3-/- descendants, which exhibited 

both Aβ production and reduced synaptic zinc. This suggests that synaptic vesicle zinc 

is paramount in the formation of amyloid plaques. Importantly, differences in plaque 

generation between sexes disappeared. These results are of great interest since female 

mice and humans present more abundant senile plaques.53 Accumulation of Zn ions in 
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synaptic senile plaques is hypothesised to further reduce the concentration of available 

functional zinc ions. 

Although total copper levels are lower in AD brains, the origin of such copper 

imbalance is not likely to lie in an inappropriately low dietary intake. Despite previous 

reports on the beneficial effects of supplementary copper in cell cultures and AD animal 

models, the administration of copper in diet to patients with mild AD did not present 

preventive nor promoting effects in the pathology.54 This may be explained by the fact 

that only a minute fraction of copper could cross the blood brain barrier. 

On the contrary, different mouse models fed with low (10% of the amount considered 

toxic) doses of copper for 90 days showed decreased Aβ removal from brain tissue. 

Such loss in the elimination of Aβ was due to oxidative modifications of low-density 

lipoprotein receptor-related protein 1 (LRP1), which is responsible of Aβ clearance 

through the blood brain barrier. Under the studied conditions, copper accumulated in 

brain capillaries and, in mice with compromised blood brain barrier, in parenchyma.55 

Through the generation of peroxynitrite, copper ions induced the nitrotyrosination of 

LRP1. Nitrotyrosinated LRP1 suffered increased proteosomal degradation, which thus 

led to decreased Aβ clearance. 

Further, the addition of low levels of copper to cholesterol-fed rabbits induced 

significant amyloid-plaque formation.56 Cholesterol-rich diets have been identified as 

a potential risk factor for AD. Rabbits fed with both cholesterol and copper displayed 

retarded ability to learn difficult tasks. These experiments led to propose cholesterol-

fed rabbits as potential models for AD since the animals presented at least 12 different 

biomarkers of AD. 

Changes in local levels of metal ions directly affect the processing of some of the 

proteins involved in the pathology. One example is APP, which is believed to be 

involved in the regulation of copper homeostasis and neuroprotection through 

reduction of Cu(II) to Cu(I).57 Whereas elevated concentrations of copper within cells 

promote the expression of APP, decreased intracellular copper promotes the cleavage 

of Aβ peptide from APP in lipid rafts (cholesterol-rich domains of the cellular 

membrane).58 Zinc also regulates the processing of APP since the activity of proteins 

involved in its cleavage, such as presenilin 1 and γ-secretase, is dependent on the 

concentration of this metal ion. 
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Lipid rafts are involved in the homeostasis of copper and the traffic of metalloproteins 

and, under intracellular copper deficiency, they paradoxically become rich in this 

metal.59 There, copper ions interact with Aβ peptide, potentially leading to the 

formation of hypermetallated aggregates of the protein. Copper can also catalyze the 

oxidation of cholesterol with a concomitant production of dihydrogen peroxide, as will 

be discussed in section 1.5.4. 

In summary, AD seems to be caused by both aberrant metal and protein homeostasis 

with intricate links between each other. Hence, mis-localised metal ions represent a 

promising target for potential anti-AD drugs, although researchers have mainly 

focused in Aβ peptide and secretases so far. The cause-consequence relationships 

between the metal dysfunction and the proteopathy (that is, which causes which) also 

remain to be elucidated.  

 

1.4.3 Impact of Zn and Cu on the aggregation of Aβ 

In AD, metal ions co-enrich with the proteins implicated in the disease, where the 

organism regulatory mechanisms fail to relocate them and restore metallostasis. While 

Aβ peptide co-enriches with copper and zinc in the synaptic cleft, intracellular tau 

protein co-enriches with iron inside neurons.16  

According to the amyloid cascade hypothesis, metal ions promote the aggregation of 

monomeric Aβ peptide. Such metal-induced aggregation of Aβ peptide leads to the 

formation of distinct species, but the published data are often contradictory. Both the 

inhibition and promotion of amyloid generation have been reported for similar 

conditions, suggesting both protective and deleterious effects for both copper and 

zinc.60-64 This underscores the extreme sensitivity of the aggregation process of Aβ. 

Indeed, the speciation of aggregated Aβ depends on many factors such as the metal 

ion, the peptide-to-metal ratio, the stirring, temperature, the pH, the presence of salts 

and so on. Besides, differences among peptide batches are often observed in vitro since 

some of them may contain preformed aggregates, which can affect the nature of the 

species formed and the aggregation rate (since they can work as aggregation nuclei). 

A summary of the Zn(II)- and Cu(II)-induced aggregation of Aβ is displayed in Figure 

1.7. The metal-to-peptide ratio has been recognised to be more useful than their 

concentration to study the influence of the metal on the final aggregates formed. 
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Although controversial, both Zn(II) and Cu(II) might promote the generation of amyloid 

fibrils at substoichiometric amounts of metal relative to the peptide. Such fibres are 

similar in shape and size to those produced in absence of metals. On the other hand, 

it seems more widely accepted that they inhibit amyloid formation at stoichiometric or 

overstoichiometric amounts. Stoichiometric quantities of zinc ions have been reported 

to induce aggregates with a high content of α-helicity.65 In contrast, stoichiometric 

amounts of copper ions are thought to stabilise dimers or/and oligomers.66-68 

Hemmingsen and collaborators suggested that Aβ-Cu-Aβ dimeric species are not 

precursors of Aβ fibrils, although this assumption requires further experimental data.69  

 

Figure 1.7: Aggregated Aβ species depending on the metal ion and metal/peptide ratio. 

Little is known about how metal ions influence the aggregation of Aβ. In fact, the fibres 

generated in presence or absence of metal ions are very similar. The more pronounced 

effect is observed on the kinetics, especially on the nucleation step. Reduced rates have 

been reported for the elongation, whereas acceleration has been observed for the 

nucleation step.18 However, it is still unclear how the interaction with metal ions affects 

nucleation. Metal-induced shifts in the conformation or the population of Aβ peptide 

have been proposed as plausible mechanisms. Additionally, a catalytic mechanism, in 

which the metal ions bring together two peptide molecules and are then released, has 

also been suggested since the acceleration of amyloid formation with 

substoichiometric amounts of metals has been reported. 
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Amorphous Aβ precipitates, whose structures are very different from those of the 

highly ordered amyloid fibres, can also be generated when the aggregation is 

particularly fast. Fast aggregation dynamics usually take place when (i) the pH is close 

to the isoelectric point of Aβ peptide (≈ 5.5), (ii) when the concentration of protein 

and/or metal ions is high, (iii) or for Aβ(1-42).18 

As described in section 1.4.2, zinc is believed to be the principal contributor to amyloid 

formation under physiological conditions, although copper is also thought to be able 

to induce the generation of amyloid plaques. In contrast, copper is thought to be the 

main responsible of the production of Aβ oligomeric species.  

Copper is therefore considered to play a double contribution to Aβ toxicity, namely (i) 

stabilisation of toxic oligomers and (ii) ROS production through redox cycling. Actually, 

protective properties have been attributed to zinc, due to the partial displacement of 

copper by zinc ions.16 For this reason, copper has emerged as a preferential target for 

researchers working in the metal hypothesis, including our group. In the following 

sections, the interaction of Aβ peptide with copper(I/II) will be discussed, with special 

emphasis on its putative implications in AD. 

 

 

1.5 Interaction of copper with Aβ peptide 

1.5.1 Impact of the flexibility of Aβ peptide on the properties of the Cu-Aβ 

complex 

The N-terminal domain of Aβ is the binding region of copper. This domain is usually 

considered to contain the first 28 amino acids, i.e. Aβ(1-28).70  Within this N-terminal 

fragment, the hydrophilic section comprising the first 16 amino acids is believed to play 

a role in the coordination of copper. Accordingly, the Aβ(1-16) and Aβ(1-28) fragments 

are often used as non-aggregating models of Aβ peptide for the study of the binding 

of copper. 

The fact that Aβ is an intrinsically disordered protein has important implications in the 

coordination mode of copper, the binding affinity and the redox properties of the Cu-

Aβ complex.18,71 Even within fibrils, the N-terminal domain of Aβ is highly flexible, in 

contrast with the metal-binding domains of metalloenzymes. While metalloenzymes 
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present a rigid, well established binding site that is only suitable for a specific metal, 

the Aβ peptide can adapt its conformation to different metal ions. 

This flexibility allows the presence of several binding sites for copper ions. Hence, 

different coordination species coexist in equilibrium with relatively low energy barriers. 

This means that subtle perturbations in the system can dramatically shift the 

equilibrium and alter the populations of the different species, which hampers the 

determination of the amino acid residues involved in the coordination of the metal 

ions. Considering this complexity, it is not surprising that the elucidation of the 

coordination mode of Cu(I/II)-Aβ complexes and the binding affinity of the different 

aggregated species are somehow controversial. 

 

1.5.2 Coordination sphere in the Cu(II)-Aβ complex 

Due to the absence of crystallographic structures, most studies regarding the 

coordination environment of Cu-Aβ species rely on spectroscopic techniques. Electron 

paramagnetic resonance (EPR), circular dichroism (CD), extended X-ray absorption fine 

structure (EXAFS) and X-ray absorption near-edge spectroscopy (XANES) have been 

widely exploited for the determination of the (amino acid) ligands involved in the 

chelation of Cu(I/II) ions. 

In general, it has been considered that monomeric, oligomeric and amyloid forms of 

Aβ present the same Cu(II)-binding modes since no significant differences in the 

spectroscopic features have been observed upon aggregation. Nonetheless, a distinct 

coordination was suggested for covalently cross-linked dimers.72,73  

Two main coordination modes coexist at physiological pH, and their population ratio 

is highly dependent on the pH (Figure 1.8). The main one, i.e. type I, involves the 

terminal amino group, the oxygen atom of the amide function of Asp1, and two out of 

the three histidine residues available in the peptide (His6, His13 and His14).18,27     

The secondary coordination mode, namely type II, involves the terminal amino group 

of Asp1, the carboxylic and amino functions of Ala2 and one of the three histidine 

residues. Also, an additional Cu(II)-binding mode implicating all three histidine residues 

and the oxygen atom of Ala2 amide backbone has been suggested. In both 

coordination types, the side-chain carboxylic acids of aspartate/glutamate residues, as 
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well as water molecules, can bind to copper too, yielding complexes with square-planar 

or octahedral geometries.  

 

Figure 1.8: Binding sites for Cu(II) in Aβ peptide. 

For Cu(I), a linear coordination involving two histidine residues, preferentially His13 and 

His14, has been suggested for monomeric Aβ (Figure 1.9).74,75 However, studies with 

X-ray absorption and EPR spectroscopy carried out by Shearer and co-workers 

suggested a distinct tetrahedral coordination type for oligomeric forms of the 

peptide.76 Such tetrahedral complex exhibits a high redox activity through Cu(II)/Cu(I) 

cycling, in marked contrast to linear Cu(I)-Aβ species.77 This would explain the low 

reactivity of linear monomeric Aβ-Cu(I) complexes with dioxygen, since a high energy 

is required to re-accommodate the resulting Cu2+ ion. 
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Figure 1.9: Linear binding mode for Cu(I) in Aβ. The preferential histidine residues implicated 

are indicated in bold numbers. 

 

1.5.3 Binding affinity of the Aβ peptide towards copper ions 

The binding affinity of a protein towards a certain metal ion is an important parameter 

since it determines its selectivity in the presence of other metal-binding species, or 

when other competing metal ions are present. In this context, divergent results have 

been reported regarding the affinity of the Aβ protein towards the metal ions involved 

in AD.78 

Affinity values for Cu(II) ions obtained by potentiometry and isothermal calorimetry 

(ITC) are usually two orders of magnitude higher than those obtained by Tyr10 

fluorescence assays (109-1010 versus 107-108 M-1, respectively). Such discrepancies have 

been attributed to concentration-dependent factors, since the concentrations used in 

the fluorescence experiments are much lower. Moreover, the nature of the Aβ fragment 

used has also been pointed out as a source of variability: the Aβ(1-16) fragment is used 

for the ITC/potentiometry experiments, whereas full-length Aβ peptide is used for the 

fluorescence analyses. Finally, there is also a contribution of the buffer, since more 

coordinating buffers like Tris (tris(hydroxymethyl)aminomethane) yield higher affinity 

constants that weaker ones, such as HEPES (N-2-hydroxyethylpiperazine-N’-2-

ethanesulfonic acid). 

However, Alies, Bal and Faller contributed to a consensus by conducting a set of Tyr10 

fluorescence experiments using both Aβ(1-16) and full-length Aβ at concentrations 

varying within 2 orders of magnitude.70 Applying a rigorous three-part analysis, they 

found an affinity constant value of about 1010 M-1, independent of both the 

concentration and the peptide fragment used.  

Then, the copper-binding affinity of Aβ would be much lower than most 

metalloproteins; for example, superoxide dismutase, SOD, has an affinity constant of 
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1017-1018 M-1. This allows a fast intra- and intermolecular exchange of copper ions, and 

Aβ species are thus considered labile pools of copper.  

Studies with EPR, ITC and CD demonstrated that a second Cu(II) ion can be bound to 

the Aβ peptide.79 However, the affinity of the second binding site was found to be 100 

times weaker, which explains why it was not detected in most of the earlier studies. 

Physiologically, this site is unlikely to be occupied, since the levels of Aβ peptide are 

higher than those of copper ions and the binding affinity is rather weak. 

In general, it has been considered that the binding affinity of Aβ for Cu(II) does not 

depend on its aggregation state. However, controversy was also brought to this topic 

as Atwood et al. found that Aβ(1-42) binds Cu(II) with attomolar affinity, almost seven 

orders of magnitude higher than that of Aβ(1-40), due to cooperativity effects upon 

aggregation.80 They also attributed the apparently spontaneous aggregation of Aβ 

peptide to trace amounts of Cu and Zn contamination since aggregation was precluded 

by addition of high-affinity copper chelators. Contrarily, Sarell et al. used fluorescence 

quenching and circular dichroism experiments to demonstrate that both monomeric 

and fibrillary Aβ bind Cu(II) with picomolar affinities, with almost identical binding 

curves.81 

Regarding Cu(I), in a competitive experiment using the Cu(I)-chelator 

bathocuproinedisulfonic acid, Feaga and co-workers found that the Aβ(1-16) fragment 

binds Cu(I) with an affinity within the femtomolar range, even for mutant species 

lacking one of the three histidine residues.82 However, using the weak Cu(I)-chelator 

ferrozine as competitor, Hureau and Alies found that the binding affinity of both Aβ(1-

16) and Aβ(1-42) for Cu(I) was in the order of 107 M-1, that is, 2-3 orders of magnitude 

lower than that obtained for Cu(II).83 In that work, they attributed those differences with 

the values obtained by Feaga to an inappropriate pH buffering, which would facilitate 

the release of Cu(I) by the Cu(I)-competitor used in the experiment. Besides, they found 

a 3-fold higher Cu(I)-affinity for Aβ(1-42) than that for Aβ(1-16), which was attributed 

to the presence of aggregated Aβ(1-42) species that present a different binding 

geometry.76 
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1.5.4 Redox properties of Cu-Aβ species 

Metalloenzymes usually have a well-defined binding site that coordinates a unique, 

specific metal ion. Moreover, this binding site is often wrapped in an adequately 

oriented pocket that is only accessible for the proper substrate. Such features confer a 

high specificity and efficiency to the catalytic metal. In contrast, the disordered and 

flexible nature of Aβ peptide renders an uncontrolled production of ROS, e.g. hydroxyl 

or superoxide radicals. Actually, only some of the conformations adopted by the Cu-

Aβ complex are able to catalyse ROS production.84 

Indeed, Aβ peptide has been found to be more toxic in the presence of copper.62 Upon 

binding to Aβ, Cu(II) is more easily reduced to Cu(I) (the Cu(II)-Aβ complex presents a 

reduction potential of approximately + 550 mV, compared to +150 mV for free Cu2+), 

and can be subsequently re-oxidised by dioxygen, the superoxide anion or dihydrogen 

peroxide (Figure 1.10).85,86 

 

Figure 1.10: Species participating in the redox cycle of Cu(I/II). 

Dioxygen is abundant in the brain since there is an intense glucose metabolism. Upon 

Cu(I) re-oxidation, there is a concomitant production of ROS, which may lead to 

oxidative stress (Figure 1.11). Indeed, these oxidising radicals damage DNA and cell 

membranes, and induce lipid peroxidation and protein oxidation, among other adverse 

effects. First, copper(I) reacts with dioxygen and generates the superoxide anion, which 

can subsequently react with another Cu(I) ion to produce dihydrogen peroxide. 

Dihydrogen peroxide is able to diffuse through biological membranes and perform 

oxidative damage in different cell compartments from where it was generated. An 

alternative mechanism for two-electron donors (such as ascorbic acid) where H2O2 is 

directly produced (that is, skipping superoxide formation) has been proposed.87  
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Figure 1.11: Copper-catalysed generation of ROS. 

In a last step, H2O2 can be reduced to hydroxide and the highly reactive hydroxyl 

radical. As suggested by Zhou et al., the hydroxyl radicals are generated by free Cu2+ 

ions rather than Aβ-complexed ions.87 

Hydroxyl radicals are extremely aggressive and react almost immediately by 

subtracting a proton of a surrounding biomolecule. Hence, this biomolecule becomes 

a radical itself and can subtract another proton, and this process is repeated until the 

reaction is terminated by radical condensation. 

In healthy brains, the production of ROS is strictly regulated, and antioxidant defence 

decreases the presence of such oxidising agents to levels that are tolerated by the 

organism. Superoxide dismutase, SOD, is one of the most prominent enzymes 

responsible for the scavenging of ROS (more specifically, scavenging of the superoxide 

anion).88 Nonetheless, these regulatory mechanisms are energy-dependent, and lose 

efficiency upon normal aging; these are highly impaired in AD. Enhancement of SOD 

activity or administration of SOD-like drugs have thus been suggested as potential 

approaches to prevent AD symptoms. 

Several species can trigger the reduction of the Aβ-complexed Cu(II) ions, ascorbate 

(vitamin C) being the most abundant. However, other substances such as cholesterol 

(abundant in lipid rafts, where it co-enriches with Aβ), APP or the Aβ peptide itself can 

also be oxidised by Cu(II). 

As a matter of fact, Aβ peptide has been reported to exhibit antioxidant properties, 

paradoxically. Faller and Collin identified the amino acid residues of Aβ which were 

more affected by oxidation through this Cu-Aβ redox cycling and ROS production.89 

They found that phenylalanine residues suffered oxidation to hydroxyphenylalanine, 

while histidine was oxidised to 2-oxohistidine. In turn, Asp1 underwent oxidative 

cleavage as well as decarboxylation and deamination. 

The methionine residue (Met35) is also susceptible to oxidation.40 Met35 oxidised to 

sulfoxide (and further to sulfone) has been observed at a high extent in deposited Aβ 
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of human AD brains. This is relevant since the presence of Met35 sulfoxide has been 

reported to increase the fraction of soluble Aβ and to inhibit the formation of 

oligomeric, α-helical channel-like structures, which compromise the permeability of the 

cellular membrane.  

The oxidation of Aβ peptide to yield covalently linked peptide dimers deserves 

particular consideration. The Tyr10 residue is known to be prone to oxidation, yielding 

covalent dityrosine cross-links, as depicted in Figure 1.12, which have important 

implications in the self-assembly of Aβ species and the stability of the aggregated 

species.90  

 

Figure 1.12: Dityrosine-cross-links. 

Fibrillary Aβ containing dityrosine cross-links is highly resistant to acidolytic and 

proteolytic degradation. Moreover, soluble Aβ dimers obtained from AD-affected 

cortex resulted in impaired cognitive performance in adult rats, whilst an Aβ mutant 

with the tyrosine residue substituted by alanine was found to be devoid of 

neurotoxicity.41,44 In addition, dityrosine cross-linked Aβ dimers have been proposed 

as aggregation nuclei for the formation of larger and potentially toxic Aβ species.90,91 

Therefore, preventing the generation of such cross-links might reduce Aβ–associated 

toxicity. 

Alongside the oxidative modifications that are produced in the Cu(II)-Aβ complex itself, 

the copper-protein system presents sluggish redox cycling either in its monomeric or 

in its fibrillary form. Apparently, there is a high reorganisation cost to accommodate 

the initial square-pyramidal geometry of the Cu(II) complexes into the linear, bis-

histidinic coordination of the Cu(I) species.92 ROS production is thus considered to be 

specific for oligomers.93 As a matter of fact, Shearer and co-workers found, by EPR and 

X-ray absorption spectroscopy, a Cu(I) tetrahedral coordination species in oligomeric 

Aβ(1-42) with a high propensity to react with dioxygen and undergo redox cycling.76 

Recently, Karlin and collaborators reported totally different reactivities of Cu(I) 

complexes with His-Gly-His peptides depending on the binding of the imidazole rings, 
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i.e. the δ nitrogen atom or the ε nitrogen atom (Figure 1.13).94 Whereas the δ complex 

was dimeric and had an almost linear coordination geometry, the ε one was a monomer 

and displayed a geometry deviated from linearity (N-Cu-N angle = 160º).  

Interestingly, the linear δ species did not present reactivity with O2 (producing H2O2), 

suggesting that the 180º His-Cu-His coordination is highly stable. This would explain 

why the Cu(I) complexes with monomeric Aβ peptide exhibit poor ROS production. In 

contrast, the distorted ε complex readily reacted with dioxygen to yield dihydrogen 

peroxide. Hence, the redox activity of Cu(I)-Aβ complexes could be triggered by 

modifying the inert linear coordination, for instance through the binding of a third 

ligand. 

 

Figure 1.13: Different coordination and redox properties of the CuI (His-Gly-His) complexes 

depending on the δ/ε coordination of the imidazole rings. PG stands for protecting group. 

Subsequently, Faller and Collin reported that the redox cycling might take place via a 

transient in-between species involving Asp1, His13 and His14 (Figure 1.14).89 Such 

low-populated intermediate would be more structurally similar to the major 

coordination geometries of CuI/II species, facilitating the accommodation of copper in 

both oxidation states. Thus, the aspartate residue would be responsible of the 

activation of such reactivity. 

δ 

ε ε 

δ 



1. Introduction  65 

 

Figure 1.14: Proposed rearrangement of the Cu-bound Aβ centre upon one-electron 

reduction of Cu(II) to Cu(I). 

 

 

1.6 Therapeutics and diagnostics for AD 

1.6.1 The blood-brain barrier (BBB) 

The effective treatment of AD, as well as the visualisation of the pathophysiological 

features of AD-brains, present a remarkable obstacle: the blood-brain barrier (BBB). 

Indeed, the supply of drugs and probes to the CNS is greatly hampered by the presence 

of this natural barrier, a tightly joined layer of endothelial cells, pericytes and the end 

feet of astrocytes, which selectively regulates the access of compounds to the brain 

(Figure 1.15).95 As a matter of fact, less than 2% of the small molecules and none of 

the large molecules so far tested as potential drug candidates possess the ability to 

cross the BBB. A low molecular weight and a certain lipophilicity are indispensable to 

exhibit BBB permeability. 
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Figure 1.15: Brain capillary insulated by the BBB. 

In order to solve this problem, trans-cranial and trans-nasal administration as well as 

direct injection into the spinal cord have been employed.96 The delivery of extremely 

high doses of the drug, BBB disruption with vaccines or solvents and administration of 

inhibitors of efflux transporters are also used to achieve sufficiently high drug 

concentrations in the brain tissue. More recently, ultrasounds and magnetic 

nanoparticles have been added to the toolbox.  

However, all these strategies are drastic and highly harmful to the brain. Besides, the 

BBB is not completely impermeable as the brain needs a supply of nutrients and 

biomolecules. Therefore, current research is being focused on the design of systems, 

called BBB shuttles, with the ability to cross the BBB and deliver therapeutic or 

diagnostic agents.97 

BBB shuttles include 1) chemical delivery systems (mainly dihydropyridine and 

derivatives); 2) substrates for transporters present on the BBB (for example tyrosine and 

glucose); 3) molecular Trojan horses (ligands for receptors on the BBB); 4) peptides that 

efficiently cross cell membranes and 5) colloidal systems, such as liposomes. Many of 

these strategies yet need to be complemented with specific brain-targeting ligands 

since they can also accumulate in other organs.97  

Nanoparticulate systems have also been found to be able to reach the brain.98 More 

specifically, gold nanoparticles have been studied for therapeutic and diagnostic brain-

targeted purposes.99,100 Gold nanoparticles accumulate in the brain in a size-dependent 

manner, but in significantly lower concentrations than in liver, spleen or kidneys. In 
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order to increase the access into the brain, peptides that interact with receptors on the 

BBB have been used to enhance selectivity and hence accumulation in brain tissue; for 

example, peptides that interact with the transferrin receptors of endothelial cells have 

been employed.101,102 Specific targeting is a field which has not been extensively 

studied so far and which may represent a key step forward for CNS therapeutics. 

 

1.6.2 Detection and visualisation of Aβ aggregates 

As discussed previously, AD is currently diagnosed by means of tests that subjectively 

evaluate the cognitive deficits displayed by potential AD patients. However, the 

accuracy and sensitivity of such tests are very low. The first detectable symptoms are 

believed to appear 20-30 years after the onset of the pathology, when potential 

therapies are, most likely, much less effective. As a matter of fact, the diagnosis can 

only be confirmed in a post-mortem autopsy. 

For this reason, the real-time visualisation and monitoring of Aβ aggregation is one 

key aspect in anti-AD research. Aβ-imaging agents can assist in three different ways: i) 

improve diagnosis of Alzheimer’s disease, probably allowing for a more efficient 

treatment; ii) evaluate the amyloid cascade hypothesis and achieve a deeper insight on 

the kinetics and the mechanism of formation of Aβ aggregates, and iii) test the efficacy 

of drugs aimed at decreasing the presence of aggregated Aβ peptide.103 

In order to detect and monitor the formation of amyloid fibres, there are several 

fluorescent dyes available. Yet, their access into the brain is hampered by the blood-

brain barrier since they are charged and relatively large. It is thus not surprising that 

the current search for new imaging agents involves the design of derivatives with 

improved internalisation properties or the development of radiolabelled molecular 

probes.104  

New nuclear probes are designed for in vivo imaging by positron emission tomography 

(PET) or single-photon emission computed tomography (SPECT), and they are mainly 

based on 18F or 11C radiomarkers. Among these, the so-called Pittsburgh compound B 

([11C]PiB) is probably the most promising probe so far described (Figure 1.16). The 

metastable isotope 99mTc is also employed, which presents a longer half-life of 6 hours.  
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Figure 1.16: Pittsburgh compound B (PiB). 

Despite the poor properties displayed by fluorescent probes in vivo, they are 

extensively used for ex vivo and in vitro staining due to their much more affordable 

prices, availability and ease of manipulation. The most commonly used dyes, namely 

Congo red and Thioflavin T, are briefly described below. 

 

1.6.2.1 Congo red 

Congo red (Figure 1.17) was first synthesised in 1884 by Paul Böttiger, who was 

seeking a pH indicator. However, it was not until 1922 that Hans Hermann Bennhold 

used it for the diagnosis of amyloidosis, and until 1927 when it was employed to stain 

brain tissue by Paul Divry.  

 

Figure 1.17: Representation of the structure of Congo red. 

Congo red yields a green birefringence in the presence of amyloid deposits when 

irradiated with polarised light, providing evidence of the presence of the protein fibres. 

Like for ThT (see section 1.6.2.2), its mechanism of action is not well understood. The 

dye is supposed to lie parallel to the long axis of the fibrils, confined among the peptide 

chains, thus splitting the light ray into two. Electrostatic as well as hydrophobic 

interactions are thought to account for the affinity towards the protein chains. 

Despite its favourable features, Congo red presents some drawbacks. First, it is not 

totally amyloid-selective. Fink and co-workers demonstrated that it affords induced 

circular dichroism in the presence of proteins with secondary structures other than β-

sheets, such as α, α + β, parallel β-helical and native conformations.105 Second, Congo 
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red binds to protein molecules and yields supramolecular oligomers, altering the 

normal growth of the amyloids. 

This apparently serious disadvantage for amyloid staining represents a promising 

approach for the treatment of several diseases.106 Indeed, Congo red stabilises 

monomeric proteins at appropriate Congo red/protein ratios and prevents the 

formation of more toxic aggregates. Aggregation of Aβ peptide was shown to be 

blocked in rat neuron cultures, while the effects of Huntington’s and prion diseases in 

model mice were lessened when treated with this dye. 

Derivatives and compounds exhibiting structures resembling that of Congo red, such 

as Chrysamine G and X-34, have also been tested as in vivo, amyloid-selective dyes.107 

Unfortunately, they contain carboxylic acids which are deprotonated at physiological 

pH, hence yielding a poor access to the brain. 

 

1.6.2.2 Thioflavin T 

The fluorescent properties of the dye Thioflavin T (ThT), which binds selectively to 

amyloid fibrils, were first reported in 1959 by Culling and Vassar (Figure 1.18). When 

ThT is unbound, it (poorly) emits at 445 nm when excited at 385 nm. In the presence 

of amyloids, though, the excitation and emission wavelengths shift dramatically to 450 

and 482 nm, respectively. In addition, the fluorescent intensity is greatly enhanced. 

Therefore, ThT is an invaluable tool for the study of fibrillation processes and the 

observation of amyloid deposits in vitro or in diseased organs.108-110   

 

Figure 1.18: The β-sheet selective dye Thioflavine T (ThT). 

In 2003-2004, Goto and collaborators reported the real-time observation of fibril 

formation for the Aβ peptide and β2-microglobulin, which is involved in dialysis-related 

amyloidosis.111 In that work, they combined ThT with total internal reflection 

fluorescence microscopy (TIRFM) to visualise individual fibrils along the slide glass. 

Hence, they were able to measure Aβ fibrils and study the aggregation kinetics, which 

was found to be very cooperative and dependent on the presence of seed fragments. 
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Currently, ThT is the probe of choice for the vast majority of in vitro studies with 

amyloid proteins, and most particularly with Aβ. 

 

1.6.3 Current anti-AD approaches 

To date, no effective medication has been found that reverses or stops the progression 

of AD. As a matter of fact, medication has mainly been directed to the treatment of the 

symptoms and to relieve behavioural disturbances; it includes anxiolytics, 

antidepressants, serotonin reuptake inhibitors or anticonvulsants. Only a recent and 

modest success in the prevention or delay of the disease has been achieved.112-115 

The current design of anti-AD agents is mainly based on: 1) the assessment of the 

neuropathology and the aberrant biochemical features in AD brains and 2) 

epidemiological and genetic studies of risk factors.112,116 The former approach has been 

by far the most prolific strategy. The first important anti-AD medications being tested 

in clinical trials or having reached the clinic are listed in Figure 1.19. 

 

Figure 1.19: Main anti-AD approaches in clinical trials or already in the clinic. 
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Acetylcholine is a key neurotransmitter in learning and memory, and its levels are 

reduced in AD brains. However, supplementation of acetylcholine precursors has 

shown no significant results. Contrarily, inhibitors of cholinesterase (an acetylcholine-

degrading enzyme) produced consistent but modest improvements in cognition, and 

some of them were approved by the FDA. Unfortunately, side effects such as nausea, 

vomiting, diarrhoea or even hepatotoxicity have been detected. Moreover, 

cholinesterase inhibitors stabilise symptoms for 1-3 years but do not interfere with the 

progress of the pathology.113 

A different strategy consists in the compensation of the condition of oxidative stress 

by the administration of neuroprotective antioxidants.112 This class of medication 

includes vitamin E, a fat-soluble free-radical scavenger; selegiline, which is also used as 

anti-depressive and in early stages of PD; and Ginkgo Biloba, whose leaves are rich in 

neuroprotective biomolecules.112,114 Despite a successful delay of the symptoms for 

some months and improvement of cognition, only weak effects were observed. 

Activated microglia and astrocytes, which participate in tissue inflammation, are 

involved in AD.117 Ibuprofen, prednisone or non-steroidal anti-inflammatory drugs 

have been associated with lower Aβ deposition and reduced risk of suffering AD. 

However, beneficial effects could not be proven for prednisone and celecoxib in large 

clinical trials. 

ApoE, which is involved in processes such as immune modulation, cholesterol 

redistribution after injury, and nerve growth, is overexpressed in AD, and mutations in 

the apoE ε4 allele have been implicated with late-onset familial and sporadic AD (see 

above). Moreover, elimination of apolipoprotein E in transgenic mice resulted in 

decreased Aβ aggregation.118 Statin drugs, which reduce lipid levels, have been found 

to reduce aggregated Aβ levels in animal models and have been associated with 

decreased risk of suffering AD in humans.118 

Oestrogens have been found to reduce amyloidogenic cleavage of wildtype APP, 

whereas enhanced Aβ production has been observed for APP bearing the Swedish 

mutation.53 Oestrogen administration has shown some improvement in cognitive 

performance in symptomatic recently menopausal women, and some data support 

protective effects.53,112 Interaction with apoE and reduction of oxidative stress are 

additional proposed mechanisms.53 
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As a logical step, medications intended to inhibit the production of Aβ or its clearance 

from the brain have also been designed. Secretases have been the target of extensive 

research (see section 1.3.1 for the role of the different secretases). Stimulation of α-

secretases, which promotes the non-amyloidogenic cleavage of Aβ, has been achieved 

in vitro with muscarinic agonists and oestrogen but their effect was minimal in clinical 

trials. Besides, side effects involving the cholinergic system were observed. In turn, 

inhibitors of β- (BACE-1) and γ-secretases have been found to reduce Aβ production 

in vitro and in transgenic mice.113 It has been remarkably challenging to find inhibitors 

of β-secretases since BACE-1 possesses a particularly large catalytic site and thus 

cannot be blocked by small molecules. Moreover, both β- and γ-secretases have many 

substrates. A number of inhibitors of γ-secretases are currently undergoing clinical 

trials.113 Yet, they are associated with severe toxicity, and investigation has shifted 

towards modulators, which move the cleavage position to produce non-toxic 

fragments.115 

The antibody-assisted clearance of Aβ has received remarkable attention.119 Mice 

administered with topical Aβ antibody for 3 days showed enhanced clearance of Aβ 

deposits, as shown by in vivo multiphoton microscopy, which rapidly encouraged 

research in the field.120 The injection of pre-made antibodies is known as passive 

immunisation, whereas the administration of antigens (such as the Aβ peptide) is called 

active immunisation. Such antibodies are selective to specific monomeric or 

aggregated species. Currently, several active and passive immunotherapeutic 

approaches are undergoing clinical trials up to phase 3.119  

Intercalating compounds that prevent the aggregation of Aβ or reverse amyloids back 

into monomers have also been developed. Unfortunately, none of the Aβ-targeting 

approaches that have been tested recently in phase 3 clinical trials has demonstrated 

relevant beneficial effects.115 

The microtubule-associated tau protein, the main component of NFTs, has been 

subject of research as well. The main strategies targeting tau include the stabilisation 

of microtubules, inhibitors of phosphorylation or phosphatases (enzymes that reverse 

phosphorylation). In vitro, tau kinases have also been pointed to as potential targets. 

Finally, immunotherapy targeting tau has shown promising results in mice, but adverse 

effects have also been observed.119 
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1.6.4 Metal-protein attenuating compounds (MPACs) 

In spite of the growing body of evidence that links the AD pathology with a dis-

regulation in brain metal levels (see sections 1.4 and 1.5), research in metal-targeting 

approaches has been scarce until recently. As can be observed in most common anti-

AD approaches listed above, none of them include metal ions as their focus of action. 

Nonetheless, it is our belief that the metal hypothesis cannot remain unexplored.  

Chelation might seem the first logical approach to ameliorate the metal-induced Aβ 

toxicity. However, the administration of traditional metal chelators could be toxic as 

they may sequester metal centres from essential metalloproteins. Besides, chelator-

mediated elimination of Cu from AD brains might be detrimental since total copper 

levels are already reduced in the pathology.121,122  

Accordingly, the focus has been set on ionophores, small molecules with the capacity 

to cross the BBB and displaying a moderate affinity towards metal ions.122 Such 

molecules are called metal-protein attenuating compounds (MPACs) and are expected 

to dissociate metals from amyloids and redistribute them rather than removing them 

from the affected tissue, while blocking Cu- and Fe-induced ROS production.  

In order to test the metal-targeted, ionophore approach, Bush and co-workers 

developed and evaluated two 8-hydroxyquinolines as potential anti-AD drugs in 

collaboration with the Australian company Prana Biotechnology Ltd.122 Such 

compounds were 5-chloro-7-iodo-8-hydroxyquinoline, also known as clioquinol, and 

2-(dimethylamino)methyl-5,7-dichloro-8-hydroxyquinoline, also called PBT2 (Figure 

1.20). 

 

Figure 1.20: Metal-protein attenuating compounds (MPACs) clioquinol and PBT2. 

Coordination of clioquinol and PBT2 to metal ions occurs through the deprotonated 

phenol oxygen and the quinoline nitrogen.123 Neutral 2:1 clioquinol-metal species are 
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formed with either Cu(II) and Zn(II). The zinc complex presents a trigonal bipyramid 

environment with a water molecule as the fifth ligand. The copper-clioquinol species 

displays a square-planar geometry. On the other hand, PBT2 generates 1:1 complexes 

with copper, whereas PBT2-Zn species are very versatile and can be generated as 2:1 

(cationic or neutral) or 1:1 (anionic) ligand/metal complexes, square-pyramidal or 

trigonal bipyramids. 

Clioquinol was first sold as a topical antiseptic and an oral intestinal amebicide in 1934, 

but it was banned from the market in the early 70s due to its relationship with myelo-

optic neuropathy, which causes sensory and motor disturbances and visual 

changes.124,125 Such adverse effect has been related to reduced vitamin B12 absorption, 

which has been overcome by administration of vitamin supplements. Clioquinol is 

metabolised to glucoronate and sulphates, and in humans it presents a half-life of 11-

14 h.125 

Clioquinol reached AD clinical trials some years ago. In 2003, AD patients with different 

degrees of severity were treated with clioquinol for 36 weeks in a double-blind phase 

2 clinical trial.126 In these assays, the drug was well tolerated and inhibited cognitive 

decline, whereas patients receiving placebo experienced deterioration. Moreover, 

levels of Aβ(1-42) decreased in patients treated with clioquinol but increased in those 

untreated. Plasma zinc levels rose in patients treated with clioquinol, while no effect 

was observed on copper levels. However, beneficial effects were only observed in 

severely-affected patients. Additionally, two patients with familial early-onset AD were 

treated in 2005 with clioquinol for 9 and 14 months, respectively.124 The treatment led 

to improved glucose metabolism in both patients; one of the patients showed 

progressed cognition while the other one remained stable. 

Despite such encouraging clinical results, the large-scale synthesis of clioquinol was 

hampered by the concomitant generation of toxic 5,7-di-iodo-8-hydroxy quinoline, 

which prevented further clinical trials. As a result, interest was shifted towards PBT2, 

whereas clioquinol was abandoned. PBT2 is devoid of iodine, hence solving the 

contamination issue; it is a better Cu and Zn ionophore than clioquinol and displays 

superior solubility and BBB permeability.121 Two types of transgenic mice expressing 

human Aβ were treated orally with PBT2 and clioquinol. PBT2 outperformed the latter 

by reducing Aβ levels in hours and improving cognitive performance within days. 
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In a first phase IIa clinical study, 75 patients over 55 years old with mild AD were treated 

with PBT2 in a double-blind, randomised placebo-controlled trial for 12 weeks (PBT2-

201 EURO study).127,128 Those receiving 250 mg of PBT2 daily presented a 13% 

decrease in CSF Aβ(1-42), which originates mainly in the brain, but not in plasma Aβ(1-

42), suggesting that PBT2 promotes central Aβ clearance. In contrast, serum metal 

levels were unaltered. Remarkably, they showed an improvement in several cognitive 

markers compared to those treated with a placebo, although no relationship between 

changes in CSF Aβ or tau protein levels and cognitive variations were detected. 

Regarding copper and zinc, no effects on total plasma levels, nor on the levels of 

protein-bound or exchangeable metal ions, were detected, suggesting that the 

peripheral metal metabolism was not disturbed.128  

Subsequently, a larger, 12-month study with 42 patients called PBT2-204 IMAGINE 

study was carried out.129 In this study, the patients were administered with a placebo 

or 250 mg of PBT2 and the levels of amyloid were visualised using PiB by PET imaging. 

The drug showed negligible toxicity over the period of study, but no significant 

differences were observed between the PBT2 and placebo groups. The authors 

attributed such results to the “large individual variances over a relatively small number 

of subjects”. A longer (over 18 months) clinical trial with more than 90 subjects per arm 

(PBT2/placebo) will be required in order to ascertain the beneficial effects of the drug.  

It is worth mentioning that the safety and efficacy of PBT2 against HD, another protein-

misfolding pathology featuring increased levels of copper and iron, has been tested in 

the phase II REACH2HD study.130 Promising results have been obtained and phase III 

studies are awaiting approval. 

The therapeutic activity of 8-hydroxyquinolines is not totally clear, but it seems to 

emerge from different contributions: sequestering metal ions from Aβ peptide, 

redistributing metal ions (e.g. transporting copper back to neurons) and upregulating 

matrix metalloproteases, which degrade Aβ.121,125,131 Additionally, Ryan et al. found that 

clioquinol and PBT2 interfere with the aggregation of the Aβ peptide even in the 

absence of metal ions, by stabilising nontoxic dimers and suppressing the formation of 

high molecular-weight oligomers.132 
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1.7 Peptides as potential copper-chelating drugs 

Peptides can be highly efficient and specific ligands for several metal ions. The peptide 

backbone possesses multiple donor groups, including the α-amino group, the carbonyl 

and amide groups and the α-carboxylate. Moreover, the side chains of most amino 

acids can act as further ligands. Regardless of the multiple binding groups, the binding 

mode is determined by the peptide sequence, which also contributes to the overall 

stability of the complex through hydrophobic interactions and pi-pi stacking forces.133 

Therefore, small peptides represent a valuable platform for the discovery of new drugs 

with easily tunable metal-chelating properties, appropriate solubility in water and low 

toxicity.  

In particular, it is well known that the imidazole rings of histidine residues are good 

ligands for copper ions.133,134 Multi-histidinic peptides and proteins with copper-

chelating properties are frequently found in nature. The presence of a histidine residue 

in position 3 allows the simultaneous chelation of copper by three fused rings, resulting 

in the saturation of its equatorial square-planar coordination and in the most stable 

peptidic complexes. 

In our group we have evaluated the copper-binding capacity of tripeptides of sequence 

His-His-Xaa, His-Xaa-His and Xaa-His-His, where Xaa is an amino acid residue other 

than histidine. In these studies, we found that the His-Xaa-His sequence is the most 

efficient one at chelating copper(II) ions. Such motif has been observed in a number of 

proteins, including APP (His-Leu-His-Trp-His), SOD5 (His-Val-His) or amyloid-like 

protein 2 (APLP2, His-Gln-His).94 Besides, the sequence and the relative position of the 

histidine residues are key in the electrochemical properties of the resulting copper 

complexes.135 
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1.8 Aim of the PhD project 

Despite the extensive work made so far, the metal-targeted anti-AD approach is vastly 

unexplored. In particular, the rich coordination chemistry of copper should allow for 

the design of innumerable compounds with potential Cu-chelating properties, which 

may ameliorate the copper-induced toxicity of Aβ peptide. Indeed, copper represents 

a potential therapeutic target which cannot be overlooked, considering its increasingly 

evidenced implication in the aggregation of Aβ into toxic oligomers and the generation 

of oxidative stress. Copper-targeting therapies in combination with those previously 

mentioned, such as cholinergic therapy and promotion of Aβ clearance might produce 

improved beneficial effects. 

In this context, peptides offer a great opportunity for the design of versatile 

multifunctional metal-chelating drugs with high biocompatibility. Peptide synthesis is 

straightforward and widely developed, and high-water solubility can be achieved. 

This work aims to use short (3-4 amino acids) peptides containing the motif His-Xaa-

His as potential copper-chelating agents and evaluate their in vitro capacity to remove 

Aβ-bound copper ions, lessen the copper-induced ROS production and prevent the 

copper-induced generation of oligomeric Aβ. Such peptides were rationally designed 

for their additional application in the detection of copper ions or Aβ aggregates and 

to be transported grafted onto gold nanoparticles to improve their properties in vivo. 

The implication of copper in the formation of dityrosine cross-links and in the 

aggregation of Aβ, and how the chelating peptides affect these processes have also 

been assessed. Thus, the following objectives were defined and pursued in Chapters 

2-6, respectively: 

Objective 1: Synthesis of copper-chelating peptides with different emissive properties. 

Objective 2: Evaluation of the copper-chelating properties of commercial (custom-

made) and newly synthesised peptides and their effect against Cu-induced Aβ toxicity. 

Objective 3: Assessment of the impact of dityrosine cross-links on the aggregation of 

Aβ peptide, and the effect of copper-chelating peptides in this process. 

Objective 4: Attachment of Cu-chelating peptides to gold nanocarriers and in vitro 

studies with Aβ peptide. 

Objective 5: Design of fluorescent probes for the detection of aggregated Aβ. 
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2. Synthesis of emissive chelating peptides 

2.1 Introduction 

2.1.1 Design of the peptides 

As mentioned in Chapter 1, metal ions have received scarce attention as therapeutic 

targets in Alzheimer’s disease (AD) in spite of the growing evidence of imbalanced 

metal homeostasis in AD brains. In this regard, we have found that peptides containing 

the N-terminal His-Xaa-His sequence (Xaa = randomly-chosen amino acid) are efficient 

copper(II) ligands.135 Based on this finding, we decided to use short (3-4 L-amino acids) 

peptides containing the N-terminal His-Xaa-His motif for the evaluation of copper 

chelation as a therapeutic strategy in Alzheimer’s disease. Additionally, fluorescent 

amino acids displaying different emissive properties were included, for their potential 

utilisation as sensors. 

The peptides herein prepared presented the sequence His-Xaa-His (Xaa = Lys, Nle) and 

His-Lys-His-Lys. Besides, they are either C-terminal acids or amides, since the presence 

of a carboxylic acid was disadvantageous for some applications and had to be amide-

protected. Moreover, amide protection confers additional stability against peptidases 

(also called proteases), which are peptide-degrading enzymes. Likewise, the N-terminal 

amino group was in some cases protected by acetylation. 

The introduction of the fluorescent probes was achieved in some cases by the 

derivatisation of Fmoc-lysine and its subsequent incorporation into the growing 

peptide, and in other cases, by direct tagging of the previously formed peptide. The 

probes used in this chapter are listed below:  

 

2.1.1.1 Coumarin-3-carboxylic acid (Coum) 

Coumarins (benzopyran-2-ones, also called α-benzopyrones) are structurally diverse 

compounds found, for example, in fruits, vegetables, coffee, wine and nuts (Figure 2.1). 

For many years, such natural products have attracted considerable attention since they 

exhibit remarkable pharmacological properties.136 Indeed, antioxidant, anti-

inflammatory, anti-cancer and even anti-HIV effects have been attributed to coumarinic 

compounds.137-140 
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Figure 2.1: Benzopyran-2-one (coumarin). 

Moreover, coumarins display fluorescent properties which are dramatically dependent 

on the substituents present in the aromatic ring, also varying with the solvent 

used.141,142 Their photophysical behaviour has thus been the subject of intense research 

for applications as dyes, molecular switches and memories.143 Here, we have used the 

carboxylic acid derivative of the parent coumarin moiety (coumarin-3-carboxylic acid, 

Coum) to label Fmoc-Lys-OH for its incorporation into peptides; its optical properties 

are described in Chapter 3. 

 

2.1.1.2 4-N,N-dimethylamino-1,8-naphthalimide (4DMN) 

Fluorescent probes that are sensitive to the polarity of their environment are extremely 

useful tools for different applications. Such fluorophores usually present a change in 

their emission intensity, the excitation/emission wavelengths or both. If introduced into 

a peptide, they can be used to study protein dynamics, determine protein-protein 

interactions and affinity constants, among other examples. 

The 4-N,N-dimethylamino-1,8-naphthalimido (4DMN) probe is a component of this 

family which shows remarkable photophysical properties and chemical stability (Figure 

2.2). Recently, Loving and Imperiali designed a method to prepare a 4DMN derivative 

of Fmoc-alanine, which was used to study the recognition between two peptides.144 In 

this work, we have adapted the procedure developed by the Imperiali’s group to the 

synthesis of Fmoc-Lys(4DMN)-OH for its subsequent introduction into peptides. 

 

Figure 2.2: 4-N,N-dimethylamino-1,8-naphthalimido (4DMN) probe. 
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2.1.1.3 Fluorescein (Fluo) and Rhodamine B (RhoB) 

Fluorescein and rhodamines are other popular fluorophores frequently used in 

biochemistry and biotechnology. Fluorescein and some rhodamines (such as 

rhodamine B, which was used in this work) exhibit strong emissive properties and can 

be used separately or in tandem as Förster resonance energy transfer (FRET) pairs, 

which can be used as ratiometric probes for many applications in the field of sensing 

and detection of different molecules and ions (Figure 2.3). In FRET systems, a 

fluorophore called donor transfers non-radiative energy to a second nearby (<100 Å) 

fluorophore, the acceptor. Hence, upon irradiation of the probe at the excitation 

wavelength of the donor, fluorescence at the emission wavelength of the acceptor is 

observed. 

 

Figure 2.3: Fluorescein (Fluo) and rhodamine B (RhoB). 

 

2.1.1.4 Applications of the peptides 

The Cu(II)-chelating peptides were rationally designed for different applications, such 

as metal-protein attenuating compounds (MPACs) -to reduce the toxicity that derives 

from copper-Aβ interaction-, detection of Aβ aggregates and grafting onto gold 

nanoparticles to improve their delivery into the central nervous system (CNS, Figure 

2.4). Accordingly, a toolbox of peptides was necessary to deal with the different 

properties required in this work (Figure 2.4). The peptides containing natural, 

unmodified amino acid residues were purchased, while peptides containing synthetic 

fluorescent probes were prepared by conventional Fmoc solid-phase chemistry. The 

synthesis of such fluorescently-labelled peptides is described in this chapter.  



84  2. Synthesis of emissive chelating peptides 
 

 

Figure 2.4: Application of the different peptides synthesised. 

Once the building blocks and the structures of the multifunctional peptides were 

defined, the synthesis of the chelating agents was addressed by solid-phase peptide 

synthesis (SPPS), a methodology which has been the subject of immense efforts and 

optimisation over the years since its first description, more than 50 years ago. 

 

2.1.2 A brief history of peptide synthesis 

Peptides and proteins are biological polymeric chains of amino acids (average of 300 

amino acid residues) that are involved in numerous cellular functions. The amino acids 

are linked through peptidic bonds, which are formed by the alpha amino group of an 

amino acid and the carboxylic acid of the next monomer of the biomolecule (Figure 

2.5). Peptides and proteins exert many diverse functions in living organisms, such as 

antioxidant, opioid, antimicrobial, antithrombotic, enzymatic, structural or metal 

transport, among others.145  

 

Figure 2.5: Enzyme-catalysed generation of a peptide bond in living organisms. 
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The properties and functions of peptides/proteins are directly determined by their 

three-dimensional structure, which is ultimately defined by the amino acid sequence: 

the interactions among the different amino acid residues render the folding of the 

peptide into the most thermodynamically favourable conformations. The biochemical 

information for the synthesis of peptides is encoded in DNA, which is then transcripted 

into RNA. This RNA is finally used to incorporate and assemble the amino acids in a 

sequential fashion, from the N-terminus to the C-terminus. 

Although peptides are naturally occurring substances, the amount that can be 

extracted from nature is limited, and much lower than the quantities that modern 

society requires to fulfil the necessities in the different industrial fields. Indeed, 

applications of peptides include drug development,146,147 drug delivery,148 

diagnostics,149 biomaterials,150 cosmetics151 or nutrition.152 The chemical synthesis of 

peptides and proteins was hence one of the greatest challenges of the 20th century.153  

It was the bright German organic chemist Emil Fischer who set the first stone for the 

development of the organic synthesis of peptides (Figure 2.6). The principles and 

techniques designed by Fischer and his colleagues, which used side chain-protected 

amino acids and organic solvents as the reaction media, led to the eventual preparation 

of fully functional human insulin, a 51 amino acid residue protein.  

 

Figure 2.6: Classical peptide synthesis in solution. 

Nevertheless, these procedures were far from efficient. The poor solubility of the 

protected amino acids resulted in slow and incomplete reactions, as well as elevated 

side-product generation. Moreover, the purification of the crude products by 

recrystallisation often did not result in sufficiently pure peptides, and the chiral 

information was frequently lost during the several synthetic steps. 
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Thus, it is not surprising that the apparition of recombinant DNA engineering in 

Escherichia coli was received with overwhelming enthusiasm by researchers, who 

started to discard common chemical peptide synthesis as a viable approach. In this 

technique, which was developed about 40 years ago, recombinant DNA encoding the 

information for the peptide of choice is introduced into the bacteria. The desired 

peptide is then expressed by the microorganisms, and subsequently isolated and 

purified. However, despite the importance and the significant impact of this approach, 

it presents some limitations. First, only the twenty natural amino acids can be used; 

second, post-transcriptional modifications are extremely complicated or even 

impossible.  

In 1963, Robert Bruce Merrifield reported the strategy known as solid-phase peptide 

synthesis (SPPS), which earned him the Nobel Prize in Chemistry in 1984. This strategy 

would ultimately lead to a great renaissance of the chemical synthesis of peptides.154 

In the approach developed by Merrifield, Nα-, side chain-protected amino acids are 

sequentially bound to an insoluble polymeric support or resin, usually copolymers of 

styrene with low percentages of divinylbenzene (Figure 2.7). Contrary to natural 

synthesis, the peptide chains in SPPS grow from the C-terminus to N-terminus. 

 

Figure 2.7: C-terminal to N-terminal growth of peptide chains in SPPS. 

Although it is called “solid-phase” synthesis, the reactions take place in a gel phase 

where solvents are added. Once the reaction is finished, the solvents, excess of reagents 

and soluble by-products are eliminated by filtration, while the growing chains remain 

bound to the polymeric support. Therefore, this novel approach greatly facilitated the 

purification of the peptide. Moreover, this approach allows the use of high excesses of 

amino acids, which ultimately leads to quantitative or nearly-quantitative coupling 

yields. Finally, the peptide product is released from the resin and the protecting groups 

of the side chains are eliminated simultaneously. 

Since its origins, SPPS has evolved considerably and has been optimised with the 

design of a number of polymeric supports, protecting groups and coupling agents, 
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which have been used, not only to connect natural amino acids, but also non-natural 

amino acids, fluorescent tags or other specific chemical groups, with good 

specificity.155,156 Other synthetic strategies based on SPPS, such as the side chain 

anchoring to the resin, have been developed as alternatives to the standard binding 

through the α-carboxylic group.157 Moreover, the easy sequential assembly of the 

peptide chain has allowed the development of automatic SPPS, which is nowadays 

routinely used by companies or even research groups. Finally, microwave-assisted SPPS 

is emerging as a useful tool to accelerate both the deprotection and coupling steps.158 

Yet, although solid-phase synthesis has provided a much easier approach for the 

preparation of peptides, the maximum length that can be efficiently produced in a 

sequential manner includes up to about 50 amino acid residues. In this context, the 

convergent synthesis consisting in the coupling of preformed peptide fragments, either 

in solid phase or in solution, has been applied (Figure 2.8).159,160 

 

Figure 2.8: Convergent peptide synthesis by coupling of preformed fragments. 

This coupling can be performed via conventional peptide bond formation or by the 

methodology known as chemical ligation, which uses complementary chemical 

functionalities that react specifically with each other. Nonetheless, some researchers 

were critical about the fact that the link thus generated was not a natural connection 

and then the resulting proteins were not appropriate for their utilisation. Accordingly, 

an alternative approach was developed, which was called native chemical ligation 

(Figure 2.9).  
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Figure 2.9: Native chemical ligation of two preformed fragments. 

In native chemical ligation protocols, the C-terminal thioester function of one fragment 

reacts with the thiol group of the N-terminal cysteine residue of the second fragment, 

affording a thioester-connected intermediate. Then, the N-terminal α-amino group of 

the second fragment undergoes an intramolecular nucleophilic attack to the labile 

thioester bond to generate the natural amide bond. This approach has allowed the 

synthesis of proteins larger than 200 amino acid residues.153 

In conclusion, the solid-phase approach designed by Merrifield revolutionised the field 

of peptide synthesis, and the progressive advances in the methodology have turned 

SPPS into a truly powerful tool for chemists. Every year, a great number of articles on 

SPPS are published worldwide, and massive amounts of money are invested in the 

solid-phase synthesis of peptides. Hence, SPPS has a deep impact on modern 

chemistry. 

 

2.1.3 Boc/Bzl and Fmoc/tBu strategies in SPPS 

Two main synthetic strategies are used in SPPS to assemble peptide chains depending 

on the kind of protecting groups (PG) presented by the amino acids at their α-amino 

function and their side chains: Boc/Bzl and Fmoc/tBu strategies (Figure 2.10). In the 

Boc/Bzl approach, the α-amino groups of the amino acids are protected with tert-

butoxycarbonyl (Boc) groups -labile to trifluoroacetic acid (TFA)-, whereas their side 

chains are protected with benzyl-type (Bzl) groups -labile to fluorhydric acid (HF)-, 
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which also cleaves the peptide from the resin. This synthetic approach requires careful 

handling due to the hazards associated to HF, and it is partially orthogonal.161,162 

 

Figure 2.10: Boc/Bzl and Fmoc/tBu strategies in solid-phase peptide synthesis. 

In contrast, the Fmoc/tBu strategy is carried out using amino acids bearing a 9-

fluorenylmethoxycarbonyl (Fmoc) group at their α-amino function, which is labile to 

bases such as piperidine, and TFA sensitive tert-butyl (tBu) type moieties as the 

protecting groups for the side chains.163 The Fmoc strategy is considered totally 

orthogonal, and it was the strategy of choice for this work. 

 

2.1.4 Polymeric supports 

In the present study, two different polymeric supports, namely 2-chlorotrityl chloride 

resin (2-CTC, also called Barlos resin) and Rink amide AM resin (RA AM), were used for 

the solid-phase synthesis of the peptides (Figure 2.11).164-168 The former affords 

carboxylic C-terminal peptides whilst the latter gives C-terminal carboxamide peptides, 

as a result of their different functionalities. Besides, the RA AM resin presents a 

norleucine residue which serves as an internal standard for amino acid quantification.  

N,N-dimethylformamide (DMF) and dichloromethane (DCM) are generally used to 

shrink and swell the resin, respectively, and thus achieve a better washing and 

conditioning of the support. These solvents are also added to the resins in order to 

generate the gel phase where the Fmoc chemistry takes place. 
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Figure 2.11: 2-CTC and RA AM for resins used solid-phase synthesis. The extent of labelling 

(mmol of active sites per g of resin) is given under the names of the resins. 

