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abstract 

 

Various types of nanoparticles (NPs), such as Liposomes, 

Solid Lipid NPs and Polymeric NPs, are being extensively 

explored for their potentialities in the medical field. NPs are 

attractive tools in biomedical applications thanks to their 

biocompatibility, non-immunogenicity, non-toxicity, 

biodegradability, high physical stability, possibility of drug 

loading and releasing, and higher probability for surface 

functionalization. 

The project is devoted to the synthesis of NPs functionalized 

with amyloid-beta ligands (A-ligands), imaging tools and/or 

blood brain barrier-transporters (BBB-transporters) for the 

cure and the diagnosis of Alzheimer‟s disease (AD). 

Amyloid β (Aβ) aggregates are considered as possible targets 

for therapy and/or diagnosis of Alzheimer disease (AD). It 

has been previously shown that some small molecules targets 

Aβ plaques and, among them, curcumin interacts with their 

precursors, suggesting a potential role for the prevention or 

the treatment of AD. Herein, a chemoselective ligation 

procedure was used to generate NPs decorated with a 

curcumin derivative, designed to maintain all the features 

required for interaction with Aβ. In summary, this thesis 

describes the preparation and characterization of new 

curcumin derivatives and NPs, with affinity for Aβ peptide. 

They could be exploited as ligands and/or vectors for the 

targeted delivery of new diagnostic and therapeutic molecules 

for AD.  

The NPs preparations and the biological results were 

obtained in collaboration with scientists involved in a joint 

European project: 

NAD - Nanoparticles for therapy and diagnosis of 

Alzheimer‟s Disease - 2008-2012, FP7-NMP-2007-LARGE-

1-Large-scale integrating project NMP-2007-4.0-4 Substantial 

innovation in the European medical industry: development of 

nanotechnology-based systems for in-vivo diagnosis and 

therapy. 
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1. State of the art 

 

 

It was in 1906 that Alois Alzheimer first presented 

at a scientific meeting a case of progressive 

dementia in a 51 years old patient. Postmortem 

analysis revealed two pathologies, namely, senile 

plaques and neurofibrillary tangles. In 1910 Emil 

Kraeplin, Alzheimer’s mentor, named this disease 

after its discover. 
1
 

 

Alzheimer‟s disease (AD) is the most common cause of dementia among 

neurodegenerative diseases in the elderly population, affecting about 25 million people 

worldwide (2005). In Western countries it is the fourth common cause of death after heart 

disease, cancer and stroke. Its incidence and costs are predicted to raise because of the 

increasing of the life expectancy and the average age.
2,3

 Hence, it was estimated that the 

number of affected people will double every 20 years;
4
 this emphasizes the role of AD as a 

major health problem, that would gain even more ethical and economical relevance in near 

future.  

 

 

Figure 1: Worldwide prevalence of dementia. 

 

The progression of symptoms varies from patient to patient, but can be divided into seven 

stages: i) stage 1 is characterized by the absence of cognitive decline, individuals in this 

stage exhibit no problems in daily living. ii) stage 2 is characterized by very mild cognitive 

decline, individuals in this stage forget names and locations of objects and may have 

trouble finding words – all behaviours that are dependent on the functions of the entorhinal 

cortex hippocampus and part of the prefrontal cortex. iii) stage 3 is characterized by mild 
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cognitive decline, individuals in this stage face difficulties in travelling to new locations 

and in handling problems at work. These behaviours also depend on the entorhinal cortex 

and hippocampus and part of the prefrontal cortex.
5
 iv) Stage 4 is characterized by 

moderate cognitive decline, individuals in this stage have difficulty completing complex 

tasks, that depends on intact prefrontal cortex function. v-vii) stages 5 to 7 are 

characterized by moderately severe cognitive decline to very severe cognitive decline. In 

addition to manifesting behaviours typical of entorhinal cortical, hippocampal, and 

prefrontal cortical disfunction, individuals in these later stages of AD require help in daily 

living.
5
 

 

 

Figure 2: Difference between an healthy brain and an Alzheimer’s disease brain. 

 

Thus, memory formation and recall, abilities that depend on entorhinal cortical, 

hippocampal, and prefrontal cortical function, are the first to show impairment during the 

early stages of cognitive decline in AD. Death occurs on average 9 years after diagnosis.
6,7

 

At the microscopic level, the characteristic lesions in Alzheimer‟s disease are extracellular 

senile or neuritic plaques; they are constituted by deposits of β-amyloid (Aβ) peptide, by 

intraneuronal fibrillary tangles (NFTs) in the medial temporal lobe structures and cortical 

areas of the brain, as well as the selective loss of neurons and synaptic connections. NFTs 

are composed of paired helical filaments (PHFs) that consist of aggregation of 

hyperphosphorylated tau protein, associated with the microtubule protein, whereas senile 

neuritic plaques are rich in A. The causes that induce the above pathological 

characteristics are poorly known at present,
8
 but genetic, pathological and biochemical 

clues suggest that the progressive production and subsequent accumulation of Aβ (a 
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proteolytic fragment of the membrane-associated Amyloid Precursor Protein - APP), play a 

central role. Aβ peptide is formed in abnormal amounts by an aberrant cleavage of 

Amyloid Precursor Protein (APP), a transmembrane glycoprotein (100–130 kDa) whose 

primary function is not known, although it is implicated in neural plasticity and synapse 

formation of neurons. 

 

 

Figure 3: Misfolding of amyloid precursor protein (APP).
 

 

The major physiological route of APP processing in neurons is carried out by -secretase 

and -secretase to produce P3 protein. Instead, in AD an amyloidogenic pathway is boosted 

with the cleavage of APP by β-secretase followed by -secretase, to produce Aβ peptides 

with a number of amino acid residues ranging between 39 and 42. The predominant ones 

are Aβ1-40 (90%) and Aβ1-42 (10%) as determined by biochemical studies on cell lysates 

and brains. In the brain, cells release this peptide in a soluble form that, under normal 

circumstances, is cleared. However, under abnormal conditions rendering more APP prone 

to β-secretase cleavage, the Aβ clearance mechanism in the process is  overloaded. This 

eventually leads to the accumulation of Aβ that progressively forms oligomeric, multimeric 

and fibrillar aggregates. This phenomenon is known as “misfolding of protein” (Figure 3)
9
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and it is a characteristic feature of different neurodegenerative diseases.
10

 The aggregation 

and accumulation of Aβ culminates with the formation of extracellular plaques, one of the 

morphological hallmarks of the disease, detectable post-mortem in AD brains. These 

plaques are correlated with the extent of cognitive loss.
10

 

 

 

While the aetiology of AD remains unclear, there is an increase of the genetic evidence 

that altered cellular processing of APP is a causative factor in many cases. However, 

citoxicity of A is not only caused by the ability to form fibrillar aggregates in the 

extracellular environment, but also by the presence of soluble A oligomers into the 

intracellular environment. All the forms or their intermediates produce different damages 

to cell membrane and different organelles, inducing alterations of physiological 

biochemical pathways and leading to oxidative stress, inflammation and, at the end, to cell 

death.
10

 

 

 

 

 

 

 

Figure 4: Example of an healthy neuron and a diseased neuron.
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1.1. Amyloid  

 

The production and accumulation of A in the central nervous system (CNS) are key 

events in the development of AD. The levels of A in the brain are regulated by the 

activity of enzymes involved in its production, degradation and clearance.
11

 

 

Aβ peptide is present in the brain of healthy humans throughout life and the mere presence 

of Aβ does not mean neuropathy. In contrast, when neuronal injury appears, the 

aggregation of physiologically secreted soluble Aβ into oligomers and large Aβ fibrils is 

currently considered to be a crucial event in AD onset. Of course, the main question (not 

yet answered) remains the reason why the Aβ peptide - which normally circulates in 

soluble form in the cerebrospinal fluid (CSF) and in plasma - becomes prone to aggregate, 

forming highly toxic oligomers, protofibrils and mature fibrils finally accumulating in 

plaques.
10

 

 

Aβ peptides derive from proteolysis of the large transmembrane protein APP, which is a 

type I integral membrane glycoprotein (abundantly expressed in the brain) produced in 

three predominant forms: 695, 751 or 770 amino acids.
11

 

 

 

Figure 5: Principal metabolic derivates of amyloid precursor protein.  

 

The Aβ peptide is derived through endoproteolytic processing of APP by sequential 

enzymatic actions of: (i) alpha-site amyloid precursor protein cleaving enzyme -secretase, 

cytoplasmmembrane

-Secretase
clipsite

-Secretase
clipsite

EVKMDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIATVIVITLVML

-Secretase
clipsite

4042

A

A

C
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denominated the non-amyloidogenic pathway, and (ii) beta-site amyloid precursor protein-

cleaving enzyme (BACE-1) (a β-secretase, and -secretase protein complex with presenilin 

1 at its catalytic core) corresponding to the amyloidogenic process (Figure 6).
12

 

 

In the -secretase pathway, -secretase cleaves in the middle of the amyloid-β region to 

release a large soluble APP-fragment, sAPP. The carboxy (C)- terminal C83 peptide is 

metabolized to p3 by -secretase. In the amyloid-forming β-secretase pathway, β-secretase 

releases a large soluble fragment, sAPPβ. The C-terminal C99 peptide is then cleaved by -

secretase at several positions, leading to the formation of amyloid-β1-40 (Aβ1-40) and the 

pathogenic amyloid-β1-42 (Aβ1-42) in the extracellular space. γ-Secretase cleavage also 

releases the APP intracellular domain (AICD), which could have a role in transcriptional 

regulation.  The soluble Aβ is prone to aggregation.
7
  

 

The C-terminal 12 amino acid residues of the Aβ peptide are hydrophobic and confer to the 

peptide the ability to self aggregate and polymerise into amyloid fibrils. The term β of Aβ 

indicates its propensity to form partial β-plated sheet structures, once it aggregates into 

amyloid fibrils.
10

 

 

Depending on the exact point of cleavage by γ-secretase, three principal forms of Aβ are 

produced and comprise respectively 39, 40, and 42 amino acid residues. The relative 

amount of Aβ1-42 is particularly important, because it‟s more prone to oligomerize and 

form amyloid fibrils with to the shorter peptides.
10

 

 

Figure 6: Processing of Amyloid Precursor Protein.  
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Production of β-amyloid is a normal process, but in a small number of individuals an 

imbalance between production, clearance and aggregation of peptides causes Aβ to 

accumulate; this excess may be the initiating factor in AD. This idea, called the “amyloid 

cascade hypothesis”, is based on studies of genetic forms of AD, and evidence that Aβ1-42 

is toxic to cells.
12

 A number of studies have confirmed that Aβ1-42 is the more neurotoxic 

form of Aβ. It has been shown that Aβ1-40 and Aβ1-42 possess different biochemical 

properties; Aβ1-42 is considered to be the major etiologic agent in the pathogenesis of AD, 

because of its more aggressive aggregation or oligomerization properties. The mutations 

associated with inherited forms of AD provide strong evidence, which show that the 

aggregation of Aβ1-42 is a causative factor in the aetiology of AD, since the mutations 

increase the relative amount of Aβ1-42.
13

 

The “amyloid cascade hypothesis” is initiated by the generation of Aβ1-42. In familial early 

onset AD, Aβ1-42 is overproduced, owing to pathogenic mutations. In sporadic AD, various 

factors contribute to an increased load of Aβ1-42 oligomers and aggregates. Aβ oligomers 

might directly injure the synapses and neuritis of brain neurons, and, in addition, activate 

microglia and astrocytes. Tau pathologies, which contributes substantially to the disease 

process through hyperphosphorylated tau and tangles, are triggered by Aβ1-42 (Figure 7).
7
 

 

 

Figure 7: The amyloid cascade hypothesis.  
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Preventing Aβ aggregation is therapeutically attractive, because this process is believed to 

be an exclusively pathological event; moreover, the compounds targeting this mechanism 

are more likely to have a better safety profile, compared to some other approaches 

currently being pursued. In addition, soluble oligomers can be on a pathway to Aβ fibrils 

and ultimately amyloid plaque.
13

 

 

A simplified scheme of the Aβ aggregation pathways, that generate toxic assemblies and 

points of therapeutic intervention is shown in Figure 8.
13

 Once Aβ is stabilized as its 

monomeric form or as non-toxic oligomeric forms, these species might be expected to be 

cleared by normal pathways.
13

 

 

 

Figure 8: Soluble A peptide aggregation pathways.  

 

1.1.1. Structural features 

 

The toxic effects manifested in AD are thought to arise as a result of conformational 

changes in Aβ monomers, from predominantly -helical to a mixture of folding 

intermediates; they are rich in β-structures, that lead to monomer aggregation and 
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consequently fibril formation. In the last few years, it has been shown that soluble 

oligomers might be pathologically more relevant than fibrillar-amyloid deposits.
14-16

 This 

amyloid forming tendency is highly modulated by the amino acid composition.
17

 

 

NH2-DEAFRHDSGY EVHHQKLVFF AEDVGSNKGA IIGLMVGGVV IA-COOH 

Figure 9: The sequence of A1-42.  

 

The Aβ1-42 sequence is divided into two regions. Residues 1-28 make up a relatively 

hydrophilic domain, which is extracellular in APP. The C-terminal residue 28-42 

represents an hydrophobic domain, associated with the cell membrane in APP. Aβ1-40 and 

Aβ1-42 peptides are mainly present as random coil in aqueous solution, but contain some 

secondary structure elements: a poly-proline II helix (PII) in the N-terminus, and two β-

strands in the central part and in the C-terminus.
18,19

 The dynamics of monomeric Aβ1–40 in 

aqueous solution was studied by Danielsson et al.,
20

 by heteronuclear nuclear magnetic 

resonance experiments. 

 

  

Figure 10: Stereo views of the hydrophobic interactions in the C-terminus of Aβ1-40 and Aβ1-42 at 

1.5 ns of the MD simulations. The residues involved in the hydrophobic interactions are shown in 

Corey-Pauling-Koltun spheres. (a) Aβ1-40; (b) Aβ1-42.  

 

The soluble monomeric peptide has a high tendency to form Aβ oligomers, which 

eventually produce Aβ fibrils.
21

 At pH values comprised between 4 and 7, it rapidly 

precipitates giving rise to an oligomeric β-sheet structure. Although Aβ1–40 and Aβ1–42 

possess identical amino acid sequence, numerous in vitro and in vivo studies indicate that 

both peptides have different aggregation and deposition properties. In particular, Aβ1–42  

aggregates much faster than Aβ1–40 in vitro and is more toxic than Aβ1–40. In 2008, Shen et 

al.
22

 performed parallel molecular dynamics (MD) simulations on Aβ1–40 and Aβ1–42 to 
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investigate their thermal unfolding processes, with the aim of exploring the physical basis 

underlying the different dynamic behaviors of both Aβ peptides.  

NMR investigations on small Aβ fragments
23-25

 and Aβ1-40Met35ox suggest that in aqueous 

solution Aβ peptides can be described as random coils, with only a small population of 

local non-random structures. Nevertheless, it is suggested a critical role for in vivo 

conformational transitions between soluble  helical and β forms, even if a direct 

observation of these conformational transitions is difficult, since Aβ peptides have a poor 

tendency to dissolve in water. For this reason, detailed structural studies are normally 

performed in mixtures of water and organic fluorinated solvents, such as trifluoroethanol 

(TFE) or hexafluoroisopropanol (HFIP), and micellar solutions.
26-28

 In these media, Aβ 

peptides are not aggregated and have predominantly -helical conformations. Mixtures of 

water and TFE can also induce β structure. This property was exploited by Tommaselli and 

co-workers,
29

 in order to characterize the conformational transitions of Aβ peptides from 

helical to β forms. Using an integrated approach of experimental (NMR and CD) and 

theoretical methods (MD simulations), they demonstrated that the 25-35 core sequence is a 

key-motif in the -to-β conformational transition. The β conformation is stable in solutions 

containing 90–99% of water; the addition of appropriate amounts of HFIP turns the peptide 

conformation from β to . The current attempts to identify peptide regions driving 

conformational transitions induced by the surrounding medium, represent a possible 

approach to understand the molecular basis of AD. In addition, the structural 

characterization of a partially folded intermediate in the -to- transition (and vice versa) 

could allow the rational design of molecules able to interfere with the aggregation process.  

The structure of the oligomeric species is not yet known in detail. Recently, a specific Aβ 

oligomer has been described as a dodecamer able to bind specifically to the dendritic 

processes of the neuron and block the membrane potentiation.
30,31

 From the structural point 

of view, the oligomer appears to be as a micelle of Aβ-peptides with the hydrophobic C-

terminus hidden in the micelle center and a critical 17.6 mM micellar concentration.
14,32

 

The peptides in the oligomer are mainly unstructured.
33

 In 2005, Laurents et al. proposed 

different kinds of Aβ aggregated forms, the so-called β-balls, detected at pH lower 

than 4.
34

  

The product of small oligomers aggregation is the Aβ protofibril. It has a rod-like structure 

with a length of 8-200 nm, characterized by a core with a high β-sheet content, as 
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suggested by its resistance to hydrogen exchange and its capacity to bind Congo Red and 

Thioflavin T. Protofibrils can elongate by the association of smaller protofibrils; their 

speed depends on Aβ concentration, pH, ionic strength and temperature. In presence of 

little preformed fibrils They can rapidly convert in Aβ fibrils, even though they seem to be 

in a prevalent dynamic equilibrium with lower-order oligomers.
35

 

The final step in the Aβ aggregation pathway is the protofibril maturation into fibrils. This 

process may be driven through hydrophobic contact between 3 and 6 protofibrils, that are 

supposed to form a fibril. Aβ fibrils are composed of multiple protofibrils twisted around 

each other, resulting in filamentous structures with a diameter of 6-10 nm. Aβ1-40 fibrils are 

constituted of two or three protofibrils arranged to a left-handed superhelix, forming an S-

shaped fibril cross section. Amyloid fibrils have been defined as thermodynamically stable, 

structurally organized, highly insoluble, filamentous protein aggregates; they are composed 

of repeating units of β-sheets, aligned perpendicular to the fibre axis, with a potential 

parallel and antiparallel organization. In the amyloid fibrils, this β-sheet structure is limited 

to an arrangement in which the individual β-strands run transversely to the main fibril axis. 

This structure is named “cross-β conformation”. 

The determination of the full molecular structures of amyloid fibrils requires specific 

experimental approaches,
36,37

 because of their non-crystalline, insoluble nature. While 

monomeric peptides present a prevalent random coil structure, for amyloid fibrils the 

predominant secondary structural elements are β-strands. Therefore, the study of secondary 

structure in amyloid fibrils consists on the identification of β-strand and non-β-strand 

segments (i.e., turns, loops, or bends). Different techniques - such as solid-state NMR,
38-40

 

hydrogen/deuterium (H/D) exchange,
41,42

 proline-scanning mutagenesis,
43

 electron 

paramagnetic resonance (EPR),
44

 infrared and Raman spectroscopies
45,46

 - have been 

applied to the problem of secondary structure determination. Solid-state NMR and EPR
47,48

 

measurements have been also employed for the characterization of fibrils tertiary structure, 

that depends on the organization of β-strand segments into parallel or antiparallel β-sheets. 

The quaternary structure in amyloid fibrils is defined as the positions and orientations of β-

sheets relative to one another. The most important techniques applied to these experimental 

studies are X-ray diffraction
49

 and solid-state NMR.
50

 The experimental determination of 

quaternary structure in amyloid fibrils is relatively difficult. The last models for amyloid 

fibrils structures support the idea that its core contains two or more layers of β-sheets. The 
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quaternary structure is generated by a specific set of contacts among amino acid side 

chains, that project from adjacent β-sheets. In fibrils formed by relatively long peptides, the 

adjacent β-sheets may be formed either by β-strands from the same or from different 

peptide molecules; it indicates that the side chain contacts from which quaternary structure 

takes origin can be either intramolecular or intermolecular. 

 

1.1.2. Interaction with ligands 

 

The structural features of the interaction of ligands with Aβ are mainly unknown, even if a 

great number of different molecules that interact with Aβ peptides have been proposed. 

There are some sporadic exceptions among these compounds. Three relevant cases are 

reported below. The first example concerns the interaction of Aβ with cyclodextrins, torus-

shaped rings built up by different numbers of glucose residues. As firstly reported by Qin 

et al.,
51

 β-cyclodextrin interacts with the Aβ-peptide and this is suggested to inhibit the 

formation of the soluble oligomers with an IC50 of 5mM, as determined with scintillation 

proximity assay.
52

 Camilleri et al. demonstrated by mass-spectrometry that the 

stoichiometry of the Aβ -peptide and β-cyclodextrin is 1:1.
53

 The main interaction with 

amino acid residues has been suggested to involve the aromatic rings of phenylalanines 

and the hydrophobic cavity of cyclodextrin. In 2004, Danielsson and co-workers 

characterized the interaction between Aβ-peptide and β-cyclodextrin by NMR.
54

 The     

Aβ-peptide has four putative aromatic binding sites, F4, Y10, F19 and F20. They 

demonstrated that if the phenylalanines at positions 19 and 20 in the fragment Aβ12-28 are 

replaced with glycines (by removing all aromatic side chains) no interaction occurs. This 

shows that the phenylalanines are necessary for β-cyclodextrin-peptide interaction. For the 

central fragment Aβ12-28, where the phenylalanines are present, the interaction occurs and 

KD = 3.8 mM. Induced chemical shift changes suggested that the interaction mainly 

involves phenylalanine 19. This binding is not strong, but it suites the fibril reducing 

activity of β-cyclodextrin determined earlier. In the case of the full-length peptide, the 

combined results from induced chemical shift changes and diffusion data were consistent; 

they had a two-site binding, involving F19 and Y10, with a total apparent dissociation 

constant of KD = 4 mM. The individual KD for the two sites was determined to be 

respectively KD F = 4.7 mM and KD Y = 6.6 mM, if the sites are assumed to be 
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independent. The outermost N-terminal aromatic amino acid F4 did not seem to bind β-

cyclodextrin with any measurable affinity. This was tested by showing that the fragment 

Aβ1-9 does not bind β-cyclodextrin. Other types of cyclodextrins were studied and showed 

no binding. This may be caused by the hydrophobic pocket of β-cyclodextrin, that has 

optimal dimensions for interaction with the aromatic side chains. The - and -

cyclodextrins have too small or too large cavities for the interaction to take place. 

The second example concerns the study of the interaction between gangliosides and A β1-40 

peptide. This interaction was characterized in 2004 by Mandal et al.
55

 in a membrane-

mimicking environment, dissolving asialo-GM1 and ganglioside GT1b in a sodium 

dodecyl sulphate (SDS) solution. As previously reported,
56,57

 Aβ peptides associate with 

gangliosides in Alzheimer‟s brains and form specific complexes with gangliosides in vitro. 

Different experimental evidences show that ganglioside binding induces Aβ peptide 

oligomerization.
58-60

 From the structural point of view, gangliosides are sialic acid–

containing glycosphingolipids and consist of two main components: a hydrophobic 

ceramide unit, which anchors the gangliosides to the plasma membrane, and a hydrophilic 

oligosaccharide chain, to which one or more sialic acid units (N-acetylneuraminic acid) are 

attached. Gangliosides are abundant components of neuronal membranes and are involved 

in important neurobiological events, such as neurodifferentiation, synaptogenesis, and 

synaptic transmission. Asialo-GM1 and GT1b ganglioside share four sugar moieties in 

common; however, GT1b has three additional sialic acids compared to asialo-GM1, that 

does not contain sialic acid units. Asialo-GM1 and GT1b ganglioside binding to Aβ1-40 

peptide were analyzed by heteronuclear NMR spectroscopy. Experimental data showed 

that, while GT1b is unable to bind Aβ, asialo-GM1 addition induces appreciable chemical 

shift variations in Aβ1-40 amide protons. In particular, asialo-GM1 docks between region I 

(E3–V24) and region II (G29–V40) of Aβ. These evidences explain why GM1 does not 

bind the shorter Aβ1-28 peptide.
58

 In fact, in the case of Aβ1-28, the absence of the main 

binding region G29–V40 would prevent GM1 binding. In addition, Matsuzaky and co-

workers
61

 showed that gangliosides follow the order GT1b > GD1a > GD1b > GM1 to 

induce β-sheet formation. These NMR data agree with previous reports, suggesting that 

when the size of the ganglioside headgroup increases with the number of sialic acids 

(GT1b > GD1a > GD1b > GM1), it becomes difficult to accommodate the bulky 

saccharides between regions I and II of Aβ and β-sheet formation proceeds. The interaction 
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of Aβ peptide with the ganglioside GM1 is also currently under study by Bruix and co-

workers. It isn‟t worth that opposite results were obtained by Ariga et al. using a 

membrane-mimicking system composed of dipalmitoylphosphatidylcholine (DPPC), 

where Aβ had lower affinity for asialo-GM1 than for gangliosides with several sialic 

acids.
62

 

 

1.1.3. Small molecule ligands that interact with A 

 

Thinking about the conformation/oligomerization hypothesis, molecules able to stabilize 

the soluble Aβ (sAβ) conformation, to destabilize the altered amyloidogenic conformer and 

to prevent the required conformational transition could be effective inhibitors of amyloid 

plaque formation and very potent drug candidates for AD treatment. 

 

1.1.3.1.Small Peptides 

 

The intrinsic affinity of Aβ itself suggested that Aβ-specific interactions could be the basis 

for the development of compounds binding to Aβ and preventing its polymerization. It has 

been claimed that fibrillogenesis can be inhibited by short synthetic peptides partially 

homologous to Aβ. Several elegant strategies have been used to design peptidic inhibitors 

of Aβ aggregation. Many of these approaches rely on the use of fragments of the parent Aβ 

sequence as recognition elements in a dominant negative way. Typically, fibril-disrupting 

chemical elements are incorporated into Aβ derived peptides in the form of N- or C-

terminal modifications, conformationally constrained amino acids, or modifications to the 

peptide backbone. These concepts have also been applied to D-amino acid variants of the 

parent Aβ sequence. Given the hypothesis that aggregation intermediates are responsible 

for Aβ toxicity, one approach to contrast this problem consist of identifying the Aβ regions 

that are at the basis of the polymerization into amyloid fibrils. Gazit et al..
63

 analyzed a 

variety of short functional fragments from unrelated amyloid-forming proteins and 

observed a remarkable occurrence of aromatic residues. They speculated that aromatic 

residues raise the possibility that -stacking may play an important role in the molecular 

recognition and self-assembly process that lead to the amyloid formation. 
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In Aβ the aromatic residues are the two phenylalanine residues at position 19 and 20. In 

particular, the short fragment of Aβ QKLVFF was shown to bind specifically to full-length 

peptide.
64

 Other studies have shown that not only QKLVFF, but also LVFFA and its 

derivatives
65

 and LPFFD
66

 are all potent inhibitors of amyloid formation from Aβ 

polypeptide. Another recent study demonstrated that the seven amino acid Aβ fragment, 

KLVFFAE, form well-ordered amyloid fibrils.
38 

These findings indicate the pair of 

phenylalanine residues as the major structural elements that mediate binding of the 

QKLVFF peptide to the Aβ polypeptide. As the formation of amyloid fibrils is a process of 

molecular recognition and self-assembly, the high affinity and selectivity of the FF motif 

seems to provide the molecular recognition element needed for such process in the context 

of the full-length Aβ. These candidate binding compounds could theoretically prevent all 

aggregation, or even cause further association of toxic oligomers into larger nontoxic 

aggregates. Cairo and co-workers
67

 proposed inhibitors designed to contain both the 

„„recognition domain‟‟ (LVFF or KLVFF)  and a „„disrupting domain‟‟, a polypeptide 

chain with the ability of interfering with Aβ aggregation. Series of variant of the KLVFF 

sequence were synthesized. Truncation of the C-terminal phenylalanine reduced the 

affinity by approximately 10-fold. The D-amino acid sequence KLVFF binds with similar 

affinity to the L-amino acid sequence, as reported by Chalifour et al..
68

 The substitution of 

tyrosine at either the 19 or 20 position did not alter the affinity; however, replacement of 

both phenylalanine residues with tyrosine was detrimental. The substitution with histidine 

at position 19 - but not at position 20 - led to a substantial loss of binding; nevertheless, a 

double histidine substitution partially restored the binding. The substitution of 

phenylalanine with tryptophan residues gave mixed results. Murphy et al. also focused 

their attention on the “disrupting domain”; they demonstrated that KLVFF sequences that 

possess positively charged residues at the C-terminus bind with higher affinities than the 

KLVFF alone does. Among these peptides, KLVFFK4 (KD = 37 M) and KLVFFK6 

(KD = 40 M) were the most potent in preventing Aβ-associated toxicity. These results 

suggested that a peptide domain lacking a direct homology with Aβ can play a significant 

role in the binding. The increased affinities of sequences bearing lysine residues are not 

caused by non-specific Coulombic interactions of the peptides with the Aβ-fibrils surfaces. 

In fact, there was a lack of affinity when three lysine residues were substituted with 

glutamic acid residues (four different isomers). These substitutions were useful to 
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demonstrate that the position of the positively charged residues has a critical influence on 

Aβ affinity. The placement of the positively charged residues close to position 20 gives 

rise to the most potent ligand of the four isomers. Placing the three residues of lysines apart 

from the region of residues 16-20, with intervening negatively charged residues, reduces 

the affinity by 14-fold. The placement of a positive charge at the N-terminus of the 

sequence of residues 16-20 results in an activity that is lower than that of compounds with 

a modification at C-terminus. Arginine-containing compounds were tested to determine the 

potency of compounds that incorporate positively charged residues other than lysine. These 

compounds possess an activity similar to the one with lysine. Another example of peptide 

inhibitors containing the Aβ amino acid sequence 16-20 was presented by Austen et al.:
69

 

they designed two peptides with RG-GR residues, added at the N- and C-terminal ends of 

KLVFF to aid solubility, in particular the two molecules are RGKLVFFGR and 

RGKLVFFGR-NH2. On the basis of ThT results and TEM micrographs, both peptides 

inhibited the formation of Aβ late aggregates, but the results for the inhibition of the 

oligomerization revealed that the second one had the best inhibitory effect, while the first 

one has a slight blocking effect at higher concentrations. It is likely that the second one 

inhibits oligomeric formation by binding to the monomeric Aβ molecule, and blocking the 

formation of early soluble aggregates, as shown by size exclusion chromatography and 

oligomeric specific ELISA. It is interesting to underline that only RGKLVFF-NH2, which 

completely inhibited the early aggregates of Aβ, was able to protect cells from Aβ toxicity. 

