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ABSTRACT
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Degree: Doctor of Philosophy 

Year: 2018 

 Protein aggregation, oligomer and fibril formation is one of the dominant 

characteristics in the pathogenesis of a number of neurodegenerative diseases, such as 

Alzheimer’s disease (AD).  Inhibition of toxic oligomer and fibril formation is one of 

the approaches to find potential drug candidates for AD. Additionally, early diagnosis 

of these amyloid species can provide mechanistic understanding of protein aggregation 

and thus can pave the way for preventing the onset of AD. The aim of this dissertation 

was 1) to explore the effects of charged cholesterol derivatives on the aggregation 

kinetic behavior of Amyloid-β40 (Aβ40), 2) to probe Aβ40 oligomer and amyloid 

formation in vitro using gold nanoparticles (AuNPs), and 3) to monitor the kinetic 

effect of various natural product molecules on Aβ40 aggregation in vitro. In the first 

chapter, a general introduction about AD as an amyloidogenic disease, amyloid cascade 

hypothesis, and the manipulation of Aβ peptides aggregation kinetics using different 

approaches was presented. In the second chapter, we studied the effects of oppositely 
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charged cholesterol derivatives on the aggregation kinetics of Aβ. In the third chapter, 

we developed a gold nanoparticles (AuNPs) assay to probe Aβ40 oligomers and 

amyloid formation. In chapter IV, we monitored the effects of various small molecules 

on the aggregation kinetics of Aβ40. In chapter V, we discussed the methods and 

experimental details. 
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CHAPTER I: INTRODUCTION

1.1 Alzheimer’s Disease 

Alzheimer’s disease (AD) develops in someone approximately every 68 

seconds in the United States. As of March 2018, 5.7 million Americans are living 

with AD. Last year, about 5.4 million U.S. citizens were estimated to be afflicted 

with Alzheimer’s disease, and the numbers are expected to increase exponentially. 

At present, AD ranks 6
th

 in the United States as one of the major leading causes of

death; this may increase as the number of diagnosed people is rapidly rising 

annually [ 1]. These patients experience gradual loss of cognition, loss of behavioral 

stability, as well as loss of memory, which finally result in death [ 1]. On November 

3
rd

 1906, the disease was first described by Dr. Alois Alzheimer to the scientific

community whereby patients were disoriented and portrayed deteriorating long-

term communication skills and long-term memory loss, including a slow loss of 

their capability of forming and maintaining short-term memories. Brain postmortem 

autopsies relative to patients with Alzheimer portrayed critical neuronal atrophy 

with high presence of extracellular amyloid plaques (Amyloid-β) as well as 

intracellular neurofibrillary tangles (NFTs). These signs have turned out as two 

different pathological signs of this particular disease, amyloid cascade hypothesis 

and tau hypothesis [ 3]. Furthermore, NFT’s are found to be paired helical filaments 

(PHF) formed as a result of tau protein hyperphosphorylation. In normal 
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circumstances, tau endeavors to promote microtubules stabilizations and tubulin 

assembly in neurons. Due to the phosphorylation cascade dysregulation, tau 

accumulates into insoluble filaments depositing as NFTs inside the brain neurons 

[ 4]. These are tangles that are likewise seen in many patients having neurological 

diseases, like Parkinson’s disease, argyrophilic grain disease (AGD), corticobasal 

degeneration (CBD), and Pick’s disease [ 5]. Therefore, as these NFT’s result in 

cellular atrophy in the entire brain, they tend not to be the actual causative agent 

composed in AD pathology [ 6]. As indicated by amyloid cascade hypothesis in 

Figure 1, the subsequent tangle pathology, as well as the hyperphosphorylated tau 

deposition, is brought about by some events, stemming directly from amyloid-β 

(Aβ) changes. 

1.1.1 The Amyloid-β Protein 

Glenner et al., (1984) was known as the first to isolate Aβ, the major 

composition of amyloid plaques [ 7]. Based on varying isoforms that range from 40 

to 42 amino acid residues, Aβ is considered as a protein that naturally takes place in 

the body in which its function is not known. It is generated through amyloid 

precursor protein (APP) cleavage; APP consists of 695 amino acid residue and its 

functions remain unknown. It is also seen in non-neuronal and neuronal cells 

throughout the body [ 8]. APP cleavage (Figure 2) brings about the creation of 

excess Aβ40 or the highly pathogenic Aβ42 [ 9] [ 10]. Aβ cleavage from APP can 

take place through two different pathways. In the two different pathways, Aβ40 or 

the Aβ42 is generated from the C-terminal transmembrane cleavage typically by γ-

secretase based on the cleavage’s location [ 11]. The γ-secretase cleavage takes pace 
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based on asparty1 protease complex, in which its major components are considered 

as presenilin 1 and presenilin 2, abbreviated as pres1 and pres2 [5]. Furthermore, 

Scheuner et al. [12] have shown that mutations into these two components pres1 

and pres2, linked to familial AD, result in a rise in Aβ production. Also, the N-

terminal cleavage through the β-secretase typically produces the amyloidogenic Aβ. 

Alternative cleavage through α-secretase produces non-amyloidogenic fragments 

(called P3). 

Figure 1. The Amyloid Cascade Hypothesis [13] 
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 It has been reported in knockout mice, mice without the β-site APP-cleaving 

enzyme (BACE-1), Aβ production are stopped and other non-amyloidogenic 

fragments are created [ 14]. Furthermore, the plaques typically seen in brains of AD 

patients are basically formed from insoluble amyloid fibrils. These are fibrils that 

are formed on the basic ground of Aβ aggregation from its entire monomeric state. 

Also, Aβ aggregation takes place as a nucleation-polymerization mechanism that 

exhibit growth, plateau, and lag phases. Additionally, the rate is limited by the lag 

phase and takes place at the moment the Aβ monomer suddenly develops a nucleus. 

The moment there is an occurrence of nucleation, the growth of Aβ starts, 

continuing to soluble aggregates and lastly insoluble fibrils. Also, soluble 

aggregates are of a diameter of ~5 nm alongside an average of 150 nm in length 

[16]. The growth of soluble aggregates directly into fibrils can take place through 

two different concurrent development mechanisms: association and elongation [17]. 

Considering the soluble aggregate elongation, the monomeric Aβ is bound to the 

aggregates’ ends, while their length is being increased. Alternatively, there is an 

occurrence of soluble aggregate association at the moment two or additional 

aggregates laterally tie to each other developing an aggregate alongside higher 

radius. Lastly, considering the plateau stage, among the entire Aβ species, 

equilibrium is achieved.  

 

Figure 2. Schematic Cleavage of APP by β- and γ- Secretase Enzymes [18]. 
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It has been discovered that various peptides and proteins are in charge of 

forming unique amyloidosis, which is then named and characterized by the proteins 

and peptides biochemical identity, and are capable of forming amyloid fibrils. As 

the amyloid fibrils of various peptides and proteins take place either in a localized 

or systemic manner, or in some cases both, amyloidosis results in pathological 

changes in a broad range of sites, particularly from the central nervous system 

Table 1. Amyloid Fibrils, Their Target Organs, and Precursor Proteins [19]
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(CNS), to various organs like skin, kidney, heart, lung, etc. The highest disreputable 

amyloidosis comprises of Parkinson’s disease, AL amyloidosis, type II diabetes, 

and Alzheimer’s disease. A detailed list of amyloid fibrils, including their target 

organs, and precursor protein are indicated in Table 1. 

1.1.2 The Amyloid Cascade Hypothesis  

 There have been discussions related to the cause of Alzheimer’s disease for 

decades, and until today, there has been no universal agreement regarding the actual 

cause, considering the fact that the disease mechanism remains still poorly 

understood [20] [24]. Also, interdisciplinary researchers have the belief that 

Alzheimer’s disease is as a result of combining mental illness, mechanical injuries, 

and genetic factors to the head, and therefore various competing theories have been 

developed so as to clarify what causes Alzheimer’s disease, with the cholinergic 

hypothesis, amyloid hypothesis, genetic hypothesis, and tau hypothesis [25] [26] 

[27] [28].  

 Moreover, memory endophenotypes’ genetic analysis can be applied in the 

identification of genetic variants related to Alzheimer’s disease. The genetic 

contribution to various individuals relative to several types of memory in a massive 

family-based collection of older adult was studied by Wilson et al. [25]. The report 

shows that adjustment of apolipoprotein E (APOE) decreased the estimate, 

particularly for episodic memory, just as no decrease was seen for working memory 

and semantic memory capacity. Aside APOE that is thought to be the highest 

predominant genetic impact on Alzheimer’s disease, some other genes are 

additionally studied by other researchers. For instance, DAPK1 seen in 
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chromosome 9q24.1 has been distinguished that its mutation can bring about 

neuronal apoptosis, while UBQLN found in chromosome 9q21.32 have the capacity 

to modulate presenilin proteins accumulation, SORL1 found in chromosome 11q23 

is relative to APP trafficking, etc. [29] [30] [31] 

From numerous hypotheses of Alzheimer’s disease’ cause, cholinergic 

hypothesis has been widely considered for long time. There is a strong relationship 

between the degree of cognitive damage and a lack of acetylcholine (ACh) in 

patients with AD. Currently several drug therapies are developed on the basis of 

these theories, including Tacrine, Rivastigmine, Donepezil, Memantine, and  

Galantamine [26]. Meanwhile, cholinergic hypothesis provides a description that 

the decreased synthesis of neurotransmitter acetylcholine brings about the reason 

for Alzheimer’s disease. In any case, such hypothesis has not experienced extensive 

support, due to the fact that the majority of the presently available drug therapies 

are yet to be observed alongside enhanced improvement on the health of the 

patients. According Shen et al., CNS inflammatory reaction emerges from 

cholinesterases-composed neuroglial cells and can probably support the 

pathophysiologic process regarding Alzheimer’s disease [32]. 

Tau hypothesis of AD can be characterized as the tau protein abnormalities, 

which initiate the disease cascade. Meanwhile, anomalously, hyperphosphorylated 

Tau protein creates neurofibrillary tangles in many brains of Alzheimer’s patients, 

resulting in dementia and neurofibrillary degeneration. Furthermore, neurofibrillary 

Tau tangles, immunohistochemically have been discovered to be truncated, related 

to apoptosis in cultured cells [27] [33]. 



8 

 

  Additionally, Amyloid hypothesis was initially considered in 1991. 

According to a report and a proposal from Hardy et al. [28], pathogenic mutation 

found in the actual β-amyloaid precursor protein (APP) genes relative to 

chromosome 21 brings about APP mismetabolism, as well as Aβ deposition brings 

about tau phosphorylation, including tangle formation, and then lead to neuronal 

death [28]. Meanwhile, Aβ peptide is obtained directly from proteolytic 

transmembrane region cleavage of amyloid precursor protein (APP), having a 

primary function that remains unknown, regardless of the fact that regulatory 

impacts are demonstrated on iron export, neural plasticity, and more. APP precursor 

protein goes through post-translational cleavage, through β-secretase, as well as γ-

secretase for the formation of Aβ peptides [34]. Also, there is a combination of 

peptides in the brains of many AD patients, which range from 30 to 51 amino acid 

residues with amyloid-β (Aβ) are the compositions of the extracellular amyloid 

plaques; most abundantly include 39-43, with Aβ40, as well as Aβ42 considered as 

the most essential forms, sequence is shown in Figure 3. 

 

 

Figure 3. The Aβ40 and Aβ42 (Sequence of Amino Acids) 

 According to Olsson et al. [35], the mixture of immuno/LC-MS based assay 

for the monitoring of the production of γ-secretase-mediated Aβ in near-native 

membranes. The processing of APP usually ascertains the Aβ length. As the main 

reactions of the cleavage occur, each third or fourth amino residue as well as line up 

across two different routes relative to the APP transmembrane sequences, and the 
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product lines of Aβ42 are composed of reactions that bring about Aβ45, Aβ42, and 

Aβ48, just as Aβ40 product line brings about Aβ43, Aβ40, and Aβ46. From these 

two different product lines, Aβ42 and Aβ40, the particular events of cross-product 

line perform an essential function in leveraging the ration of Aβ42/Aβ40. 

Additionally, Aβ42 product line is composed of different special cleavage event 

that brings about a cleavage of Aβ42 product line peptides directly into 3-5 C-

terminus Aβ fragments as well as another sequence of non-Aβ42 [35]. This 

discovery gives an explanation that in the brains of AD patients, Aβ40 is considered 

as the predominant form, Aβ42 is known as a highly fibrillogenic and toxic form 

and is present to a considerably lower level compared to Aβ40. 

1.1.3 Amyloid-β Aggregation 

Aβ aggregation starts alongside a rate-limiting nucleation lag phase, as well 

as the development of soluble aggregates and a plateau in which monomers, soluble 

oligomeric aggregates, and fibrils are in equilibrium. Meanwhile, amyloid fibrils are 

typically defined based on the structures of cross-β-sheet alongside β-strands and 

directly perpendicular to the entire fibril axis across the fibril development 

orientation in Figure 4. 
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Figure 4. A diagram showing the Aβ aggregation pathway, moving from monomer, 

then to oligomeric intermediates, and finally to amyloid fibrils [36]. 

 Furthermore, Aβ peptide toxicity kills and destroys neurons through reactive 

oxygen species (ROS), like 4-hydroxynonenal, and amid monomeric Aβ self-

aggregation in connection to the neurons’ membrane. 4-hydroxynonenal is capable 

of significantly impacting and destroying the membrane transportation system’s 

function, Also, the ion-motive ATPases, glutamate transporter, and glucose 

transporter, bring about depolarization of synaptic membrane, mitochondrial 

impairment and influx, cellular calcium homeostasis perturbation, and finally 

neuron cell apoptosis together [37] [38]. 

1.1.4 Aβ Oligomers  

There was a popular belief that Aβ fibrils tend to be toxic, however, lately, 

many studies have revealed that Aβ oligomers are considered as the most toxic 

species of any other Aβ aggregates categories. According to a report from Zhao et 

al., Aβ oligomer toxicity stems from the APP cleavage alongside subsequent 

excessive Aβ deposition on the surface of the membrane, which eventually allows 
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oligomers to stick to the membrane and therefore develops intracellular 

neurofibrillary tangles resulting into membrane integrity disruption.  A structural 

integrity disruption of this nature forms the rising amount of pores relative to the 

membrane that helps in leaking calcium ions, which brings about cytosolic calcium 

elevation [39]. Evidences for the neurotoxicity of toxicity of Aβ oligomers 

emanates from various in vivo experiments where Aβ42 oligomers, which were 

formed under non-fibrillary conditions, showed a dramatic neurotoxicity [40]. 

Additionally, small molecules which accelerated Aβ aggregation to form β-sheet 

rich mature fibrils while decreasing the concentration of toxic oligomers were found 

to show substantial decrease of neurotoxicity [41]. Due to the suitable spatial size, 

the Aβ oligomers are capable of forming pores on the membranes alongside the 

diameter of pore closed to the calcium ion ionic diameter. Also, Aβ oligomers were 

shown to harmfully affect synapse function and cause rapid decline in expression of 

memory-linked receptors [ 42]. It is worth mentioning that oligomeric species of 

several types have been recognized such as protofibrils, paranuclei, globulomers, 

and ADDLs (Aβ-derived diffusible ligands) differing in size and composition [43]. 

1.1.5 Therapeutic Strategies for AD 

As Aβ is further generated through β-secretase as well as γ-secretase 

proteases, these two different secretases are considered as the top targets relative to 

the therapeutic development. Also, β-secretase is considered as a membrane-

anchored asparty1 protease, and it has been fully co-crystallized alongside an 

active-site-directed inhibitor. In this manner, there have been efforts exerted in the 

discovery of β-secretase inhibitors, and thus far, the discovered inhibitors remain 
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hydroxyethyl-containing compounds and statin analogue. Moreover, β-secretase 

active site, with the aspartate residues, is tied with these inhibitors, with the 

displacement of the catalytic water. This inhibitors’ limitation is considered as the 

massive molecular structure as well as the poor ability for the biological membranes 

to be crossed, as proven from their absence of activity with respect to the cell-based 

assays [44]. The γ-secretase is made up of a minimum of four different integral 

membrane proteins, which comprises of APH-1 gene, PEN-2 gene, presenilin, and 

nicastrin, and therefore γ-secretase is highly complex beyond β-secretase. 

Therefore, the γ-secretase active site is known to be hydrophobic, and its inhibitors 

have to likewise be hydrophobic, allowing the discovery of inhibitors for γ-

secretase active sites to be easier compared to β-secretase. Numerous γ-secretase 

inhibitors comprise of sulphonamides, benzodiazepines, benzocaprolactams, and 

dipeptides [46] [47] [48]. 