In addition, such polymeric supports avoid the formation of 2,5-diketopiperazines 

(DKPs), important side products in Fmoc chemistry, which are generated via 

intramolecular aminolysis of the peptide-resin bond.169,170 The unprotected α-amino 

group of the second amino acid bound to the resin can undergo nucleophilic attack of 

the dipeptide-resin bond (an ester bond in general), producing DKP, as shown in 

Figure 2.12.  

 

Figure 2.12: Solid-phase generation of a 2,5-diketopiperazine (DKP). 

Indeed, the steric hindrance of the bulky polymeric supports such as 2-CTC or the low 

reactive amide bonds afforded by resins such as RA AM prevent the formation of DKPs. 

Histidine is particularly prone to epimerise upon activation. The basic imidazolic π 

nitrogen can subtract the α proton to form an enolate-like intermediate that leads to 

the undesired epimerised residue and the formation of diastereomeric mixtures of 

peptides (Figure 2.13). This side reaction can be avoided by temporarily protecting the 

π nitrogen, or by protecting the τ nitrogen with bulky or electron-withdrawing groups 
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that reduce the basicity of the imidazole ring. The 2-CTC resin can also prevent the 

epimerisation of the C-terminal histidine since its anchoring takes place in the absence 

of any activated species, as will be explained later. 

 

Figure 2.13: Epimerisation of histidine residues. 

 

2.1.5 Coupling agents 

Carbodiimides have been used in solid-phase peptide synthesis since its early stages, 

as carboxylic acid activators. Such compounds generally allow the formation of amide 

bonds under mild conditions and at room temperature. N,N’-dicyclohexylcarbodiimide 

(DCC) and N,N’-diisopropylcarbodiimide (DIC) are probably the most popular agents, 

although DCC is less frequently used as it is a powerful allergen and yields highly 

insoluble N,N’-dicyclohexylureas (Figure 2.14). 

 

Figure 2.14: Carbodiimides DCC and DIC. 

Nonetheless, side reactions can occur during the coupling of the amino acids. One of 

the most frequent ones is racemisation through the intramolecular cyclisation into 

5(4H)-oxazolones (Figure 2.15). The chiral configuration is lost via the generation of 

the enol tautomer, thus leading to the racemic amino acid. 

τ 

π 
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Figure 2.15: Racemisation of amino acids via oxazolone formation. 

To avoid such undesired processes, additives are used in the coupling mixture. In that 

context, 1-hydroxybenzotriazole (HOBt) and aza-1-hydroxybenzotriazole (HOAt) have 

been extensively used in SPPS for several years. These additives generate an active 

ester of the amino acid that is less reactive but also less prone to undergo side reactions 

such as racemisation or the formation of N-acylureas.  

Recently, the new additive ethyl 2-cyano-2-(hydroxyimino)acetate, also called Oxyma, 

was developed.171 Oxyma is added to the reaction mixture in the presence of a 

carbodiimide in order to minimise racemisation and accelerate the coupling of the 

amino acid, while presenting a lower risk of explosion and being much cheaper than 

most HOBt derivatives. The structures of HOBt, HOAt and Oxyma are shown in Figure 

2.16.  

 

Figure 2.16: Additives for the coupling of amino acids HOBt, HOAt and Oxyma. 

Carbodiimides activate Nα-protected amino acids by generating the O-acylisourea 

derivative, which can further react either with another molecule of amino acid or with 
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Oxyma, affording the symmetrical anhydride or the active Oxyma ester, respectively 

(Figure 2.17). Both species can then be attacked by a free amino group, thus yielding 

an amide bond.172 If the formation of the peptide bond is not fast enough, the 

irreversible generation of N-acylurea can take place. Therefore, Oxyma is used to 

accelerate the coupling reaction and avoid the production of such side products. 

 

Figure 2.17: Mechanism of the coupling of Fmoc amino acids using DIC and Oxyma. 

Other coupling agents more efficient than carbodiimides have been developed, 

phosphonium (which include PyBOP and PyAOP) and uronium (or amidinium, including 

HATU, HBTU and HCTU) salts being the most popular ones (Figure 2.18).173 These salts 

are HOBt/HOAt derivatives and present improved reaction times even for intricate 

couplings, especially in the case of HATU. All of them require basic media (generally 

DIPEA) to perform the coupling. 
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Figure 2.18: Coupling agents in SPPS. 

HATU is rather expensive so its use is somewhat limited. Instead, HCTU has been 

reported to be almost as efficient as HATU and is much cheaper.174 In addition, many 

other coupling agents and coupling procedures have been described in the 

literature.175,176 

Since the peptides prepared in this work are short (3-4 amino acid residues), expensive, 

more efficient coupling agents were not required; hence, DIC and Oxyma were selected 

for the preparation of the different fluorescent chelating peptides.  

In the following sections, the general synthetic procedure applied in the present work 

is described, followed by the specific approach for each peptide. Finally, the yields and 

chromatographic purities of the products are given. 

 

 

2.2 Objectives 

• Synthesis and characterisation of the non-natural amino acid Nα-Fmoc-Nε-

(Coumarin-3-ylcarbonyl)-L-lysine (Fmoc-Lys(Coum)-OH). 

• Synthesis and characterisation of the non-natural amino acid N-α-Fmoc-(4-N,N-

dimethylamino-1,8-naphthalimido)-L-lysine (Fmoc-Lys(4DMN)-OH). 

• Solid-phase synthesis of peptides (3-4 amino acids) containing the sequence 

His-Xaa-His and 1-2 fluorescent probes; characterisation by 1H, 13C-NMR and 

MS, and evaluation of their chromatographic purity.  
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2.3 Results and discussion 

2.3.1 General solid-phase synthetic approach 

2.3.1.1 Coupling of the first amino acid 

The first step for the preparation of the peptides consisted in the anchoring of the C-

terminal amino acid to the polymeric support. The loading of the first amino acid onto 

2-CTC resin is achieved through a unimolecular nucleophilic substitution (SN1) assisted 

by a non-nucleophilic base, such as DIPEA, in DCM (Figure 2.19). Due to the extent of 

labelling of this polymeric support (1.6 mmol/g), optimised conditions (1.5 equivalents 

of amino acid, 1.5 h) were used in order to obtain 40-60% loading yields as, an 

excessively crowded resin could difficult the proper growing of the peptide chains. 

 

Figure 2.19: Anchoring of the first amino acid residue onto the 2-CTC resin through an ester 

bond. 

Once the first amino acid was anchored, the remaining binding sites had to be blocked 

in order to avoid the incorporation of the following amino acids of the sequence, which 

would lead to the formation of deletion peptides. The capping of these sites was 

achieved by reacting the amino acyl-resin with MeOH through an analogous SN1 

mechanism to yield the unreactive methyl ether function. 



96  2. Synthesis of emissive chelating peptides 
 

For the RA AM resin (0.69 mmol/g), the loading of the first amino acid follows a 

completely different pathway. The amino binding sites present in this resin are 

protected with Fmoc groups. Hence, a deprotection step with piperidine was required 

before the coupling reaction. Bases such as piperidine cleave the Fmoc group, yielding 

a dibenzofulvene-piperidine adduct and the unprotected amino function, as shown in 

Figure 2.20.172 

 

Figure 2.20: Deprotection of Fmoc-(RA AM) and formation of the dibenzofulvene-piperidine 

adduct. 

Then, the free amino group can undergo a nucleophilic attack of the amino acid 

activated with DIC to afford an amide bond (Figure 2.21). The anchoring reaction was 

performed twice using 3 eq of the amino acid and the coupling agents in order to 

achieve nearly-quantitative yields. 

 

 Figure 2.21: Anchoring of the first amino acid residue onto the RA AM resin. 

Analogously to the 2-CTC resin, the binding sites that remained unreacted had to be 

capped. An acetic anhydride/DIPEA mixture in DMF was used to block the amino 
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functions with acetyl groups, preventing them to react with the following activated 

Fmoc amino acids. 

Information about the yield of the coupling of the first amino acid to the polymeric 

support and the elongation steps can be obtained by quantifying the amount of the 

temporary protecting group Fmoc present in the resin through UV-Vis absorbance 

analysis of the dibenzofulvene-piperidine adduct formed (Figure 2.22). The 

concentration of Fmoc groups is determined by using the Lambert-Beer law (Equation 

2.1): 

A = ε × c × l  (2.1) 

where ε is 7800 M-1 × cm-1 at 301 nm, c is the concentration of the adduct in mol × 

dm-3, which corresponds to the concentration of the bound amino acid, and l is the 

optical path length of the cuvette, usually 1 cm. 

 

Figure 2.22: Elimination of the Fmoc protecting group and quantification of the 

dibenzofulvene-piperidine adduct. 

The Fmoc quantification analysis was carried out to determine (i) the yields of the 

loading of the first amino acid of every sequence and (ii) the on-resin yields after the 

coupling of the last amino acid. 

 

 

 

ε (301 nm) = 7800 M-1 cm-1 
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2.3.1.2 Elongation steps 

Once the amount of amino acid bound to the resin is determined, the peptide chain is 

progressively grown through successive coupling/deprotection cycles. An excess (3 eq) 

of Fmoc amino acids, the coupling agent (DIC) and the additive (Oxyma) were used for 

the coupling reactions in order to achieve quantitative elongation.  

Despite the fact that carbodiimide activation proceeds more efficiently in DCM, the 

subsequent nucleophilic attack of the amino groups is performed in polar solvents such 

as DMF because it is faster. DMF/DCM mixtures were employed to achieve optimal 

results.  

After the coupling reaction is complete, the Fmoc group of the amino acid just 

incorporated to the growing chain is eliminated, and the coupling-deprotection cycle 

is repeated until the targeted peptide sequence is obtained (Figure 2.23). 

 

Figure 2.23 Elongation steps in Fmoc peptide synthesis using DIC and Oxyma. 

The ninhydrin test, also called Kaiser Test, is a qualitative colorimetric experiment that 

is used for the detection of free primary amino groups, thus providing information 

about the completeness of the coupling steps. In this assay, ninhydrin reacts with 

primary amines to yield a dark blue compound called Ruhemann’s blue (Figure 

2.24).172 
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Figure 2.24: Ninhydrin or Kaiser test for the detection of primary amines. 

Hence, the persistence of the initial yellow colour indicates the absence of free α-amino 

groups and a complete coupling reaction, while a change into a pale to dark blue 

colour means that the coupling step should be repeated.  

When the desired peptide chain is finished, the N-terminal α-amino group can be either 

left unprotected or functionalised (e.g. with a fluorescent dye or with a protecting 

group). The derivatisation of the N-terminus is very versatile as many different 

functional units can be bound, providing the peptide with special properties. However, 

it must be considered that the molecule will present different coordination modes to 

copper or other metal ions depending on the presence/absence of these units, as will 

be described in Chapter 3. 

 

2.3.1.3 Cleavage of the peptide from the resin 

Once the elongation process is finished, the target peptide was recovered from the 

resin through treatments with TFA, which cleaves the peptide-resin bond as well as the 

protecting groups of the side chains. The concentration of TFA in the cleavage mixture 

depends on the resin; thus, 60% TFA was used for 2-CTC resin whereas 95% TFA was 

necessary to cleave the peptidyl-Rink amide resin, as the former is more labile to acidic 

conditions. Longer reaction times were also generally required with the Rink amide 

resin. 

During the cleavage process, highly undesirable reactive carbocations (for example, 

trityl cations) are generated, which may sometimes turn the purification of the crude 

precipitate into a challenging process, due to the presence of by-products. To avoid 

that, the carbocation scavenger triisopropylsilane (TIPS) was added to the cleavage 

mixture (Figure 2.25). 
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Figure 2.25: Release of the free peptide from the polymeric support using TFA in the 

presence of TIPS. 

Depending on the peptidyl-resin, higher TFA concentrations and/or longer reaction 

times may be necessary to achieve a complete deprotection and release of the peptide 

from the resin. However, the stability of the peptidyl-resin is compromised under these 

aggressive acidic conditions if prolonged treatments are used.  

The resin was filtered after the cleavage and the filtrates were poured onto Et2O to 

induce the precipitation of the peptide, which was recovered by centrifugation of the 

suspension and washed with additional amounts of Et2O. Finally, the solid was analysed 

by high performance liquid chromatography coupled to mass spectrometry (HPLC-

MS), to identify the desired peptide and evaluate its chromatographic purity. The 

peptide was subsequently characterised by NMR spectroscopy.  

 

2.3.2 Solid-phase synthesis of the peptides studied in this work 

2.3.2.1 H-His-Lys(Coum)-His-OH 

Previous to the synthesis of the peptide, the preparation of Fmoc-Lys(Coum)-OH was 

carried out following the procedure described by Katritzky and coworkers for the 

preparation of coumarin derivatives of amino acids and dipeptides.177 First, the 

carboxylic group of coumarin-3-carboxylic acid was activated with thionyl chloride in 

THF; the reaction of the resulting acid chloride with 1H-benzotriazole yielded the 

intermediate in good yields (Figure 2.26). 
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Figure 2.26: Synthesis of Fmoc-Lys(Coum)-OH. 

Next, the coumarinic intermediate was treated with Fmoc-Lys-OH and the cumarin-

labelled amino acid derivative was produced through a base-assisted nucleophilic 

attack of the side chain amino group. Upon recrystallisation from CH2Cl2-hexane 

mixtures, the Fmoc amino acid derivative was obtained in high purity and good yields, 

ready for its utilisation in SPPS. 

Once the unnatural Fmoc amino acid was available, the tripeptide of sequence H-His-

Lys(Coum)-His-OH (Figure 2.27) was prepared using the 2-CTC resin. This peptide 

includes a carboxylic group at the C-terminus and a free N-terminal amino group and 

was used as an ATCUN copper chelator as well as a ROS scavenger, as described in 

Chapter 3. 

 

Figure 2.27: Structure of H-His-Lys(Coum)-His-OH. 
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For the incorporation of the histidine residues to the peptide, the Nα-Fmoc-Nτ-trityl 

protected histidine (Fmoc-His(Trt)-OH) was used (Figure 2.28). Such protecting group 

of the imidazole ring is labile to acids and can thus be eliminated during the final 

cleavage of the peptide from the resin. 

 

Figure 2.28: Fmoc-His(Trt)-OH. 

The synthetic strategy is shown in Figure 2.29. First, Fmoc-His(Trt)-OH was anchored 

to the 2-CTC resin in the presence of DIPEA (10 eq). After a capping step with MeOH, 

the elimination and quantification of the Fmoc group was carried out. Next, Fmoc-

Lys(Coum)-OH and Fmoc-His(Trt)-OH were coupled sequentially using DIC and Oxyma. 

Ninhydrin tests were positive and recoupling steps were therefore required. A final 

Fmoc elimination-quantification step was performed and, finally, the peptide was 

released from the resin with 60% TFA in the presence of TIPS. The crude product was 

obtained with a purity of 85%, determined by analytical HPLC, and was finally purified 

by preparative HPLC to a final purity of 94%, high enough to use the peptide in 

(biological) experiments. 
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Figure 2.29: Synthesis of H-His-Lys(Coum)-His-OH. 

 

2.3.2.2 Fluo-His-Xaa-His-NH2 peptides 

Next, the synthesis of tripeptides labelled with fluorescein was carried out. Such 

peptides, namely Fluo-His-Lys(Coum)-His-NH2 and Fluo-His-Nle-His-NH2, were 

tagged at the N-terminal amino group and were prepared using the RA AM resin 

(Figure 2.30). The two fluorescent probes present in Fluo-His-Lys(Coum)-His-NH2 are 

expected to behave as a FRET pair, used for the detection of copper, while Fluo-His-

Nle-His-NH2 was designed for comparison purposes. The application of both peptides 

is described in Chapter 3. 
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Figure 2.30: Fluo-His-Xaa-His-NH2 peptides. 

The fluorescein tag was incorporated to the resin once the peptide chain was 

completed; 5(6)-carboxyfluorescein was coupled via its carboxylic group at position 5/6 

of fluorescein to the N-terminal amino function of the His residue. The reagent used in 

this study (Figure 2.31) consists of a mixture of two regioisomers differing in the 

position of the carboxylic group responsible of the coupling (the pure 6-

carboxyfluorescein isomer is about 100 times more expensive).178 

 

Figure 2.31: 5(6)-carboxyfluorescein. 

In a first attempt, the synthesis of the peptide was carried out using the 2-CTC resin, 

following a protocol similar to that described for H-His-Lys(Coum)-His-OH, which also 

required a recoupling. However, the reaction mixture became a viscous gel and the 

peptide chains were not released from the resin upon TFA treatment. The RA AM resin 

was then used, and two treatments with smaller amounts (2 eq) of 5(6)-

carboxyfluorescein, DIC and Oxyma were done (Figure 2.32). 
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 Figure 2.32: General synthesis of the Fluo-His-Xaa-His-NH2 peptides. 

The corresponding reaction mixture presented the usual appearance and viscosity. 

Excess of 5(6)-carboxyfluorescein may have interacted in a non-covalent manner with 

the resin, thus modifying the physical properties of the peptidyl-resin.  

A sample of peptidyl-resin was thus treated with TFA and analysed by HPLC-MS. The 

chromatogram obtained presented three different peaks, as shown in Figure 2.33; the 

peaks observed at retention times tR = 9.95 and 10.2 min belong to species with a m/z 

value of 950, which were attributed to the 5(6)-isomers of the target Fluo-His-

Lys(Coum)-His-NH2 peptide. 
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Figure 2.33: Chromatogram of the acidolytic crude containing Fluo-His-Lys(Coum)-His-NH2. 

The peak with tR = 12.1 min presented a m/z value of 1309 and was attributed to the 

target peptide with an additional 5(6)-carboxyfluorescein molecule. Interestingly, when 

the peptidyl-resin was treated with 20% piperidine in DMF (5 × 5 mL × 10 min), this 

peak disappeared, suggesting that the second fluorescein molecule was reversibly 

bound to the peptide, and that its elimination could be provoked by the nucleophilic 

attack of piperidine (Figure 2.34). 

 

Figure 2.34: Chromatogram of the acidolytic crude of Fluo-His-Lys(Coum)-His-NH2 after 

treatment with piperidine. 
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The synthesis of the peptide Fluo-His-Nle-His-NH2 under similar experimental 

conditions could be carried out without any remarkable incidence; one sole coupling 

reaction was sufficient for the incorporation of the different amino acids. These 

disparities suggest a specific reactivity of the coumarin moiety. The generation of 

unexpected side products when preparing coumarin-containing peptides was noticed 

in other cases, as will be discussed later. 

 

2.3.2.3 Ac-His-Lys(Fp)-His-Lys-NH2 peptides 

Fluorophore- (Fp) containing tetrapeptides of sequence His-Lys-His-Lys were then 

prepared (Figure 2.35). Such peptides, namely Ac-His-Lys(Coum)-His-Lys-NH2 (see 

Chapter 5) and Ac-His-Lys(4DMN)-His-Lys-NH2 (see Chapter 6), contained an 

unprotected lysine residue for subsequent connection to gold nanoparticles. Moreover, 

the peptides include Coum and 4DMN probes, respectively, attached to the side chain 

of the internal Lys residue.  

 

Figure 2.35: The Ac-His-Lys(Fp)-His-Lys-NH2 peptides. 

The peptides were C-terminal amides and N-terminal acetylated to avoid any side 

reactions upon attachment to the gold nanocarriers. Fmoc-Lys(Boc)-OH was used for 

the incorporation of the Lys residue with the unfunctionalised side chain (Lys4) because 

the Boc group can be easily eliminated upon final TFA treatment (Figure 2.36). Fmoc-

Lys(Coum)-OH and Fmoc-Lys(4DMN)-OH were used as the fluorophore-bearing amino 

acids, and the preparation of the latter amino acid is described below. 
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 Figure 2.36: Fmoc-Lys(Boc)-OH. 

The synthesis starts with the derivatisation of the precursor 4-bromo-naphthalic 

anhydride with the donating dimethylamino function that confers the bright orange 

colour and the unique emissive features to the conjugated aromatic system (Figure 

2.37). The starting anhydride was refluxed in 3-methyl-1-butanol (isoamyl alcohol) in 

the presence of 3-dimethylaminopropionitrile to produce the dimethylamino 

anhydride as an orange solid in high yield.179 

 

Figure 2.37: Synthesis of 4-N,N-Dimethylamino-1,8-naphthalic anhydride. 

Second, the probe was incorporated into the side chain of Boc-Lys-OH under basic 

conditions by refluxing both the amino acid and the anhydride in a 1,4-dioxane/H2O 

solvent mixture.144 Finally, the Boc protecting group was replaced by a Fmoc group to 

allow conventional Fmoc solid-phase chemistry; Boc was removed using TFA and 

reaction of the resulting amino acid with N-(9-fluorenylmethoxycarbonyloxy)-

succinimide (Fmoc-OSu) yielded the desired Fmoc-Lys(4DMN)-OH (Figure 2.38).  
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Figure 2.38: Synthesis of Fmoc-Lys(4DMN)-OH. 

The 4DMN Fmoc amino acid was obtained as a yellow solid, soluble in a wide range of 

organic solvents and in neutral or alkali aqueous solutions and exhibited a solvent-

dependent fluorescent emission. The properties and potential applications of such 

extremely interesting probe are described in Chapter 6. 

After having prepared all the Fmoc amino acids, the peptides were subsequently 

synthesised. The synthetic approach for the Ac-His-Lys(Fp)-His-Lys-NH2 peptides is 

depicted in Figure 2.39. First, Fmoc-Lys(Boc)-OH was anchored to the resin and then 

Fmoc-His(Trt)-OH was coupled. Next, Coum- or 4DMN-lysine derivatives were 

incorporated and Fmoc-His(Trt)-OH was added again to complete the peptide 

sequence. Recoupling was not required for any of the two peptides. After removing the 

Fmoc group of the last amino acid residue, the peptidyl resins were treated with 30 eq 

of Ac2O and DIPEA to acetylate the N-terminal amino group. 
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Figure 2.39: General synthesis of the Ac-His-Lys(Fp)-His-Lys-NH2 peptides. 

After treating the Ac-His-Lys(Coum)-His-Lys-NH2 peptidyl-resin with 95% TFA, the 

cleaved product was precipitated in Et2O, and subsequently analysed by HPLC-MS. Two 

main peaks of approximately the same intensity appeared in the chromatogram 

(Figure 2.40). The peak at tR = 8.73 min was associated to the target peptide (m/z = 

762), while that at tR = 9.98 min was ascribed to a polyacylated product, in accordance 

with its m/z value (889). 
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Figure 2.40: Chromatogram of the acidolytic crude containing Ac-His-Lys(Coum)-His-Lys-

NH2. 

In an attempt to eliminate potential reversibly bound groups to the peptide chain (e.g. 

extra acetyl groups), the same strategy followed for the Fluo-His-Lys(Coum)-His-NH2 

peptide was used. Thus, the peptidyl-resin was treated with 20% piperidine in DMF (5 

× 5 mL × 10 minutes), and only the desired peptide was obtained, as shown in Figure 

2.41. Any poly-acetylation reaction was therefore reversed through the addition of 

piperidine. 

 

Figure 2.41: Chromatogram of the acidolytic crude of Ac-His-Lys(Coum)-His-Lys-NH2 after 

treatment of the peptidyl-resin with piperidine. 
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For the synthesis of the Ac-His-Lys(4DMN)-His-Lys-NH2 under similar conditions, no 

side products were observed. This fact supports the hypothesis that the preparation of 

coumarin-containing peptides also generates (coumarin-assisted) secondary products. 

These unwanted side products can be eliminated by treating the peptidyl-resin with 

piperidine; the wanted peptides were obtained with high purity. It can be pointed out 

that neither the nature of the side products nor the mechanism through which they 

were formed were investigated.  

 

2.3.2.4 Ac-His-Lys(Fp)-His-XH peptides (Fp = Coum, 4DMN; X = O, NH) 

The peptides with sequence Ac-His-Lys(Fp)-His-XH, namely Ac-His-Lys(Coum)-His-OH 

(Chapter 3), Ac-His-Lys(4DMN)-His-OH (Chapters 3 and 6) and Ac-His-Lys(4DMN)-

His-NH2 (Chapter 3) represent the fourth group of synthetic copper ionophores 

(Figure 2.42). These chelating agents were designed as models to study the copper-

binding properties of Ac-His-Lys(Fp)-His-Lys-NH2 peptides that will be attached to 

gold nanocarriers. Besides, the 4DMN peptides were used for the fluorescent detection 

of aggregated Aβ.  

The Ac-His-Lys(Coum)-His-OH and Ac-His-Lys(4DMN)-His-OH peptides were prepared 

with the 2-CTC resin and, therefore, presented a C-terminal carboxylic group. 

Conversely, the Ac-His-Lys(4DMN)-His-NH2 peptide was synthesised with the RA AM 

resin and was thus C-terminal amide-protected. The three peptides contained an 

acetylated N-terminal amino group, which was expected to affect their coordination 

mode to Cu(II) ions. 
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Figure 2.42: Ac-His-Lys(Fp)-His-OH/NH2 peptides. 

The general synthetic pathway of the peptides is shown in Figure 2.43. Fmoc-His(Trt)-

OH was first loaded onto 2-CTC or RA AM resins. Once the coupling of the Fmoc-

Lys(Fp)-OH and Fmoc-His(Trt)-OH was performed and the Fmoc was removed, the N-

terminal amino group was acetylated using Ac2O (30 eq) in the presence of DIPEA (30 

eq). Single coupling reactions were sufficient for the complete amino acid 

incorporation for Ac-His-Lys(Coum)-His-OH and Ac-His-Lys(4DMN)-His-OH; however, 

recoupling was necessary for Ac-His-Lys(4DMN)-His-NH2. The cleavage from the 2-

CTC resin was then performed using 60% TFA and 5% TIPS in DCM, while the Ac-His-

Lys(4DMN)-His-NH2 peptide was released from the RA AM resin using TFA/TIPS 95:5. 

For Ac-His-Lys(Coum)-His-OH, a final treatment with piperidine (5 × 3 mL × 10 min) 

was performed to prevent the isolation of polyacetylated products, as discussed above. 

All peptides were synthesised under conditions similar to those described before and 

were obtained with high purities without additional purification steps. 
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Figure 2.43: General synthesis of the Ac-His-Lys(Fp)-His-XH peptides. 

 

2.3.2.5 RhoB-His-Lys(Fluo)-His-OH peptide 

Finally, the synthetic approach of a peptide containing the Rhodamine B-Fluorescein 

FRET pair was designed (Figure 2.44). As mentioned previously, a ratiometric FRET 

probe would be useful for the highly sensitive detection of copper ions, thanks to the 

remarkable emission of both fluorescent probes and the overlapping of their emission 

and excitation spectra (allowing a FRET phenomenon). 
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Figure 2.44: Fluorescein- and rhodamine B-tagged RhoB-His-Lys(Fluo)-His-NH2 peptide. 

Rhodamine B isothiocyanate (see Figure 2.45) and 5(6)-carboxyfluorescein were used 

to introduce the rhodamine B and the fluorescein dyes, respectively. Rhodamine B was 

planned to be tagged at the N-terminal amino group through a thiourea bond, 

whereas fluorescein would be connected at the side chain of the lysine residue. 

 

Figure 2.45: Rhodamine B isothiocyanate. 

For the preparation of the peptide, the side chain of the Lys residue had to be removed 

while keeping the peptide anchored to the resin and the trityl protecting groups of the 

His residues intact. The experimental conditions to remove the Lys protecting group 

had to be orthogonal to those used for the remaining protecting groups, viz.  acids or 

bases had to be avoided. With this aim, Fmoc-Lys(alloc)-OH was selected, where alloc 

is the allyloxycarbonyl protecting group (Figure 2.46).  
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Figure 2.46: Fmoc-Lys(alloc)-OH. 

Unlike the protecting groups described previously, the removal of this function is only 

promoted by [Pd(PPh3)4] under neutral conditions (Figure 2.47); [Pd(PPh3)4] is a 

common Pd0 catalyst used in many important organic reactions, such as the Suzuki 

cross-coupling reaction that allows to generate carbon-carbon bonds.180,181 The 

addition of a suitable scavenger is required to avoid allyl back alkylation. In this sense, 

nucleophiles such as PhSiH3, which was the scavenger of choice in this work, are 

compatible with the SPPS procedure.  

 

Figure 2.47: Alloc group elimination under neutral conditions. 

Upon treatment with the palladium catalyst, decarboxylation takes place and a π allyl-

Pd complex is generated, thus deprotecting the amino function. To avoid back-

alkylation, it is necessary to treat the peptidyl-resin with an excess of the nucleophilic 

PhSiH3, which binds the highly reactive allyl group. Finally, sodium N,N-
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diethyldithiocarbamate trihydrate in DMF is used as a palladium chelator to wash the 

resin.182 

The synthesis of the RhoB-His-Lys(Fluo)-His-NH2 peptide was addressed as follows. 

First, Fmoc-His(Trt)-OH was anchored to the RA AM resin and Fmoc-Lys(alloc)-OH was 

subsequently coupled. Then, the N-terminal histidine residue was introduced and its 

Fmoc group was eliminated with piperidine/DMF 1:4; the resulting N-terminal amino 

function can hence be functionalised with rhodamine B isothiocyanate, as depicted in 

Figure 2.48. 

 

Figure 2.48: Synthesis of the RhoB-His-Lys(Fluo)-His-NH2 peptide: Amino acid chain 

assembly on the resin. 

The second part of the planned synthesis is shown in Figure 2.49. The initial strategy 

was to couple the rhodamine fluorophore in the presence of DIPEA to favour the 

nucleophilic attack of the amino group to form a thiourea bond. Then, Pd-mediated 

alloc group removal would be performed for further coupling of 5(6)-

carboxyfluorescein under the same conditions than those used for the synthesis of the 

Fluo-His-Xaa-His-NH2 peptides. Finally, cleavage with TFA would generate the 

fluorescein- and rhodamine-tagged peptides.  
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However, it was not possible to connect the rhodamine label to the peptide sequence. 

Neither successive additions of rhodamine B isothiocyanate nor longer reaction times 

(up to 5 days) were successful. A wide range of reaction conditions for the coupling of 

rhodamine isothiocyanates to amine functions is available in the literature, like 

sonication for 1 hour,183 5 hours stirring at room temperature,184 24 h reaction in the 

presence of DIPEA,185 4-day 186 or heating at 60 ºC for 4 h followed by 3 additional 

hours at 90-100 ºC187 and so on. 

 

Figure 2.49: Continuation of Figure 2.48: Attempted procedure for the peptide 

functionalisation with Rhodamine B and corresponding steps to obtain RhoB-His-Lys(Fluo)-

His-NH2 peptide. 
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Accordingly, high temperatures might be required for the reaction to take place. 

Microwave-assisted coupling could also be a suitable approach to reach the 

temperature necessary to generate the thiourea bond. Future investigations are hence 

required for the preparation of this peptide. 

 

2.3.2.6 Yields and purities of the peptides 

The yields and the final purities of the peptides are summarised in Table 2.1. In general, 

the yields for the incorporation of the first amino acid using 2-CTC (typically 40-65%) 

were lower than those with the RA AM resin (80%-quantitative). The low loading on 

the 2-CTC resin was purposely achieved (using specific conditions) since a high 

functionalisation of this resin can result in deletion peptide sequences. 

In contrast, the final yields were in general higher for the peptides prepared with 2-

CTC (42%-95%). The low final yields obtained for the peptides prepared with RA AM 

(8-25%), except for Fluo-His-Lys(Coum)-His-NH2 (44% yield) were in some cases a 

limiting factor for their applications. With the objective to improve the yields, 

successive acidic treatments and high TFA concentrations were used; unfortunately, no 

improvement was achieved.  

The yields were calculated considering that the peptides were obtained as 

trifluoroacetate salts. Both the imidazole rings and the amino groups are positively 

charged after TFA treatment; therefore, there is one trifluoroacetate counterion per 

imidazole/amino function. Accordingly, H-His-Lys(Coum)-His-OH is obtained with 

three trifluoroacetate anions, whereas two trifluoroacetate anions are expected for Ac-

His-Lys(Coum)-His-OH, Ac-His-Lys(4DMN)-His-OH and Ac-His-Lys(4DMN)-His-NH2. In 

contrast to H-His-Lys(Coum)-His-OH, which had to be purified by preparative HPLC, 

the other peptides were always obtained with high purity; no further purification by 

HPLC was required.  
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Table 2.1: Yields (%) of the different steps and final purity of the peptides synthesised. 

Peptide 

Loading of 

the first 

amino acida 

Peptide on 

the resina 

Isolated 

peptide 

(purity)b 

H-His-Lys(Coum)-His-OH 48 88 42 (94) 

Fluo-His-Lys(Coum)-His-NH2 86 quantitative 44 (92) 

Fluo-His-Nle-His-NH2 quantitative quantitative 9 (96) 

Ac-His-Lys(Coum)-His-Lys-NH2 73 quantitative 25 (94) 

Ac-His-Lys(4DMN)-His-Lys-NH2 92 91 8 (94) 

Ac-His-Lys(Coum)-His-OH 49 quantitative 95 (95) 

Ac-His-Lys(4DMN)-His-OH 64 83 42 (95) 

Ac-His-Lys(4DMN)-His-NH2 86 quantitative 16 (97) 

a Determined by Fmoc quantification 

b Determined by weight (determined by HPLC) 

The on-resin yields were calculated by Fmoc quantification using the Lambert-Beer law 

(λabs = 301 nm). It should be noted that the yields of peptide-chain assembly on 2-CTC 

were not quantitative, although negative ninhydrin tests were obtained. The fact that 

deletion peptides were not detected indicates that Fmoc quantification was not reliable 

for this resin. The final yields for all the peptides were thus determined by the 

corresponding isolated quantities. The on-resin yields for RA AM were always 

quantitative, except for Ac-His-Lys(4DMN)-His-Lys-NH2 peptide, which was obtained 

with a yield of 91%. 
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2.4 Concluding remarks 

Seven, potentially copper-chelating peptides, containing the sequence His-Xaa-His 

have been manually prepared by solid-phase synthesis. Two fluorescent non-natural 

amino acids, namely Fmoc-Lys(Coum)-OH and Fmoc-Lys(4DMN)-OH, were prepared 

to generate fluorescent peptidic probes, whose applications are described in the 

following chapters. Two of the peptides were tagged with the highly emissive 

fluorescein dye, giving a potential FRET pair with coumarin in one of them.   

The fluorescent tri- and tetrapeptides were manually prepared by solid-phase synthesis 

using DIC and Oxyma as the coupling agents, and TFA-TIPS for both the cleavage of 

the peptide from the resin and the side chain deprotection. Unexpectedly, the synthesis 

of the coumarinic peptides gave by-products of high molecular weight, which were 

fortunately converted back to the desired products by final treatment of the peptidyl-

resin with piperidine.  

H-His-Lys(Coum)-His-OH, Ac-His-Lys(Coum)-His-OH and Ac-His-Lys(4DMN)-His-OH 

were prepared using the 2-chlorotrityl chloride resin (2-CTC) and were obtained with 

moderate to good yields of 42-95% and high chromatographic purities of 94-95%. On 

the other hand, Ac-His-Lys(4DMN)-His-NH2, Fluo-His-Lys(Coum)-His-NH2, Fluo-His-

Nle-His-NH2, Ac-His-Lys(Coum)-His-Lys-NH2 and Ac-His-Lys(4DMN)-His-Lys-NH2 

were synthesised using the Rink amide aminomethyl resin (RA AM) and were obtained 

with low yields of 8-44% and high chromatographic purities of 92-97%. The products 

were characterised by 1H and 13C NMR spectroscopy and HPLC-MS. The L-peptides 

prepared in the lab and provided by commercial sources on a custom-based basis, 

represent a versatile toolbox for diverse applications such as the chelation of Cu(II) ions, 

the coupling to gold nanocarriers or the detection of Aβ aggregates, as will be 

illustrated in the following chapters. 

Unfortunately, the FRET RhoB-His-Lys(Fluo)-His-NH2 peptide could not be prepared 

since the solid-phase reaction of rhodamine B isothiocyanate with the N-terminal 

amino group of the peptide chain was unsuccessful. Microwaves or high temperatures 

may allow to successfully couple this dye to the peptide. Further experimental efforts 

are required to obtain such ratiometric copper detector. 
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2.5 Experimental section 

2.5.1 Reagents, solvents and equipment  

Table 2.2: Reagents and solvents used for the work described in this chapter. 

Brand Products 

Acros Organics 
1H-benzotriazole, SOCl2, coumarin-3-

carboxylic acid 

Sigma Aldrich 

CDCl3, D2O, d6-DMSO, TIPS, Et3N, Ac2O, 

piperidine, Et2O, 5(6)-carboxyfluorescein, 

1,4-dioxane, 3-dimethylaminopropionitrile, 

Rhodamine B isothiocyanate 

Fisher Scientific DIPEA, MeCN (HPLC grade), TFA 

Fluka MeCN 

Iris Biotech 
2-CTC resin, Oxyma, Fmoc-His(Trt)-OH, 

Fmoc-Lys(Boc)-OH, Fmoc-Nle-OH 

Jescuder Anhydrous MgSO4, KMnO4, NaCl, NaHCO3 

Novabiochem 
Boc-Lys-OH, Fmoc-Lys-OH, Fmoc-OSu, RA 

AM resin 

Panreac absolute ethanol, pyridine 

Scharlau 
acetone, AcOEt, AcOH, CH2Cl2, HCl 37%, 

hexanes, MeOH, 3-methyl-1-butanol, THF 

Specialist des solvants DMF 

TCI DIC, 4-bromo-1,8-naphthalic anhydride 

 

Table 2.3: Equipment used for the synthetic work described in this chapter. 

Instrument Brand Model 

Gram-scale balance Mettler 
Toledo AB254 

PJ360 

Centrifuge Hettich Rotofix 32A 

Vacuum lyophiliser Christ Alpha 2-4 LD plus 

Rotatory evaporator BUCHI R-200 

Sonicator JP SELECTA S.A. Ultrasons MEDI-II 
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Milli-Q H2O (resistivity > 18 MΩ·cm) was produced by filtering deionised water with a 

Milli-Q Plus (Millipore) system. Anhydrous DCM was dried over CaH2 under N2 and was 

distilled just before its use. Anhydrous THF was kept over Na with benzophenone under 

N2 and was also distilled prior to its utilisation. Dried Et2O was stored over Na. 

 

2.5.2 Syntheses and characterisation 

Thin-Layer Chromatography (TLC) 

TLC was performed on silica gel 60 F254 plates purchased from Merck. Exposure to UV 

light and KMnO4 was used to reveal the spots. 

 

Nuclear Magnetic Resonance (NMR)  

NMR spectra were registered at the Centres Científics i Tecnològics of the Universitat 

de Barcelona (CCiTUB). The NMR data were analysed using MestReNova 9.1.0. Data are 

reported as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet. 1H NMR 

spectra were recorded at 400 MHz, while 13C NMR spectra were registered at 100.6 

MHz with proton decoupling. Coupling constants are given in Hz. 2D techniques (COSY, 

HSQC and HMBC) were used to fully characterise the products. 

 

Fmoc amino acid derivatives and intermediates 

All spectra were registered on a Varian Mercury-400 spectrometer. Chemical shifts are 

quoted in ppm downfield from TMS with the partially-deuterated solvent as the 

internal standard (CDCl3 δ 7.26 and d6-DMSO δ 2.50 for 1H NMR; CDCl3 δ 77.16 ± 0.06 

and d6-DMSO δ 39.52 ± 0.06 for 13C NMR).  

 

Peptides 

1D and 2D NMR experiments were performed on a Bruker Avance III 400 MHz 

spectrometer, equipped with a 5 mm cryoprobe (Prodigy) broadband (CPPBBO BB-

1H/19F/D) with gradients in Z. Solvent suppression for the 1D experiments was achieved 
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using a PRESAT pulse sequence. Solutions of 10 mM peptide in D2O were adjusted to 

pH 7.4, and measured with an insert containing a 5 mg·mL-1 solution of [D4]-3-

(trimethylsilyl)propanoic acid (TSP) as an internal reference (D2O δ 4.79 for 1H NMR). It 

should be noted that, even though the measurements were made in D2O, it was 

decided to use the notation pH.  

 

Infrared (IR) spectroscopy 

IR spectra of the solid products were registered using a Thermo Scientific Nicolet 6700 

FT-IR spectrophotometer with an attenuated total reflectance (ATR) accessory. 

 

UV-Vis spectroscopy 

Spectra were recorded using a Varian Cary 100 spectrophotometer from 800 to 200 

nm at room temperature. Quartz cuvettes (3 mL, 1 cm path length) were used. 

 

Exact Mass Spectrometry (High Resolution Electrospray Ionisation, HR ESI) 

High resolution electrospray ionisation mass spectrometry (HR ESI-MS) was performed 

using a LC/MSD-TOF spectrometer with an Agilent 1100 HPLC pumping system in 

either positive or negative-ion modes at the Centres Científics i Tecnològics of the 

Universitat de Barcelona (CCiTUB). 

 

Liquid Chromatography  

A Phenomenex® C18 reverse phase column (250 x 4 mm) with a particle size of 5.15 ± 

0.30 μm and a pore size of 320 ± 40 Å was employed. The eluents were 0.045% TFA in 

H2O (v/v) for eluent A and 0.036% TFA in MeCN (v/v) for eluent B, using the following 

gradient: 
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Table 2.4: HPLC gradient used in this work. 

Time (min) % Eluent A % Eluent B 

0 98 2 

20 0 100 

25 0 100 

30 98 2 

40 98 2 

The flow rate was 1 mL/min and double detection at wavelengths 220 and 301 nm was 

used. 

 

High Performance Liquid Chromatography (HPLC) 

Analytical HPLC was carried out in a system consisting of a Shimadzu LC-20AD 

quaternary pump, a SIL-10Advp automatic injector, an SPD-20A variable dual 

wavelength detector and a DGU-20A5 online degas device.  

 

High Performance Liquid Chromatography coupled to Mass Spectrometry (HPLC-MS) 

A Waters Alliance HT system formed by a 2795 separation module, a PDA detector 

2996 and a Micromass ZQ 2000 mass detector (Electrospray Ionisation, ESI-MS) was 

used. 

 

Synthesis of the non-natural amino acids 

3-(1H-Benzotriazol-1-ylcarbonyl)-2H-chromen-2-one 

SOCl2 (2.40 mL, 33.2 mmol) was added to a stirring solution of 1H-benzotriazole (6.00 

g, 50.4 mmol) in freshly distilled THF (100 mL) at rt under N2. After 20 min, coumarin-

3-carboxylic acid (1.90 g, 9.99 mmol) was added and the reaction was stirred for 4 h. 

Then, the white precipitate formed was filtered off and the solvent was evaporated 

under reduced pressure. AcOEt (150 mL) was added to the crude solid and the 

remaining precipitate was filtered off. The resulting solution was washed with saturated 

aqueous Na2CO3 (3 × 50 mL) and brine (1 × 50 mL). The organic fraction was then dried 
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with anhydrous MgSO4, filtered and evaporated under reduced pressure. The solid 

obtained was finally recrystallised from DCM-hexanes to yield 1.92-2.05 g (65-70% 

yield) of the desired product. 

 

White solid. Rf (DCM/MeOH 9:1): 0.85. 1H NMR (CDCl3, 400 MHz): δ 7.35-7.39 (m, 1H, 

H6), 7.39-7.43 (m, 1H, H8), 7.52-7.56 (m, 1H, Ha’), 7.63-7.65 (m, 1H, H5), 7.66-7.68 (m, 1H, 

H7), 7.68-7.72 (m, 1H, Ha), 8.12 (d, 1H, J = 8.3, Hb’), 8.30-8.33 (m, 2H, H4 + Hb). 13C NMR 

(CDCl3, 100.6 MHz): δ 114.3 (Cb), 117.1 (C8), 117.6 (C4a), 120.4 (Cb’), 121.8 (C3), 125.2 (C6), 

126.7 (Ca’), 129.6 (C5), 130.8 (Ca), 131.1 (Cc), 134.4 (C7), 146.1 (Cc’), 146.9 (C4), 154.8 (C8a), 

157.3 (C2), 162.6 (C9). IR (cm-1): 756, 792, 938, 1201, 1383, 1610, 1713, 1731. 

 

Nα-Fmoc-Nε-(Coumarin-3-ylcarbonyl)-lysine (Fmoc-Lys(Coum)-OH) 

Et3N (0.56-1.40 mL, 4.02-10.0 mmol) was added to a stirring suspension of 3-(1H-

Benzotriazol-1-ylcarbonyl)-2H-chromen-2-one (0.59-1.46 g, 2.02-5.03 mmol) and 

Fmoc-Lys-OH (0.75-1.86 g, 2.05-5.04 mmol) in 2:1 MeCN-H2O (30-75 mL). The reaction 

mixture was then stirred for approximately 1 h, and HCl 4 N (2-5 mL) was added, giving 

rise to the formation of a white precipitate. Most of the MeCN was evaporated under 

reduced pressure. The solid thus obtained was dissolved in AcOEt (150-300 mL) and 

the resulting organic solution was washed with HCl 4 N (3 × 50 mL) and brine (1 × 50 

mL). The organic fraction was then dried with anhydrous MgSO4, filtered, and the 

solvent was eliminated by rotatory evaporation. The resulting white solid was 

recrystallised from DCM-hexanes to afford 2 in 70-80% yields.  
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White solid. Rf (DCM/MeOH 9:1): 0.23. 1H NMR (DMSO-d6, 400 MHz): δ 1.32-1.44 (m, 

2H, Hγ), 1.47-1.57 (m, 2H, Hδ), 1.60-1.79 (m, 2H, Hβ), 3.27-3.34 (m, 2H, Hε), 3.90-3.97 

(m, 1H, Hα), 4.16-4.20 (m, 1H, CH-Fmoc), 4.21-4.30 (m, 2H, CH2-Fmoc), 7.26-7.32 (m, 

2H, Hc), 7.34-7.38 (m, 2H, Hd), 7.39-7.40 (m, 1H, H6), 7.44 (d, 1H, J = 8.4, H8), 7.63 (d, 1H, 

J = 8.1, NHα), 7.67-7.69 (m, 2H, Hb), 7.69-7.71 (m, 1H, H7), 7.83 (dd, 2H, J = 3.0, J = 7.5, 

He), 7.91 (dd, 1H, J = 1.3, J = 7.8, H5), 8.68 (t, 1H, J = 5.7, NHε), 8.80 (s, 1H, H4). 13C NMR 

(DMSO-d6, 100.6 MHz): δ 23.56 (Cγ), 28.98 (Cδ), 30.88 (Cβ), 47.09 (CH-Fmoc), 54.17 (Cα), 

66.04 (CH2-Fmoc), 116.5 (C8), 118.9 (C4a), 119.4 (C3), 120.5 (Ce), 125.5 (C6), 125.7 (Cb), 

127.5 (Cc), 128.1 (Cd), 130.6 (C5), 134.4 (C7), 141.1 (Cf), 144.2 (Ca), 147.7 (C4), 154.2 (C8a), 

156.6 (CO-Fmoc), 160.8 (C2), 161.5 (C9), 174.4 (COOH). IR (cm-1): 743, 1027, 1174, 1245, 

1526, 1726, 3319, 3377. 

 

4-N,N-Dimethylamino-1,8-naphthalic anhydride 

A stirred solution of 4-bromo-1,8-naphthalic anhydride (2.72 g, 9.83 mmol) in 3-

methyl-1-butanol (55 mL) was refluxed and 3-dimethylamino-propionitrile (4.44 mL, 

39.3mmol) was subsequently added. The initial white suspension progressively turned 

into a bright orange solution which was refluxed overnight. The orange solid formed 

upon cooling at room temperature was filtered out and washed with cold water and 

cold isohexane to afford 1.69 g (71%) of the dimethylamino anhydride precursor. 

 



128  2. Synthesis of emissive chelating peptides 
 

Orange solid. Rf (AcOEt with 0.5% AcOH): 0.75. 1H NMR (CDCl3, 400 MHz): δ 3.11 (s, 

6H, NMe2), 7.08 (d, 1H, J = 8.4, H3), 7.65 (dd, 1H, J = 7.3, J = 8.5, H6), 8.39 (d, 1H, J = 8.3, 

H2), 8.46 (dd, 1H, J = 1.1, J = 8.5, H5), 8.52 (dd, 1H, J = 1.1, J = 7.3, H7). 13C NMR (CDCl3, 

100.6 MHz): δ 44.55 (NMe2), 109.2 (C1), 113.1 (C3), 119.1 (C8), 124.7 (C4a), 124.9 (C6), 

132.8 (C5 + C8a), 133.1 (C7), 134.9 (C2), 157.8 (C4), 160.6 (C10), 161.6 (C9). IR (cm-1): 747, 

774, 996, 1014, 1339, 1566, 1584, 1717. 

 

Nα-Boc-Nε-(4-N,N-dimethylamino-1,8-naphthalimido)-lysine (Boc-Lys(4DMN)-OH) 

A three-necked round-bottomed flask containing 4-N,N-dimethylamino-1,8-

naphthalic anhydride (1.59 g, 6.60 mmol) and equipped with a magnetic bar, a reflux 

condenser and a dropping funnel was purged with N2. Then, 1,4-dioxane (150 mL) was 

transferred to the flask with a syringe through the rubber septum and the resulting 

brown suspension was refluxed under stirring. Simultaneously, an aqueous solution (30 

mL) of Boc-Lysine-OH (1.49 g, 6.03 mmol) and NaHCO3 (2.52 g, 30.0 mmol) was 

prepared and transferred to the dropping funnel. The amino acid solution was added 

dropwise, and the resulting yellow mixture was stirred for further 2.5 h. Then, the yellow 

suspension was allowed to cool to rt and most of the solvent mixture was evaporated 

under reduced pressure. The crude product was diluted with distilled water (150 mL) 

and acidified under stirring with 4 N HCl to pH 7-8 in the presence of DCM (50 mL). 

The aqueous phase was further extracted with DCM (3 × 50 mL) and the combined 

organic extracts were dried with anhydrous MgSO4, filtered and evaporated under 

reduced pressure. The resulting bright orange solid (1.71 g, 60 %) was used in the next 

step without further purification.  

 

Orange solid. Rf (AcOEt with 0.5% AcOH): 0.55. MS (HR ESI+): m/z calculated for 

[C25H31N3O6 + H]+ 470.2291, found 470.2282. 1H NMR (CDCl3, 400 MHz): δ 1.41 (s, 9H, 

Me-tBu), 1.45-1.55 (m, 2H, Hγ), 1.68-1.79 (m, 2H, Hδ), 1.80-1.99 (m, 2H, Hβ), 3.07 (s, 6H, 

NMe2), 4.08-4.20 (m, 2H, Hε), 4.23-4.31 (m, 1H, Hα), 7.06 (d, 1H, J = 8.2, H3), 7.62 (tapp, 
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1H, Japp = 8.0, H6), 8.38 (d, 1H, J = 8.4, H5), 8.43 (d, 1H, J = 8.2, H2), 8.52 (d, 1H, J = 7.2, 

H7). 13C NMR (CDCl3, 100.6 MHz): δ 22.68 (Cγ), 27.61 (Cδ), 28.32 (Me-tBu), 31.61 (Cβ), 

39.48 (Cε), 44.74 (NMe2), 53.48 (Cα), 79.90 (C-tBu), 113.3 (C3), 114.7 (C1), 122.9 (C8), 124.8 

(C6), 125.1 (C4a), 130.2 (C8a), 131.1 (C7), 131.2 (C5), 132.8 (C2), 155.9 (CO-tBu), 157.0 (C4), 

164.2 (C1’), 164.7 (C8’), 176.5 (COOH). IR (cm-1): 752, 792, 1161, 1361, 1570, 1637, 1682, 

2856, 2928. 

 

Nα-Fmoc-Nε-(4-N,N-dimethylamino-1,8-naphthalimido)-lysine (Fmoc-Lys(4DMN)-OH) 

Cold TFA (40 mL) was slowly added to a solution of Boc-Lys(4DMN)-OH (1.64 g, 3.48 

mmol) in DCM (40 mL) and the reaction was stirred for 2 h at rt. Next, the solution was 

dried using a rotatory evaporator and an azeotrope with CHCl3 to eliminate residual 

TFA; the resulting crude product was left under vacuum overnight. The resulting oil was 

diluted with an aqueous solution (20 mL) of NaHCO3 (1.62 g, 19.2 mmol), generating a 

basic mixture (as checked by measuring the pH). Then, a solution of Fmoc-OSu (1.41 g, 

4.18 mmol) in 1,4-dioxane (95 mL) was added dropwise with a dropping funnel and the 

mixture was stirred at rt for 2.5 h. Afterwards, dioxane was evaporated under reduced 

pressure. The crude product was diluted in distilled water (150 mL), acidified with 4 N 

HCl and extracted with DCM (3 × 50 mL). The combined organic phases were dried 

with anhydrous MgSO4, filtered and the solvent was evaporated under reduced 

pressure. The resulting oil was finally purified by flash column chromatography 

(EtOAc/DCM 1:1 to EtOAc with 0.5% of AcOH); the fractions containing the target 

compound were evaporated using an azeotrope with toluene (3 × 50 mL) to remove 

residual AcOH. A bright orange solid (1.58 g, 77%) was obtained. 

 

Orange solid. Rf (AcOEt with 0.5% AcOH): 0.50. MS (HR ESI+): m/z calculated for 

[C35H33N3O6 + H]+ 592.2448, found 592.2448. 1H NMR (CDCl3, 400 MHz): δ 1.42-1.56 
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(m, 2H, Hγ), 1.67-1.85 (m, 2H, Hδ), 1.86-2.05 (m, 2H, Hβ), 3.01 (s, 6H, NMe2), 4.08-4.20 

(m, 3H, Hε + CH-Fmoc), 4.25-4.35 (m, 2H, CH2-Fmoc), 4.35-4.44 (m, 1H, Hα), 6.96 (d, 

1H, J = 8.2, H3), 7.20-7.26 (m, 2H, Hc), 7.31-7.36 (m, 2H, Hd), 7.51-7.54 (m, 1H, H6), 7.55 

(d, 2H, J = 7.3, Hb), 7.67 (d, 2H, J = 7.5, He), 8.32 (d, 1H, J = 8.4, H5), 8.41 (d, 1H, J = 8.2, 

H2), 8.51 (d, 1H, J = 7.0, H7). 13C NMR (CDCl3, 100.6 MHz): δ 22.59 (Cγ), 27.50 (Cδ), 31.44 

(Cβ), 39.41 (Cε), 44.68 (NMe2), 47.12 (CH-Fmoc), 53.82 (Cα), 67.02 (CH2-Fmoc), 113.2 

(C3), 114.5 (C1), 120.0 (Ce), 122.8 (C8), 124.8 (C4a), 125.0 (C6), 125.2 (Cb), 127.0 (Cc), 127.4 

(Cd), 130.2 (C8a), 131.2 (C7), 131.3 (C5), 132.9 (C2), 141.3 (Cf), 143.8 (Ca), 156.4 (CO-Fmoc), 

157.0 (C4), 164.4 (C1’), 164.8 (C8’), 175.8 (COOH). IR (cm-1): 729, 760, 1205, 1245, 1348, 

1375, 1575, 1633, 1682, 1717, 2861, 2945. 

 

Solid-phase synthesis and characterisation of the peptides 

The solid-phase synthesis of the peptides described in this Thesis was carried out 

manually in 12 mL or 20 mL polypropylene syringes including porous polyethylene 

filters. The reaction mixtures were stirred with a Teflon rod and the excess of reagents 

was eliminated by filtration under reduced pressure. 

 

Loading of the first amino acid and capping of the resin 

For the coupling of the first amino acid, the resin was previously washed with DMF (3 

x 30 s), DCM (3 x 30 s) and DMF again (3 x 30 s). Different pathways were followed for 

the loading of the amino acid to the 2-chlorotrtyl chloride resin (2-CTC) and to the Rink 

amide AM resin (RA AM): 

2-CTC resin: 1.5 eq of amino acid were transferred to the syringe, after which DIPEA 

(6.7 eq) and DCM (2 mL) were added. The mixture was regularly stirred for 10 min and 

more DIPEA (3.3 eq) was added. The mixture was left for 1.5 h with recurrent stirring 

and MeOH (1 mL) was added. The solvents and the excess of regents were filtered off 

after 10 min, and the yields were determined by spectrophotometric Fmoc 

quantification (see protocol Fmoc quantification/elimination in this chapter). 

RA AM resin: the Fmoc group of the resin was previously removed following the 

protocol already described and the resin was washed (1 mL of solvent per 100 mg of 

resin) with DMF (3 x 30 s), DCM (3 x 30 s) and DMF (3 x 30 s). Then, the corresponding 
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Fmoc amino acid (3 eq), Oxyma (3 eq) and DIC (3 eq) were added and dissolved in the 

minimum amount of DMF/DCM 1:1 to allow a proper stirring of the reaction mixture. 

The reaction was carried out for 1 h with regular stirring, and the resin was subsequently 

washed with DMF (3 x 30 s); the coupling of the amino acid was then repeated with the 

same quantities of reagents. The resin was washed with DMF (3 x 30 s), DCM (3 x 30 s) 

and DMF (3 x 30 s), and then Ac2O (30 eq) and DIPEA (30 eq) in DMF (up to 1 mL of 

mixture per 100 mg of resin) were added. The mixture was left to react for 45 min with 

intermittent stirring and the reagents were finally filtered off and the resin was washed 

(1 mL of solvent per 100 mg of resin) again with DMF, CH2Cl2 and DMF. 

 

Peptide chain elongation 

After the elimination/quantification of the Fmoc group, 3 eq of the Fmoc amino acid, 

Oxyma and DIC were added in the minimum amount of DMF/CH2Cl2 1:1 to allow 

(occasional) stirring of the reaction mixture. The resulting suspension was left to react 

for 1 h and a ninhydrin test was performed to assess the completeness of the 

elongation step. Then, the solvents were filtered off and the resin was washed with 

DMF (3 x 30 s) if the reaction had to be repeated (positive test), or with DMF (3 x 30 s), 

DCM (3 x 30 s) and DMF (3 x 30 s) when the coupling was quantitative (negative test). 

This process was repeated one or two more times with the same quantities of reagents, 

if required. 

 

Ninhydrin Test 

Two solutions were required for this test:  

Reagent A: A solution of phenol (40 g) was prepared in absolute EtOH (10 mL). 

Simultaneously, 2 mL of a KCN aqueous solution (65 mg in 100 mL of H2O) were added 

to pyridine (98 mL), freshly distilled over ninhydrin. Then, these two solutions were 

stirred independently with 4 g of Amberlite MB-3 for 45 min, after which they were 

filtered and combined. 

Reagent B: Ninhydrin (2.5 g) was dissolved in absolute EtOH (50 mL) and the resulting 

solution was stored, protected from light. 
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The test was performed as follows: first, the peptidyl-resin was washed with DCM (3 x 

30 s) to remove potential traces of primary amines formed by decomposition of DMF. 