However, in the case of the first peptide, which showed only inhibition of the late 

aggregates of Aβ, no neuroprotective effects were demonstrated. The results reported by 

Austen and co-workers provide clear evidence that the neuroprotective effects were caused 

by the inhibition of formation of early aggregates, rather than late aggregates of Aβ. The 

studies reported above are quite significant, as they suggest new approaches for the 

interference with Aβ assembly and peptides, that may be the lead compounds for the 

development of molecules preventing Aβ aggregation in vivo. The use of multiple 

simultaneous interactions to enhance the affinity and specificity of binding - known as 

multivalency - is an important concept in biology. In the past, different types of scaffold 

molecules have been used to obtain multivalent structure, such as colloidal gold particles 

and poly(ethyleneglycol) (PEG). These approaches have some disadvantages, in particular 

the large size of the particles (PEG) and the lack of control over the number of peptides 
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attached (colloidal gold). These disadvantages are overcome using dendrimers, multivalent 

macromolecules with regular, highly branched, structures and dimensions resembling those 

of small proteins. Starting from previous information, Chafekar and co-workers
70

 

synthesized a first generation KLVFF dendrimer (K4 - four KLVFF on one scaffold), by 

using native chemical ligation, and investigated the effect of dendritic KLVFF on the 

aggregation of Aβ1-42 as well as on preformed aggregates. Their data show that the linkage 

of KLVFF to a dendrimeric scaffold potentiates its inhibitory effect on the Aβ aggregation 

and on the disassembly of pre-existing aggregates. In fact, they used 20-fold lower 

concentration of K4 (per peptide subunit) to obtain a similar inhibition as KLVFF. In a 

previous study, a branched hexameric PEG linked to inverse FFVLK
71

 sequence was 

shown to increase the potency of Aβ inhibition, but also in this case the K4 conjugate from 

the study of Chafekar et al. gave stronger multivalent effect.  

Looking at the A β1-42 sequence, Fülop et al.
72

 proposed another inhibitor with a structure 

analogue to the sequence 31-35, which plays important roles in the Aβ aggregation.
73,74

 

Other types of peptides, containing residues acting as β-sheet breaker, were proposed. In 

particular Soto and co-workers
66

 proposed a β-sheet breaker peptide iAβ5 (LPFFD), 

designed from the central hydrophobic region of Aβ. A proline residue was added into the 

sequence, to disrupt β-sheet formation, as incorporation of this amino acid within a β-

pleated structure is highly unfavourable. An aspartic acid charged residue was added to the 

end of the peptide to increase its solubility. It was demonstrated that iAβ5 inhibits in a 

dose-dependent manner fibrillogenesis of either Aβ1-40 or A β1-42, disassembles preformed 

fibrils in vitro and prevents neuronal death induced by fibrils in cell culture. In addition, 

the peptide significantly reduced amyloid β-protein deposition in vivo and completely 

blocked the formation of amyloid fibrils in a rat brain model of amyloidosis. Looking at 

these results, they hypothesized that β-sheet breaker peptides probably inhibit amyloid 

formation by binding to monomeric/dimeric Aβ peptides, while blocking the formation of 

the oligomeric β-sheet-conformation precursor of the fibrils. 

Etienne and co-workers
75

 proposed peptides which contain ,-disubstituited amino acid 

(AA) in the hydrophobic core of Aβ (Figure 11); in particular they utilized an 

alternating AA/L-amino acid design to obtain a peptide that interacts with Aβ by 

hydrogen bonding as well as by side-chain interactions. The AAs, that has side-chain 

larger than methyl, stabilized extended peptide conformations. 
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Figure 11: Design of peptides with AAs as blockers of assembly; AMY–1: n=1, m=6; AMY–2: 

n=7, m=0.  

 

The common feature of β-sheet structure in amyloid fibrils, formed by proteins that are 

otherwise structurally diverse, suggests that peptide backbone hydrogen bonding may be 

important in the assembly and stability of amyloid fibrils. Starting from this idea, another 

interesting approach in this area of Aβ mimetics could be the substitution of alternating 

amide hydrogens with methyl groups. This approach may be useful to prevent the β-sheet 

propagation necessary for Aβ fibrillization. Furthermore, these N-methylated peptides are 

more hydrophobic than the unmodified ones; they also have the possibility of increasing 

blood-brain barrier penetration, resistance to proteolytic degradation and tend to prevent 

self aggregation. Gordon et al.
76

 designed inhibitors based on KLVFF motif, containing N-

methylated amino acids; in particular the KNMeLVNMeFFNMeAE (Figure 12) was the most 

potent in vitro inhibitor, among the peptides tested. N-methylated derivatives, based on 

Aβ25-35 sequence GSNKGAIIGLM, were also reported by Hughes et al..
77

 They 

demonstrated that N-methylated derivatives of the Aβ sequence can prevent the 

aggregation and inhibit the resulting toxicity of the wild type peptide. N-methylation is 

known to promote β-sheet formation, by locking the residue into a -conformation; it has 

been shown to generate soluble monomeric β-sheet peptides. By N-methylating the amide 

NH groups at the outer edges of the β-sheet and so preventing the intermolecular hydrogen 

bonding, both aggregation and toxicity should be prevented. Being homologous to Aβ25-35, 

the NMe derivatives are expected to bind to the peptide and to prevent the further addition 

of Aβ25-35 monomers. It was shown that these derivatives, which taken individually are 

soluble and non-toxic, can prevent the aggregation and inhibit the toxicity of the wild type 

peptide. All the N-methylated peptides had varying effects on prefolded fibrils and fibril 

assembly, even if the N-methylated glycine peptide(25) had properties similar to the wild 
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type. In particular, Aβ25-35 with N-methylated glycine(33) was shown to completely inhibit 

fibril formation, disassemble preformed fibrils, and reduce cellular toxicity.  Another 

peptide with the methylation on leucine(34) was able to alter the fibril morphology and to 

reduce the wild peptide toxicity. These results would imply that the position of N-

methylation is crucial for efficacy and that it is linked to a critical region of the growing 

amyloid fibril. 

 

 

Figure 12: Design of peptides containing N–Methylated amino acid.  

 

Gordon and co-workers
78

 investigated the effect of replacing the hydrogen bond donating 

amide NH backbone with ester bond surrogates at alternating positions, to prevent the 

hydrogen bonding of the amyloidogenic peptide and to reduce the aggregation. In addition, 

the ester carbonyl is less basic than the amide carbonyl and, consequently, is a weaker 

hydrogen bond acceptor. At the same time, the ester bond shares many structural 

similarities with the amide bond, such as a predominance of the trans conformation and 

similar bond lengths and angles. Considering this information, they hypothesized that the 

substitutions would yield peptides with effective fibrillogenesis inhibitor activity and 

would permit a more direct assessment of the role of hydrogen bonds in stabilizing 

amyloid fibrils. The synthesized peptides presented two hydrogen bonding faces when 

arrayed in an extended β-strand conformation; one face had normal hydrogen bonding 

capabilities, but the other face lacked amide protons and its ability to hydrogen bond was 

severely limited. 

Thus, the incorporation of ester bonds constitutes a more conservative substitution for 

peptide bonds, than the incorporation of N-methyl amino acids. The incorporation of two 

ester bonds at alternate residues of the Aβ16-20 peptide - similar to the incorporation of N-

methyl amino acids - prevents the peptide from forming amyloid fibrils. The incorporation 
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of ester bonds also results in the formation of an effective inhibitor of Aβ1-40 

fibrillogenesis. They also analyzed the different behavior of the Aβ16-20 ester peptide, the 

unmodified wild type Aβ16-20 and the inhibitor peptide Aβ16-20N-methylated. All the three 

peptides inhibited fibrillogenesis and disassembled preformed fibrils; the efficacy of    

Aβ16-20 ester is similar to that of Aβ16-20N-methylated and both are better inhibitors than 

Aβ16-20. The similar inhibitory properties of Aβ16-20 ester compared to Aβ16-20N-methylated 

also suggest that interfering with hydrogen bonding is sufficient to prevent Aβ1-40 

fibrillogenesis and that steric contributions from the N-methyl group are not required. The 

reported disassembly of pre-existing fibers is also very interesting: it may suggest that 

many of these peptides can bind at the end of the fibrils and possibly serve to influence the 

thermodynamic equilibrium between oligomers and fibrils. The considerable efforts in the 

rational design of Aβ-targeting molecules, based on the parent Aβ sequence, have been 

quite fruitful in providing a large class of compounds with different activities. These 

peptidomimetic molecules provide a class of compounds that may help to elucidate the 

mechanism of amyloid aggregation, perhaps by trapping intermediates, as well as 

providing inroads to the design of diagnostic and therapeutic reagents. 

 

1.1.3.2.Non-peptidic small molecule 

 

Some non-peptidic small molecules are not only able to inhibit the formation and the 

extension of β-amyloid fibrils (fAβ), but also to destabilize fAβ in vitro. These include 

naturally occurring or commercially available bioactive compounds, drugs, surfactants,
79

 

Cu/Zn chelators,
80

 phenothiazines
81

 and sulfonated dyes such as or Congo red (CR) (Figure 

13) and its derivatives
82

.  

 

 

Figure 13: Structure of Congo red and Thioflavin T.  
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Among them CR was the first small molecule reported to bind to amyloid in tissue 

sections, exhibiting the characteristic yellow–green birefringence under cross polarized 

light. Later thioflavin T (ThT) (Figure 13) and thioflavin S (ThS) were also shown to stain 

amyloid deposits. These two dyes are the classical reagents to detect characteristic β-sheet 

mediated fibrillization. 

CR
83,84

 and ThT
85

 have also been shown to inhibit fibril formation at higher concentrations. 

Perhaps, it is not surprising that many reported small molecule inhibitors are similar to CR 

and ThT, being planar and aromatic. According to Porat et al.,
86

 who reviewed the possible 

mode of interaction with Aβ, small molecules with aromatic moieties can intercalate within 

grooves created by β-sheets, in both the soluble oligomeric forms and in the large fibrils. 

From this first study, several different types of molecules were found to be active in the 

inhibition of fAβ aggregation, with a wide range of activity, from less than 100 nM to more 

than 100 M. In the table presented below, we resume the IC50 values of several 

compounds for the inhibition of Aβ peptides aggregation. In particular, the compounds are 

classified for their inhibitory effect and can be roughly divided in two classes: bioactive 

molecules and drugs not related to Alzheimer diseases.  Compounds such as curcumin,
87-89

 

wine-related  polyphenols (myricetin, quercetin, morin, kaempferol, (+)-catechin and (–)-

epicatechin),
86

 apomorphine,
90

 porphyrins,
81,91 

omega-3 fatty acid,
91,92

 tannic acid,
86,93,94

 

vitamin A and β-carotene,
95

 rifampicin and rifamycin B,
81

 tetracycline,
93,94,96

 coenzyme 

Q10
97

 belong to the first class. Anti-inflammatory
98-102 

and anti-Parkinson agents
103,104

 

belong to the second class, the latest being the most effective, with particular reference to 

dopamine and L-DOPA. Analyzing the table presented below, dopamine has the best 

performance. Dopamine and its precursor L-DOPA are used as drugs acting on the 

sympathetic nervous system. For example, L-DOPA is used in the treatment of Parkinson‟s 

disease and DOPA-responsive dystonia. Despite of its benefits in brain-related disease, 

dopamine and its precursor have not been used for treatment of Alzheimer diseases yet 

even though in vitro studies were promising. The anti-amyloidogenic and fibril-

destabilizing activity of the anti-Parkinsonians drugs, examined in the study of Ono et 

al.
103

 (Table 1) was in the order  dopamine > Selegiline ~ nordihydroguaiaretic acid 

(NDGA) > L-Dopa ~ Pergolide > Bromocriptine ~ Rifapicin (RIF). In particular, dopamine 

exhibited potent anti-amyloidogenic and fibril-destabilizing effects; the effective 

concentration (EC50), able to inhibit the formation or extension of fAβs, was about       
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0.01-0.10 M. This result was in contrast with previous works,
105-107

 which identified in 

NDGA (Figure 14) - that has two ortho-dihydroxyphenyl rings symmetrically bound by a 

short carbohydrate chain - the most effective molecule. The activity of NDGA could be 

ascribed to its compact and symmetric structure that might be suitable to specifically bind 

free Aβ, thus inhibiting the polymerization of Aβ into fAβ.
106

 Alternatively, this structure 

might be suitable for the specific binding to fAβ and the subsequent destabilization of the 

β-sheet conformation of Aβ rich in fAβ molecules. 

 

 

Figure 14: Structure of Nordihydroguaiaretic acid and Rifampicin.  

 

Table 1: Summary of non-peptidic ligands: anti-amyloidogenic activity and ability to pass the BBB. 

Compound IC50 aggregation M Information on 

ability to pass BBB 

(Ref.) 
 fA(1–40) fA(1–42) 

Acetopromazine maleate salt
81

 > 40  
 

2-(4-Aminophenyl)-methylbenzothiazole
81

 2.0  
 

Amphotericin B
81

 2.2  
 

Apigenin
81

 > 40  
 

Azure A
81

 0.4  
 

Azure B
81

 0.3  
 

Azure C
81

 0.2  
 

Basic blue 41
81

 1.4  
 

Bromocriptine
103

 14 20 
 

β-Carotene
95

 2.4 5.2 
 

Catechin
86,108

 2.9 5.3 X
109-116 

Chlorpromazine hydrochloride
81

 > 40  
 

Chlorazol black E
81

 0.3  
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CoQ10
97

 1.8 5.5 X
117 

Curcumin
87,89

 0.19-0.81 0.63-1.1 X
118-120 

Daunorubicin hydrochloride
81

 1.4  
 

Dihydrolipoic acid
96

 3.9 20.8 
 

2,2’-Dihydroxybenzophenone
81

 > 40  
 

2-[4-(Dimethylamino)phenyl]-6-

methylbenzothiazole
81

 
2.0  

 

2, 4-Dinitrophenol
121

 7  X
122 

3,3’-Dipropyl thiodicarbocyanine iodide
81

 0.3  
 

L-DOPA
103

 5.0 1.7 
 

Dopamine
103

 0.01 0.04 
 

(–)-Epicatechin
86,108

 2.8 5.6 X
 109-116 

(–)-Epicatechin 3-gallate
81,86

 3.0  X
123 

Exifone
81,86

 0.7  
 

Ferric dehydroporphyrin IX
81

 0.2  
 

Ferulic acid
94

 1.8 5.5 
 

Filipin III
81

 14.6  
 

Gossypetin
81,86

 1.3  
 

Haematin (from bovine blood)
81

 0.2  
 

Hemin
91

 ~ 0.4 ~ 0.4 
 

Haemin chloride
81

 0.1  
 

Hypericin
81,86

 0.9  
 

Kaempferol
86,108

 1.7 3.2 X
109-115 

Lacmoid
81

 1.4  
 

–Lipoic acid
96

 3.2 20 X
124 

Metylene Blue
81,125,126

 2.3 12.5 
 

Methyl yellow
81

 1.5  
 

Morin
86,108

 0.24 0.67 X
109-115 

Mycostatin
81

 9.3  
 

Myricetin
86,93,97,108,127-129

 0.20-0.37 0.34-0.51 X
109-115,121 

NDGA
86,87,93,95-97,103

 0.14-0.21 0.74-1.1 
 

3-Nitrophenol
121

 80  X
122 

2,3,4,2’,4’-

Pentahydroxybenzophenone
81,86

 
2.8  

 

Pergolide
103

 0.89 2.0 X
103 

Perphenazine
81

 > 40  
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Phthalocyanine
81

 3.2  
 

Ponceau SS
81

 1.2  
 

Promazine hydrochloride
81

 > 40  
 

Propionylpromazine hydrochloride
81

 > 40  
 

Protoporphyrin IX
91

 ~ 65 ~ 65 
 

Pseudohypericin
81

 2.3  
 

Purpurogallin
81,86

 0.5  
 

Quercetin
86,108

 0.24 0.72 X
109-115,130 

Quinacrine
81

 8.4  
 

Quinacrine mustard
81

 1.2  
 

Retinal
95

 0.18 0.89 
 

Retinol
95

 0.18 0.76 
 

Retinoic acid
95

 4.5 20 
 

Rifampicin
81,93,94,96,103

 4.9-9.7 9.1 X
131 

Rifamycin B
81

 3.1  
 

Rosmarinic Acid
86,87

 0.29 1.1 
 

Selegiline
103

 0.68 0.72 X
132 

Tannic acid
86,93

 0.012 0.022 
 

Tetracycline
93,94,96,129

 10 10 
 

Thionin
81

 0.3  
 

2,3,4-Trihydroxybenzophenone
81,86

 3.1  
 

Zinc protoporphyrin IX
91

 ~ 5 ~ 5 
 

 

Li et al.
108

 reported that dopamine and L-DOPA were able to inhibit the formation of 

amyloid fibrils in a solution 1 mg/mL of Aβ1-40, in a range from 10 to 100 M.   

Other molecules that present a very high activity against amyloid fibrils and plaque 

formation are red wine and green tea related polyphenols;
86

 these compounds were also 

analyzed by Ono et al.,
121

 during their systematic work. The wine-related polyphenols 

inhibit fAβ formation from both Aβ1-40 and Aβ1-42, as well as destabilized preformed     

fAβ1-40 and fA β1-40 dose-dependently in vitro. Within this class of compounds, tannic acid 

showed the best activity. 

Tannic acid (TA), a commercial form of tannin, is a polymeric polyphenol with a weak 

acidity (pKa around 10) due to its phenol groups. Its structure is based mainly on glucose 

esters of gallic acid. It is a yellow/light brown amorphous powder, which is highly soluble 

in water. Ono et al. examined the effects of TA on the formation and the extension of fAβ1-
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40 and fAβ1-42, as well as on the destabilization of fAβs at pH = 7.5 at 37 °C in vitro, using 

fluorescence spectroscopy with ThT, Congo Red and electron microscopy.
93

 They also 

compared the activity of TA with the anti-amyloidogenic and fibril destabilizing effects of 

Myricetin (Myr) (Figure 15), RIF, Tetracycline (TC) and NDGA. TA exhibited potent anti-

amyloidogenic and fibril-destabilizing effects; the EC50 values for the formation or the 

extension of fAβs  or for the destabilization of fAβs were about 0.012-0.065 M for both 

Aβ1-40 and Aβ1-42. They suggested that the anti-amyloidogenic and fibril-destabilizing 

activity of NDGA and wine-related polyphenols may be classified in the following order: 

TA > NDGA = Myr = morin = quercetin > kaempferol > (+)-catechin =  (–)-epicatechin > 

TC. It is interesting to see that TA, wine-related polyphenols, NDGA, RIF all possess 

antioxidant activity. Tomiyama et al.
125,126

 suggested that RIF binds to Aβ by hydrophobic 

interactions between its lipophilic ansa chain and the hydrophobic region of Aβ and they 

could block the association between Aβ molecules that lead to fAβ formation. The anti-

amyloidogenic activity of TCs, and of small molecule anionic sulfonates or sulfates is also 

related to the propensity to bind to Aβ.
107,127

 

 

 

Figure 15: Structure of Myricetin and Curcumin.  

 

Another important Aβ-ligand is the curcumin, a low molecular weight molecule with 

potent antioxidant and anti-inflammatory activities that has a favorable toxicity profile and 

is also under development as a potential cancer chemotherapeutic agent. The curcumin 

(CUR) (Figure 15) is a major component of the yellow curry spice turmeric. This spice is 

used in the traditional diet and as an herbal medicine in India.
133

 The frequency of 

Alzheimer‟s disease in India is roughly one-quarter of that in the US (e.g., 0.7 vs. 3.1% 

between 70 and 79 year).
134

 Maybe not by chance, CUR is a free radical scavenger,
135

 

which protects the brain from lipid peroxidation,
99

 and scavenges nitric oxide-based 
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radicals. Oral administration of CUR has been shown to be protective of the central 

nervous system. In 2001, Lim et al.
88

 suggested that CUR was able to block Alzheimer‟s 

disease pathogenesis at multiple sites of the inflammation cascade, but the direct effects of 

CUR on the formation and destabilization of fAβ remain unclear. Looking at these 

information, in 2005 Yang et al.
89

 worked on CUR as Aβ inhibitor both in vitro and 

in vivo. They showed that under aggregating conditions in vitro, CUR inhibited 

aggregation (IC50 = 0.8 M) and disaggregated fibrillar Aβ1-40 (EC50 = 1 M). Later, other 

authors
86,87,94

 reported lower IC50. The effects of CUR did not depend on Aβ sequence, but 

on fibril-related conformation. Brain sections of Tg2576 mice with Alzheimer‟s disease 

were incubated with CUR and revealed preferential labeling of amyloid plaques. In vivo 

studies showed that CUR, injected peripherally into aged Tg mice, crossed the blood-brain 

barrier and bound Aβ plaques. When fed to aged Tg2576 mice, with advanced amyloid 

accumulation, CUR labeled plaques and reduced amyloid levels and plaque burden. Hence, 

CUR directly binds small β-amyloid species, thus blocking aggregation and fibril 

formation both in vitro and in vivo. These data suggested that low dose CUR is effectively 

able to disaggregate Aβ, as well as to prevent fibril and oligomer formation, supporting the 

rationale for CUR use in clinical trials preventing or treating AD. In 2007, Reinke et al.
136

 

studied the structure-activity relationships of amyloid β-aggregation inhibitors based on 

CUR. They studied the effect of three prominent features on the inhibition of amyloid 

aggregation: the presence of two aromatic end groups, the substitution pattern of these 

aromatics, and the length and flexibility of the linker region. They found that the 

modification of any one of the modules has profound effects on their activity. They 

assembled a collection of CUR related compounds, to establish the contribution of each 

structural module to activity. CUR is composed of two relatively polar aromatic groups, 

connected by a rigid linker. Reinke et al., in their first experiments, investigated whether 

both aromatic groups were required for activity using the ThT assay.  

 

 

Figure 16: Structure of Chrysamine G.  
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They found that simple compounds with a single aromatic group, like vanillin, salicylic 

acid or ferulic acid, did not decrease aggregation of 25 M Aβ1-42, even at high 

concentrations (500 M). They also studied the relation between the substituent on the two 

phenyl group and the activity, observing that the aromatic end groups require one or more 

polar, hydrogen bonding substitutions for optimal inhibition of Aβ aggregation. 

In CUR, CR, and Chrysamine G (CG) (Figure 16) the distances between the terminal 

aromatic regions are all strikingly similar; it was hypothesized that the length of the linker 

would be important for the activity. 

 

 

Figure 17: Representative model showing how linker characteristic contribute to potency. Linker 

too long (b), too short (c) or too flexible (d) can decrease the ability of the compound to interact 

with Aβ.  

 

Reinke et al.
136

 noticed that the length and the flexibility of the linker region are not 

independent variables and established that the optimal are rigid (less than two freely 

rotating carbons) and restricted between 8 and 16 Å. It is interesting to notice that many of 

the best amyloid ligands fall within the observed optimal range. For example, all CR, CG, 

NDGA, CUR (Figure 17) and rosmarinic acid meet these requirements. In addition, the 

linker requirement seems to be one of the most significant features, as the compounds that 

fulfill the other substructural requirements - such as the aromatic substitution - still fail to 

inhibit if they have a short linker. A remarkable exception to this observation is resveratrol. 

Despite its short linker length, this compound is active, suggesting a possible alternative 

mechanism for the inhibition or a possible different binding site on the amyloid peptide, 

such as the site occupied by ThT.  
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Overall, the anti-amyloidogenic molecules can be classified into four groups based on their 

activity. Dopamine and tannic acid were classified into the strongest anti-amyloidogenic 

group. Compounds like NDGA, CUR, rosmarinic acid or myricetin belonged to the second 

group. L-DOPA or β-carotene were classified into the third group and RIF or TC into the 

fourth group. Other molecules that are not presented above - such as Poly(vinylsulfonic 

acid, sodium salt), 1,3-propanedisulfonic acid, disodium salt, β-sheet breaker peptide and 

nicotine - exhibited anti-amyloidogenic activity in a M range. 

 

1.2. Crossing the blood brain barrier (BBB) 

 

An endothelial cell monolayer associated with pericytes and astrocytes - known as the 

blood brain barrier (BBB) - separates the blood from the cerebral parenchyma; it is 

characterized by tight intracellular junctions and by the absence of fenestrations.
137-139

 The 

BBB is the homeostatic defence mechanism against pathogens and toxins. Complex and 

highly regulated, the BBB screens the biochemical, physicochemical and structural 

features of solutes at its periphery, thus affording barrier selectivity in the passage of 

desired molecules into the brain parenchyma. The BBB provides the brain with nutrients, 

prevents the introduction of harmful blood-borne substances, and restricts the movement of 

ions and fluid to ensure an optimal environment for brain functions. It protects the brain 

from substances, which are neurotoxic in physiological concentrations. As a consequence 

of its barrier properties, the BBB also prevents the movement of drugs from the blood into 

the brain, and therefore acts as an obstacle for the systemic delivery of neurotherapeutics. 

The BBB determines whether a given drug - unless lipid-soluble, small (< 600 Da), 

electrically neutral and weakly basic molecules - could reach the central nervous system 

(CNS), either by passive diffusion or through carrier or receptor systems, limiting the brain 

penetration. Furthermore, the efflux transport systems may target the drugs that meet these 

criteria and export them from the brain. As a result, the BBB excludes many               

small-molecule pharmaceuticals and nearly all biopharmaceuticals - such as genes and 

proteins - fail to penetrate into the brain tissue to an appreciable extent. Although the 

surface area of the human brain microvasculature available for drug transport (~ 20 m
2
) is 

more than adequate for treating the entire brain volume, the barrier properties of the BBB 

continue to restrict brain drug delivery via the bloodstream.
140
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There is growing evidence for BBB damage in AD.
141,142

 Most Aβ plaques are located in 

the proximity, or are directly in contact with cerebral capillaries. Alterations of the 

expression and the distribution of the Aβ transporters and tight junction proteins have been 

observed at the level of endothelial basement membrane of cerebral  microvasculature, 

where the efflux of Aβ from brain is regulated. These observation open the possibility of 

some potential therapeutic alternatives of AD, based on the sealing of a compromised BBB 

and the reversing AA deposition. 

 

1.3. Cerebral clearance of Aβ across the BBB 

 

The amyloid hypothesis states that a variety of neurotoxic Aβ species contribute to the 

pathogenesis of Alzheimer's disease. A key determinant of disease onset and progression is 

the appropriate balance between Aβ production and catabolism. It has been suggested that 

insufficient clearance of Aβ may account for elevated Aβ levels in the brain and the 

accumulation of pathogenic amyloid deposits in sporadic AD.
140

 Ito et al. demonstrated 

that the efflux clearance of [
125

I]Aβ in rats is 11.0 L/(min g brain).
143

 Experimental 

evidence suggests that brain and blood Aβ are in equilibrium through the BBB, and that 

peripheral sequestration of Aβ may shift this equilibrium towards the blood, eventually 

drawing out its excess from the brain (“sink” effect),
144

 reducing Aβ-related pathology and 

dysfunction.
145

 The clearance seems to be accomplished via two major pathways: 

proteolytic degradation and receptor-mediated transport from the brain.  

Proteolytic degradation 

A number of proteases are implicated in the proteolytic clearance of Aβ from the CNS; the 

two major endopeptidases involved in Aβ degradation are zinc metalloendopeptidases - 

called insulin degrading enzyme (IDE) or insulysin - neprilysin (NEP), endothelin 

converting enzyme, and plasmin.
146

 

Receptor-mediated transport 

The clearance is achieved by the brain-to-blood efflux transport system across the BBB. 

Increasing evidence suggests that the low-density lipoprotein receptor-related protein 

(LRP) and the receptor for advanced glycation end products (RAGE) are involved in 

receptor-mediated flux of Aβ across the BBB.
147

 While LRP appears to mediate the efflux 

of Aβ from the brain to the periphery, RAGE has been strongly implicated in Aβ influx 
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back into the CNS. Therefore therapeutic strategies can be aimed at upregulation of LRP-1 

or downregulation of RAGE. 

ApoE, acting to traffic lipids throughout the brain, plays critical roles in regulating brain 

Aβ peptide levels, as well as their deposition and clearance.
148

 Recently, Jiang Q. et al 

demonstrated that lipidated forms of ApoE act to enhance the clearance of Aβ peptides 

from the brain, facilitating the proteolytic degradation of Aβ. They demonstrated that an 

elevation of lipidated forms of ApoE results in reduced Aβ peptide and plaques levels in an 

animal model of AD.
149

 

The molecular pathways responsible for the efflux and the influx of Aβ across the BBB 

suggest an array of potential therapeutic strategies that could reduce the accumulation of 

cerebral Aβ. The Aβ clearance should preferably be performed before the proteins cluster 

into the toxic  oligomers and can be achieved in many ways, such as: 1) immunotherapy; 

2) enzymatic degradation by metallo-endoproteases; 3) stimulating clearance by increasing 

transport over BBB by stimulating the LRP receptor or inhibiting RAGE (or P-gp). 