It is well know that cholesterol is an essential part of the cell membrane, 

necessary for its fluidity; permeability; and receptor function. There are 

epidemiological studies linking elevated levels of cholesterol as a high risk factor of 

Alzheimer’s disease, and drugs affecting cholesterol levels show a relationship with 

levels of Aβ and AD. These studies have been able to reveal that there is a link 

between the high levels of cholesterol during mid-life as well as a higher 

Alzheimer’s disease risk in the near future. Additionally, Jick et al. and Wolozin et 

al. discovered that individuals taking Statin drugs have an incredibly decreased risk 

of developing Alzheimer’s disease since Statin family is common to work on 

inhibiting cholesterol biosynthesis within the cell. [49] [50] [51]. Likewise, creating 
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therapeutic approaches that target cholesterol biosynthesis inhibitors have as well 

obtained substantial research efforts. Despite the molecular interaction mechanism 

remains ambiguous between Aβ productions and statin, it has been observed that α-

secretase tends to increase alongside the operation of γ-secretase inhibited by the 

depletion of cholesterol in membrane micro-domains. Meanwhile, a possible 

clarification is considered regarding the cholesterol levels that alter membrane 

fluidity, and therefore impact the interaction existing between membrane-related 

proteases and APP substrate [52] [53]. 

Another type of therapeutic approach is for the discovery and development 

of amyloid aggregation inhibitors, due to the fact that amyloid fibril formation is 

part of the pathological Alzheimer’s disease’ pathway. It was observed that Aβ 

peptide is typically non-toxic, particularly in the monomeric form, while fibrillary 

and oligomeric forms are considered to be toxic in nature [54] [55]. Therefore, it is 

clear that a conceivable therapy design is to obstruct the Aβ self-assembly into 

aggregated structures, or rather disaggregated preformed fibrils and oligomers. At a 

particular concentration, Aβ tends to be metastable relative to solution phase. In any 

case, this critical concentration differs based on the Aβ sequences’ length, 

considering it is popularly known that Aβ42 is substantially higher fibrillogenic 

compared to Aβ40. It was further found that γ-secretase inhibitors are capable of 

preventing the formation of Aβ oligomer at concentrations that actually enable 

considerable production of monomeric Aβ. It is highly desirable, in a case whereby 

the Aβ aggregation tend to be simply blocked. Nonetheless, numerous discovered 

small molecules can easily block the formation of amyloid fibril, but not the 
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oligomeric formation, and even worse, for Aβ peptide to be suppressed at the 

oligomeric forms, which tend to be additionally toxic compared to fibrillary 

structures. In addition, immunological approaches are stressed, due to the concept 

to improve the Aβ peptide clearance (mimicking the function of microglial cells), as 

well as passive immunization and active immunization alongside anti-Aβ 

antibodies. 

 In the past two decades, Alzheimer’s disease’s pathogenesis on a molecular 

level offers an instructive outline particularly for therapeutic intervention design as 

well as execution. Despite the fact that it has not presently been ascertained to be 

the actual initiator, Aβ peptide has been demonstrated to perform a major function 

of Alzheimer’s disease initiation, and thus, is taken into consideration as the 

fundamental target specific for therapeutic intervention design. Many ongoing 

endeavors from pharmaceuticals to academia are exerted into the study of amyloid 

hypothesis, and new types of therapeutics relative to efficacy and safety is expected 

to emanate in the near future. 

1.2 Aβ40 Research  

1.2.1 Structural Properties of Aβ40  

Aβ40, the prevalent type of Alzheimer’s disease’s major biomarkers, is a 

peptide of 40 amino acid residues. It is generally assumed that the Aβ40’s 

hydrophobic core is residues 16 to 20, KLVFF, which remains imperative to self-

assemble directly into amyloid fibrils. Investigation through solid-state NMR 

indicates that residues 1-10, which represent the Aβ40 sequence N-terminus, are 

typically disordered, just as the residues 12-24 constitute the first β-sheet, as well 
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as, residues 30-40 constitute the second β-sheet, while these two different β-sheets 

tend to remain parallel packing. Additionally, the Aβ40 peptide hydrophobic cluster 

is developed through the intermolecular interactions existing between L17, F19 that 

exist in the first β-sheet, including the I32, L34 as well as V36 of the other β-sheet 

[56]. 

1.2.2 Aβ40-Oriented Research Approaches 

Considering the structural features of Aβ40 together with its amino acid 

sequence, numerous approaches have been made to further clarify Aβ40 structural 

behaviors relative to the molecular level. Comprehending the structural properties 

of Aβ40 enables researchers to either design peptide mimetics or design inhibitors 

to prevent formation of Aβ40 amyloid fibril [61]. Meanwhile, residue 11 to 25, 

surrounding the hydrophobic core, particularly in the first β-region area, is vital for 

self-assembly behavior of Aβ40. Fragmented sequences on the basis of this major 

sequence were further synthesized for the mimicking of Aβ40, as well as residues 

16-20 KLVFF and even 17 to 21 LVFFA, which permit these little pentapeptide 

sequences to be utilized as a binding link for the Aβ40 amyloid fibril formation 

inhibition. As reported by Akaikusa et al., different aminoethoxy ethoxy acetic acid 

(AEEA) units linked to KLVFF sequence have the capacity to inhibit Aβ40 amyloid 

formation alongside its high hydrophobicity that enables viable binding [57]. It was 

likewise reported that the conjugation of oligoglutamic acid and oligolysine units 

alongside KLVFF binding connectors, portray incredible binding affinity of large 

aggregates that are thought to be not as toxic as metastable oligomers [58] [59] [60]. 

Furthermore, a pentapeptide sequence LPFFD was designed by Soto et al., on the 
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basis of LVFFA sequence. LPFFD sequence comprises of a proline residue, 

typically considered as a β-sheet breaker due to the fact that it lacks the backbone 

N-H and therefore finds it difficult to develop hydrogen bonding existing between 

the β-sheets. It is further noticed that the LPFFD tends to inhibit Aβ40 amyloid 

formation of fibril, due to the fact that LPFFD binds to Aβ40 as well as cease the 

entire β-sheet polymerization extension [61]. In addition, considering the β-sheet 

breaker properties of Proline, researchers developed a short sequence of N-alkylated 

amino acids on the basis of KLVFF sequence, and have indicated inhibitor activity 

on Aβ40 amyloid fibril formation [62]. Also, a benefit to make use of short 

sequence of N-alkylated amino acids is its advanced hydrophilicity, which allows 

these short peptides to be taken into consideration as lead compounds particularly 

for the design of drug for Aβ toxicity inhibitors. 

Fibrillization is considered as a crucial phase of amyloid peptides’ 

aggregation. In the nucleation-polymerization model, it is assumed that functional 

fibrils function as the nuclei for the promotion of fibrillization and even the 

elongation of fibrils [63] [64]. Seeding effect is an essential noticeable functionality 

amid amyloid formation, since a report has shown that seed fibrils tend to accelerate 

the formation of amyloid of Aβ40 more quickly compared to monomeric peptide 

solution [65]. As reported by O’Nuallain et al., that the use of elongation rates for 

the quantification of seeding efficiency of seed peptides with various degrees of 

sequential variance, was with the discovery that Aβ40 tries to fibril formation varies 

on the basis of the sequential variance, particularly on the grounds that the variance 

situates in the hydrophobic core area of the Aβ40 sequence, which is vital for the 
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control of the seeding efficiencies [66]. In this manner, a strategy has been 

developed for the design of the peptides to relate with the Aβ40 fibrils, strictly in a 

co-assembling way to grab Aβ40 fibrils, directly into elongated amyloid-like fibrils, 

so as to reduce the entire toxicity. A widespread approach is to simply develop a 

peptide sequence capable of maintaining a high sequence similar to the Aβ40, just 

as the simplification is done from Aβ40 sequence. 

An approach like this has been utilized for Aβ42 and Aβ40 oligomers, in 

which the peptide that was designed acts as nuclei for the capture and trapping of 

the soluble oligomers directly into amyloid-like mature fibrils, so as to reduce the 

impact of the oligomeric toxicity, which is thought to be highly toxic compared to 

amyloid fibril form. As reported by Soto et al., the LF peptide, represented by 

KQKLLLFLEE, on the basis of Aβ14-23 sequence, is capable of forming amyloid-

like fibrils, and therefore the Aβ42 oligomers are captured. Size-exclusion 

chromatography analysis has portrayed that the Aβ42 oligomers vanish after about 

2 hours incubation alongside LF peptide. The Aβ42 oligomer disappearance was 

further proven by ELISA assay with the use of 6E10 anti-Aβ antibody, including 

PC12 cell assay system together [67]. 

1.3 Nanoparticles’ Diagnostic Applications in Alzheimer’s Disease 

Aside from Aβ aggregation inhibition research approaches, detection of the 

oligomeric species has been always a challenge. Early diagnostic tools to probe 

early onset of AD is globally demanding. The biological and medical uses of 

nanoparticles in general (NP) have achieved interest for many years for targeted 

gene, drug delivery, and cellular imaging [68]. Basically, NPs differ in sizes from 



18 

 

few nanometers up to hundreds of nanometers and can be synthesized directly from 

some materials including carbon, polymers, metals, proteins and lipids. It can also 

be tailored for various specific applications in many industries [69], examples 

shown in Figure 5. In researches related to AD, NPs are being analyzed as potential 

biosensors typically for AD biomarkers’ detection. 

 

 

 

 

 

 

 

Figure 5. Tailoring Gold Nanoparticles for Various Applications [76] 

Moreover, Aβ derived diffusible ligands (ADDL’s) are a type of Aβ 

oligomeric species and usually cerebrospinal fluid (CSF) of AD patients is full of 

them. A biosensor was developed by Haes et al., which can quantify ADDL 

concentration on the basis of the localized surface plasmon resonance (LSPR) shift 

of gold nanotriangles. The more the ADDLs remain bound to the sensor, the 

wavelength of the LSPR shifts to the right direction, capable of correlating to the 

ADDL concentration relative to the CSF [70]. Another potential AD biomarker is 

known as ApolipoproteinE (ApoE). Meanwhile, the ratios existing between the total 

isoform ApoE4 and ApoE substantially differ between patients having AD or does 

not. For the ability to increase biomarker detection to be examined over 
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conventional methods, like enzyme-linked immunosorbent assays (ELISA), the use 

of core-shell quantum dots (QD) is investigated by researchers as reporters for 

microarrays in order to increase the level of assay sensitivity. Using this technique, 

Morales-Narvaez et al. showed that the QD’s can possibly increase the detection of 

ApoE by 7-fold beyond traditional ELISA assays [71]. 

An essential attribute of any treatment candidate, especially for 

neurodegenerative diseases is the capability of crossing the blood brain barrier 

(BBB). Basically, the BBB, which comprises of astrocytic feet and endothelial 

cells, functions as the transportation gateway for the protection of the brain from 

infection. Based on this cause, transport across any barrier is critically restricted. 

For this restriction to be bypassed, NP-mediated delivery is capable of carrying a 

drug across the BBB, possibly encapsulated inside the NP or typically bound to its 

surface [72] [73]. Lately, Veiseh et al., have been able to synthesize iron oxide NPs 

coated directly along with a tumor targeting drug that is capable of successfully 

crossing the BBB as well as binding to the tumors inside a mouse model [74]. In a 

different study, the transportation across BBB of peptide-conjugated NPs and the 

bare NPs was examined. As the two types of NPs were discovered to successfully 

transport, their action mechanisms tend to be different. Irrespective of the fact that 

transport mechanism typically for peptide conjugated NPs was unknown, it was 

found out that the bare NPs go through micropinocytosis for the crossing of the 

BBB [75]. More details on the importance of gold nanoparticles (AuNPs) in 

particular are discussed in chapter III where we developed AuNPs-based assay to 
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probe Aβ40 oligomer and amyloid formation; paving the way to study early 

aggregation process. 

1.4 Probing Aβ Aggregation 

1.4.1 ThT as a Conventional Probe of Aβ Aggregation 

Aβ40 Amyloid fibrils form in a nucleation-polymerization mechanism 

indicated by a sigmoidal curve when probed by ThT dye fluorescence (aggregation 

kinetics shown in Figure 4). Monomeric Aβ40 constitute oligomeric structures, 

which implies the tetramer, hexamer, as local nuclei, dimer, and trimer, serving as 

templates for extra monomers as well as related small aggregates to bind directly 

onto it. The aggregates tend to elongate on the Y axis through the hydrogen bonding 

between adjacent Aβ40 β-strands, and therefore a repeated β-sheet structure is 

developed so it finally elongates into helical and long fibrils at the polymerization 

phase. The repeated β-sheet structure relative to the fibril axis is considered as the 

amyloid fibril signature pattern. The nucleation-polymerization mechanism has 

been typically hypothesized, and is therefore supported by many experimental 

findings, which include in vitro and in vivo experiments. Studying the Aβ40 

aggregation in vitro enables to a more reasonable understanding to its in vivo action 

in a dramatically complex biophysiological environment. Due to the distinguished 

β-sheet secondary structure formation amid Aβ40 aggregation, β-sheet structure 

detection has been utilized for the monitoring of Aβ40.  
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Figure 6. The Thioflavin-T Molecular Structure 

As indicated in Figure 6, it is clear that the ThT molecular structure tends to 

be highly resonant. The moment ThT binds directly to β-sheet full structures amid 

Aβ40 aggregation, the ThT shows improved fluorescence quantum yield, while 

there is an occurrence of the characteristic red shift of its emission spectrum [77]. In 

this manner, it can be noticed that a low fluorescence response amid the early Aβ40 

aggregation stage, representing an early nucleation stage, then with a rapid and 

dramatic fluorescence response increase that follow, showing the polymerization 

phase and the formation of β-sheet rich structure, and finally maintaining a high 

level of fluorescence response at the moment the β-sheet rich fibrils continually 

propagate and elongate. A progress like this usually correlates in a sigmoidal curve. 

Despite that the ThT has been generally utilized for the indication of the β-sheet 

rich structures formation amid the Aβ40 aggregation, the actual ThT-β-sheet 

interaction mechanism on a microscopic level still lacks adequate examination as 

well as a systematic explanation. More efforts have been conducted for the 

discovery of a thorough undertanding of this interaction. Wolfe et al., studied ThT 

co-crystallization study alongside β-2 microglobulin in monomeric form, with 

amyloid-like oligomer form. It was noticed that in the β-sheet structure present in 

the latter case, there is an intercalation of the ThT dye between the β-sheets 

orthogonal directly to the β-strands. Additionally, quantum mechanical evaluation 
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of the fluorophore indicates the electronic distribution to remain solidly stabilized 

by the ThT molecule aromatic interactions as well as the aromatic residue along the 

β-2 microglobulin’s β-sheet structure [77].  

 

 

 

 

 

 

Figure 7. Schematic Cartoon of ThT Binding with β-Sheet Rich PSAMs [78] 

Meanwhile, Biancalana et al. had a particular approach for the design of a 

ThT-binding site relative to a Peptide Self-Assembly Mimic scaffolds (PSAMs). 

The β-sheet in structures like this constitute patterns of repetitive amino acid rows, 

which run perpendicular to the entire strands, with the representation of the 

universal structural attribute of a fibril-like surface. Additionally, the X-ray crystal 

structures portray ThT-fibril interaction through docking on the surfaces of the β-

sheet formed by just one tyrosine ladder [78]. A schematic cartoon shown in Figure 

7, for ThT binding with β-sheet rich PSAMs, is based on this X-ray study. 

Furthermore, with the use of molecular simulation, a report from Wu et al. shows 

that ThT dye binds in a parallel manner to the fibril surface’s long axis in grooves 

shaped by side-chain ladders, alongside scarce observation of prevalent inter-β-

sheet binding hypothesis. It additionally discovered that ThT interacted preferably 

together with the aromatic residues that formed the channels, which implies Val-



23 

Phe cross-strand motif, rather than binding uniformly on the β-sheet surface [79] 

[80]. On another hand, a few typical amyloid fibrils tend not to interact and impact 

the ThT fluorescence, raising concerns on the possibility of ThT to apply to the 

monitoring of the universal amyloid fibril formation. An instance of false negative 

results of this nature was given in a report by Cloe et al. In this report, a mutant of 

Aβ40, ΔE22-Aβ39 that was initially reported to not form structured amyloid fibril 

through ThT assay. As a matter of fact, atypical fibrils structures formed quickly, 

without any lag phase [ 81]. Thus, ThT dye application in mutated sequence of 

amyloid peptide studies has to consider the concern of the possibility of ThT 

reflecting on the actual scenario, just as the ThT-β-sheet binding site can be 

probably modified because of the alteration of the amino acid sequence as well as 

the spatial structural perturbation. For these reasons discussed above about the 

possibility of ThT providing false negative results, we have developed gold 

nanoparticles-based (AuNPs) assay to probe Aβ40 amyloid formation as well as 

oligomers formation as ThT was proven to be blind to detect early aggregation 

oligomers, details are discussed in chapter III. 