Then, a small portion of the peptidyl-resin was introduced into a test tube, where it was 

washed three times with MeOH to avoid false-positive results. Once the last fraction of 

MeOH was removed with a Pasteur pipette, 6 drops of reagent A and 2 drops of reagent 

B were added. After that, the solution was heated at 110 ºC for 3 min. A blank was 

prepared in parallel to compare colours. 

A blue colour of the solution (positive test) indicated remaining free α-amino groups, 

suggesting an incomplete coupling step, whereas an unchanged yellow colour 

(negative test) indicated the absence of primary amines, suggesting that above 99.5% 

of the growing chains had incorporated the amino acid. 

 

Fmoc quantification/elimination 

The Fmoc quantification analysis was carried out to determine the yields of the loading 

of the first amino acid of every sequence and on-resin yields after the coupling of the 

last amino acid (the analysis was carried out after the coupling of the second-to-last 

amino acid when the N-terminal Fmoc group had to be kept). 

To perform the analysis, the peptidyl-resin was previously washed with DMF (3 x 30 s) 

and treated with 25 mL of piperidine/DMF 1:4 in portions of 5 mL (5 x 5 min), which 

were then filtered and collected in a 100 mL volumetric flask (the filtrates were directly 

discarded if no quantification was required). The N-terminal-deprotected peptidyl-

resin was washed with 25 mL of DMF in portions of 5 mL (5 x 30 s) that were collected 

in the same volumetric flask, and the resulting solution was diluted to the mark with 

DCM. An aliquot of 2 mL of this mixture was transferred to another 100 mL volumetric 

flask with 25 mL of piperidine/DMF 1:4 and 25 mL of DMF, and the final solution was 

diluted to the mark with DCM. A blank was also prepared in a 50 mL volumetric flask 

with 12.5 mL of piperidine/DMF 1:4 and 12.5 mL of DMF and diluted to the mark with 

DCM. 

The absorbance of the dibenzofulvene-piperidine adduct formed was then measured 

and the concentration of Fmoc was determined by using the Lambert-Beer law 

(Equation 2.1),  

A = ε × c × l  (2.1) 
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where ε is 7800 M-1 × cm-1 at 301 nm, c is the concentration of the adduct in mol × 

dm-3 and l is the optical path length of the cuvette, viz. 1 cm. The amount of Fmoc 

groups, equivalent to the quantity of amino acid incorporated, was then calculated. 

 

Acetylation 

The peptidyl-resin was treated with a mixture of Ac2O (30 eq) and DIPEA (30 eq) diluted 

with DMF up to a total volume of 1 mL per 100 mg of resin. The resulting suspension 

was regularly stirred during 20 min, filtered and thoroughly washed with DMF (3 x 30 

s), DCM (3 x 30 s) and DMF (3 x 30 s). 

 

Cleavage of the peptide from the resin 

The resin was first washed with DMF (1 x 30 s), DCM (3 x 30 s), MeOH (3 x 30 s) and 

DCM (3 x 30 s). Then, a mixture of 5% TIPS and 60% TFA in DCM (1 mL of mixture per 

100 mg of resin) was added and the reaction performed during 45 min. Next, the 

mixture was filtered off and the filtrate was collected in a round-bottomed flask with 

Et2O (15 mL per 100 mg of resin). The resin was washed with TFA/DCM 1:1 (1 mL of 

mixture per 100 mg of resin, 2 x 30 s) and TFA/Et2O 1:1 (1 mL of mixture per 100 mg of 

resin, 2 x 30 s), the washing solutions being collected into the same round-bottomed 

flask. The precipitated peptide was then centrifuged and the Et2O supernatant was 

poured and discarded. The peptide was washed 2-3 times with Et2O, centrifuged and 

dried under reduced pressure (lyophilisation was sometimes necessary). Final yields 

were determined by weight. 
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H-His-Lys(Coum)-His-OH 

 

Anchoring of His3 (1 × 1.5 eq) 

497 mg of 2-CTC resin 

746 mg of Fmoc-His(Trt)-OH 

930 + 460 μL of DIPEA 

Yield 48% 

Coupling of Lys(Coum) (2 × 3 eq) 

629 mg of Fmoc-Lys(Coum)-OH 

163 mg of Oxyma 

180 μL of DIC 

Coupling of His1 (2 × 3 eq) 

713 mg of Fmoc-His(Trt)-OH 

163 mg of Oxyma 

180 μL of DIC 

Yield on the resin 88% 

Amount of peptide (purity) 370 mg (85%) 

Amount of peptide after purification 

(mass yield)  
150 mg (42%) 

Chromatographic purity after 

purification 
94% 

White solid. HPLC-MS: tR = 8.78 min; m/z 593.14 ([C28H32N8O7 + H]+). 1H NMR (D2O, 

pH = 7.4, 400 MHz): δ 1.18-1.34 (m, 2H, Hγ-Lys2), 1.49-1.60 (m, 2H, Hδ-Lys2), 1.60-1.78 

(m, 2H, Hβ-Lys2), 2.80-3.10 (m, 4H, Hβ-His1 + Hβ-His3), 3.27-3.37 (m, 2H, Hε-Lys2), 

3.84 (dd, 1H, J = 7.5, J = 5.7, Hα-His1), 4.21 (dd, 1H, J = 9.0, J = 5.3, Hα-Lys2), 4.33 (dd, 

1H, J = 7.8, J = 5.1, Hα-His3), 6.81 (d, 1H, J = 1.2, H5-His1), 6.89 (d, 1H, J = 1.2, H5-His3), 
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7.30-7.39 (m, 2H, H6 + H8-Lys(Coum)), 7.60 (d, 1H, J = 1.2, H2-His1), 7.64-7.70 (m, 2H, 

H5 + H7-Lys(Coum)), 7.85 (d, 1H, J = 1.2, H2-His3), 8.62 (s, 1H, H4-Lys(Coum)). 13C NMR 

(D2O, pH = 7.4, 100.6 MHz): δ 25.16 (Cγ-Lys2), 30.74 (Cδ-Lys2), 31.20 (Cβ-His3), 33.04 

(Cβ-His1), 33.24 (Cβ-Lys2), 42.28 (Cε-Lys2), 56.63 (Cα-Lys2), 56.69 (Cα-His1), 57.52 (Cα-

His3), 119.2 (C8-Lys(Coum)), 119.8 (C5-His1), 120.3 (C3-Lys(Coum)), 120.5 (C5-His3), 

121.1 (C4a-Lys(Coum)), 128.5 (C6-Lys(Coum)), 133.1 (C5-Lys(Coum)), 134.2 (C4-His1), 

134.4 (C4-His3), 137.5 (C2-His3), 137.7 (C7-Lys(Coum)), 138.7 (C2-His1), 151.9 (C4-

Lys(Coum)), 156.7 (C8a-Lys(Coum)), 165.1 (C2-Lys(Coum)), 166.7 (CONH-Lys(Coum)), 

175.6 (CO-Lys2), 175.9 (CO-His1), 179.6 (CO-His3). 

 

Figure 2.50: Chromatogram of H-His-Lys(Coum)-His-OH. 

 

Fluo-His-Lys(Coum)-His-NH2 
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Anchoring of His3 (2 × 3 eq) 

347 mg of Rink Amide resin 

445 mg of Fmoc-His(Trt)-OH 

102 mg of Oxyma 

110 μL of DIC 

Yield 86% 

Coupling of Lys(Coum) (2 × 3 eq) 

336 mg of Fmoc-Lys(Coum)-OH 

88 mg of Oxyma 

96 μL of DIC 

Coupling of His1 (2 × 3 eq) 

385 mg of Fmoc-His(Trt)-OH 

88 mg of Oxyma 

96 μL of DIC 

Yield on the resin quantitative 

Coupling of 5(6)-carboxyfluorescein 

(2 × 2 eq) 

156 mg of 5(6)-carboxyfluorescein 

59 mg of Oxyma 

64 μL of DIC 

Purity 79% 

Amount of peptide (mass yield) 107 mg (44%) 

Chromatographic purity 92% 

 

Orange solid. HPLC-MS: tR = 11.0 + 11.2 min; m/z 950.2 ([C49H43N9O12 + H]+). 1H NMR 

(D2O, pH = 7.4, 400 MHz): δ1.03-2.05 (m, Hβ + Hγ + Hδ-Lys2), 2.99-3.32 (m, Hβ-His1 + 

Hβ-His3 + Hε-Lys2), 4.39-4.50 (m, Hα-Lys2), 4.76-4.85 (m, Hα-His1 + Hα-His3), 6.38-

6.50 (m, H6 + H8-Lys(Coum)), 6.61-6.68 (m, H2’ + H4’ + H5’ + H7’-Fluo), 6.84-7.02 (m, H1’ 

+ H8’-Fluo), 7.17-7.23 (m, H5-His1 + H5-His3 + H6-Fluo), 7.35 (d, J = 7.9, H7-Fluo), 7.52-

7.66 + 7.97-8.17  (m, H5 + H7-Lys(Coum)), 7.77 (d, J = 1.7, H7-Fluo), 7.86 (s, H2-His1/3), 

7.88 (s, H2-His1/3), 8.04-8.09 (m, H4 + H5-Fluo), 8.27 (d, J = 1.7, H4-Fluo), 8.40-8.44 (m, 

H4-Lys(Coum)). 

The low solubility of this peptide in D2O prevented the proper integration of the proton 

signals and a complete characterisation with 13C and 2D NMR.  
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Figure 2.51: Chromatogram of Fluo-His-Lys(Coum)-His-NH2. 

 

Fluo-His-Nle-His-NH2 

 

Anchoring of His3 (2 × 3 eq) 

224 mg of Rink Amide resin 

287 mg of Fmoc-His(Trt)-OH 

66 mg of Oxyma 

71 μL of DIC 

Yield quantitative 

Coupling of Nle2 (3 eq) 

164 mg of Fmoc-Nle-OH 

66 mg of Oxyma 

71 μL of DIC 

Coupling of His1 (3 eq) 

287 mg of Fmoc-His(Trt)-OH 

66 mg of Oxyma 

71 μL of DIC 
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Yield on the resin quantitative 

Coupling of 5(6)-carboxyfluorescein 

(1.5 eq) 

87 mg of 5(6)-carboxyfluorescein 

66 mg of Oxyma 

71 μL of DIC 

Amount of peptide (mass yield) 14 mg (9%) 

Chromatographic purity 96% 

 

Orange solid. HPLC-MS: tR = 10.4 + 10.5 min; m/z 763.1 ([C39H38N8O9 + H]+).  

 

1H NMR (D2O, pH = 7.4, 400 MHz): δ 0.79 (t, 3H, J = 7.2, Hε-Nle2), 1.09-1.27 (m, 4H, Hγ 

+ Hδ-Nle2), 1.61-1.71 (m, 2H, Hβ-Nle2), 3.01-3.20 (m, 2H, Hβ-His3), 3.16-3.27 (m, 2H, 

Hβ-His1), 4.22-4.27 (m, 1H, Hα-Nle2), 4.59-4.64 (m, 1H, Hα-His3), 4.77-4.84 (m, 1H, Hα-

His1), 6.50-6.56 (m, 2H, H4’ + H5’-Fluo), 6.57-6.61 (m, 2H, H2’ + H7’-Fluo), 6.98 (s, 1H, H5-

His3), 7.00-7.06 (m, 2H, H1’ + H8’-Fluo), 7.06-7.08 (s, 1H, H5-His1), 7.24 (d, 1H, J = 7.9, 

H7-Fluo), 7.85 (d, 1H, J = 1.3, H2-His3), 7.86-7.87 (m, 1H, H6-Fluo), 7.89 (d, 1H, J = 1.1, 

H2-His1), 8.15 (d, 1H, J = 1.8, H4-Fluo). 13C NMR (D2O, pH = 7.4, 100.6 MHz): δ 16.02 

(Cε-Nle2), 24.43 (Cδ-Nle2), 29.83 (Cγ-Nle2), 30.88 + 30.93 (Cβ-His1 + Cβ-His3), 33.14 

(Cβ-Nle2), 56.00 (Cα-His3), 57.15 (Cα-Nle2), 57.37 (Cα-His1), 106.5 (C4’ + C5’), 115.4 (C8a’ 

+ C9a’), 119.8 (C5-His1 + C5-His3), 125.5 (C2’ + C7’), 130.2 (C4-Fluo), 130.9 (C6-Fluo), 133.3 

(C7-Fluo), 134.0 (C1’ + C8’), 135.0 (C4-His3), 135.1 (C4-His1), 136.8 (C5-Fluo), 138.3 (C2-

His3), 138.4 (C2-His1), 138.5 (C7a-Fluo), 142.9 (C3a-Fluo), 160.5 (C1-Fluo), 161.3 (C4a’ + 

C10a’), 172.4 (CONH2-Fluo), 176.1 (CO-His1), 176.3 (C3-Fluo), 176.9 (CO-Nle2), 178.1 

(CO-His3), 182.4 (C3’ + C6’-Fluo). 



2. Synthesis of emissive chelating peptides  139 

 

 

1H NMR (D2O, pH = 7.4, 400 MHz): δ 0.72 (t, 2H, J = 7.2, Hε-Nle2), 0.98-1.16 (m, 4H, Hγ 

+ Hδ-Nle2), 1.51-1.63 (m, 2H, Hβ-Nle2), 2.86-3.09 (m, 2H, Hβ-His3), 3.09-3.20 (m, 2H, 

Hβ-His1), 4.14-4.19 (m, 1H, Hα-Nle2), 4.49-4.54 (m, 1H, Hα-His3), 4.77-4.84 (m, 1H, Hα-

His1), 6.50-6.56 (m, 2H, H4’ + H5’-Fluo), 6.57-6.61 (m, 2H, H2’ + H7’-Fluo), 6.85 (d, 1H, J 

= 1.2, H5-His3), 6.99 (d, 1H, J = 1.1, H5-His1), 7.00-7.06 (m, 2H, H1’ + H8’-Fluo), 7.59 (d, 

1H, J = 1.7, H7-Fluo), 7.73 (d, 1H, J = 1.3, H2-His3), 7.78 (d, 1H, J = 1.1, H2-His1), 7.89-

7.91 (m, 1H, H4-Fluo), 7.93-7.97 (m, 1H, H5-Fluo). 13C NMR (D2O, pH = 7.4, 100.6 MHz): 

δ 15.95 (Cε-Nle2), 24.34 (Cδ-Nle2), 29.79 (Cγ-Nle2), 30.88 + 30.93 (Cβ-His1 + Cβ-His3), 

32.97 (Cβ-Nle2), 56.07 (Cα-His3), 57.08 (Cα-Nle2), 57.50 (Cα-His1), 106.5 (C4’ + C5’), 

115.4 (C8a’ + C9a’), 119.6 (C5-His1 + C5-His3), 125.5 (C2’ + C7’), 131.4 (C5-Fluo), 131.6 (C4-

Fluo), 131.8 (C7-Fluo), 134.0 (C1’ + C8’), 134.8 (C4-His3), 135.1 (C4-His1), 135.1 (C6-Fluo), 

136.4 (C7a-Fluo), 138.1 (C2-His3), 138.3 (C2-His1), 145.9 (C3a-Fluo), 160.0 (C1-Fluo), 161.3 

(C4a’ + C10a’), 172.4 (CONH2-Fluo), 176.1 (CO-His1), 176.8 (C3-Fluo), 176.9 (CO-Nle2), 

178.0 (CO-His3), 182.4 (C3’ + C6’-Fluo). 

 

Figure 2.52: Chromatogram of Fluo-His-Nle-His-NH2. 
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Ac-His-Lys(Coum)-His-Lys-NH2 

 

Anchoring of Lys4 (2 × 3 eq) 

498 mg of Rink Amide resin 

483 mg of Fmoc-Lys(Boc)-OH 

146 mg of Oxyma 

160 μL of DIC 

Yield 73% 

Coupling of His3 (3 eq) 

465 mg of Fmoc-His(Trt)-OH 

107 mg of Oxyma 

116 μL of DIC 

Coupling of Lys(Coum) (3 eq) 

406 mg of Fmoc-Lys(Coum)-OH 

107 mg of Oxyma 

116 μL of DIC 

Coupling of His1 (3 eq) 

465 mg of Fmoc-His(Trt)-OH 

107 mg of Oxyma 

116 μL of DIC 

Yield on the resin quantitative 

Acetylation 
970 μL of acetic anhydride 

1.80 mL of DIPEA 

Treatment with piperidine/DMF 1:4 5 × 10 min × 5 mL 

Amount of peptide (mass yield) 70 mg (25%) 

Chromatographic purity 94% 

White solid. HPLC-MS: tR = 8.37 min; m/z 762.3 ([C36H47N11O8 + H]+). 1H NMR (D2O, 

pH = 7.4, 400 MHz): δ 1.20-1.30 (m, 4H, Hγ-Lys2 + Hγ-Lys4), 1.49-1.59 (m, 4H, Hδ-Lys2 

+ Hδ-Lys4), 1.60-1.72 (m, 4H, Hβ-Lys2 + Hβ-Lys4), 1.84 (s, 3H, Me-Ac), 2.74-2.84 (m, 
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2H, Hβ-His1), 2.84-2.90 (m, 2H, Hε-Lys4), 2.91-3.02 (m, 2H, Hβ-His3), 3.28-3.41 (m, 2H, 

Hε-Lys2), 4.08-4.13 (m, 1H, Hα-Lys4), 4.15-4.20 (m, 1H, Hα-Lys2), 4.37 (dd, 1H, J = 8.4, J 

= 5.8, Hα-His1), 4.46 (t, 1H, J = 7.4, Hα-His3), 6.75 (s, 1H, H5-His1), 6.81 (s, 1H, H5-His3), 

7.32 (d, 1H, J = 8.7, H8-Lys(Coum)), 7.36 (tapp, 1H, Japp = 7.6, H6-Lys(Coum)), 7.49 (s, 1H, 

H2-His1), 7.56 (s, 1H, H2-His3), 7.65-7.66 (m, 1H, H7-Lys(Coum)), 7.67-7.68 (m, 1H, H5-

Lys(Coum)), 8.64 (s, 1H, H4-Lys(Coum)). 13C NMR (D2O, pH = 7.4, 100.6 MHz): δ 21.58 

(Me-Ac), 21.91 (Cδ-Lys4), 22.09 (Cδ-Lys2), 26.14 (Cγ-Lys4), 27.83 (Cγ-Lys2), 28.45 (Cβ-

His3), 28.89 (Cβ-His1), 30.14 (Cβ-Lys2 + Cβ-Lys4), 39.10 (Cε-Lys4), 39.29 (Cε-Lys2), 53.07 

(Cα-Lys2), 53.57 (Cα-Lys4), 53.82 (Cα-His3), 54.17 (Cα-His1), 116.3 (C8-Lys(Coum)), 116.7 

(C5-His1 + C5-His3), 117.4 (C3-Lys(Coum)), 118.1 (C4a-Lys(Coum)), 125.6 (C6-Lys(Coum)), 

130.1 (C5-Lys(Coum)), 132.7 (C4-His1 + C4-His3), 134.9 (C7-Lys(Coum)), 135.9 (C2-His1), 

135.9 (C2-His3), 149.0 (C4-Lys(Coum)), 153.8 (C8a-Lys(Coum)), 162.2 (C2-Lys(Coum)), 

163.8 (CONH-Lys(Coum)), 172.6 (CO-His3), 173.4 (CO-Lys2), 173.5 (CO-His1), 174.1 

(CO-Ac), 176.1 (CO-Lys4).  

 

Figure 2.53: Chromatogram of Ac-His-Lys(Coum)-His-Lys-NH2. 
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Ac-His-Lys(4DMN)-His-Lys-NH2 

 

Anchoring of Lys4 (2 × 3 eq) 

248 mg of Rink Amide resin 

241 mg of Fmoc-Lys(Boc)-OH 

73 mg of Oxyma 

80 μL of DIC 

Yield 89% 

Coupling of His3 (3 eq) 

282 mg of Fmoc-His(Trt)-OH 

65 mg of Oxyma 

70 μL of DIC 

Coupling of Lys(4DMN) (3 eq) 

270 mg of Fmoc-Lys(4DMN)-OH 

65 mg of Oxyma 

70 μL of DIC 

Coupling of His1 (3 eq) 

282 mg of Fmoc-His(Trt)-OH 

65 mg of Oxyma 

70 μL of DIC 

Yield on the resin 89% 

Acetylation 
430 μL of acetic anhydride 

790 μL of DIPEA 

Amount of peptide (mass yield) 14 mg (8%) 

Chromatographic purity 94% 

Yellow solid. HPLC-MS: tR = 9.58 min; m/z 813.3 ([C40H52N12O7 + H]+). 1H NMR (D2O, 

pH = 7.4, 400 MHz): δ 1.12-1.24 (m, 2H, Hγ-Lys2), 1.24-1.38 (m, 2H, Hγ-Lys4), 1.46-1.55 
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(m, 2H, Hδ-Lys2), 1.56-1.78 (m, 6H, Hδ-Lys4 + Hβ-Lys2 + Hβ-Lys4), 1.90 (s, 3H, Me-Ac), 

2.63-2.79 (m, 2H, Hβ-His1), 2.89-3.03 (m, 2H, Hβ-His3), 2.93 (t, 2H, J = 7.7, Hε-Lys4), 

2.99 (s, 6H, NMe2), 3.76 (t, 2H, J = 8, Hε-Lys2), 4.06 (dd, 1H, J = 5.2, J = 9.3, Hα-Lys4),  

4.22 (dd, 1H, J = 5.8, J = 8.2, Hα-Lys2), 4.40 (dd, 1H, J = 5.8, J = 8.5, Hα-His1), 4.50 (t, 

1H, J = 7.4, Hα-His3), 6.66 (d, 1H, J = 8.6, H3-Lys(4DMN)), 6.75 (s, 1H, H5-His1), 6.87 (d, 

1H, J = 1.1, H5-His3), 7.29 (dd, 1H, J = 7.5, J = 8.4, H6-Lys(4DMN)), 7.63 (d, 1H, J = 1.2, 

H2-His1), 7.66 (d, 1H, J = 1.2, H2-His3), 7.70 (d, 1H, J = 8.5, H2-Lys(4DMN)), 7.93 (dd, 1H, 

J = 1.0, J = 7.3, H7-Lys(4DMN)), 8.02 (dd, 1H, J = 1.0, J = 8.7, H5-Lys(4DMN)). 13C NMR 

(D2O, pH = 7.4, 100.6 MHz): δ 24.48 (Me-Ac), 24.79 (Cγ-Lys4), 25.15 (Cγ-Lys2), 29.04 (Cδ-

Lys4), 29.61 (Cδ-Lys2), 31.29 (Cβ-His3), 31.56 (Cβ-His1), 32.95 (Cβ-Lys4), 33.31 (Cβ-

Lys2), 41.98 (Cε-Lys4), 42.74 (Cε-Lys2), 46.90 (NMe2), 55.89 (Cα-Lys4), 56.36 (Cα-Lys2), 

56.64 (Cα-His3), 56.93 (Cα-His1), 113.4 (C1-Lys(4DMN)), 115.0 (C3-Lys(4DMN)), 119.6 

(C5-His1 + C5-His3), 123.2 (C8-Lys(4DMN)), 125.7 (C4a-Lys(4DMN)), 127.0 (C6-

Lys(4DMN)), 131.9 (C8a-Lys(4DMN)), 133.9 (C7-Lys(4DMN)), 135.2 (C5-Lys(4DMN)), 

135.5 (C4-His1), 135.6 (C4-His3), 135.8 (C2-Lys(4DMN)), 138.6 (C2-His1), 138.8 (C2-His3), 

159.7 (C4-Lys(4DMN)), 167.2 (C1’-Lys(4DMN)), 168.1 (C8’-Lys(4DMN)), 175.4 (CO-His3), 

176.1 (CO-His1), 176.3 (CO-Lys2), 176.9 (CO-Ac), 178.9 (CO-Lys4). 

 

Figure 2.54: Chromatogram of Ac-His-Lys(4DMN)-His-Lys-NH2. 
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Ac-His-Lys(Coum)-His-OH 

 

Anchoring of His3 (1 × 1.5 equiv) 

248 mg of 2-CTC resin 

369 mg of Fmoc-His(trt)-OH 

460 + 230 μL of DIPEA 

Yield 49% 

Coupling of Lys(Coum) (3 equiv) 

319 mg of Fmoc-Lys(Coum)-OH 

84 mg of Oxyma 

91 μL of DIC 

Coupling of His1 (3 equiv) 

365 mg of Fmoc-His(trt)-OH 

84 mg of Oxyma 

91 μL of DIC 

Acetylation 
550 μL of acetic anhydride 

1.03 mL of DIPEA 

Treatment with piperidine/DMF 1:4 5 × 10 min × 3 mL  

Yield on the resin quantitative 

Amount of peptide (mass yield) 168 mg (95%) 

Chromatographic purity 95% 

White solid. HPLC-MS: tR = 8.55 min; m/z 635.2 ([C30H34N8O8 + H]+). 1H NMR (D2O, 

pH = 7.4, 400 MHz): δ 1.29-1.44 (m, 2H, Hγ-Lys2), 1.57-1.67 (m, 2H, Hδ-Lys2), 1.67-1.88 

(m, 2H, Hβ-Lys2), 1.91 (s, 3H, Me-Ac), 2.83-3.18 (m, 4H, Hβ-His1 + Hβ-His3), 3.37-3.49 

(m, 2H, Hε-Lys2), 4.31 (dd, 1H, J = 9.5, J = 4.5, Hα-Lys2), 4.41 (dd, 1H, J = 8.0, J = 5.1, 

Hα-His3), 4.50 (dd, 1H, J = 8.6, J = 5.5, Hα-His1), 6.86 (s, 1H, H5-His1), 7.00 (s, 1H, H5-

His3), 7.39-7.48 (m, 2H, H6 + H8-Lys(Coum)), 7.57 (d, 1H, J = 1.2, H2-His1), 7.74-7.79 (m, 

2H, H5 + H7-Lys(Coum)), 8.00 (d, 1H, J = 1.2, H2-His3), 8.73 (s, 1H, H4-Lys(Coum)). 13C 
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NMR (D2O, pH = 7.4, 100.6 MHz): δ 24.42 (Me-Ac), 25.07 (Cγ-Lys2), 30.66 (Cδ-Lys2), 

31.12 (Cβ-His3), 31.54 (Cβ-His1), 33.21 (Cβ-Lys2), 42.20 (Cε-Lys2), 56.35 (Cα-Lys2), 56.70 

(Cα-His1), 57.44 (Cα-His3), 119.1 (C3 + C8-Lys(Coum)), 119.7 (C5-His1), 120.3 (C5-His3), 

121.0 (C4a-Lys(Coum)), 128.5 (C6-Lys(Coum)), 133.0 (C5-Lys(Coum)), 134.1 (C4-His3), 

134.9 (C4-His1), 137.4 (C2-His3), 137.7 (C7-Lys(Coum)), 138.4 (C2-His1), 151.9 (C4-

Lys(Coum)), 156.7 (C8a-Lys(Coum)), 165.1 (C2-Lys(Coum)), 166.7 (CONH-Lys(Coum)), 

175.6 (CO-Lys2), 175.8 (CO-His1), 176.8 (CO-Ac), 179.6 (CO-His3). 

 

Figure 2.55: Chromatogram of Ac-His-Lys(Coum)-His-OH. 

 

Ac-His-Lys(4DMN)-His-OH 
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Anchoring of His3 (1 × 1.5 eq) 

255 mg of 2-CTC resin 

380 mg of Fmoc-His(Trt)-OH 

480 + 230 μL of DIPEA 

Yield 64 % 

Coupling of Lys(4DMN) (3 eq) 

460 mg of Fmoc-Lys(4DMN)-OH 

110 mg of Oxyma 

120 μL of DIC 

Coupling of His1 (3 eq) 

482 mg of Fmoc-His(Trt)-OH 

110 mg of Oxyma 

120 μL of DIC 

Yield on the resin 83% 

Acetylation 
730 μL of acetic anhydride 

1.35 mL of DIPEA 

Amount of peptide (mass yield) 100 mg (42%) 

Chromatographic purity 95% 

Yellow solid. HPLC-MS: tR = 10.6 min; m/z 686.1 ([C34H39N9O7 + H]+). 1H NMR (D2O, 

pH = 7.4, 400 MHz): δ 1.13-1.32 (m, 2H, Hγ-Lys2), 1.37-1.54 (m, 2H, Hδ-Lys2), 1.60-1.82 

(m, 2H, Hβ-Lys2), 1.88 (s, 3H, Me-Ac), 2.64-2.84 (m, 2H, Hβ-His1), 2.91 (s, 6H, NMe2), 

2.95-3.16 (m, 2H, Hβ-His3), 3.64 (t, 2H, J = 6.8, Hε-Lys2), 4.26 (dd, 1H, J = 4.8, J = 9.5, 

Hα-Lys2), 4.41 (dd, 1H, J = 5.0, J = 7.9, Hα-His3), 4.46 (dd, 1H, J = 5.5, J = 8.6, Hα-His1), 

6.51 (d, 1H, J = 8.6, H3-Lys(4DMN)), 6.79 (s, 1H, H5-His3), 6.99 (s, 1H, H5-His1), 7.16 (tapp, 

1H, Japp = 7.9, H6-Lys(4DMN)), 7.53 (d, 1H, J = 8.4, H2-Lys(4DMN)), 7.75-7.80 (m, 2H, H7-

Lys(4DMN) + H2-His3), 7.86 (d, 1H, J = 8.3, H5-Lys(4DMN)), 8.04 (d, 1H, J = 1.0, H2-His1). 

13C NMR (D2O, pH = 7.4, 100.6 MHz): δ 24.48 (Me-Ac), 25.33 (Cγ-Lys2), 29.52 (Cδ-Lys2), 

31.08 (Cβ-His3), 31.25 (Cβ-His1), 33.38 (Cβ-Lys2), 42.71 (Cε-Lys2), 46.85 (NMe2), 56.32 

(Cα-Lys2), 56.47 (Cα-His1), 57.38 (Cα-His3), 113.2 (C1-Lys(4DMN)), 114.8 (C3-

Lys(4DMN)), 119.9 (C5-His3), 120.3 (C5-His1), 123.0 (C8-Lys(4DMN)), 125.4 (C4a-

Lys(4DMN)), 126.8 (C6-Lys(4DMN)), 131.7 (C8a-Lys(4DMN)), 133.7 (C7-Lys(4DMN)), 

134.0 (C4-His3), 134.6 (C4-His1), 135.0 (C2-Lys(4DMN)), 135.6 (C5-Lys(4DMN)), 137.2 (C2-

His1), 138.2 (C2-His3), 159.4 (C4-Lys(4DMN)), 166.9 (C1’-Lys(4DMN)), 167.8 (C8’-

Lys(4DMN)), 175.6 (CO-Lys2), 175.6 (CO-His1), 176.6 (CO-Ac), 179.5 (CO-His3).  
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Figure 2.56: Chromatogram of Ac-His-Lys(4DMN)-His-OH. 

 

Ac-His-Lys(4DMN)-His-NH2 

 

Anchoring of His3 (2 × 3 eq) 

220 mg of Rink Amide resin 

282 mg of Fmoc-His(trt)-OH 

65 mg Oxyma 

70 μL DIC 

Yield 86% 

Coupling of Lys(4DMN) (2 × 3 eq) 

232 mg of Fmoc-Lys(4DMN)-OH 

56 mg of Oxyma 

61 μL of DIC 

Coupling of His1 (2 × 3 eq) 
244 mg of Fmoc-His(trt)-OH 

56 mg of Oxyma 
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61 μL of DIC 

Yield on the resin quantitative 

Acetylation 
370 μL of acetic anhydride 

690 μL of DIPEA 

Amount of peptide (mass yield) 20 mg (16%) 

Chromatographic purity 97% 

Yellow solid. HPLC-MS: tR = 10.2 min; m/z 685.2 ([C34H40N10O6 + H]+). 1H NMR (D2O, 

pH = 4.5, 400 MHz): δ 1.22-1.38 (m, 2H, Hγ-Lys2), 1.50-1.63 (m, 2H, Hδ-Lys2), 1.67-1.83 

(m, 2H, Hβ-Lys2), 1.88 (s, 3H, Me-Ac), 2.79-3.01 (m, 2H, Hβ-His1), 3.04 (s, 6H, NMe2), 

3.08-3.26 (m, 2H, Hβ-His3), 3.79 (t, 2H, J = 6.5, Hε-Lys2), 4.23-4.29 (m, 1H, Hα-Lys2), 

4.51-4.56 (m, 1H, Hα-His1), 4.60-4.65 (m, 1H, Hα-His3), 6.74 (d, 1H, J = 8.5, H3-

Lys(4DMN)), 7.12 (s, 1H, H5-His1), 7.25 (s, 1H, H5-His3), 7.36 (tapp, 1H, Japp = 7.9, H6-

Lys(4DMN)), 7.78 (d, 1H, J = 8.4, H2-Lys(4DMN)), 8.00 (d, 1H, J = 7.3, H7-Lys(4DMN)), 

8.09 (d, 1H, J = 8.4, H5-Lys(4DMN)), 8.52 (s, 1H, H2-His1), 8.56 (s, 1H, H2-His3). 13C NMR 

(D2O, pH = 4.5, 100.6 MHz): δ 24.43 (Me-Ac), 25.31 (Cδ-Lys2), 29.26-29.33 (Cβ-His1 + 

Cβ-His3), 29.53 (Cγ-Lys2), 33.35 (Cβ-Lys2), 42.76 (Cε-Lys2), 46.95 (NMe2), 55.15 (Cα-

His3), 55.40 (Cα-His1), 56.49 (Cα-Lys2), 113.5 (C1-Lys(4DMN)), 115.1 (C3-Lys(4DMN)), 

120.0 (C5-His1 + C5-His3), 123.3 (C8-Lys(4DMN)), 125.7 (C4a-Lys(4DMN)), 127.2 (C6-

Lys(4DMN)), 131.5-131.6 (C4-His1 + C4-His3), 132.0 (C8a-Lys(4DMN)), 134.0 (C7-

Lys(4DMN)), 135.3 (C5-Lys(4DMN)), 135.9 (C2-Lys(4DMN)), 136.4-136.5 (C2-His1 + C2-

His3), 159.8 (C4-Lys(4DMN)), 167.4 (C1’-Lys(4DMN)), 168.2 (C8’-Lys(4DMN)), 174.8 (CO-

His1), 176.5 (CO-Lys2), 176.7 (CO-His3), 176.8 (CO-Ac). 

 

Figure 2.57: Chromatogram of Ac-His-Lys(4DMN)-His-NH2. 
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3. Chelation and detection of Cu(II) 

3.1 Introduction 

3.1.1 Peptides containing the His-Xaa-His sequence as Cu(II)-chelators/probes 

The potential copper-chelating properties of the peptides described in Chapter 2 were 

then examined and compared with those of commercial peptides, obtained in a 

custom-made manner. Aβ(1-40/42) have been reported to be more neurotoxic in the 

presence of Cu(II) ions, as the result of their involvement in oligomer stabilisation and 

ROS production.38,39,62,66 Thus, the design of compounds presenting the ability to 

remove copper ions bound to Aβ represents a strategy that should be explored.  

The metal-induced toxicity is thought to be closely related to the flexibility of the Aβ 

copper-binding domain, the lability of the Cu(II) ions and the ill-defined three-

dimensional structure of the Cu(II)-Aβ complex (see Chapter 1).18,71 The facile copper 

exchange has been proposed to favour the metal-mediated aggregation of the 

peptide; copper(II) ions can indeed bring two peptide molecules into close proximity, 

then dissociate and so on.18,27,42 The coordination by readily exchangeable ligands is 

believed to easily re-accommodate both Cu(I)/(II) ions upon reduction/oxidation, 

concomitantly producing reactive oxygen species (ROS).86,89,93   

Therefore, chelating agents are aimed at lessening copper-induced Aβ toxicity by 

blocking the redox activity of this metal ion. The Cu(II)-binding affinity of such agents 

should be higher than that of Aβ peptide (to allow the extraction of copper) but yet 

lower than those of essential metalloproteins (not to disturb the cellular metabolism). 

In other words, they should act as metal-protein attenuating compounds, (MPACs) and 

transport metal ions back into neurons, rather than as classical chelators, which 

eliminate metals from the organism, which would then lead to a severe metal 

depletion.121,122  

Moreover, the detection and quantification of copper in AD brains is attracting 

increasing interest. Indeed, the spatio-temporal monitoring of copper ions in neuronal 

tissue would provide invaluable information about for instance its interaction with Aβ 

peptide (e.g. where and at what rates this interaction takes place in living cells) or its 

distribution in brain tissue. Fluorescence spectroscopy has emerged as a very popular 

technique for the detection and imaging of metal ions, including copper, as it is very 
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sensitive (with detection limits in the range of parts per billion/trillion), inexpensive, 

methodologically straightforward, and it presents high spatial resolution and fast 

response (even in the range of picoseconds).188,189 

As discussed in Chapter 1, peptides presenting the His-Xaa-His motif are efficient 

Cu(II)-chelating agents and represent potential candidates for the attenuation of the 

copper-associated toxicity of Aβ peptide in vitro. Besides, peptides either containing 

naturally fluorescent amino acids or wisely labelled with fluorophores may be exploited 

for the detection of Cu(II) ions through their paramagnetic quenching effect or by 

fluorescence resonance energy transfer (FRET). 

In this chapter, the Cu(II)-coordination mode and binding affinity of several His-Xaa-

His tripeptides, as well as their prospective capacity to prevent Cu(II)-induced Aβ 

aggregation or/and to inhibit ROS production, are described. Hence, different 

techniques, including UV-vis, fluorescence and NMR spectroscopies, were used. The 

peptides were classified into two series, namely the N-terminal free and N-terminal 

protected peptides. The protection of the N-terminal amino function with an acetyl 

group was expected to result in distinct coordination modes, copper-binding affinities 

and redox activities. The free/protected peptides were therefore analysed separately. 

Finally, the Fluo-His-Lys(Coum)-His-NH2 peptide, containing the coumarin-fluorescein 

FRET pair, was evaluated as a ratiometric probe candidate for the detection and 

visualisation of Cu(II) ions by fluorescence spectroscopy. 

 

3.1.2 N-terminal free peptides 

Three different N-terminal unprotected tripeptides were chosen for the evaluation of 

their Cu(II)-chelating properties: the custom-made H-His-Ala-His-OH (HAH) and H-

His-Trp-His-OH (HWH), containing natural amino acids, and H-His-Lys(Coum)-OH 

(HKcH), including a non-natural coumarin-labelled lysine residue (whose synthesis was 

described in Chapter 2; see Figure 3.1). Both HWH and HKcH present fluorescent 

probes (namely the Trp indole and the coumarin rings, respectively), whose emissive 

properties can be exploited for the monitoring of possible Cu(II)-exchange processes 

between Aβ and the peptides. The non-emissive HAH peptide was chosen as a 

reference. 
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Figure 3.1: N-terminal free tripeptides used. 

The copper binding by these tripeptides can take place through the N-terminal amino 

group, the imidazole ring(s), the terminal carboxylate and the amide functions. Amide 

nitrogen deprotonation is energetically costly (pKa around 15) and is only achieved 

when the resulting complex is highly stable.135,190 

Peptides presenting both a free N-terminal amino group and a His residue in position 

3 can bind Cu(II) ions via the amino-terminal copper and nickel (ATCUN) binding 

motif.191 This motif is also known as the albumin-like coordination mode since human 

albumin binds copper in this fashion through its H-Asp-Ala-His-Lys (DAHK) 

sequence.192,193 In ATCUN coordination, copper binding occurs via the N-terminal 

amino group, two amide functions and the imidazole ring of His3, producing a highly 

stable and rigid square-planar conformation. Accordingly, copper blocking by 

formation of a highly stable ATCUN complex represents a potential approach to 

decrease the toxicity associated with copper in AD. 
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3.1.3 N-terminal protected peptides  

The study of copper coordination by N-terminal protected peptides was carried out for 

Ac-His-Lys(Coum)-His-OH (AcHKcH), Ac-His-Lys(4DMN)-His-OH (AcHKdH) and C-

terminal protected Ac-His-Lys(4DMN)-His-NH2 (AcHKdH-NH2), which are depicted in 

Figure 3.2. All three peptides were synthesised as described in Chapter 2. The 

protection of the N-terminal amino function with an acetyl group impedes its 

participation in the binding of Cu(II) ions. Therefore, a different coordination mode was 

expected. The imidazole ring(s), one or two amide functions (depending on the stability 

of the Cu(II)-complex formed) and carbonyl/carboxylate oxygen atoms represent the 

putative donors for Cu(II) chelation by these peptides. 

 

Figure 3.2: N-terminal protected peptides studied. 

The different coordination modes may obviously affect the consequent copper-binding 

affinity of the peptides, as well as the respective redox activity of the resulting Cu(II)-

peptide complexes. For instance, a more flexible wrapping of the metal ion may result 

in a higher reduction potential, owing to an easier accommodation of the Cu(I/II) ions 

upon electron transfer, hence resulting in higher ROS production (see section 3.1.1). 

Ac-His-Lys(Coum)-His-Lys-NH2 (AcHKcHK) and Ac-His-Lys(4DMN)-His-Lys-NH2 

(AcHKdHK) were designed with the objective to couple them to gold nanoparticles, as 

explained in Chapter 5 (Figure 3.3). These tetrapeptides may be connected to gold 
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nanocarriers through the free side chain of the additional lysine residue (Lys4). The His-

Lys(Fp)-His motif (where Fp = fluorescent probe) is the binding unit of these peptides.  

 

Figure 3.3: Ac-His-Lys(Fp)-His-Lys-NH2 peptides linked to gold nanoparticles. 

 

3.1.4 FRET-based Cu(II)-sensing with Fluo-His-Lys(Coum)-His-NH2 

Copper is the third most abundant transition metal in humans, after zinc (second) and 

iron (first), and it is crucial for a proper functioning of the organism.194,195 This is 

evidenced by the severity of the disorders where copper homeostasis is disturbed, like 

for instance, Wilson (Cu accumulation) and Menkes (Cu deficiency) diseases, and 

neurodegenerative pathologies such as Alzheimer’s or Parkinson’s disease where Cu-

induced ROS production is implicated. In addition, the way(s) in which copper is 

trafficked and localised in cells is still poorly understood. It is not surprising then that 

the design of copper-selective (fluorescent) probes has received considerable 

attention. 

Turn-off probes exhibit intensity decrease upon interaction with Cu(II) ions (due to 

paramagnetic quenching). In contrast, turn-on probes display an enhanced emission 

upon Cu(II)-binding, which is usually triggered by a chemical reaction or a 

conformational change.189,194,196 Such probes are inappropriate for in vivo sensing since 

their output (i.e. their fluorescent intensity) is dependent on the concentration of the 

probe. 

Fluorescent ratiometric probes rely on the ratio of the emission intensities at two 

different emission wavelengths.188 These probes contain either one dye, which 
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undergoes a shift in its emission wavelength, or two different dyes of varying 

intensities. As a result, they present a higher sensitivity and a built-in correction for 

environmental effects (e.g. artefacts caused by variations on the concentration of the 

probe).188,197,198 Unfortunately, ratiometric probes for the visualisation of Cu(I/II) in 

living cells are scarce.195,199-201 

Most ratiometric probes are based on the Förster (or fluorescence) resonance energy 

transfer (FRET) phenomenon.202-206 FRET is a non-radiative energy-transfer process 

from an excited donor towards an acceptor, which takes place through long-range 

dipole-dipole and/or short-range multipolar interactions.202,207 The energy-transfer 

process depends on several parameters, such as the extent of the emission(donor)-

excitation(acceptor) spectral overlap, the relative orientation of the transition dipole 

moments and the donor-acceptor distance (usually 10-100 Å).142,189,202,207,208 Hence, if 

FRET takes place, the emission of the acceptor is observed upon excitation of the donor.  

In this chapter, the potential application as a FRET-based ratiometric Cu(II)-probe of 

Fluo-His-Lys(Coum)-His-NH2 (FluoHKcH), which encompasses a coumarin and a 

fluorescein dye, is reported (Figure 3.4). Although fluorescein and functionalised 

coumarins have been extensively used in biology and biomedicine, fluorescein and the 

parent, unfunctionalised coumarin have not been reported as a FRET pair before.202 

Since the emission spectrum of coumarin is close to the excitation spectrum of 

fluorescein, the emission at the λem of fluorescein was supposed to occur upon 

excitation of the fluorescent peptide at the λexc of coumarin. 
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Figure 3.4: Potential FRET-based peptidic Cu(II)-probe Fluo-His-Lys(Coum)-His-NH2 

(FluoHKcH). 

For this peptide to become a ratiometric probe candidate for Cu(II) detection/imaging, 

the emission of the dyes should be differently quenched by Cu(II), or the FRET process 

should be altered. Thus, the effect of the addition of Cu(II) ions on the emission of 

coumarin and fluorescein in the peptide was assessed. 

 

 

3.2 Objectives 

• Evaluation of the copper-chelating properties (stoichiometry, coordination 

mode and binding affinity) of several N-terminal protected and unprotected 

His-Xaa-His peptides. 

• Assessment of the prevention of copper-induced aggregation of Aβ and of the 

production of reactive oxygen species by the copper-chelating His-Xaa-His 

peptides. 

• Evaluation of Fluo-His-Lys(Coum)-His-NH2 as a FRET-based Cu(II)-ratiometric 

probe.  
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3.3 Results and discussion 

3.3.1 Chelating properties of the N-terminal free peptides 

3.3.1.1 Determination of the Cu(II)-binding mode of N-terminal unprotected peptides 

The stoichiometry of the Cu(II) complexes of the unprotected peptides was first 

analysed. The peptides were incubated with 2 equivalents of CuCl2 in Milli-Q water and 

the mixtures were analysed by electrospray ionisation (ESI) mass spectrometry. The 

formation of 1:1 Cu(II)-peptide species was evidenced by the presence of peaks with 

m/z values corresponding to [Cu(peptide) + H]+ species showing the isotopic 

distribution of copper. In spite of the excess of Cu(II) ions, no 2:1 Cu(II)-peptide species 

were detected, nor were 1:2 metal complexes. 

To further confirm the 1:1 copper-peptide stoichiometry, the changes in turbidity upon 

addition of copper to the tripeptide solutions were registered. This experiment is based 

on the precipitation of the peptide complex with increasing concentrations of CuCl2, 

which leads to an increased baseline absorbance (the absorbance was observed at 405 

nm).209 No significant changes were observed until a Cu-peptide ratio superior to 1:1 

(Figure 3.5, top).210 Analogously, the formation of the Cu(II) complex was monitored 

through the absorption of the metal ion d-d transition bands: λd-d (CuHAH) = 520 nm 

(ε = 113 M-1cm-1), λd-d (CuHWH) = 515 nm (ε = 105 M-1cm-1) and λd-d (CuHKcH) = 515 

nm (ε = 94 M-1cm-1) (Figure 3.5, bottom). An inflection point in the absorbance was 

observed at 1:1 Cu/peptide ratio.  

Such relatively low wavelength values for d-d transitions are indicative of strong-field 

ligands, and deprotonated amide nitrogen atoms are the strongest field ligands that 

these peptides may provide.190 The empirical equation described by Sigel and Martin 

for square-planar Cu(II) complexes can be used to determine the ligands forming the 

coordination sphere (Equation 3.1).211 Hence, the values obtained suggest that there 

are four equatorial nitrogen atom donors.212 The predicted λd-d value for a [NH2, N-, N-

, NIm] ATCUN coordination motif is about 530 nm; ATCUN Cu(II) complexes have been 

described with λd-d values ranging from 510 to 530 nm.213,214 The spectroscopic 

properties of the three Cu(II) complexes obtained with HAH, HWH and HKcH fall within 

this range and, hence, suggest an ATCUN coordination environment (see section 3.1.2). 

λmax = 103/[0.294(nº carbonyls) + 0.346(nº carboxylates) + 0.434(nº imidazoles) 

+ 0.460(nº amino groups) + 0.494 (nº deprotonated amides)] (3.1) 
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Figure 3.5: Changes of absorbance (at 405 nm, top; and d-d transition, bottom) of the N-

terminal free tripeptides upon addition of increasing amounts of CuCl2 (in 100 mM HEPES, pH 

7.4). 

Next, the interaction of the tripeptides with copper was studied by circular dichroism 

(CD). CD is based on the differential absorption of left-handed and right-handed 

circularly polarised light by chiral molecules. As a result, CD spectra are very sensitive 

to changes in the secondary structure of molecules like peptides.  

The CD spectra of the peptides at increasing amounts of CuCl2 were registered at pH 

7.4 (Figure 3.6).210 A broad band appeared at λ = 310, 321 and 338 nm upon addition 

of Cu(II) to HAH, HWH and HKcH, respectively; these bands characterise an 

Namide→Cu(II) charge-transfer transition.215 The shoulder bands detected at about 350 
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nm for HAH and HWH most likely arise from Nimidazole→Cu(II) charge-transfer 

transitions.216,217 Intense negative bands at 265 (HAH and HWH) and 288 nm (HKcH) 

were attributed to intraligand imidazole and Namine→Cu(II) charge-transfer 

transitions.218   

Two rising d-d bands, due to the Cotton effect, are observed, one negative at around 

560 nm and another positive at about 485 nm for all the Cu-peptide complexes. The 

fact that the two d-d bands are considerably below 600 nm indicates that a 4N species 

involving deprotonated amide nitrogen atoms are present.218 These results, together 

with those of the UV-Vis experiments, are typical for an albumin-like (ATCUN) 

coordination environment. It is also worth mentioning that no shifting of the bands 

was noticed for both 1:2 or 2:1 Cu/peptide ratios, suggesting that only the 1:1 complex 

is formed. 

 

Figure 3.6: Circular dichroism spectra of the N-terminal free peptides at different Cu(II)-

peptide ratios. 100 mM HEPES (pH 7.4). 
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Nuclear magnetic resonance (NMR) experiments were carried out to obtain further 

information about the coordination of the peptides, taking advantage of the 

paramagnetism of Cu(II). Addition of 0.01 equivalents of Cu(II) to the tripeptides gave 

rise to the broadening of the signals of the 1H and 13C nuclei located in the proximity 

of bound copper ions.219 Similar results were obtained for all three peptides, as 

evidenced in Figure 3.7.210 Purple dots symbolise highly affected NMR signals (thus 

close to the copper centre), dark blue dots illustrate a medium degree of broadening, 

and light-blue dots indicate a slight or no alteration of the signals (indicating that the 

corresponding atoms are far from the paramagnetic ion). 

 

Figure 3.7: Schematic representation (using a range of color) of the magnitude of peak 

broadening in 1H and 13C NMR of N-terminal free tripeptides in the presence of 0.01 eq of 

CuCl2 (D2O solutions). 

Unexpectedly, the results obtained disagreed with those achieved with UV-Vis and CD 

experiments. The NMR spectra suggest that coordination takes place through the N-

terminal amino group, the first amide function and the two imidazole rings; an ATCUN 

coordination mode would involve the N-terminal amino group, both amide functions 

and only the imidazole ring of His3.  

The strong broadening of the signals upon addition of only 1 mol% Cu(II) indicates a 

fast ligand exchange, superior to the NMR time scale. These data contradict earlier 

ones for histidine-containing peptides, for which at least 10 mol% copper was required 

to achieve a comparable signal broadening.193,220 

Electron paramagnetic resonance (EPR) experiments were subsequently performed to 

elucidate the origin of the opposing results obtained by UV-Vis/CD and NMR 

spectroscopies. EPR is based on the interaction of unpaired electrons (namely from 

Cu(II) ions) with nearby (ligand) nuclei, and provides information on the coordination 

sphere of the metal ion.  
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EPR spectra of frozen solutions of the three Cu-peptide complexes were recorded at 

Cu/peptide ratios of 1:1.1 and 1:100. Representative spectra of the Cu-HAH species are 

shown in Figure 3.8.210 At 1:1.1 ratio, axial symmetry was indicated by the order of the 

g tensors, namely g║ > g┴ > ge (Figure 3.8, left).221 These values are indicative of a 

square-planar, square-pyramidal or axially elongated octahedral geometry. More 

specifically, the values g║ = 2.18, g┴ = 2.05 and A║ = 601 MHz (205 G) are indicative of 

a 4N square-planar albumin-like coordination sphere.222 

  

Figure 3.8: EPR spectra of 1:1.1 (left) and 1:100 (right) Cu(II)-HAH samples. 100 mM HEPES 

(pH 7.4), 77 K. 

At a Cu/peptide ratio of 1:100 (that is, at the conditions used for the NMR experiments), 

the corresponding EPR spectra were totally different to those previously obtained 

(Figure 3.8, right). Indeed, the g║ value increased to 2.24, suggesting an increase of 

the electron-withdrawing character of the ligands , and the hyperfine parallel constant 

A║ decreased notably to 510 MHz (172 G).223 The combination of these two features 

indicates that one or two nitrogen atoms have been replaced with oxygen atoms; the 

poor resolution of the superhyperfine structure does not allow to determine the exact 

number of O atoms. Furthermore, the colour change observed, from pink (1:1.1 ratio) 

to blue (1:100 molar ratio), corroborates the replacement of nitrogen donors by oxygen 

atoms. 

As discussed previously, the NMR results suggested the coordination of the N-terminal 

amino group, the first amide function and the two imidazole rings of the peptides. The 

EPR results for the 1:100 Cu/peptide ratio characterise a Cu(II)-3N2O square-pyramidal 

coordination sphere, with an oxygen atom at the apical position; this oxygen may 

belong to a water molecule (Ow) or a carboxylate group (OCOO-). Consequently, a [NH2, 
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N-, NIm1/3, Ow/COO-, Ow/COO-] donor set was proposed when 1:100 Cu/peptide ratio was 

used. The coordinated amide most likely is from the central amino acid (i.e. Ala, Trp or 

Lys(Coum)), which is more acidic – because it is closer to the N-terminal amino group 

and can generate a 5-membered ring upon coordination. The imidazole ligand can 

belong either to a His residue of the chelating peptide or to a second peptide molecule. 

Since there is a marked excess of peptide (100-fold) with respect to copper, the 

imidazole ligand is probably from a second peptide molecule and can equally be from 

a His1 or His3 residues.  

 

Figure 3.9: Proposed coordination modes and geometries for the Cu(II)-peptide species in 

the case of Cu(II)/peptide = 1:100 (left) and Cu(II)/peptide = 1:1.1 (right). 

The highly stable ATCUN motif is therefore generated at equimolar or nearly equimolar 

Cu(II)-peptide ratios, whereas the intermolecular binding of a histidine residue from a 

second peptide molecule takes place in the presence of a high excess of peptide 

(Figure 3.9). Interestingly, such coordination-sphere variation with the Cu(II)/peptide 

ratio was not observed for Xaa-Xaa-His peptides like H-Gly-Trp-His-OH (GWH, Figure 

3.10), for which the ATCUN motif was generated, even when using a Cu(II)-peptide 

ratio of 1:100. 

 

Figure 3.10: Representation of H-Gly-Trp-His-OH (GWH). 
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A schematic representation of a Cu(II) ATCUN complex generated from N-terminal free 

His-Xaa-His peptides is shown in Figure 3.11. Cu(II) binding occurs through the free 

amino group of His1, the amide nitrogen atoms of Xaa2 and His3, and the imidazole 

ring of His3, generating a square-planar geometry with 3 (5,5,6)-membered fused 

rings.210 The coordination of the imidazole ring takes place through the δ nitrogen 

atom, since this binding mode allows the formation of a 6-membered ring and a more 

efficient σ donation to the metal centre.133,135,192 Such a rigid conformation was 

expected to result in a high copper-binding affinity and low redox activity, as will be 

discussed below. 

 

Figure 3.11: Albumin-like copper coordination sphere (ATCUN motif) of Cu(II) complexes 

from N-terminal free His-Xaa-His peptides. 

 

3.3.1.2 Determination of Cu(II)-affinity constants for the unprotected peptides by 

fluorescence spectroscopy 

ATCUN peptides and proteins present high copper affinities, with log K values in the 

range of 11.0-14.6, which are much higher than those of Aβ(1-40) and Aβ(1-42).224 In 

fact, the N-terminal truncated Aβ(4-16) fragment binds Cu(II) through its N-terminal 

Phe-Arg-His domain with high affinity (log K = 13.5), in an ATCUN coordination mode 

that blocks the copper redox cycle, therefore inhibiting ROS production.224-226 Aβ(4-16) 

contains a second copper binding site involving the His13 and His14 residues (using 

the numbering for Aβ(1-x)) with an affinity of about 7 orders of magnitude lower.224,225 

The Aβ(4-42) fragment, which exhibits the same Cu(II)-binding domains, has been 

found in brain tissue and is believed to act as a synaptic copper scavenger, especially 

under oxidising conditions.224,225 Hence, the ATCUN tripeptides herein described may 

be capable of  extracting Aβ-bound Cu(II) ions. 
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Measurements of the copper-induced fluorescence quenching were performed for 

HWH and HKcH. Complete quenching was achieved with HWH upon addition of 1 

equivalent of CuCl2, while 88% quenching was obtained with HKcH.210 This incomplete 

quenching may be due to the longer distance between the coumarin probe and the 

Cu(II)-binding site. The fluorescence-quenching data, using up to 1 equivalent of Cu(II), 

were fitted to the Stern-Volmer equation (Equation 3.2): 

   
I𝟎 

I
 = 1 + Ksv[Cu(II)] (3.2) 

where I0 is the fluorescent intensity of the free peptides, I is their intensity in the 

presence of Cu(II) ions, Ksv is the Stern-Volmer constant and [Cu(II)] is the concentration 

of Cu(II) ions. The Stern-Volmer plots obtained were not linear, thus indicating a 

second-order dependence on [Cu(II)] and, the participation of both dynamic and static 

quenching processes.227 Ksv  values of 1.7 × 105 M-1 and 1.3 × 105 M-1 were obtained 

for HWH and HKcH, respectively (r 2 > 0.99 in both cases). 

The determination of the apparent and conditional Cu(II)-affinity constants of the 

emissive HWH and HKcH tripeptides were carried out from fluorescence quenching 

data in HEPES-buffered solutions (100 mM, pH 7.4). The apparent affinity constants, 

Kapp, are given at a particular buffer and salt concentration and a fixed pH, while the 

conditional affinity constants, Kcond, are corrected from the binding of the buffer.71 

HEPES is a weak competitor for copper and it is known that it does not form ternary 

complexes.228,229  

The apparent affinity constants were obtained by fitting the intensity values to 

Equation 3.3:228,230  

   I =𝑰𝟎 + 
𝑰𝒍𝒊𝒎- I0

2[L]
([L]+[Cu

2+]+ 
1

Kapp - √([L]+[Cu
2+]+

1

Kapp)
2

- 4[L][Cu
2+]) (3.3) 

where [L] is the concentration of peptide, which was maintained constant at 10 µM, 

[Cu2+] is the concentration of copper, Kapp is the apparent affinity constant, and Ilim and 

I0 are the intensity of the fully Cu-complexed and the free peptide, respectively.  