More recently, immunological approaches have been implemented to reduce Aβ load in the 

CNS. Recent studies demonstrated that beta amyloid burden in transgenic animal models 

can be either peripheral or cerebral infusion of exogenous anti-Aβ antibodies (passive 

immunization) or by immunization with synthetic Aβ peptide. Two basic mechanisms have 

been proposed to account for the findings of reduced amyloid load in transgenic animals 

with high anti-Aβ antibody titers. First, anti-Aβ antibodies may cross the BBB and bind to 

Aβ in the brain, prompting digestion by activated microglia. In alternative, antibodies or 

agents that have high affinity for Aβ (ganglioside GM1 or gelsolin) may bind and sequester 

Aβ in the periphery; they may either promote the efflux from or inhibit the influx back into 

the brain.
144,150

  

Another possibility to enhance the Aβ clearance from the brain is the upregulation of Aβ 

degradating enzymes; for example NEP activity can be upregulated by the administration 

of somatostatin.
150

 

 

1.4. Current and novel therapeutic approaches for the treatment of AD 

 

The objectives of pharmacologic therapy for AD are the stabilization and the modulation 

of the expected decline of cognitive, functional and behavioral symptoms.
151

 The available 
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treatments are not intended to alter the progressive pathophysiology of the disease, but they 

are rather considered to be symptomatic therapies. Nowadays, cholinesterase inhibitors 

(ChEIs) are the first-line medications in the treatment of AD and they are effective in 

delaying cognitive impairment. The management of the non-cognitive psychiatric 

symptoms require some additional adjunctive medications, such as antipsychotics, 

antidepressants, and anxiolytics.
152

 Alternate treatments, using nonsteroidal anti-

inflammatory drugs (NSAIDs), Gingko biloba, and hormone replacement therapy, have 

been used with varying success in the treatment of AD. New anti-amyloid medications in 

various stages of clinical trials show promise in modifying the process of the disease. The 

glutamate-mediated toxicity in the cerebral cortex has been hypothesized to contribute to 

the neurodegeneration of AD. In 2003, the FDA approved memantine, a moderate-affinity 

non-competitive N-methyl-D-aspartate receptor antagonist, for the treatment of moderate to 

severe AD.
153

 In patients with moderate to severe AD, receiving a stable dose of 

memantine, it results in significant improvement in cognitive, functional, and global 

outcomes, compared with placebo. Gingko extract has been used for thousands of years in 

traditional Chinese medicines for a variety of conditions. Recently, it has become more 

widely used in the United States to treat age-related physical and cognitive disorders.
152

 

The efficacy of gingko in the treatment of AD has been attributed to the flavonoid 

component, for its antioxidative and antiperoxidative properties and to the terpenoid 

component for its anti-inflammatory effects. 
154

 Estrogens are neuroprotective against 

oxidative stress, excitatory neurotoxicity, and brain ischemia. Several small short-term 

randomized clinical trials and some epidemiologic studies have suggested the efficacy of 

the hormone therapy in the treatment of mild to moderate AD.
155

  

There are currently four categories of anti-amyloid drugs in clinical trials with promise to 

modify the AD process: 1) immunotherapies; 2) secretase inhibitors; 3) selective Aβ-

lowering agents; and 4) anti-Aβ aggregation agents. Several anti-aggregation agents, which 

are in clinical testing, are thought to prevent fibril formation and facilitate Aβ clearance. 

Tramiprosate (Figure 18), a small glycosaminoglycan (GAG) mimetic, binds to soluble Aβ 

inhibiting fibril formation, and allows a decrease of soluble Aβ levels in CSF and reduces 

amyloid plaque formation. In a 3-month phase II study in subjects with mild to moderate 

AD, tramiprosate decreased CSF Aβ concentrations from baseline without effect on 

cognitive function compared with placebo.
156

 Colostrinin, a proline-rich peptide, inhibits 
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Aβ aggregation and has demonstrated moderate improvements in the cognitive function for 

mild more than moderate AD. Unfortunately, these effects were not sustained over long 

term use.
157

 

 

 

Figure 18: A aggregation pathways and points of therapeutic intervention.  

 

1.5. Novel therapeutical promises exploiting nanoparticles 

 

The currently available diagnostic tools do not allow to screen AD at an early stage, and 

the therapy is often compromised by the difficulty to cross the BBB. 

The idea to exploit a sort of “cargo”, that allows drugs and diagnostic to cross the BBB, is 

very actractive. To accomplish this task, one must take advantage of one of the molecular 

transport systems, that permits the uptake of nutrients into the brain. One of these transport 

systems - known as receptor mediated transcytosis (RMT) - employs the vesicular 

trafficking machinery of the endothelium to transport substrates into the brain. Once a 

chemical entity, able to cross the BBB exploiting RMT, is found, the drug can be 

covalently linked to it or encapsulated in it, generating a sort of cargo to cross BBB. 

Recently, the emerging field of nanotechnology has generated new devices to solve this 

problem. Nanoparticles (NPs) - ranging in size from 10-1000 nm - have several 

advantages. They present a good physical stability in biological fluids; they can be 

designed, using a wide range of materials, to control release of encapsulated drugs; NPs 
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formulations can be suitable for either hydrophilic or lipophilic drugs.  Moreover, NPs 

possess high drug-loaded capacities; they may offer protection from degrading enzymes to 

sensitive molecules (e.g. peptides) during transportation, and increase their half-life in the 

blood stream.
158,159

 The NPs surface can be modified with specific molecules to avoid 

recognition by the macrophages of the reticuloendothelial system (RES)  and for 

prolonging the NPs blood circulation residence time.
160

 Finally, the NPs surface can be 

modified with specific ligands, in order to achieve a site-specific drug delivery and a 

successful  penetration of the BBB.
161

  Many Aβ ligands described in this review can‟t 

cross the BBB. The conjugation or the incorporation into NPs might overcome this 

problem. 

Multiple presentation of a single ligand at the surface of NPs will exploit the cluster 

effect
162

 that strongly enhances the adhesion properties. Furthermore, NPs can be 

functionalized with molecules performing different roles, such as 1) interaction with BBB, 

2) stimulation to cross BBB, 3) PET and MRI contrast agents. Such NPs combine the 

different properties required for diagnosis and therapy. 

 

1.5.1. Nanoparticles for drug delivery through blood-brain barrier 

 

The blood-brain barrier (BBB) represents an effective obstacle for the delivery of 

neuroactive agents to the central nervous system (CNS). The presence of the BBB makes 

treatment of many CNS diseases difficult to achieve, because the required therapeutic 

agents can‟t be delivered across the barrier in sufficient amounts. It is estimated that more 

than 98% of small molecular weight drugs and practically 100% of large molecular weight 

drugs (mainly peptides and proteins) developed for CNS phatalogies do not readily cross 

the BBB.
163

 

A variety of novel strategies have been proposed to improve the permeability of drugs into 

the CNS, including blood-brain barrier disruption, alternative routes to CNS drug delivery, 

chemical drug delivery, biological drug delivery. One of the possibilities to delivery drugs 

to the brain is the employment of NPs.
164

 NPs can operate as carries for several classes of 

drugs, such as anticancer agents, antihypertensive, immunomodulators, and hormones; and 

macromolecules such as nucleic acids, proteins, peptides, and antibodies.  
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NPs are usually made of natural or artificial units, ranging in size between about 10 and 

10000 nm (10 m). Drugs or other entities may be dissolved into the NPs, entrapped, 

encapsulated and/or adsorbed or attached. The aim of using NPs is to increase the 

specificity towards cells or tissues, to improve the bioavailability of drugs by increasing 

their diffusion through biological membranes and/or to protect them against enzyme 

inactivation.
164

 

The field of nanoparticles drug technology is not well developed in AD research, but NPs 

are promising candidates in the investigation of AD. In fact, NPs are capable of opening 

tight junctions, crossing the BBB, high drug loading capacities; they can also target 

towards mutagenic proteins of Alzheimer‟s disease.
158

 

The generation of nanoparticles properly loaded with antiamyloidogenic ligands, which 

could be concentrated at the brain surface and/or able to cross the blood brain barrier 

(BBB), represents therefore a novel promising therapeutic approach.  
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2. Objectives 

 

 

The grand aim of all science is to cover the greatest 

number of empirical facts by logical deduction from 

the smallest number of hypotheses or axioms. 

 

A. Einstein 

 

The goal of this study, developed in the field of nanotechnologies, is to create 

nanoparticles NPs able to cross the BBB and thus to reach the brain, which is the principal 

site of Alzheimer‟s disease. Molecules that can recognize (diagnosis) and destroy (therapy) 

the amyloid deposits, characteristic of the illness, will be attached to nanoparticles (NPs) 

and tested in vitro with different technologies. The results can have an enormous impact on 

the early diagnosis and therapy of a disease of high incidence, which has a heavy social 

cost. 

The aim of this project is the use of NPs specifically functionalized with A ligands, that 

can interact with the peptides both in the early stages of the aggregation and also with the 

A plaque (Figure 19). 

 

 

Figure 19: Strategy for functionalization of nanoparticles. 

 

As already mentioned above, there are different classes of compounds with reported ability 

to interact with A, among them there are: specific lipids, omo- and hetero-aromatic 
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polycyclic compounds such as flavones and thioflavins, polyphenols, peptidomimetics, 

tetracyclines and antibodies.  

Many possible “lead compounds” have been identified, but we don‟t know any process of 

lead optimization ever been done. Moreover, since A peptides are concentrated inside the 

brain or within the brain surface, the identified compounds must be concentrated near the 

BBB, for the interaction with circulating A; they must also have the ability to cross this 

barrier, for the interaction with A peptides or plaques inside the brain.  

 

The work presented in this thesis aimed to synthesize novel chemical entities, such as 

small molecules and NPs, and was organized in different steps: 

 

2.1. Preparation of A ligands for NPs functionalization  

 

Basing on the conformation/oligomerization hypothesis, molecules able to stabilize the 

soluble A conformation and to prevent the required conformational transition could be 

effective inhibitors of the amyloid plaque formation and very potent drug candidates for 

AD treatment. These include naturally occurring or commercially available bioactive 

compounds, drugs, surfactants
79

, Cu/Zn chelators
80

, phenothiazines
81

 and sulfonated dyes 

such as or Congo red and its derivatives
82

. According to Porat et al.,
86

 who reviewed the 

possible mode of interaction with A, small molecules with aromatic moieties can 

intercalate within grooves, created by -sheets in both the soluble oligomeric forms and in 

the large fibrils (fA). It is not surprising to notice that many reported small molecule 

inhibitors are planar and with more than one aromatic moiety. Beginning from this 

information, we decided to use Curcumin (CUR) as starting natural material for our 

synthesis. CUR (diferuloylmethane) - a low molecular weight molecule - is an active 

principle of the perennial herb Curcuma longa (commonly known as turmeric), which is 

used in the traditional diet and as an herbal medicine in India.
133

 The yellow-pigmented 

fraction of turmeric contains CUR as a major component and curcuminoids, which are 

chemically related to its principal ingredient.  

In water environment CUR exists in enolic and  diketonic forms, because of its         

cheto-enol tautomerism. The fact that CUR in solution exists primarily in its enolic form
165
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has an important influence on the radical-scavenging ability of CUR and on its A-binding 

activities.
166

 

In 2001, Lim et al.
88

 suggested that CUR was able to block Alzheimer‟s disease 

pathogenesis at multiple sites of the inflammation cascade, but the direct effects of CUR 

on the formation and destabilization of fA remained unclear. As presented above, 

Reinke et al.
136

 noticed that, for the interaction with Aβ, the two aromatic rings need to be 

coplanar and the linker between them must be rigid and restricted between 8 and 16 Å. 

Modifications that don‟t influence these parameters, could improve the ability of CUR 

against A. In 2008, Narlawar et al.
167

 replaced the 1,3-dicarbonyl moiety with isosteric 

heterocycles to minimize the metal chelation properties of CUR and to lock its 

conformation into an enol-type arrangement. This modification provides potent ligands of 

A aggregates, inhibitors of tau protein aggregation and they de-polymerized tau protein 

aggregates at low micromolar concentrations.  

Considering this information, we synthesized a new series of compounds replacing the 1,3-

dicarbonyl moiety with a pyrazole ring, not only for the reasons reported above, but also 

for improving water solubility and stability at physiological pH, preserving the best 

features for the interaction with A-peptides.  

 

 

 

 

Figure 20: Chemical abstract of CUR-functionalization  

 

2.2. Synthesis of different anchors and/or spacers for NPs Functionalization 

 

Working on various types of NPs, we had to carry out different strategies for the 

functionalization/conjugation of NPs with Aβ ligands looking on the physical/chemical 

properties of these two building blocks.  

In order to allow the generation of NPs functionalized at the same time with Aβ linkers, 

contrast agents and, eventually, molecules able to facilitate the transport through the BBB, 

building blocks of different NPs were synthesized, having the following characteristics 

(Figure 21): 1) an anchor for the insertion inside the NPs, 2) a chemical moiety, useful to 
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link an hydrophilic linker as polyethilenglycol (PEG), 3) a PEG chain of different length 

(30-40 bounds), 4) a functional group at the end of the PEG chain to link, alternatively, an 

Aβ ligand, a contrast agents, a BBB transporter or an antibody.  

For the selective ligation we used the Huisgen 1,3-dipolar cycloaddition of azides and 

terminal alkynes, also called “Click reaction”. 

 

 

A 

 

B 

Figure 21: Chemical abstract of linker/spacer/anchor synthesis. A) preformed monomer bearing the 

Aβ ligand; B) preformed monomer with functional group for chemoselective ligation.  

 

2.3. Functionalization of different NPs 

 

Different strategies for the functionalization/conjugation of NPs with Aβ ligands have been 

developed: i) the linker/spacer has been first linked/conjugated to the surface of NPs and 

Aβ ligands were conjugated afterwards, using chemoselective ligation methods 

(Figure 22 A); ii) the linker/spacer/anchor have been conjugated to A ligands for the 

subsequent functionalization/addition to NP (Figure 22 B). 

 

 

Figure 22: Chemical abstract of functionalization of NPs. 

 

 

A

B
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3. Results and Discussion 

 

 

 

 

3.1. Preparation of A ligands for NPs functionalization 

 

As previously reported, curcumin (CUR) is a major component of the yellow spice 

turmeric.
168

 This spice, used as an herbal medicine in India, is currently undergoing 

scientific evaluation for their efficacy as anti-inflammatory agents. In fact, it is believed to 

prevent and treat cancer
133,169

 and it is being also studied for the treatment of human 

immunodeficiency virus (HIV) infection,
170

 and for the treatment of cystic fibrosis.
171

 It 

has been demonstrated that curcumin has anti-oxidant, anti-inflammatory and cholesterol 

lowering properties. These three properties are believed to play a crucial role in the 

processes involved in the pathogenesis of AD (Figure 23). 

 

 

Figure 23: Curcumin’s target in AD.  
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Oxidative damage plays a significant role in the pathogenesis of AD. Increased levels of 

the oxidated forms of various organic molecules - such as lipids, proteins, DNA and 

carbohydrates - have been found in the brain, in the cerebrospinal fluid (CSF), in the blood 

and/or in the urine of AD patients.
172,173

 Epidemiological studies indicated an association 

between dietary antioxidant consumption and a reduced risk for the development of AD.
174

 

CUR displays a potent antioxidant activity: it reduces oxidative damage, synaptic loss and 

neuronal dysfunction. It shows anti-inflammatory effects and therefore it may have a role 

in slowing or halting AD. It also curtails the damage by inhibiting NF-kB induced iNOS, 

lipoxygenase and  COX-2 and inflammatory cytokinin production by reactive glia.
175-178

 

Moreover, epidemiological studies have indicated that high levels of cholesterol may 

contribute to the pathogenesis of AD. In fact, it is unusually accumulated in the dense 

cores of Aβ plaques in the brain of AD patients. It is believed that cholesterol interacts 

with the amyloid cascade in the pathogenesis of AD. CUR can lower plasma and tissue 

cholesterol, potentially lowering Aβ production and inhibiting Aβ1-42 fibril formation and 

disaggregating preformed fibrils.
179,180

 

Altogether, these properties make CUR a potential druglike candidate for AD. The 

widespread use of CUR as a food additive and some relatively small short-term studies on 

humans demonstrate its safety and tolerability. However, some important information 

regarding CUR‟s stability, solubility, bioavailability, safety and tolerability - especially in 

an elderly population - is still lacking. In fact, the mixture of natural curcuminoids products 

is insoluble in water and ether, but soluble in ethanol, dimethylsulfoxide, and acetone. It is 

stable at acidic and high (> 11.7) pH but unstable at neutral and quite basic pH; it is 

degraded to (5E)-6-(4‟-hydroxy-3‟-mothoxyphenyl)-2,4-dioxo-5-hexenal as major product 

and vanillin, ferulic acid and feruloylmethane.
181-184

 In fact, most CUR (> 90%) is rapidly 

degraded within 30 min of placement in phosphate buffer systems of pH = 7.2. In 

comparison, CUR is more stable in cell culture medium, containing 10 % fetal calf serum, 

and in human blood, < 20% of CUR being degraded within 1 h and approximately 50% by 

8 h.  

In water environment CUR exists in enolic and  diketonic forms, because of its        

cheto-enol tautomerism. The fact that CUR in solution exists primarily in its enolic form
165

 

has an important effect on the radical-scavenging ability of CUR and on its A-binding 

activities.
166
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Figure 24: Cheto-enol tautomerism of Curcumin.  

 

In 2001, Lim et al. 
88

 suggested that CUR was able to block AD pathogenesis at multiple 

sites of the inflammation cascade, but the direct effects of CUR on the formation and 

destabilization of fA remain unclear. In 2007, Reinke et al.
 136

 studied the            

structure-activity relation of Aβ aggregation inhibitors based on CUR. As presented before, 

they studied the effect of three prominent features on the inhibition of the amyloid 

aggregation: the presence of two aromatic end groups, the substitution pattern of these 

aromatics, and the length and flexibility of the linker region. They found that the 

modification of any one of the modules has profound effects on their activity. They noticed 

that the two aromatic rings need to be coplanar and the linker between them must be rigid 

and restricted between 8 and 16 Å. The modifications that don‟t influence these parameters 

could improve the ability of CUR against A. In 2008, Narlawar et al.
167

 replaced the 1,3-

dicarbonyl moiety with isosteric heterocycles, to minimize the metal chelation properties 

of CUR and to lock its conformation into an enol-type arrangement. This modification 

provides some potent ligands of A aggregates and inhibitors of tau protein aggregation 

and de-polymerized tau protein aggregates at low micromolar concentrations.  

 

 

Figure 25: Locked enol conformation of Curcumin.  

 

Starting from this information, we synthesized a new series of compounds replacing the 

1,3-dicarbonyl moiety with a pyrazole ring. It was made not only for the reasons reported 

above but mainly for improving water solubility and stability at physiological pH, 

preserving the best features in interaction with A-peptides. 
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3.1.1. Chemical synthesis 

 

 

Scheme 1: Reagents and Conditions: (i) ethyl 2-hydrazinylacetate hydrochloride, TEA, TFA, reflux, 

2.5 h. 87%; (ii) THF, LiAlH4, 0 °C  r.t. 70%; (iii) KOH, MeOH, r. t., 12 h, quant.; (iv) HOBt, TBTU, 

DMF, r.t., 15 min., then 2-(2-(2-aminoethoxy)ethoxy)ethanol, TEA, r. t., 12 h, 37%; (v) HOBt, TBTU, 

DMF, r.t., 15 min., then propargylamine, TEA, r. t., 12 h, 68%; (vi) CuSO4·5H2O, Sodium ascorbate, 

water/THF, 2-(2-(2-azidoethoxy)ethoxy)ethanol, 90 min., r.t. 72%. 

 

In order to generate the small library of CUR derivatives in a straightforward manner, we 

first synthesised pyrazole derivative 1, which was converted to all other derivatives 

(Scheme 1). The treatment of CUR with ethyl 2-hydrazinylacetate hydrochloride in 

refluxing toluene afforded the pyrazole derivative 1 in good yield (87%). The reduction of 

1 with LiAlH4 afforded product 2 in a 70% yield. The carboxylic acid 3 was obtained from 

1 by basic hydrolysis of the ethyl ester in a quantitative yield. The derivatives 4 and 5 were 

obtained from 3, through the coupling respectively with propargyl amine and 2-(2-(2-

aminoethoxy)ethoxy)ethanol in the presence of the coupling agents hydroxybenzotriazole 

(HOBt) and O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium tetrafluoroborate 
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(TBTU) in 68 and 37% yield. Finally, Cu(I) chemoselective reaction of alkyne 4 with 2-(2-

(2-azidoethoxy)ethoxy)ethanol, afforded the final compound 6 in 72% yield. 

 

3.1.2. In vitro binding studies 

 

3.1.2.1.Solution Nuclear Magnetic Resonance studies 

 

 

Figure 26: 1) Aβ1-42-compound 3, at a 1:7 molar ratio, NS=64. 2-7), STD spectra of the mixture 

recorded at different peptide saturation times (2, 3 s; 3, 2 s; 4, 1.5 s; 5, 1 s; 6, 0.6 s; 7, 0.3 s). NS=128, 

on-resonance frequency=-1.0 ppm, off-resonance frequency=40 ppm. All spectra were recorded on 

the same sample; all samples were dissolved in PBS, pH = 7.4, at 37 °C.  

 

The compounds 2, 3, 4, 5 and 6 were tested for their ability to bind Aβ1-42 peptide by 

exploiting Saturation Transfer Difference-Nuclear Magnetic Resonance (STD-NMR) 

spectroscopy. This technique has been used extensively as a comprehensive and efficient 

method to investigate enzyme–ligand interactions.
185-190

 More recently, Airoldi et al. 

employed STD-NMR experiments to characterize tetracycline and ThT interaction with    
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Aβ1-40 and Aβ1-42 peptides.
191

 The same methodology has been applied here, in order to 

check the effect of CUR chemical fictionalizations on Aβ1-42 oligomer recognition and 

binding processes. As a matter of facts, some aggregated Aβ species, in particular the 

oligomeric assembly intermediates, are believed to trigger a cascade of events, which lead 

to the formation of neurofibrillary tangles and the disruption of the neuronal cytoskeleton, 

widespread synaptic loss and neurodegeneration.
192

 

The binding studies were performed on the mixtures containing a batch of Aβ1-42 enriched 

in oligomers and compounds 2, 3, 4, 5 or 6 at the final concentration of respectively 80 M 

and 0.5 mM. 

Our data demonstrate that all the molecules retain CUR ability to bind peptide oligomers.  

In all cases, after selective irradiation of the peptide resonances at -1.0 ppm, some 

compound signals appeared in the STD spectra. This indicates the existence of 

magnetization transfer from the oligomers to the drug. STD spectra, recorded on a         

Aβ1-42-compound 3 mixture at six different saturation times of the peptide envelope, are 

reported in Figure 26 as an example. 

 

 

Figure 27: Fractional STD effects for compound 3 protons, calculated by (I-I0/I0), where I-I0/I0 is the 

peak intensity in the STD spectrum and I0 is the peak intensity of an unsaturated reference 

spectrum.  

 

Fractional STD effects for the compound 3 protons revealed that all the hydrogen atoms, 

strictly related to the natural CUR moiety, interact in the same manner with the Aβ1-42 
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soluble oligomers, as presented in Figure 27. A detailed ligand-epitope mapping disclosed 

that the two aromatics rings and the conjugates double-bounds are always implicated in the 

binding. On the other hand, the different chains present on the pyrazole ring do not 

contribute to the interaction, being the corresponding signals absent in STD spectra.  

 

3.1.2.2.Structural characterization by different microscopy techniques. 

 

Transmission Electron Microscopy (TEM) analysis, performed on fibers exposed to 

curcumin-derivatives, allowed a direct examination of self-assembling capacity of the 

peptide. EM microphotographs (Figure 28 - A1-42 alone) show structured amyloid fibrils, 

obtained with Aβ1-42 after an incubation period of 5 days. 

 

Aβ1-42 alone Aβ1-42 alone Aβ1-42 alone 

  
 

Aβ1-42 + Compound 5 Aβ1-42 + Compound 3 Aβ1-42 + Compound 6 

   

Figure 28: Electron micrographs of Aβ1-42 alone and with compounds 3, 5, 6, after an incubation of 5 

days. 

 

The presence of test compounds during the incubation induced some morphological 

changes, altered the aggregation process and produced structural modifications. Aβ1-42 

appeared folded, enriched in oligomers, proto-fibrils and fibrils (Figure 28 - A1-42 alone). 

Compound 5 decreased the presence of aggregates (Figure 28 - A1-42 + Compound 5), 

increasing the percentage of amorphous material. This compound co-precipitated with   

Aβ1-42, forming tight agglomerates. The incubation with compound 3 also caused a 
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reduction of fibers, enhancing the development of amorphous structures (Figure 28 - A1-42 

+ Compound 3). As reported in Figure 28 (Figure 28 - A1-42 + Compound 6), the presence 

of compound 6 during the aggregation process radically altered the structure of fibers: the 

samples showed an elevated amount of peptide in amorphous conformation and the 

presence of highly electron-dense material. 

The interaction of test compounds with Aβ1-42 was analyzed by Atomic Force Microscopy 

(AFM) as well. Aβ peptides were incubated for 5 days at 37 °C in the presence of the test 

compounds (peptide:compound, 1:2). After a centrifugation at 13.000 rpm for 15 min, the 

pellets were washed with 300 L of buffer, centrifuged again and dissolved in 25 L of 

formic acid. Finally, they were diluted to a concentration of 10 M and spotted onto a mica 

disk. As reported in Figure 29 (Figure 29 - A1-42 alone), the samples of Aβ1-42 after an 

incubation of 5 days were rich in oligomers, proto-fibrils and fibers aggregates. The test 

compounds apparently modify the aggregation process, as it was seen with the other 

techniques (Figure 29). 

 

Aβ1-42 alone Aβ1-42 + Compound 5 Aβ1-42 + Compound 2 

   

Aβ1-42 + Compound 3 Aβ1-42 + Compound 6 Aβ1-42 + Compound 4 

   

Figure 29: Tapping mode AFM images of Aβ1-42: Morphology of aggregates of Aβ1-42 alone and of 

Aβ1-42 co-incubate with curcumin-derived compounds (1:2 molar ratio).  
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3.1.2.3.Staining of amyloid deposits in Tg CRND8 mice. 

 

ThT 

   

2 

   

3 

   

4 

   

5 

   

6 

   

Figure 30: Staining of amyloid deposits in brain sections of Tg CRND8 mice: 

plaques and vascular walls stained with ThT, 2, 3, 5, 6 and 4. Fluorescent sections 

were viewed using fluorescence microscopy FITC for ThT and UV for curcumin-

derived compounds. 
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A preliminary analysis was made on Aβ1-42 samples that had been incubated for five days 

to form fibrils. After the aggregation, the samples were centrifuged and the formed fibers 

(pellet) were incubated with test compounds. These analysis enabled to determine the 

maximum absorption - around 335 nm - and important increases of the spectra of 

fluorescence was observed with a significant increase of the peak at 385 nm. Considering 

these results, the ability of test compounds to bind amyloid deposits was tested in brain 

sections from Tg CRND8 mice. These animals carry a human APP with double mutations 

and accumulate Aβ deposits in brain parenchyma and at cerebrovascular level. Cryostatic 

sections of 20 m were obtained from fresh tissue, mounted on gelatin coated microscope 

slides and used for a staining assay. A solution of EtOH:water 50:50 (v/v) of test 

compounds was layered on tissue sections (the concentrations used were different, 

depending on the compound‟s ability to label amyloidogenic deposits). Fluorescent 

sections were viewed, using fluoromicroscope equipped with UV and FITC filters. 

Thioflavin T (ThT) at 3 µM was used as a reference. All the test compounds were able to 

label amyloid plaques and vascular walls at concentration of 6 µM, but compound 6 and 5 

were used at a final concentration of 12 and 18 µM, to obtain signal comparable to 

Thioflavin T staining. These results suggested that the test compounds recognize the       β-

pleated sheet structure of amyloid fibrils similarly to ThT and without being involved in 

aspecific binding to tissue preparations (Figure 30). 

 

3.1.3. Discussion 

 

CUR derivatives were synthesized in order to avoid the disadvantages of CUR itself, in 

particular regarding the solubility and also the stability in aqueous media. In fact, all the 

compounds present an improved solubility (in particular the compound 3 that has a 

solubility greater than 1 mM in PBS, pH = 7.4). This result is very important in relation to 

the bioavailability of the drug and also to its assimilation in the organism. Another 

enhanced property of our synthetic derivatives is their very high stability in all the types of 

organic and water mediums, as demonstrated by NMR studies; NMR experiments were 

carried out some months after the dissolution of the compounds in NaOD 10 mM and we 

noticed that the spectra presented the same shape and no new peaks of degradation. We 

also obtained another important goal, connected to their ability to interact with Aβ. In fact, 
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all the data presented above demonstrate that our derivatives retain CUR‟s ability to 

interfere with Aβ in all the different forms. From the NMR data we demonstrated that the 

blocked CUR‟s enol-tautomer is implicated in the interaction with the Aβ1-40 and Aβ1-42 

oligomers and no substitution on the pyrazole ring modify this property. As a matter of 

facts, different microscopy experiments revealed that our compounds are able to modify 

the Aβ aptitude to form fibrils and fibers, obtaining some aggregates that are not related to 

these detrimental structures in AD patient‟s brains. The last property we found is the 

ability of staining the Aβ plaque in ex vivo models, without being involved in aspecific 

binding to tissue preparations. 

All these characteristics are important for future applications, both in the therapy and in the 

diagnosis of Aβ related disease.  

 

3.2. Synthesis of different anchors and/or spacers for NPs functionalization 

 

3.2.1. Easy silica gel-supported desymmetrization of PEG 

 

Polyethylene glycol (PEG) is a linear polymer that - because of its ideal properties, i.e., 

very low toxicity, excellent water solubility, extremely low immunogenicity and 

antigenicity - is used in a wide range of applications. Though not biodegradable, PEG is 

readily excreted after the administration into living organisms. In addition, it has excellent 

pharmacokinetic and biodistribution characteristics. All these properties
193-196

 make PEG 

particularly useful for biomedical applications, as an ideal linker to graft biomolecules.  

The main disadvantages of using PEG as a spacer are its symmetry and the difficulty in 

differentiating between the two terminal hydroxyl groups. Many authors have proposed 

different approaches for solving these problems. Some of them are based on the 

polymerization
 
of differentially protected monomers and require multiple protection and 

deprotection steps. Others are based on the monoprotection of dihydroxy-PEG, which 

often leads to a mixture of mono-, bi- and non-protected compounds, very difficult to 

separate.  

In order to exploit PEG as spacer in our project, we focused on the problem and proposed a 

new, simple, general method for the desymmetrization of PEG. This method is based on 

the connection of the polymer to a solid support through one of two terminal hydroxyl 
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groups. Then, the unbound hydroxyl group can be protected or converted into different 

functionalities (Br, N3, SSH, OBn). The cleavage from the solid support, and the possible 

functionalization of the second hydroxyl group, generates the bi-functional polymer X-

CH2CH2-(O-CH2CH2)n-Y. 

 

 

Figure 31: Typical mass spectrum of PEG 600.  