1.4.2 Circular Dichroism as a Probe of Aβ Aggregation 

Besides the external dye monitoring of the β-sheet formation, the circular 

dichroism (CD) is likewise a broadly applicable approach to monitor changes in 

peptide secondary structure, that is, β-sheet formation, therefore, tracking the 

formation of amyloid fibril. Peptide secondary structure can be confirmed by CD 

spectroscopy relative to far-UV spectral region (about 190 to 250 nm). In this 

particular range of wavelength, the chromophore is considered as the amide bonds, 
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which are repeated through the entire peptide backbone, while the signal comes up 

at the moment it is situated in a regular, folded environment [82]. Moreover, 

peptide secondary structures are composed of certain attributes for the CD spectra. 

Meanwhile, in Far-UV CD spectra of the β-sheet structure, there is a negative band 

at 218 nm (with π  π* transition), as well as a positive band at 196 nm (with π  

π* transition). Additionally, for α-helix structure, a perpendicular and positive band 

is presented at 192 nm (with π  π* transition), particularly at 208 nm, while also 

presenting negative band specifically at 222 nm (with π  π* transition) [83] [84]. 

In this manner, the β-sheet fraction estimation and α-helix present in protein and 

peptide structure can be easily semi-quantitatively computed. For the Aβ40 peptide 

aggregation study, CD spectroscopy has the capacity to track the secondary 

structure from changes in random coil to β-sheet structure just the way amyloid 

fibrils form. In any case, due to the lack of quantitation ability of the secondary 

structure, the CD spectroscopy is utilized in most cases as a supplemental approach 

together with related instrumentation methodologies. 

1.4.3 Imaging Techniques as Probes of Aβ Aggregation 

Aside from spectroscopy methodologies, microscopic techniques can be 

likewise applied directly in Aβ aggregation research, including Atomic Force 

Microscopy (AFM). AFM offers high-resolution imaging of the amyloidogenic 

peptides at the molecular level, in which an unambiguous straightforward 

observation compared to ThT assay or related spectroscopic measurements which 

sometimes generate false information and cannot be reliable exclusively to study 

the self-assembly behavior. AFM allows researchers to observe a surface typically 
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in three dimensions, developing images through height, and through an adaptable 

micro-cantilever alongside precise tip so as to interact directly with the sample 

surface for the reflection of the sample topography [85] [86]. In the peptide 

aggregation study, Aβ40 is considered incubated, while a minute quantity of 

aqueous sample is then transferred to the AFM-grade mica surface-platform. After 

drying and process of measurement in AFM, numerous Aβ40 intermediate sizes 

show various heights in the AFM imaging and therefore offer researchers the 

chance to distinguish between the morphological Aβ40 aggregates differences at 

various phases amid the process of the nucleation-polymerization. 

In this dissertation, chapter II, we studied the effects of two cholesterol 

derivatives, negatively charged cholesterol sulfate (cholesterol-SO4) and positively 

charged 3β-[N-(dimethylaminoethane)-carbamoyl]-cholesterol (DC-cholesterol), on 

the fibrillation of Aβ40 as compared to the effect of free cholesterol on Aβ40 

amyloidogenesis. The results of these two derivatives of cholesterol indicate the 

critical roles of the structural properties, electrostatic interactions, and hydrophobic 

interactions in mediating the kinetics of Aβ40 amyloid formation. 

In chapter III, we performed gold nanoparticles (AuNPs)-based study to 

detect the formation of Aβ amyloid fibrils and oligomers. The results demonstrate 

that the intensity of the surface plasmon resonance (SPR) absorption of the AuNPs 

is sensitive to the quantity of Aβ40 oligomers and amyloids, allowing the SPR 

assay to be used for identification and semi-quantification of Aβ40 oligomers and 

amyloids. AuNPs can also probe the kinetics of Aβ40 amyloid formation. This 

assay has been also confirmed by studying an Aβ40 mutant (Aβ40-K16NIe), which 
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only forms more stable oligomers. Our results indicate the application of this 

nanoparticle-based method in mechanistic studies of protein early self-assembly and 

fibrillogenesis. 

In Chapter IV includes a summary of monitoring the kinetic effects of 

various small molecules on Aβ40 aggregation. The results emphasize the 

importance of hydrophobic interactions in manipulating protein aggregation. 

Chapter V describes the methods and experimental details. 
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CHAPTER II: EFFECTS OF CHARGED CHOLESTEROL DERIVATIVES ON 

Aβ40 AMYLOID FORMATION

2.1 Introduction 

Anomalous protein aggregation and fibril formation is one of the dominant 

characteristics in the pathogenesis of a number of neurodegenerative diseases, such 

as Alzheimer’s, Parkinson’s and Creutzfeldt–Jakob diseases [87] [88] [89]. In 

Alzheimer’s disease (AD), extensive genetic, biochemical and pathological 

evidence links accumulation and amyloid fibril formation of amyloid-β (Aβ) 

peptides (e.g., the major components A40 and A42), produced by the β- and γ-

secretase cleavage of the parental amyloid precursor protein (APP), to the AD 

phenotype [90] [91]. Aβ amyloid fibril contains a typical cross-β-sheet architecture 

extending in a direction parallel to the fibril axis, identified by high resolution 

techniques such as solid-state NMR at the molecular level [92] [93] [94]. Moreover, 

recent evidences suggest that the oligomeric diffusible assemblies of Aβ peptides 

formed in the early stages of aggregation appear to be highly toxic species in AD 

[95] [96] [97]. 

Although it has been reconciled that both Aβ oligomers and fibrillar plaques 

may play roles in the progressive degeneration of neurons [98], the fundamental 

mechanism by which the assembly process causes the toxicity leading to cell death 

is still unclear. A growing body of recent research highlights the importance of 
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cellular membranes in mediating Aβ self-assembly and the consequent cellular 

toxicity [99] [100] [101]. Cholesterol is an essential component of the eukaryotic 

plasma membrane, necessary for membrane fluidity, permeability and receptor 

function. Elevated levels of cholesterol have been recgonized as one important risk 

factor for AD, and the role of cholesterol in APP processing and Aβ generation has 

been supported by recent studies [102] [103] [104]. Sparks et al. reported a dose-

dependent Aβ amyloid accumulation in the brain of rabbits fed with a high-

cholesterol diet [105]. Cerebral Aβ generation was reported to be cholesterol 

dependent [106], and guinea pigs treated with high doses of simvastatin, a widely 

used cholesterol-lowering drug, showed a strong and reversible reduction of 

cerebral Aβ levels in the cerebrospinal fluid and brain homogenate [107]. Although 

the mechanism by which cholesterol modulate Aβ generation is unclear, lipid rafts, 

the cholesterol-rich membrane microdomains, appear to promote β- and γ-secretase 

processing function [108] [109]. Furthermore, increased free cholesterol in the 

cytoplasm has also been found to affect the aggregation of Aβ peptides into fibrils 

[110] [111]. These suggest that one of the possible roles for cholesterol in AD may 

be to directly interact with Aβ and consequently modulate the amyloidogenic 

process of Aβ. However, most of the reports available so far have mainly focused 

on cholesterol as the component in cellular membranes or lipid bilayer or 

monolayer model membranes [112] [113] [114] [115], leaving the direct 

investigation of the effects of the pure form of cholesterol on Aβ amyloid formation 

largely neglected. Although increasing efforts have been provided to put insight 
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into the interactions between cholesterol and Aβ peptides [116] [117] [118], a 

detailed mechanistic view of cholesterol-mediated Aβ fibrillogenesis is unclear. 

Cholesterol, as a neutral and hydrophobic steroid molecule, can be 

decorated to form a series of derivatives, such as the oxidation metabolite 27-

hydroxycholesterol and 24S-hydroxycholesterol. The effects of these derivatives in 

the pathology of AD have been suggested in recent studies [119] [120]. Cholesterol 

sulfate (cholesterol-SO4, Figure 8) is one of the most important known sterol 

sulfates, and has emerged as a significant lipid constituent in a variety of human 

tissues [121], with a concentration of ~110-170 μg/mL in human plasma [122] 

[123]. While its definite functions in human physiology remain poorly understood, 

considering the potential use of the level of Aβ including the aggregated Aβ species 

in plasma as a biomarker for early diagnosis of AD [124], the effect of this 

cholesterol derivative on Aβ amyloidogenesis is of physiological interest. The 

sulfate moiety of cholesterol-SO4 has a pKa of ~3.3, indicating that it is normally 

ionized under physiological conditions. The presence of this negatively charged 

moiety makes cholesterol-SO4 an amphiphilic compound in comparison to a rather 

rigid hydrophobic cholesterol analog. On the other hand, a cationic cholesterol 

derivative, 3β-[N-(dimethylaminoethane)carbamoyl]-cholesterol, or DC-cholesterol 

(Figure 8), has been commonly utilized for preparation of lipid membranes with 

cationic charged groups. DC-cholesterol contains a cholesterol moiety attached by 

an ester bond to a positively charged dimethylethylenediamine group. Although 

rarely studied to date, recent simulation results suggested the crucial role of 

hydrophobic force in regulating cholesterol‒Aβ interaction [118]. Owing to the 
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additional charges in cholesterol-SO4 and DC-cholesterol molecules, these 

cholesterol derivatives may exhibit unique characteristics in mediating Aβ amyloid 

formation. Elucidating the effects of these derivatives on Aβ fibrillization will 

provide new mechanistic and structural insights into the underlying function of 

steroid-based molecules in modulating Aβ aggregation pathway, complementing the 

current efforts towards a deep understanding of the roles of cholesterol and the 

mutants in AD.  

 

Figure 8. Chemical Structures of Cholesterol and the Two Derivatives. 

In this chapter, we studied for the first time the mechanistic effect of pure 

cholesterol-SO4 and DC-cholesterol on aggregation of Aβ40 peptide. We employed 

a combination of fluorescent spectroscopy and atomic force microscopy (AFM) 

imaging to assess the roles of specific intermolecular forces, e.g., hydrophobic and 

electrostatic interactions in lipid molecules and Aβ40 peptide association and their 

impact on Aβ fibrillogenesis. Our results demonstrate that low concentration of 

non-vesicle cholesterol-SO4 and DC-cholesterol both moderately accelerate Aβ40 

fibril formation, similar to that of cholesterol. This implicates the dominating role 

of hydrophobic interactions between Aβ40 and cholesterol derivatives in facilitating 

the aggregation rate. Furthermore, we show that the vesicle structures formed by 

high concentrations of anionic cholesterol-SO4 facilitate Aβ40 aggregation rate 
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markedly. In contrast, the vesicles of cationic DC-cholesterol have the ability to 

inhibit Aβ40 fibril formation under appropriate experimental conditions, distinct 

from those of the cholesterol-SO4. Our results suggest the critical role of the 

structural properties of the vesicles of the cholesterol derivatives, including the 

surface charge properties and the size, in mediating their effects on Aβ40 amyloid 

formation. 

2.2 Results and Discussion 

2.2.1 Effects of Low Concentrations of Cholesterol Derivatives on Aβ40 

Aggregation 

Cholesterol and its derivatives, like other lipid molecules, can self-associate 

and form aggregated structures in aqueous solution above the concentration of the 

Critical Micelle Concentration (CMC) value. In order to study the effect of pure 

non-aggregating cholesterol derivatives on aggregation of Aβ40, we first measured 

the CMC values of cholesterol-SO4 and DC-cholesterol (experimental details in 

chapter V) following a protocol reported by Avdulov et al. [129] As shown in Table 

2, the CMC value of cholesterol-SO4 in pH 7.4 phosphate buffer (50 mM Na-

phosphate, 150 mM NaCl) is approximately 12.6 nM (equivalent to 6.2 ng/mL), and 

the CMC value of DC-cholesterol is approximately 14 nM (equivalent to 7.5 

ng/mL). The CMC values for these two derivatives are slightly lower than that of 

the unmodified cholesterol, which is ~31 nM (equivalent to ~12.1 ng/mL), as 

reported previously [129] [130]. 



32 

 

Table 2. CMC Values of the Cholesterol Derivatives 

Lipid molecule CMC value (ng/mL) 

Cholesterol-SO4 6.2  ± 1.6 

DC-cholesterol 7.5 ± 2.6 

Cholesterol 12.1* 

 

* Value from ref. 129. 

The kinetics of fibrillization of monomeric Aβ40 peptide (12 M) in 

phosphate buffer (50 mM Na-phosphate, 150 mM NaCl, pH 7.4) was monitored via 

a ThT fluorescence experiment. ThT molecule can selectively bind to the fibrillar 

structure, leading to a significant increase of its fluorescence quantum yield [131]. 

As shown in Fig. 9a, the aggregation kinetics of Aβ40 peptide had a sigmoidal 

appearance containing a lag phase associated with nucleation, a fast growth phase 

related to the propagation of fibrils, and a final stationary phase. This is consistent 

with previous studies which indicated that Aβ amyloidogenesis proceeds by a 

nucleated polymerization mechanism [132] [133] [134] [135].  
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Figure 9. Effect of Low Concentration of DC-cholesterol (below the CMC value) 

on the Aggregation of Aβ40. (a) The aggregation kinetics of Aβ40 (12 µM) in the 

absence or the presence of different amount of DC-cholesterol measured by ThT 

fluorescence at 37 
o
C. (b) Growth phase half time (t50) of the aggregation kinetics of

Aβ40 in the absence or the presence of DC-cholesterol. Data are reported as means 

± the standard deviation of triplicate results. 

The effect of DC-cholesterol on amyloidogenesis of Aβ40 was examined 

using the same ThT fluorescence assay. DC-cholesterol was used at concentrations 

below its CMC value in this case, allowing to assess the mechanistic effect of non-

aggregating DC-cholesterol structures on Aβ aggregation. Here we reasonably 

assume that DC-cholesterol mainly exists as monomeric molecules under the 

current experimental conditions, although one could not exclude the possibility of 

the formation of oligomeric structures of DC-cholesterol. As shown in Fig. 9a, the 
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presence of a low concentration of DC-cholesterol (0.5 to 2.5 ng/mL) slightly but 

noticeably facilitates the aggregation rate of Aβ40, with a shorter lag phase as 

compared to that measured without DC-cholesterol. This suggests that DC-

cholesterol likely facilitate the early nucleation reactions to form crucial oligomeric 

intermediates toward the formation of fibrillar structures. The aggregation half time 

(t50), which is defined as the time at which the ThT fluorescence intensity reaches 

half of the maximum, is decreased approximately 21% from ~ 10.5 h to ~ 8.3 h in 

the presence of DC-cholesterol at 2.5 ng/mL (Figure 9b). This result is comparable 

to that observed for cholesterol (Figure 11), wherein the addition of 2.5 ng/mL 

cholesterol also moderately accelerates the aggregation rate of Aβ40, as revealed by 

an approximately 27% decrease of t50 from ~10 h to ~ 7.3 h. These results implicate 

that the additional moiety attached on the hydrophobic cyclic sterol ring structure, 

including the presence of the positively charged dimethylethylenediamine residue, 

does not dramatically change the regulating function of cholesterol on Aβ fibril 

formation. This is also consistent with recent simulation studies [116] [118], which 

reported that the hydrophobic interactions between cholesterol and the Aβ 

hydrophobic region play a critical role in association between these molecules.  
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Figure 10. Effect of Low Concentration of Cholesterol-SO4 (below the CMC value) 

on the Aggregation of Aβ40. (a) The aggregation kinetics of Aβ40 (12 µM) in the 

absence or the presence of different amount of cholesterol-SO4 measured by ThT 

fluorescence at 37 
o
C. (b) Growth phase half time (t50) of the aggregation kinetics of

Aβ40 in the absence or the presence of cholesterol-SO4. Data are reported as means 

± the standard deviation of triplicate results. 

