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Abstract 
 
 
Amyloid diseases are a group of protein misfolding and aggregation disorders that influence 

the lifestyle and morbidity of millions of people worldwide. These diseases include type 2 

diabetes (T2D), Alzheimer’s disease (AD), Parkinson’s disease (PD), Prions, Huntington’s, 

arthritis, atherosclerosis and other cardiovascular or systemic amyloidosis where a protein 

specific to each of these disease misfolds and then self-assembles into β-sheets rich fibrils. 

Interestingly, the process of amyloid formation is not limited to pathogenic proteins but also 

functional proteins like β-lactoglobulin and caseins that render amyloid fibrils with similar 

atomic and mesoscopic structures as those of pathogenic amyloids. The mechanism of 

fibrillization and the distinct structure of a cross-β spine are ubiquitous across all pathogenic or 

functional amyloids, regardless of the peptide sequence, site of production and physiological 

function. Integrating this knowledge into consideration, the work compiled in this thesis 

presents innovative biomimetic approaches of synthesising nanomaterials with β-sheet rich or 

disordered whey protein coronas and then interfacing them with amyloid proteins to shut down 

the latter’s fibrillization and toxicity, both in vitro and in vivo. 

The content of the thesis is arranged as follows. The first chapter describes the co-fibrillization 

of bLg and human islet amyloid polypeptide (IAPP), facilitated via gold nanoparticles (AuNPs). 

The amyloid aggregation of IAPP is causative to pancreatic β-cell degeneration, which leads to 

the pathogenesis of T2D. Specifically, AuNPs of 8 nm in diameter were synthesised with bLg 

amyloid fragments that imparted a β-sheet rich corona on the surface of the AuNPs, which were 

subsequently embedded inside IAPP in amyloidosis. AuNPs embedded inside the IAPP 

amyloids enabled dark-field imaging, X-ray induced destruction and immune-recognition of 

IAPP amyloids by human T-cells. Next, bLg amyloid fragments were stabilized on the surface 

of multi-walled carbon nanotubes (MW-CNTs) and the CNTs were then encapsulated inside β-

sheet rich bLg amyloid fragments. These functionalized CNTs completely inhibited the IAPP 
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fibrillization in vitro and in vivo in zebrafish embryos via the formation of pathogenic-

functional protein coronae. This study further established zebrafish embryos as a fast and high-

throughput in-vivo model system for screening the interactions between different nanomaterials 

and amyloid proteins. Finally, β-casein (βCas) stabilised AuNPs of 5 nm in diameter were 

prepared to cloak the chaperone-like behavior of casein on AuNPs. βCas AuNPs were 

interfaced against amyloid-β (Aβ) via their disordered or alpha helical moieties. Aβ is a peptide 

whose aggregation is toxic to neuronal cells and leads to the pathogenesis of AD, a most 

devastating form of dementia. The chaperone-like activity of βCas AuNPs was studied against 

Aβ aggregation in vitro and in vivo in zebrafish larvae and adults. Zebrafish larvae provided a 

transparent and quick animal model to study the in vivo fibrillization of Aβ. Aβ treated zebrafish 

developed AD-like symptoms that were rescued by βCas AuNPs. Collectively, the findings in 

this thesis have provided fundamental understanding and a guidance to future research for 

biomimetic nanomaterials against amyloidosis. It also established zebrafish as a new lab rat for 

investigating amyloidosis which have so far been relying mostly on mouse models.  
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1. Introduction 

Biomolecular self-assembly is a phenomenon that is of great pharmacological interest. In the 

cell, the self-assembly processes emcompass the polymerisations of actins and tubulinsinto 

intermediate filaments; DNA and histones into chromatins; lipids, proteins and ion-channels 

into cellular membranes, and the pathological self-assembly of proteins from functional 

monomers to toxic oligomers, amyloid fibrils and plaques. The  foundation of these processes 

relies on energy mininisation through either self-interactions between monomeric proteins or 

intermolecular interactions between monomers and ligands such as ions, chaperones, small 

organic molecules or biomacromolecules.2 These interactions are driven kinetically and 

thermodynamically to achieve the stable forms of proteins that may either lead to biological 

functions, malfunctions, or the onset of amyloid diseases. The most widely studied amyloid 

diseases include type 2 diabetes (T2D), Alzheimer’s (AD), Parkinson’s (PD) and Huntington 

disease (HD). However, the term amyloid disease also encompasses a number of other protein 

misfolding diseases like arthritis, prion’s disease, atherosclerosis, cardiovascular amyloidosis, 

system amyloidosis, and cerebral amyloid angiopathies. AD, PD and HD are neurodegenerative 

disorders and, together with T2D, influence the health state of over 400 million people 

worldwide. The proteins responsible for these diseases, i.e., human islet polypeptide (IAPP) for 

T2D, amyloid-β (Aβ) for AD and α-synuclein (αS) for Parkinson’s, differ in their function, 

physiological location and sequence but share a common mechanism of β-sheet stacking to 

evolve into toxic oligomers and amyloid fibrils (Fig. 1). 

When dissolved in aqueous solutions in vitro, amyloid proteins may take few hours (IAPP) to 

a few days (Aβ and αS) to fibrillize into amyloid fibrils. However, under in vivo conditions 

where modulated pH, ionic strength, complex intra and extracellular environment and presence 
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of other biological molecules crowd or inhibit fibrillization, it may take decades for amyloid 

plaques to form.10 

Biophysically, the protein fibrillization process is characterized by a lag phase, an elongation 

phase and a saturation phase. Nucleation of the monomers occurs during the lag phase. As the 

nucleated seeds or oligomers are considered as the most toxic species, therapeutic strategies are 

often designed to target the lag phase.11 In the elongation phase, additional monomers are added 

to the seeds and protofilaments are formed. The saturation phase corresponds to the maturation, 

assembly and twisting of protofilaments to form mature amyloid fibrils. Apart from the primary 

nucleation, secondary nucleation may also occur that involves the interactions between 

monomers and already formed seeds, often through fragmentation.12 

The work compiled in this thesis targets the disease models for T2D and AD. Hence this 

introduction will focus on T2D and AD and their associated peptides, i.e., IAPP and Aβ. Apart 

from pathological peptides, functional whey proteins used to construct nano-therapeutics and 

zebrafish as an in vivo model system for studying amyloidosis and nanomedicine against 

amyloidosis, are discussed. 

Figure 1. The pathological implications of peptide assemblies in amyloid diseases and 
therapeutic strategies against them. Amyloid proteins of different origins share a common 
mechanism of fibrillization and off-pathway oligomers induce their toxicity via membrane 
perturbation, endoplasmic reticulum (ER) stress, reactive oxygen species (ROS) production, 
among others. Reproduced from reference2 with permission of the Royal Society of 
Chemistry. 
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1.1. Amyloid diseases  

1.1.1. Type 2 Diabetes (T2D) 

Diabetes is a group of metabolic disorders characterised by chronic hyperglycemia. The 

nutrients generated from the process of food digestion are majorly in the forms of glucose, 

proteins and lipids. Glucose is absorbed into the blood and later on consumed by cells for their 

daily energy needs. Insulin is a hormone, produced from β-cells in the islet of Langerhans in 

the pancreas, which facilitates the cellular uptake of glucose. Genetic deficiency of insulin or 

auto-immune destruction of β-cells leads to type 1 diabetes that is a medical emergency. 

However, a sedentary lifestyle and dietary habits can lead to either insulin resistance or reduced 

production of insulin from the pancreas, whichresults in chronic hyperglycemia and 

development of T2D, further associated with complications like retinopathies, arthritis, kidney 

failure, myocardial infarction (MI), cardiovascular complications and multiple organ failure. 

Current statistics suggest that there will be more than 500 million people suffering from T2D 

worldwide by 2028.13 Along with lifestyle and dietary habits, the etiology of T2D has been 

narrowed down to uric acid hypothesis, thrifty phenotype hypothesis and amyloid hypothesis.  

Uric acid hypothesis (Fig. 2) explains the etiology of T2D based on total sugars intake, instead 

of caloric intake. Sugars like sucrose and fructose are metabolised to uric acid in the liver and 

released into the blood circulation. The uric acid generation is independent of caloric intake and 

appears to be associated with an even smaller amount of fructose intake in experimental rats.14 

Fructose-induced uric acid generation further stimulates triglycerides accumulation in the liver, 

hepatic oxidative stress, fatty liver and mitochondrial dysfunction. Hyperuricemia is further 

linked to insulin resistance via several mechanisms: 1) accumulation of fats in the liver; 2) 

activation of NADPH oxidase in adipose tissues that generates oxidized lipids and stimulate 

inflammatory mediators like monocyte chemoattractant protein-1 (MCP-1); 3) direct 

scavenging of vascular-endothelial nitric oxide (NO) by uric acid or uric acid-generated 
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oxidants that antagonize the insulin-generated NO; 4) uric acid induces oxidative stress in islet 

cells via hyalinosis, macrophage infiltration; and 5) expression of URAT-1 receptors on islet 

cells that facilitate uric acid uptake.15   

Thrifty phenotype hypothesis is based on the fact that insulin is a growth hormone and maternal 

malnutrition results in poor fetal nutrition and poor development of islet cells mass. Thus fetus 

malnutrition leads to the development of insulin resistance. Such insulin resistance leads to T2D 

in adolescence.16 

The amyloid hypothesis (Fig. 2) was proposed based on the observation of amylose like 

fibrillary deposits of proteins in the extracellular matrix of islet β-cells. The deposits were 

resolved to be proteinaceous in nature with their major component being a 37-residue peptide 

Figure 2. Schematic illustration explaining the uric acid and amyloid hypothesis for T2D. The 
microscopic images at the end of uric acid hypothesis represent immunostaining for insulin 
secretions from normal and uric acid treated diabetic rats.6 The microscopic images at the end 
of amyloid hypothesis represents IAPP amyloid deposition in islet capillaries of islet β-cells.8 
Images reprinted with permission from Plos and American Diabetes Association.  
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that self-assembles with each other via β-sheets stacking. The peptide was named as amylin or 

later as human islet amyloid polypeptide (IAPP).17 There was evidence against the amyloid 

hypothesis based on the observation that severity of IAPP deposits was not correlated with 

disease conditions.18 IAPP amyloids were also observed in non-diabetic patients and were 

correlated with the normal aging process, while IAPP amyloids were not always observed in 

all diabetic patients.19, 20 However, extensive experimental and epidemiological evidence 

supports the amyloid hypothesis. Experimental mutation in rat IAPP increased the propensity 

of aggregation and early onset of T2D.21 Japanese population has a mutation in IAPP that 

promotes the peptide aggregation and makes the population more susceptible to diabetes.22 This 

conflict of amyloid hypothesis has been resolved by recent studies that revised the amyloid 

hypothesis and proposed that extracellular IAPP deposits are not responsible for the disease 

pathogenesis, but rather the toxic oligomers of IAPP that damage islet β-cells.23, 24 

A less established etiology is depression-induced diabetes. A few studies suggest that 

depression increases the chances for the onset of T2D up to 60%.25 There was a bidirectional 

link between T2D and depression. Depression and frequent emotional disturbance lead to 

behavioral disorder, short episodes of hypo or hyperglycemia and abnormal brain 

neurochemistry that can be linked to T2D.26 However, the exact mechanisms linking depression 

and T2D remain unclear.  

High blood glucose levels are a hallmark of T2D. Chronic hyperglycemia results in the 

glycation of hemoglobulin (Hb). Glycated hemoglobin (HbA1c) promotes the intracellular 

accumulation of ROS, changes membrane fluidity of red blood cells (RBCs), promotes 

aggregation of RBCs, increased blood viscosity, and occludes the smooth flow of blood in the 

microvasculature.  

Current medicinal interventions against T2D include biguanides, e.g., metformin that is first-

line T2D treatment. It acts by increasing the hepatic insulin sensitivity, aiding in cellular 
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consumption of glucose, reducing the hepatic glucose production and facilitating weight loss. 

Sulfonylureas, such as gliclazide and glimepiride, act by binding with specific receptors on β-

cells to promote insulin secretion. Thiazolidinediones (e.g. pioglitazone) are less favoured 

therapeutic agents against T2D due to their adverse effects. They act by reducing insulin 

resistance and show a significant reduction in HbA1c levels. Insulin replacement therapy 

supplements the insulin levels in the body via exogenous insulin intake. Insulin is conjugated 

with protamine to prolong its action to a varying extent, i.e., Humulin 70/30.27  

1.1.2. Alzheimer’s disease 

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder characterised by the loss of 

neuronal mass and dementia. The characteristic histopathological hallmarks of the disease 

include amyloid deposits, neurofibrillary tangles, neuritic plaques and loss of neuronal cell. The 

causes of AD are poorly understood and usually believed to be inherited from parents through 

multiple genes. Other factors like history of brain injury, depression, behavioral issues and 

hypertension are also found to be involved in the onset of AD.28 The initial symptoms are 

usually confused with aging or stress and the final diagnosis is made from autopsy for the 

presence of neuritic plaques and neurofibrillary tangles in neurocortex.  

The underlying pathology for AD is the loss of synapses and neurons in the cerebral cortex and 

subcortical regions that leads to generalised atrophy of the brain in the temporal lobe, parietal 

lobe, frontal cortex and cingulate gyrus. Degenerative atrophy is also observed in the nuclei of 

the brain stem and locus coeruleus. Such atrophic reduction in the size of the brain is diagnosed 

via magnetic resonance imaging (MRI) and positron emission tomography (PET). 

Granulovacuolar degeneration is another histopathological characteristic of the AD brain. The 

pyramidal cells develop single or multiple vacuoles and each vacuole is loaded with granules. 