The corresponding plots are shown in Figure 3.12.210 Upon addition of copper, the 

fluorescent intensity decreases gradually until an equimolar amount of Cu and peptide 

is reached, which supports the formation of 1:1 species. The determination coefficients 

(r 2) were > 0.99 in all cases. 
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Figure 3.12: Fluorescence Cu(II)-titration data and fitting using Equation 3.3, for HWH (left) 

and HKcH (right) in 100 mM HEPES buffer (pH 7.4). 

The Kapp values obtained were 3.7 × 107 for HWH and 3.5 × 106 M-1 for HKcH. The 

contribution of the HEPES buffer was subsequently subtracted to obtain the conditional 

affinity constants, Kcond, using Equation 3.4:  

log Kcond
= log Kapp

+ log (1+ β
Cu-buffer

× 
[buffer]

1+ 10
-pH+pKa

)  (3.4) 

where βCu-buffer is the dissociation constant of the Cu-HEPES complex (log βCu-buffer = 

3.22), [buffer] is the concentration of HEPES (100 mM) and Ka is the acidity constant of 

HEPES (pKa = 7.41).228,229 

Conditional affinity constants Kcond of 3.1 × 109 M-1 and 2.9 × 108 M-1 were determined 

for HWH and HKcH, respectively.210 Remarkably, these values are two and one order of 

magnitude higher, respectively, than the affinity constant, viz. 2.9 × 107 M-1, which 

Tõugu et al. obtained for Aβ(1-40) using the same methodology.228 Both HWH and 

HKcH should therefore be able to displace Aβ(1-40)-bound copper ions and hence 

prevent copper-induced Aβ toxicity. 

It has to be mentioned that the Aβ(1-40) affinity constant obtained from Tõugu et al. 

is three orders of magnitude lower than the widely accepted value of 1010 M-1.231,232 

Accordingly, this methodology does not seem to be adequate for the determination of 

K values for such strong Cu(II)-chelators for which the equilibrium is strongly displaced 

towards the formation of the Cu(II)-complexes. Hence, the affinity constants herein 

presented should only be taken as relative values; potentiometric analyses are required 

to accurately determine the correct binding affinities. However, the simplicity and 
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reproducibility of this method, which avoids the use of competitive binders, is sufficient 

for rapid comparative analyses of potential copper-chelating agents. 

Since HAH is non-emissive, competitive binding studies with HWH and HKcH 

(monitored by their emission changes) were conducted to determine its relative Cu-

binding affinity. The addition of increasing amounts of HAH to either (1:1) Cu(II)-HWH 

or Cu(II)-HKcH resulted in a partial (50%) recovery of the fluorescent intensity in both 

cases (Figure 3.13).210 The fact that the initial intensity was not totally recovered may 

be explained by an incomplete extraction of the Cu(II) ions by HAH, or by quenching 

produced by intermolecular interactions between aromatic rings (viz. indole/coumarin-

imidazole). Actually, blank experiments (that is without copper) showed emission 

quenching upon addition of HAH. 

 

Figure 3.13: Fluorescence titration data of 1:1 Cu(II)-HWH and 1:1 Cu(II)-HKcH with 

increasing amounts of HAH in 100 mM HEPES (pH 7.4). 

Therefore, the Cu-binding affinity followed the trend HAH > HWH > HKcH. In light of 

these results, the stabilising effect of the aromatic central residues in the complexation 

can be excluded as the driving factor of this trend;233 instead, a higher peptidic 

flexibility might explain a stronger interaction. 

In order to elucidate the influence of His1 on the binding affinity, the Cu(II)-binding 

affinity constants for GWH (see Figure 3.10), for which His1 is substituted with a glycine 

residue, were determined (Figure 3.14). 70% fluorescence quenching was observed 

upon addition of 1 equivalent of Cu(II), associated with a Ksv value of 7.7 × 104 M-1 

(Equation 3.2; r2 = 0.931).210 Equations 3.3 and 3.4 were used to obtain the apparent 

and conditional values of affinity constants of respectively 1.5 × 106 and 1.2 × 108 M-1 

(r2 = 0.984). These values are one order of magnitude lower than those of HWH; 
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although these data should be confirmed by potentiometric analyses, the 

difference/tendency observed suggests that the imidazole ring, although it does not 

participate in the binding of copper, has a stabilising role.  

 

Figure 3.14: Fluorescence Cu(II)-titration data and fitting using Equation 3.3 for GWH in 100 

mM HEPES buffer (pH 7.4). 

As already mentioned, the tripeptides should be able to compete with Aβ(1-40) for 

copper binding. Competition studies were therefore carried out using the Aβ(1-16) 

fragment. This non-aggregating fragment of Aβ contains the sequence responsible for 

copper binding as well as an emissive Tyr10 residue, which can be used to follow the 

metal interaction through spectrofluorimetry (see Chapter 1). The coumarinic HKcH 

peptide was selected for such experiments to avoid excitation/emission overlapping 

with the tyrosine residue (λexc = 275, 280 and 300 nm; λem = 305, 360 and 410 nm for 

tyrosine, tryptophan and coumarin, respectively). 

First, increasing amounts of HKcH were added to a 1:1 Cu(II)-Aβ(1-16) solution and the 

Cu(II)-extraction process was followed by the changes in Tyr10 emission (Figure 3.15, 

top). The fluorescent intensity of Aβ(1-16), decreased by 40% upon Cu(II) binding, was 

recovered up to 90% upon addition of 1 equivalent of HKcH, therefore indicating that 

the tripeptide was extracting Aβ-bound Cu(II) ions.210 Further HKcH additions resulted 

in a linear emission decrease. A similar effect was observed for a blank experiment 

containing Aβ(1-16) and HKcH, but without copper. This can be explained by an energy 

transfer effect (FRET, see section 3.1.4) between the two chromophores, the emission 

of tyrosine (λem = 305 nm) being very close to the excitation of coumarin (λexc = 300 

nm). This effect was not observed upon titration with non-emissive HAH, where 100% 
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of the emission was recovered and no decrease was observed for > 1 equivalent of 

added HAH. 

 

Figure 3.15: Cu(II)-competitive titration studies between HKcH and Aβ(1-16): addition of 

increasing amounts of HKcH to Cu(II)-Aβ(1-16), monitored by the emission at 305 nm (top); 

addition of Aβ(1-16) to Cu(II)-HKcH, monitored by the emission at 410 nm (bottom). 10 mM 

HEPES (pH 7.4). 

A reverse experiment was subsequently carried out where increasing amounts of Aβ(1-

16) were added to a solution containing equimolar amounts of Cu(II) and HKcH (Figure 

3.15, bottom). The emission increased linearly but in a less pronounced fashion than 

in the previous assay, and no slope change was observed this time.210 Again, the 
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intensity increase can be explained by a FRET phenomenon, and blank experiments 

(namely without copper) showed a similar profile. The contribution to the intensity 

increase due to Cu(II) extraction by Aβ(1-16) was negligible, further supporting the high 

stability of the Cu(II)-tripeptide complexes, even in the presence of a 4-fold excess of 

Aβ(1-16). HKcH presented the lowest affinity, compared with those of HWH and HAH. 

In conclusion, the three ATCUN tripeptides exhibit Cu(II)-binding affinities that are high 

enough to allow them to extract Aβ-bound Cu(II) ions. ATCUN peptidic sequences 

might thus represent promising synthons for the design of Cu(II)-ionophores for 

copper redistribution in AD. 

 

3.3.1.3 Inhibition of Cu-induced Aβ(1-40) aggregation and ROS production by 

unprotected peptides 

The aggregation of monomeric Aβ(1-40) in the presence and absence of copper, and 

the effect of the Cu-chelating tripeptides on this process was then followed by 

thioflavin T (ThT) fluorescence, which is a procedure commonly applied to monitor 

amyloid formation (see Chapter 1).108,109 Free ThT exhibits a weak fluorescent emission 

at 445 nm upon excitation at 385 nm. In the presence of amyloids, though, the 

excitation and emission wavelengths shift to 445 and 482 nm, respectively, and the 

emission intensity increases dramatically.108 ThT is selective towards amyloids and is 

unresponsive to aggregated species without β-sheet structures, low-order oligomers 

or amorphous precipitates. 

The data achieved for these aggregation studies are shown in Figure 3.16.210 Freshly 

prepared monomeric Aβ(1-40) induced low ThT emission intensity during the first 10-

15 minutes, due to the lack of  β-sheet content in this nucleation phase.30 After this lag 

time, the elongation phase (in which nuclei rapidly incorporate peptide molecules to 

generate β-sheet-containing protofibres) took place, resulting in an abrupt increase of 

ThT emission.32 Finally, the emission reaches saturation during the maturation phase, 

where large amyloids are generated. The aggregation process is thus characterised by 

a sigmoidal curve, common feature for amyloidogenic proteins.109 

The incubation of the protein with an equimolar amount of Cu(II) ions (copper is known 

to stabilise Aβ(1-40) oligomers) resulted in a weak and slow increase of ThT emission, 

consistent with the presence of low quantities of fibrillary Aβ(1-40).66-68 However, ThT 
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emission began to increase after 3 hours of incubation, reaching an intensity similar to 

that obtained for metal-free Aβ(1-40); thus, Cu(II) ions delayed the formation of fibres. 

 

Figure 3.16: Aggregation of Aβ(1-40) (pink dots), Aβ(1-40) in presence of CuCl2 (light-blue 

dots) and Aβ(1-40) in presence of CuCl2 and the different ATCUN tripeptides, namely HAH 

(dark-blue dots), HWH (green dots) and HKcH (red dots). The concentration of Aβ(1-40) was 

20  µM in all cases. ThT emission; λexc = 440 nm, λem = 490 nm. 10 mM Tris-HCl (pH 7.4), 37 

ºC. 

To evaluate the ability of the tripeptides to prevent the copper-induced stabilisation of 

oligomeric species, the emission of ThT was followed for Aβ(1-40) incubated with 1 

equivalent of Cu(II) and 2 equivalents of each chelating agent (Figure 3.16). 

Remarkably, characteristic sigmoidal curves were obtained for the three tripeptides, 

indicating that they are able to sequester the copper ions, giving rise to a normal 

aggregation of Aβ(1-40).210 

The aptitude of the ATCUN tripeptides to inhibit copper-catalysed ROS production was 

next investigated. As explained in Chapter 1, the interaction of copper with Aβ peptide 

induces the formation of oxidising species, which are responsible of oxidative stress 

and contribute to neuronal death in AD. The uncontrolled production of ROS is 

implicated in several pathologies including AD, amyotrophic lateral sclerosis, 

Huntington’s and Parkinson’s diseases or cancer. 
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When coordinated to Aβ, the redox potential of the Cu(II)/Cu(I) pair rises significantly 

(from +150 for free copper to +550 mV in the case of Cu-Aβ(1-42)).85 Therefore, Cu(II) 

is easily reduced to Cu(I) by endogenous reductants such as ascorbate (with a midpoint 

potential of +280 mV), which is highly abundant in cells (its concentration being of 

about 100 µM).85,234 Cu(I)-Aβ can then react with dioxygen and be re-oxidised to Cu(II) 

through a one-electron transfer, regenerating Cu(II)-Aβ species and producing highly 

damaging species like the superoxide radical (Figure 3.17).86,234  

  

Figure 3.17: Copper-catalysed ROS production in the presence of ascorbate. 

This catalytic one-electron process can further proceed and superoxide can be reduced 

to dihydrogen peroxide (first) and ultimately to the highly oxidising hydroxyl radical.234 

These ROS damage cell membranes, lipids and nucleic acids, leading to cell death.86 

The production of ROS is more efficient for [copper-oligomeric Aβ] complexes; the 

rearrangement of the coordination environment required during the successive 

oxidation-state changes of copper is easier (viz. a lower energy cost is involved) with 

soluble Aβ oligomers.76 The design of copper-chelating agents capable of blocking this 

catalytic cycle and inhibiting ROS production therefore represents a promising 

approach to diminish the oxidative stress observed in AD. 

The capacity of the chelating tripeptides to prevent Cu-catalysed ROS generation was 

then evaluated under aerobic conditions, following the consumption of ascorbate 

(100-fold excess compared to copper) through the decrease of its absorbance at 265 

nm during 30 min experiments.235 For these studies, the phosphate buffer used was 

pre-treated with Chelex 100 resin to remove any traces of metal present.  

The inhibition rates of the N-terminal unprotected tripeptides were calculated using 

Equation 3.5: 

% inhibition = (1 - 
Abs - Absblank

AbsfreeCu- Absblank
)  (3.5) 

where Absblank and AbsfreeCu are the absorbance values of ascorbate in the absence and 

presence of CuCl2, respectively.  
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After 30 minutes, 73% of the initial amount of ascorbate was consumed in the presence 

of Cu(II) ions (light-blue dots in Figure 3.18).210 Surprisingly, the addition of 1.1 

equivalents (with respect to copper) of Aβ(1-40) resulted in 62% inhibition of the 

ascorbate consumption (pink dots in Figure 3.18). Such antioxidant properties of Aβ 

are apparently contradictory with the extended idea that Cu-Aβ species generate ROS. 

However, it is reasonable to consider that the coordination of Cu(II) to Aβ may affect 

its redox cycling (compared with that of the “free” metal ion), leading to a decrease of 

ROS production. In turn, the presence of the ATCUN tripeptides (1.1 equivalents) 

yielded higher inhibition rates; 85, 95 and 97% inhibition of ascorbate consumption 

was observed for HAH, HWH and HKcH, respectively (see dark-blue, green and red dots 

in Figure 3.18).210 

 

Figure 3.18: Cu(II)-induced generation of ROS monitored through the consumption of 

ascorbate using its absorbance at 265 nm, in the presence and absence of the N-terminal 

free tripeptides. The inhibition rates of ROS production are indicated as percentages in 

relation to free copper (light-blue dots; 0% inhibition). Phosphate buffer 100 mM (pH 7.4). 

In agreement with the results here demonstrated, Mena et al. found that Cu(II) 

reduction for the complexes Cu(II)-HAH and Cu(II)-HWH could not be achieved 

applying potentials up to -1.2 V.135 DFT calculations actually showed reduction 

potentials of around -1.7 V for such ATCUN complexes. The rigidity of the ATCUN 

binding mode and the coordination of the two negatively charged amide functions 
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account for the very low reduction potential and hinder reduction of the metal centre.  

With such highly negative potentials, the reduction of Cu(II) with ascorbate cannot 

occur and therefore the production of ROS is prevented. 

The inhibition of the production of hydroxyl radicals was subsequently studied using 

coumarin-3-carboxylate as a radical scavenger. Coumarin-3-carboxylate reacts with 

hydroxyl radicals to yield the highly emissive 7-hydroxycoumarin-3-carboxylate (7-

OHCCA), which displays excitation and emission wavelengths of λexc = 385 nm and λem 

= 500 nm, respectively (Figure 3.19). The effect of the peptides on the production of 

such highly damaging radicals was thus assessed by monitoring the emission at 500 

nm using ascorbate as the reducing agent (initially 300 µM), under aerobic conditions. 

Coumarin-3-carboxylate was added in a high excess, compared to the peptides (1 mM 

and 1.1 μM, respectively), so that any contribution of the hydroxylated coumarinic 

moiety of HKcH peptide would be negligible. 

 

Figure 3.19: Generation of 7-OHCCA (λexc = 385 nm, λem = 500 nm) by reaction of coumarin-

3-carboxylate with the hydroxyl radical. 

The results obtained are shown in Figure 3.20, and the inhibition rates were calculated 

using Equation 3.6: 

% inhibition = (1- 
I - Iblank

IfreeCu- Iblank
)  (3.6) 

where I blank and I freeCu are the intensity values of ascorbate-coumarin-3-carboxylate in 

the absence and presence of CuCl2, respectively. The fluorescent intensity when copper 

was incubated with ascorbate in the presence of coumarin-3-carboxylate rapidly 

increased after the first 3 minutes, suggesting that hydroxyl radicals were produced. 

When copper was incubated with 1.1 equivalents of Aβ(1-40), 12% inhibition of the 

emission of 7-OHCCA was observed. In contrast, the ATCUN tripeptides (1.1 

equivalents) showed remarkable inhibition properties, as reflected by the values of 

67%, 70% and 76% for HAH, HWH and HKcH, respectively.210   
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Figure 3.20: Cu(II)-induced production of hydroxyl radicals followed by the emission of 7-

OHCCA (λexc = 385 nm, λem = 500 nm) in the presence and absence of the N-terminal free 

tripeptides. The inhibition rates of hydroxyl production are indicated as percentages, in 

relation to free copper (light-blue dots that are defined as 0% inhibition). Phosphate buffer 

100 mM (pH 7.4). 

In summary, the three chelating agents described above possess two of the crucial 

properties required for a potential ionophore drug, namely, upon Cu(II) chelation, they 

are able to 1) prevent the copper-induced stabilisation of toxic oligomers, and 2) inhibit 

the copper-catalysed production of ROS in the presence of high concentrations of a 

reducing agent (like ascorbate). 

 

3.3.2 Chelating properties of the N-terminal protected peptides 

3.3.2.1 Determination of the Cu(II)-binding mode of the N-terminal protected peptides 

The characterisation of the Cu(II)-binding properties of the protected peptides and of 

their ability to inhibit the copper-induced Aβ(1-40) oligomer formation and ROS 

production was next addressed. The tripeptides AcHKcH and AcHKdH were first 

incubated with 2 equivalents of CuCl2 at pH 7.4 and the resulting solutions were 

analysed by ESI-MS. As for the ATCUN peptides (viz. the peptides with unprotected N-

terminus), only the 1:1 Cu(II)-peptide species were detected; i.e. the 1:2 or 2:1 species 
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were not observed. The intensity of the peaks was remarkably lower than that obtained 

for the ATCUN peptides under similar experimental conditions, which might be 

indicative of a weaker Cu(II)-peptide interaction. 

Subsequently, the changes in absorbance upon titration with CuCl2 were analysed.209 

For AcHKcH, precipitation of the Cu(II)-peptide complex started with substoichiometric 

copper amounts; the actual stoichiometry could not be determined. The colour of the 

precipitate was bluish green, which indicated absorption in the orange-red region. 

Addition of CuCl2 to AcHKdH produced an even less soluble metal-peptide adduct. 

The suspensions were then centrifuged, and the precipitates were analysed by diffuse 

reflectance spectroscopy (Figure 3.21). Absorption maxima were found at 704 and 701 

nm for AcHKcH and AcHKdH, respectively. These significantly red-shifted d-d bands 

compared with those of the ATCUN peptides (515-520 nm, violet solutions, see section 

3.3.1) suggested the replacement of strong-field ligands, such as the N-terminal amino 

group or deprotonated amides, by weak-field donors, like carbonyl oxygen and 

imidazole nitrogen atoms. 

 

Figure 3.21: Diffuse reflectance spectra of CuAcHKcH (blue) and CuAcHKdH (red). 

Using Equation 3.1 for a [NIm, N-, N-, NIm] donor set, a λd-d value of 540 nm is expected, 

whereas this transition band is estimated at around 600 nm for a [NIm, N-, CO, NIm] 

one.211 Both values were far from the experimental ones obtained for the Cu(II)-

complexes of the N-acetylated peptides. Such a discrepancy may be due to the fact 

that Equation 3.1 is not valid when the coordination sphere includes donors at the 

apical positions (which could be the carboxylate group of His3 in the present case).   
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The interaction of the N-protected tripeptides with copper was subsequently studied 

by CD using Cu(II)/peptide ratios ranging from 0 to 2. Intense negative bands at λ = 

290 nm (AcHKcH) and 285 nm (AcHKdH) were detected, which were attributed to 

Namide→Cu(II) charge-transfer transitions, together with intraligand imidazole charge-

transfer processes (Figure 3.22).215,216,218,236 Shoulders were observed at about 330 and 

320 nm for AcHKcH and AcHKdH, respectively, which were attributed to Nimidazole→Cu(II) 

charge-transfer transitions. Unfortunately, the d-d bands were poorly defined, 

especially for AcHKcH. For AcHKdH, a possible positive band centred at about 550 nm 

was noticed. 

 

Figure 3.22: Circular dichroism spectra of the AcHKcH (left) and AcHKdH (right), using 

different Cu(II)-peptide ratios (in 100 mM HEPES pH 7.4). 

The coordination of the peptides to Cu(II) was further investigated by NMR.219 Addition 

of 0.5 mol% Cu(II) to AcHKcH resulted in a broadening of the signals corresponding to 

the first amide function, the carbonyl oxygen of Lys2 and the two imidazole rings 

(Figure 3.23, purple dots). These results are consistent with those obtained for 

AcHWH.135 Remarkably, the signals of the carboxylic group were also significantly 

affected, suggesting its participation in Cu(II) binding, probably in an apical position.  
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Figure 3.23: Colour-based representation of the magnitude of NMR peak broadening (1H 

and 13C NMR experiments) observed for the N-terminal protected tripeptides in the presence 

of 0.01 eq of CuCl2 (D2O solutions, pH 7.4). 

Finally, EPR spectra of frozen 1:1.1 Cu-peptide solutions were recorded. It can be 

pointed out that some precipitation occurred upon mixing the metal with the chelating 

agent. The spectra of the major species for both peptides are shown in Figure 3.24. As 

for the ATCUN peptides, the order of the g tensor (g║ > g┴ > ge) indicated a complex 

with axial symmetry.221 Similar values were obtained for both peptides, namely g║ = 

2.27, g┴ = 2.09 and A║ = 511 MHz (170 G) for AcHKcH, and g║ = 2.26, g┴ = 2.06 and A║ 

= 521 MHz (175 G) for AcHKdH. Such values characterise a square-planar geometry 

with a [2NIm, N-, CO/COO-] donor set.236-238 The g║ values were higher than that 

obtained for Cu(II)-HAH (viz. g║ = 2.07), whereas the value of the hyperfine parallel 

constant A║ was significantly lower (g║ Cu-HAH = 205 G = 601 MHz, see section 3.3.1), 

pointing towards an increase of the electron-withdrawing behaviour of the ligands.223 

Hence, oxygen donor atoms (e.g. from carbonyl groups of the amide backbone and/or 

the His3 carboxylic group) most likely participate in the binding of Cu(II) ions. 

 

Figure 3.24: EPR spectra of 1:1.1 Cu(II)-AcHKcH (left) and Cu(II)-AcHKdH (right) solutions. 100 

mM HEPES (pH 7.4), 77 K. 
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In summary, the characterisation data achieved using various techniques suggested 

the formation of a 3N1O coordination sphere, in agreement with computational studies 

described in the literature.135 The precipitation of Cu(II)-peptide adducts in some cases 

may be explained by the formation of neutral, hydrophobic species, involving a 

deprotonated amide function and the carboxylate group of His3. Accordingly, the two 

imidazole rings, the carbonyl oxygen atom of Lys2 and the amide nitrogen atom of 

Lys2 appear to be involved in the binding of copper, producing a three-(7,5,8)-

membered fused ring, as depicted in Figure 3.25.135 The participation of the 

carboxylate group of a second peptide molecule might also take place (indeed, the 

intramolecular binding of the carboxylate moiety would require high conformational 

strain), at an apical position of the 3N1O square plane.  

   

Figure 3.25: Proposed copper-coordination mode for the N-terminal protected His-Xaa-His 

peptides. 

It has been reported that, when both the C- and N-terminus are protected, a different 

binding is operating as the binding of only one deprotonated amide function is not 

sufficiently stable when the C-terminal carboxylate function is not available.237 For 

instance, 4N coordination, involving the two imidazole rings and the two deprotonated 

amide functions of Xaa2 and His3, has been reported for Ac-His-Xaa-His-NH2 peptides 

(Figure 3.26).237,238 In that context, it was envisaged to study the copper binding of 

AcHKdH-NH2 since it represents a “model compound” of a C-protected tripeptide 

connected to gold nanoparticles through its N-terminus (see section 3.1.3). 

Unfortunately, AcHKdH-NH2 was poorly soluble and therefore could not be studied by 

UV-Vis or EPR spectroscopy. 
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Figure 3.26: Proposed Cu(II)-binding mode for C- and N-terminal protected His-Xaa-His 

peptides. 

 

3.3.2.2 Determination of the Cu(II)-affinity constants of the N-protected peptides by 

fluorescence spectroscopy 

Fluorescence-quenching experiments were next carried out with the N-acetylated 

peptides to determine their Cu(II)-binding affinities. For AcHKcH, 31% quenching of the 

emission was observed upon addition of 1 equivalent of CuCl2. Such a low quenching 

effect may indicate a low affinity of this peptide for copper or that the distance between 

the coumarin (fluorescent) probe and the Cu(II)-binding site is too long. Unfortunately, 

the intensity data could not be fitted to the Stern-Volmer equation (Eq. 3.2, see section 

3.3.1). 84% quenching of the emission of the 4DMN probe was observed for AcHKdH, 

with a Ksv value of 2.9 × 105 M-1 (r 2 = 0.981), that is in the same order of magnitude 

than those obtained for HWH and HKcH (see section 3.3.1). 

The intensity data were fitted to Equation 3.3 to determine the corresponding, 

apparent Cu(II)-affinity constants, Kapp (see section 3.3.1).228,230 The conditional affinity 

constants, Kcond, were calculated using Equation 3.4. The plots obtained are shown in 

Figure 3.27. A decrease of the emission intensity was noticed, for both AcHKcH and 

AcHKdH, upon addition of up to 1 equivalent of CuCl2; afterwards, the emission 

intensity remained relatively constant. Such a change of slope at a Cu(II)-peptide molar 

ratio of 1:1 indicated a 1:1 stoichiometry, as already observed with the ATCUN peptides.  
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Figure 3.27: Cu(II) titration data obtained by fluorescence quenching (dark-blue dots) and 

fitting of the results (red curves) using Equation 3.3. Left: AcHKcH; right: AcHKdH. 100 mM 

HEPES buffer (pH 7.4). 

For AcHKcH, a poor fitting of the data to Equation 3.3 was achieved (r 2 = 0.971), which 

gave Kapp = 3.0 × 106 M-1 and Kcond = 2.2 × 108 M-1 (Figure 3.27, left). Unexpectedly, 

these values were similar to those found for the N-terminal free analogue HKcH (viz. 

Kapp = 3.5 × 106 M-1, Kcond = 2.9 × 108 M-1, see section 3.3.1). The conditional affinity 

constant is one order of magnitude larger than that of Aβ(1-40), namely 2.9 × 107 M-1; 

AcHKcH should therefore be able to displace Cu(II)-ions bound to Aβ(1-40).228 For 

AcHKdH, the titration data could not be fitted to Equation 3.3; a, most likely, 

overestimated Kcond value of 9.0 × 1010 M-1 (r2 = 0.902) was obtained (Figure 3.27, 

right). 

The Cu(II)-binding affinity of the doubly protected peptide AcHKdH-NH2 was then 

investigated; it should be stressed here that the concentrations needed for 

fluorescence-quenching studies are very low (10 µM), which allowed to study the 

affinity of this poorly soluble peptide. The addition of 1 equivalent of Cu(II) ions to 

AcHKdH-NH2 gave rise to 80% quenching of its emission intensity; applying Equation 

3.2, a Ksv value of 3.8 × 105 M-1 (r 2 = 0.974) was obtained. The intensity data points and 

their fitting to Equation 3.3 are shown in Figure 3.28. 
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Figure 3.28: Fluorescence Cu(II)-titration data for AcHKdH-NH2, obtained by fluorescence 

quenching and corresponding fitting using Equation 3.3. 100 mM HEPES buffer (pH 7.4). 

The reasonable fitting (r2 = 0.985; Figure 3.28) gave an apparent and a conditional 

affinity constant Kapp = 4.6 × 106 M-1 and Kcond = 3.3 × 108 M-1, respectively. Thus, like 

AcHKcH, AcHKdH-NH2 should be capable of abstracting Cu(II) ions bound to Aβ(1-40).  

Competitive binding studies with Aβ(1-16) were subsequently conducted. In a first 

instance, a solution of Cu(II)-Aβ(1-16) 1:1 was titrated with AcHKcH or AcHKdH, 

following the Cu(II)-displacement process by the emission of Tyr10 at 305 nm (see 

section 3.3.1). Unfortunately, the addition of the tripeptides resulted in the formation 

of precipitates that impeded to carry out the investigation.  

The reverse experiments, namely the addition of increasing amounts of Aβ(1-16) to 1:1 

Cu(II)-tripeptide solutions, were then performed to assess whether the Aβ fragment 

could displace Cu(II) ions previously bound to the N-acetylated peptides. For AcHKcH, 

the emission at 410 nm (corresponding to the emission of the coumarin probe) 

increased linearly up to the addition of 0.22 equivalents of Aβ(1-16) (Figure 3.29, top). 

Then, the emission intensity remained relatively constant, which suggested that the 

displacement of Cu(II) ions did not proceed further. Addition of Aβ(1-16) to AcHKcH 

without copper generated a precipitate with concomitant decrease of the fluorescent 

intensity.  
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Figure 3.29: Competitive Cu(II)-binding studies between Aβ(1-16) and AcHKcH (top) or 

AcHKdH (bottom). The experiments were carried out by in 10 mM HEPES (pH 7.4) adding 

increasing amounts of Aβ(1-16) to a solution of Cu(II)-tripeptide solution 1:1, which was 

monitored by the respective emissions, i.e. at 410 nm and 547 nm. 

The same procedure was carried out for AcHKdH, with λexc = 441 nm and λem = 547 nm. 

When a solution of Cu(II)-AcHKdH 1:1 was titrated with Aβ(1-16), the emission of the 

4DMN probe did not vary, suggesting that Aβ(1-16) could not remove copper bound 

to AcHKdH (Figure 3.29, bottom). As observed for AcHKcH, precipitation also occurred 

when Aβ(1-16) was added to a copper-free solution of AcHKdH. 
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In summary, in the case of CuAcHKcH, the initial increase of the fluorescent intensity 

could be due to the generation of AcHKcH-Cu-Aβ(1-16) ternary species. In contrast, no 

alteration of the fluorescence was observed for CuAcHKdH, hence implying that Aβ(1-

16) did not interact with this Cu(II)-tripeptide species. 

 

3.3.2.3 Effect of the N-acetylated peptides on the Cu-induced aggregation of Aβ(1-40) 

and ROS production  

The potential inhibition properties of the N-protected tripeptides towards the copper-

induced formation of oligomeric Aβ(1-40) species was examined; thus, Aβ(1-40) 

aggregation in the presence of CuCl2 and the tripeptides was followed by ThT (see 

section 3.3.1).108,109 The ATCUN peptide HAH, which was shown to efficiently act as an 

inhibitor of the copper-induced formation of oligomers (see above), was used as a 

reference. 

 

Figure 3.30: Aggregation of Aβ(1-40) (pink dots), Aβ(1-40) in presence of CuCl2 (light-blue 

dots), and Aβ(1-40) in presence of CuCl2 and 2 eq of HAH (green dots), AcHKcH (dark-blue 

dots) or AcHKdH (red dots). Aβ(1-40) aggregation was  followed by ThT fluorescence 

emission. 1X PBS (pH 7.4). 
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The corresponding aggregation plots are depicted in Figure 3.30. The characteristic 

sigmoidal curve, indicative of amyloid formation, was obtained without copper (purple 

dots). Contrarily, with stoichiometric amounts of CuCl2, ThT fluorescence did not 

increase due to the stabilisation of oligomeric species;66-68 the formation of amyloid 

was delayed. 

When 2 equivalents of HAH were added to the Cu(II)-Aβ(1-40) system, the sigmoidal 

aggregation profile and thus the formation of fibrillary Aβ(1-40) was restored, 

indicating that HAH sequestered the Cu(II) ions, as previously observed (see section 

3.3.1). Such effect was not observed for the N-terminal protected tripeptides AcHKcH 

and AcHKdH, suggesting that they were not able to (sufficiently) displace Cu(II) ions 

from Aβ(1-40), and thus to restore the fibrillation process. Aggregation studies without 

copper showed that the formation of Aβ(1-40) fibres was slightly delayed by AcHKcH 

and AcHKdH, but eventually took place.  

The data achieved contradicted the results of the fluorescence-quenching studies (see 

above), which indicated that these tripeptides had a better Cu(II)-binding affinity than 

Aβ(1-16). The fluorescence analyses as those described earlier, are therefore not 

accurate for the determination of the Cu(II)-affinity constants of strong chelating 

agents; competitive binding experiments with a weak Cu(II)-competitor such as glycine 

may be more appropriate for the study of AcHKcH and AcHKdH.231 In the case of 

AcHKdH, the preformed Cu-Aβ(1-40) oligomers remained stable and soluble after 

addition of 2 eq of the peptide. The addition of Aβ(1-40) to a solution of preformed 

Cu(II)-AcHKdH complex generated a ThT-silent precipitate (amorphous aggregates). 

Considering the results obtained with the non-aggregating Aβ(1-16) and aggregating 

Aβ(1-40) fragments, a series of specific features can be proposed for the interaction 

between the N-acetylated peptides, copper ions and Aβ, which are listed in Table 3.1. 

Table 3.1: Summary of the results of the competitive Cu(II)-binding studies between Aβ and 

the N-acetylated peptides AcHKcH and AcHKdH. TC: ternary complex. BC: binary complex. 

Experiment Aβ(1-16) Aβ(1-40) 

Aβ-Cu(II) + tripeptide Insoluble TC Does not compete 

tripeptide-Cu(II) + Aβ 

Does not compete 

(soluble TC with 

AcHKcH?) 

Amorphous Aβ 

aggregates 

tripeptide + Aβ Insoluble BC Aβ fibrils 
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Aβ(1-16) most likely forms ternary Cu(II)-peptide-Aβ or binary peptide-Aβ complexes, 

whereas Aβ(1-40) does not. Such behaviour has not been previously reported with 

other tripeptides.210 The N-acetylated tripeptides cannot displace Aβ-bound copper, 

and copper previously bound to the peptides cannot be removed by Aβ. Interestingly, 

the Cu(II)-peptide complexes inhibit Aβ fibrillation, probably inducing instead the 

formation of amorphous aggregates. 

The redox properties of the N-acetylated tripeptides-Cu(II) complexes in the presence 

of an excess of ascorbate (i.e. 100-fold) were then examined by following the 

consumption of the reducing agent (see section 3.3.1).235 In absence of copper (blank 

experiment), the ascorbate absorbance remained almost unaltered (green dots in 

Figure 3.31). In the absence of peptides, the CuCl2 salt consumed 66% of the initial 

amount of ascorbate within the first 5 minutes, and 97% had reacted after 15 minutes 

(light-blue dots). Incubation of CuCl2 with the N-terminal protected tripeptides (1.1 

equivalents) resulted in slower rates of ascorbate consumption. After the first 15 

minutes, AcHKcH (dark-blue dots) and AcHKdH (red dots) inhibited the consumption of 

ascorbate by 17% and 34% (calculated using Equation 3.5, see section 3.3.1), 

respectively, but only a slight inhibition was achieved after 30 min.  

 

Figure 3.31: Cu(II)-induced ROS generation monitored by the consumption of ascorbate 

through its absorbance at 265 nm, in the presence and absence of the N-terminal protected 

tripeptides. Phosphate buffer 100 mM (pH 7.4). 
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As reported by Mena et al., a potential of -0.24 V was found for the reduction of Cu(II)-

AcHWH to Cu(I)-AcHWH, whereas the potential for the oxidation of Cu(I)-AcHWH to 

Cu(II)-AcHWH, was found to be 0.22 V.135 Such a large difference was indicative of an 

irreversible one-electron transfer involving critical changes in the conformation of the 

metal complex, coupled with the protonation of the amide function bound to the Cu(II) 

ion. The reduction potential predicted by DFT analyses was -0.23 V, in good agreement 

with the experimental results. The N-terminal protected peptides thus present 

remarkably higher reduction potentials than those of ATCUN peptides; this difference 

can be explained by their less rigid conformation and the binding of only one amide 

function (see section 3.3.1). Although the potential is still negative, the reduction of 

the corresponding Cu(II)-complexes can be achieved in the presence of high amounts 

of ascorbate or other reducing agents, with concomitant production of ROS. 

Finally, the capacity of the chelating agents to prevent the production of hydroxyl 

radicals in the presence of ascorbate (300 µM) was assessed through the emission of 

the hydroxylated product 7-OHCCA (λexc = 385 nm, λem = 500 nm; see section 3.3.1) of 

coumarin-3-carboxylate; the results obtained are shown in Figure 3.32. For the 

ascorbate-Cu(II) system (light-blue dots in Figure 3.32), the characteristic emission of 

7-OHCCA increased linearly during the first 15 minutes, indicating that hydroxyl 

radicals were produced. Then, the emission reached a plateau and subsequently started 

to decrease, probably as the result of the oxidation of 7-OHCCA.  

Upon incubation of copper with 1.1 equivalents of AcHKcH and AcHKdH, inhibition rates 

of 11% (dark-blue dots) and 47% (red dots) were respectively observed (calculated 

using Equation 3.6, see section 3.3.1). Thus, both the UV-Vis and fluorescence data 

indicate that AcHKdH is a more effective hydroxyl-radical inhibitor than AcHKcH. 

However, these N-terminal protected tripeptides display poorer ROS-inhibition 

properties than ATCUN chelating agents, which may be explained by their higher 

flexibility and/or the involvement of only one negatively-charged amide function for 

copper binding.135   
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Figure 3.32: Cu(II)-induced production of hydroxyl radicals followed by the emission of 7-

OHCCA (λexc = 385 nm, λem = 500 nm; green dots = free 7-OHCCA) in the presence and 

absence of the N-terminal protected tripeptides (dark-blue dots = AcHKcH; red dots = 

AcHKdH). The inhibition rates of the production of hydroxyl radicals are indicated as 

percentages, in relation to free copper (light-blue dots that are defined as 0% inhibition). 

Phosphate buffer 100 mM (pH 7.4). 

 

3.3.3 Fluorescent properties of Fluo-His-Lys(Coum)-His-NH2 (FluoHKcH) in the 

presence and absence of Cu(II) 

As discussed in section 3.1.4, since copper and its regulation are essential for living 

organisms, the development of Cu-sensitive fluorescent probes has received 

worldwide attention. In that context, the potential Cu(II)-probe, namely Fluo-His-

Lys(Coum)-His-NH2 (FluoHKcH), containing both a coumarin and a fluorescein unit, 

was designed and synthesised (see Chapter 2). In this section, the analysis of its 

possible Förster resonance energy transfer (FRET) properties and their variation in the 

presence of Cu(II) is described.  

Coumarins and fluorescein derivatives are very commonly used for biological, 

pharmaceutical and biomedical applications. Coumarin compounds display fluorescent 

properties that can be (fine-)tuned using different substituents.141,142 Furthermore, they 
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may exhibit interesting pharmacological activities (see Chapter 2).137-140 Fluorescein is 

used for the labelling of proteins,239 imaging,240 the detection of liposome lysis241,242 or 

for the design of fluorescent probes.202 Fluorescein displays an intense fluorescent 

emission, a high water solubility and can easily be bioconjugated; moreover, it can be 

excited with a standard argon-ion laser.202,243 Nevertheless, fluorescein can suffer from 

photobleaching effects and can self-quench.202 

The two pH-dependent isomers depicted in Figure 3.33 are usually considered in 

aqueous solutions of fluorescein.243 At low pH, fluorescein is non-emissive, whilst a 

bright green-emissive isomer including a lactone ring is present in neutral or alkali 

solutions. Such pH-dependent behaviour has been exploited for its application as an 

acid-base indicator.202,243 

 

Figure 3.33: Tautomeric forms of fluorescein at acidic (left) or neutral/alkali pH (right). 

The maximum absorption wavelength of carboxyfluorescein is 492 nm (ε492 = 5.86 × 

104 M-1cm-1), which is associated with an emission wavelength of 521 nm.208 These 

spectroscopic data were also found for FluoHKcH. 

Although the difference between the maximum emission wavelength of coumarin (410 

nm, acting as the donor) and the excitation wavelength of fluorescein (492 nm, acting 

as the acceptor) is significant (viz. 82 nm difference), a certain overlap is though 

expected. Hence, upon excitation of the fluorescent peptide at 300 nm (λexc of 

coumarin), fluorescence emission at 521 nm (the λem of fluorescein) is anticipated. 

The potential FRET properties of FluoHKcH was investigated by comparison with H-His-

Lys(Coum)-His-OH (HKcH) and Fluo-His-Nle-His-NH2 (FluoHJH) (Figure 3.34). These 

peptides, whose synthesis is described in Chapter 2, indeed contain only one dye of 

the FRET pair, namely coumarin for HKcH and fluorescein for FluoHJH, and therefore 

cannot undergo any FRET process. Accordingly, the emission at 410 nm should be 

weaker for FluoHKcH than for HKcH due to a non-radiative energy transfer from the 



192  3. Chelation and detection of Cu(II) 
 

coumarin donor to the fluorescein acceptor. In contrast, the emission at 521 nm for 

FluoHKcH should be enhanced compared to that of FluoHJH, in which no energy 

transfer can take place. 

 

Figure 3.34: Peptides containing one or two fluorescent dyes (coumarin - Coum and/or 

fluorescein - Fluo). 

For these studies, HEPES solutions (pH 7.4) of the peptides were excited at 300 nm (the 

excitation wavelength of the coumarin donor), and the emission of either the coumarin 

or the fluorescein moiety was registered. Expectedly, the intensity of HKcH at 410 nm 

(the emission wavelength of coumarin) was 8.7-fold higher than that of FluoHKcH 

(Figure 3.35). 

However, the emission intensity at 521 nm (corresponding to the emission of 

fluorescein) was 1.4-time higher for FluoHJH than for FluoHKcH. A control experiment 

with 5(6)-carboxyfluorescein and coumarin-3-carboxylic acid showed no significant 

effect (for instance quenching) on the emission of the fluorescein dye. 
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Figure 3.35: Relative intensities of left: FluoHKcH and HKcH (λem = 410 nm); right: FluoHKcH 

and FluoHJH (λem = 521 nm). 10 mM HEPES (pH 7.4); λexc = 300 nm. 

Moreover, the fluorescein emission of FluoHJH was 18 times higher than that of 

coumarin for HKcH, as the result of the much larger quantum yield of fluorescein 

compared with that of coumarin (Figure 3.36).208 Consequently, FluoHKcH was not 

appropriate for its use as a ratiometric probe as similar intensities are desirable for the 

two FRET-pair dyes. 

 

Figure 3.36: Relative intensities of HKcH (λem = 410 nm) and FluoHJH (λem = 521 nm) in 10 

mM HEPES (pH 7.4). λexc = 300 nm was used for both peptides 

The variation of the emission intensities of FluoHKcH upon addition of Cu(II) was then 

studied. A HEPES-buffered solution (pH 7.4) of the peptide was titrated with CuCl2, by 

registering the fluorescence intensities at 410 and 521 nm upon excitation at 300 nm. 

Figure 3.37 represents the variation of the ratio of the intensities at 410 and 521 nm 

(I410/I521) with respect to the number of equivalents of added Cu(II). I410/I521 increased 

gradually up to 4.2-times the initial value. This intensification of the fluorescence signal 

was due to 184% intensity increase at 410 nm associated with 46% intensity decrease 

at 521 nm. This could be explained by i) the (partial) deactivation of a FRET-like energy 

transfer process or ii) a differential Cu(II)-quenching effect, viz. the metal had a stronger 

quenching effect on fluorescein. The apparent lower copper influence on coumarin 
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might be due to its longer distance from the metal binding site, compared to 

fluorescein. 

 

Figure 3.37: Variation of the ratio of the intensities at 410 and 521 nm (I410/I521) for FluoHKcH 

upon addition of increasing amounts of Cu(II) in 100 mM HEPES (pH 7.4); λexc = 300 nm. 

Despite the unfavourable fluorescence properties (namely the lack of intensity 

enhancement for the fluorescein acceptor, the low fluorescent emission of the 

coumarin dye and unconfirmed FRET) of FluoHKcH, these results are encouraging for 

the future design of two-fluorophore probes using the His-Lys-His scaffold. Ratiometric 

fluorescent probes containing two non-interacting dyes (viz. an analyte-sensitive 

reporter and an analyte-insensitive reference) represent an alternative to FRET-based 

sensors for different ions or other analytes,188 for instance Pb(II),244 protons,245 

glucose246 or dioxygen.247  
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3.4 Concluding remarks 

Cu(II) coordination of both N-terminal free and N-terminal protected peptides was 

investigated by mass spectrometry, UV-Vis, circular dichroism, nuclear magnetic 

resonance and electron paramagnetic resonance spectroscopies.210 The Cu(II)-binding 

affinities of the peptides were studied by fluorescence spectroscopy and compared 

with that of Aβ(1-40); competitive binding studies with the non-aggregating Aβ(1-16) 

fragment, which contains the Cu(II)-binding sequence, were also carried out. The 

capacity of the tripeptides to prevent the Cu(II)-induced formation of oligomeric Aβ(1-

40) was examined by ThT kinetic measurements. Finally, the inhibition of the copper-

catalysed production of reactive oxygen species (ROS) was assessed through the 

consumption of ascorbate; the formation of hydroxyl radicals was assessed by the 

emission of 7-hydroxycoumarin-3-carboxylate (7-OHCCA). 

The N-terminal free peptides HAH, HWH and HKcH bind one Cu(II) ion through the N-

terminal amino group, two amide functions (that of the central amino acid and of His3) 

and the imidazole ring of His3, generating a 4N ATCUN coordination environment.210 

This rigid and highly stable motif provides Cu(II)-binding affinity constants that are 1 

to 2 orders of magnitude higher than that of Aβ(1-40) and of the promising anti-AD 

ionophore clioquinol.122,228,248 Moreover, it has been demonstrated that the presence 

of a His1 in an ATCUN peptide enables a completely different binding mode (with lower 

affinity) at very high peptide/copper ratios.  

HKcH was able to remove Cu(II) ions bound to Aβ(1-16), while the addition of up to 4 

equivalents of Aβ(1-16) to the Cu(II)-HKcH complex did not result in metal 

displacement.210 Interestingly, the presence of a His residue in position 1, although not 

participating directly in copper binding, was found to increase the affinity of the 

peptides towards Cu(II); for instance, GWH exhibited an affinity constant one order of 

magnitude lower than that of HWH.  

The addition of 2 equivalents of the ATCUN tripeptides prevented the Cu(II)-induced 

stabilisation of Aβ(1-40) oligomeric forms, restoring the natural aggregation of the 

peptide, as deduced from ThT assays.210 Moreover, all tripeptides efficiently inhibited 

the production of ROS (85-97% inhibition), and particularly of the generation of very 

harmful hydroxyl radicals. Hence, the ATCUN His-Xaa-His tripeptides possess two of 

the major properties required for drugs aimed at reducing the toxicity associated to 

the interaction of Aβ with copper: i) the removal of Cu(II) ions bound to Aβ and ii) the 
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inhibition of ROS production. Furthermore, it is not expected that the ATCUN His-Xaa-

His tripeptides can remove copper from the strong Cu-chelating metalloproteins found 

in cells (which is essential for their biological activity). The ATCUN His-Xaa-His 

sequence thus represents a promising building block for the design and development 

of drugs against AD oxidative stress.  

At high Cu(II)-peptide ratios, the N-terminal free peptides formed a different, 3N2O 

square-pyramidal coordination sphere. Such species are likely to present different 

electronic features and therefore their redox properties should be carefully 

investigated. 

The N-terminal protected (acetylated) peptides AcHKcH and AcHKdH generated 1:1 

Cu(II) complexes in a 3N1O coordination environment, which involved both imidazole 

rings (of His1 and His3), an amide function and the carbonyl oxygen of the central 

amino acid. A Cu(II)-binding affinity constant one order of magnitude higher than that 

of Aβ(1-40) was determined for AcHKcH. For AcHKdH, the emission intensity data could 

not be fitted. Competitive binding studies to evaluate the ability of the protected 

tripeptides to displace Cu(II) from Aβ(1-16) were unsuccessful, due to precipitation. 

Aβ(1-16) was not able to extract Cu(II) ions bound to AcHKdH, even at high 

concentrations; the formation of other (ternary) species between AcHKcH and Aβ(1-16) 

most likely takes place. 2 equivalents of the acetylated tripeptides were not able to 

restore the normal fibrillation of Aβ(1-40) in solutions containing Cu(II) ions. More in-

depth studies, for instance using the weak copper-binding glycine or by potentiometry, 

are needed to determine the actual Cu(II)-chelating affinities of AcHKcH and AcHKdH; 

the mechanism upon which they promote the precipitation of Aβ(1-16) should also be 

thoroughly investigated.    

The N-protected tripeptides were weak inhibitors of the Cu-mediated generation of 

ROS, suggesting a high copper reduction potential (upon binding). Such remarkable 

difference in the redox properties highlighted the significant impact of the ligands 

involved in the coordination of copper on the electronic properties of the Cu(II)-

peptide complexes. Important redox activities and ROS productions have been 

reported for Cu(II)-complexes from other ATCUN tripeptides; these features depended 

markedly on the stereochemistry of the amino acid residues and the surrounding 

charge density.249  
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Finally, FluoHKcH was studied as a potential FRET-based fluorescent probe for Cu(II). 

FluoHKcH contains a coumarin (λexc = 300 nm, λem = 410 nm) and a fluorescein (λexc = 

492 nm, λem = 521 nm) groups. Upon addition of CuCl2, the I410/I521 intensity ratio 

increased 4.2-fold through a combined increase of the emission at 410 nm and 

decrease of the intensity at 521 nm.  

A FRET process could not be confirmed for FluoHKcH. Upon exciting the coumarin 

moiety of FluoHKcH, the fluorescein emission at 521 nm was lower than that of FluoHJH, 

which only possessed fluorescein; an enhancement of the emission intensity due to the 

energy transfer from the coumarin donor to the fluorescein acceptor was expected. 

Besides, fluorescein emission was much higher than that of coumarin, hence discarding 

the potential application of this peptide as a FRET-based probe. The utilisation of an 

acceptor non-absorbing at the excitation wavelength of the donor would also be more 

adequate.  

A tripeptide like RhoB-His-Lys(Fluo)-His-NH2 (RhoB = rhodamine B), whose synthesis 

has been attempted with no success (see Chapter 2) would probably be a more 

suitable FRET-based probe candidate. Fluorescein and rhodamine derivatives represent 

another widely employed FRET pair, fluorescein acting as the donor and rhodamine as 

the acceptor; fluorescein and rhodamine present similar and highly intense 

fluorescence emissions.202,208   

Alternatively, substituted coumarins may provide efficient donors for fluorescein, with 

much higher intensities than that afforded by the parent unsubstituted coumarin 

described in this chapter.141,142 In addition, a larger overlap between the emission of 

the donor and the excitation of the acceptor is desirable. However, the dependence of 

I410/I521 on the concentration of Cu(II) found for FluoHKcH is encouraging and validates 

the approach combining two different fluorophores in a single chelating peptide. 
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3.5 Experimental section 

3.5.1 Reagents, solvents and equipment 

Table 3.2: Reagents and solvents used for the work described in this chapter. 

Brand Products 

Acros Organics coumarin-3-carboxylic acid 

Sigma Aldrich 
ascorbate, D2O, HEPES, HFIP, ThT, 

Tris-HCl, TSP 

Fisher Scientific DMSO, PBS 

Panreac CuCl2·2H2O 

Scharlau acetone 

 

Table 3.3: Instrumentation used for the work described in this chapter. 

Instrument Brand Model 

Analytical balance A & D Instruments GR-200-EC 

Gram-scale balance Sartorius Basic BA 110 

Sonicator Fisherbrand FB15051 

Shaking Block 

Heater 
Eppendorf ThermoMixer C 

Milli-Q H2O (resistivity > 18 MΩ·cm) was produced by filtering deionised water with a 

Milli-Q Plus (Millipore) system. CuCl2·2H2O was used as the source of copper for all the 

studies. 

H-His-Ala-His-OH (HAH), H-His-Trp-His-OH (HWH), H-His-Lys(Coum)-His-OH (HKcH) 

and H-Gly-Trp-His-OH (GWH) peptides were purchased from GeneCust (Luxembourg) 

as hydrochloride salts and were used as received. Ac-His-Lys(Coum)-His-OH (AcHKcH), 

Ac-His-Lys(4DMN)-His-OH (AcHKdH), Ac-His-Lys(4DMN)-His-NH2 (AcHKdH-NH2), 

Fluo-His-Nle-His-NH2 (FluoHJH) and Fluo-His-Lys(Coum)-His-NH2 (FluoHKcH) were 

synthesised as described in Chapter 2, and obtained as trifluoroacetate salts. Aβ(1-40) 

was acquired from Bachem as a trifluoroacetate salt, while Aβ(1-16) was purchased from 

Innovagen. Chelex® 100 resin (200-400 mesh, sodium form) was purchased from Bio-

Rad. 
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The concentrations of the stock solutions of all peptides were determined 

spectrophotometrically in buffer at pH 7.4 using the molar extinction coefficients ε(Trp, 

280 nm) = 5690 M-1 cm-1, ε(Lys(Coum), 300 nm) = 12300 M-1 cm-1, ε(Lys(4DMN), 441 

nm) = 8400 M-1 cm-1 and ε(Fluo, 492 nm) = 58600 M-1 cm-1. 

 

3.5.2 Procedures, instrumentation and techniques  

Electrospray ionisation mass spectrometry (ESI-MS) 

ESI mass spectra were recorded on an LC/MSD-TOF spectrometer from Agilent 

Technologies equipped with an electrospray ionisation (ESI) source at the Serveis 

Cientificotècnics of the Universitat de Barcelona (CCiTUB). The spectra were acquired 

in positive-ion mode at a voltage of either 175 or 215 V. The peptide solutions with 2 

eq of CuCl2 (250 μM and 500 μM, respectively) were prepared in Milli-Q water, and the 

pH was adjusted to 7.4 using NaOH.  

 

UV-Vis spectroscopy  

Absorbance spectra were recorded on a Varian Cary 100 Scan spectrophotometer using 

a quartz cuvette (1 cm pathlength) at rt. 

 

Determination of the stoichiometry of the Cu(II)-peptide complexes  

Peptide solutions (1 mM) in HEPES (100 mM, pH 7.4) were titrated with aqueous CuCl2 

(50 mM). The spectra were registered from 800 to 200 nm. The data at 405 nm and the 

absorbance values corresponding to the d-d bands of the Cu(II)-peptide complexes 

were separately plotted against the number of eq of Cu(II). The concentration of 

peptide was kept constant by adding a 3 mM peptide solution (prepared in 100 mM 

HEPES, pH 7.4). 
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Ascorbate consumption 

The ascorbate consumption reactions were performed in 100 mM phosphate buffer 

(pH 7.4) pre-treated with Chelex 100 resin (Bio-Rad). The stock solutions of the peptides 

and of CuCl2 were prepared in Milli-Q H2O. The ascorbate solutions were freshly 

prepared in Chelex-treated phosphate buffer, prior to each measurement. The final 

concentrations were 1 µM CuCl2, 1.1 µM peptide and 100 µM ascorbic acid. Absorbance 

measurements were done from 350 to 200 nm under aerobic conditions, during a 

period of 30 min. The absorbance data obtained at 265 nm were plotted against time. 

The inhibition rates were calculated applying Equation 3.5 (see section 3.3.1). 

 

Circular Dichroism (CD) 

CD experiments were run from 750 to 240 nm using a JASCO J-815 circular dichroism 

spectropolarimeter and 1 cm quartz cuvettes, with a scanning speed of 200 nm per 

minute. Peptide solutions (125 μM) were prepared in 100 mM HEPES (pH 7.4) and were 

subsequently titrated with aqueous CuCl2 (2.5 mM). The concentration of peptide was 

kept constant along the titration. 

 

Diffuse reflectance UV-Vis spectroscopy 

1 mM suspensions of CuAcHKcH and CuAcHKdH were prepared and centrifuged (13300 

rpm, 30 min). The supernatants were discarded, and the solids were dispersed in Al2O3. 

The resulting mixture was homogenised, and the UV-Vis spectra were registered. Al2O3 

was used as a blank.  

 

Nuclear Magnetic Resonance (NMR) 

1H and 13C NMR experiments were performed on a Bruker Avance III 400 MHz 

spectrometer equipped with a 5 mm cryoprobe (Prodigy) broadband (CPPBBO BB-

1H/19F/D) with gradients in Z at the Centres Científics i Tecnològics of the Universitat 

de Barcelona (CCiTUB). 1H NMR spectra were recorded at 400 MHz, while 13C NMR 

spectra were registered at 100.6 MHz with proton decoupling. Solvent suppression was 

achieved using a PRESAT pulse sequence. The NMR data were analysed using 
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MestReNova 9.1.0. Solutions of 10 mM peptide with 0.5-1% CuCl2 in D2O were adjusted 

to pH 7.4, and measured with an insert containing a 5 mg·mL-1 solution of [D4]-3-

(trimethylsilyl)propanoic acid (TSP) as an internal reference (D2O δ 4.79 ppm for 1H 

NMR). It should be noted that, even though the measurements were made in D2O, it 

was decided to use the notation pH. 

 

EPR studies 

CuCl2-peptide samples in 1:1.1 (5 mM Cu2+) or 1:100 (2 mM Cu2+) ratios were used in 

100 mM HEPES buffer (pH 7.4). X-band EPR spectra of frozen solutions were registered 

at 77 K on a Bruker ESP300E spectrometer. Processing and simulation of the spectra 

were carried out using Bruker WINEPR 2.11 software.  

 

Fluorescence spectroscopy 

Fluorescence experiments were performed at rt using a HORIBA Jobin–Yvon iHR320 

spectrofluorometer under aerobic conditions. The instrument excitation and emission 

slits were set at 5 nm. 

 

Determination of the conditional binding constants:  

Peptide solutions (10 µM) were titrated with CuCl2 (150 µM); the peptide concentration 

was kept constant at 10 µM by adding a 30 µM solution of the peptide. All solutions 

were prepared in 100 mM HEPES buffer (pH 7.4). The emission spectra were registered 

using the following excitation and emission wavelengths (voltage of the 

photomultiplier detector = 950 V): λexc = 280 nm, λem = 300-600 nm for HWH and GWH; 

λexc = 300 nm, λem = 320-570 nm for HKcH and AcHKcH; λexc = 441 nm, λem = 460-700 

nm for AcHKdH and AcHKdH-NH2. The apparent affinity constants, Kapp, of the Cu(II) 

complexes were calculated by fitting the fluorescence data (at λem = 360, 410 and 547 

nm for the peptides containing indole, coumarin or 4DMN probes, respectively) to 

Equation 3.3 (see section 3.3.1). The conditional affinity constants, Kcond, were then 

determined by using Equation 3.4 (see section 3.3.1). 
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Evaluation of the Cu(II)-binding affinity of HAH by competitive studies with HWH/HKcH:  

Cu(II)-HWH or Cu(II)-HKcH solutions (10 µM) were titrated with HAH (200 µM); the 

concentrations of HWH/HKcH and of Cu(II) were kept constant at 10 µM by adding a 

30 µM Cu(II)-HWH or Cu(II)-HKcH solution, respectively. All solutions were prepared in 

100 mM HEPES buffer (pH 7.4). The emission spectra were registered using the 

following excitation and emission wavelengths (voltage of the photomultiplier detector 

= 950 V): λexc = 280 nm, λem = 300-600 nm for HWH; λexc = 300 nm, λem = 320-570 nm 

for HKcH. The emission values at λem = 360 nm (HWH) and λem = 410 nm (HKcH) were 

plotted against the number of eq of HAH. 