The effect of low concentration of cholesterol-SO4 on aggregation of Aβ40 

was also studied. Similarly, the concentrations below the CMC value of cholesterol-

SO4 were used in order to provide insight into the non-aggregating cholesterol-SO4 

mediated Aβ40 amyloidogenesis. As shown in Figure 10, additional cholesterol-

SO4 (0.5 to 2.5 ng/mL) also moderately facilitated the aggregation rate of Aβ40, 

with the aggregation t50 value decreased from ~ 11.2 h to ~ 9.8 h. Again, the small 
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difference between the t50 values (Figure 10b) suggests that under the current 

condition, the kinetic effect of cholesterol-SO4 on Aβ40 aggregation is not 

significant. This is similar to that of the unmodified cholesterol and DC-cholesterol, 

suggesting that the negatively charged sulfate moiety of cholesterol-SO4 does not 

dramatically influence its function in mediating Aβ aggregation. Taken together, if 

non-aggregating cholesterol and the derivatives modify the aggregation of Aβ via 

binding with the peptide, as suggested by recent simulation studies [116] [118], 

they presumably interact with Aβ peptides mainly through hydrophobic 

interactions. The positively or negatively charged groups in the cholesterol 

derivatives studied here likely are not involved in critical interactions in this 

process.  

 

 

 

 

 

 

 

Figure 11. Effect of Cholesterol on the Aggregation of Aβ40. The aggregation 

kinetics of Aβ40 (12 µM) in the absence or the presence of different amount of 

cholesterol were measured by ThT fluorescence at 37 
o
C. The concentration of 

cholesterol used was either below (2.5 ng/mL) or above (25 μg/mL) the CMC value 

of cholesterol. 
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2.2.2 Effects of Aggregated Vesicles of Cholesterol Derivatives on Aβ40 

Aggregation 

The local concentration of cholesterol-SO4 in human tissues (e.g., ~ 110‒

170 μg/mL in human plasma) can be much higher than its CMC value. Therefore, 

besides addressing its regulating role as a non-aggregating form in Aβ aggregation, 

it would be valuable to examine the effect of the aggregated vesicles formed at 

concentrations above the CMC value on the aggregation of Aβ. We thus prepared 

the aggregated vesicles of the pure cholesterol derivatives formed above their CMC 

values, and examined their kinetic effects on Aβ amyloidogenesis. As shown in 

Figure 12a, addition of large amount of cholesterol-SO4 (concentration of 0.25 

μg/mL and higher), under which the molecule self-associates to form vesicle 

structures, facilitates the aggregation rate of synthesized Aβ40 (12 μM) in a 

concentration-dependent manner. The presence of cholesterol-SO4 of 25 μg/mL 

leads to a significantly shorter t1ag changed from 12.2 to 3.1 h (~ 75% decrease) 

(Figure 12a). The presence of cholesterol-SO4 of 250 μg/mL leads to an immediate 

growth phase in Aβ40 aggregation, with no lag phase observed. Similar results were 

also observed using a lower concentration of Aβ40 (5 μM), as shown in Figure 13. 

These results suggest that the cholesterol-SO4 vesicles could influence the early 

oligomerization reaction, facilitating the formation of oligomeric nucleus and/or the 

propagation of the oligomers into fibrillar structure. The kinetic effect of cholesterol 

vesicles were also tested for comparison (Figure 11). Although only a middle 

concentration (25 μg/mL) of cholesterol was used here, because of the low 

solubility of cholesterol under the experimental condition, the results nonetheless 
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demonstrate that the appearance of the cholesterol vesicles increases the 

aggregation rate of Aβ40 (Figure 11). This is consistent with previously reported 

results for cholesterols incorporated into the lipid membrane structure [113] [136]. 

Moreover, the results also suggest that the accelerating activity of cholesterol 

vesicles is weaker in comparison to that of the cholesterol-SO4 (Figure 12a vs. 

Figure 11). 

 

Figure 12. Effect of High Concentration of Cholesterol-SO4 (a) or DC-cholesterol 

(b) on the Aggregation of Aβ40. The aggregation kinetics of Aβ40 (12 µM) in the 

absence or the presence of different amount of choleterol derivatives were measured 

by ThT fluorescence at 37 
o
C. The concentrations of the choleterol derivativies used 
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were above their respective CMC values. The inset shows tlag values of the kinetic 

aggregation traces with data reported as means ± standard deviation. 

Figure 13. Effect of High Concentration of Cholesterol-SO4 (a) or DC-cholesterol 

(b) on the Aggregation of Aβ40 (5 µM). The aggregation kinetics of Aβ40 (5 µM) 

in the absence or the presence of different amount of cholesterol derivatives were 

measured by ThT fluorescence at 37 
o
C.

Interestingly, the DC-cholesterol vesicles show an unusual effect on Aβ 

aggregation kinetics. In the presence of relatively low concentration of DC-
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cholesterol while above its CMC value, Aβ aggregates faster with a shortened lag 

phase (Figure 12b). However, when high amount of DC-cholesterol, e.g. 25 μg/mL, 

was added, the aggregation of Aβ was dramatically interfered. The increase of ThT 

fluorescence is delayed significantly with the tlag value increased from ~12.4 to 23.6 

h. The final stationary fluorescence intensity also decreases dramatically. When 250 

μg/mL DC-cholesterol was used in the kinetic assay, there is no observable ThT 

fluorescence at the ending time point of the kinetics experiment, suggesting a strong 

inhibiting activity on Aβ fibrillization. In comparison to that of the cholesterol-SO4, 

these results indicate distinct roles of these two vesicles in the aggregation of Aβ40 

under high concentration conditions.  

The effect of the lipid vesicles on Aβ40 aggregation was further assessed 

using AFM imaging.  AFM images of Aβ40 (30 M) in the absence or presence of 

either cholesterol-SO4 or DC-cholesterol were acquired after incubating the samples 

for 17 h on a speci-mix aliquot mixer at 37 
o
C. In the absence of cholesterol 

derivatives, characteristic fibrillar amyloids were produced (Figure 14a). Fibers 

were also observed in the presence of 50 ng/mL cholesterol-SO4 (Figure 14b). 
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Figure 14. Tapping Mode Atomic Force Microscopy Images of Aβ40 Fibrillization 

Reactions. (a) Aβ40 (30 µM) in pH 7.4 phosphate buffer (50 mM Na phosphate, 

150 mM NaCl) incubated on a speci-mix aliquot mixer at 37 
o
C. Images were also

taken for Aβ40 (30 µM) in the presence of 50 ng/mL cholesterol-SO4 (b), 500 

μg/mL cholesterol-SO4 (c), 50 ng/mL DC-cholesterol (d), and 500 μg/mL DC-

cholesterol (e). Samples were incubated for 17 h before imaging. 

Formation of fibers still occurs with a high concentration of cholesterol-SO4 

of 500 μg/mL (Figure 14c), consistent with the non-inhibiting effect of this 

derivative on Aβ aggregation, as suggested by the aggregation kinetic results. For 

DC-cholesterol, Aβ fibers were observed in the image of Aβ40 (30 M) co-

incubated with low concentration of DC-cholesterol (50 ng/mL) (Figure 14d). 

However, as shown in Figure 14e, in the presence of 500 μg/mL DC-cholesterol, no 

fiber structures were found in the image. This is consistent with our observations 
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from the kinetic results, suggesting an inhibitory activity of the DC-cholesterol 

species under high concentration condition. These results demonstrate that the DC-

cholesterol vesicles formed at high concentration of the molecules may play 

different roles in Aβ aggregation, in comparison to cholesterol-SO4 vesicles. In 

view that one of the major structural differences between these two molecules is 

their opposite charge, the results may suggest the potential effects of electrostatic 

interactions in mediating interactions between the vesicles and Aβ. However, we do 

not exclude other factors, including hydrophobic interactions and the properties of 

particle structures, on impacting the functions of cholesterol derivatives in 

modulating Aβ aggregation.  

2.2.3 Interactions between Aβ40 and the Cholesterol Derivatives 

The importance of cholesterol, as a crucial component of cellular membrane, 

in modulating the aggregation of Aβ peptide has long been recognized [104]. 

However, most of the previous in vitro studies on the cholesterol-mediated Aβ 

amyloidogenesis were performed using mixed cholesterol-phospholipid model 

structures. Studies towards clarification of the particular interactions between Aβ 

peptide and the cholesterol molecule and the mechanistic effect of cholesterol on 

regulating Aβ amyloidogenesis are scarce. Nonetheless, direct binding of 

cholesterol to APP and Aβ amyloid fibrils has been indicated in some recent studies 

[117] [137]. Computational approaches have started to be applied recently to shed 

light on the interaction details between free cholesterol and Aβ peptide. Di Scala et 

al. studied the binding between cholesterol and Aβ peptide via both docking 

modelling and surface pressure measurements of Langmuir monolayers, and their 
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results suggested that a hydrophobic fragment of amino acids 22-35 of Aβ can serve 

as a potential cholesterol-binding domain, primarily forming hydrophobic 

interactions with the apolar part of cholesterol [118]. Using all-atom molecular 

dynamic simulations, Zhou et al. reported an important role of steroid-benzyl 

interaction in cholesterol-mediated aggregation [116].  More specifically, the amino 

acid Phe19 was found to be critical for this interaction. Our experimental results are 

in accord with these simulation results. At concentrations below the CMC values, 

where cholesterol-SO4 or DC-cholesterol remains as non-vesicle forms, presumably 

mainly monomeric structures, they moderately accelerate the aggregation rate of Aβ, 

similar to that of the unmodified cholesterol. This suggests that none of the 

negatively or positively charged groups in these mutants could dramatically 

influence the interactions between Aβ and cholesterol derivatives, suggesting that 

no critical electrostatic interactions were formed between these charged moieties 

and Aβ molecule. In other words, we could reasonably speculate that the 

hydrophobic interactions between the non-aggregating cholesterol derivatives and 

the Aβ peptide, especially its hydrophobic sequence region, are dominant in the 

regulating mechanisms on Aβ amyloidogenesis. Recently it has been shown that 

cholesterol can stimulate formation of channel formed by Aβ peptides in membrane 

[138] [139], and a compound bexarotene with similar size and structure of 

cholesterol has been found to occupy the cholesterol-binding domain in Aβ peptide, 

thus interfering with the formation of amyloid pore channels [140]. The cholesterol-

SO4 or DC-cholesterol derivatives likely also bind and modulate Aβ aggregation via 

a mechanism similar to cholesterol. 
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Our results demonstrate that the negatively charged cholesterol-SO4 vesicles 

dramatically facilitate the aggregation of Aβ40. Vesicles formed by lipid molecules, 

such as amphipathic phospholipids, normally contain a liquid crystalline bilayer 

structure with the hydrophilic head group facing the surrounding aqueous solvent, 

sequestering the hydrophobic tail regions in the micelle center. Lipid vesicles thus 

provide an interface that can act as a catalytic or inhibiting surface, and can 

influence the Aβ aggregation kinetics in similar manner as nanoparticles [141] 

[142] [143] [144]. It has been suggested that the head group charge of the 

phospholipids contributes to the association between the membrane and the Aβ 

peptide via electrostatic interactions. However, the exact effects of head group 

charges on Aβ peptide aggregation are somewhat controversial [145]. Kremer et al. 

reported that the affinity of Aβ40 to the zwitterionic1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) is weaker than for the negatively charged 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), supporting the view that 

the charged head groups mediate binding [146]. On the contrary, results from 

Hellstrand et al. suggested that there is no significantly different effect on Aβ 

aggregation kinetics when increasing amount of negative charge was incorporated 

into phospholipid vesicles [141]. These contradictory results suggest the sensitivity 

of the kinetic roles of lipid vesicles on their specific structural and surface 

properties.  

http://en.wikipedia.org/wiki/Liquid_crystal
http://en.wikipedia.org/wiki/Bilayer
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Figure 15. Size of Cholestereol-SO4 (a) and DC-cholesterol (b) Vesicles Formed at 

Different Concentrations of the Compounds. The diameters values were determined 

by dynamic light scattering. 

Figure 16. Size Distribution of Cholestereol-SO4 Vesicles Formed at Different 

Concentrations of the Compounds Determined by Dynamic Light Scattering. 
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The typical steroid structure of cholesterol-SO4 possibly makes it less 

favourable to form ordered gel- or liquid crystalline-like vesicle structures like other 

phospholipids. Our light scattering measurement further indicates that the size of 

the vesicles is dependent on the concentration of cholesterol-SO4 (Figure 15a and 

Figure 16), with larger vesicles formed at higher concentrations. The difference of 

the width of the size distribution suggests mono- or poly-dispersed particles formed. 

A narrow, peak-shaped distribution curve is indicative of uniform and 

monodispersed particles in the dispersed phase, whereas a regular Gaussian 

distribution curve suggests an increased polydispersity of the aggregates present in 

the dispersed phase.  

Considering the amphipathic nature of cholesterol-SO4, it would be 

conceivable to speculate that considerable amount of negatively charged sulphate 

ion moieties may still tend to be exposed to face the solvent on the surface of the 

vesicles. The measured negative zeta potential, i.e., -53 mv for cholesterol-SO4 at a 

concentration of 250 μg/mL, also suggests the presence of negative charges on the 

surface of the formed vesicles. Therefore, besides the plausible hydrophobic 

interactions, it is quite possible that the sulfate group may also play a role in 

guiding the binding between Aβ and the cholesterol-SO4 vesicles via electrostatic 

interactions. This is indicated by a stronger facilitating effect of cholesterol-SO4 on 

the aggregation kinetics of Aβ, in comparison to that of the unmodified cholesterol. 

One possibility is that the positively charged residues along the Aβ sequence at 

neutral pH used in this study, including Arg, Lys, and His residues, may interact 

with the negatively charged sulfate groups exposed on the surface of the vesicles. 
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This will lead to the adsorption of the monomeric Aβ on the surface of vesicles, 

thus increasing local concentration of Aβ and favouring the formation of critical 

nucleus for further propagation (Figure 17). 

Figure 17. Schematic Representation of the Possible Interactions between Aβ40 and 

Cholesterol Derivatives Vesicles. Cholesterol derivatives vesicles are the negatively 

charged cholesterol-SO4 vesicles and the positively charged DC-cholesterol vesicles 

with different size. 

The surface of DC-cholesterol vesicles is speculated to contain positive 

charges, opposite to that of cholesterol-SO4. The zeta potential is approximately 

+32 mV for DC-cholesterol at a concentration of 250 μg/mL, consistent with the 

proposed surface charge properties of DC-cholesterol vesicles. At low 

concentrations while above its CMC value, the formed DC-cholesterol vesicles also 

facilitate the amyloid formation of Aβ. Again, here one would attribute the 

significantly accelerating effect of DC-cholesterol vesicles partly to the vesicle-

aided nucleus formation. The positive charges on the surface of the particles may 
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exhibit as a favourable factor for facilitating the adsorption of Aβ on the vesicles, as 

Aβ also contains considerable amount of negatively charged residues (i.e., 3 Asp 

and 3 Glu). With a theoretical isoelectric point pI ~ 5.31, the overall net charge of 

Aβ40 at pH 7 is approximately -3, and therefore the overall electrostatic attractions 

between Aβ40 molecule and DC-cholesterol vesicles is expected to be quite 

favourable. Surprisingly, the vesicles formed at higher concentrations of DC-

cholesterol, i.e., 25 μg/mL and above, starts to inhibit the aggregation of the peptide. 

We found that relatively large vesicle structures with diameters of ~300 nm were 

formed at low concentrations of DC-cholesterol (Figure 15b and Figure 18). These 

vesicles may provide favourable surface area for local binding with Aβ40, thus 

facilitating the formation of oligomeric nucleus structures for elongation to form 

fibrils. With increased concentration of DC-cholesterol, the diameter of the formed 

vesicles becomes surprisingly smaller. At the highest concentration of 250 μg/mL 

used in the study, the size of the particle is approximately 100 nm (Figure 15b and 

Figure 18). It has been previously reported that the size and the curvature properties 

of the liposome vesicles are important factors in determining the binding between 

the vesicles and amyloidogenic proteins such as Aβ and α-synuclein [147] [148] 

[149]. Considering the small radius and high curvature properties of positively 

charged DC-cholesterol vesicles formed at high concentrations, and the overall 

negative net charge of Aβ40, these small vesicles may strongly bind with Aβ 

monomers, as depicted in Figure 17. Therefore it would be likely that strong 

attractive electrostatic interactions, together with hydrophobic interactions, may 

prevent the diffusion, conformational adjustment, and the self-association of the 
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monomers along the vesicle surface. This will inhibit the formation of critical 

nucleus on vesicle surface and the further propagation to form fibrillar structures. In 

addition, because of the large amount of the small vesicles formed under the high 

concentration condition, such binding will dramatically reduce the concentration of 

monomeric Aβ40 in solution, thus also possibly leading to retardance or complete 

inhibition of amyloid fibril formation of Aβ40 peptide. 