Although other cerebral lesions of AD are diffused in different structures of the brain, 

granulovacuolar degeneration is confined to the hippocampus.29  
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The etiology of AD is based on the amyloid hypothesis that has been the subject of major 

research efforts (Fig. 3A). There are a few alternative AD hypotheses, i.e., the cholinergic 

hypothesis and the presenilin inhibition hypothesis, along with the amyloid hypothesis. All AD 

hypotheses are closely related to aging and the only differences are relatively increased 

histopathological hallmarks and worsened clinical symptoms. The presenilin hypothesis 

explains the development of AD on a genetic basis. Presenilin is a subunit protein of γ-secretase 

complex that has many other substrates along with amyloid precursor protein (APP). The 

genetic mutation in presenilin can reduce the flux of metabolic pathways of other substrates 

that leads to neuronal damage and death. However, this hypothesis lacks experimental 

support.30  

The cholinergic hypothesis is based on the fact that levels of acetylcholine (Ach), acetylcholine 

esterase and choline transferase are markedly reduced in the AD brain. M2 muscarinic and 

nicotinic receptors are down-regulated. The serotonin, γ-aminobutyric acid (GABA), 

somatostatin and norepinephrine levels are reduced and their respective receptors are down-

regulated.31 The most of drugs licensed to treat the progressive symptoms of AD inhibits the 

breakdown of Ach by blocking acetylcholinesterase, increasing the life span of Ach. However, 

these inhibitors are not curative and do not prevent neuronal loss. The amyloid hypothesis 

explains neuronal loss and brain atrophy as a result of Aβ fibrillization, neurofibrillary tangles 

and τ-hyperphosphorylation. A typical Aβ plaque is 50-200 µm in size that has an 

immunoreactive Aβ core surrounded by abnormal organelles, reactive astrocytes and microglia 

(Fig. 3B). Inflammatory activity is usually evident in and around the plaques, responsible for 

early neuronal death.9 Aβ is a cleavage product from APP, a transmembrane protein involved 

in neuronal growth and repair, exocytosis, cell adhesion, ion channels modulation and post-

injury recovery.30 Proteolytic cleavage of APP by γ-secretase results in the production of Aβ 

peptide that is essential for hippocampal-dependent memory function and acts as a neurotrophic 

factor to neurons. The imbalance between Aβ production and clearance results in accumulation 
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of Aβ that further initiate misfolding and fibrillary aggregation of Aβ into amyloids. Along with 

extracellular Aβ deposits, there are intracellular τ-tangles in the brain of AD patients. τ 

undergoes phosphorylation and supports the cytoskeleton function of microtubules. In normal 

brain, microtubules bound and unbound fractions, as well as phosphorylated and 

dephosphorylated fractions of τ, are in balance. In AD, hyperphosphorylated and unbound 

fractions of τ are increased that are considered responsible to trigger misfolding and 

fibrillization of τ into tangled fibers. These tangles disrupt the normal function of intracellular 

transport in neurons and cause neuronal cell death.32 

Figure 3.  A) Amyloidogenic and non-amyloidogenic production of Aβ. When amyloid 
precursor protein (APP) is cleaved by α and then γ secretase, truncated non-amyloidogenic 
Aβ17-40/42 is produced. However, cleavage by β and then γ results in the production of 
amyloidogenic Aβ42. Reproduced from reference5 with permission from Redox Biology. B 
presents Raman, silver-stained and immune-stained neuritic plaques (upper row) and 
neurofibrillary tangles (lower row) in the hippocampus of AD patients. The Aβ core is visible 
inside the neuritic plaques. Reproduced from reference9 with permission from Springer Nature. 
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In the context of anti-AD therapies, bapineuzumab was the first anti-Aβ antibody that targeted 

monomeric, oligomeric and fibrillary forms of Aβ.33 In phase 2 trials, bapineuzumab showed 

insignificant results in amelioration of the cognitive-function decline in AD patients. Despite 

the failure of bapineuzumab, solanezumab was developed that targeted the soluble monomeric 

form of Aβ.34 In phase 2 trial, solanezumab showed a dose-dependent increase in the plasma 

concentration of Aβ, a result that indicated clearance of Aβ burden from the brain. However, 

the antibody failed to produce significantly different results from placebo.34 Gantenerumab is a 

human antibody that targets the amyloid form of Aβ. It has shown some reduction of Aβ plaques 

in double-blinded, randomized controlled trials, however, its efficacy in improving the 

cognitive decline is not yet studied. There are two ongoing phase-3 clinical trials for 

gantenerumab, evaluating its efficacy in prodromal and mild AD patients.35  

BACE1 and γ-secretase are the two enzymes involved in Aβ production by cleaving APP. 

BACE1 has many substrates along with APP and BACE1 knock out mice showed different 

CNS developmental abnormalities and functional alterations. Pioglitazone and rosiglitazone, 

two drugs used in T2D to control carbohydrate metabolism, were trialed to suppress BACE1 

transcription.36 Initial trials showed some improvement in AD patients but randomized trials in 

larger population showed no therapeutic efficacy. γ-secretase inhibitors also didn’t show any 

significant difference in results and found to be associated with severe side effects like skin 

cancer and infections.37 

1.1.3. Parkinson’s disease and other amyloid diseases 

Parkinson’s disease (PD) is a chronic neurodegenerative disorder characterised by a slow 

progression of motor and non-motor symptoms. The patients suffer from shaking, rigidity, 

behavioral issues, slow movements, difficulty in walking and thinking, resting tremors, postural 

instability and dementia. The risk factors are usually genetic or environmental. People exposed 

to pesticides, tobacco and industrial wastes or those who have a history of head injuries are 
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prone to early development of PD. The symptoms of the PD originate from the loss of 

dopaminergic neurons from midbrain and the substantia nigra regions of the brain resulting in 

low dopamine production in those regions. Histopathologically, proteins build up inside 

vacuoles, i.e., Lewy bodies, and αS amyloids deposits are observed in the surviving neurons of 

the PD brain.38 Molecular pathophysiology of PD involves mitochondrial dysfunction, 

oxidative damage to lipids, proteins and DNA. Dysfunction of ubiquitin-proteasome system 

(UPS); a system that handles proteins, leads to proteolytic stress and toxic proteins build-ups 

like αS.39 

The etiology of PD is based on genetic mutations in αS that leads to increased propensity of αS 

aggregation and amyloid formation.40 The physiological function of αS is poorly understood 

but it is known that the protein has the ability to bind with lipoproteins of cellular membranes 

which might be involved in the signal transduction for cytoskeleton and endocytosis regulation. 

The presence of αS in Lewy bodies indicates a direct involvement of αS in PD. Binding of αS 

to cell membranes induces structural changes and converts natively unfolded αS to an α-helical 

conformation. The α-helical form of αS has an increased propensity to aggregate and self-

assemble into amyloids, and the process can be augmented by genetic factors like A30P 

mutation in αS. The subsequent aggregates of αS show a transition to β sheets that are detectable 

via thioflavin T (ThT) and Congo red histological staining. This phenomenon provides a basis 

for the amyloid hypothesis of PD that filamentous assembly of αS into β-sheets is sufficient 

and necessary for the death of dopaminergic neurons in the substantia nigra.40 Another recent 

modification in this hypothesis suggests that oligomeric aggregates of αS are the toxic species 

and formation of filamentous aggregates is rather of a protective nature.40, 41 

Other amyloid diseases include Prion’s disease and amyloid aggregation of proteins in the heart 

(immunoglobulins light chains), joints and kidneys (serum amyloid A), liver (transthyretin) and 

eye (keratoepithelin).42-44 Prion’s disease is also called transmissible spongiform encephalitis 
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as it was initially transmitted to human from cattle and sheep. It is characterised by astrogliosis, 

vacuolation of the brain, neuronal apoptosis and presence of prion (PrP) amyloid as extra-

neuronal aggregates. The uniqueness of Prion’s disease is its infective nature and the resistance 

of PrP amyloid (the main infectious agent) to proteases and extreme heat.45 

1.2. Amyloid proteins 

Amyloids are fibrillary aggregates of proteins made from the polymerisation of protein 

monomers via β-sheet stacking and hydrogen bonding. The term amyloid is derived from 

Amylo (starch) and oid (like) based on their resemblance to starch amylose and amylopectin 

that make linear and branched carbohydrate chains, respectively. Amyloid formation is 

common to pathological as well as functional or physiological proteins, under natural or 

artificial conditions. 

1.2.1. Pathological amyloid proteins 

1.2.1.1. Human islet amyloid polypeptide (IAPP) 

IAPP is a 37-residue peptide that is synthesised, stored and secreted with insulin. The exact 

physiological function of IAPP is poorly understood, however, its involvement in gastric 

emptying, suppressing apatite and paracrine effect of shutting down insulin secretion has been 

implicated.46 In T2D patients, the insulin and IAPP levels are spiked by high carbohydrate diet, 

thus a localised increased concentration of IAPP is considered responsible for triggering IAPP 

aggregation.  

Structural elucidation of IAPP was difficult due to its propensity to aggregate. At low and 

neutral pH, IAPP exists as extended α-helical and kinked helical structures. Combination of 

sodium dodecyl sulfate (SDS) detergent, low concentration, pH and solution NMR helped to 

resolve the structure of IAPP (Fig. 4A-C). The N-terminus of IAPP exists as α-helices while 

the C-terminus exists as unstructured random-coils. The molecular structure of IAPP amyloid 
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has been proposed based on different models. U-shaped fibrillar model, presented by Tycko et 

al., contends that the single molecule of IAPP adopts a U shape and then stacks onto the growing 

end of a U-shaped fibril.1 Structural studies with disulfide-reduced IAPP led to a similar model 

but with a longer distance between consecutive monomers in a fibril.47  

The structure of IAPP fibrils was studied via transmission electron microscopy (TEM) and 

atomic force microscopy (AFM).48, 49 IAPP amyloids present significant polymorphism 

mesoscopically - ribbons, sheets, helical and twisted fibrils (Fig. 4D). The self-assembly of 

monomers leads to the formation of thin protofibrils (5 nm in diameter). The lateral association 

of protofibrils forms ribbons and sheets.  

The toxic species of IAPP fibrillization were investigated by examining the cytotoxicity of 1) 

human IAPP monomers, 2) rat IAPP monomers (rat IAPP does not fibrillate and stays as 

monomers) and 3) human IAPP amyloids against human islet β-cells.24, 50, 51 From these three 

samples, only human IAPP monomers showed evident cytotoxicity and thus revealed that 

Figure 4. A) The peptide sequence of IAPP. Solid-state NMR (B) and X-ray crystallographic 
(C) structure of IAPP fibril. D) different morphologies of IAPP fibrils. Reproduced from 
reference1-3 with permission from The American Chemical Society,  John Wiley & Sons and 
Royal Society of Chemistry. 
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human IAPP amyloids or rat IAPP monomers are not toxic. The human IAPP solution generated 

toxic oligomers during their incubation with β-cells. IAPP amyloids didn’t induce toxicity, 

rather the cells were found decorated with IAPP amyloids. Furthermore, human IAPP 

monomers, together with rifampicin, were incubated with islet β-cells.52 Rifampicin can inhibit 

IAPP fibrilization but not the oligomeric aggregation of IAPP. This experiment supported the 

fact that toxic IAPP oligomers are not on-pathway to amyloid formation but rather off-pathway 

oligomers. The structure of toxic IAPP oligomers is still poorly understood. However, it is 

established to some extent that IAPP toxic oligomers are formed intracellularly. Gold NPs based 

molecular mimic of AβP toxic oligomers was synthesised and antibodies were raised against 

the mimic.53 These anti-bodies were able to bind with the toxic oligomers of IAPP, Aβ, αS, 

prion and AβP. These results implied that 1) toxic oligomers from all these species have a 

similar structure, 2) mechanism of oligomer formation and disease induction can be similar 

across amyloid diseases, 3) the location of toxic oligomers can be traced using these antibodies, 

which was revealed to be intracellular based on in vitro and in vivo experiments.54  

1.2.1.2. Amyloid-β (Aβ) 

Aβ peptide is produced by the cleavage of APP; a transmembrane protein whose function is 

poorly understood but found to be crucial for synaptic density and cognitive function.55 Aβ 

peptide itself is found to be involved in memory function as Aβ knock-out mice presented 

impaired learning behaviour.56 γ-secretase; an enzyme responsible for the cleavage of APP at 

different sites, generates a variety of functional (Aβ17-40/42, Aβ1-16) and pathological (Aβ42/40) 

isoforms of Aβ. The Aβ42 is the most amyloidogenic peptide and mostly referred to as Aβ. The 

primary sequence of an Aβ peptide possesses two hydrophobic regions that are predicted to 

adopt β-sheet structures, two turns and two hydrophilic regions that adopt an α-helical 

conformation.57 The native structure of Aβ is difficult to elucidate due to the different structural 

transitions of the peptide in aqueous solution, organic solvent, different pH/buffer and detergent 
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solutions.58 The mesoscopic structure of Aβ amyloid was studied via high field magic angle 

spinning NMR.59 The structure revealed that dimer of Aβ molecules exists as s-shaped amyloid 

fold and contain 4 β-sheet strands and two hydrophobic cores.  

Figure 5. Aβ aggregation pathway (A) and toxic manifestations. TEM and AFM images of 
Aβ uncross-linked (B,H), cross-linked unfractionated (C,I), monomers (D,J), dimers (E,K), 
trimers (F,L) and tetramers (G,M) (scale bar: 100 nm). Reproduced from reference2,7 with 
permission from Royal Society of Chemistry and National Academy of Sciences (NAS). 
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The toxic species in Aβ fibrillization pathway is the small off-pathway oligomers (Fig. 5A). 