 

We used Silica Gel 60 (mesh 230-400), as a solid support; in fact, it is a readily available 

material, generally used for the chromatography. The silanization
197,198

 of a silica gel 

toluene suspension was obtained using (3-aminopropyl)triethoxysilane (Scheme 2) under 

reflux in a Dean-Stark apparatus. This technique led to a solid support with amino 

functionalities (7) (loading 0.53 mmol/g). The treatment of 7 with succinic anhydride 

introduced a carboxylic function, suitable for loading PEG, and permitted an easy cleavage 

from the support after proper modifications.  

The treatment of a suspension of the solid support 7 in  anhydrous tetrahydrofuran (THF) 

(r.t. for 12 h) with succinic anhydride, led to a carboxylic functionalized solid support 8 

obtained in a quantitative yield, measured using TNBS test.
199

 Next, the polyethylene 

glycol was loaded onto the generated solid support, through a simple coupling process: 

commercial PEG 600 (average MW 546) and 8 (1 g), suspended in anhydrous THF 

(10 mL), was reacted with N,N‟-diisopropylcarbodiimide (DIC) and                                    
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4-(dimethylamino)pyridine (DMAP). This coupling provided 9, with a loading of 0.1 

mmol of PEG per gram of solid support. This, in turn, led to a loading lower than it was 

needed for solid support 7 (0.53 mmol/g). This can be explained considering the steric 

hindrance of the attached PEG chains. Even if the latter outcome is not very high it is 

satisfactory for our purposes. 

 

 

Scheme 2: Reagents and Conditions: (i) (3–aminopropyl)triethoxysilane, toluene, reflux, Dean–Stark 

apparatus; (ii) succinic anhydride, THF dry; (iii) commercial PEG 600, DIC, DMAP, THF dry. 

 

The “free” hydroxyl group of the silica gel-loaded polymer 9 was next functionalized as 

shown in Scheme 3. We followed two different synthetic strategies: the protection of the 

free OH as a benzyl ether by direct reaction with activated benzyl alcohols and the 

conversion of the free OH into a bromide and the subsequent displacement by other 

nucleophilic functional groups. The protection was carried out by suspending 9 (1 g) in 

benzyl 2,2,2–trichloroacetimidate (20 equiv.) in anhydrous CH2Cl2 (10 mL) and adding 

trifluoromethanesulfonic acid (10 equiv.). At the end of this process, we obtained 

derivative 10. Bromide 11 was generated through the reaction of the suspension of 9 (1 g) 

in anhydrous CH2Cl2 (10 mL) containing phosphorus tribromide (10 equiv., 12 h). 

Bromide displacement with an azide or thiol nucleophile led to the formation of derivatives 

12 and 13, respectively. Functionalized silica gel 11 was washed with CH2Cl2, toluene and 

CH3CN to remove excess reagent prior to being suspended in N,N-dimethylformamide 

(DMF) (1g/10 mL) and reacted with NaN3 (10 equiv.) or caesium thioacetate (10 equiv.). 
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Scheme 3: Reagents and Conditions: (i) benzyl 2,2,2–trichloroacetimidate, triflic acid, CH2Cl2 dry, r.t.; 

(ii) PBr3, CH2Cl2 dry, r.t.; (iii) NaN3, tetrabuthylammonium iodide, DMF dry, 80 - 100C; 

(iv) caesium thioacetate, DMF dry, r.t. 

 

All PEG derivatives (compounds 10, 11, 12, 13) were suspended in a solution of ammonia 

in methanol (7 M, 10 mL per gram of pegylated silica gel) and stirred for 12 h; this 

allowed the cleavage of the functionalized molecules from the solid silica support. Then, 

all the different suspensions of silica gel were filtered and washed with MeOH (Scheme 4). 

The filtrates were concentrated under reduced pressure, affording the mono derivatized 

poly(ethylene glycol) compounds 14, 15, 16, 17 with good yields (Table 2), without further 

purification procedures. As previously reported,
200

 the treatment of a thioacyl compound 

with basic conditions can lead to the dithiosulfide derivative as the only product. We 

investigated the structure of compound 17 and found that it was the dithiosulfide 

derivative. This can be used without further modifications and can be easily converted into 

the corresponding thiol (compound 18) derivative by the treatment with NaBH4 in MeOH. 

The obtained compounds were characterized by 
1
H-NMR, IR and mass spectroscopy 

(Table 2). After a meticulous analysis of the mass peaks shown in Table 2, we determined 

that harsh reaction conditions (PBr3, 7M NH3 in MeOH) did not influence the poly-

dispersion of the starting commercial PEG. 

In order to verify the possibility of using the functionalized solid support in successive 

cycles, silica gel 9 was cleaved and we used an aqueous basic solution, to avoid amide 

formation (compound 20). Next, 1 g of 9 was experimentally treated with 10 mL of a 

sodium hydroxide solution (NaOH 1.25M) and washed with MeOH. 
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Scheme 4: Reagents and Conditions: (i) NH3 7 M in methanol, r.t. (NaOH 1,25M, R.T. to generate 2); 

(ii) KMnO4, NaOH 4 M. 

 

Table 2: Summary of the yields of desymmetrized PEG 14-17 and 19, and significant characterization 

signals; 
a
calculated from 3, 

b
oxidation yield from 16 

 c
400 MHz, CDCl3, 25 °C; 

d
typical signals of 

commercial polymers; 
e
 the most intense peaks. 

Compound Yield
a,b

 (%) Characterization 

14 54
a
 

1
H NMR

c
 δ 7.25–7.40 (m, 5H, Ar), 4.57 (s, 2H, OCH2Ph), 

3.55–3.75 (m)
d
; MS–ESI

e
: (n=10) M+H

+
 (593.5), M+NH4

+ 

(610.6), M+Na
+
 (615.3); (n=11) M+H

+
 (637.5), M+NH4

+ 

(654.6), M+Na
+
 (659.5); (n=12) M+H

+
 (681.5), M+NH4

+ 

(698.6), M+Na
+
 (703.5). 

15 78
a
 

1
H NMR

c
 δ 3.80 (t, J=6.3 Hz, 2 H, OCH2CH2Br), 3.55–

3.75 (m)
d
,
 
3.47 (t, J=6.3 Hz, 2H, OCH2CH2Br); MS–ESI

e
: 

(n=10) M+H
+
 (565.5-567.5), M+NH4

+ 
(582.6-584.6), 

M+Na
+
 (587.5-589.5); (n=11) M+H

+
 (609.6-611.6), 

M+NH4
+ 

(626.1-628.3), M+Na
+
 (631.5-633.7); (n=12) 

M+H
+
 (653.6-655.6), M+NH4

+ 
(670.6-672.6), M+Na

+
 

(675.6-677.6). 

16 75
a 

1
H NMR

c
 δ 3.55–3.75 (m)

d
, 3.38 (bt, J=4.9 Hz, 2H, -

CH2N3); IR band 2104.6 cm
–1

 st asymmetric; MS–ESI
e
: 

(n=10) M+H
+
 (528.5), M+NH4

+ 
(545.5), M+Na

+
 (550.5); 

(n=11) M+H
+
 (572.5), M+NH4

+ 
(589.4), M+Na

+
 (594.5); 

(n=12) M+H
+
 (616.5), M+NH4

+ 
(633.6), M+Na

+
 (638.5). 

17 71
a
 

1
H NMR

c
 δ 3.55–3.75 (m)

d
, 2.84 (bt, J=6.99 Hz, 2H, 

OCH2CH2SSH). MS–ESI
e
: (n=10) M+H

+
 (551.4), M+Na

+
 

(573.4); (n=11) M+H
+
 (595.4), M+Na

+
 (617.4); (n=12) 

M+H
+
 (639.9), M+Na

+
 (661,9). 

19 73
b
 

1
H NMR

c
 δ 3.86 (s, 2 H, HOOCCH2O), 3.55–3.75 (m)

d
, 

3.38 (bt, J=4.9 Hz, 2H, –CH2N3);   MS–ESI
e
: (n=10) 

M+H
+
 (542.5), M+Na

+
 (564.5); (n=11) M+H

+
 (586.5), 

M+Na
+
 (608.5); (n=12) M+H

+
 (630.5), M+Na

+
 (652.5). 

 

The silica was then acidified with HCl 0.1 M, until the filtrate pH was moderately acidic. 

After these steps, the silica was suspended in toluene and dried using a Dean-Stark 

apparatus. The commercial PEG was then loaded on the recycled solid support, as 
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presented in Scheme 2. This coupling afforded 9 with a loading of 0.091 mmol of PEG per 

gram of solid support; it is a result similar to the one achieved for the first coupling on 

silica 8. 

The remaining hydroxyl group of the obtained compounds can be further modified to 

generate other desired hetero-bifunctional polymers. For example, compound 16 was 

efficiently oxidized to the corresponding carboxylic acid 19, by the treatment in aqueous 

media at pH > 12 with potassium permanganate (2 equiv.) (Scheme 4).  

In conclusion, we reported a successful, efficient, easy and direct procedure for the 

monofunctionalization of commercial polyethylene glycol, exploiting inexpensive silica 

gel as a solid support. The monofuctionalized desymmetrized products can be used after 

their cleavage from the silica support without purification, and eventually, can be directly 

exploited for additional solid-supported synthesis. 

 

3.2.2. Synthesis of monomer for lipid-base NPs. 

 

The synthesis of functionalized derivatives of phospholipids analogs as effective agents for 

the preparation of targeted and/or stealth lipid-based NPs was carried out.  

The analog was synthesized to allow the generation of NPs, that can be functionalized at 

the same time with Aβ ligands and contrast agents, and eventually even molecules able to 

facilitate the transport through the BBB.  

Looking to the natural lipids and commercially available compounds, we decided to 

synthesize monomers which have the following characteristics (Figure 32): 1) two fatty 

acid chain, 2) a group to link the hydrophilic chain (Y), 3) a PEG chain of different length 

(30-40 bounds), 4) a functional group at the end of the PEG chain (Z) to link alternatively 

an Aβ ligand or a contrast agents or a BBB transporter or an antibody. We also planned to 

avoid the presence of charges, avoiding both ammonium and phosphate groups usually 

present in natural phospholipids.  
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Figure 32: Structure of natural lipid analogs: Y = linking group between anchor and linker; 

Z = functional group for selective ligation.  

 

Different chemical ligation methods and functional groups (Z) were taken into account, 

concerning the physical-chemical properties of both NPs and Aβ ligand. In fact, we had to 

choose a method which avoids the use of organic solvent that can destroy the NPs structure 

and doesn‟t interfere with the presence of double bonds of the CUR. We identified the 

Huisgen 1,3-dipolar cycloaddition of azides and terminal alkynes, the “click chemistry”, as 

the best reaction for the conjugation of the Aβ ligand on the surface of all lipid-based NPs. 

After this, we moved our attention to the linker (Y) between the hydrophobic fatty acid 

chains and the hydrophilic PEG chain. The most important property of this moiety is that 

this group must be as polar as possible, to ensure the correct insertion of the lipid into the 

NPs. It is well known that the polarity ranking of functional groups is Amide > Acid > 

Alcohol > Ketone ~ Aldehyde > Amine > Ester > Ether > Alkane; so, the formation of an 

amide bond may be the best solution for the linkage and also for an improved in vivo 

stability. In order to obtain an even better hydrophilicity, we added a triazole ring in this 

“polar head”. In fact, in substituted triazoles, the substituted carbon atom and the C–H 

bond can act respectively as an electrophilic site and hydrogen-bond-donor, while the 

pyridine-type lone pair of electrons on the nitrogen atom serves as a hydrogen-bond-

acceptor element. As a result, the overall dipolar moment of the triazole system is larger 

than the one of amide bond and its hydrogen-bond donor and acceptor properties are 
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therefore more marked than those of an amide bond, increasing the polarity of this 

important part of the monomer. 

 

 

Scheme 5 

 

Our strategy for the synthesis of the monomer 21 for lipid based NPs is presented in the 

retrosynthetic analysis shown in Scheme 5. We envisioned one key product in our 

disconnection approach: this is compound 26 which is a glycerol analog with an azide 

moiety. To obtain it, we tried both reaction routes; the best results were obtained using the 
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compound 28 as starting material - the synthetic route is presented below (Scheme 6). 

These reactions allowed to obtain pure product in very high overall yield (60 %). 

 

 

Scheme 6: Reagents and Conditions: (i) LiBF4, NaN3, t-BuOH/H2O, reflux, 1 h; (ii) PalmitoylCl, Py, 

CH2Cl2 dry, r.t., O.N., 75 % over two steps; (iii) Cu(I), THF/H2O, r.t., O.N., 87 %; (iv) Piperidine, 

DMF, r.t., 2 h; (v) TBTU, O-(2-azidoethyl)-O’-(N-diglycolyl-2-aminoethyl) heptaethyleneglycol, 

DIPEA, CH2Cl2 dry, r.t., 3 days, 92 % over two steps. 
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3.3. Curcumin-decorated Nanoliposomes with very high affinity for Aβ1-42 peptide 

 

Another possibility for the application of the beneficial effects of CUR could be the 

attachment of it, in a stable way and active structural conformation, on the surface of 

biocompatible/biodegradable and stealth nanoparticles. Such attachment (on the surface of 

nanoparticles), might help to increase the drug bioavailability and perhaps it will further 

increase the binding affinity of CUR for Aβ peptides, because of multivalency.
201-203

 

Among the known nanoparticles types, liposomes have many advantages for drug delivery 

applications, for their non-toxic and non-immunogenic, fully biodegradable and 

structurally versatile nature.
204

 

Liposomes were first produced in the United Kingdom in 1961 by Alec D. Bangham, who 

was studying phospholipids and blood clotting. A liposome is a spherical vesicle, with a 

membrane composed of a lipidic bilayers, usually used to deliver drug or genetic material 

into a cell. In fact, the bilayer can fuse with other bilayers (i.e. cell membranes) delivering 

the liposome contents inside the target cells. Depending on the structure, there are two type 

of liposomes (Figure 33): A.) small unilamellar vescicles (SUV - unilamellar liposomes 

have a single phospholipid bilayer sphere enclosing aqueous solution) and B.) 

multilamellar vescicles (MLV) with an onion structure (usually unilamellar vesicles - up to 

14 - will form one inside the other in diminishing size, creating a multilamellar structure of 

concentric phospholipid spheres, separated by layers of water). 

 

A.  B.  

Figure 33: Different types of liposome: A. Small unilamellar vescicles; B. Multilamellar vescicles. 

 

Both the two types of liposomes are usually composed of natural phospholipids and 

cholesterol as stabilizing agent. So, these devices can be introduced in the body without 

triggering any immune rejection reaction. As a matter of facts, phospholipid bilayers are 

the core structure of the liposomes and the cell membrane formations. Different 
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approaches exist for the production of finely dispersed vescicles. In particular, they can be 

prepared using methods like the extrusion, the handshaking method, the sonication method, 

the reverse phase evaporation method and the freeze dried rehydration one. 

Among them, the sonication methods are the best for the preparation of SUV. They can be 

divided into two techniques: probe sonication and bath ones. In particular, in the first one 

the sonicator tip is directly submerged into the MLV dispersion until the liposome 

dispersion is completely clear. This procedure is the most widely used to obtain nanosized 

liposomes, even if it has some disadvantages like the local overheating - that can              

de-esterify the lipid - or the contamination with titanium sloughing off from the tip. 

Using these methods SUV are usually surrounded by a single lipid bilayer and are 25 to 

150 nm in diameter. These small dimensions are very important, because in this way the 

liposomes could avoid to be uptaken by the cells of the reticulo endothelial system (RES) 

and mononuclear phagocyte system (MPS). Besides the technique used for their formation 

and the dimensions, the lipid composition of liposomes is also - in most cases - very 

important. For some bioactive compounds, the presence of net charged lipids not only 

prevents the spontaneous aggregation of liposomes, but also determines the effectiveness 

of the entrapment of the solute into the liposomal vesicles. Natural lipids - particularly 

those, with aliphatic chains attached to the backbone by means of ester or amide bonds 

(phospholipids, sphingolipids and glycolipids) - are often subject to the action of various 

hydrolytic (lipolytic) enzymes, when injected into the animal or human body. These 

enzymes cleave off acyl chains and the resulting lysolipids have destabilizing properties 

for the lipid layer and cause the release of the entrapped bioactive component(s) and 

recognition by RES. As a result, new types of vesicles - that should merely bear the name 

of liposomes as their components are lipids only by similarity of their properties to natural 

(phospho)lipids - have been elaborated. In particular further advances in liposome research 

had been able to allow liposomes to avoid the detection by the body‟s immune system . 

These liposomes are known as “stealth liposomes”, and are constructed with PEG-lipids 

with the hydrophilic polymer studding the outside of the membrane. Surface modification 

of liposomes with PEG can be achieved in several ways: by physically adsorbing the 

polymer onto the surface of the vesicles, by incorporating the PEG-lipid conjugate during 

liposome preparation, or by covalently attaching reactive groups onto the surface of 

preformed liposomes. Grafting PEG onto liposomes has shown several biological and 
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technological advantages. First of all, the PEG chains on the liposome surface avoid the 

vesicle aggregation,
205

 increasing the stability of formulations. Moreover, it is certain that 

the molecular mass of the polymer, as well as the graft density, determine the degree of 

surface coverage and the distance between graft sites. These properties influence the 

behavior of PEGylated liposomes.
206

 As a matter of facts, the most evident characteristic of 

PEG-grafted liposomes (PEGylated-liposomes) is their circulation longevity, regardless of 

their surface charge or of the inclusion of a stabilizing agent such as cholesterol. This 

property is caused by the decrease in RES and MPS uptake and thus improves the 

distribution in perfused tissues. This increased blood circulation time also results in a 

reduced interaction with plasma proteins and cell-surface proteins.
207,208

 Although other 

studies have found no direct evidences of this reduced interaction with plasma 

components.
209

 There are sufficient conflicting data to warrant a reassessment of the 

mechanism(s) by which surface grafted PEGs improve liposome properties.
210

 However, 

the common opinion is that PEG increases the circulation longevity of drug carriers, by 

reducing or preventing protein binding and/or by inhibiting cell binding/uptake.  

In addition to a PEG coating, most stealth liposomes have also some sort of biological 

species attached as a ligand to the liposome, in order to enable binding via a specific 

expression on the targeted drug delivery site. These targeting ligands could be monoclonal 

antibodies (making an immunoliposome), vitamins, or specific antigens. Targeted 

liposomes can target nearly any cell type in the body and deliver drugs that would naturally 

be systemically delivered. Naturally toxic drugs can be much less toxic if delivered only to 

diseased tissues.  

In the study presented below, we designed and formulated two types of nanosized 

liposomes, functionalized with CUR derivatives (on their surface) and evaluated their 

ability to bind to Aβ fibrils by Surface Plasmon Resonance (SPR). The two types of 

decorated liposomes were obtained either by a conventional synthetic method or by “click 

chemistry” technique.
211-214

 When the conventional synthetic method is used (it is the 

conjugation of curcumin with functionalized phospholipid and the use of this lipid-

conjugate for liposome formation), the planarity of the curcumin molecule is disrupted 

because of the introduction of a tetra-substituted carbon atom in the linker region. On the 

contrary, the “click chemistry” technique allowed conjugation of an appropriate curcumin 
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derivative, designed to preserve the planarity of the compound and opportunely 

functionalized for the conjugation. 

 

3.3.1. Synthesis of lipid and curcumin derivatives for click chemistry 

 

The details about the synthesis of all intermediate are reported in the paragraphs 3.1 

and 3.2. 

The compound 36, formed by click reaction between lipid-peg-azide 35 and CUR-alkyne 

derivative 4 in organic solvents was synthesized according to Scheme 7. This new 

compound was used (as standard) for the determination of the yield of the click reaction on 

liposomes (liposomes bearing Lipid-PEG-N3 35 in their lipid bilayers reacted with 

curcumin-alkyne 4 under click conditions, as described below).  

 

 

Scheme 7: Reagents and Conditions: (i) Procedure A: CuSO4·5 H2O, Sodium ascorbate, THF-H2O, 

r.t., 87%; Procedure B: CuBr, PMDTA, Sodium ascorbate, AcCN-H2O, r.t., 10 min, 92%. 

 

3.3.2. Synthesis of curcumin-phospholipid conjugates via Michael addition. 

 

For the second preparation of curcumin-decorated nanoliposomes, a phospholipid 

conjugate of curcumin - 1,2-dipalmitoyl-3-(2-(1,7-bis(4-hydroxy-3-methoxyphenyl)-3,5-

dioxohept-6-enylthio)ethyl phospho)-sn-glycerol (DPS-curcumin) 37 - was synthesized via 

Michael addition of 1,2-Dipalmitoyl-sn-Glycero-3-Phosphothioethanol (Sodium Salt) 
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[DPSH] to CUR,
215

 as presented  in synthetic Scheme 8. Some details about the synthesis 

and characterization of this compound are included in the Supporting Information.  

 

 

Scheme 8: Reagents and Conditions: (i) Curcumin, CH2Cl2, DIPEA, r.t., O.N., 75 %. 

 

3.3.3. Nanoliposomes preparation 

 

3.3.3.1.Curcumin-decorated liposomes by click chemistry  

 

 

Scheme 9: Reagents and Conditions: (i) CuSO4·5 H2O, Sodium ascorbate, 

Bathophenanthrolinedisulfonate, buffer PBS 6,5 (No NaN3), N2, r.t., 6-8 hours. 
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Liposomes, functionalized with the curcumin derivative 4 by the click chemistry method, 

were prepared as described in synthetic Scheme 9; this follows the method recently 

reported,
211,214

 and, more specifically, the Huisgen 1,3-dipolar cycloaddition of azides and 

terminal alkynes.
212

 

Here is a most detailed explanation: a dispersion of liposomes (DPPC/DPPG/Chol +        

10-20 mol% Lipid-PEG-N3 in PBS pH = 6.50) was added  in an aqueous solution of 

bathophenanthrolinedisulfonate catalyst (28 mM), mixed with  a preformed aqueous 

solutions of CuSO4 (8 mM) and sodium ascorbate (145 mM). Then, compound 4 (0,44 mg 

solubilized in a small volume of DMSO) was added, and the reaction was gently stirred for 

8-10 hours at 25-27
o
C under continuous flow of N2. Any aggregates, that may have formed 

during the reaction were disaggregated by gentle bath sonication (~ 2-5 min) and the 

resulting mixture was placed in a 10.000 MW cutoff dialysis tubing (Servapore, Serva) and 

dialyzed against PBS buffer overnight. The vesicle dispersion was further purified by a 

column chromatography (Sephadex 4B). A quantification of 36 in final liposomal 

dispersion 39 after liposomal click reaction was achieved by a HPLC analysis of a specific 

quantity of freeze-dried liposomal dispersion and an integration of the corresponding peak 

(see Supporting information).  

 

3.3.3.2.Curcumin decorated liposomes by curcumin-phospholipid conjugate 

incorporation 

 

For the preparation of SUV DPPC/Chol (2:1) liposomes incorporating                              

10-20% DPS-curcumin conjugate 37, the appropriate amounts of lipids and Chol were 

dissolved in a chloroform/methanol (2:1 v/v) mixture. They were subsequently evaporated 

under vacuum, until they formed a thin lipid layer. The lipid film was treated with gas N2 

and it was subsequently connected to a vacuum pump for 12 h, in order to remove any 

traces of organic solvent. The lipid film was hydrated with PBS buffer (pH = 7.4) at 45°C 

[or a 100 mM solution of calcein, prepared in the same buffer, in case of integrity 

experiments]. After the complete lipid hydration and the formation of liposomes, the 

vesicle dispersion was placed under the microtip of a probe sonicator for 10 min, or until 

the liposome dispersion was completely clear.  The liposome dispersions 40 rested for 
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annealing structural defects, at a temperature above the lipid transition temperature, for 1-2 

hours. 

 

3.3.4. Characterization of Nanoparticles 

 

3.3.4.1.Size, polydispersity and ζ-potential 

 

The size, polydispersity and δ-potential of the liposome were determined using a NanoZeta 

series particle sizer and δ-potential analyzer (Malvern). The size and polydispersity 

measurements were performed at 25 °C. Liposomes, prepared in 10 mM PBS, 150 mM 

NaCl, 1 mM EDTA, pH = 7.4, were diluted at 0.25 mM total lipid concentration. The 

particle size was assessed by dynamic laser light scattering with a 652 nm laser beam. The 

particle size and the polydispersity index were obtained from the intensity autocorrelation 

function of the light scattered at a fixed angle of 173° (conditions which avoid errors due to 

back-scattering). The δ-potential was measured at 25 °C. Each measurement was 

performed on freshly prepared liposomes samples. For some of the liposome types 

prepared, the vesicle stability was measured when the liposomes were dispersed in the 

buffer (at various lipid concentrations) and stored at 4
 
°C, by following their size, 

polydispersity index and δ-potential (which were measured by dynamic laser light 

scattering, as described above) for periods of 3 – 30 days. 

 

3.3.4.2.Liposome integrity studies 

 

The integrity of the vesicles, with lipid membrane compositions similar to the ones used 

for surface decoration by the click chemistry methodology, was evaluated in order to 

establish the optimum conditions for the reaction. The integrity of DPPC/DPPG/Chol 

liposomes was evaluated under the conditions and in presence of the solutions required for 

the click reaction to take place. So, the latency (%) of calcein in the vesicles was measured 

at various time points, during the incubation of liposomes at 25 °C or 37 °C, in presence of 

reaction media. Lipid/reaction compound ratios of 1:1 mole/mole and 1:2 mole/mole were 

used. The lipid concentration in the incubated dispersions was always constant at 1 mM, 

and calcein was initially encapsulated in the vesicles at a quenched concentration 
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(100 mM). For % calcein latency calculation,
216

 some samples from the liposomes (20 L) 

were diluted with 4mL buffer, pH = 7.40, and the fluorescence intensity (F) was measured 

(EM 470 nm, EX 520 nm), before and after the addition of Triton X-100 at a final 

concentration of 1 % v/v (that ensures the liposome disruption and the release of all 

encapsulated dye). The percent latency (% latency) was calculated from the equation 1: 

 

% Latency = 100
1.1

)(1.1






AT

BTAT

F

FF
 Equation 1 

    

where: FBT and FAT are calcein fluorescence intensities, respectively before and after the 

addition of Triton X-100.  

After establishing the conditions at which the liposomes remain stable, and carrying out the 

click chemistry reaction for the decoration of the vesicle surface as described above, the 

vesicles produced were studied for their integrity, during an incubation in absence and in 

presence of serum proteins. So, the liposomes that encapsulated calcein were prepared as 

described above and subjected to the click reaction to allow the CUR‟s attachment to their 

surface. They were subsequently incubated in absence or presence of serum proteins 

(80 % v/v, FCS) and their integrity was evaluated during their incubation at 37 °C for 24 

or 48 h. 

 

3.3.5. Binding of liposomes to Aβ1-42, investigated by Surface Plasmon Resonance 

 

3.3.5.1.Preparation of Aβ1-42 in different aggregation forms 

 

A depsi-Aβ1-42 peptide was synthesized at first, as previously described.
217,218

 This 

depsi‐peptide is much more soluble than the native peptide. It also has a much lower 

propensity to aggregate, so it prevents the spontaneous formation of „seeds‟ in solution.  

The native Aβ1-42 peptide was then obtained from the depsi‐peptide, by a “switching” 

procedure, involving a change in the pH.
217-219

 The Aβ1-42 peptide solution obtained 

immediately after the switching is seed-free, as shown in carefully conducted previous 

works. 
218,219

 The Aβ1-42 peptide obtained with this procedure is therefore in its very initial 

state and, to simplificate, it will be referred to here as “monomers”. 
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To prepare Aβ1-42 fibrils, the switched peptide solution was diluted with water to 100 M, 

acidified to pH = 2.0 with 1 M HCl. Then it was left to incubate for 24 hours at 37 °C.
220

 

Kinetic studies with circular dicroism and thioflavin-T clearly indicated that these 

conditions enable to reach the maximal level of β-sheet structures, whereas the presence of 

amyloid fibrils was directly confirmed by the atomic force microscopy (AFM).
219

 

 

3.3.5.2.Surface Plasmon Resonance  analysis  

 

For these binding studies with Surface Plasmon Resonance (SPR) technique, we used the 

ProteOn XPR36 (Biorad) apparatus, which has six parallel flow channels that can be used 

to immobilize uniformly some strips of six “ligands” on the sensor surface. Aβ1-42 

“monomers” or fibrils were immobilized in two of these parallel-flow channels of a GLC 

sensor chip (Biorad), using amine-coupling chemistry. Briefly, after the surface activation, 

the peptide solutions (10 M in acetate buffer pH = 4.0) were injected for 5 min at a flow 

rate of 30 mL/min, and the remaining activated groups were blocked with ethanolamine, 

pH = 8.0. The bovine serum albumin (BSA) was also immobilized in another parallel flow 

channel, as a reference protein. The final immobilization levels were similar, about 2500 

Resonance Units (1 RU = 1 pg protein/mm
2
). A fourth surface was prepared, using the 

same immobilization procedure, but without addition of the peptide (“empty” reference 

surface).  

The fluidic system of Proteon XPR36 can automatically rotate 90°, so that up to six 

different “analytes” (e.g. different liposomes preparations, or different concentrations of 

the same preparation) could be injected simultaneously, over all the different immobilized 

molecules.
221

 Some preliminary injections were done, in order to check for the binding 

features of the immobilized Aβ1-42 species.  Then we injected the anti-Aβ antibody 4G8 

(Covance) which, as expected, bound both to A fibrils and to “monomers” (not shown), 

whereas         Congo-Red - a dye specifically recognizing β-sheet-containing species - only 

bound to A fibrils but not to “monomers” (not shown).   

The ProteOn analysis software (BioRad) was used for the fitting of sensograms, to obtain 

the association and the dissociation rate constants of the binding (kon and koff) and the 

corresponding KD value. The simplest 1:1 interaction model (Langmuir model) is used at 

first. 
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3.3.6. Results 

 

3.3.6.1.Preparation of curcumin decorated nanoliposomes by click chemistry 

 

Integrity of liposomes during the click reaction 

Before using preformed liposomes for the click chemistry reaction, their integrity during 

the incubation in presence of the required chemicals was investigated. As seen in 

Figure 34, when the incubation was done at 37 °C (Figure 34 A), the liposomes were not 

stable, since the liposome encapsulated dye (calcein) leaked out of the vesicles at 

significant amounts, even during the first 2-3 hours of incubation, while approximately 

50 % of the vesicle-encapsulated dye was released after 6 h of incubation. This result 

suggests that the click reaction should not be carried out on liposomes (with this lipid 

composition) at 37 °C. 