Figure 18. Size Distribution of DC-cholesterol Vesicles Formed at Different 

Concentrations of the Compounds Determined by Dynamic Light Scattering. 

The effect of DC-cholesterol on Aβ40 amyloidogenesis was also 

investigated with different NaCl salt concentration. The increase of NaCl salt 

concentration (50-300 mM) did not significantly change the aggregation kinetics of 

Aβ40 alone (Figure 19). However, increase of concentration of NaCl led to 

dramatic decrease of the kinetic difference between Aβ40 alone and Aβ40 with DC-

cholesterol (Figure 19). This suggests the sensitivity of the interaction of Aβ40 and 

DC-cholesterol on the ionic strength, indicating the critical role of electrostatic 

force in Aβ40 and DC-cholesterol interactions. On the other hand, increase of NaCl 

concentration slightly increases the facilitating effect of cholesterol-SO4 on the 

kinetics of Aβ40 aggregation, possibly because of the screening effect of the salt on 
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repulsive electrostatic interactions between the negatively charged residues in Aβ40 

and the sulfate group of cholesterol-SO4. 

 

 

 

 

 

 

 

 

Figure 19. Effect of NaCl Salt on the Half Time (t50) of Aβ40 (12 µM) 

Aggregation Kinetics in the Absence or Presence of Cholesterol-SO4 or DC-

cholesterol. The concentration of cholesterol-SO4 or DC-cholesterol was 25 µg/mL. 

The specific structural properties of the vesicles may also influence their 

interactions with Aβ40 peptide. It was reported that small unilamellar gel phase 

vesicles can show faceted structure [150], where the edges between the facets are 

highly curved which may be possible that peptides accumulate in such areas [141]. 

Our results show that the vesicles of cholesterol derivatives can affect the 

aggregation of Aβ peptide, and these effects are highly dependent on the structural 

properties of the vesicle system. However, it is not trivial to clarify the detailed 

structural characteristics of these vesicles at molecular level. Some previous studies 

indicated that cholesterol can form irregular structures under certain conditions 

[130] [151]. Future studies for clarifying the detailed structural characteristics of the 
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vesicles formed by the cholesterol derivatives will be critical for understanding the 

mechanistic reasons of the underlying regulating roles of the vesicles on Aβ 

aggregation discovered in this research. 

Figure 20. Effect of High concentration of Cholesterol-SO4 and DC-cholesterol on 

the Aggregation of Aβ42. (a) The aggregation kinetics of Aβ42 (12 µM) in the 

absence or the presence of cholesterol-SO4 or DC-cholesterol measured by ThT 

fluorescence at 37 
o
C. (b) Relative ThT fluorescence intensity of the stationary 

phase of Aβ42 aggregation in the absence or the presence of cholesterol derivatives. 

Data are reported as means ± the standard deviation of triplicate results. 
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Aβ40 was used as an amyloidogenic model protein in this study, because 

Aβ40 shows a more moderate aggregation propensity than another aggressive 

component of the amyloid plaques in AD, Aβ42 which contains two more residues 

(Leu-Ala) at the C-terminus. This allows the careful investigation on the 

aggregation kinetics. Because of the fast aggregation kinetics of Aβ42 itself, the 

kinetic effect of the cholesterol derivatives on Aβ42 amyloidogenesis is not 

significant (Figure 20), while comparison of the fluorescence intensity still indicate 

that cholesterol-SO4 can facilitate the aggregation, while high concentration DC-

cholesterol inhibit the formation of fibrillar structures. This suggests that the 

cholesterol derivatives might interact with Aβ42 in a comparable manner as with 

Aβ40.  

2.2.4 Cell Viability Assay of SH-SY5Y Cells with Cholesterol Derivatives  

The effects of the vesicles of cholesterol and the derivatives on Aβ40 

cytotoxicity was measured by assaying viability of SH-SY5Y neuroblastoma cells. 

The cells were treated for 24 h with Aβ40 (10 μM) alone or in the presence of 25 

μg/mL cholesterol, 25 μg/mL cholesterol-SO4, or 250 μg/mL DC-cholesterol. Aβ40 

alone induced around 50% decrease in cell survival (Figure 21). When Aβ40 

aggregated in the presence of cholesterol, no toxicity was observed. The presence of 

cholsterol-SO4 also reduces Aβ40 toxicity. Interestingly, DC-cholesterol shows 

little effect on Aβ40 toxicity (Figure 21). This cell viability data show that 

cholesterol-SO4 and cholesterol may facilitate the formation of less-toxic mature 

amyloids in the cell assay conditions, while a considerable amount of toxic 
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oligomeric intermediates may still form in the case of DC-cholesterol although it 

slows down or inhibits the fibril formation at moderate to high concentrations 

respectively. These results suggest that cholesterol and cholesterol derivatives could 

affect Aβ40 aggregation toward more toxic oligomers responsible of inducing cell 

death in neurons. Thus, confirming the present widely verified notion that Aβ 

oligomers are considered as the most toxic species of any other Aβ aggregate 

categories. 

Figure 21. Effect of Aβ40 in the Absence or Presence of Cholesterol and the 

Derivatives (25 g/mL cholesterol, 25 g/mL cholesterol-SO4, or 250 g/mL DC-

cholesterol) on SH-SY5Y Cell Viability (n = 4). 

2.3 Conclusions 

In summary of this chapter, we report for the first time the kinetic effects of 

both non-aggregating forms and aggregated vesicle structures of cholesterol-SO4

and DC-cholesterol on Aβ40 amyloid formation. Our results demonstrate that both 

of the non-aggregating structures of cholesterol-SO4 and DC-cholesterol accelerate 

the aggregation rate of Aβ40 moderately, similar to that observed for the 
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unmodified cholesterol, indicating the importance of hydrophobic interactions in 

binding of Aβ40 and these steroid molecules. Furthermore, we show that the 

vesicles formed at high concentrations of pure anionic cholesterol-SO4 facilitate 

Aβ40 aggregation rate markedly, whereas the cationic DC-cholesterol vesicles have 

the ability to inhibit Aβ40 fibril formation under appropriate experimental 

conditions, distinct to that of the cholesterol-SO4. The results suggest that 

electrostatic interaction can be of great importance in modulating Aβ peptide 

kinetics under specific conditions, in addition of the critical hydrophobic 

interactions at the lipid-protein interface. Our results implicate the critical impact of 

the structural properties of the vesicles of the cholesterol derivatives, including the 

surface charge characteristics and the vesicle size, on mediating their interactions 

with Aβ40 and the regulating functions in Aβ40 amyloid formation. Our findings 

not only provide new insights into the effects of natural cholesterol derivatives on 

the amyloidogenesis of Aβ peptide under the physiological environment, but also 

may lead to the application of designing specific molecular particles as inhibitors of 

Aβ fibril formation. 
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CHAPTER III: GOLD NANOPARTICLES AS A PROBE FOR AMYLOID-β 

OLIGOMER AND AMYLOID FORMATION

3.1 Introduction 

Aberrant protein aggregation, including amyloidogenesis, is associated with 

a series of late-onset neurodegenerative diseases, such as Alzheimer’s and 

Parkinson’s [152] [153]. In Alzheimer’s disease (AD), the most common human 

neurodegenerative disorder, β- and γ-secretase-mediated endoproteolysis of the 

amyloid precursor protein (APP) produces a family of short peptides collectively 

referred to as amyloid-β (Aβ), of which the 40 and 42 residue variants (Aβ40 and 

Aβ42) are the most common. Compelling genetic, biochemical and pathological 

evidence indicates that the etiology of AD is mechanistically linked to the 

production and aggregation of A although neither the neurotoxic 

mechanism of Aβ nor the specific aggregate species responsible for proteotoxicity 

is well established. Previous studies suggested that the extracellular amyloid 

plaques are principally responsible for the neuronal dysfunction and loss [156] 

[157]. Over the past two decades, a growing body of evidence has indicated that the 

oligomeric, diffusible assemblies of Aβ peptides formed in the early stage of 

aggregation, rather than the mature amyloid fibrils, may be the primary neurotoxic 

species in AD [158] [159] [160] [161]. 
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While the understanding of A aggregation mechanism has advanced 

steadily [162] [163] [164] [165], the mechanistic details of protein self-assembly, 

especially the early stage of protein aggregation to form metastable oligomers, still 

remain largely elusive. The amyloid fibrils containing characteristic cross- sheet 

structures can be detected by commonly used Thioflavin T (ThT) and other amyloid 

binding dyes. However, these fibril-specific dyes are not sensitive to the early-

formed oligomers, limiting their use in detecting oligomeric species. Identification 

of protein oligomeric intermediates still remains a challenge. To the best of our 

knowledge, a continuous assay to sensitively monitor the formation of oligomers is 

scarce. Sensitive molecular tools or methods are thus desired for exploring the 

kinetics of protein oligomerization and fibrillization in order to advance the 

understanding of the fundamental mechanisms of protein aggregation. Furthermore, 

Apeptides have emerged as one of the leading diagnostic biomarkers for AD 

[166] [167] [168]. There is evidence showing that the quantity of A aggregates in 

cerebrospinal fluid (CSF) correlates with the severity of AD [167]. Detection and 

quantification of Aaggregates will therefore facilitate the application of A 

biomarkers towards the early diagnosis of AD, which is critical for the efficacious 

treatment of the disease.  

Gold nanoparticles (AuNPs) have received enormous attention for their 

potential use in therapeutics and biomedical applications [169] [170]. AuNPs are 

non-toxic, inert, biocompatible, and easily visible using microscopic and 

spectroscopic techniques as a result of their density and optical properties, 

respectively [171]. AuNPs with the size of a few to tens of nanometers exhibit a 
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strong surface plasmon resonance (SPR) absorption band, primarily due to the 

coherent oscillation of nearly free conduction electrons [172]. The attributes of the 

SPR band are dependent on the size and shape of the nanoparticles themselves in 

addition to their surrounding media [173] [174]. AuNP based spectroscopic and 

colorimetric sensors have been widely developed for identifying analytes, such as 

proteins, carbohydrates, and nucleic acids [175] [176] [177] [178]. Over the past 

two decades, there has been considerable research interest in the use of 

nanoparticles for studying proteins associated with amyloid diseases [179] [180] 

[181] [182] [183] [184]. AuNPs present an enormous surface area and possess 

strong adsorption capacity for binding of proteins. The effect of protein‒

nanoparticle interactions on the amyloid-forming behavior is intensely influenced 

by the structural properties of nanoparticles. In addition, AuNPs have also been 

conjugated with antibodies for detection of amyloidogenic proteins. For example, 

Neely et al. reported that anti-tau antibody-coated AuNPs can be used for 

sensitively detecting the tau protein [185]. Their finding indicates the potential 

application of nanoparticles in the detection of biomarker proteins in AD. In this 

chapter, we used AuNPs as an optical probe for identification and semi-

quantification of A amyloids based on characteristic SPR spectral changes in the 

presence of Aaggregates. We also monitored the A40 aggregation kinetics using 

the AuNP SPR band in combination with a series of spectroscopic and microscopic 

techniques. Furthermore, our results demonstrate that the assay is suitable for 

detection of A40 oligomers and the oligomers of an A mutant Aβ40-K16Nle, 

which forms stable aggregation intermediates. The assay is simple, low cost, and 
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label-free. It may provide an attractive alternative for exploring mechanistic 

properties of protein self-assembly. This method may also contribute to the 

development of nano-based diagnostic approaches of AD. 

 
3.2 Results and Discussion 

3.2.1 Detection of Aβ40 Amyloids Using AuNPs 

The citrate-based AuNPs were prepared following a bottom-up approach 

previously reported by Kumar et al. [187]. The diameter of the synthesized 

nanoparticle is ~23 nm (Figure 22). The zeta potential value of the AuNPs is -22 

mV. This suggests that the nanoparticles are covered and stabilized by negatively 

charged citrates on the surface. The UV-Vis spectrum of the nanoparticles shows a 

characteristic SPR band with a maximum absorbance at 535 nm (Figure 23a). 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. (a) TEM Image of Citrate-stabilized AuNPs. (b) Size distribution 

histogram of AuNPs, which shows an average diameter of ~23 nm (image 

population: 604 particles). Size analysis was performed from the TEM image using 

ImageJ software (imagej.nih.gov). 
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Figure 23. UV-Vis Spectra of AuNPs. The AuNPs were co-incubated with the 

indicated amount of preformed Aβ40 amyloids in pH 7.4 phosphate buffer, and the 

UV-Vis spectra were measured at 0 h (a), and after 2 h (b). The spectra were 

normalized by setting the maximum intensity of the SPR band of the AuNP only 

sample to 1. The inset in (b) shows the amplified SPR band. (c) The SPR band 

intensity difference at 535 nm calculated by subtracting the UV-Vis spectrum of 
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AuNP only sample from those of AuNP‒Aβ40 amyloid mixtures (spectra measured 

at 0 h and after 2 and 4 h incubation). Data are reported as means ± the standard 

deviation of triplicate results.  

 

 

 

 

 

Figure 24. UV-Vis Spectra of Preformed Aβ40 Amyloids. The spectra of Aβ40 

amyloids at different concentrations were measured. 

To evaluate the spectroscopic sensitivity of the AuNPs in the presence of 

Aβ40 amyloids, the preformed Aβ40 amyloid fibrils were added to the nanoparticle 

solution (final AuNPs concentration 0.31 nM). As shown in Figure 23a, the SPR 

band intensity of the AuNPs exhibits a slight change immediately after adding 

different amounts of Aβ40 amyloid fibrils. Here, the quantity of Aβ40 amyloids is 

simply represented using the concentration of equivalent amount of Aβ40 monomer 

(100 nM-6.7 μM). After 4 h incubation, the SPR band shows a more significant 

intensity increase in the presence of increasing amounts of Aβ40 amyloids (Figure 

23b). There is no observable absorbance in the SPR band region of the UV-Vis 
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spectra of Aβ40 amyloid fibrils, (Figure 24), suggesting that the SPR band change 

is not directly due to background UV-Vis absorbance of Aβ40 amyloid fibrils. The 

SPR band intensity increase at 535 nm, which was calculated by subtracting the 

UV-Vis spectrum of AuNP control sample from those of AuNP‒Aβ40 mixture 

samples, shows a dose-dependent trend proportional to the amount of Aβ40 

amyloids (Figure 23c). This quantitative relationship makes the assay valuable as a 

potential method to detect and semi-quantify the amount of Aβ40 amyloid fibrils. A 

similar study was also carried out using a slightly higher concentration of AuNPs (0. 

41 nM). There is no significant improvement of the sensitivity compared to what 

observed using 0.31 nM (Figure 23b vs. Figure 25). 

Figure 25.  UV-Vis Spectra of AuNPs (0.41 nM). The AuNPs were co-incubated 

with the indicated amount of preformed Aβ40 amyloids in pH 7.4 phosphate buffer, 

and the UV-Vis spectra were measured after 2 h incubation. 
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Figure 26. Aggregation Kinetics of Aβ40 Followed by ThT Fluorescence in pH 7.4 

Phosphate Buffer at 37 
o
C. 

In addition, ThT fluorescence is commonly used for monitoring amyloid 

fibril formation of proteins including Aβ40. As shown in Figure 26, the ThT 

fluorescence signal is weak with 3.3 µM Aβ40, and no signal is observed with 1.7 

µM Aβ40, as compared to 10 µM Aβ40 signal, suggesting that the sensitivity of the 

ThT assay for probing Aβ40 fibrils under the current condition is at micromolar 

region. For the AuNP assay reported here, the results suggest that it has sub-

micromolar sensitivity for Aβ40 amyloid identification and semi-quantification 

(Figure 23c).  

To gain better insight into the interactions between AuNPs and Aβ40 

amyloids, AFM images were taken for the AuNPs with or without Aβ40 amyloids. 

As shown in Figure 27a, clusters of AuNPs with a diameter of ~0.15-0.3 μm were 
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observed under the AFM experimental condition. In the presence of Aβ40 amyloids, 

the AuNPs largely co-localized with the amyloid fibers (Figure 27b). 

Figure 27. Tapping Mode AFM Images of AuNPs in the Absence or Presence of 

Preformed Aβ40 Amyloids. The AuNPs were incubated in pH 7.4 phosphate buffer 

alone (a), or with additional 1.7 µM Aβ40 amyloids (b). The black arrow indicates 

the AuNP cluster. The white arrow indicates the fibrils. 