The structural study on Aβ oligomers was performed by Ono et al., who stabilised the 

oligomeric species by halting the fibrilization process at different stages, i.e., monomer, dimer, 

trimer and oligomers via photo-induced cross linking (Fig. 5B-M).7 The structural analysis 

revealed that intrinsic monomer of Aβ that dominantly possesses random coils, transitions into 

high-order structures in the dimer and trimer forms. The high-order structure of tetramer 

resembles closely the amyloid fibrils. The β-sheet contents were increased from 25% in 

monomers to 45% in tetramers.7  The oligomers presented a quasi-spherical morphology with 

their size increasing from 1.78 nm for dimers to 11 nm for tetramers. The neurotoxicity of 

trimers and tetramers was 3-fold higher than monomers in in vitro cell culture assays. However, 

different protocols used to develop the oligomers of amyloid proteins can result in different 

structures and toxicities.  Therefore, it is difficult to present a unified structure and toxicity 

mechanisms for oligomers.60 

Like polymorphism in the structure of Aβ oligomers, different mechanisms have been proposed 

for the neuronal toxicity. As Aβ monomers have a high affinity for GM1 gangliosides and GM1-

Aβ complex are found in the AD brain, it is therefore proposed that extracellular soluble 

oligomers are formed by the GM1 complex.61 Antibody, specific to on-pathway oligomers of 

Aβ, does not bind with GM1-Aβ complex. This implies that GM1 supports the formation of 

off-pathway toxic oligomers. These GM1-induced Aβ oligomers induced neuronal cell death 

by blocking nerve growth factor (NGF) receptors, activating down-stream c-Junction N-

terminal kinase to induce NMDA-mediated loss of insulin receptors.62 Aβ oligomers that were 

produced through detergent stabilisation, i.e.,  incubation in SDS-PBS buffer, induced toxicity 

by impairing the calcium current and influencing the synaptic plasticity.63 Presence of cytosolic 

GM1 and interaction of intracellular Aβ with different chaperone proteins can be responsible 

for intracellular oligomerization of Aβ.64, 65 Chaperone proteins like prefoldin and chaperonin 

are reported to promote and stabilize toxic Aβ oligomers in the cytoplasm.  
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1.2.1.3. α-Synuclein and prions 

αS is a 140-residue presynaptic protein that is involved in dopaminergic neurotransmission, ER 

trafficking and synaptic vesicles and synaptic exocytosis.66 In the intracellular space, αS is in 

equilibrium between membrane-unbound random-coil and membrane-bound alpha-helical 

conformation. αS is found to be the major component of Lewy body and neurites in the PD 

brain. The N-terminal domain of αS adopts an α-helical conformation, the central domain 

(NACore) is hydrophobic amyloidogenic region and the C-terminus is flexible with no 

structural inclination.67 The mesoscopic architecture of αS amyloids consists of protofilaments 

formed via nucleated polymerisation.68 This model describes the elongation of a protofilament 

by addition of partially folded monomers to the growing end of the filament via electrostatic 

and hydrophobic interactions. The protofilaments then assemble together in a lateral fashion to 

make protofibrils, each consisting of 2-3 protofilaments. Consistent with other amyloid proteins, 

the oligomeric form of αS is proposed to be the toxic species. Conway et al. compared the rate 

of disappearance of αS monomers vs. the appearance of αS amyloids.69 The gap between the 

disappearance of monomers and the appearance of fibrils suggested the presence of non-

fibrillary intermediates. These intermediates, when isolated and studied for morphology, 

revealed to be spheres (2-6 nm), chains of spheres or rings (4 nm in height). FTIR 

spectrophotometry revealed that αS oligomers contained antiparallel β-sheets that are contrary 

to the parallel β-sheet arrangement in amyloid fibrils.41, 64 The toxicity of αS has been explained 

by the interaction of αS with neuronal membranes. The N-terminus and NACore region of the 

peptide have the propensity to interact hydrophobically with lipid membranes, subsequently 

acting as a site of primary nucleation.70 After adsorption on neuronal membranes, the αS 

conformation is transitioned through α-helical to β-sheet rich oligomers that favours the further 

adsorption of the αS peptide. This membrane supported nucleation of αS induces membrane 

permeability, pore formation and leakage of ions and neurotransmitters.71  
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Prion (PrP) is 253-residue protein, attached to the cell membrane via glycosyl 

phosphatidylinositol (GPI) anchor. The physiological role of PrP is unclear, however, has been 

found to be involved in neuroprotection against excitatory insults and starvations.72 The toxicity 

mechanism for PrP has been proposed as the primary nucleation of PrP oligomers on GPI 

anchored PrP. The PrP oligomeric complex, formed on the membrane, can be internalised to 

disrupt membrane fluidity and induce channel formation.73, 74  

1.2.2. Functional amyloid proteins 

1.2.2.1. Whey proteins: β-Lactoglobulin (bLg) 

bLg is a major component of bovine milk, constituting around 58% or 3.3 g/L of bovine whey 

proteins. The structure of bLg depends upon the pH. At pH 5-7, it exists as dimers that are 

aggregated to octamers at pH 3-5 and dissociated to monomers at pH below 3 or above 8.75 It 

is an important constituent of neonatal food as a source of passive immunity and essential amino 

acid cysteine that is required to synthesise glutathione. The quaternary structure of bLg contains 

hydrophobic pockets that act as nano-carriers for retinols, fatty acids, vitamin D, cholesterol 

and flavor compounds.76 The globular structure of bLg contains 7 major β-sheets which make 

the inner hydrophobic cores and hydrophobic nano-cavities.77 It also contains a small 

proportion of α-helices that sits outside the globular structure and protects the reactive 

sulfhydryl group of Cys 122. Cys 122 is additional to two internal disulfide bridges. Upon 

heating, the sulfhydryl group is exposed to result in dilsufide bridging with bLg or other whey 

proteins. If the β-sheet structure is digested, for example by heating, the hydrophobic segments 

re-anneal to gain stability. This reannealing is stabilised by hydrophobic-hydrophobic 

interactions with little contribution of the disulfide linkage.77  
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Another interesting property of bLg is amyloid formation (Fig. 6). When bLg solution is 

subjected to acid hydrolysis at high temperature, fine fibrillary amyloid structures are formed 

that are monoscopically similar to pathological amyloids. bLg amyloids are of great importance 

for materials science and also serve as a model for investigating the self-assembly of amyloid 

fibrils.78, 79 The process of amyloid formation starts from partially unfolded globular bLg. This 

partial unfolding is accelerated at high temperature (>90 °C). The partially unfolded globular 

protein undergoes fragmentation and these fragments interact via different intramolecular 

interactions like H-bonding, electrostatic and hydrophobic interactions, based on the sites that 

were not exposed in the native folded state.4 These interactions drive the process of 

oligomerisation of bLg and then through protofilaments to mature amyloids. Structural analysis 

of bLg amyloids has revealed a cross-β core composed of β-sheets that are stacked along the 

fibril axis.4 

Figure 6. (A)Amyloid formation of bLg through oligomers and protofilaments. TEM (B) and 
AFM (C) images of bLg amyloids. Reproduced from reference4 with permission from 
American Chemical Society. 
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From the application perspective, bLg amyloid has demonstrated a great capacity in the 

purification of water from heavy metal ions and radioactive pollutants. bLg amyloids were 

adsorbed on activated carbon to make filters that removed KAu(CN)2, HgCl2, Pb(C2H3O2)4 and 

Na2PdCl4 with 99.98, 99.5, 99.97 and 99.84% efficiency, respectively.80 Uranyl acetate and 

phosphorus-32, as radioactive wastes were removed with 99.35 and 99.88% efficiency. This 

high-efficiency filtration capacity of bLg amyloids is attributed to Cys-122 and metal binding 

pockets that are formed on and inside the amyloid structure.80 The metal-binding capability of 

bLg amyloids was further exploited for crafting FeNPs-bLg amyloids hybrids.81 These hybrids, 

upon oral ingestion, were digested in the stomach and released bioavailable iron ions that 

showed a therapeutic potential in rat models of iron deficiency anemia. bLg amyloids have also 

found application in tissue engineering.82 Hybrids of hydroxyapatite and bLg amyloids 

provided an excellent template for bone growth and regeneration. The biocompatible properties 

of bLg amyloids supported human osteoblast cell adhesion. Such bLg hybrids are expected to 

replace the collagen-hydroxy apatite templates as biomimetic bones.82 

1.2.2.2. Whey proteins: Caseins 

The caseins are a group of phosphorylated whey proteins (αS1, αS2, β and κ-caseins). They are 

responsible for the transport of a number of minerals including calcium and phosphate, required 

for bone growth in suckling infants.83 In natural milk source, caseins exist as an aggregated 

micellar form (20-500 nm diameter) due to strong self-association and this micellar or 

supramolecular system is necessary for calcium delivery without calcification through the 

mammary glands. The intrinsic structure of casein is random coils and highly unstructured 

which are required for their dynamic physiology in mammary glands. Due to the lack of 

confined 3D conformation, caseins can adopt readily according to environmental factors like 

pH, temperature, concentration and presence of other ions and proteins.84  
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The amyloid formation propensities of different casein isoforms are different. κ-casein micelles 

can be broken down to the monomers by addition of reducing agents.85 The reduced monomers 

then self-assemble to amyloid fibrils at 37 °C and the process can be accelerated at a higher 

temperature, i.e., 60 °C. In milk, κ-casein exists in equilibrium between micellar and 

monomeric form. Even though the monomeric form of κ-casein constitutes only 10% of total 

κ-casein fraction, there has not been any observations of amyloids in milk. The reason lies in 

anti-amyloid properties of α and β-caseins. α and β-casein do not make fibrils at physiological 

or reducing conditions as for κ-casein. β-casein can make amyloid via acid hydrolysis while 

both α and β-caseins are strong inhibitors of amyloid formation at physiological conditions. 

Inhibition of κ-casein fibrillization by α and β-caseins is crucial for the stability of milk in 

mammary glands.85, 86 

Amyloid formation and inhibition activity of caseins are regarded as two-faced nature.87 The 

amyloid inhibition activity of α and β-caseins are based on their chaperone-like behaviour. The 

chaperone-like behaviour is attributed to 1) open, flexible and dynamic conformational 

structure that is regarded as a molten globule, 2) the molten globular structure is further 

responsible for clustered and solvent-exposed hydrophobicity of casein, 3) existence as 

dynamic oligomeric or micellar forms and 4) their ability to bind with a wide range of partially 

folded and destabilised proteins. The reasons for this behavior lie in a high degree of proline 

residues, lack of disulfide linkage and a high degree of phosphorylation. Proline residues, i.e., 

18% and 9% for β and α-casein respectively, and lack of disulfide linkages bestow them with 

hydrophobicity and an open/malleable conformation. Higher phosphorylation acts as a 

solubiliser of the casein chaperone complex after binding with target proteins, same as in heat 

shock (Hsp) chaperone proteins.87, 88 
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1.2.2.3. Bacterial amyloids: CsgA and FapC 

Bacterial amyloids were first discovered as extracellular organelles in uropathogenic strain of 

Escherichia coli.89 It was later demonstrated that these curli-like fibers, originating from the 

surface of E. coli, have amyloid-like β-sheet stackings and they can bind with congo red and 

ThT dyes. E. coli use these amyloids for a number of physiological functions like interaction 

with host cells, biofilm formation, quorum sensing and evasion from drugs or host’s immune 

system.90 Later on, amyloid fibrils were discovered as a central component of biofilms in 

different other bacterial strains.91 Bacterial amyloids were found to provide a supporting 

network for the formation of a proteinaceous matrix and biofilm around the encapsulated 

bacterial community.   

CsgA is the main component of curli amyloids in E. coli.92 CsgA amyloid formation is a tightly 

controlled process as compared to pathogenic amyloidosis. Therefore, a series of Csg proteins 

regulate the curli genesis in E. coli. CsgD controls the expression of CsgA, CsgG is involved 

in pore formation in the outer bacterial membrane and facilitates the excretion of CsgA and 

CsgC controls the pore formation activity of CsgG. Interestingly, all these components are not 

required to be produced from the same bacterial cell.92 X-ray fiber diffraction and solid state 

NMR has revealed a β-sheet stacking structure for CsgA amyloids. However, the structure of 

curli fibers made in vitro are not consistent with in vivo fibers as CsgC and CsgE can modulate 

or update the curli morphology depending upon the environmental conditions.93 CsgB, the 

second component of curli fibers (CsgA:CsgB, 20:1) make differentially structured oligomers 

that serve as nucleators to control the mechanism and morphology of resulting CsgA fibrils.94   

FapC is the major amyloid component of Pseudomonas, expressed in P. aeruginosa, P. 

fluorescence and P. putida.95 The molecular weight of a typical FapC protein from P. 

aeruginosa is 22.1 kDa. FTIR and CD data has revealed an amyloid-like β-sheet stacking 

structure of FapC with anti-parallel packing of β-sheets. However, the complete X-ray 
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crystallography or NMR-based structural elucidation for FapC amyloids have not yet been 

performed. X-ray fiber diffraction revealed the reflection at 4.7 Å.96 Like curli amyloid, FapC 

fibrillization is controlled by a nucleator protein called FapB. FapB is found on the extracellular 

surface and in final fibrillized form of FapC, indicating that FapB is involved in triggering, 

accelerating and controlling the morphology of the mature FapC fibrils.97 Additional members 

of the Fap family includes FapF that is involved in the transportation of FapC precursors 

through the membrane pores and FapA that acts as a chaperone to guide FapC through the 

periplasmic space.98  

1.3. Cross-talk between amyloid proteins 

Protein misfolding diseases involve different proteins from different origins, synthesised to 

perform the different physiological functions. However, upon misfolding, they share a common 

aggregation mechanism (β-sheet stacking), mesoscopic structure and toxicity mechanism of 

membrane perturbation. The research into amyloid cross-talk started with clinical observations 

that diabetic patients are at higher risk of developing dementia.99, 100 Later on, clinical and 

histological studies revealed that there is an increased prevalence of IAPP and Aβ plaques in 