 

Competitive binding studies with Aβ(1-16):  

Preparation of the Aβ(1-16) stock solution: solid Aβ(1-16) (1 mg) was dissolved in 10 

mM HEPES (pH 7.4), and the resulting solution was sonicated for 30 min. The 

concentration was determined spectrophotometrically using the molar extinction 

coefficient ε(Abs276 – Abs296 = 1410 M-1 cm-1). 

Titration of Cu(II)-Aβ(1-16) with the chelating peptides: Cu(II)-Aβ(1-16) (10 µM) was 

titrated with the chelating peptides (HKcH, AcHKcH or AcHKdH, 150 µM); the 

concentration of Aβ(1-16) and of Cu(II) were kept constant at 10 µM by adding a 30 

µM Cu(II)-Aβ(1-16) solution. All solutions were prepared in 10 mM HEPES buffer (pH 

7.4). The emission spectra were registered using λexc = 275 nm from 280 to 450 nm 

(voltage of the photomultiplier detector = 950 V). The emission intensities at λem = 305 

nm (Tyr) were plotted against the number of eq of HKcH. 

Titration of Cu(II) complexes of the chelating peptides with Aβ(1-16): the Cu(II) 

complexes of the chelating peptides (HKcH, AcHKcH and AcHKdH, 10 µM) were titrated 

with Aβ(1-16) (150 µM); the concentration of the chelating peptides and of Cu(II) were 

kept constant at 10 µM by adding a 30 µM Cu(II)-peptide solution. All solutions were 

prepared in 10 mM HEPES buffer (pH 7.4). The emission spectra were registered using 

the following excitation and emission wavelengths (voltage of the photomultiplier 

detector = 950 V): λexc = 300 nm, λem = 320-570 nm for HKcH and AcHKcH; λexc = 441 

nm, λem = 460-700 nm for AcHKdH. The emission intensities at λem = 410 nm (HKcH and 

AcHKcH) and λem = 547 nm (AcHKdH) were plotted against the number of eq of Aβ(1-

16). 
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Inhibition of the generation of hydroxyl radicals monitored by the emission of 7-

hydroxycoumarin-3-carboxylate (7-OHCCA):  

Single-point fluorescence measurements were carried out at rt in phosphate buffer 

(100 mm, pH 7.4), pre-treated with Chelex 100 resin (Bio-Rad). The emission of 7-

OHCCA (λexc = 385 nm, λem = 500 nm, voltage of the photomultiplier detector = 950 V) 

was registered during a period of 30 min under aerobic conditions. A coumarin-3-

carboxylate stock solution (5 mM) was prepared in phosphate buffer as described 

previously. The stock solutions of the peptides and of CuCl2 were prepared in Milli-Q 

H2O. The ascorbate solutions were freshly prepared in Chelex-treated phosphate 

buffer, immediately prior to each measurement. The final concentrations were 1 µM 

CuCl2, 1.1 µM peptide, 300 µM ascorbic acid, and 1 mM coumarin-3-carboxylate. The 

inhibition rates were calculated applying Equation 3.6 (see section 3.3.1). 

 

Study of the fluorescence properties of FluoHKcH: 

Comparative analyses of the emission intensities of FluoHKcH, HKcH and FluoHJH: 

FluoHKcH, HKcH and FluoHJH solutions (5 µM) were prepared in 10 mM HEPES buffer 

(pH 7.4) and their emission intensity was measured from 320 to 700 nm using λexc = 

300 nm with the photomultiplier detector set at 700 V. 

Titration of FluoHKcH with CuCl2: A 10 µM FluoHKcH solution in 100 mM HEPES buffer 

(pH 7.4) was titrated with CuCl2 (150 µM); the peptide concentration was kept constant 

at 10 µM by adding a 30 µM solution of the peptide. The sample was excited at 300 

nm and the emission was registered from 320 to 600 nm with the voltage of the 

photomultiplier detector set at 700 V. The ratio of the intensities at 410 and 521 nm 

was plotted against the number of eq of Cu(II). 

 

 

 

 

 



204  3. Chelation and detection of Cu(II) 
 

In vitro Aβ(1–40) aggregation kinetics  

Preparation of aggregate-free amyloid-β peptide:  

Aβ(1-40) (5 mg) was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; 500 μL) 

under vigorous shaking at rt for 1 h, after which it was sonicated for 30 min. The 

solution was further shaken for 1 h and subsequently kept at 4 ºC for 30 min to avoid 

solvent evaporation during aliquoting. Aliquots of soluble Aβ(1-40) were collected and 

HFIP was evaporated in air. The resulting solid Aβ(1-40) aliquots were stored at –20 ºC, 

and the amount of protein per sample was calculated spectrophotometrically, 

dissolving one aliquot in 100 mM HEPES (pH 7.4) and using the molar extinction 

coefficient ε(Tyr, 280 nm) = 1490 M-1 cm-1. 

 

Aggregation studies: 

Aliquots of monomeric Aβ(1-40) were dissolved in DMSO (20-50 μL) using sonication 

for 10 min. Stock solutions containing Aβ(1–40) and ThT in the appropriate 

concentrations were prepared just before the preparation of the samples. The final 

samples contained 20 μM Aβ(1–40), 25 μM ThT, 20 μM CuCl2 and 40 μM tripeptide.  

For the experiments with HAH, HWH and HKcH, the final solutions were prepared in 10 

mM Tris-HCl (pH 7.4) and contained 5% DMSO. The samples were stirred at 1400 rpm 

at 37 ºC, and the aggregation process was then followed by ThT fluorescence (λexc = 

445 nm; λem = 480 nm), using an Aminco Bowman Series 2 luminescence spectrometer. 

Emission measurements were performed every 10 min. 

For the experiments with HAH, AcHKcH and AcHKdH, the final solutions were prepared 

in 96-well plates (Clearline® 131012C) using 1X PBS buffer (pH 7.4) and contained 1.4% 

DMSO. The measurements were carried out using a BMG Labtech FLUOstar Omega 

plate reader in bottom optics configuration with 440/490 nm excitation/emission 

optics (700 rpm shaking, 37 ºC). Endpoint measurements were performed in the plate 

reader immediately after sample preparation and were performed every 6 min for 20 

h.  
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4. Copper-induced oxidative formation of 

dityrosine cross-links in β-amyloid  

4.1 Introduction 

4.1.1 Oxidation products of Aβ peptide: dityrosine cross-links 

As described in Chapter 3, the Cu-Aβ complex is able to catalyse the reduction of 

atmospheric O2 and produce reactive oxygen species (ROS) in the presence of 

ascorbate. The generation of ROS may lead to oxidative stress in vivo. Oxidative 

damage to biomolecules includes lipid peroxidation, protein carbonylation and DNA 

cleavage, among other deleterious effects. 

The Aβ peptide itself can also be the target of oxidative ROS. The Cu-Aβ complex has 

been described by some authors as a radical cage, where most of the radical species 

react directly with the Aβ peptide and hence do not reach the solution.250 The amino-

acid residues that are most susceptible to oxidation are those involved in copper 

binding, namely the histidines 6, 13 and 14 (which are oxidised to 2-oxohistidine), and 

aspartate 1 (which yields pyruvate). The cleavage of Aβ at different positions can also 

occur.250 

Another relevant protein oxidation mechanism is the metal-catalysed oxidation (MCO). 

In the presence of an electron acceptor, metal ions can catalyse the oxidation of 

proteins.251 For this reason, MCO systems have been used to mimic biological 

oxidations. 

Although the Aβ tyrosine residue (Tyr10) is not directly involved in copper binding, it 

is one of the amino-acid residues that is most sensitive to oxidation. Indeed, it can 

undergo MCO to give a number of oxidised derivatives (Figure 4.1): nitrotyrosine, 

dityrosine, 3,4-dihydroxyphenylalanine (DOPA), 2,4,5-trihydroxyphenylalanine (TOPA), 

dopamine, dopamine quinone, isodityrosine, pulcherosine and so on.252 Among them, 

dityrosine and isodityrosine are the most stable oxidation products.  

Dityrosine is generated through the formation of an interpeptidic bond. Inter-amino 

acid cross-links have been found in various enzymes and proteins, where they provide 

novel motifs and structures.253 Besides, dityrosine-containing materials, such as 
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collagen and spider silk, display remarkable mechanical properties like strength or 

elasticity.254,255 

 

Figure 4.1: Examples of tyrosine oxidation products. 

Importantly, covalent dityrosine cross-links of Aβ have been found in cerebrospinal 

fluid (CSF) of AD brains, while such connections are rarely detected in age-matched 

(healthy) controls.90,256 The high concentration of copper ions co-localised with Aβ is 

thought to trigger the formation of dityrosine cross-links via an MCO pathway, as well 

as other oxidation products. The source of H2O2 required for the oxidation is also a 

matter of debate. H2O2 might be generated by microglia, from impaired mitochondrial 

function or from the Cu-Aβ redox activity itself, as described in Chapter 3. Dityrosine 

has been proposed as a potential biomarker for oxidative stress and for some diseases, 

as it has also been found in Parkinson’s disease and atherosclerosis.257-260 
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4.1.2 Mechanism of the formation of dityrosine cross-links by MCO systems 

Both dityrosine and covalently-linked dimers of Aβ peptide have been produced and 

studied in vitro using MCO systems, as well as other oxidation procedures. The 

generation of dityrosine is known to occur through a long-lived tyrosyl radical, which 

is delocalised over the whole aromatic ring. Condensation of two tyrosyl radicals yields 

the irreversible C-C covalent bond at the ortho position, producing the dityrosine 

scaffold (Figure 4.2).  

 

 Figure 4.2: Condensation of tyrosyl radicals. 

The mechanism of the copper-catalysed oxidation of tyrosine to dityrosine is not well 

understood as many different products are formed. Kato and Kitamoto reported that 

the production of cross-links in lens proteins was specific for the Cu(II)-H2O2 system.251 

Furthermore, Atwood and collaborators demonstrated that both copper ions and H2O2 
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were required for the production of dityrosine in Aβ, since Cu(II) or H2O2 alone did not 

produce dityrosine cross-linking.261 Besides, they found that addition of a copper 

chelator inhibited dityrosine generation. 

A plausible mechanism for the copper-catalysed dityrosine formation is depicted in 

Figure 4.3. First, Cu(II) is reduced by a tyrosine residue to Cu(I), while tyrosine is 

oxidised to a tyrosyl radical. Then, H2O2 re-oxidises Cu(I) to Cu(II) with concomitant 

production of a hydroxyl radical. If two tyrosyl radicals come into close proximity, they 

can condense and generate the covalently linked protein dimer. 

 

Figure 4.3: Copper-catalysed protein dimerisation by dityrosine cross-linking. 

Despite the generation of hydroxyl radicals, they are arguably not involved in dityrosine 

cross-linking. Kato and Kitamoto reported in the work cited above that the production 

of dityrosine cross-links was not affected by the addition of the hydroxyl radical 

scavenger mannitol. As a matter of fact, the formation of hydroxyl radicals was 

associated with the generation of polyhydroxylated derivatives, especially DOPA.252 

 

4.1.3 Physiological relevance of the dityrosine cross-links 

Controversy regarding the nature and the impact of such irreversible connections on 

the toxicity of Aβ and its self-assembly has also arisen. Dityrosine cross-links are 

believed to provide fibrillary Aβ with enhanced stability to proteolysis, oxidation and 

low pH, and thus present reduced clearance levels.90,256 

Furthermore, dityrosine cross-linked oligomers have been extracted from AD brains. 

These oligomers are resistant to harsh conditions such as formic acid, sodium dodecyl 

sulphate (SDS) or urea treatment. Very recently, Carulla and co-workers reported the 
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utilisation of synthetic dityrosine cross-linked dimers of full-length Aβ to optimise the 

isolation and characterisation of such bridged species.262 In this study, they were able 

to unequivocally confirm the presence of covalent dityrosine links in Aβ dimers directly 

extracted from AD brain tissue. 

Importantly, Selkoe and collaborators showed that soluble Aβ oligomers extracted 

directly from the affected cortex of AD patients and injected into the brain of adult rats 

affected learning and decreased dendritic spine density.41 Most remarkably, the dimers 

resistant to lithium dodecyl sulphate (and therefore covalently bound) were the only 

oligomeric forms that impaired synaptic plasticity. The authors proposed amyloid 

plaques as reservoirs of Aβ dimers, although the release of dimers was not detected 

upon incubation at 37 ºC for 24 h.  

Such results were in agreement with those reported by Barnham et al. in which a 

mutant Aβ, whose tyrosine residue was substituted by alanine, did not present 

neurotoxicity.44 These findings suggest that covalently bound Aβ dimers rather than 

oligomers are the toxic species. It is possible that covalently-bound Aβ presents 

restricted conformations that are more toxic (because of enhanced production of ROS, 

membrane disruption, etc.), and that such dimers exhibit extended life-times. 

Finally, some authors have suggested that dityrosine cross-linked Aβ dimers might 

nucleate the aggregation of the peptide, for instance into higher-order oligomeric 

forms or Aβ fibres; dityrosine-bridged Aβ may be amyloidogenic.90,91 Thus, inhibition 

of dityrosine formation can be a novel possible strategy for the development of anti-

AD therapeutics. 

Due to the potential high relevance of Aβ dityrosine cross-links, their quantification in 

Aβ(1-40) peptide under MCO conditions was performed, using their characteristic 

fluorescent emission. The impact of cross-links on the aggregation behaviour of Aβ(1-

40) was also assessed. Finally, the inhibitory effect of the strong Cu(II)-chelating H-His-

Ala-His-OH (HAH) peptide on the formation of dityrosine cross-links was evaluated. 
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4.2 Objectives 

• Synthesis of a dityrosine standard for fluorescence measurements (reference 

compound). 

• Generation of copper-induced dityrosine cross-links. 

• Identification and quantification of dityrosine cross-linking by fluorescence 

spectroscopy. 

• Evaluation of the impact of the formation of dityrosine cross-links on the 

aggregation and morphology of Aβ(1-40). 

 

 

4.3 Results and discussion 

4.3.1 Synthesis of a dityrosine standard and of cross-linked dimeric peptides 

The synthesis of a dityrosine standard was necessary for the quantification of copper-

induced dityrosine cross-links by fluorescence spectroscopy. The procedure described 

by Ahn and co-workers was first attempted.263 The strategy consisted in the oxidation 

of tyrosine with Mn(AcO)3 in phosphate buffer at pH 2.1 (Figure 4.4).  

 

Figure 4.4: Reaction of tyrosine with Mn(OAc)3. 

Different reaction times (varying from 30 s to 10 min) and tyrosine/Mn(AcO)3 ratios (1:1 

and 1:2) were tried. However, both tyrosine and the Mn(III) salt were poorly soluble and 

no dityrosine was detected in the crude products, unreacted tyrosine being mostly 

recovered. A tyrosine-Cu(II)-H2O2 mixture of 1:1:20 was then used, but a complex 

mixture of oxidised products was obtained, most likely resulting from an uncontrolled 

oxidation reaction. 

Hutton reported the preparation of dityrosine and other polymeric tyrosine products 

using 3-iodotyrosine and tyrosine-3-boronic acid derivatives as the starting 
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reagents.264 The generation of dityrosine by enzymatic catalysis using peroxidases has 

also been widely used.265-268 Although the yields reported by Hutton were in general 

higher than those obtained by peroxidase catalysis, the latter approach was more 

straightforward and it was therefore chosen. 

Peroxidases catalyse the degradation of peroxides into water (if the substrate is H2O2) 

or to the corresponding alcohols (if the substrate is an organic peroxide) in the 

presence of an electron donor. Several peroxidases have been described, such as 

cytochrome c peroxidase, soybean peroxidase, lactoperoxidase, myeloperoxidase, 

thyroid peroxidase and horseradish peroxidase.266 Also, different electron donors are 

accepted by these enzymes.  

The active centre of most peroxidases consists of a Fe(III) heme group, which is the 

catalytic species.267,268 The Fe(III) centre of the heme group is first oxidised by H2O2 to 

Porphyrin*-Fe(IV)=O, which presents a highly unstable porphyrin* π-cation radical 

(Compound I, Figure 4.5). Then, Compound I accepts one electron from a substrate (in 

this case, tyrosine) and is subsequently reduced to Porphyrin-Fe(IV)=O (Compound II). 

Finally, Compound II undergoes a second one-electron reduction with another 

molecule of substrate to return to the initial Porphyrin-Fe(III) resting state. 

 

Figure 4.5: Redox cycle of the active centre of peroxidases. 

The active site of horseradish peroxidase (HRP) is more accessible and therefore 

accepts several substrates, e.g. tyrosine and N-acetyltyrosine. Accordingly, HRP was 

chosen for the enzymatic preparation of the dityrosine standard (i.e. reference 

compound). HRP can be used to oxidise two equivalents of tyrosine or tyrosine-

containing peptides using dihydrogen peroxide as the electron acceptor.269  

In order to improve solubility, N-acetyl-L-tyrosine was used to avoid the formation of 

water-insoluble zwitterionic species (Figure 4.6). Besides, if L-tyrosine is used as the 

substrate of HRP, the rate of dityrosine formation is decreased by the presence of a 

positive charge in the vicinity of the phenol ring, which undergoes repulsion with a 
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functional arginine residue.270,271 The N-acetyldityrosine (NAdT) dimer obtained is 

subsequently deprotected under acidic conditions producing dityrosine. 

 

Figure 4.6: NAdT formation by HRP catalysis. 

The synthesis of NAdT was optimised through a number of modifications of established 

protocols (Figure 4.7). Hence, the reaction was carried out using catalytic amounts of 

HRP in borate buffer (pH 9.4) at 37 ºC under an inert N2 atmosphere, and a slight excess 

of H2O2 (related to the amount of N-acetyltyrosine).  

 

Figure 4.7: Enzymatic synthesis of NAdT. 

After freeze-drying, NAdT was purified by preparative thin-layer chromatography (TLC) 

and obtained with a yield of 23% with a chromatographic purity of 97%. Although low, 

the yield is comparable with those reported for the HRP-catalysed preparation of 

dityrosine. Moreover, the quantity obtained was sufficient for the projected studies. 

The product was characterised by HPLC-MS and 1H NMR; the aromatic region of the 

NMR spectrum showed characteristic signals of the dityrosine moiety NAdT.  
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Next, the α-amino groups were deprotected (Figure 4.8). Harsh conditions in highly 

acidic media were necessary to remove the acetyl groups. Hence, NAdT was refluxed 

in 6 M HCl for 20 h under N2. The reaction was quantitative and dityrosine was obtained 

with a chromatographic purity of 92%, sufficient for its use as reference (fluorescent) 

compound.  

 

Figure 4.8: Acidic deprotection of NAdT. 

Both NAdT and dityrosine presented a maximum absorption at 286 nm in acidic media 

(εacid = 4850 M-1cm-1), while it absorbed at 320 nm under neutral or basic conditions 

(εalkali = 8300 M-1cm-1); these data are consistent with the values reported elsewhere.272 

Upon excitation at the corresponding absorption wavelength, both products presented 

a characteristic emission around 410-415 nm. 

The same synthetic procedure was applied to the tyrosine-containing peptides H-His-

Ala-His-Tyr-NH2 (HAHY) and H-Lys-Asp-Tyr-Asp-OH (KDYD), which are depicted in 

Figure 4.9. In principle, dityrosine cross-linked dimeric peptides may behave as more 

efficient copper chelators and may also represent an interesting scaffold for the 

preparation of bioactive peptidic drugs. Unfortunately, the synthesis of such peptidic 

dimers was unsuccessful (solely the starting materials were detected at the end of the 

reaction). 
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It is known that the efficiency of the peroxidase-catalysed formation of the dityrosine 

link is dependent on the molecular weight of the substrate; indeed, the enzymatic 

active site may not be accessible for large peptides. Besides, the tyrosine side chain (in 

peptides) is sometimes not appropriately exposed to the solvent, although this is rather 

unlikely for such small peptides. The position of the tyrosine residue may also affect 

the rate of cross-linking.265,270 

 

Figure 4.9: Dityrosine cross-linked dimers of H-His-Ala-His-Tyr-NH2 and H-Lys-Asp-Tyr-Asp-

OH. 

It is also possible that the effective conditions used for N-acetyldityrosine were not 

suitable for the aforementioned peptides. Alternatively, the manganese-dependent 

peroxidase (MnP) of the fungus Phanerochaete chrysosporium could be used. Such 

peroxidase proceeds through indirect catalysis: the active species is a freely diffusing 

manganese complex, which is released and acts as the oxidising agent; thus, the 

binding of tyrosine to the enzyme is not required with this enzyme.254 This strategy 

would require a complex optimisation of the reaction conditions; due to the lack of 

time, the preparation of cross-linked dimeric peptides was abandonned. 
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4.3.2 UV-Vis kinetics study of the generation of dityrosine and tyrosyl radical 

The reaction to produce NAdT was next monitored by UV-Vis spectroscopy. The 

generation of NAdT was followed by the increase in its absorbance at 320 nm. 

Simultaneously, the kinetics of the tyrosyl radical were monitored by the variation in 

absorbance at 417 nm (Figure 4.10).273  

N-acetyltyrosine (25 mM) and catalytic amounts of HRP were dissolved in borate buffer 

and purged with N2. The solution was quickly transferred into a cuvette and H2O2 was 

immediately added. 

 

 

Figure 4.10: Top: Formation of NAdT monitored by the increase of absorbance at 320 nm. 

Bottom: Disappearance of tyrosyl radical evidenced by the decrease in absorbance at 417 

nm.  

The NAdT concentration with time was determined at 320 nm using Lambert-Beer law 

(εalkali = 8300 M-1cm-1, see above). The concentration of NAdT increased linearly until a 

plateau was reached after approximately 10 min, indicating reaction saturation. The 
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concentration at this plateau was 380 nM, which corresponded to a yield in NAdT of 

3%. 

The formation of dityrosine trimers and tetramers can also take place and once formed 

they behave as competitive inhibitors.265,270,271 Nonetheless, they are restricted by steric 

hindrance, and the oxidation of dimers to give higher order oligomers is much slower 

than the formation of dityrosine.  

The absorbance at 417 nm due to the tyrosyl radical decreased in a linear fashion, 

suggesting that it was consumed. This decrease continued during 10 min, viz. after the 

plateau observed for the production of NAdT; this suggests that the tyrosyl radicals 

quenched back to tyrosine or/and generated other by-products. It is known that 

radicals rapidly react, much faster than their production, the rate-limiting step being 

the reduction of Compound I back to the resting state (Figure 4.5).270,271 

 

4.3.3 Generation of dityrosine cross-links in Aβ 

The possible generation of dityrosine cross-links in full-length Aβ was then 

investigated. The formation of the dityrosine moiety (and any other oxidation 

product(s)) was monitored by fluorescence spectroscopy in the range 330-600 nm.  The 

kinetic experiments were performed at a fixed emission wavelength, namely 410 nm, 

using a plate reader. In both cases, the samples were excited at λexc = 320 nm. 

Calibration curves with the dityrosine standard (using concentrations from 62.5 nM to 

2 μM) were generated with the spectrofluorometer and the plate reader (Figure 4.11).  
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Figure 4.11: Calibration curves of dityrosine in 100 mM HEPES buffer (pH 7.4) using the 

spectrofluorometer (top) and the plate reader (bottom). λexc = 320 nm. 

Excellent calibration curves were obtained in both cases (r 
2 > 0.999). The limits of 

detection (LOD) were 20 nM with the spectrofluorometer and 33 nM with the plate 

reader. The limits of quantification (LOQ) were 67 and 111 nM, respectively. Therefore, 

fluorescence spectroscopy allows the determination of dityrosine even in the 

nanomolar range. 

Next, Aβ(1-40) was treated with copper(II) and H2O2 to induce protein cross-links. A 

1:1:20 mixture of Aβ(1-40)-Cu(II)-H2O2 in 1X PBS buffer (protein concentration of 30 

μM) was selected, as reported in the literature.39,66 It can be stressed that these 

concentrations and ratios are comparable to those found in the synaptic cleft.  

However, no detectable levels of dityrosine cross-links were found. Since Cu(II) may 

precipitate as its phosphate salt in PBS, the buffer was changed to 100 mM HEPES, 
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which is a weaker copper-coordinating agent (see Chapter 3). As a matter of fact, the 

characteristic emission of the dityrosine motif was detected within some hours; these 

experimental conditions were thus used for subsequent studies. 

Next, the full emission spectra were registered over time to follow the potential 

generation of Aβ(1-40) dityrosine cross-links. Samples of 30 μM Aβ(1-40) in the 

presence of Cu(II) and H2O2, and the corresponding blanks were incubated at 37 ºC, 

and fluorescence spectra were recorded every 24 h for 3 days. In addition, the possible 

inhibition of dityrosine production by the ATCUN copper-chelator peptide H-His-Ala-

His-OH (HAH) was examined. The results obtained are shown in Figure 4.12. 

Free Aβ(1-40) (panel A) displayed low-intensity band(s) with a maximum emission at 

412 nm. This emission at 412 nm may be indicative of the formation of low amounts of 

dityrosine; the presence of a shoulder around 426 nm suggests that various (oxidation) 

products were produced. Van Vranken and collaborators reported that fibrillary Aβ(1-

40) is prone to dityrosine formation; therefore, its cross-linking may have occurred 

upon aggregation, together with other undetermined (oxidation) products.255 

Panel B shows the spectra obtained for Aβ(1-40) with an equimolar amount of Cu(II). 

No significant fluorescence bands were observed after 72 h, indicating that, as already 

described in the literature, copper ions alone cannot induce the formation of dityrosine 

formation.250,261 In contrast to previous reports, it was found that H2O2 was able to 

oxidise Aβ(1-40), as evidenced by the appearance of a broad, low-intensity band with 

maximum emission at 424 nm (panel C). Several amino-acid residues are susceptible 

to oxidative modifications in the presence of H2O2 or other ROS. However, the yields 

of such alterations are likely to be very low; therefore, their detection by mass 

spectrometry may not be possible and can explain that the authors of the previous 

studies have not seen them.89,250 In contrast, the highly sensitive methodology used in 

the present investigation has allowed to detect them. 
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Figure 4.12: Fluorescent emission spectra (370−570 nm), of samples incubated for 3 days at 

37 ºC containing A: Aβ(1-40); B: Aβ(1-40)-Cu(II), 1:1; C: Aβ(1-40)-H2O2, 1:20; D: Aβ(1-40)-

Cu(II)-H2O2, 1:1:20;  E: Aβ(1-40)-HAH-Cu(II)-H2O2, 1:1:1:20. Blue line: 0 h; red line: 24 h; green 

line: 48 h; purple line: 72 h. λexc = 320 nm. 100 mM HEPES (pH 7.4). 

Panel D shows the fluorescence spectra recorded for Aβ(1-40) in the presence of both 

Cu(II) and H2O2 in a molar ratio of 1:20. The formation of dityrosine cross-links was 

evidenced by the appearance of an increasing intense band centred at 415 nm. The 

amount (yield) of dityrosine was evaluated using the emission data at λem = 408 nm. 

The maximum concentration of dityrosine that could be generated was 15 μM since 30 

μM Aβ(1-40) was used (two molecules of protein are required to generate a dityrosine 
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motif). Blank experiments with dityrosine and copper allowed to determine a Cu(II)-

induced paramagnetic quenching of 16% in dityrosine emission. Thus, the corrected 

dityrosine concentrations (and yields) generated after 24, 48 and 72 h were 103 (0.68%), 

167 (1.1%) and 183 nM (1.3%), respectively. Such low values are consistent with those 

previously reported for both tyrosine and the Aβ protein.252,261 

Finally, the emission spectra obtained for Aβ(1-40)-Cu(II)-H2O2 in the presence of the 

copper-chelating peptide HAH are shown in panel E. A broad (multi)band with 

maximum emission at 439 nm, suggesting the presence of various products, was 

observed (see Figure 4.1 for the more frequent derivatives resulting from tyrosine 

oxidation). The oxidation of other amino-acid residues (namely other than tyrosine) is 

also possible, including the HAH peptide. Actually, histidine residues have been 

reported to be particularly prone to oxidation, for instance giving 2-oxohistidine.250  

To determine whether the emission observed was due to HAH oxidation products, the 

ATCUN chelating peptide was treated with CuCl2 (1 eq) and H2O2 (20 eq). A fluorescent 

band centred at 425 nm was obtained after 3 days (Figure 4.13). Since a shoulder band 

was observed for the Aβ(1-40)-Cu(II)-H2O2 system at this wavelength (see Figure 4.12, 

panel E), it appears that oxidation products of HAH were also generated. 

 

Figure 4.13: Emission spectra of HAH-Cu-H2O2 1:1:20. λexc = 320 nm. 

The appearance of significantly red-shifted band(s) (439 nm and above; see Figure 

4.12, panel E), compared with the emission of dityrosine at 410-415 nm, suggests that 

the formation of the cross-links may have been inhibited, but other species were 
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produced. It would be interesting to determine the nature/structure of these new 

species, for example by HPLC-MS. However, one may expect such characterisation to 

be difficult because individual species are usually generated in extremely low 

quantities. Moreover, the resolution by HPLC of different products with similar 

polarities is not straightforward. 

 

4.3.4 Impact of dityrosine cross-linking on the aggregation of Aβ(1-40) 

The implications of the presence of cross-linked Aβ on the aggregation process of the 

protein were subsequently studied. Oxidative stress is believed to occur in the early 

stages of AD; therefore, cross-linked Aβ may play a key role in self-assembly processes.  

Aggregation studies were carried out with a plate reader that allows a great number of 

simultaneous, temperature-controlled experiments over extended periods of time. 

First, the formation of dityrosine cross-links was followed during 3 days (at 410 nm) for 

the different systems. 

The results obtained are shown in Figure 4.14. The intensity values for all samples were 

below the LOQ (see section 4.3.3), except for the Aβ-Cu-H2O2 system, in agreement 

with the data achieved in the previous section. Free Aβ (dark blue spots) showed 

relatively constant emission values over the 3 days, indicating that covalent dimers 

were not formed. Aβ in the presence of H2O2 (20 eq; red spots) gave slightly higher 

intensity values, suggesting low levels of protein oxidation. In contrast, the presence of 

copper (1 eq; green spots) had no effect on the emission, as reflected by intensity data 

similar to those of control Aβ (as observed previously). 

For the Aβ-Cu-H2O2 system (pink spots), higher intensity values were obtained, due to 

the formation of dityrosine cross-links. Serpell and collaborators found significant 

levels of dityrosine bridges as early as 10 min after the beginning of the reaction; 

therefore, dityrosine may be expected to affect the aggregation process in its early 

stages.90 The initial emission lied below the quantification limit and was comparable to 

that obtained for the other samples. After 24, 48 and 72 h, measurable intensities were 

achieved, which were attributed to the formation 2.1, 2.9 and 2.4% yield of dityrosine, 

respectively.  It can be observed that, in all cases, the formation of dityrosine reached 

a maximum after 2 days (Figure 4.14); the subsequent reduction of the emission 



226  4. Copper-induced oxidative formation of… 
 

intensity may be due to precipitation of dityrosine-containing aggregates or to further 

oxidation of the protein dimer.  

Importantly, adding 2 eq of HAH peptide to the Aβ-Cu-H2O2 system drastically reduced 

the formation of dityrosine (compare light-blue and pink spots in Figure 4.14); actually, 

the fluorescent intensities with added HAH match those of Aβ-H2O2 (Figure 4.14; red 

spots), therefore indicating a very efficient chelation of the copper ions by the 

tripeptide. These data support the idea of administrating copper ionophores to 

decrease the oxidative stress and toxicity associated to Aβ oxidation. 

 

Figure 4.14: Formation of dityrosine-bridged Aβ(1-40) dimers under different experimental 

conditions (illustrated by distinct colours). The generation of the cross-links was monitored at 

37 ºC during 3 days by fluorescence at 410 nm, using a plate reader. λexc = 320 nm. 

Next, the aggregation of Aβ applying the same experimental conditions (as above) was 

followed for 3 days by ThT fluorescence, with the objective to assess whether dityrosine 

cross-linking has an effect on the aggregation properties of the protein. The results 

obtained during the first 10 hours are shown in Figure 4.15. After 10 hours (up to 3 

days), the emission remained constant (in all cases) or progressively decreased due to 

precipitation of insoluble fibres. 
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Figure 4.15: Aggregation of Aβ(1-40) under different oxidative conditions (illustrated by 

different colours), followed by ThT emission (λexc = 440 nm, λem = 490 nm) at 37 ºC. 100 mM 

HEPES buffer (pH 7.4). 

The aggregation of free Aβ (dark-blue dots in Figure 4.15) followed the typical 

sigmoidal shape, with an abrupt increase in ThT fluorescence after 20-30 min, indicative 

of the formation of fibres. In the presence of H2O2 (20 eq, red dots), the aggregation 

of Aβ was delayed by approximately 30 min and reduced compared with free Aβ. H2O2 

thus affects both the nucleation and elongation steps, probably as the result of protein 

oxidation. For the Aβ-Cu 1:1 system (green dots in Figure 4.15), no fluorescence 

increase was observed, in accordance with the expected metal-mediated stabilisation 

of oligomeric Aβ. After approximately 200 min, low levels of fibrillary Aβ started to be 

detected. 

In the presence of both copper (1 eq) and H2O2 (20 eq), Aβ aggregation was totally 

inhibited during the 3-days-long measurements (pink dots in Figure 4.15). As 

previously mentioned, the potential role of dityrosine cross-linked Aβ dimers as 

aggregation nuclei is still a matter of debate. Serpell and collaborators hypothesised 

that covalent dimerisation of the aggregation-prone Aβ(1-42) serves as nucleus for the 

self-assembly/aggregation of the protein. However, they noticed remarkably reduced 

ThT fluorescence compared to that of non-oxidised Aβ; moreover, they did not observe 

fibrillary species by TEM before 48 h.90 Galeazzi et al. also suggested that the formation 

of dityrosine bridging might trigger amyloidogenesis.91 
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Conversely, van Vranken and co-workers found that dityrosine cross-links did not 

induce the formation of β-sheet structures in the Aβ(8-14) fragment.255 Assuming that 

this can be extrapolated to the full-length peptide, it is quite unlikely that such a small 

oligomeric form, lacking the required  β-sheet conformation, can serve as a template 

for the generation of the highly ordered fibrillary structure. 

Hutton reported the synthesis of dityrosine cross-linked Aβ(1-40) and Aβ(1-42) dimers 

by SPPS.274 These dimers self-assembled in higher-order soluble aggregates, but did 

not lead to the formation of fibres until 7 days. In fact, the synthetic dimers resulted in 

long-lived oligomers with enhanced toxicity.  

The pathophysiological relevance of such synthetic dimers, though, has been a matter 

of debate. Williams et al. reported the isolation of cross-linked Aβ oligomers generated 

by the naturally-occurring Cu-H2O2 system in concentrations similar to those found in 

vivo.39 Such cross-linked oligomeric species, which are thus biologically relevant, did 

not produce amyloids, in agreement with the aforementioned works. Moreover, these 

cross-linked oligomers were toxic as they induced membrane disruption. 

It is important to consider that the inhibitory effects found in the present study may 

arise from the combination of the formation of dityrosine bridges and the stabilisation 

of oligomeric species by copper. Further experiments are required to investigate 

separately the effects of copper and dityrosine cross-linking on the aggregation of Aβ. 

Nonetheless, these results suggest that, if such conditions take place in vivo, dityrosine 

cross-linked Aβ species bound to copper do not lead to the formation of fibrillary Aβ. 

In fact, the stabilisation of potentially toxic oligomeric species may occur. 

When 2 eq of the copper-chelating peptide HAH were added simultaneously to Cu(II) 

and H2O2, the sigmoidal shape of the aggregation process was recovered (light-blue 

dots in Figure 4.15). After a lag phase of 40-50 min, the ThT intensity rose abruptly; 

then, a progressive slow increase was observed until reaching a plateau at the same 

intensity to that of Aβ-H2O2 (see red and light-blue dots in Figure 4.15). These data 

suggest that the chelating agent efficiently prevented the copper-induced formation 

of dityrosine and the stabilisation of oligomers, restoring the native aggregation of the 

protein (in the presence of H2O2). 

TEM images were then taken for the different systems described above, after an 

incubation of 24 h. The samples were negatively stained with uranyl acetate and 

subsequently visualised (Figure 4.16). As expected, fibres are observed for Aβ(1-40) 



4. Copper-induced oxidative formation of…  229 
 

(Figure 4.16; panels A and B). Deposits with high amounts of closely associated protein 

fibres were found in some sections of the image shown in panel A. Fibres were also 

observed for Aβ-H2O2 (Figure 4.16; panels C and D). 

Remarkably, no fibrillary species were found for the Aβ-Cu sample (Figure 4.16; panels 

E and F). This is not surprising since stoichiometric amounts of copper are known to 

stabilise oligomeric species.66-68 For instance, ThT fluorescence was much weaker for 

this sample (see above), whose maximum was only reached after 200 min; these 

spectroscopic data suggested that very low amounts of fibrillary Aβ were generated. It 

cannot be precluded that the fluorescence intensities observed are due high-order 

oligomers with a certain degree of β-sheet content. For Aβ-Cu-H2O2 (Figure 4.16; 

panels G and H), the microscopy data are in line with those observed by fluorescence 

spectroscopy, namely the absence of ThT emission agrees with the absence of fibres, 

confirming the inhibited generation of Aβ fibrils. 

In the case of Aβ-HAH-Cu-H2O2 (Figure 4.16; panels I and J), abundant fibres were 

observed, suggesting that the fibrillation-inhibitory effects of copper and/or dityrosine 

cross-links were blocked. Therefore, the ATCUN copper-chelating peptide HAH, 

possessing an ATCUN motif, is highly efficient against metal-mediated stabilisation of 

oligomers and oxidation (dimerisation) of Aβ. To date, it is still not clear if dityrosine 

covalent bridges are related to Aβ toxicity; in the plausible event that they indeed are, 

the present study suggests that copper chelation can be a promising strategy to lessen 

toxicity due to covalently-linked oligomeric Aβ, favouring the formation of fibrillary 

aggregates, which are considered less toxic. 
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  Figure 4.16: TEM images taken after 24 h incubation at 37 ºC of Aβ under different 

experimental conditions. Panels A and B: Aβ(1-40); C and D: Aβ(1-40)-H2O2 1:20; E and F: 

Aβ(1-40)-Cu 1:1; G and H: Aβ(1-40)-Cu-H2O2 1:1:20; I and J: Aβ(1-40)- HAH-Cu-H2O2 
1:1:1:20. 
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4.4 Concluding remarks 

The two-step synthesis of dityrosine (reference compound for the quantification of 

dityrosine crosslinking by fluorescence) from N-acetyltyrosine has been carried out. 

The first synthetic step, consisting in an enzymatic reaction, was followed 

spectrophotometrically, tracking the formation of dityrosine at λabs = 320 nm, and the 

disappearance of the tyrosyl radical at λabs = 417 nm. Fluorescence calibration curves 

(λexc = 320 nm, λem = 410 nm) were then generated with the as-synthesised standard, 

which allowed to quantify the generation of dityrosine cross-links in Aβ(1-40) peptide 

under various experimental conditions.  The Aβ-Cu-H2O2 1:1:2 MCO system was found 

to generate covalent dityrosine links, although in very low amounts (< 3% after 3 days). 

Under conditions of dityrosine formation, complete inhibition of the generation of 

fibres was observed. This inhibition of amyloid production is probably the result of the 

combined effects of both copper (which stabilises oligomeric species) and the covalent 

dimers. The spectroscopic results were supported by TEM studies, which showed the 

presence of abundant fibres in free Aβ(1-40), H2O2-treated Aβ and Aβ-HAH-Cu-H2O2; 

for Aβ in the presence of Cu(II) or Cu(II)-H2O2, no fibrillary aggregates were detected.  

Although additional, in-depth studies are required to investigate separately the two 

effects, viz. from copper and from the dityrosine-bridged dimers, the results herein 

obtained suggest that cross-linked Aβ is not a nucleus for fibrillation, and actually does 

not evolve towards amyloids. Comparison of the structure of aggregates obtained from 

covalent and non-covalent oligomers would be of interest.  

The low yields achieved for the preparation of cross-linked Aβ most likely have not 

allowed the isolation of sufficient amounts of covalent dimers, which would allow to 

accurately study their aggregation. Improvements in the preparation of synthetic 

models of the protein have certainly increased the knowledge of the properties of 

dityrosine-containing Aβ, but the pathophysiological relevance of these species 

remains unclear.274 Recently, the generation of dityrosine-bridged Aβ oligomers using 

physiologically relevant conditions, i.e. Cu(II)-H2O2 system, has been reported.39 The 

so-formed covalent oligomers displayed attenuated fibre formation and extended 

toxicity due to membrane disruption, which may represent a key mechanism of 

neurotoxicity. 

We have found that cross-linked Aβ is not amyloidogenic in the presence of copper 

ions. If the conditions necessary for the copper-induced production of covalent dimers 
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are met in the early stages of AD, as some authors suggest, then long-lived oligomeric 

Cu-Aβ species with enhanced stability may form, potentially leading to increased 

oxidative stress and membrane permeation. Importantly, the addition of the ATCUN 

copper-chelating peptide HAH efficiently arrested the production of dityrosine cross-

links and restored the natural aggregation of the protein. As mentioned earlier, 

amyloids are considered to be less toxic than oligomeric Aβ species, and cross-linked 

Aβ has been reported to impair cognitive performance. Therefore, the inhibition of 

cross-link formation with chelating agents (such as the oligopeptides described herein) 

may be beneficial. This chelation approach is expected to be more effective at the early 

stages of AD, that is, when ROS production and Aβ oxidation start. 
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4.5 Experimental section 

4.5.1 Reagents, solvents and equipment 

Table 4.1: Reagents and solvents used. 

Brand Products 

Acros Organics Mn(AcO)3·2H2O 

Sigma Aldrich 
boric acid, CHCl3, D2O, H2O2 30%, HEPES, 

HFIP, ThT 

Fisher Scientific 
DMSO, MeCN (HPLC grade), MeOH, 

MeOH (HPLC grade), PBS 

Alfa Aesar N-acetyltyrosine 

Panreac CuCl2·2H2O 

Scharlau acetone, HCl 37% 

 

Table 4.2: Equipment used for the work described in this chapter. 

Instrument Brand Model 

Analytical balance A & D Instruments GR-200-EC 

Gram-scale balance Sartorius Basic BA 110 

UV lamp Asahi Spectra Max-303 

Vacuum lyophiliser Christ Alpha 2-4 LD plus 

Rotatory evaporator BUCHI R-200 

Sonicator Fisherbrand FB15051 

Shaking Block 

Heater 
Eppendorf ThermoMixer C 

Milli-Q H2O (resistivity > 18 MΩ·cm) was produced by filtering deionised water with a 

Milli-Q Plus (Millipore) system. CuCl2·2H2O was used as the source of copper for all the 

studies.  

Horseradish peroxidase (HRP, lyophilised powder, 179.2 units per mg of solid; 

solubility: 5 mg/mL in 50 mM potassium phosphate buffer pH 6.0 with 0.1% bovine 

serum albumin) was purchased from Sigma Aldrich. The solid HRP was dissolved in 50 

mM phosphate buffer pH 7.6, and the resulting solution (final concentration 2.5 mM) 

was aliquoted (50 µL per aliquot) and kept frozen. 
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H-His-Ala-His-OH (HAH), H-His-Ala-His-Tyr-OH (HAHY) and H-Lys-Asp-Tyr-Asp-OH 

(KDYD) peptides were purchased from GeneCust (Luxembourg) as their hydrochloride 

salts and were used without further purification. Aβ(1-40) was acquired from Bachem 

as a trifluoroacetate salt. 

 

4.5.2 Syntheses and characterisation 

Nuclear Magnetic Resonance (NMR) 

1H NMR spectra were registered on a Varian Mercury-400 spectrometer at 400 MHz at 

the Centres Científics i Tecnològics of the Universitat de Barcelona (CCiTUB). Chemical 

shifts are given in ppm with the residual non-deuterated solvent as the internal 

standard. Coupling constants are given in Hz. The NMR data were analysed using 

MestReNova 9.1.0. Data are reported as follows: app, apparent; s, singlet; d, doublet; t, 

triplet; q, quartet; m, multiplet. 

 

Liquid Chromatography  

A Phenomenex® C18 reverse phase column (250 x 4 mm) with a particle size of 5.15 ± 

0.30 μm and a pore size of 320 ± 40 Å was employed. The eluents were 0.045% TFA in 

H2O (v/v) for eluent A, and 0.036% TFA in MeCN (v/v) for eluent B, using the following 

gradient: 

Table 4.3: HPLC gradient used in this work. 

Time (min) % Eluent A % Eluent B 

0 98 2 

20 0 100 

25 0 100 

30 98 2 

40 98 2 

The flow rate was 1 mL/min and double detection at wavelengths of 220 and 320 nm 

was used. 
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High Performance Liquid Chromatography (HPLC) 

Analytical HPLC was carried out in a system consisting in a Shimadzu LC-20AD 

quaternary pump, a SIL-10Advp automatic injector, an SPD-20A variable dual 

wavelength detector and a DGU-20A5 online degas device.  

 

High Performance Liquid Chromatography coupled to Mass Spectrometry (HPLC-MS) 

A Waters Alliance HT system formed by a 2795 separation module, a PDA detector 

2996 and a Micromass ZQ 2000 mass detector (Electrospray Ionisation, ESI-MS) was 

used. 

 

Synthesis of the dityrosine standard 

N-acetyldityrosine (NAdT) 

A 25 mM N-acetyltyrosine solution (20 mL) in 200 mM borate buffer (pH 9.4) was 

heated at 37 ºC in a round-bottomed flask until it dissolved completely. The solution 

was then purged with N2 and a 2.5 mM HRP solution (24 μL, final concentration 3 μM) 

was added. Immediately after, 30% H2O2 (50 μL, final concentration 24.5 mM) was 

added under N2 and the reaction mixture was left stirring for 1 h, protected from light. 

The pale red solution was immediately frozen and subsequently lyophilised. The 

resulting solid was then dissolved in MeOH (1.5 mL) and purified by preparative thin-

layer chromatography (TLC, silica gel matrix 60/F254 on glass support with fluorescent 

indicator as adsorbent material from Sigma Aldrich, 20 cm × 20 cm, 60 Å medium pore 

size) using H2O/CHCl3/MeOH 5:30:65 as the eluent. The bands were revealed under a 

UV lamp and subsequently scrapped off. The silica containing the product was 

suspended in MeOH (20 mL) and the procedure was repeated. After 15 min stirring, 

the mixture was filtered, and the solution was evaporated under reduced pressure. The 

yield was 23% (determined by UV-Vis spectroscopy) and the chromatographic purity 

was 92%. 
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White solid. Rf (MeOH/CHCl3/H2O 65:30:5): 0.33. HPLC-MS: tR = 8.65 min; m/z 445.1 

([C22H24N2O8 + H]+). 1H NMR (D2O, 400 MHz): δ 1.79 (s, 6H, Me-Ac), 2.71-3.05 (m, 4H, 

Hβ), 4.28 (dd, 2H, J = 4.8, J = 8.6, Hα), 6.81 (d, 2H, J = 8.3, H5), 6.94 (d, 2H, J = 2.0, H2), 

7.05 (dd, 2H, J = 2.0, J = 8.3, H6). 

 

Figure 4.17: Chromatogram of NAdT. 

 

Dityrosine 

N-acetyldityrosine was dissolved in Milli-Q H2O (1.5 mL) in a small round-bottomed 

flask under N2. Concentrated HCl (1.5 mL) was then added and the mixture was refluxed 

for 20 h under stirring in an N2 atmosphere. The solution was subsequently freeze-

dried. Dityrosine was thus obtained as a white solid of high purity (92%). 

 

White solid. HPLC-MS: tR = 5.67 min; m/z 361.2 ([C22H24N2O8 + H]+). 1H NMR (D2O, 

400 MHz): δ 3.17-3.34 (m, 4H, Hβ), 4.25 (tapp, 2H, Japp = 6.3, Hα), 7.02 (d, 2H, J = 8.3, H5), 

7.16 (d, 2H, J = 1.9, H2), 7.25 (dd, 2H, J = 1.9, J = 8.3, H6). 
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Figure 4.18: Chromatogram of dityrosine. 

 

Preparation of dityrosine cross-linked H-His-Ala-His-Tyr-NH2 (HAHY) and H-Lys-

Asp-Tyr-Asp-OH (KDYD) homodimers 

A 25 mM solution (2 mL) of either HAHY or KDYD in 200 mM borate buffer pH 9.4 was 

prepared. The concentration was checked spectrophotometrically using the molar 

extinction coefficient ε(Tyr, 280 nm) = 1490 M-1 cm-1. The solution was then heated at 

37 ºC in a round-bottomed flask and purged with N2. Next, a 2.5 mM HRP solution (2.4 

μL, final concentration 3 μM) was added under N2, followed by 30% H2O2 (5 μL, final 

concentration 24.5 mM); the resulting reaction mixture was stirred for 1 h protected 

from light. The solution was immediately frozen and subsequently lyophilised.  The 

solid obtained was then dissolved in MeOH (1.5 mL) and purified by preparative TLC 

using H2O/CHCl3/MeOH 5:30:65 as the eluent. The silica containing the different bands 

was scrapped off and the fractions were suspended in MeOH (20 mL). After 15 min 

stirring, the mixtures were filtered, and the solutions were evaporated in the rotatory 

evaporator. The crude products were analysed by 1H NMR in D2O and MS. 

 

4.5.3 Procedures, instrumentation and techniques  

UV-Vis kinetics study of dityrosine and tyrosyl radical 

N-acetyltyrosine (16.7 mg) was dissolved in 200 mM borate buffer pH 9.4 (3 mL, final 

N-acetyltyrosine concentration 25 mM) and the solution was subsequently heated at 

37 ºC under N2. The solution was then transferred into a quartz cuvette (1 cm 

pathlength) and 2.5 mM HRP (3 μL, final concentration 2.5 μM) and 30% H2O2 (7.5 μL, 
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final concentration 24.5 mM) were added. The measurement was immediately initiated 

using a Varian Cary 100 Scan spectrophotometer, and endpoint absorbance 

measurements at 320 and 417 nm were performed every 30 s during a period of 10 

min. 

 

Preparation of Aβ(1-40) samples 

For the preparation of aggregate-free Aβ(1-40) aliquots, solid Aβ(1-40) (5 mg) was 

dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 1 mL) under vigorous shaking at 

rt for 1 h, after which it was sonicated for 30 min. The solution was further shaken for 

1 h and subsequently kept at 4 ºC for 30 min to avoid solvent evaporation. Aliquots of 

soluble Aβ(1-40) were collected and HFIP was evaporated in air. The resulting solid 

Aβ(1-40) samples were stored at –20 ºC, and the amount of protein per sample was 

determined by spectrophotometry using the molar extinction coefficient ε(Tyr, 280 nm) 

= 1490 M-1 cm-1. 

 

Detection and quantification of dityrosine cross-links in Aβ(1-40) 

Spectrofluorometer: A HORIBA Jobin–Yvon iHR320 spectrofluorometer and a 200 μL 

quartz cuvette with 1 cm pathlength were employed. The excitation wavelength was 

320 nm and the emission was registered from 340 to 600 nm. The photomultiplier 

detector voltage was set at 950 V and the instrument excitation and emission slits were 

both set at 5 nm. 

Plate reader: A BMG Labtech FLUOstar Omega plate reader with 320/410 nm 

excitation/emission filters (10 nm bandwidth) in bottom optics configuration was used. 

The final samples (200 μL) were prepared and measured in UV-transparent 96-well 

plates (Corning Incorporated 3635). 

 

Dityrosine calibration curves 

Dityrosine standards of concentrations 2 µM, 1 µM, 500 nM, 250 nM, 125 nM and 62.5 

nM were prepared by successive dilutions in 100 mM HEPES buffer (pH 7.4) and 

subsequently measured. The resulting emission data were used to generate the 
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calibration curves. In the plate reader, duplicates of each standard were measured, and 

the calibration curve was generated using the average values of the duplicates. 

Limits of detection (LOD) and of quantification (LOQ) were determined using the 

following equations: 

LOD = 3 × Sa / b (4.1) 

LOQ = 10 × Sa / b (4.2) 

where Sa is the standard deviation of the intercept and b is the slope. 

 

Detection and quantification of dityrosine cross-links 

CuCl2 and H2O2 stock solutions were prepared in Milli-Q H2O, while HAH was prepared 

in 100 mM HEPES (pH 7.4). The H2O2 stock solutions were prepared just before use. 

Solid monomeric Aβ(1-40) aliquots were dissolved in 20 μL of DMSO and sonicated for 

1 h. Then, a 250 μM stock solution of Aβ(1-40) was prepared in 100 mM HEPES (pH 

7.4).  

Final samples were prepared adding the required reagents in the following order: first, 

the corresponding amount of 100 mM HEPES buffer pH 7.4, then HAH, CuCl2, Aβ(1-40) 

and finally H2O2. The samples containing copper and Aβ(1-40) or copper and HAH were 

incubated at 37 ºC for 10 min previous to the addition of the remaining reagents. 

Spectrofluorometer: final concentrations were 30 μM Aβ(1-40), 30 μM CuCl2, 30 μM 

HAH and 600 μM H2O2. Plate reader: final concentrations were 50 μM Aβ(1-40), 50 μM 

CuCl2, 100 μM HAH and 1 mM H2O2. All samples contained 5% DMSO. 

The measurements were performed immediately after sample preparation, after 24 h, 

after 48 h and after 72 h. The samples were incubated at 37 ºC between the 

measurements. For the measurements in the plate reader, the samples were shaken at 

700 rpm between the measurements. 
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Aggregation studies of Aβ(1-40) in the presence of ThT 

ThT stock solutions were prepared in 100 mM HEPES (pH 7.4). The required number of 

solid Aβ(1-40) aliquots were dissolved in 20 μL of DMSO and sonicated for 1 h. Then, 

a 250 μM stock solution of Aβ(1-40) was prepared in 100 mM HEPES (pH 7.4), which 

contained 312.5 μM ThT. 

The final samples (200 μL) were prepared in 96-well plates (Clearline® 131012C) adding 

the required reagents in the following order: first, the corresponding amount of 100 

mM HEPES buffer (pH 7.4), then H-His-Ala-His-OH (HAH), CuCl2, Aβ(1-40)-ThT and 

finally H2O2. The samples containing copper and HAH peptide were incubated at rt for 

10 min previous to Aβ(1-40)-ThT addition. The final concentrations were: 50 μM Aβ(1-

40), 62.5 μM ThT, 50 μM CuCl2, 100 μM HAH and 1 mM H2O2. The samples contained 

5% DMSO. 

A BMG Labtech FLUOstar Omega plate reader in bottom optics configuration was used. 

Kinetic measurements were initiated immediately after sample preparation. Endpoint 

measurements were performed at 37 ºC every 6 min during a period of 3 days, with 

continuous shaking (700 rpm). 440/490 nm excitation/emission filters with 10 nm 

bandwidth were used. 

 

Evaluation of the morphology of aggregated Aβ(1-40) by transmission electron 

microscopy (TEM) 

Formvar-coated copper grids of 200 mesh were activated by exposure to UV light for 

5 min. Next, the samples were deposited for 1 min, after which the grids were washed 

with Milli-Q H2O (3 × 20 s). Finally, the grids were treated with 2% uranyl acetate for 1 

min and dried at rt. 

The samples were visualised using a Tecnai Spirit TWIN (FEI) 120 kV TEM microscope 

equipped with a LaB6 emitter and a Megaview 1k×1k CCD at the Centres Científics i 

Tecnològics of the Universitat de Barcelona (CCiTUB). 
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5. Conjugation of Cu(II)-chelating peptides to gold 

nanoparticles 

5.1 Introduction 

5.1.1 The blood-brain barrier (BBB): the great challenge for CNS drug discovery 

The ability of Cu(II)-chelating peptides to extract copper ions from Aβ, to prevent its 

copper-induced aggregation, and to inhibit ROS production and protein cross-linking, 

has been described in Chapters 3 and 4.210 Such peptides thus represent potential 

synthons for the design of drugs that may lessen the copper-associated toxicity of Aβ. 

However, as explained in Chapter 1, any CNS drug candidate that is to be administered 

by conventional routes, must be able to cross the blood-brain barrier (BBB). This 

natural barrier is constituted by layers of pericytes, endothelial cells and by astrocyte 

endfeet.95-97,275,276 BBB cells are tightly assembled, providing the brain with the 

impermeability required to maintain its highly controlled environment that is necessary 

for neural signalling.  

Although the BBB is not completely impenetrable, as the brain also needs to be 

supplied with nutrients and to excrete metabolites, the search of substances capable 

of reaching the brain represents an important challenge.99,101 To date, over 98% of the 

small molecules and all large molecules tested as drug candidates were unable to cross 

the BBB.95-97 A certain lipophilicity is also necessary, which is often detrimental to water 

solubility. Therefore, it is rather unlikely that the polar and charged peptides herein 

presented can penetrate the BBB. 

In recent years, it was shown that some nanoparticulate systems are able to reach the 

brain, which has generated a great impact on the field of biomedicine.98 Among all 

available materials, gold nanoparticles (Au NPs) display a number of interesting 

properties that make them very promising materials: they are more stable than other 

types of nanoparticles; the fine-tuning of their size and shape has been extensively 

studied; their surface functionalisation is easy and versatile; they present a high degree 

of biocompatibility; their optical properties lie in the visible-infrared range.99,100,277-279 

Au NPs accumulate in several organs, including the brain.99-102,280-283 Moreover, the 

introduction of appended ligands that activate mechanisms of brain uptake, such as 



246 5. Conjugation of Cu(II)-chelating peptides to… 

 

peptides that interact with the transferrin receptors of endothelial cells, has been 

described.101,102  

 

5.1.2 The advent and evolution of Au NPs 

Fascination for gold, possibly the most paradigmatic noble metal, comes from ancient 

times. First evidence of gold extraction comes from Bulgaria, more specifically Varna, 

in the 5th millennium BC.284 Metallic gold has been used for thousands of years as a 

form of money and for jewellery. However, what was called “soluble gold” (that is, gold 

finely dispersed and suspended in a liquid) appeared in the 5th-4th centuries BC in China 

and Egypt. Roman and Greek civilisations attributed powerful curative properties to 

soluble gold against heart and venereal diseases, as well as tumours.284 Its use for the 

diagnosis of syphilis (currently considered not completely reliable) was not abandoned 

until the 20th century.285 

Gold dispersions provide glass and ceramics with ruby-red colours, and mankind has 

taken advantage of these properties in architecture and ornamentation.284 The 

Lycurgus Cup is probably the most famous artistic example of such application. This 

cup represents the Thracian king Lycurgus being killed by the nymph Ambrosia, 

transformed in grapevine. When it is illuminated from behind or the inside, transmitted 

light makes the cup look red. When the light source is frontal, though, the reflected 

light makes the cup look green. 