The effect of Aβ40 amyloids on the distribution properties of AuNPs was 

further studied using TEM imaging. In order to avoid the interference of additional 

negative staining regents such as uranyl acetate on the distribution properties of 

AuNPs, the TEM images were acquired without negative staining. 

As shown in Figure 28a, the AuNPs were randomly dispersed in the TEM 

image in the absence of Aβ40 fibrils. When Aβ40 amyloids were added, the 

nanoparticles co-localized with Aβ40 amyloid gel-like structures (Figure 28b-d). 

The fibrillar morphology of Aβ40 is not observed in the images because of the lack 

of negative staining. At the highest concentration of 6.7 μM Aβ40 amyloids, some 

AuNPs were embedded in the Aβ40 amyloid gel structures and appeared blurred in 

the image (Figure 28d). These results demonstrate that the nanoparticles are prone 
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to be adsorbed onto the Aβ fibrillar structures, leading to peptide‒nanoparticle 

interactions which may be directly related to change in SPR band intensity of 

AuNPs.  

 

 

 

 

 

 

 

 

Figure 28. TEM Images of AuNPs in the Absence or Presence of Preformed Aβ40 

Amyloids. The AuNPs were incubated in pH 7.4 phosphate buffer alone (a), or with 

additional 1.7 µM Aβ40 amyloids (b), 3.3 µM Aβ40 amyloids (c), or 6.7 µM Aβ40 

amyloids (d) for 24 h before being scanned.   

Protein‒AuNP interactions are aided by several forces such as hydrogen 

bonds, solvation forces, Van der Waals interactions, and electrostatic interactions 

[189]. Among these, electrostatic interactions have been identified as one of the 

crucial physical forces in binding of protein and AuNPs [190] [191]. Aβ is an 

amphiphilic peptide, containing three positively charged residues (R5, K16, and 

K28). The aligned side chains of the charged residues in the fibrillar structure form 

local positive charge rich patches [192]. Negatively charged AuNPs therefore can 

be favorably adsorbed on the positive regions at the fiber surface via attractive 
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electrostatic interactions, facilitating the formation of nucleation sites for further 

assembly of nanoparticles. In addition, Aβ amyloid fibrils also contain hydrophobic 

patches on their surfaces, and hydrophobic interactions also play an important role 

in the interaction with the AuNP surface [193]. The SPR band intensity depends on 

nanoparticle surface morphology and size, concentration, dielectric environment, 

and the refractive index of the media [173] [174] [194].  The interactions between 

nanoparticles and proteins at the metal/water interface changes the local refractive 

index and dielectric properties, and thus render the SPR band property, allowing for 

sensitive measurement of the protein‒nanoparticle interactions [195]. Here, the 

position of the intensity maximum of the AuNP SPR band does not shift noticeably 

after addition of Aβ amyloids, suggesting that the change in optical density is not 

likely a result of a change in particle size, which is also confirmed from TEM 

imaging. 

3.2.2 Aβ40 Aggregation Kinetics Monitored Using AuNPs 

The aggregation of amyloidogenic proteins is generally understood as a 

nucleated-polymerization process [162] [196] [197] [198], manifested by an 

apparent initial lag phase followed by a rapid conversion of the monomeric or 

oligomeric protein to the terminal fibrillar forms. The influence of nanoparticles on 

protein misfolding and aggregation has long been recognized [180] [199]. However, 

the reported kinetic effects of nanoparticles on protein amyloid formation appear to 

be contradictory in the literature. Some reports describe nanoparticles as inhibitors 

of Aβ fibril formation [179] [183] [200], while some others suggest that 

nanoparticles facilitate Aβ fibrillogenesis [201]. This indicates that the influence of 



66 

 

nanoparticles on fibrillization is strongly dependent on the physical characteristics 

of nanoparticles including their size, shape, and surface properties [202] [203] [204]. 

Therefore, we first tested the effect of the synthesized AuNPs on the kinetics of Aβ 

amyloid formation using a ThT binding assay. As shown in Figure 29a, the 

presence of AuNPs (0.31 nM) increases the ThT fluorescence intensity of the final 

plateau phase of Aβ40 (10 μM) aggregation. The lag phase of the aggregation traces 

remains little changed in the presence of AuNPs, suggesting that AuNPs do not 

influence the early nucleation reactions significantly. The aggregation rate shows a 

slight change, with the aggregation half time (t50) shortened from ~7.8 h to ~7.2 h in 

the presence of the nanoparticles. Here, t50 is defined as the time at which the 

fluorescence intensity reaches the midpoint between the pre- and post-aggregation 

baselines. These results suggest that the AuNPs under the current condition do not 

influence the kinetics of Aβ40 aggregation dramatically.  
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Figure 29. Aβ40 Aggregation Kinetics in the Presence of AuNPs. (a) Aβ40 (10 μM) 

aggregation kinetics in the absence or presence of AuNPs followed by ThT 

fluorescence (pH 7.4, 37 
o
C). (b) UV-Vis spectra of AuNPs in the absence or 

presence of different amount of Aβ40 monomers in pH 7.4 phosphate buffer 

measured at 0 h. The spectra were normalized by setting the maximum intensity of 

the SPR band of the AuNP only sample to 1. (c) UV-Vis spectra of AuNPs 

measured after 24 h incubation. The spectra were normalized by setting the 

maximum intensity of the SPR band of the AuNP only sample to 1. (d) Aβ40 

aggregation kinetics followed by the SPR band intensity change at 535 nm. The 

values of the band intensity change were calculated by subtracting the UV-Vis 

spectrum of AuNP only sample from those of AuNP‒Aβ40 mixtures measured at 

each time point. 
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The aggregation kinetics of Aβ40 monomers were then monitored by 

following the time-dependent SPR band intensity. At 0 h, the SPR band of AuNPs 

is similar to that of the AuNPs co-incubated with differing amounts of Aβ40 

monomers (Figure 29b). After 24 h incubation, the intensity of the SPR bands 

appears to show a significant difference between the AuNP sample and the AuNP‒

Aβ40 mixtures (Figure 29c), likely caused by Aβ40 aggregation. For example, the 

intensity of the SPR band of the AuNP‒Aβ40 (6.7 μM) sample at 535 nm is ~37% 

stronger than that of the AuNP only sample. The relative intensity of the band 

increases in an Aβ40 concentration dependent manner (Figure 29c). The time-

dependent SPR band intensity difference at 535 nm between the samples of AuNP 

and the AuNP-Aβ40 mixtures was displayed using the nanoparticle only solution as 

a reference at each time point. As depicted in Figure 29d, the SPR band intensity 

change shows an increasing transition over time, in accord with the fibrillization 

kinetics of Aβ40 peptide. The final SPR band intensity change is proportional to the 

concentration of Aβ40. These results suggest that the nanoparticles used in this 

study can follow fibrillogenesis of Aβ40 peptide in a kinetics assay. This assay can 

also be used to probe the quantity of amyloids. Interestingly, the SPR band intensity 

of the AuNP‒Aβ40 mixture samples increases quickly (Figure 29d), without an 

observable lag phase. This is in contrast to the Aβ40 aggregation kinetics following 

ThT fluorescence. As shown in Figure 26, there is no ThT fluorescence signal with 

the concentration of Aβ40 at 1.7 µM. With higher concentration of Aβ40, the 

kinetics of Aβ40 aggregation show a characteristic sigmoid transition including an 

apparent initial lag phase followed by a rapid growth phase. The lag phase of the 
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kinetics of 3.3 µM Aβ40 is ~9.3 h, and the lag phase is shortened to ~6.2 h with 

increased Aβ40 concentration of 10 µM. The kinetic difference between the two 

methods suggest that the fast kinetic transition observed in the AuNP assay is not 

likely initiated by binding of AuNP with late-formed amyloid fibrils. In addition, 

there is lack of concentration dependence of the fast kinetic rate in the AuNP assay 

(Figure 29d). These results suggest that the nanoparticles may also be sensitive to 

the oligomeric structures formed at the early stage of Aβ aggregation. The fast 

oligomerization process under the concentration range (1.7-6.7 µM) may also be 

responsible for the lack of the concentration dependence of the kinetic transition 

shown in Figure 29d. 

3.2.3 Detection of Non-fibrillar Oligomeric Intermediates Using AuNPs 

Although recent converging lines of evidence suggest that the oligomeric 

assemblies of Aβ peptides appear to be the major toxic species in AD [158] [159] 

[160], the mechanistic insight into Aβ oligomer formation is still very limited. 

Recently, Lee et al. reported a fluorescence method for monitoring distinct 

oligomerization and fibrillization process of a double cysteine-labeled Aβ using a 

FlAsH dye [163]. Garai et al. monitored the full time course of Aβ aggregation 

including the formation of low-molecular-weight oligomers using the 

tetramethylrhodamine-labeled Aβ [205]. Despite such pioneering studies, the means 

for kinetically probing protein oligomer formation still remain limited. 

In order to test the sensitivity of AuNP SPR band on the Aβ40 oligomers, 

the AuNPs were mixed with the preformed Aβ40 oligomers (AFM images of time-
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dependent Aβ40 oligomer formation in Figure 30), and the UV-Vis spectra were 

measured accordingly (Figure 31).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Time-Dependent AFM Images of Aβ40. Aβ40 monomer (10 µM) was 

incubated in pH 7.4 phosphate buffer (50 mM Na phosphate, 150 mM NaCl) at 

room temperature, and AFM images were measured at a specific time point of 

incubation. 

There is a slight while noticeable SPR band intensity change immediately 

after adding different amounts of Aβ40 oligomers (Figure 31b). After 1 h 

incubation, the SPR band intensity of the AuNP‒peptide mixtures is significantly 

higher compared to that of the AuNP only sample (Figure 31a and 31b). The 

intensity of the SPR band increases in an oligomer concentration dependent manner 
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(Figure 31b). These results suggest that the AuNPs can also interact with the 

oligomeric species of Aβ40. It is conceivable that the AuNP‒oligomer interaction 

will influence the local environment of AuNPs as well, resulting in the SPR band 

intensity change. 

Figure 31. Effect of Preformed Aβ40 Oligomers on UV-Vis Spectra of AuNPs. (a) 

UV-Vis spectra of AuNPs in the absence or presence of different amounts of 

preformed Aβ40 oligomers in pH 7.4 phosphate buffer measured after 1 h 

incubation. The spectra were normalized by setting the maximum intensity of the 

SPR band of the AuNP only sample to 1. (b) The SPR band intensity difference at 

535 nm calculated by subtracting the UV-Vis spectrum of AuNP only sample from 

those of AuNP‒Aβ40 oligomer mixtures (spectra measured at  0 h and after 1 h 
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incubation). Data are reported as means ± the standard deviation of triplicate 

results. 

To expand the potential application of AuNPs in identification of the 

formation of protein oligomeric aggregates, we also studied an Aβ40 mutant, Aβ40-

K16Nle, by replacing the Lys16 residue with an unnatural amino acid norleucine 

(Nle) (Figure 32a). This mutation neutralizes the positive charge of the Lys side 

chain. Interestingly, aggregation of Aβ40-K16Nle produces stable oligomers which 

do not proceed to form fibrils. The CD spectrum of Aβ40-K16Nle (40 μM), after 5 

d incubation in pH 7.4 phosphate buffer (50 mM Na phosphate) at 37 
o
C, shows the 

lack of a typical β-sheet structure, compared to a β-sheet conformation of Aβ40 

after 5 d incubation (Figure 32b). 

There is negligible ThT fluorescence intensity after 40 h of incubation of 

Aβ40-K16Nle, in contrast to that of Aβ40 at a lower concentration (Figure 32c). 

Furthermore, no fibers were observed in AFM imaging after 5 d of incubation of 

Aβ40-K16Nle (Figure 32d); instead, appreciable amount of smaller oligomeric 

aggregates formed. This is distinct from the typical fibrillar structures of Aβ40 

(Figure 33). The Aβ40-K16Nle mutant therefore may be used as a favorable model 

protein for studying biophysical characteristics of oligomers. 
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Figure 32. Aggregation of Aβ40-K16Nle. (a) The primary sequence of Aβ40 and 

Aβ40-K16Nle. The chemical structures of Lys and Nle are shown for comparison. 

(b) CD spectra of Aβ40 (50 M) and Aβ40-K16Nle (40 M) after 5 d incubation in 

pH 7.4 phosphate buffer at 37 
o
C. (c) Aggregation kinetics of Aβ40 and Aβ40-

K16Nle followed by ThT fluorescence in pH 7.4 phosphate buffer at 37 
o
C. (d)

AFM image of Aβ40-K16Nle (40 M) incubated for 5 d in pH 7.4 phosphate 

buffers at 37
 o
C.

To test the sensitivity of the AuNP SPR band on the Aβ40-K16Nle 

oligomers, the AuNPs were co-incubated with the preformed Aβ40-K16Nle 

oligomers. The SPR band of the AuNP‒peptide mixtures shows higher intensity 

compared to that of the AuNP only sample after 2 h incubation (Figure 34a). 
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Figure 33. AFM Image of Aβ40 Amyloids. Aβ40 (30 µM) was incubated in pH 7.4 

phosphate buffer (50 mM Na phosphate, 150 mM NaCl) at 37 
o
C for 5 d before 

being scanned. 

The value of the SPR band intensity increase at 535 nm shows a dose-

dependent trend proportional to the amount of Aβ40-K16Nle oligomers (Figure 

34b). These are similar to what were observed for Aβ40 oligomers.  
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Figure 34. Effect of Preformed Aβ40-K16Nle Oligomers on AuNP UV-Vis Spectra. 

(a) UV-Vis spectra of AuNPs in the absence or presence of different amounts of 

preformed Aβ40-K16Nle oligomers in pH 7.4 phosphate buffer measured after 2 h 

incubation. The spectra were normalized by setting the maximum intensity of the 

SPR band of the AuNP only sample to 1. (b) The SPR band intensity difference at 

535 nm calculated by subtracting the UV-Vis spectrum of AuNP only sample from 

those of AuNP‒Aβ40-K16Nle oligomer mixtures. Data are reported as means ± the 

standard deviation of triplicate results. 

We further measured the time-dependent SPR band intensity change of the 

AuNPs co-incubated with Aβ40-K16Nle monomers (1.7-6.7 µM), in order to 

examine the kinetics of Aβ40-K16Nle oligomer formation using AuNPs. Because 

the aggregation of Aβ40-K16Nle does not form fibrillar structures, ThT 

fluorescence is not capable to probe the kinetic information of Aβ40-K16Nle 

aggregation (Figure 32c). The value of the time-dependent SPR band intensity 

change, in contrast, shows a quick increase within 6 h (Figure 35a), indicating a fast 

oligomerization rate of Aβ40-K16Nle. The fast oligomerization process of Aβ40-
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K16Nle is also validated by the AFM results. As shown in Figure 35b, after 1 h of 

incubation, an appreciable amount of Aβ40-K16Nle oligomers was observed in the 

AFM image. The SPR band increasing phase of Aβ40-K16Nle is faster than that of 

the wild type Aβ40 (Figure 35a vs. Figure 29d), suggesting a higher propensity of 

Aβ40-K16Nle for forming oligomers compared to that of Aβ40.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. Aggregation Kinetics of Aβ40-K16Nle. (a) Aβ40-K16Nle aggregation 

kinetics followed by the SPR band intensity change at 535 nm. The values of the 

band intensity change were calculated by subtracting the UV-Vis spectrum of 

AuNP only sample from those of AuNP‒Aβ40-K16Nle mixtures measured at each 
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time point. (b) AFM image of Aβ40-K16Nle (6.7 μM) incubated with AuNP in pH 

7.4 phosphate buffer at 37 
o
C for 1 h.

It has been recognized that the central hydrophobic core “LVFFA” (residues 

17-21) region in Aβ sequence is crucial in the early steps of Aβ aggregation and 

fibril formation [206] [207]. Considering the close proxomity of the substituted 

hydrophobic Nle16 residue to this hydrophobic center, it is likely that the Nle16 

residue in Aβ40-K16Nle contributes in forming stronger intermolecular 

hydrophobic interactions in the early self-assembly, leading to a faster 

oligomerization rate. The strong hydrophobic interactions in the oligomers of 

Aβ40-K16Nle may significantly stabilize the oligomeric structures, and prevent a 

subsequent conformational transition of spherical oligomers to form amyloid fibrils 

[163]. A latter transition at ~80 h observed in the SPR intensity change kinetics 

(Figure 35a) may likely be caused by further conformational rearrangement of the 

aggregated structures, and/or changes of nanoparticle‒Aβ40-K16Nle interactions. 