 

 

Figure 34: Integrity of liposomes (DPPC/DPPC/Chol 8:2:5), expressed as latency of vesicle 

encapsulated calcein, during incubation in PBS buffer (control) or in presence of the reagents required 

for the click chemistry (CC) reaction to take place. Vesicle integrity was studied in presence of the 

normal quantities of reagents required, as mentioned analytically in the Methods section or in presence 

of double amounts, at 37 °C (A) or 25°C (B). Each data point is the mean of at least 3 different 

experiments and the bar is the SD of the mean. 

 

On the contrary, at 25 °C the liposomes  are stable for the first 6 hours of incubation, in 

presence of the reactants required for the click reaction to take place (Figure 34 B) and also 

in presence of double amounts of reactants. Even after 24 h incubation at room temperature 

the vesicle are more or less stable, since the percent of dye released is very low. This 
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proves that it is important to carry out the reaction at room temperature and not at 37 °C, 

especially when valuable drug molecules are entrapped in the vesicles, before the click 

reaction takes place. 

  

Confirmation of compound identity -Yield of Click chemistry reaction- liposomes 39 

 

A final confirmation that the click reaction is indeed taking place and liposomes 39 are 

forming was provided by the identification of the presence of compound 36 in the 

liposome dispersion after the liposomal breakage and the HPLC analysis of the resulting 

mixture (for more details about HPLC and ESI-MS graphs, see Supporting information). 

The yield of the click reaction was determined by quantifying the amount of product 36 in 

weighted quantities of freeze dried liposomal dispersions, and proved to range between 75 

and 95 percent. 

 

Table 3: Physicochemical characteristics of the various liposome types prepared, depending on the 

percent (theoretical) of curcumin moiety present on the vesicle surface. Vesicle mean diameter (in nm), 

polydispersity index and ζ-potential (mV) are measured, as described in the methods section and 

values reported are the mean values from at least 5 measurements of 3 different preparations. 

Liposome 
Curcumin moiety 

(mol%) 

Mean diameter 

(nm) 

Polydispersity Index 

(PI) 

-Potential 

(mV) 

39 - CTRL 0 52.8  5.5 0.097 -7.6  1.7 

39 5 130.9  1.1 0.108 -24.30  0.42 

39 10 168.9  1.3 0.164 -20.3  1.4 

40 -CTRL 0 63.1  6.2 0.195 -6.44  0.49 

40 1 135.30  0.70 0.209 - 

40 5 180  13 0.193 -14.5  2.4 

40 10 207.2  8.0 0.255 -10.5  1.2 

 

3.3.6.2.Physicochemical properties of liposomes  

 

The mean diameters and δ-potential values measured for the various types of 

nanoliposomes prepared are presented in Table 3. As seen, the vesicle size increases as a 

function of the percent of curcumin decoration on the vesicle surface, for both liposomes 



Results and Discussion 

69 

39 and liposomes 40. In all the cases, the polydispersity indices measured were low 

(ranging from 0.097 – 0.255), indicating that the nanoliposomes prepared have very 

narrow size distributions. The surface charge of CUR decorated vesicles is negative in all 

the cases, indicating that the curcumin on the surface influences the -potential of the 

vesicles. This influence is normal, if considering that CUR has two phenol groups which 

are partly ionized at pH = 7.40. 

  

3.3.6.3.Vesicle size stability and Integrity studies  

 

The stability (mean diameter and δ-potential values) of two different preparations of 

liposomes 39, during storage at 4 
o
C, for a period of 15 days is presented in Figure 35. 

 

 

Figure 35: Size (d-hydrodynamic diameter, nm) and ζ-Potential values of two different vesicle batches 

of liposomes 39 (decorated with 5 mol% or 10mol% curcumin derivative), dispersed in PBS buffer at a 

lipid concentration of 10 – 15 mg/mL, during storage at 4 °C. Each value is the mean of at least 5 

different measurements and bars are the SD values of each mean. 

 

As seen, both liposome preparations are very stable for the storage period, in terms of size 

distribution and surface charge value. No signs of liposome aggregation was evident when 

the liposomes were stored as dispersed at the specific lipid concentrations used herein (up 

to 5 mg/mL). Liposomes 40 were also found to be stable under identical conditions, for 

more than 20 days of storage (results not shown).  
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Figure 36: Integrity of liposomes 39 (A) and their corresponding control liposomes - CTRL - (with no 

“clicked curcumin” on their surface), during the incubation in buffer or FCS (80% v/v) at 37 °C. Each 

data point is the mean of at least 3 different experiments and the bar is the SD of the mean. 

 

The integrity of the selected type of liposomes 39, during the incubation in presence of 

serum proteins and PBS, is presented in Figure 36. In both cases, the integrity of control 

liposomes (CTRL - with the same lipid composition) are studied in parallel, while both 

types of liposomal dispersions (CTRL and curcumin-decorated) are also incubated in 

presence of plain buffer for comparison. As seen, the liposomes are equally stable when 

compared with the relevant control liposomes, during the incubation in buffer, and in the 

presence of FCS, for a period of at least 24 h. This indicated that these liposomes possess 

the required stability for in vivo applications.  

In the case of liposomes 39, the control liposomes were actually the same liposomes before 

the click reaction step was carried out. This result proves that under specific conditions, 

liposomes, which are pre-formed to encapsulate active drugs or other types of bioactive 

molecules, can be subjected to click reaction and, after appropriate purification, they can 

be used for in vivo applications.   

 

3.3.6.4.Binding of functionalized liposomes to Aβ1-42 

 

Before using compound 4 for the preparation of curcumin-decorated liposomes 39, its 

affinity for Aβ1-42 fibrils was confirmed by SPR studies. The results of this initial 

confirmatory experiment are presented in Figure 37. 

 

0 10 20 30 40 50
0

20

40

60

80

100

C
al

ce
in

 L
at

en
cy

 (
%

)

Incubation Time (h)

Liposomes CTRL – PBS buffer

Liposomes CTRL – Fetal Calf Serum

Liposomes – PBS buffer

Liposomes – Fetal Calf Serum



Results and Discussion 

71 

0 300 600 900

0

20

40

60

80

100
Compound 4, 5 M

Compound 4, 10 M

time (s)

R
U

 

Figure 37: SPR studies of Compound 4 for Aβ1-42 fibrils, immobilized on the sensor chip.  The figure 

shows representative sensograms (resonance units, RU, versus time) obtained by simultaneous 

injection of two concentrations of the compound, for 3 min (as indicated) over sensor chip surfaces. 

The reported sensograms are indicative of a specific binding to Aβ1-42 , since they were obtained after 

subtraction of  the signal detected in the reference surface, thus correcting for binding-independent 

responses, such as bulk effects due to buffer exchanges or drift effects.  
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Figure 38: SPR studies comparing the binding properties of liposomes 39, liposomes 40 and plain 

liposomes when injected onto sensor surfaces immobilizing bovine serum albumin (BSA) (B.) or Aβ1-42 

fibrils (C.), at similar densities; panel A. refers to the signal measured in the reference, empty, surface.  

The figure shows representative sensograms (resonance units, RU, versus time) obtained by 

simultaneous injection of the different liposomes, for 3 min (as indicated) over all the sensor chip 

surfaces .  Liposomes 39 (red) were injected at a concentration corresponding to 300 nM of exposed 

curcumin-derivative; liposomes 40 (green), as well as plain liposomes were injected at a concentration 

corresponding to 1360 nM of exposed curcumin.  
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Liposomes 39, 40 and plain ( not functionalized) liposomes were flowed over parallel flow 

channels of the same sensor chip, immobilizing Aβ1-42 fibrils, BSA (to check the 

specificity of the interaction). They were also employed over an empty surface. 

No binding was detected, when using plain liposomes and liposomes 40 on the different 

sensor surfaces, even at highest CUR concentrations (green lines, Figure. 38).  On the 

contrary, liposomes 39 interacted with immobilized Aβ1-42 species, in particular with Aβ1-42 

fibrils (Figure 38 C).  A lower binding was observed on BSA (Figure 38 B) and an even 

lower binding was detected on empty surface (Figure 38 A). 

Figure 39 shows the concentration-dependence of the specific binding of liposomes 39 to 

the immobilized Aβ1-42 fibrils ( i.e. after correction of the signal measured in the reference 

surface). In particular, for these experiments, we used liposomes with a different density of 

functionalization (5 or 10 %); we injected three concentrations, so we obtained 100, 300 

and 600 nM of exposed CUR-derivative. 
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Figure 39: Concentration-dependent binding of liposomes 39 to Aβ1-42 fibrils immobilized on the SPR 

sensor chip. For this session, liposomes with two different densities of functionalization with the 

compound 4 (A. = 5% and B. = 10%) were used. Liposomes were injected at concentrations 

corresponding to 100, 300 and 600 nM of exposed curcumin-derivative.  The figure shows 

representative sensograms (resonance units, RU, versus time) obtained by simultaneous injection of 

the liposomes, for 3 min over sensor chip surfaces (as indicated). The reported sensograms are 

indicative of a specific binding to Aβ1-42, since they were obtained after subtraction of  the signal 

detected in the reference surface, thus correcting for binding-independent responses, such as bulk 

effects due to buffer exchanges or drift effects.  The fitting of these sensograms, with a “two-sites” 

model, are shown in white.  

 

The resulting sensograms, shown in Figure 39, could not be fitted by a simple 1:1 

interaction model (Langmuir equation), but require more complex interaction models. This 

is clearly evident by the dissociation phase, which cannot be fitted by a mono-exponential 

curve (as expected for simple interactions). It indicates that there are at least two binding 

components with two different rate constants, one faster and one slower. The fitting of 
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these sensograms with a “two-site” model is represented as white lanes in Figure 39. It 

allowed to estimate the binding constants of the two putative components, highlighting, in 

particular, the presence of a component representing about 40 % of the binding 

characterized by a very low dissociation rate constants (< 3x10
-4

 s
-1

, pseudo-irreversible 

binding). The corresponding KD values of the exposed CUR-derivative was calculated to 

be in the low nM range (2-10 nM). It is important to underline that the sensograms 

obtained with the different concentrations could not be globally fitted; it suggests that even 

the binding of this high affinity component is complex and likely involve avidity effects.
222

 

 

3.3.7. Discussion 

 

CUR-decorated liposomes were prepared and studied for their integrity, stability and 

binding affinity to Aβ1-42 fibrils. For the preparation of curcumin decorated vesicles 39, a 

click chemistry method was performed using appropriate CUR alkyne derivative 4 and 

azido containing lipid. Some initial vesicle integrity experiments revealed that the click 

chemistry reaction should be carried out at room temperature (Figure 34 B), since at 37 °C 

the liposome integrity is highly affected (Fig 34 A) by the reaction media required for the 

click to occur.
212

 Of course, this is the case of the specific liposomes (with lipid 

composition of DPPC/DPPG/Chol 8:2:5 mol/mol/mol) evaluated herein. Perhaps, other 

lipid compositions may be more or less stable; in this case, it would be required the use of 

milder conditions for click attachment
223

 (in order to preserve the vesicle integrity during 

the reaction performed to decorate their surface). For the construction of liposomes as  

negative controls, a second method was used for the attachment of CUR on the surface of 

vesicles (liposomes 40). In this case the planar structure of CUR, required for its 

activity,
136

 is disrupted. 

Both this techniques we used for the formation of CUR-decorated NPs were successful. 

They allowed  to prepare nanosized liposomes (Table 3) with the appropriate stability for 

in vivo applications (Figures 34, 36) and high stability during storage (Figure 35). As the 

amount of CUR molecules attached to the vesicle surface increases, the produced vesicles 

(by both techniques evaluated) demonstrated an increase in mean diameter (as anticipated 

for the CUR coating). However, the vesicle population was still homogeneous, as judged 

by the low polydispersity indices of the dispersions (Table 3).  
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SPR binding results (Figure 38) show that the liposomes (40), on which CUR was attached 

without preservation of its structural planarity, do not show any binding affinity to the 

immobilized Aβ1-42 fibrils. On the other hand, the vesicles exposing a CUR derivative 

maintaining the planarity showed a very high binding. This result proves that this specific 

structural characteristic is indeed required for CUR binding to the fibrils.  Furthermore, the 

current results enhance the opinion that CUR predominantly exists in the enol form during 

the binding to Aβ aggregates and that the enolization of CUR is crucial for binding to the 

Aβ aggregates.
224

   

In more details, the CUR derivative 4 showed a clear binding to immobilized Aβ1-42 fibrils, 

with an estimated KD value of 7 µM. In particular, a significant amount of binding to 

fibrils dissociates very slowly, indicating a persistent interaction.  

It is interesting that the affinity of the CUR derivative - exposed on liposomes 39 – for  

Aβ1-42 fibrils (2-10 nM) was much higher than the affinity of a corresponding compound 

not attached to liposomes. We suggest the involvement of multivalent interactions (i.e. 

different molecules of CUR derivative on the same liposome) contribute to the binding to 

the immobilized Aβ1-42 fibrils. In fact, it has been previously shown that a multivalent 

ligand (dendrimer
202

, nanoparticles
203

) has a binding affinity for its target, which can 

greatly exceed, even by 2-3 orders of magnitude, the binding affinity of the same ligand, if 

monovalent. This increase of affinity was caused, in particular, by a decrease of the 

dissociation rate constants; it approached those of a pseudo-irreversible binding, and the 

same finding was actually found with our liposomes decorated with the CUR derivatives. 

The binding of the decorated liposomes for BSA was much lower and this is consistent 

with the lack of binding of the CUR derivative for this plasmatic protein. 

These data indicate that the decoration of liposomes with this CUR derivative provide 

these NPs with a specific and high affinity binding for Aβ1-42 fibrils. This is potentially 

very useful in the attempt of targeting these AD pathogenic markers for diagnostic and/or 

therapeutic purposes. 

 

3.4. Preliminary studies on functionalization of SLNs with curcumin derivative 

 

For a decade, trials are being made to utilize solid lipid nanoparticles (SLN) as a drug 

delivery system alternative to the colloidal one - such as lipid emulsions, liposomes and 
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polymeric nanoparticles. SLNs consist of spherical solid lipid particles in the nanometer 

range, which are dispersed in water or in aqueous surfactant solution. They are generally 

made up of solid hydrophobic (i.e. lipids solid at room temperature and also at body 

temperature) and stabilized by a surfactant coating. By definition, the lipids can be highly 

purified triglycerides, complex glyceride mixtures or even waxes.
225

 Recently, SLN based 

on para-acyl-calix[4]arenes have been prepared and studied.
226,227

 The carrier system SLN 

has been characterized and reviewed intensively, thanks to the work of various research 

groups.
228-230

 The main features of SLNs, with regard to in vivo application, are the 

excellent physical stability, the protection of incorporated labile drugs from degradation, 

the controlled drug release (fast or sustained) - depending on the incorporation model, the 

good tolerability and the site-specific targeting. Potential disadvantages, such as 

insufficient loading capacity, drug expulsion after polymorphic transition during storage 

and relatively high water content of the dispersions (70-99.9%),  have been observed. The 

drug loading capacity of conventional SLN is limited (generally up to approximately 25% 

with regard to the lipid matrix, up to 50% for special actives such as Ubidecarenone) by 

the solubility of drug in the lipid melt, the structure of the lipid matrix and the polymorphic 

state of the lipid matrix.
229,231-237

  

Therefore, the use of more complex lipids (mono-, di-, triglycerides, different chain 

lengths) is more sensible for higher drug loading.  

SLNs combine the advantages of polymeric nanoparticles, fat emulsions and liposomes 

and simultaneously avoid their disadvantages.
238

 The advantages of SLNs include the 

following:  

 The nanoparticles and the SLNs, particularly those in the range of 120–200 nm, are 

not taken up readily by the cells of the RES (Reticulo Endothelial System) and so 

bypass liver and spleen filtration.
229

 

 The controlled release of the incorporated drug can be achieved for up to several 

weeks. Further, by coating with or attaching ligands to SLNs, there is an increased 

scope of drug targeting.
239

 

 SLN formulations, stable up to three years, have been developed. This is very 

important for the other colloidal carrier systems.
240

 

 The high drug payload. 
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 The excellent reproducibility, with a cost effective high pressure homogenization 

method, as the preparation procedure.
238

 

 The feasibility of incorporating both hydrophilic and hydrophobic drugs.
241

 

 The carrier lipids are biodegradable and hence safe.
242,243

 

 The avoidance of organic solvents. 

 The feasible large scale production and sterilization.
229

 

 

Table 4: Literature survey of methods of preparing SLNs of different drugs and the resulting particle 

size distribution and surfactant used for preparation of the SLNs. 

Drug Lipid matrix 
Preparation 

method 

Mean 

diameter (nm) 
Cosurfactant 

Apolipoprotein E Dynasan 114 HH 186 

245 

Polysorbate 

Poloxamer 

Ascorbil palmitate Witepsol E 85 HPH 228 Tegocare 

Clobetasol propionate Monostearin SD 143 PVA 

Clozapine Dynasan 114 HH 150 Poloxamer 188 

Epikuron 200 

Clozapine Dynasan 116 HH 163.3 Poloxamer 188 

Clozapine Tristearin HH 96.7 Poloxamer 

Diazepam Acidan N 12 E 70 Epikuron 200 

Diazepam Glyceryl 

behanate 

E 86.0 Epikeron 200 

Diminazine Stearic acid HH 78.5 Polysorbate 80 

Doxorubicin Stearic acid E 80 Epikuron 200 

Mifepristone Glyceryl 

monostearate 

m-HSH 106 Tween 80, 

glycerol 

trans-retinoic acid Tricaprin MH 233-487 Tween 80 

Vitamin A Glyceryl 

Behanate 

HPH 300-500 Hudroxypropyl 

distarch 

 

Many different approaches exist for the production of finely dispersed SLN, with all the 

advantages presented above. They have also scaling up possibility, which is a prerequisite 

for the introduction of a product to the market. In particular, they can be prepared by 

methods like the microemulsification (E), the solidification, the hot 
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homogenization (HH), the modified high shear homogenization (m-HSH), the ultrasound 

solvent diffusion (USD), the solvent injection, the solvent diffusion (SD), the melt 

homogenization (MH), and the high pressure homogenization (HPH) techniques. 

Among them, one of the most used is the production of SLN via microemulsions 

technique. It was developed and optimized by Gasco‟s group in Turin.
244-248

 First, a warm 

microemulsion is prepared by stirring - containing typically ~10% molten solid lipid, 15% 

surfactant and up to 10% cosurfactant. This warm microemulsion is then dispersed under 

stirring in excess of cold water (typical ratio ~1:50), using an especially developed 

thermostated syringe. The excess of water is removed either by ultra-filtration or by 

lyophilisation, in order to increase the particle concentration. 

 

 

Figure 40: Preparation of Solid Lipid Nanoparticles (SLN) by Microemulsion procedure.  

 

The effects of experimental factors - such as the microemulsion composition, the 

dispersing device, the temperature and  the lyophilisation - on the size and the structure of 

the obtained SLNs have been studied intensively. It has to be critically remarked, that the 

removal of excess of water from the prepared SLNs dispersion is a difficult task, regarding 

their particle size. Also, high concentrations of surfactants and co-surfactants (e.g. butanol) 

are necessary for the formulating purposes, even if they are less desirable for the regulatory 

purposes and application.  

Recently, a new method, based on the solvent emulsification-evaporation for the 

preparation of SLNs loaded with hydrophilic drugs, has been introduced to the scientific 

community.
246

 Here, the hydrophilic drug is encapsulated-along with a stabilizer, to 
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prevent drug partitioning to the external water phase, during solvent evaporation in the 

internal water phase of a w/o/w double emulsion. 

 

 

Figure 41: Preparation of Solid Lipid Nanoparticles (SLN) by w/o/w double microemulsion.  

 

In the study presented below, we designed and formulated different SLNs dispersions, 

using o/w microemulsion, in order to obtain new clickable NPs. After these preparations, 

we set up a method to link our CUR derivative 4 on them, achieving A ligand 

functionalized SLNs. 

  

3.4.1. Development of HPLC-UV coupled method for SLN characterization. 

 

A specific HPLC-UV method was studied and developed for the compound 35 (Lipid-

PEG-N3) and the compound 36 (the product of click reaction), in order to evaluate and 

quantify the amount of different lipids and compounds inerted or linked on SLN. 

The compound 36 was dissolved in Chloroform/Methanol 60:40 v/v, the UV spectrum was 

acquired in the range 200-700 nm and two maxima were observed at about 210 e 330 nm. 

At the beginning it was analyzed on an amino phase column (Zorbax NH2, 4,6 x 250 mm, 

5 m) with Acetonitrile/Methanol(70:30 v/v)/NH4H2PO4(10 mM pH = 4,8) 92:8 v/v 

mobile phase. The compound eluted at about 8 minutes, showing an area/concentration 

proportionality. On the basis of the very low absorbance observed, it was supposed the 

micelle formation and the necessity to work in completely organic conditions. 
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On a Zorbax Eclipse XDB-C8 analytical column (250 x 4,6 mm, 5 m) with 

Acetonitrile/2-Propanol 60:40 v/v as mobile phase, a significant peak was eluted at a early 

retention time. Such an early retention time was improved, decreasing the propanol 

percentage but the peak shape was worse. 

As matter of facts, in a quantitative HPLC analysis the shape of a peak is very important. 

To enhance it some runs were executed on other columns (Zorbax SB-C18, Tracer Extrasil 

CN), using Acetonitrile/2-Propanol or Acetonitrile/Methanol as mobile phases in different 

proportions, but it wasn‟t obtained any good result. 

Some promising results were obtained on the Zorbax Eclipse XDB-C8 column, using 

Acetonitrile/Methanol as mobile phase. It revealed the presence of a second interfering 

peak, probably a structural isomer not revealed by NMR and mass spectra analysis. One 

peak was obtained only with 2-Propanol as organic modifier in the mobile phase. Trial 

runs were executed using Acetonitrile/Methanol/2-Propanol in different volume 

percentages, sorting in the 80:15:5 as the best eluent composition. In these conditions the 

peak shape was good with an acceptable asymmetry. The retention time was about 12.5 

minutes. After the set-up of the analysis, a solution of the compound in the same eluent 

was scanned in the 200-700 nm range to be sure that this eluent doesn‟t interfere in the UV 

spectra; also in this solution the two maxima were observed at about 210 e 330 nm 

 

 

Figure 42: HPLC profile for compound 36 at 330 nm.  

 

The same analysis was set up for compound 35, but UV spectrum showed just a maximum 

at about 210 nm. Basing on this information, it was eluted in the same analytical conditions 

of compound 36 with a retention time of about 20 minutes. A calibration curve was 

prepared in the 6.05-60.5 g/mL range. 



Design and Synthesis of Nanoparticles for Therapy and 

Imaging of Alzheimer‟s Disease 

80 

  

Figure 43: HPLC profile and calibration curve (r
2
 = 0.99993) for lipid 35 at 210 nm.  

 

3.4.2. Incorporation of lipid-PEG-N3 35 into SLN 

 

In order to incorporate Lipid-PEG-N3 35 into SLNs, different Stearic acid SLNs were 

prepared using the O/W warm microemulsion technique, substituting different molar 

percentage soybean phosphatidylcholine (PC) with compound 35. We prepared the 

microemulsion starting from a mixture of solid stearic acid (SA), natural PC, surfactant 

and Lipid-PEG-N3 in the exact ratios covered by different patents. After putting them 

together, we warmed the mixture at more than 70 °C and dispersed it in cold ultrapure 

water at different dispersion ratios. So, we obtained different formulations of Lipid-PEG-

N3 containing SLN 41 (Scheme 10 and Table 5). 

 

 

Scheme 10 

 

Table 5: Different Lipid-PEG-N3 containing SLN 41. 

Formulation 
Lipid 35 

(%mol PC) 

Dispersion ratio 

in cold water 

AZD-A1-1 2.5 1:10 

AZD-A1-2 5 1:10 

AZD-A1-3 7.5 1:5 
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A HPLC-UV analysis was performed after the dispersion in cold ultrapure water. A 

complete recovery of Lipid-PEG-N3 35 was observed; it indicates a good stability 

(temperature) of the compound during the preparation process. We also carried out some 

structural studies on SLNs 41. In particular, they were characterized in terms of average 

diameter, size distribution, lipid composition and incorporation efficiency (Table 6). After 

the preparation process, we achieved the purification of SLNs dispersion with tangential 

ultrafiltration; this process allowed us to remove compound 35 not inserted inside the 

SLNs and also to evaluate its incorporation into NPs. After tangential ultrafiltration, we 

can assume that all the free constituents of SLNs have been removed and that the 

dispersion is formed by the nanodevices. So we analyzed only the compounds which form 

the NPs using the HPLC-UV methods. We observed a reduction of the quantity of 

synthetic Lipid-PEG-N3 in SLNs dispersion, as expected for its amphipatic nature 

(Table 6). In fact, this reduction is similar to the entity of the decrease usually find for PC; 

it happens because their behavior in aqueous environment is similar too. The same 

outcomes were obtained for all the formulations (not shown). 

 

Table 6: SLN characterization after microemulsion dispersion in water and tangential ultrafiltration. 

Sample 
Mean diameter 

(nm) 
PI 

Lipid 35 

(mg/mL) 

PC 

(mg/mL) 

Cosurfactant 

(mg/mL) 

Lipid matrix 

(mg/mL) 

AZD-A1-1 

recovery 

36.5 0.198 0.20 

(100%) 

4.44 

(97%) 

15.93 

(95%) 

8.29 

(95%) 

After 

purification 

41.5 0.188 0.134 

(67%) 

3.37 

(75%) 

4.58 7.87 

(95%) 

 

To confirm these promising results, some NMR analysis were performed on different 

samples of SLN dispersions. These studies were carried out in different aqueous and 

organic environment, to test both the structural properties and the composition of SLNs. 

From the analytical point of view, we worked in CDCl3/CD3OD 1:1 solution, avoiding the 

formation of new aggregates to be sure that all the NPs were destroyed and all the 

components in the sample solubilized. After some quantification NMR experiments we 
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confirmed the presence of Lipid-PEG-N3 35 into the SLN dispersions and also the results 

previously obtained by HPLC-UV methods (Figure 44). 

 

 

Figure 44: Comparison of analytical methods.  

 

The two analytical methods are in good accordance for all the compounds that form the 

NPs. The little deviations may be caused by the behaviours that they have in the different 

experimental conditions, such as temperature, solvent and/or detector sensibility. 

 

3.4.3. Functionalization of SLNs with curcumin derivative 4 

 

After the preparation of SLNs 41, we investigated the possibility of using “click 

chemistry” to functionalize their surface with Aβ ligands. In particular, SLNs decorated 

with the CUR derivative 4 by the click chemistry method were prepared as described in 

Scheme 11, and more specifically using the Huisgen 1,3-dipolar cycloaddition of azides 

and terminal alkynes. 

First of all, we studied the stability of the stearic acid based SLNs in different reaction‟s 

aqueous solutions. This was important to judge the maximum amount of organic solvent 

(in particular DMSO) that could be used to dissolve the CUR derivative 4. DMSO might 

be used because the solubility of CUR derivative 4 is not high enough, compared to the 

small volume of water in which the NPs are dispersed. We evaluated this reaction 

condition, verifying the modification in mean diameters of the SLNs. 
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Table 7: SLN stability in different water/DMSO solutions. Formulation AZD-A2-1 (1 mL) with 

addiction of different solvent mixture; M.D. (Mean Diameter). 

Time 

(h) 
STD 

AZD-A1-1 + 

Water/DMSO 

8:2 (1 mL) 

AZD-A1-1 + 

Water (0.2 mL) 

AZD-A1-1 + 

DMSO (0.2 mL) 

 
M.D. 

(nm) 
PI 

M.D. 

(nm) 
PI 

M.D. 

(nm) 
PI 

M.D. 

(nm) 
PI 

0 53.9 0.184 54.8 0.172 53.4 0.176 65.2 0.274 

2 86.9 0.158 105.6 0.166 88.8 0.168 148.6 0.241 

4 --- --- --- --- 123.0 0.158 193.6 0.308 

6 153.2 0.141 153.7 0.208 145.7 0.138 237.2 0.400 

 

Table 8: SLN stability in different water/DMSO solutions. Formulation AZD-A1-1 (0.4 mL) with 

addiction of different solvent mixture; M.D. (Mean Diameter). 

Time 

(h) 
STD 

AZD-A2-1 + 

Water/DMSO 

8:2 (0.4 mL) 

AZD-A2-1 + 

Water (0.4 mL) 

 
M.D. 

(nm) 
PI 

M.D. 

(nm) 
PI 

M.D. 

(nm) 
PI 

0 54.8 0.149 55.4 0.155 56.3 0.143 

2 91.7 0.151 124.5 0.141 99.8 0.140 

4 135.3 0.144 162.7 0.133 141.6 0.145 

6 165.3 0.161 184.7 0.155 164.5 0.158 

 

Looking at the results presented above (Table 7, 8), we had the possibility to use quite 

large amounts of DMSO (~ 10 %) without significant variation in the dimension of the 

nanodevices. 

We used AZD-A2-1 and AZD-A3-1 SLN 41 preparations containing different 

concentrations of Lipid-PEG-N3 35, in order to evaluate the comeback of the different 

formulations to reaction conditions. The click reactions were performed at room 

temperature, in presence of variable amounts of copper sulfate and sodium ascorbate - 

which produce fresh Cu(I) catalyst in situ - and modifying the number of equivalent of 

CUR derivative 4. 
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The valuation of different reaction conditions was established on the variation of mean 

diameters, HPLC-UV profiles and peaks of Lipid-PEG-N3 35. This allowed us to check 

both the concentrations of reagents and copper catalyst and the time of the click chemistry 

procedure. 

 

 

Scheme 11: Reagents and Conditions: (i) CuSO4·5 H2O, Sodium ascorbate, DMSO/water, r.t., 4-6 h. 