Alzheimer’s and diabetic patients, respectively.101-103 Such findings further fueled the 

histopathological studies to reveal IAPP amyloids in the frontal lobe, gray matter, perivascular 

spaces and mixed Aβ-IAPP plaques were observed in diabetic patients.104 In vitro cross seeding 

studies suggested that IAPP can catalyze the oligomerisation of Aβ as they have similar cross-

β spine.105, 106 Autopsy of pancreatic tissues from diabetic patients also revealed the presence 

of aggregated Aβ, both as standalone deposits and co-localised with IAPP plaques.107 Further 

evidence for IAPP and Aβ cross-talk was established when Oskarsson et al. intravenously 

injected IAPP and Aβ amyloids into IAPP transgenic mice.108 The results of this study revealed 

that both IAPP and Aβ amyloids were able to trigger the IAPP fibrillization in the pancreas of 

mice. Proximity ligation assay revealed co-localisation of Aβ and IAPP in pancreatic β-cells.  
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Similar cross-talk was also observed between αS and IAPP by Valbuena et al. who studied 

deposits of αS fibrils in the brain as well as in pancreatic β-cells of diabetic patients.109  In vitro 

cross-reactivity assay between αS and IAPP revealed that preformed IAPP amyloids 

accelerated αS fibrillization and mixing IAPP and αS monomers resulted in co-aggregation of 

both peptides with fibrilization kinetics that was faster than individual fibrilization kinetics of 

αS and IAPP.110 αS and Aβ have also been found to increase the in vivo aggregation propensity 

of each other. Transgenic mice expressing both αS and Aβ presented sever neurodegeneration 

and distorted cognitive function revealing a link between αS and Aβ.111 Cross-talk between 

prion and Aβ was also observed when Aβ transgenic mice were injected with prion and they 

showed early neurodegeneration and behavioral pathology.112 All these studies indicate the 

cross-talk capabilities between different amyloid peptides can be attributed to their common 

fibrillization mechanism of cross-β stacking. Cross-talk between αS, driven by β-sheets 

stacking, is exploited to fabricate AuNPs sheets and pea-pods like strings that do not have direct 

biomedical implications but were used as printable electronics.113, 114 

The cross-talk between functional and pathological amyloids has been discovered between 

somatostatin and Aβ.115 Somatostatin is a growth hormone that is stored in presynaptic neurons 

in the form of amyloid granules. When released in the synaptic space, it was observed to interact 

and induce distinct oligomerisation of Aβ. 

1.4. Nanoparticle-protein interactions 

Nanoparticles (NPs) and nanomaterials offer various advantages over conventional therapeutic 

approaches that are not limited to therapeutic efficacy, superior dose-response relationship and 

drug targeting. However, there are still a few challenges like protein corona116 formation that 

are restricting the full implication of nanomedicine in clinical settings.117 Proteins are diverse 

biomacromolecules that are naturally designed to perform physiological functions. Even though 

the basic building blocks, i.e., amino acids, are the same for all the proteins distinct 
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polymerisation and self-association (disulfide linkage) of these amino acids enable the proteins 

to adopt a vast range of structural conformations. This further bestows the proteins with an 

ability to bind with metals, biomacromolecules or NPs via hydrophobic, hydrophilic, H-

bonding, 3D electrostatic pockets and conformation driven interactions. Upon administration 

of NPs into a biological system and driven by thermodynamic fluctuations and energy 

minimisation, proteins immediately coat the surface of NPs to assume a protein corona, which 

determines the in vivo fate, therapeutic efficacy, targeting and clearance of the NPs.118-120 The 

protein corona phenomenon also occurs in amyloidosis in vitro and in vivo, and may be 

exploited to inhibit amyloid aggregation and treat amyloid diseases.121, 122 Therefore, surface 

engineering and chemical modification of NPs can tune them to either avoid protein corona, 

preserving their intended therapeutic function, or to selectively bind with monomeric or 

oligomeric amyloid proteins in order to facilitate their clearance.123 Factors controlling the 

corona formation include NPs surface, curvature, chemistry, incubation time, size of NPs and 

concentration, as reviewed by Wang et al.,117 Furthermore, in vitro vs. in vivo studies for protein 

corona reveal different results due to more realistic conditions for in vivo experiments that 

include blood flow dynamics, presence of cells like RBCs, WBCs and other macrophages that 

actively interact and opsonize the NPs. However, in vivo experiments for NPs-corona are 

challenging as the amount of NPs recovered post-administration are often too low for 

proteomics analysis. Furthermore, the in vivo dynamics of protein association with NPs is 

transient and complex. Upon administration, NPs are first coated with loosely bound and mostly 

abundant proteins, i.e., soft corona, that over time is competitively replaced with proteins that 

have higher affinity for the NP surface to render a hard corona.124 

Recently, the use of engineered NPs against amyloidosis has emerged as a therapeutic strategy, 

often exploiting the characteristics of the coronae of amyloid proteins. The interactions between 

the surface ligands of NPs and amyloid proteins are typically  hydrophobic, electrostatic forces 
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as well as π-stacking. Although these interactions show promising results in vitro, however, 

there are few studies for in vivo inhibition of amyloidosis with nanomaterials.125 

1.5. Nanomaterials against amyloid diseases 

Amyloid fibrils have good affinity for metal ions through residue coordination. Therefore, 

metal and metal oxide-based NPs have an intrinsic propensity for binding with amyloid proteins. 

The binding between NPs and amyloid proteins is controlled by competitive protein-protein vs. 

protein-NP interactions. If protein-NP interaction dominates then either the protein fibrillization 

is accelerated (as the proteins are accumulated in the vicinity of NPs) or inhibited (as proteins 

are sequestered by the ligand of NPs).126, 127 AuNPs are a typical nanomaterial whose interaction 

with amyloid proteins can be controlled by the nature of their surface ligands. Citrate- and 

polyethylene glycol (PEG)-conjugated AuNPs accelerated the fibrilization of IAPP, resulting 

from the conformational changes in IAPP induced by the AuNPs, from random coils to α-

helices and then to β-sheets.128 However, when the size of PEG was increased to 3,000 Da, the 

distance between the AuNP surface and IAPP molecules was increased, thus the acceleratory 

effect was diminished.126 Similar NPs can also have different effects on different amyloid 

proteins. Citrate-capped AuNPs that showed acceleratory effect for IAPP  slowed down insulin 

fibrillization and induced the formation of short and compact fibrils.129 Similarly, changing the 

concentration of NPs can induce different effects on amyloid fibrillization. Lago et al., 

demonstrated that cationic polystyrene NPs accelerated the Aβ fibrillization at lower 

concentrations but inhibited the fibrillization at higher concentrations. This effect was 

explained on the basis of a balance between fibrillization of free peptides in the solution vs. 

surface-assisted nucleation and then fibrillization.130 Curcumin-capped AuNPs were found to 

inhibit Aβ fibrillization.131 CdTe NPs interacted with Aβ via multiple binding sites to inhibit 

the peptide fibrillization.132 The hydrophobic surface of single-walled CNTs induced deposition 

of Aβ on their surface in a non-amyloid form. Oligomerisation of Aβ on the surface of single-
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walled CNTs resulted in encapsulation of CNTs in an Aβ core.133 In silico simulations revealed 

a β-barrel-like oligomeric assembly of Aβ that wrapped around the CNTs.134 Further, for 

carbon-based nanomaterials, graphene quantum dots (GQDs) were explored against 

amyloidosis due to their small size, hydrophobic nature and strong binding with amyloid 

proteins. Through a combination of hydrophobic interaction, H-bonding, salt bridging and π-

stacking, GQDs inhibited IAPP fibrillization in vitro and in vivo in zebrafish embryos. GQDs 

also converted IAPP peptides from on-pathway α-helices and β-hairpins to random coils.135 In 

two separate experiments, GQDs inhibited in vitro Aβ fibrilization and crossed the blood brain 

barrier in zebrafish.135 Kim et al. established the potential of GQDs in inhibiting αS fibrillization 

in in vivo mouse models, which prevented neuronal cell loss, Lewy neurite formation and 

mitochondrial dysfunction, the three pathogenic pathways of Parkinson’s disease.136 There are 

few in vivo studies regarding nanomaterials against amyloid disease. These include polymeric 

NPs ligated with KLVFF peptide that targeted Aβ and cleared the latter from the brain of an 

AD mouse model.137 Lipoprotein-based NPs crafted from apolipoprotein E3 demonstrated a 

cross-talk ability with Aβ, and bound and cleared Aβ monomers from transgenic AD mice.138 

These in vivo studies for nanomaterial against amyloidosis had to overcome the complexity of 

the in vivo environments that could render NPs ineffective against amyloidosis. Another major 

challenge is the lack of suitable animal model systems to screen the therapies. Therapeutic 

modalities that show efficacy in mouse models have largely failed to show similar results in 

human clinical trials.139 The pathologies of amyloid diseases are related to ageing and multiple 

pathophysiological pathways. The transgenic animal models developed so far usually offer 

single pathological pathways as their pharmacological target. It remains a challenge to establish 

an animal model with multiple pathophysiological pathways involved in the onset and 

progression of amyloid diseases. 
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1.6. Zebrafish for amyloid research 

Amyloid diseases are related to the old age and in vivo fibrillization of amyloid fibrils. Amyloid 

plaques take a significantly longer period of time to appear in histological autopsies of patients. 

In comparison, transgenic mice models take around 1-2 years and mice that are directly injected 

with amyloid proteins usually take 6 months to develop the disease symptoms.140, 141 Zebrafish 

has emerged as a simplified and transparent model system that offers advantages in imaging 

and quick onset of disease phenotypes, properties which enable faster screening of therapeutic 

modalities. Furthermore, 70% of the human genome and 82% of disease-related genome have 

at least one orthologue gene in zebrafish.142 In terms of amyloid diseases, the protein machinery 

involved in the disease pathology is currently being discovered in zebrafish. For AD, zebrafish 

have demonstrated the presence of presenilin genes (psen1 and psen2) that are required for 

neuronal development, γ-secretase complexes for Notch signaling, amyloid precursor protein 

orthologues (APPa and APPb) for physical length and extension movement of the body, and 

apolipoprotein E and Aβ that are central protein components of the AD pathology.143 

Microinjection of human tau protein in zebrafish embryos has resulted in the development of 

hyperphosphorylated neurofibrillary tangles that are similar to that seen in AD patients. Two 

out of 6 genes that are associated with Parkinson’s disease, i.e., ubiquitin carboxy-terminal 

hydrolase L1 (UCH-L1) and DJ-1 are expressed in adult and embryonic zebrafish.144  

Alongside the amyloid diseases-associated genes and proteins, zebrafish also express AD- and 

PD-associated neurotransmitters. Acetylcholine (Ach) is a cholinergic peripheral and central 

nervous system’s neurotransmitter that is downregulated in AD due to loss of cholinergic 

neurons in basal forebrain and hippocampus. The cholinergic system has been studied via 

electrophysiology, histology and biochemistry in olfactory bulb, spinal cord, cerebellum and 

medulla oblongata of zebrafish. It is associated with learning behaviour in zebrafish.145 
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Glutamate is an excitatory neurotransmitter that is involved in signal transduction between the 

neurons and plays an important role in learning and memory function. When released from the 

neuronal cells, it acts on metabotropic and ionotropic, e.g., N-methyl-D-aspartate (NMDA) 

receptors. Glutamatergic excitation of NMDA receptors activates the calcium uptake of 

neuronal cells. In AD, damaged neurons release an excess of glutamate that leads to 

overexposure of calcium to the surrounding neuronal cells. Zebrafish also revealed the presence 

of NMDA glutamate receptors in telencephalon; an analogue organ to human hippocampus.146 

NMDA receptors are associated with learning behaviour and memory function and zebrafish 

have demonstrated these abilities via inhibitory avoidance test with robust, long-lasting and 

NMDA receptors sensitive training. Glutamate transport activity has also been studied in 

zebrafish via sodium-dependent glutamate uptake in the zebrafish brain.147  

γ-aminobutyric acid (GABA) is an inhibitory neurotransmitter that maintains synaptic plasticity 

by countering the excitatory activity of glutamatergic neurotransmission. Tremors in PD are 

associated with GABAergic overexcitation. Zebrafish express GABAergic neurons in 

embryonic stages and in different cerebral regions of the adult, i.e., hypothalamus, olfactory 

bulb, telencephalon and tactum stratun.148 

Based on the expression of amyloid diseases related proteins, receptors and neurotransmitters, 

zebrafish can be a new lab rat for rapid screening of anti-amyloid therapeutic modalities. The 

third chapter of this thesis employs zebrafish larvae and adults as in vivo model systems to study 

Aβ toxicity and its mitigation with a chaperone casein-AuNP complex. 

In concluding the literature review, it can be said that, despite the availability of a number of 

nanomaterial inhibitors against amyloid diseases, there remains a crucial need for complex, 

high-throughput and suitable model systems for research on amyloid diseases and anti-amyloid 

chemicals or nanomedicines. Zebrafish, in their different stages of life, i.e., embryos, larvae and 

adults, can be employed as new “lab rats” and an additional pre-clinical in vivo systems to 
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complement the AD, PD and T2D mouse models. Such zebrafish model systems have the 

potential to accommodate considerations of multiple pathogenic pathways in amyloidosis all at 

once. Furthermore, it has been understood that the protein coronae on the surfaces of 

nanomedicines can entail chaperone-like inhibition against amyloid fibrillization in vivo. 

  



 
 

31 
 

1.7. References 

1. Luca, S.;  Yau, W.-M.;  Leapman, R.; Tycko, R., Peptide conformation and supramolecular 
organization in amylin fibrils: constraints from solid-state NMR. Biochemistry 2007, 46 (47), 
13505-13522. 