Our results suggest that the characteristic SPR band of AuNPs may be used as a 

valuable means for monitoring the kinetics of protein oligomerization, which is 

important for understanding the underlying mechanistic characteristics of protein 

self-assembly. In addition to that, in order to examine if the sensitivity of the assay 

can be further enhanced, we performed the assay at two different concentrations of 

AuNPs, 0.1 nM and 0.41 nM (Figure 36a and 36b) while incubating with specified 

concentrations of preformed Aβ40 amyloids. Figure 36a shows the normalized UV-

Vis SPR intensity change at 535 nm of 0.10 nM AuNPs that were co-incubated with 

the preformed Aβ40 amyloids and the UV-Vis spectra were measured after 0 h, 1 h, 
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2 h, and 4 h incubation. The SPR intensity change recorded at 0 h, 1 h, 2 h, and 4 h 

incubation is particularly noticeable at each amyloid concentration. This suggests 

that lower concentrations of AuNPs may lead to higher sensitivity of the assay. In 

contrast, there were no significant SPR intensity changes when using concentration 

of 0.41 nM AuNPs (Figure 36b).  

 

Figure 36. Normalized UV-Vis SPR Intensity Change at 535 nm of 0.10 nM AuNPs 

(A) and 0.41 nM AuNPs (B). The AuNPs were co-incubated with the indicated 

amount of preformed Aβ40 amyloids in pH 7.4 phosphate buffer, and the UV-Vis 

spectra were measured after 0 h, 1 h, 2 h, and 4 h incubation. 



79 

This shows that using higher concentrations of AuNPs does not necessarily 

lead to better sensitivity. This may be due to that at higher concentratios of AuNPs, 

particles can no longer associate any further with the peptide as with particles itself 

and SPR may not change significantly.  In the future, AuNPs may also be further 

conjugated with designed ligands, such as short peptides and aptamers that bind 

specifically to Aβ, to render the assay more practical and selective. Aptamers have 

been used for decorating the surface of nanoparticles and nanorods for enhanced 

colorimetric and spectroscopic sensing applications [208] [209]. Such approach 

may also be valuable for the future development of nanoparticle-based diagnostic 

tool for AD targeting on Aβ biomarkers. In addition, future studies of the 

investigation of the method for probing other amyloidogenic proteins or peptides 

will be valuable for illuminating a more general application of the AuNP approach 

in studying amyloidogenic proteins. 

3.3 Conclusions 

In this chapter, we developed a simple, low cost, and label-free AuNP-based 

assay for probing Aβ oligomer and amyloid fibril formation. Our results show that 

the intensity of the SPR band of the AuNPs is sensitive to the presence of Aβ40 

amyloids. The value of the SPR band intensity change shows a dose-dependent 

trend proportional to the amount of Aβ40 amyloids. The change of SPR band 

intensity of AuNPs can also be used to follow the kinetics of Aβ40 fibril formation. 

Furthermore, our results show that the SPR band intensity of AuNPs is also 

sensitive to the oligomeric structures of both Aβ40 and the Aβ40-K16Nle mutant. 

The process of the formation of stable oligomers of Aβ40-K16Nle can be monitored 
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following the SPR band intensity change of AuNPs. Our results demonstrate that 

this AuNP-based method is uniquely useful in detecting Aβ oligomers and 

monitoring the kinetic information of oligomer formation. It provides an attractive 

alternative for mechanistic studies of early protein self-assembly and 

fibrillogenesis. 

. 
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CHAPTER IV: INHIBITION OF ALZHEIMER’S AMYLOID-β PEPTIDE 

AGGREGATION USING NATURAL PRODUCTS

4.1 Introduction 

Plant-inferred compounds such as flavonoids and terpene alkaloids are 

known to display activity to amyloid-β (Aβ) aggregation which makes them 

appealing as potential candidates to treat Alzheimer's disease (AD) [212] [213]. The 

modes of their action against amyloid activity are not unified; however lots of these 

compounds exhibit hydrophobic interactions with Aβ while others affect the peptide 

by electrostatic mechanisms. In these manners, numerous natural compounds are 

known to show effect to different amyloid species including oligomers and fibrils, 

which thus can prompt conformational change in the β-sheet conformations to form 

nontoxic peptide entities [214]. 

4.1.1 Small Molecules as Drugs for AD 

Various computational examinations demonstrate that the physicochemical 

properties of some molecules do fit Lipinski's rule, a rule that evaluates the 

likeliness of a compound to be a biologically active drug, and that catechol and 

catechol-type moieties present in certain compounds of natural origin are 

considered as lysine site-specific inhibitors of amyloid aggregation [215] [216]. In 

view of these perceptions, Liu YH et al have proposed a basic layout to outline 

novel compounds containing site-particular ring frameworks, planar aromatic and 

nonaromatic linkers with reasonably substituted hydrogen bond acceptors and 
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donors [217]. These approaches can have substantial ramifications in the plan and 

improvement of novel amyloid aggregation inhibitors, with prevalent metabolic 

strength and permeability within the blood brain barrier (BBB), as potential agents 

to treat Alzheimer's disease. 

Aβ40 and Aβ42 are directly engaged with AD as the primary segments of 

the amyloid plaques found in the brains of Alzheimer patients [218]. As discussed 

in previous chapters, they develop from the amyloid precursor protein (APP), which 

is cleaved by β secretase and γ secretase to yield Aβ peptides. Aβ fragments can 

aggregate into diffusible oligomers which may exist in different order of 

complexity. It is currently known that specific misfolded oligomers (known as 

"seeds") can initiate other Aβ peptides to likewise take the misfolded oligomeric 

structure, prompting a fast response to undergo aggregation. Oligomers are widely 

known now as lethal to nerve cells more that amyloid fibrils [219]. The other 

crucial protein involved in AD is tau protein. Nussbaum et al. found that there is 

evidence that misfolded Aβ can trigger tau to fold abnormally [220]. So the neurotic 

accumulations of protein tau and amyloid-β peptides are considered the major 

hallmarks of Alzheimer's disease; both of which are lethal to neurons [221]. 

Naturally occurring dietary flavonoids and terpenoids have gained remarkable 

consideration as potential drugs for AD considering their antiamyloidogenic; 

antioxidative; and sedative properties. Scientific evidences support the speculation 

that specific flavonoids may guarantee potency against Alzheimer's disease to some 

degree by meddling with the aggregation and buildup of Aβ peptides into 

neurotoxic oligomers in addition to lessening tau’s NFTs (Neurofibrillary Tangles) 
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collection [220]. Different techniques include the disruption of amyloid-β 

aggregation and mutations in amyloid precursor protein through the control of β-

secretase or stimulation of α-secretase, and inhibiting cyclin-subordinate kinase-5 

and glycogen synthase kinase-3β actuation, thus avoiding abnormal tau 

phosphorylation. The association of flavonoids and other natural compounds like 

terpenoids with various signaling pathways set forward their remedial potential to 

avert the beginning and development of Alzheimer's disease [221]. The mode of 

action of terpenoids involves the N-terminal region which is negatively charged; 

whereas proline-rich microtubule domains are positively charged at physiological 

pH value. Based on biomolecular interaction, NFTs are synthesized through the 

association of tau protein with β-tubulin on the inner surface of microtubules, 

bridging positively charged proline on tau protein and negatively charged N-

terminus on the microtubule surface. The folded protein is further stabilized by a 

network of hydrophobic and electrostatic interaction and hydrogen bonding among 

residues distributed throughout the polypeptide chain [222]. 

Compounds such as ginkgolides, cyclic diterpene alkaloids, (Figure 37a-c) 

and bilobalide (Figure 37d) extracted from Gingko biloba were found to have 

neuroprotective potency in vitro as well as in-vivo experiments. For example, 

neuronal cells pre-treated with ginkgolide a and b (Figure 37a,b) were protected 

from synaptic damage [223] and survived against Aβ-induced toxicity [224]. 

Additionally, ginkgolide b reduced apoptotic death of neurons in hemorrhagic brain 

of a rat [225]. Also, bilobalide (Figure 37d) diminishes synaptic loss caused by Aβ 

and successively boosts hippocampal neurogenesis and synaptogenesis [226]. 
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Figure 37. Structures of Ginkgolides (A, B and C) and Bilobalide (D) in Gingko 

Biloba [223] [224] [225] [226]. 

 

Figure 38. Structure of Diterpene Alkaloids (Compound 1, 2, and 3) 
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Figure 39. Structures of Iridoid Glucosides (Compound 4, 5, and 6) 

4.2 Results and Discussion 

In this manner as ginkgolides and bilobalides (shown in Figure 37), we have 

tested the effect of 3 diterpene alkaloids, compound 1, 2, and 3 (Figure 38) and 3 

Iridoid glucosides, compound 4, 5, and 6 (Figure 39) on Aβ40 aggregation kinetics 

using ThT. 

4.2.1 Effect of Nanomolar Concentrations of Diterpene Alkaloids on Aβ40 

Aggregation 

The kinetics of fibrillization of Aβ40 monomers (12 µM) in phosphate 

buffer (50 mM Na-phosphate, 150 mM NaCl, pH 7.4) was monitored via ThT 

fluorescence experiments. As shown in Figures 40, 41, and 42, upon addition of 100 

nM, 250 nM, 500 nM or 1000 nM of compounds 1, 2, or 3 to Aβ40, there was no 

significant change in aggregation half-life of WT Aβ40 at these concentration 

ranges. However, at higher concentrations, there is noticeable decrease of 

fluorescence intensity. At 1000 nM concentrations, there is ~75% drop of intensity, 

versus WT Aβ40 intensity, for compound 1 as compared to ~65% drop for 

compound 2, and ~69% drop for compound. This suggests that these compounds at 
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this concentration range does not influence the kinetic rate of Aβ40 aggregation, but 

can influence the morphology and intensity of the aggregates or fibrils formed 

(Figure 40 vs 41 vs 42). 

 

 

 

 

 

 

 

Figure 40. Compound 1 Activity in the Nanomolar Range on Aβ40 Aggregation 

Monitored by ThT Fluorescence. 
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Figure 41. Compound 2 Activity in the Nanomolar Range on Aβ40 Aggregation 

Monitored by ThT Fluorescence. 

Figure 42. Compound 3 Activity in the Nanomolar Range on Aβ40 Aggregation 

Monitored by ThT Fluorescence. 
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4.2.2 Effect of Micromolar Concentrations of Diterpene Alkaloids on Aβ40  

Aggregation 

In order to further test the effects of compounds 1, 2, and 3 on Aβ40 

aggregation, higher concentrations of the compounds were used (100 µM, 250 µM, 

500 µM, and 1000 µM). As shown in Figure 43, compound 1 exhibited a 

concentration dependent inhibition of Aβ40 aggregation (shown in Figure 43). This 

suggests that compound 1 binds to Aβ40 monomers to some extent slowing it down 

when further aggregating to amyloid fibrils. Compound 1 (in Figure 38) has a 

peculiar side chain that contains a substituted aromatic ring that contains an amino 

acid-type moiety (HNCOCHR). This may suggest that compound 1 binds to Aβ40 

with hydrophobic interaction mechanisms. It is also noticeable that intensity is 

gradually decreasing as compound 1 concentration increases, this indicates  that this 

likely binding changes the morphology of the aggregates as well (Figure 46 blue). 

Figure 47 also shows the half-life of Aβ40 aggregation upon incubation with 

compound 1. When 1000 µM of compound 1 is incubated with Aβ40, the half-life 

dramatically changed from ~7 h to ~33 h, indicating a 3.7 fold increase (shown in 

Figure 47).  
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Figure 43. Compound 1 Activity in the Micromolar Range on Aβ40 Aggregation 

Monitored by ThT Fluorescence. 

Figure 44. Compound 2 Activity in the Micromolar Range on Aβ40 Aggregation 

Monitored by ThT Fluorescence. 
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Compound 2 at higher concentrations did not show any noticeable change as 

compared to its lower concentration effect (Figure 44 vs Figure 41). This molecule 

lacks the amino acid moiety that is found in compound 1 and therefore, it is 

unlikely that it binds well with Aβ40 monomers. In contrast, at higher 

concentrations of compound 3, no noticeable change in kinetics of Aβ40, however, 

it is interesting that at these high concentration, Aβ40 aggregation occurs similar to 

the WT Aβ40 (Figure 45). The half-life changes in the cases of compound 2 and 3, 

show nearly horizontal lines in Figure 47 indicating, no kinetic effects of these two 

compounds on Aβ40 aggregation. 

 

Figure 45. Compound 3 Activity in the Micromolar Range on Aβ40 Aggregation 

Monitored by ThT Fluorescence. 



91 

Figure 46. Maximun Mormalized Intensity at Each Micromolar Concentration of 

Compounds 1, 2, and 3. 

Figure 47. Aggregation Half Life (t1/2) Versus Micromolar Concentrations of 

Compounds 1, 2, and 3. 
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4.2.3 Effect of Nanomolar Concentrations of Iridoid Glucosides on Aβ40 

Aggregation 

Similar to testing compounds 1, 2, and 3, compounds 4, 5, and 6 (Figure 39) 

have been tested. The kinetics of fibrillization of Aβ40 monomers (12 µM) in 

phosphate buffer (50 mM Na-phosphate, 150 mM NaCl, pH 7.4) was monitored via 

ThT fluorescence experiments. As shown in Figures 48 and 49, upon addition of 

100 nM, 250 nM, 500 nM or 1000 nM of compounds 4 or 5 to Aβ40, these two 

compounds exhibited a concentration dependent inhibition of Aβ40 aggregation 

(shown in Figure 48, and 49). This suggests that they bind to Aβ40 monomers at the 

same way to some extent slowing it down when further aggregating to amyloid 

fibrils. For compound 6, there was no significant change in aggregation half-life of 

WT Aβ40 at this concentration range. However, there is slight decrease of 

fluorescence intensity (Figure 50). At 1000 nM concentrations of compound 4 and 

compound 5, there is ~100-110% increase of half-life, versus WT Aβ40 (Figure 

54). This suggests that these two compounds behave similarly when interacting 

with Aβ40. Although the three compounds contain the same sugar moiety, there a 

substantial difference between the effect of compound 4 and 5, and that of 

compound 6 on Aβ40 aggregation. This indicates that the sugar moiety is not 

necessarily responsible for the inhibition effect at this concentration range, and that 

the remaining backbone of the molecule can have substantial effect on the 

aggregation pathway of Aβ40.  
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Figure 48. Compound 4 Activity in the Nanomolar Range on Aβ40 Aggregation 

Monitored by ThT Fluorescence. 

Figure 49. Compound 5 Activity in the Nanomolar Range on Aβ40 Aggregation 

Monitored by ThT Fluorescence. 
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Figure 50. Compound 6 Activity in the Nanomolar Range on Aβ40 Aggregation 

Monitored by ThT Fluorescence. 

4.2.4 Effect of Micromolar Concentrations of Iridoid Glucosides on Aβ40 

Aggregation 

Testing compounds 4, 5, and 6 at higher concentrations (100, 250, 500, and 

1000 µM) does not show any dramatic difference (Figure 51, 52, and 53). Even 

compounds 4 and 5, which shows concentration dependent inhibition at low 

concentration range, are no longer showing noticeable effect. This may be because 

at higher concentrations, each of these compounds may self-associate to form 

different entities not interested to bind to Aβ. 
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Figure 51. Compound 4 Activity in the Micromolar Range on Aβ40 Aggregation 

Monitored by ThT Fluorescence. 

 

 

 

 

 

 

 

 

 

Figure 52. Compound 5 Activity in the Micromolar Range on Aβ40 Aggregation 

Monitored by ThT Fluorescence. 
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Figure 53. Compound 6 Activity in the Micromolar Range on Aβ40 Aggregation 

Monitored by ThT Fluorescence. 

 

 

 

 

 

 

 

 

 

Figure 54. Aggregation Half Life (t1/2) Versus Nanomolar Concentrations of 

Compounds 4, 5, and 6 
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The aggregation of natural amyloidogenic peptides into cytotoxic 

oligomeric and fibrillar aggregates is a significant pathologic condition in more than 

25 human diseases. Hindering or meddling with the accumulation of amyloid 

peptides e.g. amyloid-β (Aβ) utilizing small natural products, peptides and 

peptidomimetics, and nanoparticles that specifically inhibit Aβ aggregation is a 

promising system for the advancement of novel pharmaceutical methodologies to 

treat Alzheimer's disease (AD) [227]. 

Figure 55. Semagacestat, a Previous Therapeutic Candidate for AD. 