 

As presented in the scheme above, we decided not to use chelators in our reactions, to 

avoid the presence of interfering compounds during the purification of this type of NPs.  

Preliminary trials (click I and II below) were performed with SLN formulation AZD-A2, 

that presented a Lipid-PEG-N3 35 concentration of 0.25 mM. We chose to modify only the 

concentration of copper sulfate and sodium ascorbate in the reaction conditions. In both 

these reactions we used a large excess of both CUR derivative 4 (e.g. 3.2 eq) and copper (I) 

catalyst. In particular for: 

 “Click I”: we formulated 1.6 mL of aqueous solutions of freshly prepared Cu (I) 

catalyst mixing together CuSO4  5 H2O and sodium ascorbate; the final 

concentrations of the two species were 1.02 mM and 1.36 mM respectively. This 

catalyst was added to 0.362 mL of a solution of CUR derivative 4 (4.36 mM) in 

DMSO. This orange suspension was then added to 2 mL of SLN aqueous 

dispersion AZD-A2-1, obtaining  a DMSO/water ratio less than 10 %. 
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 “Click II”: we prepared the fresh catalyst in higher equivalent ratio, against the 

CUR derivative 4. In particular, 1.6 mL of an aqueous solution of Cu(I), combining 

CuSO4  5 H2O and sodium ascorbate, obtaining a final concentration of 

respectively 5.09 mM and 6.81 mM. The solution was added to 0.362 mL of a 

solution of CUR alkyne 4 (4.36 mM) in DMSO; in this test, the mixture was 

maintained under magnetic stirring for 30 min, protected from light, to verify if this 

activation of the triple bond can improve the result. After half an hour, it was added 

to 2 mL of SLN aqueous dispersion AZD-A2-1, affording a DMSO quantity - also 

in this case - less than 10 %. 

Both the reaction mixtures were stirred at room temperature protected from light and were 

analyzed for the average diameter of SLNs, the size distribution and the concentration of 

Lipid-PEG-N3 35. 

 

 

Figure 45: Mean diameters (blue) and Lipid-PEG-N3 (red) ongoing in “click I”.  

 

As presented above, for “click I” we used a lower concentration of freshly prepared Cu (I), 

obtaining that in six hours more that 70 % of Lipid-PEG-N3 35 disappeared (Figure 45). 

Unfortunately, we observed a gradual increase of SLN diameters, even if they were lower 

than 100 nm also after the reaction ended. After six hours, we changed the HPLC-UV 

method and we noticed the presence of the peak of compound 36; this result confirmed the 

reaction between the azide on lipid 35 and the triple bond on compound 4. 
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As reported in Figure 46,  good results were more quickly obtained for “click II”, in which 

we used an higher concentration of catalyst. In four hours we observed a faster increase of 

SLNs diameters and a complete disappearance of the reagent Lipid-PEG-N3 35. Changing 

the HPLC-UV method, we confirmed the presence and the formation of compound 36. 

Looking at the results presented below, the increase in the diameters was not so worrying, 

because they stayed under the 200 nm and so the particles were in the nano-range. 

 

 

Figure 46: Mean diameters (blue) and Lipid-PEG-N3 (red) ongoing in “click II”.  

 

Following trials were performed with SLN 41 formulation AZD-A3, containing an higher 

amount of Lipid-PEG-N3 35; in particular its concentration was 0.57 mM. Also in the 

experiments reported in the next paragraphs, we worked in less excess of CUR alkyne 4 

(i.e. 2 eq), varying the concentration of Cu (I) in the reaction‟s conditions. 

In particular for: 

 “Click III”: we decide to use  a smaller amount of catalyst to check the comebacks 

and to simplify the further purification. In particular, we managed to prepare 1.23 

mL of an aqueous solutions of Cu (I) catalyst freshly prepared mixing CuSO4  5 

H2O and sodium ascorbate, in a final concentration of respectively 1.43 mM and 

1.93 mM. The orange suspension was added to 0.27 mL of a solution of CUR 

derivative 4 (6.36 mM) in DMSO; the obtained mixture was stirred for 30 min, 

protected from light and then added to 1,5 mL of SLN  aqueous dispersion       

AZD-A3-1. 
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 “Click IV”: we arranged 1.23 mL of catalyst combining, as usual, aqueous 

solutions of CuSO4  5 H2O and sodium ascorbate in higher quantities than 

“click III”; we obtained a final concentration of respectively 7.15 mM and 

9.64 mM. The mixture was added to 0.27 mL of a solution of CUR derivative 4 

(6.36 mM) in DMSO. The obtained orange suspension was, also in this case, 

maintained under magnetic stirring for 30 min, protected from light, and then added 

to 1.5 mL of SLN aqueous dispersion AZD-A3-1. 

Both the reaction mixtures were stirred at room temperature, protected from light, and 

were analyzed for the average diameter of SLNs, the size distribution and the concentration 

of Lipid-PEG-N3 35. 

 

 

Figure 47: Mean diameters (blue) and Lipid-PEG-N3 (red) ongoing in “click III”.  

 

As presented above for “click III” as for “click I”, we observed a gradual increase of 

SLNs diameters, a reduction of the azido-containing reagent 35 and, after changing the       

HPLC-UV method, the presence of compound 36 in the final dispersion. Looking at the 

data reported in Figure 47, the slight growth of diameter was not significant and the 

particles remained under 100 nm. The disappearance of lipid 35 “click III” reaction 

proceeded quicklier than “click I”; it is probably caused by the activation of triple bond 

before the addiction to SLNs 41 dispersion. 
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Figure 48: Mean diameters (blue) and Lipid-PEG-N3 (red) ongoing in “click IV”.  

 

As reported in Figure 48, in “click IV” we observed an increase of SLNs diameters higher 

than other trials of click and a more rapid decrease of Lipid-PEG-N3 35, confirming also in 

this case a faster course of the reaction. We evaluated that the increase in diameters was 

not a problem, because the complete disappearance of compound 35 was obtained when 

the diameters was under 200 nm; looking at all the parameters analyzed and at the speed of 

the reaction we considered it was a good result. The HPLC-UV method set up for 

compound 36 revealed also in this case the presence of clicked compound in the final 

dispersion. 

During the experiments, we performed a control click reaction to be sure that no interfering 

compounds were present in the final dispersions. This was carried out with SLNs without 

Lipid-PEG-N3 35, using the same reaction conditions (i.e. incubation time, concentration 

of catalyst and CUR derivative 4) of “click III”. HPLC-UV analysis didn‟t reveal the 

formation of any compounds with the same retention time of compound 36, revealing that 

it was synthesized during all our trials. 

 

3.4.4. Purification of click reaction mixture 

 

Many different purification procedures were studied and analyzed, in order to improve the  

purification from both the unbound CUR derivative 4 and the other chemicals in the 
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reaction mixture, such as different copper and ascorbate species. After some preliminary 

trials, the best possible procedure was pointed out. Operatively, after the incubation the 

reaction mixture was: 

 filtered by syringe filter 0.45 m to remove any particulate matter from SLNs 

dispersion 

 centrifuged at 15000 g at 3 °C in order to remove a light blue precipitate; this might 

be caused by the oxidated form of copper (i.e. copper (II) sulfate) obtained after the 

complete removal of the ascorbate reductive agent  

 centrifuged with the ultrafiltration device Vivaspin 500 with PES membrane 

300 kDa, in order to separate all the low molecular weight reactants as unbound 

CUR derivative 4, soluble copper species and/or degradated ascorbate species from 

SLNs 42 formulation. 

During the different steps of the purification procedure, we characterized the SLNs 

dispersion for the average diameter, the size distribution and the concentration (HPLC-UV) 

of different components; we noticed that no significant variations of all these monitored 

parameters was observed. 

The same properties were evaluated after 1 month storage at -20 °C, to check the stability 

of the SLN dispersions and also in this case there weren‟t any modifications in diameter 

and size distribution; this confirmed the effectiveness of the method proposed. 

 

3.4.5. Discussion 

 

In this part of the work, we set up the method for the first functionalization of SLNs with 

A ligands. This works allowed us to check different reaction conditions, to obtain the best 

results in the shorter time. In particular, we saw that in all the different set up of the 

experiments, we obtained yield in compound 36 greater than 75 %, with peaks of 

quantitative transformations. Looking at all the trials, the analysis revealed that there was a 

slight increase in the diameters but they always were below the nanodevice limit. Only in 

“click IV”, after 4 hours, we noticed an higher growth but, mixing together with 

disappearance of Lipid-PEG-N3 35 (Figure 48), we could say that in 2 hours we achieved 

the quantitative removal of azido-compound, with no significant increase in diameters. We 

worked also on the purification technique and we arranged a method that allowed the 
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complete removal of the small interfering molecules and the recovery of stable storaged 

SLNs 42 dispersions.  We didn‟t performed binding studies on this type of NPs yet, but we 

are managing to do them with our European project partners. 

 

3.5. Curcumin-decorated PACA NPs: preparation, functionalization and 

interaction studies 

 

Among suitable nanodevices for drug delivery, nanoparticles based on biodegradable 

poly(alkyl cyanoacrylate) (PACA) polymers have appeared as an established technology 

for colloidal nanomedicine. Introduced more than 25 years ago in the field of 

pharmacology,
249

 NPs developed from poly(alkyl cyanoacrylate) (PACA) biodegradable 

polymers have opened new and exciting perspectives in the field of drug delivery. In fact, 

they have some almost ideal characteristics as drug carriers, in connection with biomedical 

applications.
250-254

 Thanks to the direct implication of organic chemistry, polymer science 

and physicochemistry, multiple PACA nanoparticles with different features can be 

obtained: nanospheres (matrix type NPs)
249,255-257

 and nanocapsules (vesicular-type NPs, 

either oil- or water-containing),
258-260

 as well as nanoparticles with controlled-surface 

properties
255,258,261-264

 - the later being considered as the second generation of drug delivery 

devices. The major breakthrough of this recent class of advanced PACA nanoparticles is 

undoubtedly the grafting of poly(ethylene glycol) (PEG), named “PEGylation”. Also in 

this field, PEG gives rise to several potential beneficial effects, including the increased 

bioavailability and plasma half-lives, the biocompatibility/decreased immunogenicity, the 

reduced proteolysis and the enhanced solubility and stability; these are considered as a key 

material in this field.
265

  

Alkyl cyanoacrylates monomers are also well-known for their very high reactivity and the 

excellent adhesive properties of the resulting polymers. On the one hand, the famous 

Superglue (manufactured by Henkel), which contains short alkyl chain cyanoacrylates, is 

commonly employed by the general public for the repairing and do-it-yourself activities. 

On the other hand, longer alkyl chain cyanoacrylates have been developed for biomedical 

purposes, such as surgical glue for the closure of skin wounds
266-268

 and embolitic material 

for endovascular surgery.
266,267,269

 However, this unique feature tends to make the synthesis 

of well-defined and/or functionalizable poly(alkyl cyanoacrylate) architectures extremely 
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difficult - or even impossible. A significant step could circumvent this important drawback, 

via the synthesis of random poly[(hexadecyl cyanoacrylate)-co-methoxypoly(ethylene 

glycol) cyanoacrylate] (P(HDCA-co-MePEGCA)) comblike co-polymers with amphiphilic 

properties.
270

 This original approach derived from tandem Knoevenagel condensation-

Michael addition reaction to build the polymeric backbone, where the corresponding 

cyanoacetates were reacted with formaldehyde, in the presence of dimethylamine as the 

catalyst (Scheme 12). To simplify, the term co-polymer will be employed in the text to 

refer to the oligomers mixture resulting from the polymerization reaction. 

 

 

Scheme 12 

 

However, even though these “PEGylated” nanoparticles have demonstrated a noticeable 

brain-targeting effect,
251

 they suffer from a crucial lack of specificity toward cells and/or 

tissues and can‟t be efficiently addressed. Thus, for the forthcoming years, the most 

exciting challenge in drug delivery, whatever the nature of the drug carriers (i.e., liposome, 

nanoparticles, etc.), will be undoubtedly the synthesis of efficient ligand-functionalized 

colloidal devices, to achieve specific cells targeting based on a molecular recognition 

process. Looking at the last decade, there are some examples of functionalization of PACA 

NPs - the so-called third generation PACA NPs; one of them involves poly[(hexadecyl 

cyanoacrylate)-co-aminopoly(ethylene glycol) cyanoacrylate] (P(HDCA-co-H2NPEGCA)) 

nanospheres displaying folic acid groups to target the folate receptor, which is 

overexpressed at the surface of many tumor cells.
271,272

 However, this approach was 

restricted to amine-reactive compounds; to overcome this constraint Nicolas et al.
273

 

proposed a general method to prepare highly functionalizable PACA-PEG copolymers and 

associated NPs. This approach  relied on the synthesis of a novel P(HDCA-co-N3PEGCA) 

copolymer by Knoevenagel condensation-Michael addition reaction, able to react 
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efficiently with alkyne derivatives via Huisgen 1,3-dipolar cyclo-addition. As a proof of 

concept, in this work, model molecules have been quantitatively coupled either to the 

P(HDCA-co-N3PEGCA) copolymers in homogeneous medium followed by 

nanoprecipitation, or directly at the surface of the P(HDCA-co-N3PEGCA) NPs in aqueous 

dispersed medium - that acts here as a clickable colloidal scaffold (Figure 49). 

 

 

Figure 49: General approach to prepare functionalized poly(alkyl cyanoacrylate) nanoparticles.  

 

Starting from this information, we decide to functionalize these type of NPs with our CUR 

derivative 4; from the results presented above, we demonstrated that this compound is 

useful for the functionalization of lipid based NPs. As a consequence, it can give some 

promising results in the field of A ligand decoration of PACA nanodevices. These linked 

nanotools could be a nice solution, because they may combine both the quality of the 

polymeric NPs (i.e. brain-targeting effect, biodegradability, stability) and the ability of 

derivative 4 to interact with A peptides in their different forms.   
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3.5.1. Functionalization of PACA NPs 

 

Basing on the literature data reported above, we decide to try the CUR decoration of 

polymeric NPs in two different ways. First of all, we evaluated the possibility to 

functionalize preformed NPs and/or co-polymers and then we considered the opportunity 

to synthesize the starting material for the polymerization. 

 

3.5.1.1.Functionalization of preformed P(HDCA-co-N3PEGCA) co-polymer and 

NPs 

 

As shown above (Figure 49), we tried to decorate performed NPs or co-polymers using the 

technique presented by Nicolas et al.
273

 in 2008. Stable nanoparticles from the starting 

P(HDCA-co-MeOPEGCA-co-N3PEGCA) were prepared by the nanoprecipitation 

technique and analyzed by DLS. From these measurements, azide-functionalized NPs 

exhibited an average diameter very close to P(HDCA-co-MePEGCA) NPs (~ 100 nm). 

After the nanoprecipitation, we performed the click chemistry reaction in the homogeneous 

media; after the removal of the catalyst, we performed an extensive dialysis against a 1:2 

acetone/buffered water (sodium chloride 1 M, sodium phosphate 50 mM) mixture, in order 

to have an efficient removal of the unreacted compounds. Unfortunately, we didn‟t obtain 

any results with this technique and so we moved to the functionalization of P(HDCA-co-

MeOPEGCA-co-N3PEGCA) itself. We tried the copper catalyzed 1,3 cycloaddition 

between azide and alkyne, also for this decoration; in this case, we chose to avoid the use 

water and to employ only organic solvent to prevent the formation of NPs during the 

reaction. After the removal of the copper catalyst, we purified the reaction mixture in 

different ways; also in this case no results were gained and some kinds of de-

polymerization were obtained. 

 

3.5.1.2.Synthesis of monomer, co-polymerization and NPs preparation 

 

To overcome the problem of functionalization of preformed NPs and co-polymer, we set 

up the synthesis of the monomer starting from the CUR derivative 4 and the 

difunctionalized PEG-2000. We had to use this long chain polymer - instead of the 
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600 Da one - because the stability of the PACA NPs is strictly associated to the length of 

hydrophilic moiety and the best one is the 2000 Da PEG. Compound 43, HDCA and 

MePEGCA were synthesized according to the procedure presented by Nicolas et al.
273

 and 

Brambilla et al. 
274

 in very good yields. As presented in Scheme 13, after this first step we 

move to the linkage of the CUR derivative 4 to the hydrophilic linker of the cyanoacrylate 

monomer using the copper (I) catalyzed cycloaddition. 

 

 

Scheme 13: i) CuSO4·5 H2O, Sodium ascorbate, THF/water, r.t., 4-6 h; ii) 2-cyano acetic acid, DCC, 

DMAP, CH2Cl2, r.t., 24 h. 
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After 12 h, we removed the catalyst and performed an extensive dialysis (2 kDa as 

membrane cut-off) against water, in order to remove efficiently all the undesired 

compounds. The NMR analysis confirmed the functionalization of starting PEG-2000 in 

quantitative yield. 

After the recovery of desired compound 44, we obtained the esterification of aliphatic        

-OH, using standard coupling method in controlled reaction conditions; after the 

precipitation of the cyanoacetate derivative, NMR experiments confirmed the presence of 

compound 45 (CurPEGCA) with no undesired products. 

The synthesis of P(HDCA-co-CurPEGCA-co-MePEGCA) copolymers was then achieved 

from HDCA and PEG containing monomers, with 4:1 initial molar ratio via Knoevenagel 

condensation-Michael addition reaction. The total hydrophilic monomers were constituted 

by MEPEGCA and CurPEGCA in an initial molar ratio of 9:1. 
1
H NMR spectra (data not 

shown) of the resulting materials were consistent with the expected structure of the 

copolymers 46 (Scheme 14); they are also in very good agreement with previous results 

concerning P(HDCA-co-MePEGCA) or P(HDCA-co-N3PEGCA) copolymers.
273

 

 

 

Scheme 14: formaldehyde, pyrrolidine, CH2Cl2, r.t., 24 h. 

 

After this fundamental synthetic step, we went forward to the preparation of CUR 

decorated polymeric NPs adopting the nanoprecipitation technique. This method is based 

on the dissolution of the starting co-polymer in an acetone solution and on its dropping into 

a stirred cosurfactant water solution. For our purpose we used an aqueous solution of 

Pluronic F68 0.5 % m/v. Unfortunately, looking at the mean diameter, the 
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nanoprecipitation of our P(HDCA-co-CurPEGCA-co-MePEGCA) 46 allowed to get a 

dispersion of NPs with two different populations (data not shown); both of them were in 

the nanometer range but this was not sufficient for our goal. 

To overcome this problem, we tried to make the population of the NPs dispersion 

homogeneous with other co-polymers; the best solution was achieved using the P(HDCA-

co-RCA-co-MePEGCA) synthesized according to the procedure presented by Brambilla et 

al. This is a Rhodamine B-tagged poly(alkyl cyanoacrylate) amphiphilic copolymer, that 

has been successfully used to prepare fluorescent nanoparticles for human brain 

endothelial cell imaging, allowing their uptake and intracellular trafficking to be finely 

observed.
274

  

 

 

Scheme 15 

 

As presented in Scheme 15, we prepared decorated and fluorescent NPs using 

nanoprecipitation technique; in particular, we dissolved in an acetone solution both the co-
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polymer 46 and P(HDCA-co-RCA-co-MePEGCA) in initial 1:1 molar ratio. After the 

complete dissolution, we added dropwise the mixture to a stirring solution of Pluronic F68. 

Then  we evaluated the mean diameters and the dispersion was in nanometer range, with 

only one population (Figure 50 A). After the nanoprecipitation phase, acetone was 

evaporated under reduced pressure and nanoparticles were purified by ultracentrifugation. 

The supernatant was discarded and the pellets containing NPs 47 were resuspended in the 

appropriated volume of water or PBS or other aqueous solution.  

The stability (mean diameter) of the two different preparations - whereas they had been 

ultracentrifuged or not - of NPs 47, stored at 4 
o
C or 37 °C, for a period of 3 days is 

presented in Figure 50. 

 

  

Figure 50: Stability studies of NPs 47: A. not ultracentrifuged NPs; B. ultracentrifuged NPs.  

 

As seen, both polymeric NPs preparations are very stable for the storage period in terms of 

size distribution and no signs of aggregation were evident. 

It is important to notice that during the NPs‟ formation by self-assembly in aqueous 

medium, PHDCA homopolymer is produced; even if these intrinsic features of alkyl 

cyanoacrylate chemistry might be considered as a drawback regarding polymer synthesis, 

the homopolymers are entrapped into the core of the NPs stabilized by P(HDCA-co-

PEGCA) co-polymers and they eventually lead to well-defined colloidal objects. Besides, 

this is the only method available to yield biodegradable PACA nanoparticles covered by 

PEG chains in mild conditions (as opposed to direct emulsion polymerization of alkyl 

cyanoacrylates in strong aqueous acidic media).  
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3.5.2. Interaction studies 

 

3.5.2.1.Capillary electrophoresis 

 

Capillary electrophoresis (CE) with UV detection had previously been used for the in vitro 

identification of small molecules, as potential inhibitors of A aggregation.
275,276

 However, 

this work was limited, since the high concentrations of peptide required for the screening 

were about 5 orders of magnitude higher than those found in vivo. More recently, Kato et 

al.
277

 reported a CE-LIF method, that allows the antiaggregation features of molecules 

toward fibrils to be monitored. However, those species are no longer considered to be the 

main toxic species for AD. As a consequence, an analytical method tailored to A 

monomers and resulting soluble oligomers is enforced to understand the therapeutic or 

diagnostic perspective of NPs. 

Starting from the work of De Lorenzi‟s research group, related to the screening of 

antifibrillogenic activity of small molecules
276

 and from the work of Brambilla et al.,
278

 

related to the interaction between the A peptide and NPs, we have applied capillary 

electrophoresis (CE) coupled to laser-induced fluorescence (LIF) detection to screen the 

ability of our NPs 47 to efficiently bind A1-42. This method is able to monitor in real time 

the binding of soluble A1-42 monomers or soluble oligomers to NPs. 

The CE-LIF method used in this study was capable on investigating the interaction 

between NPs 47 and HiLyte Fluor labeled A1-42. The LIF detection allowed the use of a 

lower concentration of peptide to be used than in UV detection, so it better fits with 

physiological processes and conditions. As a matter of facts, A peptide is found in 

biological fluids, such as the cerebro-spinal fluid (CSF), at nanomolar concentrations; 

therefore, a sensitive and discriminative analytical method is required. 

The CE-LIF analysis of a solution of the fluorescent A1-42 showed a single peak migrating 

at ~ 8.5 min (with a highly reproducible migration time for each batch) and mainly 

constituted by the soluble form. 

It is interesting that the electrophoretic profile of the peptide sample stayed constant over 

time up to 15 h (Figure 51 A), demonstrating an excellent stability of the fluorescent 

peptide in its soluble form, at this concentration in the buffer. Remarkably, when the same 
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concentration of A1-42 peptide solution was incubated with 20 μM of both free compound 

4 and NPs 47 suspension, a gradual decrease of the monomeric peptide peak was observed 

(Figure 51 B and C). 

 

A.

 

B.

 
C. 

 
Figure 51: A. Evolution of the CE-LIF profile as a function of time at 37 °C of a 5 M HiLyte Fluor 

A1-42 solution alone, B. in the presence of a 20 M compound 4 solution and (c) in the presence of a 

20 M NPs 47 suspension; Elapsed time = 80 min. 

 

These results indicate some kinds of interaction between the peptide and both compound 4 

and NPs 47. As presented above (see 3.1.2.), we obtained, also in this in vitro experiment, 

a formation of some not soluble aggregates in the solution or on the surface of NPs with 

both the analyte. These aggregates were visible after the recovery of sample vials, 

confirming this behavior of A peptide in presence of CUR derivatives. 
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Figure 52: A1-42 monomer peak intensity as a function of time: control and upon incubation of A1-42 

in the presence of compound 4 and NPs 47. 

 

These experiments also allowed to monitor the evolution of monomer peak %, as a 

function of incubation time. Monomer peak % is calculated as the ratio between the 

absolute peak area of the monomer observed at t = 0 and the one observed at each 

incubation time. This tool was used to evaluate the kinetics of disappearance of the 

monomeric peptide, as a function of the concentration ratio between compound 4, NPs 47 

and A1-42. As shown in Figure 52, whatever the concentration ratio, there was a clear 

uptake of peptide by the A interacting species with a capture varying from 26 % for the 

compound 4 to 90 % at t = 21 h (data not shown) for NPs 47. It is important to underline 

that this process was strictly dependent on the peptide availability in solution. The higher 

the peptide presence in solution, the faster and the higher the capture ratio. 

In an interesting analyzing of these data, we observed a non-linear disappearance of the 

monomeric peak over time, suggesting the formation of peptide aggregates in the sample 

solution or at the surface of the nanoparticles. 

 

3.5.2.2.Surface Plasmon Resonance 

 

We used the ProteOn XPR36 (Biorad) apparatus also for these binding studies with SPR 

technique. Aβ1-42 fibrils were immobilized in one of the parallel-flow channels of the 

sensor chip (Biorad), using amine-coupling chemistry. As presented above, after surface 
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activation, the peptide solutions were injected for 5 min at a flow rate of 30 mL/min and 

the remaining activated groups were blocked with ethanolamine. BSA was also 

immobilized in another parallel flow channel, as a reference protein. The final 

immobilization levels were similar - about 2500 RU (1 RU = 1 pg protein/mm
2
). A fourth 

surface was prepared, using the same immobilization procedure but without addition of the 

peptide (“empty” reference surface).  

Preliminary injections were done, to be sure that A fibrils were correctly immobilized.  

So we injected the anti-Aβ antibody 4G8 (Covance) and the Congo-red solution which, as 

expected, bound and recognized A fibrils (data not shown). 

After the sample analysis, ProteOn software (BioRad) was used for the fitting of 

sensograms with the Langmuir model (the simplest 1:1 interaction model). This allowed to 

obtain the association and dissociation rate constant of the binding (kon and koff) and the 

corresponding KD value. 

Looking at the formulation of NPs 47, we decided to use NPs derived from P(MePEGCA-

co-RCA-co-HDCA) co-polymer, instead of plain P(HDCA-co-N3PEGCA) NPs as control 

(ctrl). This was done to be sure that we could distinguish all the components that were 

liable for the interaction with A fibrils. 
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Figure 53: A. Typical sensograms obtained for NPs 47 and fluorescent ones (ctrl); B. sensograms of the 

interaction after the subtraction of the rhodaminated NPs signal.  

 

PACA NPs 47, as well as fluorescent NPs 47, were flowed over parallel flow channels of 

the same sensor chip, immobilizing Aβ1-42 fibrils, BSA and on the empty surface. 

As presented in Figure 53 A, some interactions were detected when using both type of 

NPs, even if at different total concentrations of co-polymer.  On the contrary, they didn‟t 

revealed interactions with immobilized BSA and on empty surface  (data not shown). From 
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the sensograms obtained with the same total concentration of co-polymer, we were able to 

differentiate the contribution of the fluorescent fraction of NPs and the clicked 

compound 4 (Figure 53 B). Looking at these results, we could underline the improved 

binding  ability obtained with CUR decorated NPs instead of fluorescent ones. These 

outcomes agree with results reported for liposomes and CUR derivative 4. 

Figure 54 shows the concentration-dependence of the specific binding of NPs 47 to 

immobilized Aβ1-42 fibrils, before the correction of the signal measured with the 

fluorescent NPs, used as control. In particular, for these experiments we used polymeric 

NPs with different concentrations of exposed clicked CUR derivative 4. 
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Figure 54: Concentration-dependent binding of PACA NPs 47 to Aβ1-42 fibrils immobilized on the SPR 

sensor chip. 

 

As for the liposome experiments, the resulting sensograms, after the corrections for the 

signal obtained with rhodaminated NPs, could not be fitted by a simple 1:1 interaction 

model (Langmuir equation) but required more complex interaction models. This is evident 

in the dissociation phase, which can‟t be fitted by a mono-exponential curve (as expected 

for simple interactions), indicating at least two binding components with two different rate 

constants, one faster and one slower. The fitting of these sensograms with a “two-site” 

model allowed to estimate the binding constants of the two putative components, 

highlighting the presence of a component representing about 60 % of the binding, 

characterized by a very low dissociation rate constants. The corresponding KD value of the 

exposed clicked CUR derivative 4 was calculated in the low M range (0.3 M). It is 

important that the sensograms obtained with the different concentrations could not  

globally fit, suggesting that even the binding on this type of NPs to A fibrils is complex 

and likely involves avidity effects
222

. 
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3.5.3. Discussion 

 

In this part of the work, CUR-decorated polymeric NPs were prepared and studied for their 

stability and binding affinity to Aβ1-42 fibrils. For their preparation, we tried to 

functionalize some preformed nanodevice using a click reaction. Unfortunately it didn‟t 

work; we changed the strategy and obtained NPs 47 with CUR decoration and with good 

stability during both the storage or in vitro and in vivo experiments. 

Considering all the results presented above, it is clear that (i) these polymeric NPs present 

really interesting features - such as dimension and stability - (ii) the polymerization process 

with the CUR moiety did not interfere with the amphiphilic properties of the copolymers 

and (iii) the presence of a fluorescent dye can be a really important feature for possible 

future in vitro experiments. 

CE-LIF studies and SPR binding results show that the PACA NPs 47  are able to interact 

with A fibrils. The CE-LIF method suggested that the NPs 47 are capable of eliminating 

A peptides from the solution, forming some kinds of aggregates that are not soluble at all. 

This might mean that this NPs could improve the elimination of the early stage of 

aggregation of the A peptide, decreasing the formation of toxic species. Other interesting 

information came out from the SPR experiments; as just presented, the CUR derivative 4 

showed a clear binding to immobilized Aβ1-42 fibrils, with an estimated KD value of 7 µM. 

In particular, a significant amount of binding to fibrils dissociates very slowly, indicating a 

persistent interaction.  

Interestingly, the affinity of the CUR derivative-exposed on NPs 47 for Aβ1-42 fibrils 

(0.3 M) was higher than the affinity of a corresponding compound not attached to NPs. 

We suggest, also for this type of NPs, the involvement of multivalent interactions; this is 

potentially very useful in the attempt to target these AD pathogenic markers for diagnostic 

and/or therapeutic purposes. 
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4. Conclusions 

 

 

 

 

As presented above, the aim of all my work was the synthesis of different types of 

nanoparticles (NPs) with an improved binding ability to A peptides in different forms. 