Already in the 19th century, Michael Faraday prepared a dark-red suspension of gold in 

CS2 by means of the reduction of aqueous tetrachloroaurate(III), AuCl4-, with 

phosphorus.284 He was the first person to study the optical properties of films prepared 

from liquid-gold dispersions. The term colloid, which refers to the fine dispersion of a 

phase into another continuous phase, appeared a few years later. 

The more modern term “nanoparticle” is normally used nowadays to describe particles 

with sizes between 1 and 100 nm.286 Within this range, the mean free path of electrons 

is comparable to the size of the particle; also, a high percentage of the atoms are 

arranged in the surface of the material.278,287 This gives rise to unique properties, 

unprecedented for molecules and for bulk systems, which already have an impact on 

today’s technology.278,279,287-290 



5. Conjugation of Cu(II)-chelating peptides to… 247 
 

In the last decades, chemists have developed very efficient synthetic pathways to 

prepare different types of nanoparticles, thanks to the discovery of their stabilisation 

and functionalisation with surfactants and ligands.277,291,292 Further control on their 

shape has also been achieved, unveiling novel and exciting properties; hence, the 

number of publications involving nanoparticles has increased exponentially since 

then.293,294 The interaction of anisotropic nanoparticulate building blocks, which has not 

been extensively studied yet, may afford complex structures and open the door to new 

and unexpected applications.294-297 For instance, Wang and colleagues decorated 

polystyrene nanoparticles with gold nanodots arranged in linear, trigonal, tetrahedral 

or right-pyramidal dispositions, resembling the sp-hybridisation of carbon or silicon 

atoms.298 Such nanoparticles with “valences” can potentially self-assemble through 

aurophilic interactions of the gold nanodots, generating so called “supraparticles” 

(Figure 5.1).  

 

Figure 5.1: Polystyrene nanoparticles decorated with gold nanodots in linear, trigonal, 

tetrahedral and right-pyramidal arrangements. 

 

5.1.3 Au NPs as drug carriers/delivery agents 

Au NPs have attracted enormous interest as drug carriers or delivery platforms.286,299 

Colloidal gold provides enhanced stability and solubility, longer circulation times, 

improved cellular uptake and biodistribution, and high local drug concentration (one 

single Au NP can carry hundreds or thousands of appended ligands depending on the 

nanoparticle size).286,299-302 Biomolecules such as proteins (e.g. insulin), nucleic acids 

and lipids can be adsorbed onto the nanoparticle surface and circumvent enzymatic 

degradation.299,302 

For example, anticancer drugs can benefit from gold nanocarriers. The use of platinum-

based drugs (cisplatin, oxaliplatin and carboplatin) is limited by their severe side-

effects, and their connection to gold nanoscaffolds may improve their efficacy because 

of the extension of their circulation time and an enhanced penetration in tumour 
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cells.300 Similarly, anti-HIV drugs have been connected to Au NPs with promising 

results.301 

Cargos can be covalently attached to the carriers or bound through electrostatic 

interactions. To exert their activity, they can either remain connected or be released by 

different stimuli.299,302 These stimuli can be internal, such as reduction by the highly 

abundant intracellular glutathione, or external, such as light activation, which can 

provide spatio-temporal control.303,304 

In healthy tissues, passive uptake of nanoparticles takes place mainly via endocytosis, 

that is, they are engulfed by an invagination of the cell membrane and transfected into 

the cytosol inside a vesicle.305,306 Importantly, nanoparticulate systems accumulate 

more in cancer cells due to the enhanced permeation and retention effect (EPR 

effect).100,286,307 The vasculature of tumour tissues is generally much more leaky due to 

the overexpression of growth factors. This effect is supposed to facilitate the supply of 

macromolecules as well as tumour growth and expansion, but it may also bring an 

opportunity for nanoparticle-based therapeutics.307 

BBB inflammation and disruption of the tight junctions have been observed in AD, 

which result in the permeation of this membrane.275,276,308,309 Such feature might be 

advantageous for an enhanced access and accumulation of nanoparticles in the brain 

(similarly to the EPR effect). 

On the other hand, specific uptake can be achieved by adding particular targeting 

ligands to the nanoconjugates.101,102,302,310 Small molecules, peptides and antibodies 

have been attached with the aim of improving internalisation and selectivity in different 

tissues. For example, folic acid or the tumour necrosis factor (TNF) have been used for 

improved uptake by tumour cells.302 BBB permeation has been improved by 

conjugating Au NPs with peptides targeting BBB receptors (for instance, transferrin, 

insulin or apolipoprotein receptors) or cell-penetrating peptides.101,102 

The nanoparticle size has a great impact on the biodistribution.280,281,283 Although some 

general trends have been observed, a screening of nanoparticles of different sizes is 

usually required to determine their biodistribution profiles. It is still not possible to 

predict the final destination, i.e. the target organ(s) and/or organelle(s), of a certain 

nanoparticulate system (characterised by several features such as the size, the charge 

or the presence of appended ligands).  
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In this chapter, Au NPs with core diameters of 5 nm (5Au) and 14-15 nm (15Au) are 

described, including their preparation, functionalisation and characterisation. The two 

different sizes of the NPs were selected because it has been shown that 5 nm100 and 

14-15 nm99,280 Au NPs (and more generally nanoparticles with core sizes below 20 

nm)102,281,283,311 accumulate in the brain. 

 

5.1.4 PEGylation of Au NPs 

Under certain conditions, nanoparticles and other colloids tend to form aggregates 

through either reversible (flocculation) or irreversible processes (coagulation) to reduce 

their surface tension. According to the theory developed by Derjaguin, Verwey, Landau 

and Overbeek in 1940 (DVLO theory), the stability of a colloidal system depends on the 

balance between attractive van der Waals interactions and repulsive electrostatic 

forces.312-314 Hence, if two particles collide with sufficient energy to overcome the 

electrostatic repulsion, they will adhere irreversibly together due to the attractive van 

der Waals interactions.  

 

Figure 5.2: Electrostatic and steric stabilisation of nanoparticles that prevent aggregation. 

To prevent the aggregation of nanoparticles, two main methodologies are commonly 

used, which are schematised in Figure 5.2: functionalisation with charged species 

(electrostatic functionalisation) or with polymers (steric stabilisation).312-314 Both 

strategies are based on osmotic phenomena and do not allow the particles to be in 

close contact so that adhesion cannot occur.313 Electrostatic stabilisation is often 

inexpensive and the colloid can be stabilised or flocculated by altering the 

concentration of the ionic species in the medium; however, this is not suitable for 

concentrated or electrolyte-sensitive systems. The functionalisation with polymers is 
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usually simple and allows the re-dispersion of the agglomerated particles. Though, this 

method may be expensive and the presence a polymeric shell is sometimes 

inconvenient.292 

The coating of nanoparticles with polyethylene glycol (PEG), also known as PEGylation, 

is a common, FDA-approved strategy for the improvement of the pharmacokinetic 

properties and efficacy of nanoparticles or any other drug in general.315-317 PEG 

polymers are water soluble, non-toxic, and simply eliminated through the liver and 

kidneys. Importantly, the lack of electric charge prevents nonspecific adsorption of 

proteins as well as macrophage recognition and clearance, which leads to extended 

blood circulation times.282,286,292,306,316  

Due to the aforementioned advantages, this approach has been extended to other 

systems such as dendrimers and nanoparticles for biomedical applications.315,318 

Additionally, PEG chains terminated with different functionalities such as carboxylate, 

amino or thiol groups allow the covalent coupling of targeting ligands, peptides and 

drugs.311,318-320 Therefore, PEGylation can also be regarded as a tool for the design and 

preparation of multifunctional systems. 

Thus, the Au NPs of 5 and 14-15 nm, prepared in the present study, were treated with 

poly(ethylene glycol) 2-mercaptoethyl ether acetic acid (HS-PEG2100-COOH) to afford 

the respective PEGylated nanoparticles 5Au-COOH and 15Au-COOH. This polymer 

presents a thiol group at one end for the interaction with Au NPs through a strong Au-

S bond, and a carboxylic group on the other side, which can be used for the connection 

to peptides via the formation of an amide bond (Figure 5.3).311,319,320 

 

Figure 5.3: Poly(ethylene glycol) 2-mercaptoethyl ether acetic acid (HS-PEG2100-COOH) for 

the coating of the Au NPs. 
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5.1.5 Preparation of Ac-His-Lys(Coum)-His-Lys-NH2 (AcHKcHK) and its 

subsequent coupling to Au NPs 

Ac-His-Lys(Coum)-His-Lys-NH2 (AcHKcHK), whose synthesis was described in Chapter 

2, was selected to couple it to Au NPs. AcHKcHK indeed exhibits interesting 

properties/features (Figure 5.4); it includes i) an His-Xaa-His unit, responsible for the 

binding of Cu(II) ions (see Chapter 3); ii) a coumarinic fluorescent probe for the 

quantification of the peptide bound to the nanocarriers; iii) an ε amino group from the 

side chain of Lys4 allowing its connection to the Au NPs through the carbodiimide-

assisted generation of an amide bond with the carboxylate of the PEG chains, and iv) 

carboxamide-protected N-terminal amino and C-terminal carboxylic functions to solely 

connect it to the nanoparticles through the ε amino group of Lys4.  

 

Figure 5.4: Structural and functional features of Ac-His-Lys(Coum)-His-Lys-NH2 (AcHKcHK). 

In this chapter, the preparation of the AcHKcHK-functionalised nanoparticles 5Au-

HKcHK and 15Au-HKcHK is described. The evaluation of the Cu(II)-chelating 

properties of the nanoconjugates and preliminary cell-survival studies for 15Au-COOH 

and 15Au-HKcHK are presented as well. The peptides coupled to the Au NPs were 

expected to retain their Cu(II)-binding capacities, improved BBB-permeability (thanks 

to the Au NPs) and resistance to proteolysis (see section 5.1.4).  
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5.2 Objectives 

• Synthesis of Au NPs of sizes 5 and 15 nm, subsequent functionalisation with HS-

PEG2100-COOH and coupling of AcHKcHK. 

• Characterisation of the different nanomaterials obtained and quantification of the 

amount of peptide linked to the NPs. 

• Evaluation of the Cu(II)-chelating properties of the peptide-functionalised 

nanomaterials. 

• Viability study using neuronal embryo cells of wildtype mice in the presence of 

AcHKcHK, 15Au-COOH and 15Au-HKcHK. 

 

 

5.3 Results and discussion 

5.3.1 Synthesis and functionalisation of Au NPs 

The synthetic procedures for the preparation of solid nanoparticles are usually 

classified into two groups (Figure 5.5):321-323 

• Top-down approaches. These use bulk starting materials, which are reduced in 

size by techniques that include mechanical methods (trituration, grinding) and 

laser or chemically-driven lithography.  

• Bottom-up approaches. The source materials consist in atoms, ions and 

molecules, which self-assemble into nanometric structures through a sol 

process, hydrothermal synthesis, pyrolysis or vapour deposition, among many 

others. 

 

 

Figure 5.5: Bottom-up and top-down strategies for the synthesis of nanoparticles. 

The Au NPs described herein were synthesised following the bottom-up sol process, 

which relies on the rapid generation of a supersaturated solution of the precursor 
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material, namely Au(0).287,324 In a first step (nucleation), Au(III) is quickly reduced to 

Au(0) and small nuclei are formed (Figure 5.6).277,287,291,324 The source of Au(III) ions is 

usually tetrachloroauric(III) acid, HAuCl4, which is industrially obtained by reaction of 

metallic gold with aqua regia.288 The nuclei under a critical size value, also called 

embryos, will redissolve, whereas the bigger ones will be stable.277,287,291,324 In a second 

step (growth), the seeds further grow to form the final material. The ultimate 

maturation of the colloid occurs through diffusion and other mechanisms such as 

Ostwald ripening, in which large nanoparticles grow in expense of small ones.277,287,291 

 

Figure 5.6: Steps in the generation of Au NPs by the sol process. 

The most popular methodology for the aqueous preparation of Au NPs consists in 

variations of the approach reported by Turkevich in 1951, in which sodium citrate was 

used as the reducing agent for the preparation of 20 nm Au NPs.325 Citrate ions have a 

double function; they reduce Au(III) to Au(0) and cap the resulting gold nanospheres, 

conferring a high colloid stability. In 1973, Frens published a method to customise the 

size of the nanoparticulate material by modifying the ratio of the reducing/stabilising 

agents.326,327  

Other methodologies involving phase-transfer systems, membranes and reversed 

micelles have also been developed.287 Physical approaches such as laser irradiation, 

ultrasounds or pyrolysis are alternative strategies available. 

The size of the nanoparticles is determined by several factors:327 
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• Temperature: higher temperatures promote the formation of bigger nuclei and, 

hence, larger nanoparticles; 

• Reaction time: longer reaction times lead to the formation of bigger 

nanoparticles due to an extended growth step; 

• Strength of the reducing agent: strong reducing agents rapidly generate a 

great number of small nuclei, leading to smaller nanoparticles;  

• Other parameters: the concentration of reagents and their relative amounts, 

the pH and the presence of surfactants modulate the size as well as the 

morphology of the particles. 

 

The 5 nm Au NPs (5Au) were obtained using sodium borohydride as the reducing 

agent (Figure 5.7). When a basic solution of NaBH4 was added to an acidic solution of 

HAuCl4, under nitrogen and at room temperature, the colour immediately turned from 

pale yellow to bright orange, indicating the generation of colloidal gold.328 The 5Au 

nanoparticles were subsequently functionalised with PEG chains, which improved their 

stability, up to several months (see below). 

Next, the preparation of 15 nm Au NPs (15Au) was performed applying a modification 

of Turkevich’s method in which aqueous sodium citrate was added to a boiling and 

stirred solution of HAuCl4 in Milli-Q H2O (Figure 5.7).329 Sodium citrate is a weaker 

reducing agent than sodium borohydride and thus yields bigger Au NPs. The reaction 

mixture quickly changed from pale yellow to colourless and then to reddish-purple. 

The 15Au nanoparticles obtained were stable for months. 

 

Figure 5.7: Synthesis of Au NPs with different core sizes using sodium borohydride (5Au) or 

sodium citrate (15Au) as the reducing agents. 

The precursor nanoparticles were then functionalised with HS-PEG2100-COOH (Figure 

5.8). To cover the surface of the nanoparticles with a dense, brush-like monolayer of 

PEG, it should be considered that each PEG chain occupies 0.35 nm2.318,330 For the 
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calculation of the surface of the Au NPs, they were assumed to be perfect spheres.331 

Hence, the surface of a spherical nanoparticle, SNP, can be calculated using Equation 

5.1:   

SNP = 4π(RNP)2 (5.1) 

where RNP is the radius of the nanoparticle, namely 2.5 nm for 5Au and 7.5 nm for 

15Au. Thus, the surface of a 15 nm Au NP is 706.9 nm2, whereas the surface of a 5 nm 

NP is 79 nm2. Since the reported footprint of a thiol-terminated PEG molecule in an Au 

NP is about 0.35 nm2, the number of PEG chains per nanoparticle, NPEG, can be 

determined using Equation 5.2: 

NPEG = SNP/0.35 (5.2) 

Therefore, each 5 nm or 15 nm nanoparticle can accommodate up to 224 or 2020 PEG 

molecules, respectively. The PEGylation reaction was performed in Milli-Q H2O by 

adding a 25% excess of HS-PEG2100-COOH related to the total coverage of the surface. 

The exact size and concentration of the Au NPs were determined by transmission 

electron microscopy (TEM), as explained in section 5.3.2. 

 

Figure 5.8: Functionalisation of Au NPs with HS-PEG2100-COOH. 

The 5Au nanoparticles were PEGylated immediately after preparation due to their lower 

stability (as a result of the higher surface/volume ratio), while the functionalisation of 

15Au could be carried out even 2 months after their synthesis. The PEGylated 

nanoparticles of 5 (5Au-COOH) and 15 nm (15Au-COOH) were resistant to irreversible 

aggregation in the presence of high concentrations of salts, and upon heating or 

centrifugation. 

Once PEGylated, the NPs were functionalised with AcHKcHK through the activation of 

the PEG carboxylate groups (Figure 5.9). Such activation was achieved using the water-

soluble coupling agent 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC; see 
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Chapter 2 for the mechanism of the generation of amide bonds between amino and 

carboxylate groups using carbodiimides). EDC has been successfully employed for the 

coupling of proteins and antibodies to different nanoparticulate systems.311,319,320,332,333 

Upon nucleophilic attack of the ε amino group of AcHKcHK to the carbodiimide-

activated carboxylate groups, an amide bond connecting the peptide and the 

nanoparticle-bound PEG chains was produced, generating the nanoconjugates 5Au-

HKcHK and 15Au-HKcHK. 

 

Figure 5.9: Coupling of AcHKcHK to the Au NPs using the water-soluble carbodiimide EDC. 

The reaction was carried under sonication for 1 h, and freshly prepared solutions of 

EDC were rapidly added to avoid the reaction of water molecules with the O-

acylisourea produced, which would inactivate EDC.319 Although such reaction has been 

reported in buffered media, the coupling of AcHKcHK to Au-COOH had to be 

performed in pure Milli-Q H2O.319 Indeed, the reaction in either borate (10 or 200 mM) 

or 0.1X PBS buffers was unsuccessful, most likely due to the side reaction of borate or 

phosphate with EDC. 

The nanomaterials were differently purified depending on their size. 15Au-COOH and 

15Au-HKcHK were purified by applying 3 cycles of centrifugation and resuspension in 

0.1X PBS. 5Au-COOH and 5Au-HKcHK were purified by dialysis using semipermeable 

membranes as sedimentation through centrifugation could not be achieved with these 

small NPs. 
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5.3.2 Characterisation of the Au NPs 

5.3.2.1 Nanoparticle core size and concentration 

The high electron density of gold atoms allows the direct visualisation of their NPs by 

transmission electron microscopy (TEM). The carbon-based appending ligands (viz. the 

PEG chains and the chelating peptides) display much lower electron densities and 

cannot therefore be observed by this technique, unless they are stained (e.g. with 

uranyl acetate).    

TEM images and size distributions of 5Au-HKcHK and 15Au-HKcHK NPs are shown in 

Figure 5.10. The metallic core of 5Au-HKcHK presented an average size of 4.50 ± 0.70 

nm, most nanoparticles being in the range of 3.5-5.0 nm. The average size of 15Au-

HKcHK was 14.5 ± 1.7 nm, with most nanoparticles in the range of 13.0-15.0 nm. The 

core size dispersities obtained for both 5Au-HKcHK100,334-336 and 15Au-HKcHK99,280,334 

were comparable to those reported in the literature.  

 

 

Figure 5.10: TEM images and metallic core-size distributions of 5Au-HKcHK (top) and 15Au-

HKcHK (bottom). 
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The initial concentration of Au NPs was estimated once the mean size of the 

nanoparticles was determined from the TEM images. First, the number of total gold 

atoms in the solution, NAu, was obtained using Equation 5.3:331 

NAu = NA × VAu × [HAuCl4] (5.3)  

where NA is Avogadro’s number, and VAu and [HAuCl4] are the volume and the 

concentration of the solution of HAuCl4, respectively. Then, the number of gold atoms 

per nanoparticle, i.e. N, was obtained using Equation 5.4:  

N = (RNP / RAu)3 (5.4) 

where RNP is the mean radius of the nanoparticles, obtained by TEM, and RAu is the 

atomic radius of gold (viz. 137 pm).331 Next, the number of nanoparticles, NNP, is 

obtained using Equation 5.5: 

NNP = N / NAu (5.5) 

Finally, the concentration of nanoparticles in the colloid, namely [NP], was obtained 

using Equation 5.6:  

[NP] = NNP / (NA × V) (5.6) 

where V is the final volume of the suspension. Hence, the initial concentration of Au 

NPs was determined to be 113 nM and 6.14 nM for the 4.5 and 14.5 nm nanoparticles, 

respectively (see section 5.5.2 for experimental details).  

 

5.3.2.2 Monitoring the functionalisation by UV-Visible spectroscopy 

For particles with sizes below the Bohr radius, electron motion is confined in the 

particle, in contrast to bulk metals where the electrons can travel throughout the 

material.278 This results in higher band-gap energies and in the quantisation of the 

energy levels and, thus, to characteristic absorption phenomena. The optical properties 

of nanometric semiconductors, such as CdSe nanoparticles, are dramatically 

dependent on the particle size due to the different quantisation and separation of the 

energy levels.278,297,337 

Among the unique optical phenomena arising from the quantum confinement effect, 

the surface plasmon resonance (spr) is one of the most important and exploited 
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ones.278,337,338 The surface plasmon resonance is caused by the oscillation of electrons 

in the conduction band. When nanoparticles are irradiated with light with the adequate 

frequency, the electron density on the surface is polarised and oscillates in resonance 

with the electromagnetic wave, as schematised in Figure 5.11.278,337,338  

 

Figure 5.11: Radiation-induced oscillation of electron density giving rise to the spr effect. 

The frequency of the plasmonic oscillation is dependent on the dielectric constant of 

the surroundings of the nanoparticle. Different solvents and capping ligands cause a 

variation in the dielectric constant, and therefore induce a shift of the spr absorption 

wavelength.278,279 In addition, molar extinction coefficients of spr absorption bands are 

orders of magnitude higher than those of the best organic chromophores; they are 

even larger for anisotropic particles.278,279,297,337,339 The spr phenomenon has found a 

vast number of sensing and imaging applications in different fields;340 in biology and 

biomedicine, this phenomenon is used for the detection and imaging of relevant 

biomolecules.290,339,341 Furthermore, differently-shaped anisotropic nanoparticles can 

provide additional, more sophisticated effects.296,297,342 

Metal nanospheres present small variations of their absorption depending on their 

diameters. For example, gold nanospheres are typically red-coloured and their tone 

changes with their size.278,297,337 Anisotropic nanoparticles (e.g. nanorods, nanocages, 

core-shell structures, etc.) display huge changes and particular features.278,341,342 For 

instance, gold nanorods present two plasmonic absorptions: a weak transversal (≈ 520 

nm) and a strong longitudinal ones at wavelengths that can be located at the near-

infrared (NIR) range, depending on their length-to-width ratio.278,296,297,342 
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The spr band of 5Au-COOH nanoparticles appeared at 509 nm, which increased to 512 

nm upon functionalisation with AcHKcHK (Figure 5.12, left). The spr band of 15Au 

appeared at 519 nm, a value that red-shifted to 522 nm upon reaction with HS-PEG2100-

COOH (Figure 5.12, right). No further variation was observed upon reaction of 15Au-

COOH with AcHKcHK. 

 

Figure 5.12: Surface plasmon resonance (spr) bands of the different nanomaterials, 

determined by UV-Vis spectroscopy. 5-Au-COOH (95 nM), 5Au-HKcHK (92 nM), 15Au-COOH 

(2.27 nM) and 15Au-HKcHK (1.20 nM) were analysed in 0.1X PBS, while 15Au (3.07 nM) was 

studied in Milli-Q H2O. 

The spr values obtained for the 5 nm (509-512 nm) and the 15 nm nanoparticles (519-

522 nm) were similar to those reported elsewhere.279,297,328,334-337,343 The red-shift of the 

spr bands with the increase of the nanoparticle size is due to a reduction of the energy 

bandgaps.278 It is worth mentioning that, for 15Au nanoparticles, the addition of a high 

excess of HS-PEG2100-COOH (25-fold the amount required for a complete covering of 

the surface) only resulted in a slight deviation of the spr absorption.  

The spr absorptions were used to estimate the concentration of the different batches. 

The molar absorptivity of 5Au-COOH and 15Au-COOH was calculated from the spr 

absorption values of the samples before purification, as their concentration was directly 

related to that of the precursor sample (whose concentration was calculated from the 

initial [HAuCl4] and the size of the NPs determined by TEM; see above). The purification 

steps, especially those involving centrifugation, led to a decrease of the final [Au NP].  
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5.3.2.3 PEGylation density  

Thermogravimetric analysis (TGA), in which the weight loss of a sample (thermal 

decomposition) is monitored as a function of the temperature, was carried out to 

quantify the amount of HS-PEG2100-COOH bound to the surface of 15Au-COOH.330 

PEGylated Au NPs are known to decompose at about 320 ºC, losing the PEG chains.330 

TGA requires high amounts of sample, namely about 5 mg; for the 5Au-COOH 

nanoparticles, this would correspond to 50-60 L of solution. Therefore, TGA could not 

be performed with these NPs. 

As explained in section 5.3.1, the footprint of a thiolate-PEG chain connected to an Au 

NP in a brush-like conformation is 0.35 nm2.318,330 Using Equations 5.1 and 5.2, the 

number of PEG chains per Au NP having an average size of 14.4 nm (as determined by 

TEM; see below) was found to be 1861.  

The number of gold atoms per nanoparticle was 1.45×105 according to Equation 5.4; 

considering the molar masses of HS-PEG2100-COOH (average molar mass of 2100 

g/mol) and Au (196.967 g/mol), the mass percentage corresponding to the PEG chains, 

%PEG(m/m), can be determined using Equation 5.7: 

% PEG (m/m) = mass PEG / (mass PEG + mass Au) × 100 (5.7) 

where massPEG and massAu are the mass of PEG and the mass of gold per mol of 

nanoparticle, respectively. The calculated value of %PEG(m/m) (and hence the expected 

loss of mass) was 12.0%. 

The TGA results obtained for 15Au-COOH are shown in Figure 5.13. About 10 % mass 

loss occurred upon heating the sample from 30 to 460 ºC. An abrupt weight decrease 

was observed at around 350 ºC, which corresponded to the loss of approximately 1540 

PEG chains per nanoparticle, namely 83% coverage of the total surface of the 

nanoparticle. 

Such surface coverage was sufficient to prevent the aggregation of the nanomaterials 

and provided a high number of functional carboxylic end groups for the coupling of 

AcHKcHK. Furthermore, such high-density PEG-brushes would prevent the undesired 

adsorption of large (bio)molecules. 
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Figure 5.13: Thermogravimetry curve obtained for 15Au-COOH nanoparticles with an 

average size of 14.4 nm. 

 

5.3.2.4 Hydrodynamic size  

The Au NPs were subsequently characterised by dynamic light scattering (DLS, also 

called Quasi-Elastic Light Scattering or Photon Correlation Spectroscopy). DLS detects 

the Brownian motion of colloidal particles in the submicron range (that is, the random 

motion of particles in a liquid caused by the collision with the solvent molecules 

surrounding them) and relates it with their size.344-346 The diameter determined by DLS 

is called the hydrodynamic size since it refers to the motion of the particles in a fluid 

(typically a liquid). Since this motion is affected by the size of both the metallic core 

and the surface ligands, this technique provides information about the total size of the 

functionalised particles (viz. the PEGylated Au NPs).  

To determine their hydrodynamic size, the Brownian motion of the particles is detected 

using a laser. Then, the fluctuation rate of the light scattered by the colloid is measured 

and correlated to the hydrodynamic size of the particles by using the Stokes-Einstein 

equation (Equation 5.8):344-346 

𝒅(𝑯) =  
𝒌𝑻

𝟑𝝅𝜼𝑫
 (5.8) 
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where d(H) is the hydrodynamic size, k is the Boltzmann’s constant, T is the 

temperature of the system, η is the viscosity of the fluid at the temperature of 

measurement and D is the translational diffusion coefficient, which defines the velocity 

of the Brownian motion. Large particles exhibit a slow Brownian motion, whereas small 

ones are pushed further in the liquid phase and move faster. The translational diffusion 

coefficient is affected by several other factors, such as a non-spherical shape, the ionic 

strength of the medium or the presence of polymers on the particle surface.344,345 

According to the Rayleigh theory, when the diameter of the particles, d, is notably 

smaller than the wavelength of the incident light (d ≤ λ/10), then the intensity of the 

scattered light is proportional to d6.346 For instance, the intensity of the light scattered 

by a 50 nm particle is 106 times higher than that scattered by a 5 nm particle. 

The distribution of the size of the species can be expressed in terms of number, volume 

or intensity of scattered light (Figure 5.14).346 If we consider a system composed by 

equal amounts of nanoparticles of size 5 and 50 nm, the distribution number will be 

1:1, while the volume distribution will be 1:103 since it is proportional to d3. When the 

data are converted into an intensity distribution, the ratio is 1:106 as the intensity of 

scattered light is proportional to d6. 

 

Figure 5.14: Number, volume and intensity distributions of a 50/50 mixture of nanoparticles 

with 5 and 50 nm diameters. 

The DLS histrograms (intensity distribution) obtained for the 5 nm Au NPs in 0.1X PBS 

are shown in Figure 5.15. Characteristic peaks centred at 19 and 17 nm were observed 
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for 5Au-COOH and 5Au-HKcHK, respectively. The smaller size observed for 5Au-HKcHK 

(compared to 5Au-COOH) might be due to its less charged surface, giving rise to a 

somewhat folded peptide-PEG corona. It should be stressed that the hydrodynamic 

size of the initial 5Au NPs could not be measured due to their poor stability; hence, the 

size increase upon functionalisation with HS-PEG2100-COOH could not be determined.  

In addition, peaks centred at 250-300 nm appeared, which might be due to 

agglomerated nanoparticles, particularly large nanoparticles or artefacts that 

originated during the measurements or the subsequent mathematical treatment. 

Under the above-discussed considerations, larger nanoparticles scatter much more 

light, meaning that the number of large nanoparticles or aggregates should be 

negligible compared to that of 5Au. It should be mentioned that the samples were 

filtered through 0.2 µm filters prior to their measurement and that no large particles 

were observed by TEM. Such peaks might arise from reversible aggregation 

(flocculation) of the Au NPs; longer sonication times previous to DLS measurements 

might be required. 

 

 

Figure 5.15: Intensity distributions of the hydrodynamic size of 5Au-COOH (top) and 5Au-

HKcHK (bottom) in 0.1X PBS (pH 7.4). 



5. Conjugation of Cu(II)-chelating peptides to… 265 
 

Figure 5.16 shows the DLS spectra (intensity distribution) obtained for the 15 nm Au 

NPs in 0.1X PBS. The hydrodynamic size increased with respect to 15Au upon coating 

with PEG (from 30 to 38 nm). It should be pointed out here that, as the 15Au samples 

were (necessarily) studied in Milli-Q H2O, the difference observed might be incorrect; 

indeed, in ultrapure water, 2-10 nm larger values for hydrodynamic sizes are usually 

obtained compared to buffered solutions because the absence of ions impedes the 

shielding of long-distance interparticle interactions.346  

 

 

 

Figure 5.16: Intensity distributions of the hydrodynamic size of 15Au in Milli-Q H2O (top), 

15Au-COOH (middle) in 0.1X PBS (pH 7.4) and 15Au-HKcHK (bottom) in 0.1X PBS (pH 7.4). 
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The 15Au (citrate) samples had to be prepared in Milli-Q H2O since aggregation rapidly 

occurred in buffered solutions; in contrast, the 15Au-COOH and 15Au-HKcHK samples 

were measured in 0.1X PBS, and no significant size variation was detected upon 

coupling of AcHKcHK to 15Au-COOH. 

Small peaks randomly centred at around 1-5 nm were often observed, especially for 

15Au-COOH and 15Au-HKcHK, which were due to the rotational diffusion of the 

nanoparticles.346 When such peaks were not seen, polydispersity index (PDI) values of 

about 0.2 were obtained, which were indicative of moderately polydisperse samples.346 

 

5.3.2.5 Surface effective charge 

As mentioned in section 5.1.4, the balance between attractive and repulsive 

interactions determines the stability of colloidal nanoparticles.312-314,346 The repulsive 

interactions depend on the Z potential, ζ, which is the potential at the slipping/shear 

plane.346,347 The greater is ζ (either positive or negative), the more stable is the 

system.346,347 The occurrence of surface charges can have different origins, such as the 

ionisation of surface groups (e.g. acid and basic groups), the loss of ions from a crystal 

lattice or the adsorption of charged species.346,347  

Charged particles are surrounded by two layers of ions which move with them. The 

inner layer, called Stern layer, contains ions which are tightly bound to the particle 

surface (Figure 5.17).313,346,347 The ions within the outer layer, also called diffuse, are 

more loosely attached. Beyond the boundary of the double layer, which is called the 

slipping or shear plane, the ions remain in the bulk solvent rather than moving with the 

particle.313,346,347 

 

Figure 5.17: Electric double layer surrounding a nanoparticle with a negatively-charged 

surface. 
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The Z potential value of the as-obtained nanoparticles was measured in 0.1X PBS. The 

Z potential value of 5Au-HKcHK was higher (less negative) than that of 5Au-COOH 

(Figure 5.18); this feature was consistent with a decrease in the number of negatively-

charged carboxylates, as the result of the formation of neutral amide bonds through 

coupling with AcHKcHK. 

 

 

Figure 5.18: Z potential values of 5Au-COOH (top) and 5Au-HKcHK (bottom). 

The Z potentials obtained for 15Au-COOH and 15Au-HKcHK are shown in Figure 5.19. 

The value observed for 15Au-HKcHK was only 3 mV higher than that of 15Au-COOH. 

Considering their respective SD values, the difference in ζ is not conclusive regarding 

the effective coupling of AcHKcHK; further studies by gel electrophoresis had to be 

carried out to confirm the functionalisation (see section 5.3.2.7). The Z potential of 

15Au could not be determined due to aggregation of the nanoparticles in the 

measurement media (0.1X PBS). 
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Figure 5.19: Z potentials of 15Au-COOH (top) and 15Au-HKcHK (bottom). 

It should be mentioned that well-defined and reproducible peaks were often not 

obtained; the zeta potential is affected by several factors such as the pH of the solution, 

its conductivity, the concentration of nanoparticles or the presence of components of 

the formulation that can adsorb on the surface.346,347 All measurements were 

performed in 0.1X PBS; therefore, all samples presented similar pH and conductivity 

values. A better control of the parameters that may affect the measurements will clearly 

be required for future characterisations of the nanomaterials.  

 

5.3.2.6 Summary of the physical characteristics of the Au NPs prepared 

The main physical features of the Au NPs are summarised in Table 5.1. Unsurprisingly, 

the metallic core sizes were not altered by the different synthetic steps. The spr band 

of the orange-brown, 5 nm nanoparticles experienced a greater change than the 15 

nm red ones.  
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Table 5.1: Core sizes (determined by TEM), spr bands, hydrodynamic sizes (determined by 

DLS) and zeta potentials for the different gold nanomaterials. 

Nanomaterial 
Core size 

(nm)a 

spr band 

(nm) 

Hydrodynamic 

size (nm)a 

Zeta potential 

(mV)a 

5Au-COOH 4.8 ± 0.83 509 19 ± 8.8 −11 ± 1.2 

5Au-HKcHK 4.5 ± 0.70 512 17 ± 6.3 −6.1 ± 3.0 

15Au 14.1 ± 1.96 519 30 ± 18 n.d. 

15Au-COOH 14.4 ± 1.62 522 38 ± 14 −33 ± 4.6 

15Au-HKcHK 14.5 ± 1.71 522 38 ± 14 −30 ± 2.4 

a Values are expressed as mean ± standard deviation 

The hydrodynamic sizes increased upon functionalisation with HS-PEG2100-COOH; no 

significant variation occurred upon AcHKcHK coupling. The Z potential values were 

more negative for the 15 nm nanoparticles than for 5 nm ones, in accordance with their 

higher amount of negative charges. Whereas the Z potential of 5Au-COOH became 

significantly less negative upon coupling of AcHKcHK, the corresponding variation for 

15Au-COOH was negligible. 

 

5.3.2.7 Peptide coupling characterised by agarose-gel electrophoresis 

Upon application of an electric field, negatively-charged species such as the pegylated 

nanoparticles described herein migrate towards the positive electrode. The coupling of 

AcHKcHK to the PEG chains reduces the overall negative charge of the particle surface; 

therefore, the migration distance of the Au-HKcHK NPs is expected to be shorter.319  

The gels obtained are shown in Figure 5.20. As anticipated, both 15Au-HKcHK and 

5Au-HKcHK migrated slower than the corresponding 15Au-COOH and 5Au-COOH 

nanoparticles, hence confirming the peptide coupling. Gel electrophoresis experiments 

confirmed (see section 5.3.1) that AcHKcHK could not be coupled to Au-COOH, both 

in borate (10 or 200 mM) or 0.1X PBS.  
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Figure 5.20: Agarose gels of 15Au-COOH/15Au-HKcHK (left) and 5Au-COOH/5Au-HKcHK 

(right). 

 

5.3.2.8 Quantification of peptide content  

a) By fluorescence spectroscopy  

In principle, the coumarinic probe present in AcHKcHK would allow the quantification 

of the peptide by fluorescence spectroscopy; however, its emission was quenched by 

its proximity to the gold surface, hence impeding a direct assessment. Quenched 

emission has been reported for fluorophores within a distance of 5 nm or shorter from 

the nanoparticle surface; this quenching is due to donation of the fluorophore 

electrons to the nanoparticle and subsequent non-radiative relaxation.278,339 

Conversely, 100-fold enhanced fluorescent intensities have been observed for 

fluorophores within distances of at least 10 nm, which result from constructive 

interactions with the electric field of the nanoparticle.278,348 Surprisingly, although a 

distance of about 13 nm (fully extended length of PEG2100) from the coumarinic moiety 

to the gold surface was expected according to the high density of PEG chains (brush-

like conformation) determined by thermogravimetric analysis,349 fluorescence 

quenching was observed. TEM experiments using uranyl acetate staining should 

therefore be carried out to appropriately determine the actual length of the PEG 

corona. 

To quantify the amount of peptide grafted onto the nanoparticles, their cleavage from 

the gold surface was carried out (Figure 5.21). To do so, the nanoconjugates were 

treated with concentrated HCl (50 μL) and stirred for 3 days at rt. After subsequent 
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centrifugation to remove the gold nanoparticles, the supernatants were collected, and 

the pH of the solution was brought back to 7-8 using NaHCO3. 

 

Figure 5.21: Cleavage of the Au-S bond by treatment with HCl at rt. 

A calibration curve was created for AcHKcHK using a set of standard solutions of the 

peptide; the corresponding plot is shown in Figure 5.22. The percentages of coupling 

were calculated considering the number of PEG chains per nanoparticle (see TGA 

results for 15Au-COOH); a PEG coverage of 100% was assumed for 5Au-HKcHK even 

though it was not confirmed experimentally (see section 5.3.2.3). 

 

Figure 5.22: Calibration curve of fluorescence intensity for AcHKcHK in 0.1X PBS (pH 7.4). 

Excitation wavelength λexc = 300 nm and λem = 410 nm. 

Coupling efficiencies of 84% (corresponding to 152 AcHKcHK molecules per 

nanoparticle) and 61% (viz. 937 AcHKcHK molecules per nanoparticle) were obtained 

for 5Au-HKcHK and 15Au-HKcHK, respectively. Very low fluorescent intensities were 

observed when the coupling reaction was performed in borate or PBS buffers, 
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indicating poor coupling yields, and confirming the results obtained by agarose gel 

electrophoresis. 

 

b) Amino-acid quantification by pre-column derivatisation 

To validate the quantification results obtained by fluorescence spectroscopy, amino-

acid quantification was carried out for 15Au-HKcHK. In this method, the samples are 

digested with 6 M HCl at 110 ºC for 48 h and the resulting hydrolysed amino acids are 

subsequently reacted with the chromophore 6-aminoquinolyl-N-hydroxysuccinimidyl 

carbamate, which is used for their detection (λabs = 254 nm). The amino acid derivatives 

are then analysed by high-performance liquid chromatography and the quantification 

of the amino acids is obtained by comparison of the area responses with those of an 

internal standard (i.e. α-aminobutyric acid and norleucine). 

The chromatogram showed various peaks that did not correspond to either His or Lys, 

thus suggesting that the peptide was degraded during its digestion. Therefore, acidic 

treatment of 15Au-HKcHK with HCl for 3 days without thermal digestion was performed 

to release the peptide chains. After purification by centrifugation, the analysis gave 

similar results, ruling out any possible Au-induced degradation of the peptide. Several 

unidentified peaks were observed for a sample solely containing AcHKcHK. 

Accordingly, 15Au-HKcHK was treated with HCl at a final concentration of 300 mM, at 

60 ºC for 3 h. After centrifugation, the emission of the supernatant (containing, in 

principle, free AcHcHK) using λexc = 300 nm (coumarin) was recorded. A blue-shift of 

the emission was observed compared with that of the original, non-treated peptide, 

indicating that the peptide is most likely thermally degraded in an acidic medium. 

These observations are consistent with features discussed in Chapter 2, where side 

reactions involving peptides containing the coumarin probe were described.  

Further research is required to both elucidate the reactivity of the coumarin-containing 

peptides and to validate the coupling percentages obtained by fluorescence 

spectroscopy. Alternatively, a peptide bearing a more chemically and thermally stable 

fluorescent probe may be used.  
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5.3.3 Evaluation of the Cu(II)-chelating properties of the nanoconjugates and 

their cell toxicity 

5.3.3.1 Cu(II)-chelating efficacy of the nanoconjugates against Aβ 

Fluorescence competition studies were carried out to evaluate the Cu(II)-chelating 

properties of the Au-HKcHK nanoparticles. As mentioned in Chapter 3, the N-protected 

peptides Ac-His-Lys(Coum)-His-OH (AcHKcH), Ac-His-Lys(4DMN)-His-OH (AcHKdH) 

and Ac-His-Lys(4DMN)-His-NH2 (AcHKdH-NH2), which were studied as models of 

AcHKcHK coupled to Au NPs, exhibited higher Cu(II)-binding affinities than Aβ(1-16). 

Therefore, Au-HKcHK NPs were expected to extract Cu(II) ions from this non-

aggregating, short fragment of Aβ. 

Preformed Aβ(1-16)-Cu(II) complex was treated with the Au NPs and the copper-

exchange process was followed by measuring the changes of the emission of the Tyr10 

residue (λexc = 275 nm, λem = 305 nm) of Aβ(1-16), initially quenched by the Cu(II) ions 

(see Chapter 3). The emission of Aβ(1-16)-Cu(II) was measured immediately after 

addition of the Au NPs, and after 2 and 24 h of incubation at 37 ºC. In the presence of 

the Au NPs, the emission of Tyr10 further decreased due to the quenching induced by 

gold (Figure 5.23).348   

The fluorescence decrease observed was lower for Au-HKcHK than for Au-COOH, 

indicating that Cu(II) was partially displaced by the Au NPs functionalised with the 

Cu(II)-chelating peptide AcHKcHK. This difference of emission intensity was observed 

at all incubation times. The greater alteration of the emission with the 15 nm Au NPs 

might be explained by the lower concentrations used, compared with those of the 5 

nm Au NPs (namely 0.73 nM for 15Au-COOH/15Au-HKcHK and 52 nM 5Au-

COOH/5Au-HKcHK); hence, quenching due to gold is lesser in the case of the 15 nm. 
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Figure 5.23: Relative fluorescence emission (%) of Aβ(1-16)-Cu(II) , in the presence of 15Au-

COOH (red) and 15Au-HKcHK (green) after 0, 2 and 24 h of incubation at 37 ºC. The 

fluorescence is relative to that of Aβ(1-16)-Cu(II). Top: 10 µM Aβ(1-16)-Cu(II) and 52 nM 5Au-

COOH or 5Au-HKcHK (8.0 µM AcHKcHK, 0.80 eq). Bottom: 5 µM Aβ(1-16)-Cu(II) and 0.73 nM 

15Au-COOH or 15Au-HKcHK (688 nM AcHKcHK, 0.14 eq). λexc = 275 nm, 10 mM HEPES (pH 

7.4). 

Next, the potential chelating activity of the peptide-functionalised Au NPs was 

evaluated by competitive studies with Cu(II)-containing Aβ(1-40) oligomers (generated 

through incubation of Aβ monomers with stoichiometric amounts of Cu(II), see section 

5.5). The Aβ(1-40)-Cu(II) oligomers were treated with Au-HKcHK NPs and ThT 

fluorescence emission (which is related to fibrillation) was monitored over time to 

evaluate the ability of the peptide-functionalised nanoparticles to prevent the copper-

induced stabilisation of oligomeric species (see Chapter 3). The characteristic 
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sigmoidal curve (indicative of the formation of fibres) was obtained for non-treated 

Aβ(1-40) monomers (Figure 5.24, dark-blue dots), while no variation was observed for 

the Aβ(1-40)-Cu(II) oligomers, thus confirming the stabilisation of ThT-silent species 

(Figure 5.24, light-blue dots). 

 

 

Figure 5.24: Aggregation studies of a 25 µM solution of Aβ(1-40) monomers (dark-blue 

dots), a 25 µM solution of Aβ(1-40)-Cu(II) oligomers (light-blue dots), and of Aβ(1-40)-Cu(II) 

oligomers in the presence of Au-COOH (green dots) or Au-HKcHK (red dots). Top: 80.7 nM 

5Au-COOH and 78.2 nM 5Au-HKcHK (11.9 µM AcHKcHK, 0.48 eq); bottom: 2.10 nM 15Au-

COOH and 1.12 nM 15Au-HKcHK (1.05 µM AcHKcHK, 0.042 eq). ThT emission; λexc = 440 nm, 

λem = 490 nm. 1X PBS (pH 7.4), 37 ºC. 
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The addition of Au-COOH NPs to Aβ(1-40)-Cu(II) (Figure 5.24, green dots) did not lead 

to the recovery of the typical sigmoidal ThT-emission curve that depicts fibrillation, 

which was expected for these poorly-chelating NPs. The addition of 5Au-HKcHK (0.48 

eq of AcHKcHK in relation to Aβ(1-40)-Cu(II)) or 15Au-HKcHK (0.042 eq of AcHKcHK in 

relation to Aβ(1-40)-Cu(II))  did not restore Aβ(1-40) fibrillation either (see red dots in 

Figure 5.24, top and bottom). It is possible that amorphous, ThT-silent species may 

have precipitated upon (partial) extraction of Cu(II) ions and interaction with the Au 

NPs. The extremely low amounts of peptide used in these experiments should be 

noted. 

The adsorption of peptides and proteins onto the surface of (Au) NPs is a well-known 

phenomenon;350 actually, Au NPs with different surface charges have successfully been 

tested in the group as modulators of Aβ(1-40) aggregation. Therefore, the Au NPs 

might have impeded the fibrillation of Aβ(1-40) even after extraction of Aβ-bound 

Cu(II) ions. Aggregation studies with Aβ(1-40) monomers in the absence of copper 

were thus carried out to evaluate the effect of the Au-HKcHK NPs on Aβ fibrillation; the 

results achieved are shown in Figure 5.25. 

 

Figure 5.25: Aggregation of Aβ(1-40) (blue dots), Aβ(1-40) in the presence of 78.2 nM 5Au-

HKcHK (red dots) and Aβ(1-40) in the presence of 1.12 nM 15Au-HKcHK (green dots). ThT 

emission; λexc = 440 nm, λem = 490 nm. [Aβ] = 25 µM, 1X PBS (pH 7.4), 37 ºC. 

A typical lag time of 15 minutes was observed for Aβ(1-40) (blue dots), followed by an 

abrupt increase of the emission intensity of ThT, characterising the generation of fibres; 
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the final plateau was reached after 48 minutes. Aβ(1-40) aggregation was delayed by 

95 minutes in the presence of 15Au-HKcHK (green dots), which induced 69% inhibition. 

The lag time was shorter for 5Au-HKcHK (red dots), namely 55 minutes, but 95% 

inhibition of the fibrillation process was achieved (the stronger inhibitory effect of 5Au-

HKcHK probably arises from their higher concentration compared with that of 15Au-

HKcHK). The adsorption of Aβ(1-40) onto the surface of Au-HKcHK NPs most likely 

justifies the inhibition of the generation of fibres. Thus, the inhibition of Aβ fibrillation 

in the presence of copper was apparently induced both by the Au NPs (due to 

adsorption) and the non-displaced Cu(II) ions (due to stabilisation of oligomers).  

Very recently, small differences in salt concentrations have been found to significantly 

affect the Aβ(1-40) aggregation kinetics. This aspect must be considered in future 

studies given that in our tests, 10-fold less saline NP solutions were added to the 

protein.    

TEM experiments may be helpful to identify the nature of the aggregated species that 

form upon interaction of Cu(II)-oligomeric Aβ with Au-HKcHK NPs. The use of longer 

PEG linkers and/or more emissive peptide derivatives, or isotopically labelled copper, 

may be more appropriate to monitor the Cu(II)-exchange process. 

 

5.3.3.2 Viability of mouse neuronal cells in the presence of AcHKcHK, 15Au-COOH and 

15Au-HKcHK 

Au NPs are generally considered non-toxic and biocompatible; however, some studies 

demonstrating harmful effects on cells or biomolecules have brought controversy to 

the field. There are many parameters that can affect their cellular uptake, 

biodistribution and cell response, and thus explain contrasting results regarding the 

potential hazardous properties of Au nanoparticles that have been reported. For 

instance, the particle size, shape, surface charge, capping ligands, presence of cell 

penetrating peptides, or exposure times may affect the pharmacokinetic and toxic 

properties of Au NPs (Figure 5.26).  
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Figure 5.26: Features potentially affecting the toxicity and biodistribution of the Au NPs. 

Therefore, each case should be thoroughly studied individually. Citrate-capped Au NPs 

are cytotoxic towards some cell lines;286,351 some unfunctionalised Au NPs of 60 nm 

size were shown to be non-toxic in microglial and both undifferentiated and 

differentiated SH-SY5Y cells.352 Small nanoparticles, which display a higher cell-

penetrating ability, are in general more toxic than bigger ones. Cationic nanoparticles, 

which may disrupt cell membranes and accumulate more than negative ones of the 

same size, are more cytotoxic.286,299,305,311,351,353  

In another study, methoxy-terminated nanoparticles of 10 to 15 nm size were non-

toxic against human breast carcinoma xenograft cells and harmless to mice,354,355 while 

nanoparticles of size 10, 13 and 60 nm were reported to induce acute inflammation 

and apoptosis in the liver of mice.356,357 Au NPs (having a hydrodynamic size of 38.5 

nm) functionalised with carboxy-terminated PEG chains were non-toxic against 

different lung epithelial and colon cancer cell lines.300  

The potential toxicity of AcHKcHK and the 15 nm Au NPs againts neuronal embryo cells 

of wildtype mice was evaluated in collaboration with the Molecular and Cellular 

Neurobiotechnology group at the Institute for Bioengineering of Catalonia (IBEC).  

Cell viability assays were conducted using a slightly modified propidium iodide uptake 

method.358 Propidium iodide is impermeable to cells with an intact plasma membrane; 
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when cells are damaged or dead, it permeates and binds to DNA through intercalation 

between the base pairs; this intercalation gives rise to high fluorescence.359,360 

The viability of the neuronal cells was tested in the presence of AcHKcH (5, 10 and 20 

μM), 15Au-COOH (10, 25 and 50 nM) or 15Au-HKcHK (5, 10, and 25 nM, estimated 

concentrations of AcHKcHK 4.7, 9.4 and 23 μM, respectively). The percentage of dead 

cells (in triplicate studies) was determined through the fluorescence intensity of 

propidium iodide, after incubation during 1, 8, 24, 30 and 48 h. The results obtained 

are represented in Figure 5.27. 

 

Figure 5.27: Viability results obtained for neuronal embryo cells of wildtype mice in the 

presence of AcHKcHK, 15Au-COOH and 15Au-HKcHK determined by the fluorescence 

intensity of propidium iodide. 

All compounds tested were non-toxic within a normal range of concentration; the cell-

viability values were comparable to those of the control and the dispersing medium 

(0.1X PBS), except for the 15Au-HKcHK nanoparticles at a concentration of 25 nM. 

However, it should be stressed that the concentrations studied are much higher than 

those commonly used for biomedical applications.311,353 

Considering such encouraging results, studies on the cell uptake of these 

nanoconjugates and their inhibition ability against Aβ production and effect on the 
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oxidative stress are now envisaged. Furthermore, experiments involving artificial BBB 

models (e.g. the parallel artificial membrane permeability assay, PAMPA,361-366 or the 

immobilised artificial membrane chromatography, IAMC366,367), will assess the potential 

capacity of the nanomaterials to permeate biological membranes. The unique 

spectroscopic properties of Au NPs can also be exploited to investigate their 

penetration into cells applying microscopy techniques.286,296,299,310,368 Besides, the 

toxicity of 5Au-COOH and 5Au-HKcHK should be investigated as well. 
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5.4 Concluding remarks 

Gold nanoparticles (Au NPs) of average core sizes of 4.8 and 14.4 nm were prepared 

by reduction of an aqueous solution of HAuCl4 with sodium borohydride or citrate, 

respectively, and subsequently functionalised with HS-PEG2100-COOH. AcHKcHK was 

coupled to the resulting Au-COOH nanoparticles by EDC-mediated generation of 

amide bonds between the PEG carboxylate groups and the free amino function of the 

Lys4 residue of the peptide. Both the Au-COOH and Au-HKcHK nanoparticles were 

stable for several months.  

The nanomaterials were characterised by TEM, UV-Vis spectroscopy, DLS and Z 

potential measurements. The Au NPs presented moderate polydispersity as evidenced 

by the corresponding mean metal core sizes and hydrodynamic sizes. Characteristic spr 

bands at 509-512 nm (5 nm Au NPs) and 519-523 nm (15 nm Au NPs) were obtained 

and the negative Z potential and gel electrophoresis measurements were consistent 

with the functionalisation of the gold surface with the negatively-charged HS-PEG2100-

COOH coating and confirmed the further attachment of the AcHKcHK peptide. TGA 

analyses revealed that 83% of the gold surface of 15Au-COOH was covered with PEG 

chains; such densely-packed PEG coating provided improved stability against 

aggregation. TGA analyses could not be carried out for 5Au-COOH due to the too high 

amount of sample required.  

The PEG-AcHKcHK chains were cleaved from the nanoparticles by treating Au-HKcHK 

with concentrated HCl to quantify the amount of coupled peptide by fluorescence 

spectroscopy; 61% and 84% of the COOH active groups of respectively 5Au-HKcHK and 

15Au-HKcHK were functionalised with AcHKcHK (assuming that 100% of the gold 

surface was covered with PEG chains). The coupling yields obtained by this 

methodology could not be confirmed by amino acid quantification by HPLC; this is 

most likely due to the thermal degradation of the peptide upon its digestion. A 

thermally stable and acid-proof peptide with a fluorescent tag would therefore 

circumvent this issue. 

Competitive binding studies with Aβ(1-16) were performed using fluorescence 

spectroscopy to evaluate the Cu(II)-binding properties of the Au-HKcHK nanoparticles. 

The emission of Tyr10, initially quenched by Cu(II), further decreased upon addition of 

the different nanomaterials. The decrease was lower for Au-HKcHK than for Au-COOH 

due to the partial intensity recovery arising from the binding of copper ions to the Au-
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HKcHK NPs. Preliminary results obtained for Au NPs functionalised with Ac-His-

Lys(4DMN)-His-Lys-NH2 (AcHKdHK) have shown similar Cu(II)-binding properties. The 

Au-HKcHK NPs were however unable to restore the fibrillation process of Cu(II)-bound 

Aβ(1-40) oligomers at the tested concentrations; aggregation studies in the absence 

of copper showed that Au-HKcHK NPs inhibited the aggregation of Aβ(1-40) with 

different rates. Au NPs with different surface polarities (negative, neutral and positive) 

have been tested in our group, which show promising aggregation-modulating activity. 

Therefore, it may be expected that Au-HKcHK can exhibit copper-chelating, anti-

oligomerisation and anti-fibrillation properties, thus acting as efficient species against 

Aβ toxicity.  

The potential cytotoxicity of AcHKcHK, 15Au-COOH and 15Au-HKcHK was evaluated 

against neuronal embryo cells of wildtype mice. AcHKcHK and 15Au-COOH were non-

toxic at the different concentrations tested, while 15Au-HKcHK induced significant cell 

death at a concentration of 25 nM; nevertheless, this concentration is above the 

common therapeutic dosages used for brain disorders. Further cytotoxicity studies 

should be performed with neuronal embryo cells of APPPS1 mice, which bear the 

Swedish mutation of APP and the L166P mutation of PSEN1.369-371 These mutations 

induce the overproduction of human Aβ peptides (especially Aβ(1-42)); therefore, 

APPPS1 mice are commonly used as models of AD. The prospective toxicity of 5Au-

COOH and 5Au-HKcHK remains to be assessed; the capacity of the different 

nanomaterials to cross the BBB must also be investigated.  

The results described in this chapter are encouraging and validate the proposed 

approach to graft anti-AD compounds onto Au NPs. The functionalisation of Au NPs 

with bioactive compounds thus represents a versatile approach for the preparation of 

hydrophilic, non-toxic materials for a wide range of biomedical applications. 
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5.5 Experimental section 

5.5.1 Reagents, solvents and equipment 

Table 5.2: Reagents and solvents used for the work described in this chapter. 

Brand Products 

Acros Organics sodium citrate 

Alfa Aesar HAuCl4·3H2O 

Sigma Aldrich HEPES, HFIP, HS-PEG2100-COOH, ThT 

Ecogen agarose 

Fisher Scientific DMSO, NaN3, PBS, TBE 

Fluka NaBH4 

ICN Biomedicals glycerine 

Malvern polystyrene latex standard for Z potential 

Panreac CuCl2·2H2O, absolute ethanol 

Scharlau HCl 37% 

TCI EDC 

 

Table 5.3: Equipment used for the work described in this chapter. 

Equipment Brand Model 

Analytical balance A & D GR-200-EC 

Gram-scale balance Sartorius Basic BA 110 

Vacuum lyophiliser Christ Alpha 2-4 LD plus 

Microcentrifuge ThermoFisher Scientific Sorvall Legend Micro 17 

Sonicator Fisherbrand FB15051 

Milli-Q H2O (resistivity > 18 MΩ·cm) was produced by filtering deionised water with a 

Milli-Q Plus (Millipore) system. CuCl2·2H2O was used as the source of copper for the 

competitive studies. 
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5.5.2 Syntheses  

All glassware used for the synthesis of the gold nanoparticles (Au NPs) was carefully 

washed with aqua regia. The solutions of HAuCl4 and the dispersions of Au NPs were 

kept protected from light. 

 

5Au-COOH 

100 µL of a 50 mM HAuCl4 stock solution in 50 mM HCl were added to 9.6 mL of Milli-

Q water in a Schlenk flask. The resulting solution was purged with N2 and 300 µL of a 

freshly prepared 50 mM NaBH4 solution in 50 mM NaOH were subsequently added 

under stirring at rt. The colour changed immediately from pale yellow to dark orange. 