2. Ke, P. C.;  Sani, M.-A.;  Ding, F.;  Kakinen, A.;  Javed, I.;  Separovic, F.;  Davis, T. P.; 
Mezzenga, R., Implications of peptide assemblies in amyloid diseases. Chem. Soc. Rev. 2017, 
46 (21), 6492-6531. 

3. Wiltzius, J. J.;  Sievers, S. A.;  Sawaya, M. R.;  Cascio, D.;  Popov, D.;  Riekel, C.; Eisenberg, 
D., Atomic structure of the cross‐β spine of islet amyloid polypeptide (amylin). Protein Sci. 
2008, 17 (9), 1467-1474. 

4. Adamcik, J.; Mezzenga, R., Proteins fibrils from a polymer physics perspective. 
Macromolecules 2011, 45 (3), 1137-1150. 

5. Cheignon, C.;  Tomas, M.;  Bonnefont-Rousselot, D.;  Faller, P.;  Hureau, C.; Collin, F., 
Oxidative stress and the amyloid beta peptide in Alzheimer’s disease. Redox Biol. 2018, 14, 
450-464. 

6. Jia, L.;  Xing, J.;  Ding, Y.;  Shen, Y.;  Shi, X.;  Ren, W.;  Wan, M.;  Guo, J.;  Zheng, S.; Liu, 
Y., Hyperuricemia causes pancreatic β-cell death and dysfunction through NF-κB signaling 
pathway. PLoS One 2013, 8 (10), e78284. 

7. Ono, K.;  Condron, M. M.; Teplow, D. B., Structure–neurotoxicity relationships of amyloid β-
protein oligomers. Proc. Natl. Acad. Sci. U.S.A. 2009, 106 (35), 14745-14750. 

8. Bonner-Weir, S.; O'brien, T. D., Islets in type 2 diabetes: in honor of Dr. Robert C. Turner. 
Diabetes 2008, 57 (11), 2899-2904. 

9. Michael, R.;  Lenferink, A.;  Vrensen, G. F.;  Gelpi, E.;  Barraquer, R. I.; Otto, C., 
Hyperspectral Raman imaging of neuritic plaques and neurofibrillary tangles in brain tissue 
from Alzheimer’s disease patients. Sci. Rep. 2017, 7 (1), 15603. 

10. Hartl, F. U.; Hayer-Hartl, M., Converging concepts of protein folding in vitro and in vivo. Nat. 
Struct. Mol. Biol. 2009, 16 (6), 574. 

11. Lee, C.-C.;  Nayak, A.;  Sethuraman, A.;  Belfort, G.; McRae, G. J., A three-stage kinetic model 
of amyloid fibrillation. Biophys. J. 2007, 92 (10), 3448-3458. 

12. Linse, S., Monomer-dependent secondary nucleation in amyloid formation. Biophys. Rev. 2017, 
9 (4), 329-338. 

13. KAISER, A. B.;  ZHANG, N.; DER PLUIJM, W. V., Global prevalence of type 2 diabetes over 
the next ten years (2018-2028). Diabetes 2018, 67 (Supplement 1), 202-LB. 

14. Nakagawa, T.;  Hu, H.;  Zharikov, S.;  Tuttle, K. R.;  Short, R. A.;  Glushakova, O.;  Ouyang, 
X.;  Feig, D. I.;  Block, E. R.; Herrera-Acosta, J., A causal role for uric acid in fructose-induced 
metabolic syndrome. Am. J. Physiol. Renal Physiol. 2006, 290 (3), F625-F631. 

15. Johnson, R. J.;  Nakagawa, T.;  Sanchez-Lozada, L. G.;  Shafiu, M.;  Sundaram, S.;  Le, M.;  
Ishimoto, T.;  Sautin, Y. Y.; Lanaspa, M. A., Sugar, uric acid, and the etiology of diabetes and 
obesity. Diabetes 2013, 62 (10), 3307-3315. 

16. Hales, C. N.; Barker, D. J., The thrifty phenotype hypothesis: Type 2 diabetes. British Medical 
Bulletin 2001, 60 (1), 5-20. 

17. Westermark, P.;  Wernstedt, C.;  O'Brien, T.;  Hayden, D.; Johnson, K., Islet amyloid in type 2 
human diabetes mellitus and adult diabetic cats contains a novel putative polypeptide hormone. 
Am. J. Pathol. 1987, 127 (3), 414. 

18. Clark, A.; Nilsson, M., Islet amyloid: a complication of islet dysfunction or an aetiological 
factor in Type 2 diabetes? Diabetologia 2004, 47 (2), 157-169. 

19. Westermark, P., The nature of amyloid in islets of Langerhans in old age. Amyloidosis. 
Academic Press, London-New York-San Francisco 1976, 533-541. 

20. Westermark, P., Fine structure of islets of Langerhans in insular amyloidosis. Virchows Archiv 
A 1973, 359 (1), 1-18. 

21. Matveyenko, A. V.; Butler, P. C., Islet amyloid polypeptide (IAPP) transgenic rodents as 
models for type 2 diabetes. ILAR J. 2006, 47 (3), 225-233. 

22. Seino, S.; Mellitus, S. G. o. C. A. o. G. F. i. D., S20G mutation of the amylin gene is associated 
with Type II diabetes in Japanese. Diabetologia 2001, 44 (7), 906-909. 



 
 

32 
 

23. Mirzabekov, T. A.;  Lin, M.-c.; Kagan, B. L., Pore formation by the cytotoxic islet amyloid 
peptide amylin. J. Biol. Chem. 1996, 271 (4), 1988-1992. 

24. Janson, J.;  Ashley, R. H.;  Harrison, D.;  McIntyre, S.; Butler, P. C., The mechanism of islet 
amyloid polypeptide toxicity is membrane disruption by intermediate-sized toxic amyloid 
particles. Diabetes 1999, 48 (3), 491-498. 

25. Mezuk, B.;  Eaton, W. W.;  Albrecht, S.; Golden, S. H., Depression and type 2 diabetes over the 
lifespan: a meta-analysis. Diabetes care 2008, 31 (12), 2383-2390. 

26. Renn, B. N.;  Feliciano, L.; Segal, D. L., The bidirectional relationship of depression and 
diabetes: a systematic review. Clin. Psychol. Rev. 2011, 31 (8), 1239-1246. 

27. Nourparvar, A.;  Bulotta, A.;  Di Mario, U.; Perfetti, R., Novel strategies for the 
pharmacological management of type 2 diabetes. Trends Pharmacol. Sci. 2004, 25 (2), 86-91. 

28. Burns, A.; Iliffe, S., Alzheimer’s disease. BMJ 2009, 338, b158. 
29. Köhler, C., Granulovacuolar degeneration: a neurodegenerative change that accompanies tau 

pathology. Acta Neuropathologica 2016, 132 (3), 339-359. 
30. Hardy, J., The amyloid hypothesis for Alzheimer’s disease: a critical reappraisal. J. Neurochem. 

2009, 110 (4), 1129-1134. 
31. Kandimalla, R.; Reddy, P. H., Therapeutics of neurotransmitters in Alzheimer’s disease. J. 

Alzheimers Dis. 2017, 57 (4), 1049-1069. 
32. Ballatore, C.;  Lee, V. M.-Y.; Trojanowski, J. Q., Tau-mediated neurodegeneration in 

Alzheimer's disease and related disorders. Nat. Rev. Neurosci. 2007, 8 (9), 663. 
33. Salloway, S.;  Sperling, R.;  Fox, N. C.;  Blennow, K.;  Klunk, W.;  Raskind, M.;  Sabbagh, M.;  

Honig, L. S.;  Porsteinsson, A. P.; Ferris, S., Two phase 3 trials of bapineuzumab in mild-to-
moderate Alzheimer's disease. N. Engl. J. Med. 2014, 370 (4), 322-333. 

34. Farlow, M.;  Arnold, S. E.;  Van Dyck, C. H.;  Aisen, P. S.;  Snider, B. J.;  Porsteinsson, A. P.;  
Friedrich, S.;  Dean, R. A.;  Gonzales, C.; Sethuraman, G., Safety and biomarker effects of 
solanezumab in patients with Alzheimer’s disease. Alzheimer's Dement. 2012, 8 (4), 261-271. 

35. Ostrowitzki, S.;  Deptula, D.;  Thurfjell, L.;  Barkhof, F.;  Bohrmann, B.;  Brooks, D. J.;  Klunk, 
W. E.;  Ashford, E.;  Yoo, K.; Xu, Z.-X., Mechanism of amyloid removal in patients with 
Alzheimer disease treated with gantenerumab. Arch. Neurol. 2012, 69 (2), 198-207. 

36. Miller, B. W.;  Willett, K. C.; Desilets, A. R., Rosiglitazone and pioglitazone for the treatment 
of Alzheimer's disease. Ann. Pharmacother. 2011, 45 (11), 1416-1424. 

37. Ricciarelli, R.; Fedele, E., The amyloid cascade hypothesis in Alzheimer's disease: it's time to 
change our mind. Curr. Neuropharmacol. 2017, 15 (6), 926-935. 

38. Moore, D. J.;  West, A. B.;  Dawson, V. L.; Dawson, T. M., Molecular pathophysiology of 
Parkinson's disease. Annu. Rev. Neurosci. 2005, 28, 57-87. 

39. Chung, K. K.;  Dawson, V. L.; Dawson, T. M., The role of the ubiquitin-proteasomal pathway 
in Parkinson's disease and other neurodegenerative disorders. Trends Neurosci. 2001, 24, 7-14. 

40. Goedert, M., Alpha-synuclein and neurodegenerative diseases. Nat. Rev. Neurosci. 2001, 2, 492. 
41. Lashuel, H. A.;  Hartley, D.;  Petre, B. M.;  Walz, T.; Lansbury Jr, P. T., Neurodegenerative 

disease: amyloid pores from pathogenic mutations. Nature 2002, 418 (6895), 291. 
42. Benson, M. D.; Uemichi, T., Transthyretin amyloidosis. Amyloid 1996, 3 (1), 44-56. 
43. Merlini, G.;  Seldin, D. C.; Gertz, M. A., Amyloidosis: pathogenesis and new therapeutic 

options. J. Clin. Oncol. 2011, 29 (14), 1924. 
44. Kyle, R.; Bayrd, E., Amyloidosis: review of 236 cases. Medicine 1975, 54 (4), 271-299. 
45. Prusiner, S. B., Prions. Proc. Natl. Acad. Sci. U.S.A. 1998, 95 (23), 13363-13383. 
46. Lutz, T. A., Amylinergic control of food intake. Physiol. Behav. 2006, 89 (4), 465-471. 
47. Bedrood, S.;  Li, Y.;  Isas, J. M.;  Hegde, B. G.;  Baxa, U.;  Haworth, I. S.; Langen, R., Fibril 

structure of human islet amyloid polypeptide. J. Biol. Chem. 2012, 287 (8), 5235-5241. 
48. Goldsbury, C.;  Kistler, J.;  Aebi, U.;  Arvinte, T.; Cooper, G. J. S., Watching amyloid fibrils 

grow by time-lapse atomic force microscopy. Journal of Molecular Biology 1999, 285 (1), 33-
39. 

49. Goldsbury, C. S.;  Cooper, G. J. S.;  Goldie, K. N.;  Müller, S. A.;  Saafi, E. L.;  Gruijters, W. T. 
M.;  Misur, M. P.;  Engel, A.;  Aebi, U.; Kistler, J., Polymorphic Fibrillar Assembly of Human 
Amylin. Journal of Structural Biology 1997, 119 (1), 17-27. 

50. Lorenzo, A.;  Razzaboni, B.;  Weir, G. C.; Yankner, B. A., Pancreatic islet cell toxicity of 
amylin associated with type-2 diabetes mellitus. Nature 1994, 368 (6473), 756. 



 
 

33 
 

51. Konarkowska, B.;  Aitken, J. F.;  Kistler, J.;  Zhang, S.; Cooper, G. J., The aggregation potential 
of human amylin determines its cytotoxicity towards islet β‐cells. FEBS J. 2006, 273 (15), 
3614-3624. 

52. Meier, J. J.;  Kayed, R.;  Lin, C.-Y.;  Gurlo, T.;  Haataja, L.;  Jayasinghe, S.;  Langen, R.;  
Glabe, C. G.; Butler, P. C., Inhibition of human IAPP fibril formation does not prevent β-cell 
death: evidence for distinct actions of oligomers and fibrils of human IAPP. Am. J. Physiol. 
Endocrinol. Metab. 2006, 291 (6), E1317-E1324. 

53. Kayed, R.;  Head, E.;  Thompson, J. L.;  McIntire, T. M.;  Milton, S. C.;  Cotman, C. W.; Glabe, 
C. G., Common structure of soluble amyloid oligomers implies common mechanism of 
pathogenesis. Science 2003, 300 (5618), 486-489. 

54. Lin, C.-Y.;  Gurlo, T.;  Kayed, R.;  Butler, A. E.;  Haataja, L.;  Glabe, C. G.; Butler, P. C., Toxic 
human islet amyloid polypeptide (h-IAPP) oligomers are intracellular, and vaccination to induce 
anti-toxic oligomer antibodies does not prevent h-IAPP–induced β-cell apoptosis in h-IAPP 
transgenic mice. Diabetes 2007, 56 (5), 1324-1332. 

55. Zheng, H.;  Jiang, M.;  Trumbauer, M. E.;  Sirinathsinghji, D. J.;  Hopkins, R.;  Smith, D. W.;  
Heavens, R. P.;  Dawson, G. R.;  Boyce, S.;  Conner, M. W.;  Stevens, K. A.;  Slunt, H. H.;  
Sisoda, S. S.;  Chen, H. Y.; Van der Ploeg, L. H., beta-Amyloid precursor protein-deficient mice 
show reactive gliosis and decreased locomotor activity. Cell 1995, 81 (4), 525-31. 