The strategy adopted was to design, in the first step, a satisfactory ligand for A peptides 

with both right physic-chemical properties and a functional group for chemoselective 

ligation. Looking at previously reported works, it is well known that there are a lot of 

natural small molecules that can interact with the species responsible for Alzheimer‟s 

Disease (AD) (Table 1). Among them, we decided to use curcumin (CUR) as molecule of 

reference and as starting material. As presented above, it is recognised by a lot of scientist 

that CUR has a huge field of applications, but its stability, solubility, bioavailability, safety 

and tolerability is still lacking. Considering all the literature, we noticed that the mixture of 

natural curcuminoid products is insoluble in water and its stability is unique. It is stable at 

acidic and high (> 11.7) pH, but unstable at neutral and quite basic pH. It is rapidly 

degraded within 30 min of placement in phosphate buffer systems of pH = 7.2. In 

comparison, CUR is more stable in cell culture medium containing 10 % fetal calf serum 

and in human blood, < 20% of CUR being degraded within 1 h and approximately 50% 

by 8 h.  

Another distinctive aspect of CUR is the fact that in water environment it exists in an 

equilibrium of enolic and  diketonic forms. In solution CUR exists primarily in its enolic 

form and this is important for the radical-scavenging ability and for its A-binding 

activities. As a matter of facts, it is important to lock the enol form of CUR, avoiding the 

presence of the equilibrium, and increasing the quantity of molecules that can interact with 

different forms of amyloid peptides.  

There are also other three prominent features are important for the inhibition of amyloid 

aggregation: the presence of two aromatic end groups, the substitution pattern of these 

aromatics, and the length and flexibility of the linker region. In particular, two aromatic 
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rings need to be coplanar and the linker between them must be rigid and restricted between 

8 and 16 Å. The modifications that don‟t influence these parameters could improve the 

ability of CUR against A. In 2008, Narlawar et al.
167

 replaced the 1,3-dicarbonyl moiety 

with isosteric heterocycles to lock its conformation into an enol-type arrangement.  

 

Thinking about this information, we synthesized a new series of compounds, replacing the     

1,3-dicarbonyl moiety with a pyrazole ring not only for the reasons reported above, but 

mainly for improving water solubility and stability at physiological pH, while preserving 

the best features in the interaction with A-peptides. 

 

 

Figure 55: General structure of compounds 1-6.  

 

All the synthesized CUR derivatives have an improved solubility (in particular in 

compound 3 that has a solubility greater than 1 mM in PBS, pH = 7.4), very high stability 

in all the type of organic or water mediums. We also obtained another important goal 

linked to their ability of interaction with Aβ. In fact, all the data presented above 

demonstrate that our derivatives retain CUR‟s ability to interfere with Aβ in all the 

different forms. From the NMR data, we demonstrated that the blocked CUR‟s enol-

tautomer is implicated in the interaction with the Aβ1-40 and Aβ1-42 oligomers and no 

substitution on the pyrazole ring modify this property.  

 

As a matter of facts, other experiments revealed that our compounds are able to modify the 

Aβ aptitude to form fibrils and fiber, obtaining some aggregates that are not related to these 

detrimental structures in AD patient‟s brains. We also found the ability of staining the Aβ 

plaque in ex vivo models without being involved in aspecific binding to tissue preparations. 

All these characteristics are important for future applications in both therapy and diagnosis 

of Aβ related disease. 
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 Aβ1-42 alone Aβ1-42 + Compound 6  

 

  

 

 Aβ1-42 alone Aβ1-42 + Compound 6  

 

  

 

   
Figure 56: Examples of in vitro and ex vivo results obtained for compound 6; first 

row AFM experiment, second row TEM one, third row Tg CRND8 sections 

staining. 

 

Another possibility for the application of the beneficial effects of CUR could be its 

attachment - in a stable way and active structural conformation - on the surface of 

biocompatible/biodegradable and stealth nanoparticles. Such attachment (on the surface of 

nanoparticles), might help to increase the drug bioavailability. Perhaps, it will further 

increase the binding affinity of CUR for Aβ peptides, because of the multivalency effect. 

 

For this reasons, we set-up the decoration of three different types of NPs, in particular  

liposomes, solid lipid nanoparticles (SLN) and polymeric ones. 

During the work, we synthesized different monomers for the linkage of a CUR derivative 

(4) with an alkyne moiety. For the lipid based NPs, we designed and obtained synthetic 

lipid as azido-functionalized monomers, with two fatty acid chain and a polyethylene 

glycol (PEG) chain as hydrophilic head. To obtain this compound we set up a successful, 

efficient, easy and direct procedure for the monofunctionalization of commercial PEG, 
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exploiting inexpensive silica gel as a solid support. After this we connected the 

hydrophobic and hydrophilic part of the anchor. We took advantage of the 1,3 Huisgen 

dipolar cycloaddition, to be sure that the linkage between them had the correct behaviour 

in water environment. 

After these two preliminary synthesises, we moved on to the preparation and the 

decoration of three different type of NPs. 

 

With regards to the lipid based NPs, we adopted the strategy of inserting the synthetic lipid 

inside the different structures of the nanodevices, before the linkage with the A ligand. 

We made this decision to be sure that the CUR derivative was outside the lipidic region. In 

fact, it has an amphipatic behaviour and it may easily enter into the fatty layer. 

Different preparations of liposomes and SLN were obtained with the synthetic             

lipid-PEG-N3 35 closely inserted inside the NPs. We functionalized and decorated them 

with the CUR derivative 4, obtaining the desired nanostructures in very good yields, for 

both liposomes and SLNs. As presented above, the best results were obtained with 

liposomes. In fact, CUR decorated liposomes were prepared via a click chemistry method 

at room temperature, preserving the size distribution and the integrity of the NPs. This 

result is very important, since there is the possibility of using this method to drive 

important drugs to specific site of action, putting them inside liposomes that can be 

functionalized for targeting. The technique used herein for the formation of NPs was 

successful for preparing nanosized liposomes with an appropriate stability for the storage 

and for being used for in vivo applications (the same results were also obtained for SLNs). 

Taking into account the binding properties of the decorated liposomes 39, we had 

demonstrated that they showed a clear binding to immobilized Aβ1-42 fibrils. The estimated 

affinity (2-10 nM) was higher than the corresponding compound not attached to 

liposomes‟ one. We suggest the involvement of multivalent interactions; in particular, 

different molecules of CUR derivative on the same liposome could contribute to the 

binding to the immobilized Aβ1-42 fibrils. This increased affinity resulted in the decrease of 

the dissociation rate constants and approached those of a pseudo-irreversible binding. 

 

After these results, we moved to the functionalization of polymeric NPs - in particular 

nanodevices based on the poly-alchyl-cyanoacrylate (PACA) monomers. We tried the 
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same approach used for the lipid based NPs, but this did not allow us to obtained the 

desired structures. To overcome this problem, we shifted to the synthesis of the monomer 

before the formulation of the nanodispersion; this was possible thanks to the long 

hydrophilic PEG chain, that allowed the arrangement of the CUR derivative in the aqueous 

environment. After this first step, we were able to co-polymerize the monomer with the 

building blocks of the PACA NPs and to nanoprecipitate the resulting material, in order to 

obtain the desired decorated nanostructures. This technique was successful to prepare 

nanosized polymeric particles with an homogeneous population, as showed by the low 

polydispersity indices of the dispersions and the very high stability both for in vivo 

applications and storage. Following these results, we evaluate their A binding ability with 

different in vitro techniques, in particular SPR and CE-LIF. The outcomes obtained from 

them suggested that also this type of NPs reveals some kinds of aspecific interactions with 

different  A1-42 species. Using the SPR data, we were able to evaluate the binding ability 

of these NPs against A1-42 fibrils, revealing that also with them there are a sort of 

multivalent interaction, even if the calculated KD (0.3 M) is three times of magnitude 

higher than the one obtained for liposomes. This discrepancy may be caused by the 

different composition and/or structure of the NPs, but also for the very dissimilarity in the 

hydrophilic PEG chain. All this parameters can modify the ability of compounds or 

nanodevices to interact with the A1-42 species. 

 

In conclusion, we judged that these data indicate that the decoration of different type of 

NPs with this CUR derivative provides them with a specific and high affinity binding for 

Aβ1-42 fibrils. This is potentially very useful in the attempt to target these AD pathogenic 

markers for diagnostic and/or therapeutic purposes. 
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5. Supporting information 

 

 

 

 

5.1. Chemical Synthesis 

 

5.1.1. General comments 

All commercial chemicals were purchased from Sigma-Aldrich. All chemicals were used 

without further purification, while all required anhydrous solvents were dried with 

molecular sieves, for at least 24 h prior to use. Rhodamine B alcohol and was synthesized 

as described elsewhere. Thin layer chromatography (TLC) was performed on silica gel 60 

F254 plates (Merck) with detection using UV light when possible, or by charring with a 

solution of (NH4)6Mo7O24 (21 g), Ce(SO4)2 (1 g), concentrated H2SO4 (31 mL) in water 

(500 mL) or with an ethanol solution of ninhydrin or with Dragendorff‟ spray reagent.
279

 

Flash column chromatography was performed on silica gel 230-400 mesh (Merck). 
1
H and 

13
C NMR spectra were recorded at 25 °C unless otherwise stated, with a Varian Mercury 

400 MHz instrument. Chemical shift assignments, reported in ppm, are referenced to the 

corresponding solvent peaks. MS were recorded on a QTRAP system with ESI source 

while HRMS were registered on a QSTAR elite system with a nanospray ion source. 

 

5.1.1.1.Chemical synthesis figure list 

Figure S1: Chemical structure of compound 1. ............................................................................................. 110 

Figure S2: Chemical structure of compound 2. ............................................................................................. 111 

Figure S3: Chemical structure of compound 3. ............................................................................................. 112 

Figure S4: Chemical structure of compound 4. ............................................................................................. 112 

Figure S5: Chemical structure of compound 5. ............................................................................................. 113 

Figure S6: Chemical structure of compound 6. ............................................................................................. 114 

Figure S7: Chemical structure of 2-(2-(2-azidoethoxy)ethoxy)ethanol. ........................................................ 115 
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Figure S8: Chemical structure of 2-(2-(2-aminoethoxy)ethoxy)ethanol. ....................................................... 115 

Figure S9: Chemical structure of 24. ............................................................................................................. 115 

Figure S10: Chemical structure of 33. ........................................................................................................... 116 

Figure S11: Chemical structure of 34. ........................................................................................................... 117 

Figure S12: Chemical structure of 35. ........................................................................................................... 118 

Figure S13: Chemical structure of 36. ........................................................................................................... 119 

Figure S14: Chemical structure of 37. ........................................................................................................... 120 

Figure S15: Chemical structure of 44. ........................................................................................................... 121 

Figure S16: Chemical structure of 45. ........................................................................................................... 122 

Figure S17: Chemical structure of HDCA. .................................................................................................... 123 

Figure S18: Chemical structure of MePEGCA. ............................................................................................. 123 

Figure S19: Chemical structure of 46. ........................................................................................................... 124 

Figure S20: Chemical structure of RCA. ....................................................................................................... 124 

Figure S21: Chemical structure of P(HDCA-co-RCA-co-MePEGCA). ........................................................ 125 

Figure S22: Α) HPLC-UV analysis of compound 36 dissolved in CHCl3; column: Lichrosphere 100 RP-18 

(5 m column:); mobile phase: CHCl3/MeOH (9:1) + 0.08% TFA (isocratic); flow rate: 1 mL/min; detection 

at 330 nm. B) HPLC-UV analysis of freeze-dried liposomal dispersion 39 dissolved in CHCl3; HPLC 

condition as in (A). C) ESI-MS of compound 36. .......................................................................................... 126 

 

5.1.2. Typical reaction conditions 

 

 

Figure S1: Chemical structure of compound 1. 

 

ethyl 2-(3,5-bis((E)-4-hydroxy-3-methoxystyryl)-1H-pyrazol-1-yl)acetate (1): To a 

solution of Curcumin (1 g, 2.7 mmol, 1 eq) in Toluene dry (28 mL) was added ethyl 2-

hydrazinylacetate hydrochloride (0.839 g, 5.4 mmol, 2 eq), triethylamine (0.753 mL, 5.4 

mmol, 2 eq), TFA (0.1 mL, 1.3 mmol, 0.5 eq) and held at reflux for 2.5 hours. The reaction 
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was monitored by TLC. The reaction mixture was then cooled to ambient temperature, 

diluted with CH2Cl2 and washed with HCl 5%(aq) twice. The organic phase was dried with 

Na2SO4 and evaporated in vacuum to afford the crude product which was further purified 

by flash column chromatographic (CH2Cl2/isopropanol 98/2) to afford the desired product 

as yellow solid (1.058 g, 87%). 
1
H NMR (400 MHz, DMSO d6) δ ppm 7.22 – 6.70 (m, 

11H, CH Ar and conjugated double bond), 5.16 (s, 2H CH2C=O), 4.13 (q, J = 7.05 Hz,  

2H, OCH2CH3), 3.82 – 3.77 (m, 6H, OCH3), 1.19 (t, J = 7.12 Hz, 3H, OCH2CH3). 
13

C 

NMR (100 MHz, DMSO d6) δ 168.32 (C=O), 150.02, 147.86, 147.27, 146.68, 143.35 (5 

CqAr), 132.25, 129.79 (2 CHAr), 128.49, 128.06 (2 CqAr), 120.81, 120.01, 117.75, 

115.57, 111.66, 110.24, 109.58, 98.63 (8 CHAr and conjugated double bond), 61.11 (CH2), 

55.76, 55.59 (2 CH3), 50.30 (CH2), 14.09 (CH3). MS (ESI) calcd for [M + H]
+
 451.48; 

found [M + H]
+
 451.60.  

 

 

Figure S2: Chemical structure of compound 2. 

 

4,4'-((1E,1'E)-(1-(2-hydroxyethyl)-1H-pyrazole-3,5-diyl)bis(ethene-2,1-diyl))bis(2-

methoxyphenol) (2): To a solution of 1 (0.605 g, 1.34 mmol, 1 eq) in THF dry (20 mL) at 

0°C was added dropwise  LiAlH4 1M in THF(5.4 mL, 5.37 mmol, 4 eq). The temperature 

was raised to r.t. and the reaction was monitored by TLC. After the disappearance of the 

starting material the reaction mixture was cooled to 0 °C   and the following solutions were 

added in the order indicated: H2O (0.21 mL), NaOH(aq.) 4 M (0.26 mL), H2O (0.65 mL), 

Na2SO4 (1.52 g). The reaction mixture was then filtrated in and the solvent was evaporated 

in vacuum. The crude product was further purified by flash column chromatographic 

(CH2Cl2/ ethanol 98/2) to afford the final product as a bright yellow powder (0.38 g, 70%). 

The 
1
H-NMR and 

13
C-NMR agree with the characterization reported by Narlawar et al..

167
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Figure S3: Chemical structure of compound 3. 

 

2-(3,5-bis((E)-4-hydroxy-3-methoxystyryl)-1H-pyrazol-1-yl)acetic acid (3): Compound 

1 (3g, 6,66 mmol, 1 eq) was dissolved in a methanolic solution of KOH 1.8M (70 mL). 

The solution was left under magnetic stirring at r. t. over night. The reaction was monitored 

by TLC. The solvent was evaporated in vacuum and purified by flash column 

chromatographic (eluent ethyl acetate/methanol gradient from 9/1 to 7/3) to afford the final 

product (2.813 g, quant.). 
1
H NMR (400 MHz, CD3OD) δ ppm 7.23 – 6.72 (m, 11H, CH 

Ar and conjugated double bond), 4.93 (s, 2H, CH2C=O), 3.85 – 3.79 (m, 6H, OCH3). 
13

C 

NMR (100 MHz, DMSO) δ 170.17 (C=O), 147.85, 147.16, 146.58, 142.80 (4 CqAr), 

131.54, 129.13 (2 CHAr), 128.62, 128.17 (2 CqAr), 120.61, 119.87, 118.08, 115.58, 

112.31, 110.08, 109.53, 98.38 (8 CHAr and conjugated double bond), 55.74, 55.58 (2 

CH3), 51.58 (CH2). MS (ESI) calcd for [M + H]
+
 423.43; found [M + H]

+
 423.4. 

 

 

Figure S4: Chemical structure of compound 4. 

 

2-(3,5-bis((E)-4-hydroxy-3-methoxystyryl)-1H-pyrazol-1-yl)-N-(prop-2-yn-1-

yl)acetamide (4): HOBt (0.017 g, 0.123 mmol, 1.23 eq) and TBTU (0.039 g, 0.12 mmol, 

1.2 eq) were added to a solution of the compound 3 (0.042 g, 0.1 mmol, 1 eq) in DMF dry 

(1mL). The reaction mixture was left in the dark, at r.t., under magnetic stirring for 15 

minutes.  Propargylamine (0.013mL, 0.2 mmol, 2 eq) and triethylamine (0.07 mL, 0.5 

mmol, 5 eq) were added and the reaction was left in the dark, at r.t., under magnetic 

stirring over night. The reaction was monitored by TLC. The solvent was evaporated in 

vacuum. The crude product was diluted with CH2Cl2 and washed three times with water. 
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The organic phase was dried with Na2SO4 and evaporated in vacuum to afford the crude 

product which was further purified by flash column chromatographic (eluent petroleum 

ether/ethyl acetate gradient from 3/7 to ethyl acetate) to afford the desired product as a 

powder (0.031 g, 68%). 
1
H NMR (400 MHz, CD3OD) δ ppm 7.38 – 6.73 (m, 11H, CH Ar 

and conjugated double bond), 5.12 (s, 2H CH2C=O), 4.04 (s, 2H, CH2NH), 3.96 – 3.83 (m, 

6H, OCH3), 2.63 (s, 1H, CH).
 13

C (100 MHz, CDCl3) δ ppm 169.31 (C=O) 152.55, 149.33, 

148.03, 145.63 (4Cq Ar), 135.08, 132.22 (2 CHAr), 130.75, 130.13 (2 CqAr), 122.07, 

121.40, 118.27, 116.46, 112.40, 111.08, 110.70, 100.52 (8 CHAr and conjugated double 

bond),80.27 (Cq), 72.42 (CH), 56.64, 56.55(2 CH3), 52.66 (CH2), 29.71(CH2). MS (ESI) 

calcd for [M + H]
+
 456.49; found [M + H]

+
 460.4.  

 

 

Figure S5: Chemical structure of compound 5. 

 

2-(3,5-bis((E)-4-hydroxy-3-methoxystyryl)-1H-pyrazol-1-yl)-N-(2-(2-(2-

hydroxyethoxy)ethoxy)ethyl)acetamide (5): HOBt (0.04 g, 0.291 mmol, 1.23 eq) and 

TBTU (0.091 g, 0.285 mmol, 1.2 eq) were added to a solution of the compound 3 (0.1 g, 

0.237 mmol, 1 eq) in DMF dry (1.05 mL). The reaction mixture was left in the dark, at r.t., 

under magnetic stirring for 15 minutes. 2-(2-(2-aminoethoxy)ethoxy)ethanol 9 (0.071 g, 

0.474 mmol, 2 eq) and triethylamine (0.2mL, 01.435 mmol, 6 eq) were added as a solution 

in DMF dry (0.5mL) and the reaction was left in the dark, at r.t., under magnetic stirring 

over night. The reaction was monitored by TLC. The solvent was evaporated in vacuum. 

The crude product was  purified by flash column chromatographic (eluent petroleum 

ether/ethyl acetate gradient from 1/4 to ethyl acetate/ethanol 9/1) to afford the desired 

product (0.048 g, 37%). 
1
H NMR (600 MHz, D2O) δ ppm 7.27 – 7.07 (m, 6H CH Ar and 

conjugated double bond), 6.96 – 6.90 (m, 3H CH Ar and conjugated double bond), 6.85 – 

6.78 (m, 2H CH Ar and conjugated double bond), 3.93 – 3.87 (m, 6H, OCH3), 3.61 – 3.58 

(m, 2H, CH2CH2OH), 3.57 – 3.53 (m, 2H, OCH2CH2OH), 3.52 – 3.49 (m, 2H, 

OCH2CH2N), 3.46 – 3.40 (m, 6H, CH2O, OCH2CH2N). 
13

C NMR (100 MHz, MeOD) δ 
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169.70 (C=O), 149.22, 148.52, 147.88, 145.58, 142.70 (5 CqAr), 134.99, 132.18 (2 

CHAr), 130.53, 129.97 (2 CqAr), 121.99, 121.32, 118.07, 116.34, 112.22, 110.73, 110.28, 

100.26 (8 CHAr and conjugated double bond), 73.44, 71.31, 71.20, 70.47, 70.37 (5 CH2), 

56.45, 56.35 (2 CH3), 52.62, 40.39 (2 CH2). MS (ESI) calcd for [M + H]
+
 554.60; found 

[M + H]
+
 554.70.  

 

 

Figure S6: Chemical structure of compound 6. 

 

2-(3,5-bis((E)-4-hydroxy-3-methoxystyryl)-1H-pyrazol-1-yl)-N-((1-(2-(2-(2-

hydroxyethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)acetamide (6): CuSO4·5H2O 

(0.057 mg, 0.228 mmol, 1.2 eq) was dissolved in water (2 mL) and  sodium ascorbate 

(0.057 g, 0.285 mmol, 1.5 eq) was added. . The reaction was stirred until the formation of 

an orange suspension. This freshly prepared catalyst was added to a solution of compond 4 

(0.086 g, 0.19 mmol, 1 eq) and 2-(2-(2-azidoethoxy)ethoxy)ethanol 8 (0.252 g, 0.91 mmol, 

1.2 eq) in THF (12 mL), stirring at r.t. until the formation of a light blue precipitate, which 

was removed by filtration. The crude product was  purified by flash column 

chromatographic (eluent gradient from ethyl acetate to ethyl acetate/methanol 9/1) to 

afford the desired product (0.103 g, 72%). 
1
H NMR (400 MHz, CD3OD) δ ppm 7.83 (s, 

1H, H triazole), 7.16 – 6.72 (m, 11H CH Ar and conjugated double bond), 4.97 (s, 2H, 

CH2C=O), 4.47 (s, 2H, NHCH2), 4.38 (t, J = 4.99 Hz, 2H, NCH2CH2O), 3.91 – 3.86 (m, 

6H, OCH3), 3.75 (t, J = 4.93, 2H, NCH2CH2O), 3.64 – 3.57 (m, 2H, OCH2CH2OH), 3.55 – 

3.49 (m, 4H, OCH2CH2OH, OCH2CH2O), 3.48 – 3.43 (m, 2H, CH2O). 
13

C NMR (100 

MHz, MeOD) δ 169.65 (C=O), 152.46, 149.30, 149.23, 147.98, 145.81, 145.55 (6 CqAr), 

134.92, 132.19 (2 CHAr), 130.59, 129.96 (2 CqAr), 125.11, 122.03, 121.35, 118.14, 

116.36, 112.28, 110.71, 110.35, 100.33 (9 CHAr and conjugated double bond), 73.62, 

71.39, 71.34, 70.22, 62.20 (5 CH2), 56.49, 56.39 (2 CH3), 51.28, 35.78 (2 CH2).MS (ESI) 

calcd for [M + H]
+
 635.28; found [M + H]

+
 635.5. 
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Figure S7: Chemical structure of 2-(2-(2-azidoethoxy)ethoxy)ethanol. 

 

2-(2-(2-azidoethoxy)ethoxy)ethanol: this compound was sinthesyze according to the 

procedure of Schneekloth et al..
280

 

 

 

Figure S8: Chemical structure of 2-(2-(2-aminoethoxy)ethoxy)ethanol. 

 

2-(2-(2-aminoethoxy)ethoxy)ethanol: 2-(2-(2-azidoethoxy)ethoxy)ethanol (200 mg, 

1.14 mmol, 1 eq) was dissolved in methanol and Pd Lindlar on charcoal was added to the 

solution. The black suspension was stirred under hydrogen atmosphere over night at r.t. 

The resulting mixture was filtered through a nylon membrane filter 0.45 m to obtain the 

analytically pure 2-(2-(2-aminoethoxy)ethoxy)ethanol in a quantitative yield. The 
1
H-NMR 

and 
13

C-NMR agree with the characterization reported by Sato et al..
281

 

 

 

Figure S9: Chemical structure of 24. 

 

3-deoxy-3-azido-1,2-dipalmitoyl-sn-glycerol (24): The 3-azido-1,2-diol-propane 26 was 

synthesized according to the procedure of Kazemi et al..
282

 Lithium tetrafluoroborate 

(0.190 g, 2 mmol, 0.2 eq) and sodium azide (1.30 g, 20 mmol, 2 eq) were added to a 

solution of 2-oxiranylmethanol (0.660 mL, 10 mmol, 1 eq) in 30 mL of t-butanol/H2O 

(30:1). The reaction mixture was stirred under reflux for 2 h. The solvent was removed and 

the crude product was purified by chromatography on short column of silica-gel to 

eliminate salts. This purified azido alcohol, as a very unstable compound, was used in the 

next step without further characterization. Palmitoyl chloride (6.55 mL, 21.6 mmol, 2.4 eq) 

was added dropwise under argon to a solution of 1 (1.05 g, 9 mmol, 1 eq) and dry pyridine 

(2.9 mL, 36 mmol, 4 eq) in dry CH2Cl2 (50 mL). The resulting solution was stirred until 
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disappearance of starting material. The reaction mixture was diluted with CH2Cl2 and 

washed with an aqueous solution of HCl (5 %) and the aqueous layer was extracted with 

CH2Cl2 three times. The combined organic layer was dried with Na2SO4 and evaporated. 

The crude was purified by flash chromatography (eluent petroleum ether/AcOEt 99/1) to 

afford the title compound 2 (4.45 g, 7.5 mmol, 75 % over the two steps) as white wax. 
1
H 

NMR (400 MHz, CDCl3) δ ppm 5.21 – 5.14 (m, 1H, 17), 4.29 (dd, J = 11.9, 4.4 Hz, 1H, 

16a), 4.14 (dd, J = 11.9, 5.6 Hz, 1H, 16b), 3.46 (m, 2H, 18), 2.38 – 2.28 (m, 4H, 15,15‟), 

1.68 – 1.56 (m, 4H, 14,14‟), 1.25 (bs, 48H, 2-13, 2‟-13‟), 0.88 (t, J = 6.6 Hz, 6H, 1,1‟);
 13

C 

(100 MHz, CDCl3) δ ppm 173.40, 173.03 (2 C=O), 70.08 (CH), 62.49, 51.07, 34.39, 34.24, 

32.16, 29.93, 29.89, 29.85, 29.70, 29.60, 29.49, 29.33, 29.29, 25.08, 25.03, 22.92 (16 

CH2), 14.34(CH3); MS (ESI) calcd for [M + H]
+
 594.93; found [M + H]

+
 594.89. 

 

 

Figure S10: Chemical structure of 33. 

 

(9H-fluoren-9-yl)methyl prop-2-yn-1-ylcarbamate (33): Commercial propargylamine 

(0.277 mL, 4.34 mmol, 1 eq) was dissolved in dioxane (17 mL) and a 0.8 M aqueous 

solution of Na2CO3 (14 mL) was added. A solution of FmocCl (1.343 g, 5.2 mmol, 1.2 eq) 

in dioxane (17 mL) was freshly prepared and added dropwise to the amine solution. The 

reaction was stirred for 1 h, until the disappearance of the starting material. The mixture 

was diluted with ethyl acetate and washed with H2O three times. The organic layer was 

dried with Na2SO4 and concentrated. The crude solid was recrystallized from EtOAc to 

afford compound 6 (0.780 g, 2.81 mmol, 65 %) as white powder. The 
1
H-NMR and 

13
C-

NMR agree with the characterization reported by Horne et al..
283
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Figure S11: Chemical structure of 34. 

 

3-deoxy-1,2-dipalmitoyl-3-(4'-(9H-fluoren-9''-yl)methoxy-methylcarbamoyl-1H-

1',2',3'-triazol-1'-yl)-sn-glycerol (34): CuSO4·5 H2O (0.227 g, 0.91 mmol, 1.2 eq) was 

dissolved in H2O (4 mL) and sodium ascorbate (0.226 g, 1.14 mmol, 1.5 eq) was added. 

The solution was stirred until the formation of an orange suspension. This freshly prepared 

catalyst was added to a solution of compound 24 (0.450 g, 0.76 mmol, 1 eq) and compound 

33 (0.252 g, 0.91 mmol, 1.2 eq) in THF (12 mL), stirring at R.T. until the formation of a 

light blue precipitate, which was removed by filtration. The filtrate was diluted with ethyl 

acetate and washed with water three times. The combined organic layer was anhydrificated 

with Na2SO4 and evaporated under reduced pressure. The crude product was purified by 

flash chromatography (eluent petroleum ether/ethyl acetate gradient from 9/1 to 1/1) to 

afford the compound 3 (0.578 mg, 0.66 mmol, 87%) as light yellow oil. 
1
H NMR (400 

MHz, CDCl3) δ ppm 7.75 (d, J = 7.5 Hz, 2H, 26,26‟), 7.60 – 7.54 (m, 3H, 19,23,23‟), 7.39 

(t, J = 7.4 Hz, 2H, 25,25‟), 7.29 (t, J = 7.4 Hz, 2H, 24,24‟), 5.55 – 5.48 (m, 1H, NH), 5.42 

– 5.32 (m, 1H, 17), 4.63 – 4.52 (m, 2H, 18), 4.49 – 4.43 (m, 2H, 17), 4.41 – 4.35 (m, 2H, 

21), 4.30 (dd, J = 12.1, 4.4 Hz, 1H, 16a), 4.24 – 4.13 (m, 1H, 22), 4.05 (dd, J = 12.1, 5.2 

Hz, 1H, 16b), 2.37 – 2.24 (m, 4H, 15,15‟), 1.66 – 1.48 (m, 4H, 14,14‟), 1.36 – 1.17 (m, 

48H, 2-13, 2‟-13‟), 0.87 (t, J = 6.8 Hz, 6H, 1,1‟); 
13

C NMR (100 MHz, CDCl3) δ ppm 

173.37, 172.79, 156.62 (3 C=O), 145.46, 144.01, 141.51 (3 CqAr), 127.94, 127.27, 125.29, 

123.24, 120.23 (5 CHAr), 69.51 (CH), 67.16, 62.19, 50.31 (3 CH2), 47.35 (CH), 36.61, 

34.24, 32.17, 29.95, 29.92, 29.88, 29.73, 29.62, 29.53, 29.50, 29.37, 29.27, 25.08, 24.97, 

22.95 (15 CH2), 14.40 (CH3); MS calcd for [M + H]
+ 

872.27; found [M + H]
+
 872.24. 
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Figure S12: Chemical structure of 35. 