The pH of the solution was 8-9. The solution was further stirred for 5 min protected 

from light. Next, a solution of HS-PEG2100-COOH (0.61 mg, 0.29 μmol) in Milli-Q water 

(200 μL) was slowly added with constant stirring and the mixture was allowed to react 

for 20 h at rt. The nanoparticles were purified using Spectra-Por Float-A-Lyzer dialysis 

membranes of MWCO 100 kDa in 50 mM phosphate buffer (pH 7.2, 100 mL per mL of 

colloid), replacing the buffer every 12 h, thrice. The sample was finally filtered through 

a cellulose acetate membrane filter of 0.2 μm pore size.  

 

15Au  

100 mL of a 1 mM solution of HAuCl4 in Milli-Q H2O were rapidly refluxed under 

vigorous stirring in a 250 mL round-bottomed flask equipped with a condenser. Then, 

10 mL of a 38.8 mM solution of sodium citrate in Milli-Q H2O were rapidly added to 

the vortex of the mixture and the reaction was allowed to proceed for 10 minutes, 

during which the colour changed from pale yellow to colourless, and finally to intense 

reddish-purple. The heating mantle was removed, and the suspension was stirred for 

15 minutes, after which it was allowed to reach ambient temperature. The Au colloid 

was finally filtered through a 0.7 μm glass fibre membrane filter. The pH was 5-6. 
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15Au-COOH 

A solution of 15Au was diluted 2-fold with Milli-Q water in an Erlenmeyer flask. Next, a 

freshly-prepared solution of HS-PEG2100-COOH (0.79 mg/mL, 2500 equivalents) in Milli-

Q water was slowly added with constant stirring and the resulting mixture was allowed 

to react for 20 h. Then, the solution was divided into microcentrifuge vials, centrifuged 

and resuspended in 0.1X PBS (pH 7.4) or Milli-Q H2O (30 min, 13300 rpm, 3 purification 

cycles). Finally, the fractions were combined, and the resulting solution was filtered 

through a cellulose acetate membrane filter of 0.2 μm pore size. 

 

Coupling of Ac-His-Lys(Coum)-His-Lys-NH2 (AcHKcHK) to 5Au-COOH 

 A 15 mM solution of AcHKcHK (103 equivalents) in 50 mM phosphate buffer (pH 7.2) 

was introduced in a glass vial containing 5Au-COOH suspended in Milli-Q H2O. Next, 

a freshly-prepared 1.6 M solution of EDC (105 equivalents) in Milli-Q H2O was 

immediately added to the vial. The reaction mixture was sonicated for 1 h protected 

from light. The resulting solution was purified using Spectra-Por Float-A-Lyzer dialysis 

membranes of MWCO 100 kDa in 50 mM phosphate buffer (pH 7.2, 100 mL per mL of 

colloid), replacing thrice the buffer every 12 h. The sample was finally filtered through 

a cellulose acetate membrane filter of 0.2 μm pore size. 

 

Coupling of Ac-His-Lys(Coum)-His-Lys-NH2 (AcHKcHK) to 15Au-COOH 

A 15 mM solution of AcHKcHK (104 equivalents) in 50 mM phosphate buffer (pH 7.2) 

was added to a glass vial containing 15Au-COOH suspended in Milli-Q H2O. Next, a 

freshly-prepared 300 mM solution of EDC (106 equivalents) in Milli-Q H2O was 

immediately added to the vial. The reaction mixture was sonicated for 1 h, protected 

from light. The solution was then divided into microcentrifuge vials, centrifuged and 

resuspended in 0.1X PBS (pH 7.4) or Milli-Q H2O (30 min, 13300 rpm, 3 purification 

cycles). Finally, the fractions were combined, and the resulting solution was passed 

through cellulose acetate membrane filters of 0.2 μm pore size. 
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5.5.3 Procedures, instrumentation and techniques 

Transmission electron microscopy (TEM) imaging 

The samples (10 µL) were deposited onto holey carbon- or Formvar-coated copper 

grids (300-mesh) and subsequently washed with absolute ethanol (10 µL).  The samples 

were visualised with a JEOL2100 200 keV TEM microscope equipped with a Gatan 

multiscan camera using Digital Micrograph 1.8 (Gatan, CA, USA) at the Centres 

Científics i Tecnològics of the Universitat de Barcelona (CCiTUB). The images were 

analysed using ImageJ. The core size distributions were obtained by measuring the 

diameters of at least 200 nanoparticles per sample. 

 

UV-Vis measurements 

Absorbance spectra were recorded using a Varian Cary 100 Scan spectrophotometer 

with a quartz cuvette (1 cm pathlength) at rt. The solution of 15Au nanoparticles was 

diluted 2-fold prior to the measurement, and the value of its surface plasmon 

absorption (typically at 519-520 nm) was used to determine the approximate 

concentrations of the functionalised nanoparticles. 

 

Thermogravimetric Analysis (TGA) 

100 mL of 15Au-COOH were freeze-dried and the resulting solid (4.7507 mg) was 

heated from 30 to 1000 ºC (at a rate of 10 ºC/min) under 100% N2 (50 mL/min) using 

a Mettler Toledo TGA/SDTA851e thermobalance, equipped with an alumina crucible, 

at the Centres Científics i Tecnològics of the Universitat de Barcelona (CCiTUB). The 

data were acquired and treated using the STARe SW 8.10 software. 

 

Dynamic Light Scattering (DLS) and Z-potential measurements 

DLS and Z-potential measurements were performed at 20 ºC using a Malvern Zetasizer 

NanoZS instrument at the Parc Científic of the Universitat de Barcelona. The DLS 

measurements (≥ 3 measurements per sample) were carried out in plastic disposable 

cuvettes with the detector set at 173º. The samples were previously passed through 
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cellulose acetate membrane filters (0.2 μm pore size) and sonicated for 5 min. The Z 

potential analyses (≥ 3 measurements per sample) were performed in disposable 

folded capillary cells (Malvern Zetasizer Nano Series); polystyrene latex nanoparticles 

in pH 9 aqueous solution (−42 ± 4.2 mV, Malvern Instruments) were used as standard. 

 

Agarose gel electrophoresis 

The samples were prepared by mixing 16 µL of Au NPs (1-2.5 nM and 60-100 nM for 

the 5Au and 15Au nanoparticles, respectively) with 4 µL of loading buffer (30% (v/v) 

glycerol in Milli-Q H2O). The samples were subsequently electrophoresed on agarose 

gel (0.5% agarose in 0.5X Tris/borate/EDTA buffer) using a BIORAD horizontal tank 

connected to a Consort EV231 variable potential power supply, applying a voltage of 

160 V during 30 min. The gels were visualised with a BIO-RAD Gel Doc EZ Imager using 

ImageLab software. 

 

Amino acid quantification by pre-column derivatisation 

3 mL of a solution of 15Au-HKcHK (1.20 nM) were first freeze-dried. This solution was 

then treated with concentrated HCl (50 μL) and stirred for 3 days. The resulting mixture 

was centrifuged (13300 rpm, 15 min) and the pH of the supernatant was brought to 7-

8 with NaHCO3. The solution was subsequently freeze-dried. The resulting solid was 

analysed by amino acid quantification at the Centres Científics i Tecnològics of the 

Universitat de Barcelona (CCiTUB). The internal standards α-aminobutyric acid and 

norleucine were added to the samples and the mixtures were incubated with HCl 6 M 

at 110 ºC for 48 h. Then, the solutions were evaporated to dryness and redissolved in 

100 μL of water. The hydrolysed amino acids were subsequently derivatised with 6-

aminoquinolyl-N-hydroxysuccinimidyl carbamate (Waters AccQ-Fluor®) in borate 

buffer. Finally, 20 μL of the derivatised samples were analysed by HPLC with detection 

in the UV range. 

The measurements were carried out with a Waters Delta 600 chromatographic module 

equipped with a Waters 2487 Dual  Absorbance Detector, a Waters 717plus 

autosampler and a column temperature-controlled at 37 ºC by a Waters TCM II module. 

A Waters Nova-Pak column (C18 4 m, 3.9 × 150 mm) was used. The derivatised amino 
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acids were separated by gradient elution using the eluents and conditions described 

in the Waters AccQTag method protocol and were detected at 254 nm.  

The amino acid peaks were identified according to the retention times of the 

corresponding standards (Pierce Amino Acid Standard H, Thermo Scientific). The 

concentration of the amino acids was calculated by comparing the area responses of 

the analytes with those of the internal standards (2.5 mM α-aminobutyric acid or 

Norleucine, Sigma-Aldrich). The data were acquired and treated using the Empower 2 

Software. 

 

Fluorescence spectroscopy 

Fluorescence spectroscopy experiments were performed at rt using a HORIBA Jobin–

Yvon iHR320 spectrofluorometer. The instrument excitation and emission slits were set 

at 5 nm and the voltage of the photomultiplier detector was 950 V. The emission of 

AcHKcHK was analysed using an excitation wavelength λexc = 300 nm and the emission 

was registered from 320 to 570 nm. 

 

Quantification of AcHKcHK coupled to the Au NPs 

AcHKcHK standards (concentrations in the range 104 nM-3.33 μM) were prepared by 

successive dilutions in 0.1X PBS (pH 7.4) and analysed by fluorescence spectroscopy. A 

calibration curve was generated by plotting the intensity data at 410 nm against the 

concentration of AcHKcHK. 

Concentrated HCl (50 μL) was added to a 1 mL fraction of an Au-HKcHK suspension in 

0.1X PBS and the resulting mixture was stirred for 3 days. The solution was then 

centrifuged (13300 rpm, 15 min) and the pH of the supernatant was brought to 7-8 

using NaHCO3. The resulting solution was analysed by fluorescence spectroscopy using 

a 1 mL quartz cuvette and the intensity value at 410 nm was used to determine the 

amount of AcHKcHK coupled to the Au NPs. 
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Binding studies with Aβ(1-16)-Cu(II) 

Preparation of the stock solution of Aβ(1-16): solid Aβ(1-16) (1 mg) was dissolved in 10 

mM HEPES pH 7.4 and the resulting solution was sonicated for 30 min. The 

concentration was determined spectrophotometrically using the molar extinction 

coefficient ε(Abs276 – Abs296) = 1410 M-1 cm-1. 

Cu(II)-Aβ(1-16) was incubated with Au-COOH or Au-HKcHK. 5 nm Au NPs: the final 

samples contained 10 µM Cu(II)-Aβ(1-16) and 52 nM 5Au-COOH or 5Au-HKcHK (8 µM 

AcHKcHK, 0.80 eq). 15 nm Au NPs: the final samples contained 5 µM Cu(II)-Aβ(1-16) 

and 0.73 nM 15Au-COOH or 15Au-HKcHK (688 nM AcHKcHK, 0.14 eq). All solutions 

were prepared in 10 mM HEPES buffer (pH 7.4). The emission spectra were registered 

in 200 μL quartz cuvettes immediately after sample preparation, after 2 h and finally 

after 24 h. The samples were incubated at 37 ºC between each measurement. The 

intensity values at λem = 305 nm (Tyr) were plotted against time. 

 

In vitro Aβ(1–40) aggregation kinetics  

Preparation of aggregate-free amyloid-β peptide:  

Aβ(1-40) (5 mg) was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; 1000 μL) 

under vigorous shaking at rt for 1 h, after which it was sonicated for 30 min. The 

solution was further shaken for 1 h and subsequently kept at 4 ºC for 30 min to avoid 

solvent evaporation. Aliquots of soluble Aβ(1-40) were collected and HFIP was 

evaporated in air. The resulting solid Aβ(1-40) aliquots were stored at –20 ºC, and the 

amount of protein per sample was determined spectrophotometrically, dissolving one 

aliquot in PBS (pH 7.4) and using the molar extinction coefficient ε(Tyr, 280 nm) = 1490 

M-1 cm-1. 

 

Aggregation studies: 

Aliquots of monomeric Aβ(1-40) were dissolved in DMSO (30 μL) using sonication for 

10 min. Aβ(1–40) was preincubated with 1 eq of CuCl2 at 37 ºC with continuous shaking 

(1400 rpm) for 2 h and subsequently freeze-dried; solutions of ThT and Au NPs were 

added to the dry residues and the resulting samples were sonicated for 5 min. The final 

concentrations were 25 μM Aβ(1–40), 32 μM ThT, 25 μM CuCl2 and 80.7 nM 5Au-COOH, 
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78.2 nM 5Au-HKcHK (11.9 μM AcHKcHK), 2.10 nM 15Au-COOH or 1.12 nM 15Au-HKcHK 

(1.05 μM AcHKcHK). The controls containing Aβ(1–40)-ThT, Aβ(1–40)-ThT-CuCl2 or 

Aβ(1–40)-ThT-Au NPs were prepared in a similar manner. All samples were prepared in 

1X PBS. 

The final solutions were transferred into 96-well plates (Clearline® 131012C). The 

measurements were carried out using a BMG Labtech FLUOstar Omega plate reader in 

bottom optics configuration with 440/490 nm excitation/emission optics (700 rpm 

shaking, 37 ºC). Endpoint measurements were initiated in the plate reader immediately 

after sample preparation and data were recorded every 5 min for 60 h. 

 

Assessment of the viability of mouse neuronal cells by propidium iodide uptake 

The viability of neuronal embryo cells of wildtype mice (extracted from E16.5 mouse 

(CD1) embryo brains) in the presence of AcHKcHK (5, 10 and 20 μM), 15Au-COOH (10, 

25 and 50 nM) and 15Au-HKcHK (5, 10, and 25 nM) was assessed using the propidium 

iodide uptake method. The fluorescence emission of propidium iodide was measured 

in 24-well plates using an Infinite M200 PRO scanner (TECAN Group, Männedorf, 

Switzerland) with 530-nm excitation (25-nm band pass) and 645-nm (40-nm band pass) 

emission filters. The fluorescence baseline F1 was measured 1 h after addition of 

propidium iodide (30 µM) as an index of cell death not related to the treatment. 

Subsequently, the fluorescence intensity was recorded after 8, 24, 30 and 48 h following 

the onset of each treatment. At the end of the experiment, the cells were permeabilised 

for 10 min with 500 µM digitonin at 37 °C to obtain the maximum fluorescence 

corresponding to 100% of cell death (Fmax). The percentage of cell death was calculated 

using Equation 5.9: 

% cell death = 100 × (Fn − F1) / (Fmax − F1)  (5.9) 

where Fn is the fluorescence intensity at any given time. The experiments were 

performed in triplicates and the cells were kept in the incubator between the 

measurements. 
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6. Detection of aggregated Aβ with fluorescent 

probes 

6.1 Introduction 

6.1.1 Sensing of Aβ fibrillation: the mechanism of thioflavin T (ThT) 

In the previous chapters, the use of chelating peptides to prevent the copper-induced 

formation of oligomeric Aβ, to extract copper ions bound to the protein and to inhibit 

the production of ROS and oxidation catalysed by this metal ion has been described.  

The development of fluorescent probes for the detection of aggregated Aβ species 

and/or monitoring of the self-assembly process are crucial for a better understanding 

of the pathological events of the amyloid cascade, which would allow to design 

potential aggregation-inhibitory drugs. 

As mentioned in Chapter 1, the most widely used and reliable fluorescent tool for the 

detection of Aβ aggregates is thioflavin T (ThT). ThT presents an excitation wavelength 

λexc of 385 nm and an emission wavelength λem of 445 nm.108 Upon staining of amyloids, 

both the excitation and emission wavelengths of the dye red shift to 450 and 482 nm, 

respectively, with a concomitant increase of the fluorescent intensity. 

ThT contains a cationic, N-methylated benzothiazole moiety, which makes it soluble in 

water, and a hydrophobic phenyl ring functionalised with a dimethylamino group 

(Figure 6.1). These two parts of the molecule are connected by a freely rotating C-C 

bond. The dimethylamino function is an electron donor which transfers electron density 

to the rest of the molecule. 

 

Figure 6.1: Structural and electronic features rationalising the mechanism of ThT emission. 
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Although ThT has been extensively used in the last decades, its mechanism of action 

and binding mode remain controversial.372 In 2005, Krebs provided the first data 

regarding the arrangement of ThT molecules in amyloid fibrils.373,374 Using polarised 

fluorescence microscopy, he concluded that ThT is regularly arranged parallel to the 

fibril long-axis in close proximity to the protein side chains. Therefore, ThT is 

accommodated in the channels among the cross-strand ladders.  

Alternative models subsequently appeared, but none of them fully explained the 

behaviour of ThT. Khurana and collaborators suggested the importance of the 

formation of ThT micelles, which then bind to amyloid fibrils, giving rise to fluorescence 

enhancement.375 However, other authors have pointed out that, in many experiments, 

the concentration of ThT used is lower than the critical micelle concentration. On the 

other hand, Groenning and co-workers have highlighted the presence of cavities 

capable of accommodating two ThT molecules in some proteins, which may indicate 

that the mechanism is based on excited dimers, also called “excimers”.376,377 ThT 

molecules, though, are often found individually in other binding sites. 

Electrostatic interactions are also considered important: the positive charge in the 

benzothiazole scaffold may play a role in the binding process, as suggested by the low 

affinity towards proteins with a high content of basic residues and/or at low pH values, 

that is, when proteins present a high overall positive charge.378 

In the last decade, experimental studies in solvents of different viscosities, supported 

by quantum-chemical calculations, have been reported, which strongly suggest that 

ThT behaves like a molecular rotor.379-381 In its ground state, ThT exhibits minimal 

energy when the torsional angle of the benzothiazole moiety relative to the 

dimethylaminobenzene ring is 37º. However, the energy barrier for this rotation in low 

viscosity solvents is easily overcome.  

Upon irradiation, ThT reaches a locally excited (LE) state from which fluorescent 

emission occurs (Figure 6.2).379,381 Nevertheless, the transition from the fluorescent 

locally excited state to a non-fluorescent twisted internal charge transfer (TICT) state 

quenches the radiative process. This transition is concomitant to a change in the 

torsional angle from 37º to 90º. In the presence of amyloid fibrils, the rotation of the 

two fragments is sterically hindered and the charge transfer quenching mechanism is 

thus blocked, which explains the dramatic increase in fluorescent intensity. 
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Figure 6.2: Energy level diagram of ThT. 

However, as discussed in Chapter 1, ThT is not able to cross the BBB due to its cationic 

nature. For this reason, it is mainly used in vitro, in tissues and ex vivo. Besides, ThT can 

only detect fibrillary, β-sheet-rich protein aggregates; hence, the toxic oligomeric 

species are not detected by ThT.  

Such drawbacks have spurred the search for new Aβ probes with improved 

biodistribution and selectivity toward different aggregated states.104 Novel fluorescent 

probes include derivatives of ThT and of Congo red, luminescent conjugated 

polyelectrolytes, oxazines and other conjugated scaffolds.107,382,383 Moderate success 

has been achieved in the detection of oligomeric species, and dyes emitting in the near 

infrared (NIR) window, much more suitable for in vivo applications due to the deeper 

tissue penetration of IR light, have been prepared.383,384 Additionally, innovative 

methodologies, which do not require the utilisation of labels or probes, such as atomic 

force microscopy (AFM), surface plasmon resonance or mechanical transducers, are 

being used.385 

In this chapter, our efforts on the search and utilisation of emissive probes for the 

detection of aggregated Aβ species are described. The strategy, schematised in Figure 

6.3, relies on low-emitting molecules that, upon interaction with the aggregated forms 

of Aβ, show an increase of their fluorescent intensity. The newly-developed probes are 

intended not to present fluorescence enhancement in the presence of monomeric Aβ, 

and to be able to discriminate between oligomers, fibres and amorphous aggregates. 
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Figure 6.3: Proposed mechanism for the fluorescent detection of Aβ aggregates presented 

in this chapter. 

Two different strategies were followed: first, a potential analogue of ThT, which can be 

connected to peptides, was synthesised by the so-called click chemistry. Second, 

peptides containing the environment-sensitive 4DMN probe, whose synthesis was 

described in Chapter 2, were used as bimodal detectors of Aβ aggregates. 

 

6.1.2 Synthesis of a potential ThT analogue by click chemistry 

A dye with properties similar to those of ThT, but with the additional capacity to bind 

to peptidic structures, was thus designed. This compound (which was called BzTz) and 

the retrosynthetic analysis for its preparation are represented in Figure 6.4. BzTz 

contains a benzothiazole moiety, a triazole ring and a carboxylic group for its possible 

connection to peptides through the generation of an amide function. The azide of the 

benzothiazole and propiolic acid (also called propargylic acid) were chosen as the 

building blocks for the synthesis of BzTz, applying click chemistry.  

 

Figure 6.4: Retrosynthetic analysis and structure of BzTz. 

Azides and alkynes are commonly used in click chemistry. Thus, the combination of 

two rationally designed building blocks through click chemistry allowed to obtain a 
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molecule containing the benzothiazole moiety found in ThT and the carboxylic acid 

group required for its subsequent use in peptide chemistry. Benzothiazole derivatives 

have been reported to present high binding affinities towards Aβ aggregates.386,387 The 

two functional groups, namely benzothiazole and triazole, were connected to each 

other by a single C-C bond, similarly to ThT.  

 

Figure 6.5: Potential ThT-like detection of Aβ amyloids by BzTz. 

BzTz was expected to display fluorescence enhancement in the presence of fibrillary 

Aβ, as the result of the restriction of the C-C bond rotation (between the two functional 

moieties), producing an extension of the conjugated system, analogously to ThT 

(Figure 6.5). The possibility to connect BzTz to peptides could potentially lead to the 

development of molecules with low toxicity displaying ThT-like properties. 

Furthermore, the simple benzothiazole scaffold can be functionalised with electron-

withdrawing or electron-donating groups, allowing a fine-tuning of the emissive 

features of the corresponding probe. 
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6.1.3 4DMN peptides as bimodal fluorescent probes for the detection of 

aggregated Aβ 

Crucial biological processes such as cell replication, protein synthesis or cell 

differentiation are driven by groups of a few biomolecules, or even single 

molecules.388,389 Therefore, our understanding of the processes involved in cellular 

biochemistry is highly depending on the ability of scientists to visualise the interactions 

of individual proteins, nucleic acids and other biomolecules.388 

However, many common techniques are not suitable to study phenomena of such 

dynamic nature as they cannot provide real-time data, and often require the death of 

the cell. Among the different techniques available, fluorescence spectroscopy has 

emerged as a powerful approach for time-resolved, non-invasive visualisation, due to 

its intrinsic high sensitivity and spatial resolution.390-392 

The FRET phenomenon (which only becomes active when the substrates are in close 

proximity; see Chapter 3) has been widely exploited in studies involving living cells 

during the last years. The most popular strategy consists in expressing the target 

proteins or peptides fused to the green fluorescent protein (GFP), and its blue, cyan, 

yellow or red mutants.390,393 However, such proteins are large and may disrupt the 

natural folding, recognition and aggregation properties of the conjugates.  

Environment-sensitive fluorescent probes (i.e., emissive moieties whose photophysical 

behaviour changes upon variations of the polarity or the viscosity of the solvent, 

orientation to electric fields, etc.) have proved to be powerful tools in the field of 

biology.394 In particular, dimethylamino-containing probes have been reported that 

exhibit remarkable properties: their emission quantum yields are much higher in non-

polar than in polar solvents, and they show red-shifted emissions in non-polar solvents, 

with Δλ of up to 100 nm. Such probes can thus be considered as bimodal probes, since 

two different parameters are affected upon protein interaction, namely the fluorescent 

intensity and emission wavelength. 

One of the first reported examples was 6-propionyl-2-(dimethylamino)naphthalene, 

PRODAN, which has extensively been applied, especially to study lipid bilayers.395-398 

Nevertheless, its use was limited by its difficulty to be incorporated into a protein, until 

its Fmoc-alanine derivative DANA/ALADAN was prepared by Imperiali and co-

workers.399 More recently, solvatochromic fluorophores of the 

dimethylaminophthalimide family 4DMAP and 6DMN, as well as their respective Fmoc 



6. Detection of aggregated Aβ with fluorescent probes 301 
 

amino acid derivatives 4DAPA and 6DMNA, have been prepared and incorporated into 

peptides (Figure 6.6).400,401    

 

Figure 6.6: Environment-sensitive probes (shown in the rectangles) and their Fmoc-alanine 

derivatives DANA/ALADAN, 4DAPA and 6DMNA. 

In an aqueous solution, peptides labelled with the aforementioned amino acids are 

poorly emissive. However, upon addition of the target protein, interaction with its 

hydrophobic domain occurs, and the fluorescence intensity increases in a 

concentration-dependent fashion, providing a much higher signal-to-noise ratio.400-402 

Hence, the binding dynamic process can be monitored, and affinity constants can be 

obtained. Moreover, they are similar in size to tryptophan; thus, the structure of the 

native peptide is not significantly altered.402  

In 2008, Loving and Imperiali reported the synthesis of a new solvatochromic probe, 

viz. 4-N,N-dimethylamino-1,8-naphthalimide (4DMN) and its Fmoc-alanine derivative 

4-N,N-dimethylamino-1,8-naphthalimidoalanine (4DMNA, Figure 6.7).144 The 1,8-

naphthalimide family has been extensively exploited to design DNA-targeting agents 

and for fluorescence cellular imaging.403 A straightforward synthesis, improved 

chemical stability and longer excitation wavelengths are some of the advantages of 

4DMNA, compared with 4DAPA and 6DMNA. Many applications of the 4DMN probe 

have been published, but only a few of them in the field of biology; for instance, it was 

used for the determination of the affinity of protein-protein interactions or for labelling 

cell receptors and nucleotides.144,404,405 
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Figure 6.7: 4DMN probe (shown in rectangles), and their Fmoc-amino acid derivatives 

4DMNA and 4DMNL. 

We prepared a lysine residue labelled with the 4DMN probe, namely 4DMNL (Figure 

6.7), which was subsequently incorporated into two peptides (Figure 6.8, see Chapter 

2): Ac-His-Lys(4DMN)-His-OH (AcHKdH) and Ac-His-Lys(4DMN)-His-Lys-NH2 

(AcHKdHK). Such peptides were expected to interact with Aβ aggregates and to 

present distinct fluorescence intensity and emission wavelength, depending on the 

structure of the aggregate. Hence, such peptides may potentially be used as sensors 

of Aβ oligomers and/or senile plaques. The 4DMNL probe was used instead of 4DMNA, 

because the longer side chain of lysine, compared to that of alanine, was expected to 

facilitate the accommodation of the 4DMN moiety into the hydrophobic domain of Aβ. 

The metal-chelating His-Xaa-His sequence, exhibited by the two peptides, has been 

selected as Cu(II)-binding unit (and possibly Zn(II)-binding moiety as well) to subtract 

this(ese) metal(s) from the aggregates. It is hypothesised that metal removal (from the 

fibrils) could lead either to disaggregation or to structural changes, which may result 

in lower toxicity. The AcHKdH peptide presents a free C-terminal carboxylic group and 

is thus negatively charged at physiological pH 7.4. On the contrary, AcHKdHK is amide-

protected and therefore presents a positive charge located at the side-chain amino 

group of Lys4. Such different charges are expected to lead to distinct affinities and 

interactions with the negatively-charged Aβ peptide.  
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Figure 6.8: Representation of the 4DMN-containing peptides AcHKdH and AcHKdHK. 

 

 

6.2 Objectives 

• Synthesis of the ThT analogue BzTz by click chemistry. 

• Study of the environment-sensitive fluorescent properties of the 4DMN 

compounds. 

• Evaluation of the capacity of the fluorescent probes to detect aggregated Aβ(1-

40) species formed in the presence and absence of metal ions. 

• Competition with ThT and evaluation of the sensing capacities of the new 

probes. 
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6.3 Results and discussion 

6.3.1 Synthesis of the ThT analogue BzTz by click chemistry 

6.3.1.1 Definition and applications of click chemistry 

The concept of “click chemistry” was first introduced by Sharpless in 2001 as a set of 

powerful and selective reactions through which heteroatom links are generated.406,407 

Numerous synthetic works involving click-chemistry steps were increasingly published, 

showing that this reaction became one of the most popular synthetic strategies 

worldwide.407 Its simplicity, versatility and tolerance towards diverse functional groups 

allow to connect virtually any building blocks. 

To be categorised as a click-chemistry reaction, a process should meet all the following 

requirements: 

• Give excellent yields 

• Be modular, wide in scope and stereospecific 

• Generate harmless side products or no side products at all 

• Use no solvent or benign ones (e.g. water) 

• Available starting materials, physiologically stable products 

• Non-chromatographic purification (if purification is required) 

Click-chemistry reactions must present a high thermodynamic driving force (≥ 20 

kcal·mol-1), so that they can achieve the aforementioned requirements. Hence, highly 

energetic starting materials are typically utilised.407 

The most common synthetic processes that fall under the umbrella of click chemistry 

are nucleophilic substitution reactions (especially those which involve the opening of 

strained heterocycles), non-aldol carbonyl chemistry, additions to C-C multiple bonds 

and cycloadditions of unsaturated reactants. Within the latter category, the Huigsen 

1,3-dipolar cycloaddition reactions of organic azides and alkynes are probably the most 

popular and paradigmatic click-chemistry processes. 

Alkynes and azides are, in general terms, stable under most organic and biological 

conditions; they are inert towards atmospheric oxygen, water and most common 
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synthetic conditions. This stability is due to kinetic factors rather than to 

thermodynamic ones. However, such stability is responsible for the observed slow 

reaction rates; hence, this type of cycloadditions often requires high temperatures and 

long reaction times. Furthermore, although reactions involving terminal, highly 

electron-deficient alkynes present a good regioselectivity, most processes with other 

alkynes yield mixtures of the 1,4- and 1,5-regioisomers (see Figure 6.9). 

 

Figure 6.9: Huigsen 1,3-dipolar cycloaddition reaction between organic azides and alkynes. 

In 2001, the development of Cu(I)-catalysed alkyne-azide cycloadditions (CuAAC) 

gained worldwide attention (Figure 6.10). This copper-mediated procedure, which 

exclusively yields the corresponding 1,4-disubstituted 1,2,3-triazoles under mild 

conditions and with much shorter reaction times, was independently published by 

Sharpless and Fokin in the United States and by Meldal in Denmark. The former group 

developed the CuAAC reaction in solution with protic polar solvents, while the latter 

reported it in the solid phase. Since then, different catalysts based on other metals such 

as ruthenium, silver, gold, zinc or nickel have been described; however, copper is still 

the most efficient metal.408 

 

Figure 6.10: Cu(I)-catalysed alkyne-azide cycloaddition (CuAAC). 

The CuAAC reaction is extremely powerful for the solid-phase preparation of peptides, 

nucleotides, peptoids, supramolecular assemblies, etc.409 For instance, the completion 

of the reaction can be conveniently assessed by monitoring the disappearance of the 

organic azide by infrared spectroscopy. Besides, shorter reaction times and often 

quantitative yields can be achieved by using microwaves. 
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The mechanism of copper-catalysed alkyne-azide cycloadditions has been a matter of 

debate. Although the first mechanisms proposed, based on DFT calculations, involved 

a mononuclear copper acetylide moiety, further experimental and computational 

studies on the kinetics of the reaction suggested the participation of dinuclear copper 

species.410 

Recently, Fokin, Worrell and Malik elegantly demonstrated the presence of a dinuclear 

active species by heat-flow reaction calorimetry.411 They treated a preformed, stable 

CuI-acetylide with an organic azide in presence or absence of a Cu(I) catalyst. When no 

copper catalyst was used, no conversion was observed, whereas the copper-catalysed 

reaction was completed within 20 minutes (see Figure 6.11). 

 

Figure 6.11: Role of Cu(I) species in CuAAC. 

Additional experiments with an isotopically enriched exogenous copper source allowed 

them to propose a mechanism for the catalytic cycle, which is shown in Figure 6.12. 

First, a copper(I) ion binds to an alkyne molecule through a π bond (step i), and a 

second copper is subsequently coordinated through a σ bond, generating a dinuclear 

copper acetylide (step ii). This dinuclear complex is thought to be the catalytically active 

species, which next coordinates the azide, in a reversible manner (step iii). Then, the 

nucleophilic attack of the β-carbon to the terminal nitrogen atom of the azide produces 

the first C-N bond (step iv). At this point, the two copper atoms undergo a rapid 

exchange of ligands and become equivalent. Finally (step v), the second C-N bond is 

generated, completing the annellation process, and the triazole is released by 

protonation (step vi). 
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Figure 6.12: Catalytic cycle of the CuAAC reaction. 

The ease of connection of the different building blocks has, as already mentioned, 

attracted a lot of interest in chemical synthesis. Click chemistry has found its most 

relevant applications in materials science (for example, in nanotechnology, 

supramolecular chemistry or for the preparation of dendrimers), bioconjugation 

(usually to incorporate (fluorescent) labels to biomolecules) and drug discovery.412-415   

The particular properties of the 1,4-disubstituted triazole generated by the CuAAC 

reaction may be valuable for medicinal and biological applications.416 Indeed, the 

triazole ring possesses a strong dipole moment, which may enhance the hydrophilicity 

of the product, and displays hydrogen bond-accepting ability and aromaticity, which 

may favour its interaction with a wide variety of biomolecules. Furthermore, the triazole 

architecture may act as a pseudo-peptide bond (in a peptide sequence), more resistant 

to hydrolytic cleavage and metabolic degradation. A number of 1,2,3-triazole 

derivatives exhibit promising biological activities, and have been used as anti-

fungal,417,418 anti-bacterial,419,420 anti-cancer,421-423 anti-histamine or anti-HIV 

agents.424-427 In the last few years, reports on the modulation of Aβ aggregation by 

compounds containing the 1,2,3-triazole ring have also been published.428-430 
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6.3.1.2 Preparation of BzTz by click chemistry  

The synthesis of this potential analogue of ThT started with the preparation of an 

organic azide containing the benzothiazole moiety found in the original dye. The 

commercially available 2-aminobenzo[d]thiazole may be converted into the target 

building block through a diazotisation reaction, followed by a nucleophilic substitution 

with sodium azide.  

The generation of diazonium salts from primary aromatic amines using sodium nitrite 

in acidic media is known for many years. Diazonium salts readily react with nucleophiles 

with concomitant release of N2 (acting as the leaving group). In the present case, 

different conditions were tested, which are summarised in Table 6.1: 

Table 6.1: Tested conditions for the preparation of the 2-benzothiazole azide precursor. 

 

Entry Solvent Acid 
Eq of  NaNO

2
/ 

NaN
3
 

Time (1 + 2) T (ºC) Yield 

1431 H
2
O/THF H

2
SO

4
 2/3 30 min + 2 h rt - 

2 H
2
O/EtOH H

2
SO

4
 20/30 30 min + 2 h rt - 

3 H
2
O/EtOH H

2
SO

4
 20/30 30 min + 2 h 0 - 

4432 H
2
O HCl 1/1 0 min + 20 h 0 to rt - 

5 H
2
O/EtOH HCl 20/30 10 + 15 min 2-3 - 

6433 H
2
O H

3
PO

4
 1/1.5 30 + 60 min 0 to rt 75% 

The presence of the benzothiazole azide was assessed by IR spectroscopy, via the 

characteristic band of organic azides at around 2120 cm-1. Solely the use of H3PO4 

yielded appreciable amounts of benzothiazole azide (Entry 6). Successful nucleophilic 
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aromatic substitutions involving diazonium salts greatly depend on the stability of the 

ionic pair; hence, a higher stabilising effect of the dihydrogen phosphate counterion 

may explain the results achieved with phosphoric acid. 

The benzothiazole azide exists as two species in equilibrium, namely 

benzo[4,5]thiazolo[3,2-d]tetrazole and 2-azidobenzo[d]thiazole (See Table 6.1). This 

well-known equilibrium was slow enough to be observed by thin-layer 

chromatography, HPLC and NMR spectroscopy (Figure 6.13).433-440  

 

 

Figure 6.13: Presence of benzo[4,5]thiazolo[3,2-d]tetrazole and 2-azidobenzo[d] thiazole in 

equilibrium, revealed by 1H NMR (top) and HPLC chromatogram (bottom). 
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The predominant form will be dictated by various factors; for instance, the presence of 

an electron-withdrawing group, will favour the azide, while an electron-donating 

group, will favour the tetrazole tautomer. The polarity of the solvent, the temperature 

and the physical state (viz. in the solid state or in solution) will also affect this 

equilibrium. Under the conditions applied, the integration of the corresponding 1H 

NMR signals in CDCl3 suggests that the two forms exist in a ratio of approximately 1:1. 

Next, the azide was used to perform the copper-catalysed 1,3-dipolar cycloaddition 

with propiolic acid. Alternatively, the target compound may be obtained through the 

reaction of the benzothiazole azide with ethyl propiolate, followed by the hydrolysis of 

the resulting ester using lithium hydroxide (Figure 6.14). 

 

Figure 6.14: Synthetic scheme for the preparation of BzTz using propiolic acid or ethyl 

propiolate. 

Universal experimental conditions (that would work for any substrate) are not available 

for CuAAC. The nature of the substrate(s) requires the tuning of reaction parameter(s), 

and various reaction conditions have been reported, the copper source being an 

important factor.441 The most common ways to generate the copper catalyst are by: 

• In situ reduction of copper(II) salts with sodium ascorbate 

• Using a copper(I) salt in the presence of a base (typically DIPEA) 

• The generation of Cu(I) species by oxidation of metallic copper 
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The ligands or counterions of the copper species also have an influence on the rate of 

the reaction. Very recently, Bertrand and co-workers studied the rates of a LCu(I)X 

complex, where L was a cyclic (alkyl)-(amino)carbene and X a triflate, chloride, acetate, 

phenolate or tert-butoxide counterion (X of increasing basicities).442 It was found that, 

whereas basic species promote the initial metalation of a terminal alkyne, they 

disfavour the subsequent formation of the active σ,π-bis(copper) acetylide (step ii in 

Figure 6.12). Thus, the acetate anion was found to be the best compromise; 

furthermore, AcO− assists the proton transfer that eliminates the copper atom in the 

final step (step vi in Figure 6.12). 

In our study, three different Cu(I) sources were evaluated, which are listed in Table 6.2. 

These are copper(II) sulphate (Entries 1, 2 and 3), copper(II) acetate (Entry 4) and 

copper(I) iodide (Entries 5 and 6). The crudes of the corresponding cycloaddition 

reactions were analysed by HPLC. 

Table 6.2: Experimental conditions tested for the preparation of BzTz from the benzothiazole 

azide using propiolic acid as the alkyne. 

 

Entry 
Propiolic 

acid (eq) 

Cu source 

(eq) 

Additive 

(eq) 
Solvent 

T 

(ºC) 

Time 

(h) 

HPLC 

purity (%) 

1 1 CuSO4 (0.1) 
ascorbate 

(0.1) 
t-BuOH/H2O rt 24 - 

2 2.5 CuSO4 (0.1) 
ascorbate 

(0.2) 
t-BuOH/H2O rt 5 - 

3443 2.5 CuSO4 (0.1) 
ascorbate 

(0.2) 
t-BuOH/H2O 60 5 32 

4444 1.2 
Cu(AcO)2 

(0.02) 

ascorbate 

(0.02) 
MeCN 45 24 5 

5 1.5 CuI (1) DIPEA (3) THF rt 5 - 

6433 1.5 CuI (0.1) DIPEA (3) THF rt 5 58 
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For the CuSO4-ascorbate system, BzTz was only detected when the reaction was heated 

at 60 ºC (Entry 3), although the chromatographic purity was low (32%). The Cu(AcO)2-

ascorbate system (Entry 4) yielded very low amounts of BzTz (chromatographic purity 

of 5%). Finally, the CuI(catalytic)-DIPEA system (Entry 6, chromatographic purity of 

58%) was the most efficient, whereas the CuI(equimolar)-DIPEA system (Entry 5) was 

completely ineffective. Purification of the crude mixtures gave very low yields of BzTz 

and with poor purities, insufficient for its subsequent characterisation and use as 

fluorescent probe. 

Reaction with ethyl propiolate was therefore alternatively carried out, applying the 

conditions described in Entry 6, that is, using catalytic amounts of CuI in presence of 

DIPEA. The ester precursor was obtained in excellent yield (95%) after a reaction time 

of only 40 min (Figure 6.15). A simple purification step consisting of acidic washings 

afforded a highly pure product (chromatographic purity of 95%), which was used as 

the starting material for the next step. 

 

Figure 6.15: Synthesis of the ester precursor of BzTz. 

The ester precursor was hydrolysed with lithium hydroxide and subsequently 

protonated with hydrochloric acid (Figure 6.16). BzTz was obtained by precipitation in 

moderate yield (50%), but with a high chromatographic purity (96%), allowing the study 

of its interaction with Aβ(1-40) peptide by fluorescence. 

 

Figure 6.16: Hydrolysis of the ester precursor to afford BzTz. 
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6.3.1.3 Detection of Aβ(1-40) fibres with BzTz compounds 

The fluorescent properties of BzTz and its potential ThT-like behaviour were 

subsequently evaluated. To become an alternative candidate to ThT, the excitation and 

emission wavelengths of BzTz should vary upon addition of proteins with β-sheet 

structure. The absorption and emission of free BzTz in 100 mM HEPES were first 

determined. Under these conditions, BzTz presented an absorption band centred at 

290 nm (1.02 × 104 M-1 cm-1) and, upon excitation at this wavelength, it emitted at 390 

nm.  

Next, the fluorescent properties of BzTz in the presence of fibres of Aβ(1-40) were 

evaluated. The presence of fibres was verified by using ThT with increasing amounts of 

the protein (Figure 6.17). 

 

Figure 6.17 Fluorescence spectra of ThT in the presence of increasing amounts of Aβ(1-40) 

fibres. λexc = 447 nm. HEPES 10 mM (pH 7.4). 

Unfortunately, no fluorescence changes were detected for BzTz with similar amounts 

of Aβ(1-40) fibres. Its emission intensity indeed remained unaltered, so as its 

excitation/emission wavelengths (Figure 6.18). This lack of (fluorescence) activity of 

BzTz may be due to a poor interaction with the fibres or/and to inadequate electronic 

and rotational features. 
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Figure 6.18: Fluorescence spectra of BzTz in the presence of increasing amounts of Aβ(1-40) 

fibres. Excitation wavelength λexc = 290 nm. HEPES 10 mM (pH 7.4). 

As mentioned above, it is generally accepted that the positive charge of ThT is 

important for its interaction with proteins. Aβ(1-40) presents three aspartate and three 

glutamate residues (negatively charged), and one arginine and two lysine residues 

(positively charged), providing an overall charge of -3. Therefore, it is plausible that 

negatively charged BzTz was electrostatically repelled by the protein fibres. 

Accordingly, a lysine derivative, i.e. BzTz-Lys-NH2, was prepared via solid-phase 

synthesis following the scheme shown in Figure 6.19. Such derivative was prepared 

using a Rink amide AM resin; therefore, its carboxylic group was protected as a 

carboxamide moiety. It can be noticed here that BzTz was coupled through its α-amino 

group. The side chain of BzTz-Lys-NH2 is positively charged at physiological pH, which 

might favour a better interaction with the negatively charged amyloids.  
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Figure 6.19: Solid-phase synthesis of BzTz-Lys-NH2. 

The derivative was obtained in high yield (83%) and very high chromatographic purity 

(99%). As expected, BzTz-Lys-NH2 presented good solubility in water at pH 7.4 and 

kept the fluorescent properties of the (parent) BzTz group. Treatment of BzTz-Lys-NH2 

with increasing amounts (0.24-1.00 eq) of Aβ(1-40) fibres, however, did not give rise to 

the alteration of the fluorescence emission (Figure 6.20). 

This absence of ThT-like behaviour may arise from a deficient electron conjugation 

throughout the dye, which is necessary for the variation of the emissive properties 

taking place upon restriction of the rotation. A push-pull system, in which an electron-

rich part of the molecule would transfer electron density to an electron-deficient part, 

is certainly required for an efficient fluorescence, and BzTz and its lysine derivative most 

likely do not fulfil these structural and electronic features. Computational studies may 

help to assess whether the electronic structure of BzTz is appropriate or not to build a 

ThT analogue. 
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Figure 6.20: Fluorescence spectra of BzTz-Lys-NH2 in the presence of increasing amounts of 

Aβ(1-40) fibres. λexc = 290 nm. HEPES 10 mM (pH 7.4). 

 

6.3.1.4 Inhibition of the aggregation of Aβ(1-40) peptide by BzTz compounds 

BzTz and BzTz-Lys-NH2 were also tested as potential inhibitors of Aβ aggregation. 

Several triazole-containing compounds with anti-aggregation properties have been 

reported.428-430 Moreover, the benzothiazole moiety is known to bind amyloids with 

high affinity.386,387 The aggregation of Aβ(1-40) into fibres in the presence of 0.05 

equivalents of the BzTz compounds was thus followed by ThT fluorescence at 37 ºC 

with constant shaking, and the results obtained are shown in Figure 6.21.  

Control Aβ (non-treated) presented the typical abrupt increase in ThT fluorescence 

after 20-25 min (see previous chapters), indicative of the formation of amyloid fibrils. 

The plateau was reached 40 min after the beginning of the experiment. In the presence 

of BzTz, the increase in ThT emission was gradual until 50 min from the start, suggesting 

that BzTz affected the nucleation step. In addition, the final ThT fluorescence (at the 

plateau) was about 30% lower than that of the control (Figure 6.21). BzTz-Lys-NH2 

practically did not delay the increase of ThT fluorescence (compared to the control), 

and the intensity of ThT emission at the final phase (plateau) was lower by 

approximately 25%.  
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Figure 6.21: Aggregation kinetics of Aβ(1-40) in the presence of 0.05 eq of BzTz (red dots) 

and BzTz-Lys-NH2 (green dots) followed by ThT emission (λexc = 440 nm, λem = 490 nm) in 1X 

PBS (pH 7.4) at 37 ºC. 

Although inhibition of the fibrillation by BzTz compounds cannot be ruled out, partial 

displacement of ThT by BzTz and BzTz-Lys-NH2 might have occurred as well, explaining 

the emission decrease observed at the final phase; the benzothiazole moiety of the 

compounds, also present in ThT, may direct them to the same Aβ binding sites. BzTz 

produced a slight delay in amyloid formation, which might arise from repulsion of the 

negatively charged peptides. The opposite effect, that is, the acceleration by attractive 

interactions, was not observed for the positively charged Lys derivative.  

Although the results achieved were not exciting, it is nonetheless believed that the 

development of benzothiazole-based molecules, which can be coupled to a variety of 

different functional groups via an amide bond, opens the possibility to enhance the 

properties of known Aβ-aggregation inhibitors. For example, BzTz may be coupled to 

the KLVFF peptide or its analogues LPFFD, LPYFD and RDLPFYPVPID, which are all 

potent inhibitors, known as β-sheet breakers.116 
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6.3.2 Development of environment-sensitive peptides for the detection of Aβ 

aggregates 

6.3.2.1 Evaluation of the environment-sensitive properties of the 4DMN probe 

Research efforts were then directed towards the use of the polarity-sensitive 4-N,N-

dimethylamino-1,8-naphthalimido (4DMN) probe. The mechanism of action of this 

probe is different from that of ThT; 1,8-naphthalimido probes rely on the dependence 

of the relaxation rates on the polarity of the solvent, while ThT works as a molecular 

rotor.401,405  

The polarisation of the 4DMN molecule upon irradiation induces an electron transfer 

from the dimethylamino function to the carbonyl groups, resulting in high quantum 

yields.405 In protic solvents, though, hydrogen-bonding with the carbonyl groups of the 

4DMN imide favours the non-radiative relaxation of the fluorophore, producing a 

dramatic decrease of the fluorescence intensity.394,405 Furthermore, the band gap 

between the ground and the excited states greatly depends on the solvent polarity, 

thus presenting shorter/longer excitation and emission wavelengths in low/high 

polarity solvents, respectively.  

The spectroscopic properties of the Boc amino acid were first investigated. Boc-

Lys(4DMN)-OH (Boc-Kd) is soluble in a wide range of solvents, which allowed to study 

the variation of its emissive properties with the polarity of the solvent. First, the 

excitation and emission wavelengths and the molar extinction coefficients of Boc-Kd in 

a polar medium, namely 100 mM HEPES, and in a low polar solvent, namely DCM, were 

determined. The spectroscopic features obtained, which are in agreement with those 

found in the bibliography for other derivatives, are summarised in Table 6.3.144,404   

Table 6.3: Excitation and emission wavelengths and molar extinction coefficients of Boc-Kd in 

100 mM HEPES (pH 7.4) and in DCM. 

 
HEPES pH 7.4 DCM 

ε (M-1·cm-1) 8400 (441 nm) 10500 (420 nm) 

λexc (nm) 441 420 

λem (nm) 546 510 

As anticipated, both the maximum excitation and emission wavelengths were shorter 

in low polar DCM, and the molar extinction coefficient was higher (than in HEPES). 

Moreover, the fluorescence intensity of Boc-Kd was three orders of magnitude higher 
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in DCM than in HEPES at the same amino-acid concentration (Figure 6.22). Actually, 

DCM solutions displayed a very bright green colour, while aqueous solutions were dim 

yellow. 

 

Figure 6.22: Fluorescent emission of Boc-Kd in DCM and in 100 mM HEPES (pH 7.4). The 

excitation wavelengths were 420 and 441 nm in DCM and HEPES, respectively. 

To further assess the solvatochromism of the fluorescent amino acid, the maximum 

emission wavelength in different solvents was plotted against their corresponding 

dielectric constants (Figure 6.23). The optimal excitation wavelength in DCM (420 nm) 

was used for all the measurements. 

The less polar the solvent, the shorter the emission wavelength of Boc-Kd was. This 

effect was more pronounced for the solvents with the lowest dielectric constants. The 

emission intensity also decreased as the polarity increased. The inset image in Figure 

6.23 qualitatively illustrates this difference in the emissive properties: when exposed to 

UV radiation, the Boc amino acid presented a bright green-blue emission in toluene, a 

less intense green fluorescent emission in DCM and almost no fluorescence in MeOH 

(dielectric constant: toluene < DCM < MeOH).  
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Figure 6.23: Variation of the maximum emission wavelength of Boc-Kd with the dielectric 

constant of the solvent (λexc = 420 nm). Inset image: solutions of Boc-Kd in toluene, DCM and 

MeOH that were exposed to UV radiation. 

 

6.3.2.2 Detection of Aβ(1-40) fibrils 

Once the environment-sensitive behaviour of the 4DMN probe was investigated, its 

ability to detect aggregated Aβ was examined. The fluorescent emission of Boc-Kd in 

the presence and absence of 2 equivalents of fibrillary Aβ(1-40) was recorded for 5 

days at 37 ºC. The results obtained, exciting the samples at 420 nm, are shown in Figure 

6.24. 
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Figure 6.24: Emission spectra of free Boc-Kd (red spectrum) and Boc-Kd in the presence of 2 

eq of fibrillary Aβ(1-40) during 5 days. The concentration of Aβ(1-40) was 10 μM. λexc = 420 

nm, 100 mM HEPES (pH 7.4).  

Immediately after sample preparation, the maximum emission wavelength blue-shifted 

from 547 to 530 nm, as the result of the more hydrophobic environment. In addition, 

Boc-Kd exhibited a 2.2-fold intensity increase at 530 nm in the presence of amyloids, 

compared with the free amino acid. During the 5 days experiment, the emission 

gradually decreased without shifting the maximum but still remained markedly higher 

than that in the absence of beta-amyloid aggregates. A progressive degradation of the 

probe and/or the precipitation of the peptide with aggregated Aβ may explain such 

diminution of the emission intensity. 

Following these promising results, similar studies were carried out with the 4DMN 

peptides AcHKdH and AcHKdK. Enhanced interaction with the amyloids compared to 

the Boc-amino acid was expected due to the possibility to generate hydrogen bonds 

with the amide backbones. As a matter of fact, a 3.7- and 3.5-fold increase in the 

fluorescence intensity at 530 nm was observed for the AcHKdH and AcHKdHK peptides, 

respectively, upon treatment with preformed Aβ(1-40) fibres (2 eq) (Figure 6.25). In 

contrast, the changes in the emission wavelengths (i.e. a decrease from 547-548 to 530 

nm) were similar to those observed for the Boc-amino acid. 

Different behaviours were noticed for the two peptides. For AcHKdH, after the 

immediate increase upon incubation with the protein aggregates, the fluorescence 

intensity continued to increase during the 5-days experiment. For AcHKdHK, the 

maximum emission was reached immediately upon addition of the fibres. These distinct 
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comportments may arise from their different charge, which affect their interaction with 

the fibres; the positively charged AcHKdHK may interact through electrostatically 

attractive forces with the aggregates whereas the interaction is less favoured with the 

negatively charged AcHKdH.  

 

Figure 6.25: Emission spectra of free AcHKdH (top; red spectrum) and AcHKdHK (bottom; red 

spectrum); and in the presence of 2 eq of fibrillary Aβ(1-40). The concentration of Aβ(1-40) 

was 10 μM. λexc = 420 nm, 100 mM HEPES (pH 7.4). 

Similarly to the Boc-amino acid, AcHKdHK suffered a decrease in intensity with time, 

from 350% (initial value) at 530 nm to 240% after 48 h. In order to investigate the nature 

of this intensity decrease, the emission of free AcHKdHK was recorded for 5 days. As 

seen in Figure 6.26, the fluorescence emission decreased by 43% during the 5-days 

period, while the emission wavelength did not vary. The reduction in intensity was 

therefore independent of the presence or absence of Aβ fibres. Hence, the loss of 

emission might be caused by the degradation of the 4DMN probe or the precipitation 
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of the peptide, driven by stacking forces of the highly planar, conjugated probe. In 

contrast, the emission of AcHKdH remained almost constant during the 5 days. 

 

Figure 6.26: Emission spectra of 5 μM AcHKdHK in 100 mM HEPES (pH 7.4). λexc = 420 nm. 

 

6.3.2.3 Competition with ThT using Aβ(1-40) aggregates 

ThT-displacement studies were next performed with the 4DMN compounds. The 

4DMN amino acid and its peptidic derivatives were first added to a solution containing 

ThT previously bound to Aβ(1-40) fibres. A decrease of the ThT-characteristic band at 

482 nm with concomitant appearance of the Aβ-bound 4DMN band would suggest 

ThT displacement, the 4DMN compounds thus occupying its binding site. 

The addition of the 4DMN compounds (1 and 5 eq in relation to the amount of ThT) 

reduced the intensity of the band attributed to amyloid-bound ThT in all cases (Figure 

6.27). Simultaneously, a band overlapping that of ThT, appeared at 525-530 nm. As 

described earlier, such a band corresponded to 4DMN bound to fibrillary Aβ(1-40). The 

most remarkable change was observed for the AcHKdHK peptide, especially upon 

addition of 5 eq of it. This apparently stronger interaction may result from attractive 

electrostatic interactions between positively charged AcHKdHK and negatively charged 

Aβ(1-40). 
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Figure 6.27: Emission spectra upon addition of Boc-Kd (top), AcHKdH (centre) and AcHKdHK 

(bottom) to ThT-bound fibrillary Aβ(1-40). The concentration of Aβ(1-40) was 10 μM. λexc = 

447 nm, 100 mM HEPES (pH 7.4). 
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Next, reverse experiments, namely the addition of ThT to amyloid-bound to 4DMN 

compounds, were performed. Unfortunately, the high emission intensity of bound ThT 

masked the low emission of the free 4DMN compounds; hence, no valuable 

information could be obtained. Thus, to overcome this drawback, the amyloid samples 

with bound 4DMN were centrifuged and the supernatants were analysed before and 

after addition of ThT.  

 

Figure 6.28: Fluorescence spectra of the supernatants of centrifuged solutions of 1:2 4DMN-

fibrillary Aβ(1-40) (purple spectra) and centrifuged solutions of 4DMN-fibrillary Aβ(1-40) after 

addition of 1 eq ThT (green spectra). The concentration of Aβ(1-40) was 10 μM λexc = 420 nm. 

100 mM HEPES (pH 7.4). 

For the supernatants of centrifuged solutions of 4DMN compounds incubated with 

Aβ(1-40) fibres (purple spectra in Figure 6.28), fluorescence was only detected for the 

Boc-amino acid (Figure 6.28, top). The 4DMN peptides most likely interact more 

strongly with Aβ(1-40) amyloids than Boc-Kd, which corroborated the earlier 

experiments of fibre detection (see above). In contrast, after addition of ThT (1 eq in 

relation to 4DMN compounds) to previously incubated 4DMN-Aβ(1-40) samples, a 

similar and significant 4DMN emission was observed in all cases for the different 
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supernatants (green spectra in Figure 6.28), indicating that ThT was also able to 

displace the peptidic probes. The fluorescence bands presented slightly different 

shapes compared to those of the free compounds. Moreover, these featured shorter 

maximum emission wavelengths and slightly higher intensities. These minor 

differences could be due to the presence of some residual amounts of fibres or smaller 

aggregates in the supernatants. 

It is worth mentioning that 1 eq of ThT was able to fully displace the 4DMN compounds; 

a 5-fold 4DMN excess could only achieve partial ThT displacement. Thus, ThT clearly 

exhibits a higher affinity towards Aβ fibres than the 4DMN compounds. 

 

6.3.2.4 Monitoring the aggregation of monomeric Aβ(1-40) 

The 4DMN peptides, showing a higher affinity for Aβ than Boc-Kd, were further 

investigated. Since the 4DMN probes showed the ability to detect preformed Aβ 

aggregates, their potential use to monitor the aggregation of the monomeric protein 

was examined. For that purpose, their spectroscopic behaviour in the presence of the 

non-aggregating Aβ(1-16) fragment was first evaluated. This fragment lacks the 

hydrophobic region of Aβ(1-40), which drives the aggregation process. If the intensity 

and emission wavelengths of the 4DMN peptides do not vary upon incubation with 

Aβ(1-16), then they might discriminate aggregated species, hence allowing their 

detection.  

The emissions of AcHKdH and AcHKdHK in the presence of Aβ(1-16) (peptide-Aβ ratio 

of 1:2) were recorded during 5 days (Figure 6.29). For AcHKdH, a 6 nm-decrease of the 

emission wavelength was observed, and the emission intensity at 541 nm progressively 

increased up to 1.7 times its initial value. The direct observation of the sample revealed 

that the observed increase was most probably due to the co-aggregation of the 

peptides with the protein; such co-aggregation had already been observed in the 

Cu(II)-competitive studies (see Chapter 3). For AcHKdHK, the initial emission remained 

unaltered (contrary to AcHKdH); after 2 hours, the emission wavelength decreased of 

about 8 nm and the intensity dropped, reaching a value of about 22% lower at 540 nm. 

The data achieved for both compounds were thus not sufficient to propose them as 

viable candidate probes for the monitoring of Aβ aggregation. 
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Figure 6.29: Emission spectra of free AcHKdH (top; red spectrum) and AcHKdHK (bottom; red 

spectrum), and in the presence of 2 eq of Aβ(1-16). The concentration of monomeric Aβ(1-

40) was 10 μM. λexc = 420 nm, 100 mM HEPES (pH 7.4). 