 Small molecules have been classified by Ladiwala et al. [211] into different 

classes based on their effect when reacting with Aβ according to whether they (i) 

modify soluble oligomeric species or fibrils into bulky harmless off-pathway 

aggregates, (ii) transform soluble Aβ oligomers into an inactive form of fibrils 

unlike typical fibrillar Aβ, or (iii) disaggregate oligomeric clusters or fibrils to safer; 

smaller species or into soluble monomeric form. This is summarized in Figure 56. 

On the other hand, a compound such as Semagacestat (Figure 55) is a γ-secretase 

inhibitor that showed reduction of Aβ production within in-vivo cellular assays, 

however the compound had failed phase III clinical trials [228] [229]. 



98 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56. Aggregation Pathways Exhibited by Different Categories of Small 

Molecules Reacting with Aβ [211]. 

In an expansive sense, because of the intricate idea of Aβ self-assembly 

process, expanding learning in advanced techniques to characterize structural 

details of Aβ oligomers, nuclear level Aβ-inhibitor, and savvy high-throughput 

screening strategy will enhance basic comprehension of amyloid developments, and 

will also generate sustainable pharmaceutical methodologies and medications to 

treat AD [227].  

4.3 Conclusions 

We have found that among all compounds tested (compound 1 through 

compound 6 in Figure 38 and 39), compound 1, in the micromolar range, has shown 

a concentration dependent inhibition of Aβ aggregation. Additionally, compound 5 

in the nanomolar range exhibited similar pattern to inhibit Aβ aggregation. 

Although, we have only monitored in-vitro ThT fluorescence, further studies and 

analyses e.g. in-vitro imaging, upon interactions of these candidates with Aβ, and 
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cell viability assay should be performed in order to get better insights into their 

bioactivity to fight Alzheimer’s Aβ aggregation. All in all, because of their ability 

to connect with cells and molecular segments of the cerebrum in charge of memory, 

as well as having the capacity to secure defenseless neurons, upgrade existing 

neuronal capacity, fortify neuronal recovery, and incite neurogenesis, it is 

undeniable that the capacity and potential of terpenoids as well as flavonoids can 

one day lead to the breakthrough we all looking for regarding the Alzheimer’s 

dilemma. 
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CHAPTER V: MATERIALS, METHODS AND EXPERIMENTAL DETAILS

5.1 Materials 

All chemical reagents were obtained from commercial suppliers and used 

without further purification unless otherwise mentioned. Lipid molecules cholesterol, 

DC-cholesterol (MW 537.26 g/mol) and cholesterol-SO4 (MW 488.70 g/mol) were 

purchased from Sigma-Aldrich. Solutions of DC-cholesterol and cholesterol-SO4 were 

prepared by thoroughly mixing appropriate amounts of compound powder in dimethyl 

sulfoxide (DMSO), while cholesterol (MW 386.65 g/mol) was dissolved in a mixture of 

hexane/chloroform/ethanol 11:5:4 v/v/v according to a previously reported protocol by 

Fantini et al. [125].  

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H2O, MW 393.83 g/mol, 

99.999%) and sodium citrate tribasic dihydrate (C6H5Na3O7.2H2O, MW 294.10 g/mol, 

99%) were purchased from Sigma-Aldrich. Amino acids were purchased from Protein 

Technologies Inc. (Woburn, MA) All other chemical reagents were obtained from 

commercial suppliers and used without further purification unless otherwise mentioned. 

Millipore water was used in preparation of all aqueous solutions. 

5.2 Methods and Experimental Details 

5.2.1 Synthesis of Aβ40 and Aβ40-K16Nle Peptides 

Aβ40 and Aβ40-K16Nle peptides were synthesized on a PS3 solid phase 

peptide synthesizer (Protein Technologies) using standard Fmoc strategy. The resulting 

crude peptide was purified by reversed phase high-performance liquid chromatography 
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(RP-HPLC) using a C18 reverse phase column (HPLC chromatogram is shown in 

Figure 57) and characterized by matrix-assisted laser desorption ionization mass 

spectrometry (MALDI). Figure 58 represents the mass spectrum of a pure Aβ40 peptide 

fraction collected from HPLC at ~ 15 min retention time. The Aβ40 peptide utilized in 

the kinetic aggregation assay was monomerized as described previously [126]. Briefly, 

lyophilized Aβ40 powder was dissolved in aqueous NaOH solution (2 mM) and the pH 

was adjusted to 11 by using 100 mM NaOH solution. The solution was sonicated for 1 

h in ice-water bath, then filtered through 0.22-μm filter (Millipore) and kept on ice 

before use. The concentration of Aβ40 was determined by using the tyrosine UV 

absorbance at 280 nm (ε = 1,280 M
-1

cm
-1

).

5.2.2 Kinetic Aggregation Assay of Aβ40 Using Thioflavin-T (ThT) 

The aggregation kinetics followed by ThT fluorescence were conducted as 

described previously [188]. In brief, the monomerized Aβ40 peptide solution was 

diluted to the specified final concentration in pH 7.4 phosphate buffer (50 mM Na 

phosphate, 150 mM NaCl). The solution also contained ThT with a final concentration 

of 25 M. Solution (100 L) was transferred into a well of a 96-well microplate (Costar 

black, clear bottom). The plate was sealed with a microplate cover and loaded into a 

Gemini SpectraMax EM fluorescence plate reader (Molecular Devices, Sunnyvale, CA), 

where it was incubated at 37 °C. The fluorescence of ThT was measured every 10 min 

after shaking for 5 s with an excitation wavelength of 440 nm and an emission 

wavelength of 480 nm. The same procedure was used for monitoring the kinetics of 

Aβ40-K16Nle aggregation. 
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5.2.3 Preparation of Cholesterol and Cholesterol Derivatives Stock Solutions 

For the assays with cholesterol derivatives, a stock solution of DC-cholesterol 

or cholesterol-SO4 was prepared by dissolving 5.0 mg of the samples in 1.0 mL DMSO 

and then different stock solutions were prepared by further dilution. The stock solution 

of cholesterol was prepared by dissolving 5.0 mg of the sample in a mixed solvent 

composed of hexane:chloroform:ethanol 11:5:4 v/v/v, and further dilutions were 

applied using the same mixed solvent to obtain stock solutions with different 

concentration of cholesterol. A particular amount of stock solutions was added to Aβ40 

solution (final concentration of 12 M) in pH 7.4 phosphate buffer (50 mM Na 

phosphate, 150 mM NaCl) containing 20 M ThT. The solution was then pipetted into 

the plate reader (100 L/well) for the kinetic assay. In consideration of the high 

sensitivity of Aβ40 aggregation rate on the experimental conditions and therefore the 

day-to-day assay variance of lag time in Aβ40 aggregation kinetics, an Aβ40-alone 

sample was always measured in each assay as the control.  

The kinetic parameter lag time (tlag) was extracted by fitting the kinetic data 

using the following equation [128]: 

                                   𝑭 =
𝑭𝒎𝒂𝒙

(𝟏+𝒗𝒆−𝒌(𝒕−𝒕𝒎))𝟏/𝒗
                                                          Eq. 1 

Where 𝐹  is the fluorescence intensity at time 𝑡 ,  Fmax is the maximum steady-state 

fluorescence, 𝑘  is the apparent rate constant of amyloid accumulation, tm is the point of 

the maximum elongation rate, and 𝑣  represents the asymmetry of the aggregation 

kinetics curve. The lag time (tlag) is the time at which the tangent at tm crosses the initial 

baseline and is given by tm - (1 + 𝑣)/k.  
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5.2.4 Atomic Force Microscopy (AFM) 

Aliquots (20 L) of the sample were adsorbed onto the surface of freshly 

cleaved mica (8  8 mm) for 5 min at room temperature. The liquid was wicked off 

using filter paper. Salts and unbound materials were removed by washing with 20 L 

Milli-Q water for three times. The samples were dried overnight and AFM images were 

acquired in tapping mode using an Asylum Research MFP 3D AFM system with 

MikroMasch NSC15/Al BS cantilevers. 

5.2.5 Critical Micelle Concentration (CMC) Determination 

The CMC values of the cholesterol derivatives used in this study were measured 

following a previously reported protocol [129]. Briefly, a series of solutions for each 

lipid derivative were prepared that differ by an order of concentration. The cholesterol 

derivatives were dissolved in pH 7.4 phosphate buffer (50 mM Na phosphate, 150 mM 

NaCl) containing 5% DMSO. The final concentration range of the cholesterol 

derivatives was from 0.50 ng/mL to 0.25 mg/mL (~ 9 x 10
-10

 M to 4 x 10
-4

 M). Using a

FluoroMax-4 spectrofluorometer (HORIBA Jobin Yvon) at slit width of 10 nm and 

excitation and emission wavelength of 460 nm, light intensity for each solution was 

measured 3 times and then was averaged. Data were plotted as logarithm of sample 

concentration versus average light scattering intensity, and CMC values were calculated 

as the intercept with x-axis of a linear regression line for the concentrations where a 

rapid increase in light scattering intensity was observed.  

5.2.6 Vesicle Size Measurement Using Dynamic Light Scattering 

100 µL aliquots of different concentrations of each cholesterol derivative in pH 

7.4 phosphate buffer (50 mM Na phosphate, 150 mM NaCl) containing 5% DMSO 
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were incubated at 37 
o
C for 24 h. Then samples were diluted to 200 µL with Millipore 

H2O and stirred for 30 s. Size measurements were performed using a model Zetasizer 

Nano ZS instrument (Malvern Instruments, Worcestershire, UK) with disposable 

cuvettes. The average diameters of vesicles were calculated as the mean of three 

measurements, with 12-15 runs per measurement.  

5.2.7 Zeta Potential (ζ) Measurements 

A 100 µL aliquot of the samples (in chapter II) in pH 7.4 phosphate buffer (50 

mM Na phosphate, 150 mM NaCl) containing 5% DMSO was incubated at 37 
o
C for 

24 h. Then the sample was 10-fold diluted to 1 mL with Millipore H2O and stirred for 

few seconds. Zeta potential measurements were performed using a model Zetasizer 

Nano ZS instrument (Malvern Instruments, Worcestershire, UK) with a disposable 

polycarbonate folded capillary cell (model DTS1070) with a path length of 4 mm. The 

values of zeta potential are reported as the mean of three measurements. Zeta potential 

measurement of AuNPs (in chapter III) was performed using a 1 mL sample of plain 

AuNPs for the measurement.  

5.2.8 Cell Viability Assay 

The neuroblastoma cell line SH-SY5Y was purchased from American Type 

Culture Collection and processed as indicated by the manufacturer and plated at a 

density of 10,000 cells per well in a 96-well plate. Briefly, the cells were grown at 37 

o
C in a 5% CO2 incubator for seven days. Then, the medium was discarded under 

aseptic conditions and replaced with a culture medium which contained Aβ40 (10 µM) 

with or without the different cholesterol derivatives and incubated at 37 
o
C for 24 h 

before being used. The culture medium was discarded after 24 h incubation and the 
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cells were thoroughly rinsed in PBS. The cell viability was then determined by using 

the CellTiter 96 Aqueous One Cell Proliferation Assay (Promega) according to the 

manufacturer’s instructions. Briefly, the assay utilizes a tetrazolium compound that is 

converted into a water-soluble formazan by the action of cellular dehydrogenases 

present in the metabolically active cells. The formazan was quantified by measuring the 

absorbance at 490 nm using a colorimetric microtiter plate reader (SpectraMax Plus; 

Molecular Devices). Background absorbance was subtracted from each sample. 

5.2.9 Preparation of Oligomers and Fibrils of Aβ40 and Aβ40-K16Nle 

The Aβ40 oligomers samples (maximum concentration 20 μM) were prepared 

by incubating Aβ40 monomer in pH 7.4 phosphate buffer (50 mM Na phosphate, 150 

mM NaCl) at room temperature for 8 h and were used immediately to avoid further 

aggregation. The Aβ40 amyloid fibrils samples (maximum concentration 20 μM) were 

prepared by incubating Aβ40 monomer in pH 7.4 phosphate buffer (50 mM Na 

phosphate, 150 mM NaCl) at 37 
o
C for 45 h during which the samples were shaken

every 10 min for 5 s. Aβ40-K16Nle oligomers were prepared by incubating Aβ40-

K16Nle monomer in pH 7.4 phosphate buffer (50 mM Na phosphate, 150 mM NaCl) at 

37 
o
C for 24 h.

5.2.10 Synthesis of AuNPs 

AuNPs were synthesized following a bottom-up approach reported by  Kumar et 

al. [187]. Briefly, 1 mL of 12.7 mM chloroauric acid solution was added to 49 mL 

Milli-Q water in a clean glass flask with a stir bar. The apparatus was transferred on top 

of a hot plate and allowed to boil while stirring. Once boiling, 0.9 mL of 38.8 mM 

trisodium citrate solution was added to the gold solution. The colour of the solution 
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changed from yellow to dark violet after 60 s, and finally to a brilliant red after 120 s. 

The solution was boiled for 5 min and then allowed to cool to room temperature. The 

AuNP solution was stored at room temperature in a brown, light impermeable Greiner 

centrifuge tube.  

5.2.11 Ultraviolet-Visible (UV-Vis) Spectroscopy of AuNPs  

The AuNPs stock solution was diluted to 0.31 nM in pH 7.4 phosphate buffer 

(16.5 mM Na phosphate, 50 mM NaCl), and the UV-Vis spectra were recorded using a 

HP Agilent 8453 Diode Array UV-Vis-NIR spectrophotometer and a 100 L ultramicro 

quartz cuvette. A known quantity of the peptide solution (monomer, oligomer, or 

amyloid) was also added to the AuNPs solution (final concentration 0.31 nM) for UV-

Vis spectra measurement.  

5.2.12 Transmission Electron Microscopy (TEM) 

TEM images were obtained using Philips PW 6061 transmission electron 

microscopy system (model CM 200, Eindhoven, The Netherlands). The 400 Mesh 

Copper grids coated by FORMVAR carbon film (FCF 400-Cu, Electron Microscopy 

Sciences, Hatfield, Pennsylvania, USA) were used. Briefly, the grids were gently 

washed with 10 L Milli-Q water, and the water was absorbed from the grids using 

filter paper. Then, 5 L droplets of AuNP samples were drop deposited (dd) 

immediately on the grids and were allowed to dry in a clean environment at room 

temperature overnight. 
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5.2.13 Circular Dichroism (CD) 

Peptide samples were prepared in pH 7.4 phosphate buffer (50 mM Na 

phosphate). Then 200 µL aliquot was transferred into a 1 mm quartz cuvette. CD 

spectra were collected on a J-810 JASCO spectrometer. 

5.2.14 Determination of Molar Concentration of AuNPs 

The concentration of AuNPs used in the assay was calculated using the method 

reported by X. Liu et al. [210], using the equation: 

C = NTotal/ NVNA Eq. 2 

 Where NTotal is the total number of gold atoms present in 1 mL of 12.7 mM gold salt 

solution originally used, NA is Avogadro’s number, V is reaction volume in Liters 

(0.050 L), and N is the average number of gold atoms per every nanoparticle. Assuming 

100% conversion of Au(III) to Au atoms and uniform spherical nanoparticles, N can be 

calculated using the equation: 

N = πρD
3
/6M Eq.3 

Where ρ is fcc gold density (19320 g/L), D is nanoparticle diameter determined using 

TEM, and M is the atomic weight of gold (197 g/mol). 

5.2.15 Preparation of Diterpene Alkaloids Stock Solutions 

          For preparation of diterpene Alkaloids stock solutions, a stock solution of each 

compound 1, 2, or 3 was prepared by dissolving certain amounts of the compound in 

1.0 mL DMSO and then different stock solutions were prepared by further dilution of 

the molar stock solution. 
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5.2.16 Preparation of Stock Solutions of Iridoid Glucosides 

For preparation of stock solutions of compounds 4, 5, or 6, certain amounts of 

the compound was dissolved in 1.0 mL DMSO and then different stock solutions were 

prepared by further dilution of the molar stock solution. 

Figure 57. HPLC Chromatogram for Aβ40 Crude Purification. The major peak at 

around 15 min is found to represent a pure Aβ40 fraction and the molecular weight is 

confirmed by MALDI. 

 

 

 

 

 

 

 

 

Figure 58. MALDI Spectrum of Purified Aβ40. 1 µL aliquot of the sample was mixed 

with 1 µL of α-hydroxycinnamic acid matrix on top of MALDI sample holder. 

Molecular weight is found to be 4327 Da, the closest to the calculated value of Aβ40 

(4329 Da). 
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