56. Morley, J. E.;  Farr, S. A.;  Banks, W. A.;  Johnson, S. N.;  Yamada, K. A.; Xu, L., A 
physiological role for amyloid-beta protein:enhancement of learning and memory. Journal of 
Alzheimer's disease : JAD 2010, 19 (2), 441-9. 

57. Soto, C.;  Brañes, M. C.;  Alvarez, J.; Inestrosa, N. C., Structural determinants of the 
Alzheimer's amyloid β‐peptide. J. Neurochem. 1994, 63 (4), 1191-1198. 

58. Vivekanandan, S.;  Brender, J. R.;  Lee, S. Y.; Ramamoorthy, A., A partially folded structure of 
amyloid-beta(1-40) in an aqueous environment. Biochem. Biophys. Res. Commun. 2011, 411 
(2), 312-6. 

59. Colvin, M. T.;  Silvers, R.;  Ni, Q. Z.;  Can, T. V.;  Sergeyev, I.;  Rosay, M.;  Donovan, K. J.;  
Michael, B.;  Wall, J.;  Linse, S.; Griffin, R. G., Atomic Resolution Structure of Monomorphic 
Abeta42 Amyloid Fibrils. J. Am. Chem. Soc. 2016, 138 (30), 9663-74. 

60. Dahlgren, K. N.;  Manelli, A. M.;  Stine, W. B.;  Baker, L. K.;  Krafft, G. A.; LaDu, M. J., 
Oligomeric and fibrillar species of amyloid-β peptides differentially affect neuronal viability. J. 
Biol. Chem. 2002, 277 (35), 32046-32053. 

61. Yamamoto, N.;  Matsubara, E.;  Maeda, S.;  Minagawa, H.;  Takashima, A.;  Maruyama, W.;  
Michikawa, M.; Yanagisawa, K., A ganglioside-induced toxic soluble Aβ assembly its 
enhanced formation from Aβ bearing the arctic mutation. J. Biol. Chem. 2007, 282 (4), 2646-
2655. 

62. Coulson, E. J., Does the p75 neurotrophin receptor mediate Aβ‐induced toxicity in Alzheimer's 
disease? J. Neurochem. 2006, 98 (3), 654-660. 

63. Nimmrich, V.;  Grimm, C.;  Draguhn, A.;  Barghorn, S.;  Lehmann, A.;  Schoemaker, H.;  
Hillen, H.;  Gross, G.;  Ebert, U.; Bruehl, C., Amyloid β oligomers (Aβ1–42 globulomer) 
suppress spontaneous synaptic activity by inhibition of P/Q-type calcium currents. J. Neurosci. 
2008, 28 (4), 788-797. 

64. Sakono, M.;  Zako, T.;  Ueda, H.;  Yohda, M.; Maeda, M., Formation of highly toxic soluble 
amyloid beta oligomers by the molecular chaperone prefoldin. FEBS J. 2008, 275 (23), 5982-
5993. 

65. Yuyama, K.;  Yamamoto, N.; Yanagisawa, K., Accelerated release of exosome‐associated GM1 
ganglioside (GM1) by endocytic pathway abnormality: another putative pathway for GM1‐
induced amyloid fibril formation. J. Neurochem. 2008, 105 (1), 217-224. 

66. Burré, J.;  Sharma, M.; Südhof, T. C., α-Synuclein assembles into higher-order multimers upon 
membrane binding to promote SNARE complex formation. Proc. Natl. Acad. Sci. USA 2014, 
111 (40), E4274-E4283. 

67. Villar-Piqué, A.;  Lopes da Fonseca, T.; Outeiro, T. F., Structure, function and toxicity of alpha-
synuclein: the Bermuda triangle in synucleinopathies. J. Neurochem. 2016, 139, 240-255. 

68. Ionescu-Zanetti, C.;  Khurana, R.;  Gillespie, J. R.;  Petrick, J. S.;  Trabachino, L. C.;  Minert, L. 
J.;  Carter, S. A.; Fink, A. L., Monitoring the assembly of Ig light-chain amyloid fibrils by 
atomic force microscopy. Proc. Natl. Acad. Sci. USA 1999, 96 (23), 13175-13179. 



 
 

34 
 

69. Conway, K. A.;  Lee, S.-J.;  Rochet, J.-C.;  Ding, T. T.;  Williamson, R. E.; Lansbury, P. T., 
Acceleration of oligomerization, not fibrillization, is a shared property of both α-synuclein 
mutations linked to early-onset Parkinson's disease: Implications for pathogenesis and therapy. 
Proc. Natl. Acad. Sci. USA 2000, 97 (2), 571-576. 

70. Aisenbrey, C.;  Borowik, T.;  Byström, R.;  Bokvist, M.;  Lindström, F.;  Misiak, H.;  Sani, M.-
A.; Gröbner, G., How is protein aggregation in amyloidogenic diseases modulated by biological 
membranes? Eur. Biophys. J. 2008, 37 (3), 247-255. 

71. Roberts, H.; Brown, D., Seeking a Mechanism for the Toxicity of Oligomeric α-Synuclein. 
Biomolecules 2015, 5 (2), 282-305. 

72. Llorens, F.; del Río, J. A., Unraveling the neuroprotective mechanisms of PrP(C) in 
excitotoxicity. Prion 2012, 6 (3), 245-251. 

73. Kristiansen, M.;  Deriziotis, P.;  Dimcheff, D. E.;  Jackson, G. S.;  Ovaa, H.;  Naumann, H.;  
Clarke, A. R.;  van Leeuwen, F. W.;  Menéndez-Benito, V.; Dantuma, N. P., Disease-associated 
prion protein oligomers inhibit the 26S proteasome. Mol. Cell 2007, 26 (2), 175-188. 

74. Westergard, L.;  Christensen, H. M.; Harris, D. A., The cellular prion protein (PrP C): its 
physiological function and role in disease. BBA Mol. Basis. Dis. 2007, 1772 (6), 629-644. 

75. Kontopidis, G.;  Holt, C.; Sawyer, L., Invited review: β-lactoglobulin: binding properties, 
structure, and function. J. Dairy Sci. 2004, 87 (4), 785-796. 

76. Narayan, M.; Berliner, L. J., Fatty acids and retinoids bind independently and simultaneously to 
β-lactoglobulin. Biochemistry 1997, 36 (7), 1906-1911. 

77. Boland, M., 3 - Whey proteins. In Handbook of Food Proteins, Phillips, G. O.; Williams, P. A., 
Eds. Woodhead Publishing: 2011; pp 30-55. 

78. Hamley, I. W., Peptide fibrillization. Angew. Chem. Int. Ed. 2007, 46 (43), 8128-8147. 
79. Jones, O. G.; Mezzenga, R., Inhibiting, promoting, and preserving stability of functional protein 

fibrils. Soft Matter 2012, 8 (4), 876-895. 
80. Bolisetty, S.; Mezzenga, R., Amyloid–carbon hybrid membranes for universal water 

purification. Nature Nanotech. 2016, 11 (4), 365. 
81. Shen, Y.;  Posavec, L.;  Bolisetty, S.;  Hilty, F. M.;  Nyström, G.;  Kohlbrecher, J.;  Hilbe, M.;  

Rossi, A.;  Baumgartner, J.; Zimmermann, M. B., Amyloid fibril systems reduce, stabilize and 
deliver bioavailable nanosized iron. Nature Nanotech. 2017, 12 (7), 642. 

82. Li, C.;  Born, A. K.;  Schweizer, T.;  Zenobi‐Wong, M.;  Cerruti, M.; Mezzenga, R., Amyloid‐
hydroxyapatite bone biomimetic composites. Adv. Mater. 2014, 26 (20), 3207-3212. 

83. Horne, D. S., Casein structure, self-assembly and gelation. Curr. Opin. Colloid Interface Sci. 
2002, 7 (5-6), 456-461. 

84. McMahon, D. J.; Oommen, B. S., Casein micelle structure, functions, and interactions. In 
Advanced Dairy Chemistry, Springer: 2013; pp 185-209. 

85. Thorn, D. C.;  Meehan, S.;  Sunde, M.;  Rekas, A.;  Gras, S. L.;  MacPhee, C. E.;  Dobson, C. 
M.;  Wilson, M. R.; Carver, J. A., Amyloid fibril formation by bovine milk κ-casein and its 
inhibition by the molecular chaperones αS-and β-casein. Biochemistry 2005, 44 (51), 17027-
17036. 

86. Thorn, D. C.;  Ecroyd, H.;  Sunde, M.;  Poon, S.; Carver, J. A., Amyloid fibril formation by 
bovine milk αs2-casein occurs under physiological conditions yet is prevented by its natural 
counterpart, αs1-casein. Biochemistry 2008, 47 (12), 3926-3936. 

87. Thorn, D. C.;  Ecroyd, H.; Carver, J. A., The two-faced nature of milk casein proteins: amyloid 
fibril formation and chaperone-like activity. Aust. J. Dairy Technol. 2009, 64 (1), 34. 

88. Guha, S.;  Manna, T. K.;  Das, K. P.; Bhattacharyya, B., Chaperone-like activity of tubulin. J. 
Biol. Chem. 1998, 273 (46), 30077-30080. 

89. Olsén, A.;  Jonsson, A.; Normark, S., Fibronectin binding mediated by a novel class of surface 
organelles on Escherichia coll. Nature 1989, 338 (6217), 652. 

90. Chapman, M. R.;  Robinson, L. S.;  Pinkner, J. S.;  Roth, R.;  Heuser, J.;  Hammar, M.;  
Normark, S.; Hultgren, S. J., Role of Escherichia coli curli operons in directing amyloid fiber 
formation. Science 2002, 295 (5556), 851-855. 

91. Larsen, P.;  Nielsen, J. L.;  Dueholm, M. S.;  Wetzel, R.;  Otzen, D.; Nielsen, P. H., Amyloid 
adhesins are abundant in natural biofilms. Environ. Microbiol. 2007, 9 (12), 3077-3090. 

92. Naiki, H.; Gejyo, F., Kinetic analysis of amyloid fibril formation. In Methods Enzymol., 
Elsevier: 1999; Vol. 309, pp 305-318. 



 
 

35 
 

93. Shewmaker, F.;  McGlinchey, R. P.;  Thurber, K. R.;  McPhie, P.;  Dyda, F.;  Tycko, R.; 
Wickner, R. B., The functional curli amyloid is not based on in-register parallel β-sheet 
structure. J. Biol. Chem. 2009, 284 (37), 25065-25076. 

94. Shu, Q.;  Crick, S. L.;  Pinkner, J. S.;  Ford, B.;  Hultgren, S. J.; Frieden, C., The E. coli CsgB 
nucleator of curli assembles to β-sheet oligomers that alter the CsgA fibrillization mechanism. 
Proc. Natl. Acad. Sci. U.S.A. 2012, 109 (17), 6502-6507. 

95. Dueholm, M. S.;  Søndergaard, M. T.;  Nilsson, M.;  Christiansen, G.;  Stensballe, A.;  
Overgaard, M. T.;  Givskov, M.;  Tolker‐Nielsen, T.;  Otzen, D. E.; Nielsen, P. H., Expression 
of Fap amyloids in P seudomonas aeruginosa, P. fluorescens, and P. putida results in 
aggregation and increased biofilm formation. Microbiologyopen 2013, 2 (3), 365-382. 

96. Dueholm, M. S.;  Petersen, S. V.;  Sønderkær, M.;  Larsen, P.;  Christiansen, G.;  Hein, K. L.;  
Enghild, J. J.;  Nielsen, J. L.;  Nielsen, K. L.; Nielsen, P. H., Functional amyloid in 
Pseudomonas. Mol. Microbiol. 2010, 77 (4), 1009-1020. 

97. Dueholm, M. S.;  Otzen, D.; Nielsen, P. H., Evolutionary insight into the functional amyloids of 
the pseudomonads. PLoS One 2013, 8 (10), e76630. 

98. Rouse, S. L.;  Hawthorne, W. J.;  Berry, J.-L.;  Chorev, D. S.;  Ionescu, S. A.;  Lambert, S.;  
Stylianou, F.;  Ewert, W.;  Mackie, U.; Morgan, R. M. L., A new class of hybrid secretion 
system is employed in Pseudomonas amyloid biogenesis. Nature Com. 2017, 8 (1), 263. 

99. U'Ren, R. C.;  Riddle, M. C.;  Lezak, M. D.; Bennington‐Davis, M., The mental efficiency of 
the elderly person with type II diabetes mellitus. J. Am. Geriatr. Soc. 1990, 38 (5), 505-510. 

100. Ott, A.;  Stolk, R.;  Hofman, A.;  van Harskamp, F.;  Grobbee, D.; Breteler, M., Association of 
diabetes mellitus and dementia: the Rotterdam Study. Diabetologia 1996, 39 (11), 1392-1397. 

101. Luchsinger, J. A.;  Tang, M.-X.;  Stern, Y.;  Shea, S.; Mayeux, R., Diabetes mellitus and risk of 
Alzheimer's disease and dementia with stroke in a multiethnic cohort. Am. J. Epidemiol. 2001, 
154 (7), 635-641. 

102. Arvanitakis, Z.;  Wilson, R. S.;  Bienias, J. L.;  Evans, D. A.; Bennett, D. A., Diabetes mellitus 
and risk of Alzheimer disease and decline in cognitive function. Arch. Neurol. 2004, 61 (5), 
661-666. 

103. Janson, J.;  Laedtke, T.;  Parisi, J. E.;  O’Brien, P.;  Petersen, R. C.; Butler, P. C., Increased risk 
of type 2 diabetes in Alzheimer disease. Diabetes 2004, 53 (2), 474-481. 