Experiments with monomeric Aβ(1-40) were subsequently carried out. First, the 

aggregation process was followed by using ThT (ThT-Aβ 1:2). Fluorescence spectra (λexc 

= 447 nm) were recorded during a period of 5 days (immediately after sample 

preparation, and after 2 h, 24 h, 48 h and 5 days).  

After 2 h incubation at 37 ºC, the ThT emission increased by 22-fold, as the result of 

fibrillation, and it continued to augment reaching a value corresponding to 58-fold the 

initial one, after 48 h (Figure 6.30). Then, the emission increased slightly (60-fold the 

value for the free dye) after 5 days, illustrating the end of the fibrillation. 
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Figure 6.30: Emission spectra of free ThT (dark-blue spectrum) and in the presence of 2 eq of 

monomeric Aβ(1-40). The concentration of monomeric Aβ(1-40) was 10 μM. λexc = 447 nm. 

100 mM HEPES (pH 7.4). 

The emission of AcHKdH and AcHKdHK in the presence of 2 eq of monomeric Aβ(1-40) 

was then monitored, and the corresponding data obtained are shown in Figure 6.31. 

The fluorescence intensity of both peptides increased slightly (23% for AcHKdH and 

40% for AcHKdHK) upon addition of monomeric Aβ(1-40). This immediate increase was 

attributed to preformed aggregates or small aggregates generated during the time 

between sample preparation and measurement. Again, distinct characteristics were 

observed for the two peptides. For AcHKdH, the intensity increased moderately (47%) 

during the first 2 h, and the maximum emission wavelength decreased from 547 to 540 

nm. This value further decreased to 526 nm. The emission intensity reached its 

maximum at 526 nm after 24 h, corresponding to 3.2-fold the initial value. 

The emission of AcHKdHK increased progressively during the first 24 h, up to 8.8-fold 

the initial intensity at the new maximum emission wavelength of 522 nm. Subsequently, 

however, the intensity decreased to 6.4-fold the intensity of the free peptide, as 

observed in previous experiments (see above). No further significant blue-shift of the 

emission wavelength occurred. Attractive electrostatic interactions may justify the 

remarkable difference of intensity increase compared with that noticed with AcHKdH. 

The intensity enhancement is also notably higher than that of the experiments with 

preformed fibres. This might be due to a better accommodation of AcHKdHK within the 

hydrophobic structure of Aβ(1-40) aggregates. A template effect, in which Aβ(1-40) 

monomers self-assemble around the positively-charged peptide, is also conceivable. 

The distinct aggregation rates with the two peptides may thus arise from their different 
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electrostatic charges and consequent interaction with the protein; one may thus favour 

the self-assembly process whereas the other one hampers it. 

 

Figure 6.31: Emission spectra of free AcHKdH (top; red spectrum) and AcHKdHK (bottom; red 

spectrum) and of the peptides in the presence of 2 eq of monomeric Aβ(1-40). The 

concentration of monomeric Aβ(1-40) was 10 μM.  λexc = 420 nm, 100 mM HEPES (pH 7.4). 

The aggregation of Aβ(1-40) in the presence of the 4DMN compounds under constant 

shaking was finally followed using ThT, with the objective to determine any alterations 

of the self-assembly process (4DMN-ThT-Aβ ratio of 1:1.8:2 with constant shaking at 

37 ºC). As seen in Figure 6.32, only slight differences during the elongation phase (that 

is, when the fibrils are growing). It seems that the shaking of the samples reduced the 

contribution of the electrostatic interactions, giving rise to comparable nucleation 

times. 
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Figure 6.32: Aggregation of Aβ(1-40) in the presence of the 4DMN compounds (4DMN-Aβ 

ratio of 1:2), followed by ThT (λexc = 440 nm, λem = 490 nm) in 1X PBS (pH 7.4) at 37 ºC. The 

concentration of monomeric Aβ(1-40) was 25 μM. 

The 4DMN peptides (green and purple dots in Figure 6.32) induced a significant 

decrease of the final ThT fluorescence. These lower emission intensities may be 

attributed to some inhibition of the fibrillation process, as well as to partial 

displacement of ThT by the 4DMN compounds. The latter factor is evidenced by the 

reduction of ThT fluorescence following the order Boc-Kd << AcHKdH < AcHKdHK, 

which is in agreement with the order of the affinities obtained in the displacement 

studies (see above). These data suggest that the 4DMN compounds might be efficient 

probes for the monitoring of Aβ(1-40) aggregation. 

Finally, the capability of Boc-Kd to monitor the fibrillation of Aβ(1-40) under agitation 

by fluorescence was explored. To do so, the aggregation process was first followed by 

the commonly used ThT as the control experiment (Figure 6.33). Fibre formation 

started after 30-40 minutes, as indicated by the intensity increase at λem = 493 nm. The 

emission rose progressively until a plateau was reached after 75-80 minutes with a 

fluorescent intensity 21-fold higher than the initial value. 
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Figure 6.33: Aggregation of Aβ(1-40) followed by ThT emission (ThT-Aβ ratio of 1:2) at 493 

nm (λexc = 440 nm). The concentration of monomeric Aβ(1-40) was 20 μM. 1X PBS (pH 7.4). 

Next, the same aggregation process was monitored using Boc-Kd emission (Figure 

6.34). The exponential phase took place after 10 minutes and the emission rose up to 

1.64-fold the value of free Boc-Kd. After 45 minutes, the intensity remained constant 

and, after 1 h, decreased to 1.34-fold the initial value due to the precipitation of large 

fibres. The formation of fibres was simultaneously followed by the variation of the 

maximum emission wavelength of the environment-sensitive Boc-Kd (Figure 6.34). 

Initially, the maximum emission wavelength was 545 nm and remained almost 

unaltered for 30 minutes, after which it blue-shifted abruptly to 526 nm. Then, it 

remained almost constant and, after 80 min, it red-shifted to 535-532 nm as 

precipitation of fibres occurred. It is worth noting that the blue-shift occurred 20 

minutes after the onset of the intensity increase. Therefore, the generation of oligomers 

and protofibrils (which form after the lag phase) was characterised by an augmented 

intensity with unaltered emission wavelength, while the fibres induced both an intensity 

enhancement and a shortening of the emission wavelength. These distinct effects on 

the Boc-Kd emission intensity and its respective wavelength may allow distinguishing 

between different Aβ(1-40) aggregates that may form during the fibrillation process. 

Such information could be particularly relevant to unravel the mechanism of amyloid 

misfolding of proteins like Aβ(1-40). 
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Figure 6.34: Aggregation of Aβ(1-40) followed by the maximum emission intensity (green 

dots) and by the maximum emission wavelength (red dots) of Boc-Kd (Boc-Kd-Aβ ratio of 1:2, 

λexc = 420 nm). The concentration of monomeric Aβ(1-40) was 20 μM. 1X PBS (pH 7.4). 

Interestingly, significantly different lag times were observed for ThT and Boc-Kd: the lag 

time of Aβ(1-40) is three-fold longer when ThT is used (Figure 6.35). The use of 

extrinsic fluorophores (like ThT) can disturb the aggregation kinetics of Aβ(1-40), which 

may hinder the fibrillation in some degree.445,446 Indeed, it has been assumed rather 

than proved that ThT does not affect the aggregation kinetics of Aβ;372 as a matter of 

fact, some dyes structurally-related to ThT, such as Congo red, are known to affect the 

aggregation of Aβ.105,106 Boc-Kd (which presents a lower affinity towards Aβ than ThT) 

may cause a lower disturbance, thus accounting for such difference. It should also be 

considered a possible detection of oligomeric species by Boc-Kd, which are ThT-silent, 

thus resulting in an earlier intensity increase when Boc-Kd is used to monitor the Aβ(1-

40) aggregation.447 
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Figure 6.35: Aggregation of Aβ(1-40) followed by ThT emission at 493 nm (λexc = 440 nm) 

and by the maximum emission of Boc-Kd (λexc = 420 nm). The concentration of monomeric 

Aβ(1-40) was 20 μM (Boc-Kd/ThT-Aβ ratio of 1:2). 1X PBS (pH 7.4). 

 

6.3.2.5 Detection of Cu(II)- and Zn(II)-induced Aβ(1-40) aggregates 

Aβ(1-40) aggregation was next followed in the presence of Cu(II) and Zn(II) ions, which 

promote the formation of other aggregation species such as oligomers or amorphous 

aggregates. Whereas ThT is only able to detect amyloids, the 4DMN compounds might 

be sensitive towards other aggregated species, as the result of their different 

mechanism. The detection of such species is of paramount importance since aberrant 

interaction of Aβ with metal ions is thought to lead to neurotoxicity in AD brains.16,18,66-

68 Furthermore, the type/structure of the aggregates that form under specific 

conditions (like for instance in the presence of various metal-Aβ ratios) remains 

unknown. 

Figure 6.36 shows the generation of Aβ(1-40) fibres in the presence of Cu(II) and Zn(II) 

ions (ThT-metal-Aβ ratio of 1:2:2). The addition of any of these metal ions remarkably 

reduced the amount of β-sheet-rich structures, as evidenced by the lower ThT intensity 

(compared with that of the metal-free experiment; Figure 6.36, top). Indeed, the 

emission only increased up to 26-fold and 12-fold in the presence of copper and zinc, 

respectively, while the augmentation is 60-fold for the metal-free aggregates.  
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Figure 6.36: Emission spectra of ThT-Aβ(1-40) (top) and ThT-M2+-Aβ(1-40) 1:2:2 systems 

(middle: M = Cu; bottom : M = Zn): The concentration of monomeric Aβ(1-40) was 10 μM. 

λexc = 447 nm, 100 mM HEPES (pH 7.4). 
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As mentioned earlier, equimolar or higher amounts of copper ions induce the 

formation of oligomeric species, which present several degrees of secondary structure 

and β-sheet content, depending on their size.16,31,66 Zinc ions promote the generation 

of α-helical or amorphous aggregates (see Chapter 1).42,68 It can be pointed out here 

that an equilibrium between such species and amyloids has been suggested by some 

authors;18 such equilibrium may justify the delayed increase of ThT intensity observed. 

Next, the effect of AcHKdH and AcHKdHK was assessed; despite the metal-chelating 

properties of the peptides, metal exchange between the 4DMN peptides and Aβ 

monomers was indeed expected.  

The aggregation of Aβ(1-40) was first monitored in the presence of copper(II) ions 

(Figure 6.37). The emission wavelength of AcHKdH immediately decreased by 14 nm, 

and the corresponding emission at 533 nm increased by 69%. After 5 days, the 

wavelength disminished down to 524 nm and the intensity increased further up to 2.9-

fold the initial one. For AcHKdHK, the emission wavelength immediately down-shifted 

to 529 nm with a concomitant increase of the intensity by 2.5-fold. Similarly to the case 

without metal ions (section 6.3.2.4), the emission intensity of AcHKdHK decreased 

within the next five hours while the emission wavelength remained unaltered. 

The wavelength and intensity changes noticed under experimental conditions that 

promote the formation of oligomeric species suggest that the peptides can detect 

oligomers. Additional characterisation data are definitively required to confirm these 

important observations.  
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Figure 6.37: Emission spectra of AcHKdH-Cu2+-Aβ(1-40) (top) and AcHKdHK-Cu2+-Aβ(1-40) 

(bottom) using 1:2:2 ratios. λexc = 420 nm. The concentration of monomeric Aβ(1-40) was 10 

μM. 100 mM HEPES (pH 7.4). 

In the presence of Zn(II) ions (Figure 6.38), and unlike what happened with Cu(II), a 

dramatic increase of the emission intensity (9.0-fold at 522 nm) immediately occurred 

for AcHKdH; after 5 days this peptide underwent the largest intensity enhancement 

observed in these studies (up to 16-fold the initial one at 519 nm). The emission 

wavelength experienced a down-shift of 25 nm immediately after sample preparation 

and of 28 nm after 5 days. 

In the case of AcHKdHK, the emission wavelength immediately moved from 547 to 521 

nm (Figure 6.38), and the emission intensity reached a value 7.5-fold higher than that 

of the free peptide. After that, the intensity decreased slightly down to 6.8-fold the 

initial value after 5 days. As already stated, electrostatic effects may affect the 

interaction between the peptides and the aggregates; here, negatively-charged 
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AcHKdH showed a stronger interaction with the metal-bound (and thus more 

positively-charged) Aβ than positively-charged AcHKdHK.  

 

Figure 6.38: Emission spectra of AcHKdH-Zn2+-Aβ(1-40) (top) and AcHKdHK-Zn2+-Aβ(1-40) 

(bottom) using a ratio of 1:2:2. λexc = 420 nm. 100 mM HEPES (pH 7.4). 

It is important to note that, whereas ThT is able to detect amyloid aggregates, the 

observed increase of emission intensities of AcHKdH and AcHKdHK in the presence of 

Zn(II) ions suggests that these 4DMN peptides are capable of detecting (highly 

hydrophobic) aggregated species other than of amyloid type. 
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6.3.2.6 Detection of Aβ(1-40) aggregates with the 4DMN compounds 

In summary, the 4DMN compounds were used to detect Aβ aggregates and to follow 

aggregation through the increase of the fluorescence intensity and the blue-shifting of 

the emission wavelength. Boc-Kd, (and particularly) AcHKdH and AcHKdHK seem to act 

as bimodal probes, as the presence of aggregates may be sensed by both a blue-shift 

of the fluorescence emission associated with an increase of its intensity. Additionally, 

the 4DMN compounds herein presented appear to detect different types of Aβ 

aggregates, in contrast to ThT, which is restricted to amyloids or other β-sheet-

containing species. 

Environment-sensitive probes are commonly used in the field of biology. For instance, 

the incorporation of DANA/ALADAN and DAPA into peptides have been reported, 

whose subsequent binding to proteins resulted in hypsochromic effects as large as 80 

and 104 nm, respectively. Increments of emission intensity ranging from 6 to 37-fold 

have been described for DAPA-containing peptides.399,400,402 For peptides containing 

dimethylnaphthalimide moieties, emission enhancements of up to 106-fold associated 

with hypsochromic effects of 45 nm were obtained for the 4DMN probe, and 5-19-fold 

intensity increases together with blue-shifts of 64 nm have been reported for the 

6DMN probe.144,401 Finally, the interaction of a 6DMN-containing peptide with the 

major histocompatibility complex (MHC) protein produced a remarkable 1000-fold 

increase of the emission intensity and with a blue-shift of 115 nm; these drastic 

variations of the fluorescence parameters are due to the burying of the probe into a 

highly hydrophobic pocket of the protein.402 

The spectroscopic changes (augmentation of the emission intensity and blue-shifts of 

the wavelength) provoked by the 4DMN compounds in the presence of the various 

“types” of Aβ aggregates are summarised in Table 6.4. Most data reported in the 

literature were obtained for native proteins such as the S-Protein, calmodulin or MHC 

proteins.144,399,402 The study of the interaction of environment-sensitive probes with 

misfolding proteins has been barely explored.448,449 The present study has allowed to 

assess, for the first time, the fluorescence behavior of a probe of the naphthalimido 

family upon interaction with fibrillary Aβ.  
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Table 6.4: Spectroscopic changes for the 4DMN compounds through their interaction with 

different forms of Aβ(1-40). The values shown correspond to the maximum increments of the 

intensity observed, and the values in parentheses are the maximum blue-shifts of the 

emission wavelength (in nm) that occurred. 

 
Aβ(1-40) species 

Fibres Monomers Monomers-Cu(II) Monomers-Zn(II) 

4DMN 

compound 

Boc-Kd 2.2 (17) n. d. n. d. n. d. 

AcHKdH 3.7 (17) 3.2 (21) 2.9 (23) 16 (28) 

AcHKdHK 3.5 (18) 8.8 (25) 2.5 (18) 7.5 (26) 

The results obtained for the 4DMN peptides are in general comparable in terms of 

emission-intensity enhancement with published data for native proteins. As far as the 

hypsochromic effect is concerned, the values obtained with Aβ are smaller than those 

achieved with native proteins. In fact, spectroscopic changes larger than those obtained 

for native proteins are not expected for the detection of Aβ(1-40) amyloids because of 

the intrinsically disordered nature of the peptide. Nevertheless, the optimisation of the 

sequence of the 4DMN-containing peptides may lead to the accommodation of the 

4DMN probes into more hydrophobic environments, hence resulting in improved 

spectroscopic variations. The selectivity of the probes towards Aβ aggregates in front 

of non-fibrillary proteins, such as globular proteins, has to be evaluated. 
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6.4 Concluding remarks 

The detection of aggregated Aβ(1-40) with novel fluorescent probes was investigated. 

First, a dye structurally analogous to ThT was synthesised applying click chemistry. This 

new dye, named BzTz, contains a carboxylic group allowing to connect it to peptide 

sequences through the formation of an amide (peptide) bond. BzTz was designed to 

present a sensing behaviour comparable to that of ThT, that is, to display enhancement 

of the fluorescence emission and/or a change in the excitation/emission wavelengths 

in the presence of β-sheet-rich protein structures.  

Unfortunately, BzTz did not act as ThT, suggesting that it was not properly interacting 

with fibrillary Aβ(1-40), or/and that its photophysical properties were different from 

those of ThT. The positively-charged amino acid derivative BzTz-Lys-NH2, prepared by 

solid-phase synthesis, was also not effective although it was expected to interact with 

the negatively-charged protein aggregates. A thorough investigation/examination of 

the electronic and structural properties of ThT would be interesting for the design of 

more adequate dyes; push-pull systems with extended conjugation throughout the 

molecule, and with the ability to act as molecular rotors, would probably be more 

efficient amyloid sensors. 

The BzTz-based compounds affected in some extent the aggregation of monomeric 

Aβ(1-40), only slightly in the case of BzTz-Lys-NH2. The development of other BzTz 

probes and their connection to different molecules, may allow to generating effective 

Aβ-targeting agents, thanks to the benzothiazole moiety, which is known to bind Aβ 

with high affinity.  

The second approach was based on the environment-sensitive probe 4DMN, which 

presents higher quantum yields and shorter excitation/emission wavelengths in non-

polar solvents than in polar ones. Hence, Boc-Kd, AcHKdH and AcHKdHK were 

successfully used to detect Aβ(1-40) amyloids, and the two 4DMN-containing peptides 

were employed to follow the aggregation of monomeric Aβ in the absence or presence 

of metal ions (viz. Cu and Zn ions). Upon interaction with the hydrophobic channels or 

other domains of Aβ aggregates, the 4DMN compounds exhibited fluorescence-

emission increases ranging from 2.2- to 16-fold the original signal, and blue-shifts of 

17-28 nm. The aggregation of Aβ(1-40), followed by ThT, was not significantly affected 

by the presence of the 4DMN compounds. 
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Displacement studies suggested that the 4DMN compounds and ThT might share a 

common binding site in amyloids; indeed, the addition of 4DMN-containing agents to 

ThT-containing fibres resulted in a decrease of the emission intensity of ThT, and an 

increase of the blue-shifted emission of the 4DMN probe. The studies also indicated 

that ThT presents a higher binding affinity, since 1 eq of ThT completely displaced the 

4DMN-based peptides, while up to 5 eq of the new peptidic probes were required to 

partially displace ThT. Additional experiments would be useful to identify the binding 

sites of the interacting probes to the aggregates. 

While ThT is only able to detect amyloids, which are β-sheet-rich, the 4DMN peptides 

can detect other Aβ structures. Future work should combine fluorescence experiments 

with microscopy techniques, with the objective to associate the nature, structure and 

amounts of aggregates formed with the spectroscopic changes of the 4DMN probe.  

The environment-sensitive properties of the 4DMN fluorophore can be extremely 

useful for the bimodal detection of Aβ aggregates; the interaction-dependent 

variations of the emission intensity together with the associated hypsochromic effects 

may provide valuable information regarding the degree of aggregation and/or the 

structural differences between distinct forms of aggregates. The 4DMN probe was able 

to detect a structurally-disordered peptide, in a comparable manner to that reported 

with native proteins. Moreover, the study suggested that 4DMN-containing peptide 

sequences may recognize different regions of Aβ aggregates. Based on these 

pioneering results, future investigation may be to computationally design a series of 

4DMN-containing peptides that would allow to detect diverse types/forms of Aβ 

aggregates.   

Other misfolding proteins are involved in several neurodegenerative diseases; thus, 

huntingtin (Huntington disease) or α-synuclein (Parkinson disease) may also be studied 

using 4DMN-based peptidic probes bearing the appropriate sequence. The multi-

dimensional monitoring of their aggregation processes may help to understand their 

self-assembly mechanism, which is key to design efficient drugs.   
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6.5 Experimental section 

6.5.1 Reagents, solvents and equipment 

Table 6.5: Reagents and solvents used for the experiments described in this chapter. 

Brand Products 

Acros Organics 
2-aminobenzothiazole, ascorbic acid, Cu(AcO)2, ethyl 

propiolate, NaN3, propiolic acid, ZnCl2 

Sigma Aldrich 
Ac2O, CDCl3, CuI, D2O, d6-DMSO, Et2O, HEPES, LiOH, 

piperidine, ThT, TIPS, TSP 

Fisher Scientific 
CuSO4, DIPEA, DMSO, MeCN (HPLC grade), NaNO2, 

TFA 

Fluka MeCN, t-BuOH 

Iris Biotech Fmoc-Lys(Boc)-OH, Oxyma 

Jescuder Anhydrous MgSO4, KMnO4 

Novabiochem RA AM resin 

Panreac absolute ethanol, CuCl2·2H2O, H3PO4 85%, pyridine 

Scharlau acetone, DCM, HCl 37%, H2SO4 98%, MeOH, THF 

Specialist des solvants DMF 

TCI DIC 

 

Table 6.6: Equipment used for the experiments described in this chapter. 

Instrument Brand Model 

Analytical balance A & D Instruments GR-200-EC 

Gram-scale balance 
1) Sartorius 

2) Mettler 

1) Basic BA 110 

2) Toledo AB254 

PJ360 

UV lamp Asahi Spectra Max-303 

Centrifuge Hettich Rotofix 32A 

Vacuum lyophiliser Christ Alpha 2-4 LD plus 

Rotary evaporator BUCHI R-200 

Sonicator 
1) JP SELECTA S.A. 

2) Fisherbrand 

1) Ultrasons MEDI-II 

2) FB15051 

Incubator JP SELECTA S.A. Conterm 

Shaking Block Heater Eppendorf ThermoMixer C 

Milli-Q H2O (resistivity > 18 MΩ·cm) was produced by filtering deionised water with a 

Milli-Q Plus (Millipore) system. Anhydrous DCM was dried over CaH2 under N2 and was 

distilled just before its use. Anhydrous THF was kept over Na with benzophenone under 

N2 and was distilled prior to its utilisation. Dried Et2O was stored over Na. 
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Aβ(1-40) was acquired from Bachem as a trifluoroacetate salt, while Aβ(1-16) was 

purchased from Innovagen. CuCl2·2H2O and ZnCl2 were used as the source of Cu and 

Zn, respectively, in the experiments in the presence of metal ions. 

 

6.5.2 Syntheses and characterisation 

Thin Layer Chromatography (TLC) 

TLC was performed on silica gel 60 F254 plates purchased from Merck. Exposure to UV 

light and KMnO4 was used to reveal the spots. 

 

Nuclear Magnetic Resonance (NMR)  

NMR spectra were recorded at the Centres Científics i Tecnològics of the Universitat de 

Barcelona (CCiTUB). The NMR data were analysed using MestReNova 9.1.0. The signals 

are reported as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet. 1H NMR 

spectra were recorded at 400 MHz, while 13C NMR spectra were obtained at 100.6 MHz 

with proton decoupling. 2D techniques (COSY, HSQC and HMBC) were used to fully 

characterise the products. 

 

BzTz and intermediates 

All spectra were recorded on a Varian Mercury-400 spectrometer. Chemical shifts are 

quoted in ppm downfield from TMS with the partially-deuterated solvent as the 

internal standard (CDCl3: δ 7.26 and d6-DMSO: δ 2.50 for 1H NMR; CDCl3: δ 77.16 ± 0.06 

and d6-DMSO: δ 39.52 ± 0.06 for 13C NMR). The partially-deuterated solvent was used 

as the internal standard for D2O (D2O: δ 4.79 for 1H NMR).  

 

BzTz-Lys-NH2 

1D and 2D NMR experiments were performed on a Bruker Avance III 400 MHz 

spectrometer, equipped with a 5 mm cryoprobe (Prodigy) broadband (CPPBBO BB-

1H/19F/D) with gradients in Z. Solvent suppression for the 1D experiments was achieved 
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using a PRESAT pulse sequence. A 10 mM BzTz-Lys-NH2 solution in D2O was adjusted 

to pH 7.4, and measured with an insert containing a 5 mg·mL-1 solution of [D4]-3-

(trimethylsilyl)propanoic acid (TSP) as an internal reference (D2O: δ 4.79 for 1H NMR). It 

should be noted that, even though the measurements were made in D2O, it was 

decided to use the notation pH.  

 

Infrared (IR) spectroscopy 

IR spectra of the solid products were registered using a Thermo Scientific Nicolet 6700 

FT-IR spectrophotometer. 

 

UV-Vis spectroscopy 

Spectra were recorded using a Varian Cary 100 spectrophotometer from 800 to 200 

nm, at rt. Quartz cuvettes (3 mL, 1 cm path length) were used. 

 

High-resolution electrospray ionisation mass spectrometry (HR-ESI-MS)  

High-resolution electrospray ionisation mass spectrometry (HR-ESI-MS) was 

performed using a LC/MSD-TOF spectrometer with an Agilent 1100 HPLC pumping 

system in either positive or negative-ion modes at the Centres Científics i Tecnològics 

of the Universitat de Barcelona (CCiTUB). 

 

Liquid Chromatography 

For BzTz and its intermediates, a Phenomenex® C18 reverse-phase column (250 x 4 

mm) with a particle size of 50 μm and a pore size of 320 Å was used. The eluents were 

0.045% TFA in H2O (v/v) for eluent A, and 0.036% TFA in MeCN (v/v) for eluent B.  

For BzTz-Lys-NH2, a Jupiter 5u Phenomenex® C18 reverse-phase column (250 x 4.6 

mm) with a particle size of 5 μm and a pore size of 300 Å was employed. The eluents 

were 10 mM NH4HCO3 in H2O (v/v) for eluent A, and MeCN for eluent B. The following 

gradient was used for all compounds: 
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Table 6.7: HPLC gradient used in the present work. 

Time (min) % Eluent A % Eluent B 

0 98 2 

20 0 100 

25 0 100 

30 98 2 

40 98 2 

The flow rate was 1 mL/min and the detection was performed at 220 nm. 

 

High Performance Liquid Chromatography (HPLC) 

Analytical HPLC was carried out in a system consisting in a Shimadzu LC-20AD 

quaternary pump, a SIL-10Advp automatic injector, a SPD-20A variable dual 

wavelength detector and a DGU-20A5 online degas device.  

 

High Performance Liquid Chromatography coupled to Mass Spectrometry (HPLC-MS) 

A Waters Alliance HT system formed by a 2795 separation module, a PDA detector 

2996 and a Micromass ZQ 2000 mass detector (Electrospray Ionisation, ESI-MS) was 

used. 

 

Synthesis of BzTz by click chemistry 

2-Azidobenzo[d]thiazole / Benzo[4,5]thiazolo[3,2-d]tetrazole 

A 100 mL round-bottom flask containing a magnetic stirring bar was placed in an ice 

bath; 2-aminobenzothiazole (1.28 g, 8.52 mmol) was added followed by concentrated 

H3PO4 (30 mL). An aqueous solution (13 mL) of sodium nitrite (730 mg, 10.6 mmol) was 

slowly added under vigorous stirring at 0 ºC for 25 min, and an aqueous solution (5.4 

mL) of sodium azide (830 mg, 12.8 mmol) was added dropwise to the resulting brown 

suspension. Intense effervescence was observed, and the ice bath was removed after 5 

min; the mixture was allowed to react at rt for 2 h. The resulting brownish solid was 

isolated by filtration, washed with water and dried under reduced pressure to afford 

1.20 g of product (6.82 mmol, 84%). 
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Brownish solid. Rf (DCM): 0.40 + 0.78. HPLC-MS: tR = 13.0 + 17.6 min; m/z 176.9 

([C7H4N4S + H]+). MS (HR ESI+): m/z calculated for [C7H4N4S + H]+ 177.0235, found 

177.0232. 1H NMR (CDCl3, 400 MHz): δ 7.29-7.34 (m, 1H, H12), 7.43-7.47 (m, 1H, H13), 

7.57-7.62 (m, 1H, H6), 7.65-7.70 (m, 1H, H5), 7.72-7.75 (m, 1H, H11), 7.79-7.82 (m, 1H, 

H14), 7.82-7.85 (m, 1H, H7), 8.22 (ddapp, 1H, Japp = 0.88, Japp = 8.4, H4). 13C NMR (CDCl3, 

100.6 MHz): δ 115.4 (C4), 121.5 (C7’), 121.6 (C4’), 124.7 (C5’), 125.3 (C7), 126.7 (C6’), 127.9 

(C5), 128.3 (C6), 128.6 (C3a), 132.8 (C7a), 133.7 (C3a’), 150.9 (C7a’), 157.9 (C2’), 162.9 (C2). IR 

(KBr, cm-1): 2122 (stretching N3), 1496, 1423, 1255. 

 

Figure 6.39: Chromatogram of 2-azidobenzo[d]thiazole/benzo[4,5]thiazolo[3,2-d]tetrazole. 

 

Ethyl-1-(benzo[d]thiazol-2-yl)-1H-1,2,3-triazole-4-carboxylate 

A 100 mL round-bottomed flask containing benzo[4,5]thiazolo[3,2-d]tetrazole/2-

azidobenzo[d]thiazole (0.320-1.02 g, 1.82-5.79 mmol) and a magnetic stirring bar was 

purged with N2, and THF (15-40 mL) was added. Next, ethyl propiolate (280-890 μL, 

2.73-8.78 mmol), DIPEA (0.95-3.0 mL, 5.46-17.4 mmol) and CuI (35-110 mg, 0.18-0.58 

mmol) were added in this order to the solution under stirring. The original orange 

solution turned brown within 5-10 min, and the reaction mixture was stirred at rt for 

40 min; the solvent was eliminated under reduced pressure. The resulting brown 

residue was dissolved in DCM (20-50 mL) and washed with 1 M aqueous solution of 

HCl (3 × 20-50 mL), and the combined organic fraction was dried over anhydrous 
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MgSO4 and filtered. Finally, the solvent was eliminated under reduced pressure to yield 

the ester precursor (0.47-1.56 g, 94-98%) as a light brown solid. 

 

Light brown solid. Rf (DCM/AcOEt 9.8:0.2): 0.48. HPLC-MS: tR = 17.2 min; m/z 275.0 

([C12H10N4O2S + H]+). MS (HR ESI+): m/z calculated for [C12H10N4O2S + H]+ 275.0603, 

found 275.0592. 1H NMR (CDCl3, 400 MHz): δ 1.45 (t, 3H, J = 7.2, COOCH2CH3), 4.49 (q, 

2H, J = 7.1, COOCH2CH3), 7.48-7.52 (m, 1H, H6), 7.55-7.60 (m, 1H, H5), 7.94 (dapp, 1H, 

Japp = 8.3, H7), 8.02 (dapp, 1H, Japp = 8.2, H4), 9.06 (s, 1H, CHNNN). 13C NMR (CDCl3, 100.6 

MHz): δ 14.39 (COOCH2CH3), 61.89 (COOCH2CH3), 122.1 (C7), 123.7 (C4), 125.2 

(CHNNN), 126.7 (C6), 127.4 (C5), 133.4 (C7a), 141.1 (NNNC), 150.0 (C3a), 155.4 (N=C-S), 

160.0 (COOCH2CH3). IR (KBr, cm-1):  1714, 1553, 1454, 1331, 1252, 1147, 1021, 960, 758, 

720.  

 

Figure 6.40: Chromatogram of ethyl-1-(benzo[d]thiazol-2-yl)-1H-1,2,3-triazole-4-

carboxylate. 
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1-(benzo[d]thiazol-2-yl)-1H-1,2,3-triazole-4-carboxylic acid (BzTz) 

LiOH (80 mg, 3.34 mmol) was dissolved in distilled water (4.5 mL) and the resulting 

solution was added, under stirring, to a solution of the ester precursor (765 mg, 2.76 

mmol) in THF (37 mL). The reaction mixture was stirred at rt for 1 h, after which distilled 

water (30 mL) was added and most of the THF was eliminated by rotary evaporation. 

The aqueous suspension was then washed with DCM (3 × 50 mL) and acidified with a 

4 M aqueous solution of HCl to reach a pH of 1-2. The resulting brownish precipitate 

was filtered and further washed with DCM to yield 360 mg (1.46 mmol, 52%) of BzTz. 

 

Light brown solid. HPLC-MS: tR = 13.6 min; m/z 246.9 ([C10H7N4O2S + H]+). MS (HR 

ESI+): m/z calculated for [C10H6N4O2S + H]+ 247.0290, found 247.0284. 1H NMR 

(DMSO-d6, 400 MHz): δ 7.57 (tapp, 1H, Japp = 7.6, H5), 7.63 (tapp, 1H, Japp = 7.6, H6), 8.07 

(d, 1H, J = 8.0, H7), 8.24 (dapp, 1H, Japp = 8.0, H4), 9.45 (s, 1H, CHNNN). 13C NMR (DMSO-

d6, 100.6 MHz): δ 123.5 (C4), 123.6 (C7), 126.8 (CHNNN), 127.0 (C5), 127.9 (C6), 133.4 

(C7a), 141.7 (NNNC), 149.4 (C3a), 156.3 (N=C-S), 161.3 (COOH). IR (KBr, cm-1):  3440 

(broad), 3148, 1701, 1537, 1448, 1356, 1249, 1230, 1030, 964, 767.  

 

Figure 6.41: Chromatogram of 1-(benzo[d]thiazol-2-yl)-1H-1,2,3-triazole-4-carboxylic acid. 
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Solid-phase synthesis of BzTz-Lys-NH2 

BzTz-Lys-NH2 was prepared following the procedures described in Chapter 2. 

 

Anchoring of Lys1 (3 eq) 

500 mg of Rink Amide resin 

485 mg of Fmoc-Lys(Boc)-OH 

147 mg of Oxyma 

160 μL of DIC 

Yield 68% 

Coupling of BzTz (3 eq) 

174 mg of BzTz 

 101 mg of Oxyma 

110 μL of DIC 

Amount of compound (mass yield) 95 mg (83%) 

Chromatographic purity 99% 

White solid. HPLC-MS: tR = 11.1 min; m/z 374.2 ([C16H19N7O2S + H]+). 1H NMR (D2O, 

pH = 7.4, 400 MHz): δ 1.50-1.65 (m, 2H, Hγ-Lys), 1.72-1.85 (m, 2H, Hδ-Lys), 1.90-2.07 

(m, 2H, Hβ-Lys), 3.06 (t, 2H, J = 7.6, Hε-Lys), 4.54 (dd, 1H, J = 8.6, J = 5.7, Hα-Lys), 7.44 

(tapp, 1H, Japp = 7.6, H5), 7.51 (tapp, 1H Japp = 7.6, H6), 7.85 (dapp, 1H, Japp = 8.0, H7), 7.93 

(dapp, 1H, Japp = 8.0, H4), 8.88 (s, 1H, CHNNN). 13C NMR (D2O, pH = 7.4, 100.6 MHz): δ 

25.12 (Cγ-Lys), 29.24 (Cδ-Lys), 33.39 (Cβ-Lys), 42.09 (Cε-Lys), 56.43 (Cα-Lys), 125.2 (C4), 

125.5 (C7), 126.9 (CHNNN), 129.7 (C5), 130.4 (C6), 135.3 (3a), 145.2 (NNNC), 151.5 (C7a), 

158.8 (C2), 163.6 (CO-BzTz), 179.1 (CO-Lys). 
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Figure 6.42: Chromatogram of BzTz-Lys-NH2. 

 

6.5.3 Procedures, instrumentation and techniques  

Determination of the molar extinction coefficients by UV-Vis spectroscopy 

Standard solutions of BzTz (concentrations of 15-90 μM) were prepared in 100 mM 

HEPES (pH 7.4). Standard solutions of Boc-Lys(4DMN)-OH (concentrations of 19-97 

μM) were prepared in 100 mM HEPES pH 7.4 and in DCM. UV-Vis spectra of the 

different standards were registered using a Varian Cary 100 spectrophotometer and 

quartz cuvettes (3 mL, 1 cm path length) from 800 to 200 nm, at rt.  

The respective calibration curves were constructed and the molar extinction 

coefficients, ε, were obtained from the slopes of the curves using Lambert-Beer 

equation (Equation 6.1): 

A = ε × c × l  (6.1) 

where A is the absorbance value, c is the concentration of the standard and l is the 

optical path length of the cuvette (1 cm). 

 

Preparation of Aβ samples 

For the preparation of aggregate-free Aβ(1-40) aliquots, a 5 mg-vial of Aβ(1-40) was 

dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 1 mL) under vigorous shaking at 

rt for 1 h, after which it was sonicated for 30 min. The solution was further shaken for 

1 h and subsequently kept at 4 ºC for 30 min to avoid solvent evaporation. Aliquots of 
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soluble Aβ(1-40) were collected and HFIP was evaporated in air. The resulting solid 

Aβ(1-40) aliquots were stored at –20 ºC, and the amount of protein per sample was 

checked by spectrophotometry dissolving one aliquot in 100 mM HEPES (pH 7.4) using 

the molar extinction coefficient ε(Tyr, 280 nm) = 1490 M-1 cm-1.  

Fibrillary Aβ was prepared by dissolving the required number of solid Aβ(1-40) aliquots 

in 50 μL of DMSO with sonication for 1 h. Then, a stock solution was prepared in 1X 

PBS (pH 7.4) and incubated at 37 ºC for 5 days with continuous shaking (1400 rpm). 

The formation of fibres was confirmed by ThT analysis (20 µM ThT, excitation at 447 

nm, emission at 480 nm).  

Monomeric Aβ(1-40) stock solutions were prepared in 10 mM NaOH from the solid 

peptide, sonicated for 30 min and centrifuged for 10 min. The supernatants were 

collected and the concentration was checked spectrophotometrically using the molar 

extinction coefficient ε(Tyralkali, 280 nm) = 2300 M-1 cm-1.  

Aβ(1-16) stock solutions were prepared in 10 mM HEPES (pH 7.4) from solid peptide, 

sonicated for 30 min and centrifuged for 10 min. The concentration was checked 

spectrophotometrically using the molar extinction coefficient ε(Abs276 – Abs296)= 1410 

M-1 cm-1. The Aβ stock solutions were kept frozen. 

 

Study of the fluorescence properties of the BzTz and 4DMN compounds 

Stock solutions of BzTz, BzTz-Lys-NH2 and ThT were prepared in 10 mM HEPES (pH 

7.4). Stock solutions of Boc-Lys(4DMN)-OH, Ac-His-Lys(4DMN)-His-OH, Ac-His-

Lys(4DMN)-His-Lys-NH2 and ThT were prepared in 100 mM HEPES (pH 7.4), while those 

of CuCl2 and ZnCl2 were prepared in Milli-Q H2O. All stock solutions were always kept 

at 4 ºC. 

Fluorescence measurements were made with a HORIBA Jobin–Yvon iHR320 

spectrofluorometer at room temperature. The photomultiplier detector voltage was set 

at 725 V for the experiments with the BzTz compounds, and at 950 V for the 4DMN-

containing amino acids and peptides. The instrument excitation and emission slits were 

both set at 5 nm. Detection was performed at 1 nm intervals and data acquisition was 

carried out at a scan rate of 120 nm/min. Spectra were collected in 200 µL quartz 

cuvettes (1 cm optical path length). 
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Detection of fibrillary Aβ(1-40) by BzTz and BzTz-Lys-NH2 

Samples (300 µL) with a final concentration of 5 µM were prepared in 10 mM HEPES 

(pH 7.4) and were subsequently titrated with increasing amounts of Aβ(1-40) fibres. 

The concentration of the compounds was kept constant at 5 µM by adding a 15 µM 

solution of BzTz compound. The samples were incubated at rt for 2 min after every 

addition of Aβ(1-40). Samples contained 5% DMSO. 

The excitation wavelength for the binding experiments with BzTz and BzTz-Lys-NH2 

was 290 nm, and the emission was monitored from 310 to 600 nm. For amyloid-bound 

ThT, the excitation wavelength was 447 nm and the emission was monitored from 450 

to 700 nm.  

 

Emission of Boc-Lys(4DMN)-OH in DCM and HEPES buffer 

Solutions of Boc-Lys(4DMN)-OH (100 nM) were prepared in DCM and 100 mM HEPES 

(pH 7.4). Emission in DCM was recorded from 440 to 700 nm using λexc = 420 nm, while 

emission in HEPES was recorded from 460 to 700 nm using λexc = 441 nm. The voltage 

was 950 V in both cases. 

 

Emission of Boc-Lys(4DMN)-OH in different solvents 

Solutions of Boc-Lys(4DMN)-OH (40 µM) were prepared in toluene, CHCl3, AcOEt, DCM, 

acetone, EtOH, MeCN, MeOH and 100 mM HEPES (pH 7.4). Spectra were recorded from 

440 to 700 nm using λexc = 420 nm and adjusting the voltage depending on the 

intensity of the band obtained. 

 

Emissive properties of the 4DMN compounds in the presence of Aβ(1-16), monomeric 

Aβ(1-40) or fibrillary Aβ(1-40) 

Final samples (260 μL) were prepared in 100 mM HEPES (pH 7.4) adding the required 

reagents in the following order: first, the corresponding amount of HEPES buffer, then 

the corresponding Aβ species and finally the 4DMN-containing compound. The 

samples were incubated at rt for 5 min. Final concentrations were 5 µM for the 4DMN 
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compound and 10 µM for Aβ. For monomeric Aβ(1-40), the same procedure was also 

carried out using ThT (5 µM) instead of the 4DMN compounds. Samples with fibrillary 

Aβ contained 5% DMSO. 

Fluorescence spectra were registered immediately after sample preparation, after 2 h, 

24 h, 48 h and 5 days. The excitation wavelength for the binding experiments with 

4DMN compounds was 420 nm and the emission was monitored from 440 to 700 nm. 

The excitation wavelength for amyloid-bound ThT was 447 nm, and the emission was 

monitored from 450 to 700 nm. The samples were incubated at 37 ºC between each 

measurement.  

 

Emissive properties in the presence of monomeric Aβ(1-40) and metal ions 

Final samples (260 μL) were prepared in 100 mM HEPES (pH 7.4) adding the required 

reagents in the following order: first, the corresponding amount of HEPES buffer, then 

Aβ, the 4DMN compound and finally the metal. The samples were incubated at rt for 5 

min. Final concentrations were: 5 µM for the 4DMN compound, 10 µM for the metal 

and 10 µM for Aβ. For monomeric Aβ(1-40), the same procedure was carried out but 

with ThT (5 µM) instead of the 4DMN compounds.  

Fluorescence spectra were registered immediately after sample preparation, after 2 h, 

24 h, 48 h and 5 days. The excitation wavelength for the binding experiments with the 

4DMN compounds was 420 nm and the emission was monitored from 440 to 700 nm. 

The excitation wavelength for amyloid-bound ThT was 447 nm, and the emission was 

monitored from 450 to 700 nm. The samples were incubated at 37 ºC between each 

measurement.  
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Displacement studies between ThT and the 4DMN compounds 

Displacement of ThT by the 4DMN compounds: First, the fluorescent spectrum of free 

ThT (5 µM, 260 µL) was registered. Next, samples of ThT bound to Aβ(1-40) fibres (260 

µL; final concentrations 5 and 10 µM, respectively) were prepared and incubated during 

2 min at rt; the fluorescence spectra were subsequently recorded. The Aβ(1-40) fibres 

were then treated with 1 eq and further 4 eq of 4DMN compound, and the emission 

was registered. The solutions were incubated at 37 ºC for 15 min after each addition. 

Emission measurements were performed from 450 to 700 nm using the excitation 

wavelength of amyloid-bound ThT (447 nm). All samples were prepared in 100 mM 

HEPES (pH 7.4). 

 

Displacement of the 4DMN compounds by ThT: The 4DMN compounds were 

incubated with Aβ(1-40) fibres (300 µL, final concentrations 5 and 10 µM, respectively) 

at 37 ºC for 5 min. The solutions were subsequently treated with 1 eq of ThT and 

incubated at 37 ºC for further 5 min, after which they were centrifuged for 30 min. A 

fraction of the supernatants (100 µL) was collected and its fluorescent emission was 

measured. Emission measurements were performed from 460 to 700 nm using the 

excitation wavelength of bound 4DMN compounds (420 nm). All samples were 

prepared in 100 mM HEPES (pH 7.4). 

 

Aβ(1-40) aggregation kinetics in the presence of the BzTz and 4DMN compounds 

followed by ThT emission  

Stock solutions of BzTz, BzTz-Lys-NH2 and ThT were prepared in 10 mM HEPES (pH 

7.4). Stock solutions of Boc-Lys(4DMN)-OH, Ac-His-Lys(4DMN)-His-OH, Ac-His-

Lys(4DMN)-His-Lys-NH2 and ThT were prepared in 100 mM HEPES (pH 7.4). All stock 

solutions were always kept at 4 ºC. A BMG Labtech FLUOstar Omega plate reader in 

bottom optics configuration was used. Samples were prepared and measured in 96-

well plates (Clearline® 131012C). 
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ThT kinetic measurements on the aggregation of Aβ(1-40) in the presence of BzTz 

compounds  

Solid Aβ(1-40) aliquots were dissolved in 50 μL of DMSO and sonicated for 1 h. Then, 

a 133 μM stock solution of Aβ(1-40) was prepared in 100 mM HEPES (pH 7.4), which 

contained 147 μM ThT. 

Final samples (200 μL) were prepared in plates adding the required reagents in the 

following order: first, the corresponding amount of 1X PBS buffer pH 7.4, then the BzTz 

compound and finally Aβ(1-40)-ThT. The final concentrations were: 20 μM Aβ(1-40), 22 

μM ThT and 1 μM BzTz compound. Samples contained 4.4% DMSO. 

Kinetic measurements were initiated in the plate reader immediately after sample 

preparation. Endpoint measurements were performed at 37 ºC every 1 min for 1000 

min with continuous shaking (700 rpm). Excitation/emission of 440/490 nm optics were 

used. 

 

Aggregation of Aβ(1-40) in the presence of 4DMN compounds  

Solid Aβ(1-40) aliquots were dissolved in 50 μL of DMSO and sonicated for 1 h. Then, 

a 167 μM stock solution of Aβ(1-40) was prepared in 100 mM HEPES (pH 7.4), which 

contained 144 μM ThT. 

Final samples (200 μL) were prepared in plates adding the required reagents in the 

following order: first, the corresponding amount of 1X PBS buffer pH 7.4, then the 

4DMN compound and finally Aβ(1-40)-ThT. Final concentrations were: 25 μM for Aβ(1-

40), 21.5 μM for ThT and 12 μM for the 4DMN compound. Samples contained 4.3% 

DMSO. 

Kinetic measurements were initiated in the plate reader immediately after sample 

preparation. Endpoint measurements were performed at 37 ºC every 6 min for 5 days 

with continuous shaking (700 rpm). Excitation/emission optics of 440/490 nm were 

used. 
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Bimodal monitoring of Aβ(1-40) aggregation by Boc-Lys(4DMN)-OH (Boc-Kd) 

Stock solutions (100 µM) of Boc-Lys(4DMN)-OH and ThT were prepared in 100 mM 

HEPES (pH 7.4) and kept at 4 ºC. A solid Aβ(1-40) aliquot was dissolved in 50 µL DMSO 

and sonicated for 15 min, to which 100 µM ThT/Boc-Kd and 1X PBS (pH 7.4) were 

subsequently added. The final concentrations of the resulting solution (containing 0.5% 

DMSO) were 20 and 10 µM for Aβ(1-40) and ThT/Boc-Kd, respectively. Fluorescence 

measurements were made with an AMINCO-Bowman Series 2 luminescence 

spectrometer at 37 ºC with vigorous and constant stirring. The photomultiplier detector 

voltage was set at 840 V (ThT) and 885 V (Boc-Kd). The instrument excitation and 

emission slits were both set at 5 nm. Detection was performed at 1 nm intervals and 

data acquisition was carried out at a scan rate of 2 nm/min. Spectra were collected in 

1 mL quartz cuvettes (1 cm optical path length). Emission spectra (460-600 nm) were 

initiated immediately after sample preparation and recorded every 5 minutes; the 

excitation wavelengths for ThT and Boc-Kd were 440 and 420 nm, respectively. The 

emission intensity at 493 nm was plotted against time for ThT, while both the maximum 

intensity and the maximum emission wavelength were plotted against time for Boc-Kd.  
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7. Final remarks  

His-containing peptides have been designed that show great potential regarding their 

use as valuable synthons for the development of diagnosis tools and/or drugs to detect 

and/or treat Alzheimer’s Disease (AD). The chelating peptides have been successfully 

applied in vitro to i) reduce the Cu(II)-mediated formation of oligomeric Aβ species 

and associated oxidative stress, ii) to inhibit the formation of long-lived toxic covalent 

dimers of Aβ and iii) to detect Aβ aggregates. In addition, the peptides could be 

conveniently grafted onto Au NPs with the objective to enhance their stability in 

biological media, their efficacy and their BBB permeability.  

The results achieved applying a pioneering approach support the idea of using 

peptide-based compounds to address two of the major challenges of AD research, viz. 

the prevention of Aβ toxicity and the detection of different types of Aβ aggregates. 

Copper-targeting therapies (e.g. using peptides) in combination with more traditional 

strategies, such as cholinergic therapy or the promotion of Aβ clearance, may give rise 

beneficial synergistic effects. 

 

Chapter 2: Synthesis of emissive chelating peptides 

• Peptides of sequence His-Lys-His (HKH) or His-Lys-His-Lys (HKHK) were 

synthesised in high chromatographic purities (92-97%), by solid-phase synthesis 

using conventional Fmoc chemistry. These sequences were selected for their 

excellent Cu(II)-binding properties.  

• The fluorophores coumarin (Coum) and 4-N,N-dimethylamino-1,8-

naphthalimide (4DMN) were successfully incorporated into the peptides via the 

synthetic amino acid derivatives Fmoc-Lys(Coum)-OH and Fmoc-Lys(4DMN)-

OH, respectively. Commercially available 5(6)-carboxyfluorescein was also used 

to label two of the peptides at their N-terminal ends. Some of the peptides were 

amide-protected at their C- and/or N-terminal ends for comparison purposes, 

to contrast their Cu(II)-chelating properties with ATCUN-type peptides or 

peptides connected to Au NPs (through their C- and/or N-terminal groups). 

• The C-terminal amide-protected peptides were generally obtained in low yields, 

most likely as the result of a poorly efficient cleavage step. This issue should be 
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addressed in future studies as the low amounts of product obtained were a 

limiting factor in some cases; for instance, high amounts of peptide are required 

for their coupling to Au NPs. The use of a different (more labile) resin may help 

to address this limitation. 

• High molecular weight by-products were generated during the syntheses of the 

coumarinic peptides, which could fortunately be converted back to the desired 

products using piperidine. 

• RhoB-His-Lys(Fluo)-His-NH2 could not be obtained by reaction of rhodamine B 

isothiocyanate with the N-terminal amino group of His1. An alternative future 

approach may be to use carboxyrhodamine B instead. 

 

Chapter 3: Chelation and detection of Cu(II) ions 

• The N-terminal free peptides HAH, HWH and HKcH bind one Cu(II) ion through 

a [Namino, Namide, Namide, Nimidazole] donor set, i.e. an ATCUN motif. These 

tripeptides present higher Cu(II)-binding affinity constants than that of Aβ(1-40) 

and of clioquinol. Such ATCUN peptides may therefore act as efficient chelating 

agents for therapeutic uses. 

• HKcH was able to extract Cu(II) ions previously bound to Aβ(1-16), while Aβ(1-

16) could not displace Cu(II) ions bound to HKcH; a similar effect is expected for 

HAH and HWH since they display higher Cu(II)-binding affinities than HKcH. 

• These ATCUN peptides efficiently prevent the Cu(II)-induced stabilisation of 

Aβ(1-40) oligomers and the production of ROS.  

• The N-terminal protected (acetylated) peptides AcHKcH and AcHKdH generated 

1:1 Cu(II) complexes with a [Nimidazole, Namide, Ocarbonyl, Nimidazole] coordination 

donor set. AcHKcH and AcHKdH-NH2 exhibited Cu(II)-binding affinity constants 

one order of magnitude higher than that of Aβ(1-40). The Cu(II)-binding affinity 

of AcHKdH could not be determined because the fluorescence-emission 

intensity data could not be fitted.  

• The N-protected tripeptides were not able to restore normal Aβ(1-40) fibrillation 

in the presence of Cu(II) ions, probably owing to the formation of ternary 
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species. Moreover, AcHKcH and AcHKdH were weak inhibitors of the Cu(II)-

mediated generation of ROS. 

• The occurrence of FRET could not be confirmed for FluoHKcH, which contains 

the fluorescein-coumarin pair. The fluorescein emission was much higher than 

that of coumarin, thus hampering the potential application of this peptide as a 

FRET-based probe for Cu(II) ions. Nevertheless, the I410/I521 intensity ratio 

(between the two fluorophores) of FluoHKcH increased by a factor of 4.2 upon 

addition of CuCl2. This encouraging data stimulated the design and preparation 

of another potential (FRET-based) Cu(II) peptidic probe, viz. RhoB-His-Lys(Fluo)-

His-NH2 that may act as a more efficient ratiometric Cu(II)-sensor. Unfortunately, 

the preparation of this peptide containing the widely-used fluorescein-

rhodamine B FRET pair was unsuccessful. 

 

Chapter 4: Copper-induced oxidative formation of dityrosine cross-links in β-

amyloid  

• A dityrosine reference was synthesised from N-acetyltyrosine, which was used 

to quantify by fluorescence spectroscopy the generation of dityrosine Aβ(1-40) 

cross-links.  

• Dityrosine Aβ(1-40) cross-links were generated in the presence of an equimolar 

amount of Cu(II) ions and an excess of H2O2. ThT and TEM studies evidenced the 

complete inhibition of the generation of Aβ(1-40) fibres after formation of 

dityrosine cross-links, even at very low concentration, namely < 3% of cross-

linked Aβ. These results hence suggest that non-amyloidogenic, cross-linked 

Aβ(1-40) oligomers are produced. 

• Addition of the ATCUN Cu(II)-chelating peptide HAH restored the fibrillation 

process of Aβ(1-40) in the presence of Cu(II) ions and H2O2, indicating that the 

copper-catalysed formation of dityrosine cross-links was prevented. Such an 

impediment of the generation of long-lived toxic oligomers may represent a 

good strategy to reduce Aβ toxicity. 

• The formation, structure and toxicity of the Aβ oligomeric species generated 

through copper binding or via the generation dityrosine-bridged dimers should 
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be investigated separately. Both the coordination and covalent oligomers hinder 

Aβ(1-40) fibrillation. 

 

Chapter 5: Coupling of Cu(II)-chelating peptides to gold nanoparticles 

• AcHKcHK was coupled to PEGylated gold nanoparticles (Au NPs) of 4.8 and 14.4 

nm core sizes, with a yield of 61% and 84%, respectively. The nanomaterials were 

stable, moderately polydisperse and exhibited a negatively charged surface. 

15Au-COOH NPs presented a surface coverage of 83%, which prevented their 

aggregation. The number of PEG chains grafted onto the surface of 5Au-COOH 

NPs could not be determined due to the high amounts of sample required. 

• The experimental procedure for the DLS and Z potential measurements should 

be optimised to avoid the generation of poorly defined peaks. 

• The Au NPs quenched the emission of AcHKcHK, which impeded the direct 

determination of the coupling yields by fluorescence spectroscopy. Thus, the 

peptides were cleaved from the NPs using HCl, purified by centrifugation and 

subsequently quantified. Such quenching effect also prevented the monitoring 

of the Cu(II)-binding process. The coupling yields could not be confirmed by 

amino acid quantification as amino acid degradation occurred upon thermal 

digestion with HCl; such unexpected degradation might be induced by the 

coumarin moiety.  

• Au-HKcHK NPs seemed to (partially) extract Cu(II) ions from Aβ(1-16), and to 

inhibit Aβ(1-40) fibrillation. Hence, Au-HKcHK NPs acted both as inhibitors of 

the formation of Cu(II)-induced oligomers (via the peptide groups) and of the 

fibrillation (via their PEG chains).  

• Cell studies with neuronal embryo cells of wildtype mice showed that AcHKcHK, 

15Au-COOH and 15Au-HKcHK were not cytotoxic at typical working 

concentrations; these highly promising results motivate future thorough in vitro 

and in vivo studies. 
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Chapter 6: Detection of aggregated Aβ with fluorescent probes 

• A ThT-like molecule, namely BzTz, was synthesised using click chemistry, and its 

Lys derivative, i.e. BzTz-Lys-NH2, was subsequently prepared by solid-phase 

synthesis.  

• Contrary to ThT, BzTz did not show any spectroscopic changes (e.g. 

enhancement of fluorescence emission, shift in the excitation/emission 

wavelengths) in the presence of fibrillary Aβ(1-40). This suggests that the probe 

did not exhibit interaction with Aβ(1-40) fibres nor behaved as ThT (whose 

fluorescence increases upon intercalation between β-sheets that impedes its 

free rotation). Push-pull systems would probably be better scaffolds for the 

design of ThT-like Aβ-probes. 

• The 4DMN-containing amino acid derivative Boc-Kd and the peptides AcHKdH 

and AcHKdHK were used to detect Aβ(1-40) fibres and to monitor the 

aggregation of Aβ(1-40). Cu(II)-stabilised oligomeric forms and Zn(II)-induced 

amorphous aggregates were detected. The 4DMN compounds presented 

hypsochromic effects and higher quantum yields in the presence of the different 

aggregated Aβ(1-40) species, and thus acted as bimodal probes. The 

compounds seemed to share a common binding site with ThT, and Aβ(1-40) 

aggregation was unaffected by their presence. For the first time, a 4DMN-based 

probe has been used to detect a structurally-disordered peptide. 

• The use of the fluorophore 4DMN combined with other characterisation 

techniques such as TEM (or other microscopic methods), may help to 

discriminate different Aβ aggregated species (viz. oligomers, fibres and 

amorphous aggregates). The computational design of 4DMN-containing 

peptides showing potential selectivities for diverse types/forms of Aβ 

aggregates can also be envisaged. The multi-dimensional monitoring of the Aβ 

aggregation process may help to understand its self-assembly mechanism 

(which would allow to design more appropriate/efficient inhibitors).   

• The pioneering results achieved with Aβ are highly promising; hence, they open 

the door to the use of the fluorophore 4DMN for the detection of aggregated 

species of other misfolding proteins.  
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