 

3-deoxy-1,2-dipalmitoyl-3-(4'-methyl (O-(2-azidoethyl)-heptaethylenglycol-2-yl)-

ethylcarbamoylmethoxy ethylcarbamoyl-1H-1',2',3'-triazol-1'-yl)-sn-glycerol (35) 

[Lipid-PEG-N3]:  

Compound 34 (0.250 g, 0.29 mmol, 1.1 eq) was dissolved in dry DMF (3 mL) and 

piperidine (26 L, 10 L/0.11 mmol) was added. The reaction was stirred until the 

complete disappearance of the starting material. The reaction mixture was evaporated 

under high vacuum to afford the analytically pure compound 22. This compound was 

dissolved in CH2Cl2 (5 mL) and was added dropwise to a solution of O-(2-azidoethyl)-O‟-

(N-diglycolyl-2-aminoethyl)heptaethyleneglycol (0.145 g, 0.26 mmol, 1 eq), TBTU 

(0.109 g, 0.34 mmol, 1.3 eq) and DIPEA (60 L, 0.34 mmol, 1.3 eq) in CH2Cl2 after 20 

min of stirring. The reaction mixture was stirred for 3 days until the disappearance of the 

starting polyethyleneglycol compound. The reaction solution was evaporated under 

reduced pressure and the crude product was purified by flash chromatography (eluent ethyl 

acetate/methanol 95/5) do afford the compound 35 (0.285 g, 0.24 mmol, 92 %), as white 

solid. 
1
H-NMR (400 MHz, CDCl3) δ ppm 7.91 – 7.84 (m, 1H, 21), 7.60 (s, 1H, 19), 7.48 – 

7.40 (m, 1H, 24), 5.34 – 5.27 (m, 1H, 17), 4.53 – 4.44 (m, 4H, 18,20), 4.25 (dd, J = 12.1, 

4.0 Hz, 1H, 16a), 4.02 – 3.94 (m, 5H, 16b,22,23), 3.65 – 3.53 (m, 32H, 26,27,28,29), 3.47 

– 3.38 (m, 2H, 25), 3.36 – 3.29 (m, 2H, 30), 2.30 – 2.19 (m, 4H, 15,15‟), 1.60 – 1.45 (m, 

4H, 14,14‟), 1.30 – 1.13 (m, 48H, 2-13, 2‟-13‟), 0.81 (t, J = 6.6 Hz, 6H, 1,1‟); 
13

C NMR 

(100 MHz, CDCl3) δ ppm 173.28, 172.73, 169.15, 168.92 (4 C=O), 145.07 (CqAr), 123.82 

(CHAr), 71.05, 70.96, 70.78, 70.61, 70.19, 69.94 (6 CH2), 69.49 (CH), 62.16, 50.81, 50.24, 

38.98, 34.36, 34.15, 32.10, 29.88, 29.84, 29.81, 29.67, 29.54, 29.46, 29.45, 29.30, 29.21, 

25.01, 24.91, 22.87 (19 CH2), 14.33 (CH3); HRMS calcd for [M + Na]
+ 

1207.8139; found 

[M + Na]
+ 

1207.8204. 
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Figure S13: Chemical structure of 36. 

 

3-deoxy-1,2-dipalmitoyl-3-(4'-(O-(2-(4''-(2-(3''',5'''-di(4-hydroxy-3-metoxystyryl)-1H-

pyrazol-1'''-yl)-ethylcarbamoyl)-methyl-1H-1'',2'',3''-triazol-1''-yl-ethyl)-

heptaethylenglycol-2-yl)-ethylcarbamoylmethoxyethylcarbamoyl-methyl-1H-1',2',3'-

triazol-1'-yl)-sn-glycerol (36): For this synthesis two different procedures were followed: 

Procedure A: CuSO4·5 H2O (0.007 g, 27.5 mol, 1.2 eq) was dissolved in H2O (0.6 mL) 

and sodium ascorbate (0.007 g, 34.4 mol, 1.5 eq) was added. The solution was stirred 

until the formation of an orange suspension. This freshly prepared catalyst was added to a 

solution of compound 35 (0.027 g, 23 mol, 1 eq) and compound 4 (0.013 g, 27.5 mol, 

1.2 eq) in THF (1.8 mL). The mixture was stirred at r.t. until the formation of a light blue 

precipitate, which was removed by filtration. The filtrate was evaporated under reduced 

pressure. The crude product was purified by flash chromatography (eluent ethyl acetate 

/methanol 85/15) to afford the compound 36 (0.025 g, 15.2 mol, 87%) as brown wax. 
1
H-

NMR (400 MHz, CDCl3) δ ppm 8.03 - 7.91 (m, 1H, 21), 7.75 - 7.60 (m, 2H, 19,31), 7.50 – 

7.43 (m, 1H, 24), 7.19 – 7.06 (m, 1H, 33), 7.08 – 6.81 (m, 9H, 

36,37,39,41,42,44,45,46,47), 6.73 – 6.61 (m, 2H, 38,40), 5.41 – 5.30 (m, 1H, 17), 4.91 (s, 

2H, 34), 4.60 – 4.46 (m, 6H, 20,32,18), 4.41 – 4.33 (m, 2H, 30), 4.29 (dd, J = 11.5, 3.5 Hz, 

1H, 16a), 4.06 – 3.97 (m, 5H, 16b,22,23), 3.96 – 3.84 (m, 6H, 35,43), 3.71 – 3.79 (m, 2H, 

29), 3.65 – 3.50 (m, 30H, 28,27,28), 3.49 – 3.43 (m, 2H, 25), 3.42 – 3.34 (m, 2H, 30), 2.35 

– 2.23 (m, 4H, 15,15‟), 1.67 – 1.52 (m, 4H, 14,14‟), 1.35 – 1.15 (m, 48H, 2-13,2‟-13‟), 

0.86 (t, J = 6.2 Hz, 6H, 1,1‟); 
13

C NMR (100 MHz, CDCl3) δ ppm 173.41, 172.86, 169.32, 

169.12, 167.84 (5 C=O), 147.33, 147.16, 146.98, 146.16 (4 CqAr), 134.21, 131.09 (2 
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CHAr), 129.62, 128.67 (2 CqAr), 121.31, 120.89, 117.87, 115.20, 114.94, 111.15, 108.93, 

108.36 (8 CHAr and CH conjugated C=C), 70.97, 70.93, 70.60, 70.25, 69.96 (5 CH2), 

69.52 (CH), 69.45 (CH2), 68.51 (CH), 68.23, 62.21 (2 CH2), 56.29, 56.09 (2 CH), 50.40, 

39.05, 35.15, 34.20, 32.14, 29.92, 29.88, 29.72, 29.59, 29.50, 29.35, 29.26, 25.05, 24.95, 

22.92 (15 CH2), 19.03, 14.37 (2 CH3); MS calcd for [M + Na]
+ 

1666.99; found [M + Na]
+ 

1667.14. 

Procedure B: CUR-alkyne derivative 4 (7 mg, 15.18 μmole, 1.2 eq), Lipid-peg-N3 35 

(15 mg, 12.6 mol, 1 eq), CuBr (3.63 mg, 25.3 mol, 2 eq) and PMDTA (21.1 μl, 101.2 

μmole, 8 eq) were dissolved in 700 μl Acetonitrile (AcCN). Sodium ascorbate in H2O (10 

mg, 50.6 μmole, 2 eq) was added and the reaction mixture was sealed and kept at room 

temperature. TLC and HPLC analysis of the reaction mixture showed that 10 min after 

sodium ascorbate addition 9 was completely reacted and 10 was selectively produced. The 

reaction mixture was vortexed to remove a light blue precipitate formed during the reaction 

and the reaction mixture was subjected to purification. AcCN was removed under reduced 

pressure and the oily product was re-dissolved in CHCl3. The chloroform phase was 

acidified with 5% aq. HCl and extracted three times with 0.05% aq. NaCl. The organic 

phase was dried over Na2SO4 and was further purified using a 10 mL silica gel column 

using CHCl3/MeOH (9:1) as eluent to afford 10 (19.15 mg, 11.64 mol, 92%).  
1
H and 

13
C-NMR analysis had the same profile as in procedure A. MS calcd for [M + H]

+
 1645.01;

 

found [M + H]
+
: 1645.48. 

 

 

Figure S14: Chemical structure of 37. 
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1,2-dipalmitoyl-3-(2-(1,7-bis(4-hydroxy-3-methoxyphenyl)-3,5-dioxohept-6-

enylthio)ethylphospho)-sn-glycerol [DPS-curcumin] (37): Curcumin (0.129 g, 

0.35 mmol, 3 eq) was dissolved in CH2Cl2 and DIPEA (1.76 mmol, 0.3 mL, 15 eq). The 

mixture is flushed with N2 at r.t. for 10 min and 1,2-dipalmitoyl-sn-glycero-3-

phosphothioethanol (sodium salt) [DPSH] (0.085 g, 0.12 mmol, 1 eq) dissolved in N2 

degassed CH2Cl2 is added slowly within 2 hours. The mixture is further reacted overnight 

under continuous N2 atmosphere at r.t.. The reaction mixture is subjected to purification 

using a 20 mL silica gel column prewashed with 100 mL CHCl3. The silica was washed 

with additional 20 mL CHCl3 followed by 20 mL of each of the following CHCl3/MeOH 

mixtures: 40/1, 30/1, 20/1, 15/1, 12.5/1, 10/1, 7.5/1, 5/1, 4/1, 3/1, MeOH. Fractions 5/1 and 

4/1 were combined and concentrated under reduced pressure to afford 11 (96.74 mg, 

0.088 mmol, 75 %). 
1
H NMR (400 MHz, MeOD) δ ppm 7.47-6.55 (m, 8H, 

22,26,27,28,30,31,32,33), 5.22-5.12 (m, 1H, 17), 4.6-4.53 (m, 1H, 23), 4.38 (dd, 1H, 16a), 

4.30-4.11 (m, 3H, 16b, 25), 4.04-3.92 (m, 4H, 18, 19), 3.90-3.82 (m, 6H, 21,29), 2.93-2.7 

(m, 3H, 20, 24a), 2.6-2.49 (m, 1H, 24b), 2.3-2.2 (m, 4H, 15,  15΄), 1.67-1.5 (m, 4H, 14΄, 

14΄΄), 1.40-1.20 (m, 48H, 2-13, 2΄-13΄), 0,90 (t, 6H, 1, 1΄), OH signal not detected; ESI-

MS: [M + Na]
+
 calc. 1121.57 [M + Na]

+
 found: 1121.88. 

 

 

Figure S15: Chemical structure of 44. 

 

Cur-PEG2000 conjugate (44): CuSO4·5 H2O (0.011 g, 44 mol, 1.2 eq) was dissolved in 

H2O (1 mL) and sodium ascorbate (0.011 g, 55.5 mol, 1.5 eq) was added. The solution 

was stirred until the formation of an orange suspension. This freshly prepared catalyst was 

added to a solution of compound 4 (0.027 g, 44 mol, 1.2 eq) and compound 43 (0.075 g, 

37 mol, 1 eq) - synthesized as presented by Nicolas et al.
273

 - in THF (3 mL). The mixture 

was stirred at r.t. until the formation of a light blue precipitate, which was removed by 
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filtration. The filtrate was evaporated to remove organic solvent under reduced pressure. A 

solution of EDTA 1 M (1 mL) was then added to the aqueous residue and it was dialyzed 

extensively. The purification afforded the compound 44 (0.080 g, 32 mol, 86%) as brown 

wax. 
1
H NMR (300 MHz, CD3(C=O)CD3) δ ppm 7.83 (s, 1H, H triazole), 7.16 – 6.72 (m, 

11H CH Ar and conjugated double bond), 4.97 (s, 2H, CH2C=O), 4.47 (s, 2H, NHCH2), 

4.38 (bt,  2H, NCH2CH2O), 3.91 – 3.86 (m, 6H, OCH3), 3.62–3.45 (m, 188H, 

OCH2CH2O).  

 

 

Figure S16: Chemical structure of 45. 

 

Cur-PEG2000-CA (45): In a 25 mL round bottom flask containing Cur-PEG2000 44 

(0.0654 g, 26.3 mol, 1 eq), cyanoacetic acid (0.00027 g, 31.6 mol, 1.2 eq) and 

CH2Cl2/AcOEt (2:1, 1 mL) were introduced dropwise by a syringe, a solution of DCC 

(0.0065 g, 31.6 mol, 1.2 eq) and DMAP (catalytic amount) in CH2Cl2/AcOEt (2:1, 

0.5 mL). The reaction medium was stirred during 24 h at room temperature under argon 

atmosphere. The solid was filtered off and the solvent was removed under reduced 

pressure. The solid was then purified by precipitation from cold Et2O, filtered and dried 

under vacuum overnight to give a fine, white powder: 0.050 g (74 %). 
1
H NMR (300 MHz, 

CD3(C=O)CD3) δ ppm 7.83 (s, 1H, H triazole), 7.16 – 6.72 (m, 11H CH Ar and conjugated 

double bond), 4.97 (s, 2H, CH2C=O), 4.47 (s, 2H, NHCH2), 4.32 (bt, 2H, COOCH2CH2), 

4.38 (bt,  2H, NCH2CH2O), 3.91 – 3.86 (m, 6H, OCH3), 3.62–3.45 (m, 188H, 

OCH2CH2O).  
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Figure S17: Chemical structure of HDCA. 

 

Hexadecyl cyanoacetate (HDCA): HDCA was synthesized as follows. In a 250 mL round 

bottom flask containing hexadecane-1-ol (10.65 g, 44 mmol), cyanoacetic acid (7.48 g, 88 

mmol), EtOAc (5 mL) and CH2Cl2 (50 mL) were introduced dropwise by a syringe over 

ca. 20 min, a solution of DCC (9.98 g, 48.4 mmol) and DMAP (120 mg, 0.82 mmol) in 

DCM (50 mL). The reaction medium was stirred during 24 h at ambient temperature under 

argon atmosphere. The solid was filtered off and the solvents were removed under reduced 

pressure. The solid was then purified by flash chromatography (SiO2, hexane/EtOAc; 5:1; 

v:v) to give a fine, white powder: 12.9 g (95 %). 
1
H NMR (300 MHz, CDCl3) δ ppm 4.20 

(t, J = 6.8 Hz, 2H, COOCH2CH2), 3.45 (s, 2H, CNCH2), 1.67 (m, J = 13.6, 6.8 Hz, 2H, 

COOCH2CH2), 1.14–1.50 (m, 26H, CH2), 0.88 (t, J = 7.0 Hz, 3H, CH2CH3). 

 

 

Figure S18: Chemical structure of MePEGCA. 

 

Methoxypoly(ethylene glycol) cyanoacetate (MePEGCA): MePEGCA was synthesized 

as follows. In a 100 mL round bottom flask containing poly(ethylene glycol) monomethyl 

ether (11.0 g, 5.5 mmol), cyanoacetic acid (0.955 g, 11.0 mmol) and CH2Cl2 (30 mL) were 

introduced dropwise by a syringe over ca. 20 min, a solution of DCC (2.27 g, 11.0 mmol) 

and DMAP (60 mg, 0.41 mmol) in CH2Cl2 (10 mL). The reaction medium was stirred 

during 24 h at room temperature under argon atmosphere. The solid was filtered off and 

the solvent was removed under reduced pressure. The solid was then purified by 

recrystallization from isopropanol, filtered and dried under vacuum overnight to give a 

fine, white powder: 10.7 g (94 %). 
1
H NMR (300 MHz, CDCl3) δ ppm 4.32 (t, 2H, J = 4.5 

Hz, COOCH2CH2), 3.25–3.92 (m, 172H, OCH2CH2O), 3.53 (s, 2H, CNCH2), 3.34 (s, 3H, 

OCH3). 
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Figure S19: Chemical structure of 46. 

 

Poly[hexadecyl cyanoacrylate-co-CurPEG2000cyanoacrylate-co-methoxypoly (ethylene 

glycol) cyanoacrylate] (P(HDCA-co-CurPEGCA-co-MePEGCA)) copolymer (46): In a 

25 mL round bottom flask containing MePEGCA (0.258 g, 123.8 mol, 9 eq), HDCA 

(0.170 g, 550.4 mol), Cur-PEG2000-CA 45 (0.035 g, 13.8 mol, 10 mol.% in the initial 

PEGylated cyanoacetate mixture), EtOH (1.42 mL) and CH2Cl2 (2.84 mL) under magnetic 

stirring, was sequentially introduced formaldehyde (0.345 mL, 4.63 mmol) and pyrrolidine 

(14.5 L, 0.176 mmol). The mixture was allowed to stir during 24 h at room temperature 

and was then concentrated under reduced pressure. The residue was taken into CH2Cl2 and 

washed multiple times with water. The resulting organic layer was dried over MgSO4, 

filtered and concentrated under reduced pressure and dried under vacuum to give a brown, 

waxy solid. Quantification of CurPEG2000CA in the copolymers was not undertaken due to 

its very low percentage, which would have led to strong inaccuracies. 

 

 

Figure S20: Chemical structure of RCA. 
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Rhodamine B cyanoacetate (RCA): The Rhodamine B cyanoacetate monomer was 

synthesized as follows. In a round bottom flask, Rhodamine B alcohol (0.450 g, 0.74 

mmol, 1 eq) and cyanoacetic acid (0.127 mg, 1.49 mmol, 2 eq) were dissolved in a mixture 

of CH2Cl2 (10 mL) and EtOAc (1 mL). The resulting solution was bubbled for 30 min with 

N2 while cooling down to 0 °C in an ice/water bath. To this solution was added dropwise 

over 20 min at 0 °C under N2 a solution of DCC (0.169 g, 0.82 mmol, 1.1 eq) and DMAP 

(cat. amount) in CH2Cl2 (10 mL). The reaction mixture was allowed to warm to room 

temperature and then stirred for 24 h. The resulting solution was filtered off to remove 

insoluble dicyclohexylurea and the precipitate was rinsed with dichloromethane until only 

a faint purple coloration was observed. The mother liquors were concentrated, redissolved 

in a minimum amount of CH2Cl2 and precipitated in a large volume of cold diethyl ether. 

The precipitate was filtered and dried under high vacuum to give the pure product as 

purple crystals: 0.33 mg (70 % yield). 
1
H NMR (300 MHz, CDCl3) δ ppm 7.60–7.78 (m, 

2H, HAr), 7.29 (d, 1H, J = 7.6 Hz, HAr), 7.18 (d, 2H, J = 9.2 Hz, HAr), 6.98 (d, 2H, J = 

6.98 Hz, HAr), 6.72 (s, 2H, HAr), 4.25 (t, 2H, J = 6.0 Hz, CH2CN), 3.72 (s, 2H, 

CH2OCO), 3.70 (bs, 4H, CH2NC=O), 3.61 (q, 8H, J = 7.0 Hz, CH3CH2N), 3.27 (bs, 4H, 

NCH2CH2NCH2), 3.20 (t, 2H, NCH2(CH2)2O), 2.17 (t, 2H, J = 6.2 Hz, CH2CH2CH2), 1.31 

(t, 12H, J = 7.0 Hz, CH3CH2N). ESI-MS: [M + H]
+
 calc. 636.35; [M + H]

+
 found: 635.5. 

 

 

Figure S21: Chemical structure of P(HDCA-co-RCA-co-MePEGCA). 

 

Poly[hexadecyl cyanoacrylate-co-rhodamine B cyanoacrylate-co-methoxypoly 

(ethylene glycol) cyanoacrylate] (P(HDCA-co-RCA-co-MePEGCA)) fluorescent 

copolymer: A typical synthesis of P(HDCA-co-RCA-co-MePEGCA) fluorescent 

copolymer was as follows. In a 50 mL round bottom flask containing MePEGCA (0.4 g, 

0.19 mmol), HDCA (0.26 g, 0.84 mmol), RCA (29.72 mg, 11 mol, 1.10 mol.% in the 
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initial cyanoacetate mixture), EtOH (5 mL) and DCM (10 mL) under magnetic stirring, 

was sequentially introduced dropwise by a syringe over ca. 20 min, formaldehyde (0.4 mL, 

5.3 mmol) and pyrrolidine (20 μL, 0.24 mmol). The mixture was allowed to stir during 24 

h at room temperature and was then concentrated under reduced pressure. The residue was 

taken into CH2Cl2 and washed multiple times with water. The resulting organic layer was 

dried over MgSO4, filtered and concentrated under reduced pressure and dried under 

vacuum to give a purple, waxy solid. Quantification of RCA in the copolymers was not 

undertaken due to its very low percentage, which would have led to strong inaccuracies. 

 

5.1.3. Identification and Quantification of 36 in liposomal dispersion 39 

 

 

 

Figure S22: Α) HPLC-UV analysis of compound 36 dissolved in CHCl3; column: Lichrosphere 100 

RP-18 (5 m column:); mobile phase: CHCl3/MeOH (9:1) + 0.08% TFA (isocratic); flow rate: 

1 mL/min; detection at 330 nm. B) HPLC-UV analysis of freeze-dried liposomal dispersion 39 

dissolved in CHCl3; HPLC condition as in (A). C) ESI-MS of compound 36. 
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Identification of 36 in liposomal dispersion 39 was achieved both by ESI-MS of the 

liposomal dispersion 39 and ESI-MS analysis of the purified by HPLC liposomal 

dispersion 39 (Figure S22 B). 

Quantification of 36 in final liposomal dispersion 39 after liposomal click reaction is 

achieved by HPLC analysis of a specific quantity of freeze-dried liposomal dispersion and 

integration of the corresponding peak. The area of the peaks of known quantities of 

synthesized in organic media compound 36 are compared to the corresponding area of the 

freeze-dried liposomal dispersions in which compound 36 has been incorporated in their 

lipid (Figure S22).  

 

5.2. Peptide synthesis and purification. 

 

Aβ1-40, and Aβ1-42 were prepared by solid-phase peptide synthesis on a 433A synthesizer 

(Applied Biosystems) using Fmoc-protected L-amino acid derivatives, NOVASYN-TGA 

resin on a 0.1 mM scale.
284

 Peptides were cleaved from the resin as previously described
285

 

and purified by reverse phase HPLC on a semi-preparative C4 column (Waters) using 

water:acetonitrile gradient elution. Peptide identity was confirmed by MALDI-TOF 

analysis (model Reflex III, Bruker). Peptide purity was always above 95%. 

 

5.3. NMR spectroscopy binding studies. 

 

NMR experiments were recorded on a Bruker 600-MHz Advance equipped with a Bruker 

CryoProbe and a z-axis gradient coil. A batch of Aβ1-42 was selected that contained pre-

amyloidogenic seeds highly toxic to N2a cells. Immediately before use, lyophilized Aβ1-42 

was dissolved in 10 mM NaOD in D2O at a concentration of 80 M, then diluted 1:1 with 

10 mM phosphate buffer saline, pH = 7.4 containing 150 mM NaCl (PBS) and one of the 

tested compounds. Compounds 2, 3, 4, 5 and 6 were dissolved in 10 mM NaOD in D2O 

and then diluted in PBS, pH = 7.4, sonicated for 1 h and added to the peptide solution. The 

pH of each sample was verified with a Microelectrode (Mettler Toledo) for 5 mm NMR 

tubes and adjusted with NaOD or DCl. All pH values were corrected for isotope effect. For 

STD, a train of Gaussian-shaped pulses each of 50 ms was employed to saturate selectively 
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the protein envelope; the total saturation time of the protein envelope was adjusted by the 

number of shaped pulses and was varied between 3 s and 0.3 s. 

 

5.4. Electron Microscopy (EM). 

 

Aβ1-42 was dissolved at the final concentration of 110 M, as previously described, in the 

presence or in the absence of a twofold concentration of test compounds. After five days of 

incubation at 37 °C, samples were diluted to 5 M and 10 L of peptide solution was 

dropped onto copper formvar carbon-coated 400-mesh EM grids (AGAR Scientific, 

Stansted, UK) and removed after 5 minutes. Samples were then stained with a saturated 

solution of uranyl acetate in water for 5 minutes. EM was done with a Zeiss Libra 120 

transmission electron microscope operating at 120 kV equipped with a Proscan Slow Scan 

CCD camera (Carl Zeiss SMT, Oberkochen, Germany). In parallel the compounds alone 

were analyzed at the same experimental conditions. 

 

5.5. Atomic Force Microscopy (AFM). 

 

Peptide samples were diluted to the final concentration of 5 µM with 10 mM HCl and 

60 L of sample were immediately spotted onto a freshly cleaved muscovite mica disk 

(Veeco/Digital Instruments, Mannheim, Germany) and incubated for 5 minutes. The disk 

was then washed with copious amounts of milliQ water and dried under a gentle nitrogen 

stream. Samples were mounted onto a Multimode AFM with a NanoScope V system 

(Veeco/Digital Instruments, Mannheim, Germany) operating in Tapping Mode using 

standard phosphorus-doped silicon probes (Veeco, Mannheim, Germany). 

 

5.6. Sections Staining. 

 

Brains from Tg CRND8 mice encoding a double mutant form of amyloid precursor protein 

695 (KM670/671NL+V717F) under the control of the PrP gene promoter were dissected 

and immediately frozen at -80°C until use. To investigate the  binding of the compounds to 

amyloid plaques, cryostatic 20 m sections obtained from fresh tissue and mounted on 

gelatin coated microscope slides that were covered with a solution of 
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EtOH:water 50:50 (v/v) containing the different test compounds. After 30 min of 

incubation the section were washed two times with PBS 10 mM. Thereafter, the sections 

were incubated sequentially in EtOH 70 %, EtOH 96% and xylene before the application 

of the coverslip. Samples were observed with an OlympusBX51 microscope with filter 

UV(Ex 330-385 nm / Em > 420) and FITC (Ex 450-480 nm / Em > 515); pictures were 

obtained with an Olympus Camedia C-5060 Digital Compact Camera in wide field and 

fluorescent observation. Thioflavin T staining (6 M) was used as reference compound. 

 

5.7. Preparation of polymeric nanoparticles 

 

Nanoparticles were prepared by the nanoprecipitation technique.6 In practice, the 

copolymer (50% of CUR derivatized co-polymer + 50% Rhodamine labelled co-polymer) 

(20 mg) was dissolved in acetone (2 mL), and the copolymer solution was added dropwise 

to an aqueous solution 0.5 % (w/v) of Pluronic F68 (4 mL) under vigorous mechanical 

stirring. A purple suspension was observed almost instantaneously. Acetone was then 

evaporated under reduced pressure and nanoparticles were purified by ultracentrifugation 

(150 000 g, 1 h, 4 °C, Beckman Coulter, Inc.). The supernatant was discarded and the 

pellet was resuspended in the appropriated volume of water to yield a stable nanoparticles 

suspension of 5 mg/mL. 

 

5.8. Nanoparticles characterization.  

 

The nanoparticles diameter (Dz) was measured by Dynamic Light Scattering (DLS) with a 

Nano ZS from Malvern (173° scattering angle) at 25 °C. DLS measurements were used to 

monitor the nanoparticles stability as a function of time incubated in the buffer employed 

for capillary electrophoresis experiments, at 4 and 37°C. 

 

5.9. Capillary electrophoresis.  

 

CE was performed on PA 800 instrument (Beckman Coulter, Roissy, France) using 

uncoated silica capillaries (Phymep, Paris) with an internal diameter of 50 µm and 50 cm 

total length (40 cm effective length was employed for the separation). All buffers were 
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prepared with deionised water and were filtered through a 0.22 μm membrane (VWR) 

before use. Before analysis, the capillaries were preconditioned by the following rinsing 

sequence: 0.1 M NaOH for 5 min, 1 M NaOH for 5 min and then deionised water for 

5 min. The in-between-runs rinsing cycles were carried out by pumping sequentially 

through the capillary: water for 5 min, 50 mM SDS for 2 min (to inhibit the aggregation 

and subsequent peptide adsorption on the capillary wall
286

), and 0.1 M NaOH for 5 min. 

The samples were introduced into the capillary by hydrodynamic injection under 3.4 kPa. 

The capillary was thermostated at 25 °C and the samples were maintained at 37°C by the 

storage sample module of the PA 800 apparatus. The separations were carried out at 16 kV 

with positive polarity at the inlet using 80 mM phosphate buffer pH 7.4. The electrolyte 

was renewed after each run. The peptides were detected by a Laser-Induced Fluorescence 

(LIF) detection system equipped with 3.5 mW argon-ion laser with a wavelength excitation 

of 488 nm, the emission being collected through a 520 nm band-pass filter or by Diode-

Array Detector (DAD) at 190 nm. Peak areas were estimated using the 32 Karat™ 

software (Beckman Coulter). 

 

5.9.1. Peptide samples preparation and storage.  

 

Lyophilized HiLyte Fluor
TM

 labelled Aβ1-42 peptide was dissolved in 0.16% (m/V) 

ammonium hydroxide aqueous solution to reach a concentration of 2 mg.mL
-1

. The 

fluorescent peptide solutions were then divided into aliquots individually stored at -20°C 

which were thawed just prior to analysis.  

 

5.9.2. Capillary electrophoresis experiments.  

 

To study the interaction between the monomeric form of the Aβ1-42 peptide and the 

nanoparticles, aliquots of HiLyte Fluor
TM

 labelled Aβ1-42 peptide stock solutions were 

diluted in 20 mM phosphate buffer (NaH2PO4) at pH 7.4 containing a 20 µM   P(HDCA-

co-CurPEGCA-co-MePEGCA) nanoparticles suspension to obtain final peptide 

concentrations of 5 µM. The samples were then incubated at 37 °C and analyzed by 

capillary electrophoresis every 80 min. These experiments allow determining the evolution 

of % monomer peak as a function of time of incubation. % monomer peak is calculated as 
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the ratio between the absolute peak of the monomer observed at t=0 to the one observed at 

each incubation time. 
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