104. Jackson, K.;  Barisone, G. A.;  Diaz, E.;  Jin, L. w.;  DeCarli, C.; Despa, F., Amylin deposition 
in the brain: a second amyloid in Alzheimer disease? Ann. Neurol. 2013, 74 (4), 517-526. 

105. Krotee, P.;  Griner, S. L.;  Sawaya, M. R.;  Cascio, D.;  Rodriguez, J. A.;  Shi, D.;  Philipp, S.;  
Murray, K.;  Saelices, L.; Lee, J., Common fibrillar spines of amyloid-β and human islet 
amyloid polypeptide revealed by microelectron diffraction and structure-based inhibitors. J. 
Biol. Chem. 2018, 293 (8), 2888-2902. 

106. N Fawver, J.;  Ghiwot, Y.;  Koola, C.;  Carrera, W.;  Rodriguez-Rivera, J.;  Hernandez, C.;  T 
Dineley, K.;  Kong, Y.;  Li, J.; Jhamandas, J., Islet amyloid polypeptide (IAPP): a second 
amyloid in Alzheimer's disease. Curr. Alzheimer Res. 2014, 11 (10), 928-940. 

107. Miklossy, J.;  Qing, H.;  Radenovic, A.;  Kis, A.;  Vileno, B.;  Làszló, F.;  Miller, L.;  Martins, 
R. N.;  Waeber, G.; Mooser, V., Beta amyloid and hyperphosphorylated tau deposits in the 
pancreas in type 2 diabetes. Neurobiol. Aging 2010, 31 (9), 1503-1515. 

108. Oskarsson, M. E.;  Paulsson, J. F.;  Schultz, S. W.;  Ingelsson, M.;  Westermark, P.; 
Westermark, G. T., In vivo seeding and cross-seeding of localized amyloidosis: a molecular link 
between type 2 diabetes and Alzheimer disease. Am. J. Pathol. 2015, 185 (3), 834-846. 

109. Martinez-Valbuena, I.;  Amat-Villegas, I.;  Valenti-Azcarate, R.;  del Mar Carmona-Abellan, 
M.;  Marcilla, I.;  Tuñon, M.-T.; Luquin, M.-R., Interaction of amyloidogenic proteins in 
pancreatic β cells from subjects with synucleinopathies. Acta Neuropathologica 2018, 135 (6), 
877-886. 

110. Horvath, I.; Wittung-Stafshede, P., Cross-talk between amyloidogenic proteins in type-2 
diabetes and Parkinson’s disease. Proc. Natl. Acad. Sci. U.S.A. 2016, 113 (44), 12473-12477. 

111. Masliah, E.;  Rockenstein, E.;  Veinbergs, I.;  Sagara, Y.;  Mallory, M.;  Hashimoto, M.; Mucke, 
L., β-Amyloid peptides enhance α-synuclein accumulation and neuronal deficits in a transgenic 
mouse model linking Alzheimer's disease and Parkinson's disease. Proc. Natl. Acad. Sci. U.S.A. 
2001, 98 (21), 12245-12250. 



 
 

36 
 

112. Morales, R.;  Estrada, L. D.;  Diaz-Espinoza, R.;  Morales-Scheihing, D.;  Jara, M. C.;  Castilla, 
J.; Soto, C., Molecular cross talk between misfolded proteins in animal models of Alzheimer's 
and prion diseases. J. Neurosci. 2010, 30 (13), 4528-4535. 

113. Lee, J.;  Bhak, G.;  Lee, J. H.;  Park, W.;  Lee, M.;  Lee, D.;  Jeon, N. L.;  Jeong, D. H.;  Char, 
K.; Paik, S. R., Free‐standing gold‐nanoparticle monolayer film fabricated by protein self‐
assembly of α‐Synuclein. Angew. Chem. Int. Ed. 2015, 54 (15), 4571-4576. 

114. Lee, D.;  Choe, Y. J.;  Choi, Y. S.;  Bhak, G.;  Lee, J.; Paik, S. R., Photoconductivity of pea‐
pod‐type chains of gold nanoparticles encapsulated within dielectric amyloid protein nanofibrils 
of α‐Synuclein. Angew. Chem. Int. Ed. 2011, 50 (6), 1332-1337. 

115. Wang, H.;  Muiznieks, L. D.;  Ghosh, P.;  Williams, D.;  Solarski, M.;  Fang, A.;  Ruiz-
Riquelme, A.;  Pomes, R.;  Watts, J. C.; Chakrabartty, A., Somatostatin binds to the human 
amyloid β peptide and favors the formation of distinct oligomers. Elife 2017, 6, e28401. 

116. Cedervall, T.;  Lynch, I.;  Lindman, S.;  Berggård, T.;  Thulin, E.;  Nilsson, H.;  Dawson, K. A.; 
Linse, S., Understanding the nanoparticle–protein corona using methods to quantify exchange 
rates and affinities of proteins for nanoparticles. Proc. Natl. Acad. Sci. U.S.A. 2007, 104 (7), 
2050-2055. 

117. Wang, M.;  Gustafsson, O. J.;  Pilkington, E. H.;  Kakinen, A.;  Javed, I.;  Faridi, A.;  Davis, T. 
P.; Ke, P. C., Nanoparticle–proteome in vitro and in vivo. J. Mater. Chem. B 2018, 6 (38), 
6026-6041. 

118. Ke, P. C.;  Lin, S.;  Parak, W. J.;  Davis, T. P.; Caruso, F., A decade of the protein corona. ACS 
Nano 2017, 11 (12), 11773-11776. 

119. Lundqvist, M.;  Stigler, J.;  Cedervall, T.;  Berggård, T.;  Flanagan, M. B.;  Lynch, I.;  Elia, G.; 
Dawson, K., The evolution of the protein corona around nanoparticles: a test study. ACS Nano 
2011, 5 (9), 7503-7509. 

120. Lundqvist, M.;  Stigler, J.;  Elia, G.;  Lynch, I.;  Cedervall, T.; Dawson, K. A., Nanoparticle size 
and surface properties determine the protein corona with possible implications for biological 
impacts. Proc. Natl. Acad. Sci. U.S.A. 2008, 105 (38), 14265-14270. 

121. Javed, I.;  Yu, T.;  Peng, G.;  Sánchez-Ferrer, A.;  Faridi, A.;  Kakinen, A.;  Zhao, M.;  
Mezzenga, R.;  Davis, T. P.; Lin, S., In vivo mitigation of amyloidogenesis through functional–
pathogenic double-protein coronae. Nano Lett. 2018, 18 (9), 5797-5804. 

122. Pilkington, E. H.;  Gustafsson, O. J.;  Xing, Y.;  Hernandez-Fernaud, J.;  Zampronio, C.;  
Kakinen, A.;  Faridi, A.;  Ding, F.;  Wilson, P.; Ke, P. C., Profiling the serum protein corona of 
fibrillar human islet amyloid polypeptide. ACS Nano 2018, 12 (6), 6066-6078. 

123. Casals, E.;  Pfaller, T.;  Duschl, A.;  Oostingh, G. J.; Puntes, V., Time evolution of the 
nanoparticle protein corona. ACS Nano 2010, 4 (7), 3623-3632. 

124. Hadjidemetriou, M.; Kostarelos, K., Nanomedicine: evolution of the nanoparticle corona. 
Nature Nanotech. 2017, 12 (4), 288. 

125. Ke, P. C.;  Pilkington, E. H.;  Sun, Y.;  Javed, I.;  Kakinen, A.;  Peng, G.;  Ding, F.; Davis, T. P., 
Mitigation of Amyloidosis with Nanomaterials. Adv. Mater. 2019, 1901690. 

126. Javed, I.;  He, J.;  Kakinen, A.;  Faridi, A.;  Yang, W.;  Davis, T. P.;  Ke, P. C.; Chen, P., 
Probing the aggregation and immune response of human islet amyloid polypeptides with ligand-
stabilized gold nanoparticles. ACS Appl. Mater. Interfaces 2019, 11 (11), 10462-10471. 

127. Gladytz, A.;  Abel, B.; Risselada, H. J., Gold‐induced fibril growth: the mechanism of surface‐
facilitated amyloid aggregation. Angew. Chem. Int. Ed. 2016, 55 (37), 11242-11246. 

128. Wang, S.-T.;  Lin, Y.;  Todorova, N.;  Xu, Y.;  Mazo, M.;  Rana, S.;  Leonardo, V.;  Amdursky, 
N.;  Spicer, C. D.; Alexander, B. D., Facet-dependent interactions of islet amyloid polypeptide 
with gold nanoparticles: Implications for fibril formation and peptide-induced lipid membrane 
disruption. Chem. Mater. 2017, 29 (4), 1550-1560. 

129. Hsieh, S.;  Chang, C.-w.; Chou, H.-h., Gold nanoparticles as amyloid-like fibrillogenesis 
inhibitors. Colloids Surf. B 2013, 112, 525-529. 

130. Cabaleiro-Lago, C.;  Quinlan-Pluck, F.;  Lynch, I.;  Dawson, K. A.; Linse, S., Dual effect of 
amino modified polystyrene nanoparticles on amyloid β protein fibrillation. ACS Chem. 
Neurosci. 2010, 1 (4), 279-287. 

131. Palmal, S.;  Maity, A. R.;  Singh, B. K.;  Basu, S.;  Jana, N. R.; Jana, N. R., Inhibition of 
amyloid fibril growth and dissolution of amyloid fibrils by curcumin–gold nanoparticles. 
Chem.: Eur. J. 2014, 20 (20), 6184-6191. 



 
 

37 
 

132. Yoo, S. I.;  Yang, M.;  Brender, J. R.;  Subramanian, V.;  Sun, K.;  Joo, N. E.;  Jeong, S. H.;  
Ramamoorthy, A.; Kotov, N. A., Inhibition of amyloid peptide fibrillation by inorganic 
nanoparticles: functional similarities with proteins. Angew. Chem. Int. Ed. 2011, 50 (22), 5110-
5115. 

133. Luo, J.;  Wärmländer, S. K.;  Yu, C.-H.;  Muhammad, K.;  Gräslund, A.; Abrahams, J. P., The 
Aβ peptide forms non-amyloid fibrils in the presence of carbon nanotubes. Nanoscale 2014, 6 
(12), 6720-6726. 

134. Fu, Z.;  Luo, Y.;  Derreumaux, P.; Wei, G., Induced β-barrel formation of the Alzheimer's 
Aβ25–35 oligomers on carbon nanotube surfaces: Implication for amyloid fibril inhibition. 
Biophys. J. 2009, 97 (6), 1795-1803. 

135. Wang, M.;  Sun, Y.;  Cao, X.;  Peng, G.;  Javed, I.;  Kakinen, A.;  Davis, T. P.;  Lin, S.;  Liu, J.; 
Ding, F., Graphene quantum dots against human IAPP aggregation and toxicity in vivo. 
Nanoscale 2018, 10 (42), 19995-20006. 

136. Kim, D.;  Yoo, J. M.;  Hwang, H.;  Lee, J.;  Lee, S. H.;  Yun, S. P.;  Park, M. J.;  Lee, M.;  Choi, 
S.; Kwon, S. H., Graphene quantum dots prevent α-synucleinopathy in Parkinson’s disease. 
Nature Nanotech. 2018, 13 (9), 812. 

137. Luo, Q.;  Lin, Y.-X.;  Yang, P.-P.;  Wang, Y.;  Qi, G.-B.;  Qiao, Z.-Y.;  Li, B.-N.;  Zhang, K.;  
Zhang, J.-P.; Wang, L., A self-destructive nanosweeper that captures and clears amyloid β-
peptides. Nature Com. 2018, 9 (1), 1802. 

138. Song, Q.;  Huang, M.;  Yao, L.;  Wang, X.;  Gu, X.;  Chen, J.;  Chen, J.;  Huang, J.;  Hu, Q.; 
Kang, T., Lipoprotein-based nanoparticles rescue the memory loss of mice with Alzheimer’s 
disease by accelerating the clearance of amyloid-beta. ACS Nano 2014, 8 (3), 2345-2359. 

139. Reardon, S., Frustrated Alzheimer's researchers seek better lab mice. Nature 2018, 563, 611-
612. 

140. Nakamura, S.;  Murayama, N.;  Noshita, T.;  Annoura, H.; Ohno, T., Progressive brain 
dysfunction following intracerebroventricular infusion of beta1–42-amyloid peptide. Brain Res. 
2001, 912 (2), 128-136. 

141. Oakley, H.;  Cole, S. L.;  Logan, S.;  Maus, E.;  Shao, P.;  Craft, J.;  Guillozet-Bongaarts, A.;  
Ohno, M.;  Disterhoft, J.; Van Eldik, L., Intraneuronal β-amyloid aggregates, 
neurodegeneration, and neuron loss in transgenic mice with five familial Alzheimer's disease 
mutations: potential factors in amyloid plaque formation. J. Neurosci. 2006, 26 (40), 10129-
10140. 

142. Howe, K.;  Clark, M. D.;  Torroja, C. F.;  Torrance, J.;  Berthelot, C.;  Muffato, M.;  Collins, J. 
E.;  Humphray, S.;  McLaren, K.; Matthews, L., The zebrafish reference genome sequence and 
its relationship to the human genome. Nature 2013, 496 (7446), 498. 

143. Newman, M.;  Ebrahimie, E.; Lardelli, M., Using the zebrafish model for Alzheimer’s disease 
research. Front. Genet. 2014, 5, 189. 

144. Best, J.; Alderton, W. K., Zebrafish: an in vivo model for the study of neurological diseases. 
Neuropsyc. Dis Treat. 2008, 4 (3), 567. 

145. Park, E.;  Lee, Y.;  Kim, Y.; Lee, C.-J., Cholinergic modulation of neural activity in the 
telencephalon of the zebrafish. Neurosci. Lett. 2008, 439 (1), 79-83. 

146. Nam, R.-H.;  Kim, W.; Lee, C.-J., NMDA receptor-dependent long-term potentiation in the 
telencephalon of the zebrafish. Neurosci. Lett. 2004, 370 (2-3), 248-251. 

147. Rico, E. P.;  de Oliveira, D. L.;  Rosemberg, D. B.;  Mussulini, B. H.;  Bonan, C. D.;  Dias, R. 
D.;  Wofchuk, S.;  Souza, D. O.; Bogo, M. R., Expression and functional analysis of Na+-
dependent glutamate transporters from zebrafish brain. Brain Res. Bull. 2010, 81 (4-5), 517-
523. 

148. Kim, Y.-J.;  Nam, R.-H.;  Yoo, Y. M.; Lee, C.-J., Identification and functional evidence of 
GABAergic neurons in parts of the brain of adult zebrafish (Danio rerio). Neurosci. Lett. 2004, 
355 (1-2), 29-32. 

 



38 
 
 

 

   
Chapter 2 

 

 

 

 

 

 

Cofibrillization of pathogenic and 
functional amyloid proteins with 

gold nanoparticles against 
amyloidogenesis 

  



39 
 
 

 

Declaration  

This chapter was published as Ibrahim Javed, Yunxiang Sun, Jozef Adamcik, Bo Wang, 

Aleksandr Kakinen, Emily H Pilkington, Feng Ding, Raffaele Mezzenga, Thomas P Davis, and 

Pu Chun Ke, Cofibrillization of pathogenic and functional amyloid proteins with gold 

nanoparticles against amyloidogenesis. Biomacromolecules, 2017. 18(12): 4316-4322. 

Rationale  

The rationale for the design of this project is based on cross-interaction and co-fibrillization of 

bLg and IAPP amyloids, facilitated by AuNPs. IAPP amyloids are formed naturally, under 

physiological conditions. In contrast, bLg forms functional amyloids under acidic conditions 

and at high temperature. Despite fibrillization under different conditions, there are striking 

similarities between the mesoscopic structure and β-sheet organization of these two types of 

amyloid fibrils. Therefore, it was hypothesized in this chapter, that cross-seeding between bLg 

amyloid-fragments and IAPP should be feasible, and should lead to a co-structure further 

involving AuNPs, the substrate of bLg amyloid fragments. The interaction between AuNPs 

and IAPP amyloids was exploited for in vitro toxicity mitigation, X-ray induced destruction, 

immunorecognition and dark-field imaging of IAPP amyloids. 
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Rationale  

After studying the in vitro interaction as described in the previous chapter, this chapter was 

designed to study in vivo interactions between bLg amyloid-fragments coated CNTs and IAPP 

in aggregation through the formation of pathogenic-functional coronae. bLg amyloid-

fragments coated AuNPs possessed a particle size comparable to the thickness of IAPP fibrils. 

This was one of the major rationales discussed for the co-fibrillization effect, rather than 

inhibitory effect, observed for AuNPs against IAPP. In this chapter, it was hypothesized that 

coating of bLg amyloid-fragments on larger surfaces like CNTs, should enable sequestration 

of oligomeric and protofibrillar IAPP to inhibition IAPP fibrilization. Furthermore, to fill a 

crucial need for in vivo model systems for research on anti-amyloidosis, this chapter detailed 

the use of zebrafish embryos as a quasi-in vivo system to study bLg amyloid-fragments coated 

CNTs against IAPP fibrilization. Zebrafish embryos were employed, developed and 

characterised as an imaging friendly in vivo model system to study IAPP toxicity and its 

mitigation with functionalised CNTs. 
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Rationale  

After studying the interplay between bLg amyloid-fragments and IAPP in the previous two 

chapters, this chapter was designed to study the in vivo mitigation of Aβ-induced neurotoxicity 

with biomimetic AuNPs. The compositional protein of the corona was changed from bLg to β-

Casein (βCas). βCas forms amyloid under similar conditions to bLg. However, in native 

monomeric state, βCas possesses an unfolded and melted conformation. This structure bestows 

βCas with a chaperone-like capacity, which was expected to be particularly suitable for 

inhibiting the self-assembly of amyloid proteins IAPP, Aβ and αS. Accordingly, in this chapter, 

βCas in its native monomeric form was employed to exploit its chaperone-like activity against 

Aβ fibrillization. The chaperone-like activity of βCas was coupled with the blood-brain-barrier 

translocation capacity of AuNPs to mititgate Aβ-induced Alzheimer’s-like symptoms in both 

larval and adult zebrafish. Larval and adult zebrafish were developed and characterised as 

facile and high-throughput in vivo model system to study Aβ-induced neurotoxicity. This, 

again, fulfilled the crucial need for establishing facile, high-throughput, alternative in vivo 

models to mouse models for evaluating amyloid diseases and anti-amyloidosis nanomedicines. 
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5.1. Summary 

My PhD research has accomplished the objectives as described in chapters 2, 3 and 4. It has 

provided a foundation for future research in the design and application of biomimetic 

nanomaterials against amyloid diseases. As described in the “cross-talk between amyloid 

proteins” section of the introduction, amyloid proteins can cross-interact and promote or inhibit 

their mutual fibrillization. Whey proteins, when extracted from milk and heated at low pH, can 

fibrillate into amyloid fibers with atomic and mesoscopic structures resembling pathogenic 

amyloids. First, in chapter2, I prepared bLg AuNPs of ~8 nm size that was comparable to the 

thickness of an IAPP amyloid fibril, i.e., ~10 nm. bLg AuNPs were decorated with small 

fragments of bLg amyloids, thus provided a β-sheet rich interface. Upon introducing IAPP, I 

demonstrated for the first time a facile scheme of cross-talk or co-fibrillization between 

functional and pathogenic amyloids. The β-sheet rich corona on the surface of bLg AuNPs was 

able to intercalate AuNPs inside IAPP amyloids, as corroborated by CD spectroscopy and 

TEM/AFM imaging. Embedding bLg AuNPs in IAPP amyloids mitigated the IAPP toxicity 

against pancreatic β-cells and enabled darkfield (hyperspectral or HSI) imaging of bLg AuNPs-

IAPP amyloid hybrids, even when the hybrids were covered with human plasma proteins. IAPP 

amyloids were not immunogenic, however, bLg AuNPs-IAPP amyloid hybrids were 

recognized and phagocytosed when exposed to human T-cells. AuNPs absorbed X-ray 

irradiation and dissipated the absorbed energy to their surroundings in the form of heat. When 

bLg AuNPs-IAPP amyloid hybrids were exposed to X-rays (exposure: 100 s; dose: 300 μSv/h), 

the embedded AuNPs were able to destroy IAPP amyloids and converted them from β-sheets 

rich fibrils to random coiled aggregates. 

In chapter 3, I stabilised the bLg amyloid fragments on the surface of multiwalled CNTs 

(baCNTs). The hydrophobic surface of CNTs, coated with the β-sheets rich corona of bLg 

amyloid fragments, acted as a substrate and sequestered the toxic IAPP species in vitro and in 



 
 

113 
 

vivo. baCNTs inhibited the IAPP fibrillization and sequestered the peptide in the form of α-

helical aggregates. In vivo translation of this inhibitory interaction was performed in zebrafish 

embryos. Zebrafish embryos, injected with baCNTs, showed no toxicity of the biomimetic NPs. 

When injected with IAPP or Aβ, the toxicity of these amyloid peptides was evident in terms of 

hampered hatching or abnormal development of zebrafish embryos. Upon co-injection of 

baCNTs and IAPP or Aβ, the amyloid toxicity was mitigated and zebrafish embryos were able 

to develop and hatch normally. This study established zebrafish embryos as an in vivo model 

for rapid screening the inhibitory potential of nanomaterials against amyloidosis. Furthermore, 

it was evident from a comparison of bLg AuNPs from chapter 1 (~8 nm diameters) and baCNTs 

from chapter 2 (~50 × 500 nm,  width × length) that the same corona, i.e. β-sheet rich amyloid 

fragments, on the surface of nanomaterials with different shapes and aspect ratios could render 

different effects on amyloid fibrillization and toxicity. 

Finally, in chapter 4, I used β-casein (βCas) to synthesise AuNPs of 5 nm in diameter (βCas 

AuNPs). Due to the malleable and flexible conformation and intermittent hydrophobic regions 

in the structure of βCas, it acted as a chaperone and bound with a variety of unfolded monomeric 

and oligomeric proteins/peptides. This chaperone-like activity of βCas was cloaked onto the 

surface of AuNPs and then exposed to Aβ. Aβ fibrillization was completely inhibited and βCas 

AuNPs sequestered Aβ monomers and oligomers onto their surface with high affinity. For the 

in vivo translation of this inhibitory interaction, zebrafish larvae were developed as a transparent 

andhigh throughput animal model. Zebrafish larvae displayed Alzheimer’s-like symptoms, i.e., 

distorted swimming behaviour and reduced swimming distance, one week after receiving a 

cerebroventricular injection of Aβ. The biodistribution of βCas AuNPs revealed the 

transportation of NPs to the brain within 0.5 h of intracardiac injection. βCas NPs were 

subsequently eliminated from the brain and liver, 12 h post-injection. When βCas AuNPs and 

Aβ were co-introduced to the zebrafish larvae via intracardiac and cerebroventricular injections, 

respectively, βCas AuNPs rescued the larvae from Aβ toxicity and prevented it from developing 
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behavioral pathology. The chaperone-like potential of βCas AuNPs against Aβ was further 

implicated in adult zebrafish by examining the animals’ memory function. The cognitive 

memory of zebrafish was deteriorated upon Aβ treatment and was largely rescued when co-

injected with βCas AuNPs. This final chapter in my PhD thesis revealed the in vivo potential of 

biomimetic nano-chaperone βCas AuNPs and supported the use of zebrafish as a new lab rat to 

study amyloid diseases. 

A key knowledge gained from this thesis is the corona-mediated amyloidosis inhibition or co-

fibrillization with nanomaterials. Such interactions depended primarily upon the secondary 

structure of the functional surface corona as well as aspect ratio of the underlying nanoparticle 

core. bLg amyloid-fragments co-fibrillated with IAPP when decorated on small AuNPs, but 

sequestered IAPP and prevented their amyloidosis and toxicity when displayed on CNTs. 

Furthermore, when the corona was changed from bLg to βCas, which possessed a molten and 

random conformation in its monomeric form, a chaperone-like activity was observed for βCas 

AuNPs against Aβ. This implies that biomimetic ligands can be tailored to render their 

nanoparticle cores potent anti-amyloidosis nanomedicines. Another intellectual contribution 

from this thesis is the establishment of zebrafish models for amyloid research. Zebrafish at 

different stages of development can be utilized to examine the various aspects of amyloid 

diseases - zebrafish embryos can be used for studying nano-bio interactions between amyloid 

proteins and nanoparticles, larvae for disease modelling and imaging, while adult zebrafish for 

examining the neurochemical and behavioural pathologies of neuronal disorders.  

5.2. Future directions 

Based on the observations made during the research of this PhD project, these established 

biomimetic nanomaterials hold a great potential against protein misfolding diseases. The 

corona-driven interactions between the NPs and amyloid fibers may be controlled via the 

surface properties of the NPs. Once interfaced with amyloid species, such NPs-amyloid hybrids 
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may be exploited for photothermal destruction, dark-field imaging and physiological clearance 

of amyloid plaques. This biomimetic approach may also be used to target nanomedicines to the 

site of amyloid deposition. Biomimetic nanomaterials, crafted from functional amyloids like 

bLg and casein, may be used to understand and exploit the functional-pathological protein 

cross-talk. This proposition is based on the facts that cross-talk across the pathogenic amyloid 

proteins is driven by β-sheet stacking and functional amyloids possess similar cross-β spine but 

are non-toxic.  

There has been recent clinical evidence that co-relate incidence of AD and PD with patient’s 

history for bacterial infections and oral microbiota profiles. Therefore, future research  beyond 

the context of this thesis may examine promising anti-amyloid nanomedicines and unravel the 

etiological factors of AD and PD, based on functional-pathological cross-talks between Aβ/αS 

and FapC/CsgA amyloids from bacterial biofilms. 

Furthermore, there is a need to fill the gap between in vitro and in vivo experimental conditions 

in the fields of nanomedicine and amyloid research. Anti-amyloid therapies that showed 

promising results in vitro failed to show similar potential in vivo and therapeutic strategies that 

succeeded in vivo, failed in the 2nd or 3rd stage of human clinical trials. This implies a gap 

between in vitro studies and in vivo translation of nanomedicines. The disease pathology in 

human is far more complex and involves multiple pathophysiological pathways for the onset 

and progression of the disease, particularly amyloid diseases such as T2D, AD and PD that are 

associated with age and take decades to present their clinical symptoms. There is a urgent need 

for developing animal models that can provide faster disease modelling with simultaneous 

involvement of multiple pathogenic pathways. Zebrafish as a transparent animal model can be 

developed to induce disease pathologies with a short period of time, as demonstrated in the 3rd 

chapter of this thesis. For example, adult zebrafish took 2 weeks to develop Alzheimer’s-like 

symptoms as compared to 0.5-2 years in rat models. Zebrafish embryos can provide a high 
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throughput quasi in vivo model system, acting as a link between in vitro cell cultures and in 

vivo disease conditions. The complex perivitelline space between the chorionic membranes and 

embryonic cells is abundant with ions, proteins and cytokines that are dynamically controlled 

by the underlying developing embryonic cells. The zebrafish larvae can provide a transparent 

and imaging friendly animal model. Future research directions can further exploit zebrafish to 

develop neurodegenerative or metabolic disorders with simultaneous involvement of multiple 

pathophysiological pathways.  
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