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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 B-sheets rich fibrils.
Interestingly, the process of amyloid formation is not limited to pathogenic proteins but also
functional proteins like B-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-3 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 B-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 3-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 3-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 -

sheet rich bLg amyloid fragments. These functionalized CNTs completely inhibited the IAPP



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, B-casein (BCas) stabilised AuNPs of 5 nm in diameter were
prepared to cloak the chaperone-like behavior of casein on AuNPs. BCas AuNPs were
interfaced against amyloid-f (A) via their disordered or alpha helical moieties. AP 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 fCas AuNPs was studied against
AP 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 APB. AP treated zebrafish
developed AD-like symptoms that were rescued by fCas 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.? 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- (AB) for AD and a-synuclein (aS) for Parkinson’s, differ in their function,
physiological location and sequence but share a common mechanism of B-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 (AP and aS) 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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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 reference’ with permission of the Royal Society of
Chemistry.

of other biological molecules crowd or inhibit fibrillization, it may take decades for amyloid

plaques to form.'°

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.!! 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.'?

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 AP. 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.



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 B-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 B-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."3 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.'*
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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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.® The microscopic images at the end
of amyloid hypothesis represents IAPP amyloid deposition in islet capillaries of islet B-cells.?
Images reprinted with permission from Plos and American Diabetes Association.

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.'>

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.'®

The amyloid hypothesis (Fig. 2) was proposed based on the observation of amylose like
fibrillary deposits of proteins in the extracellular matrix of islet B-cells. The deposits were

resolved to be proteinaceous in nature with their major component being a 37-residue peptide
5



that self-assembles with each other via B-sheets stacking. The peptide was named as amylin or
later as human islet amyloid polypeptide (IAPP).!” There was evidence against the amyloid
hypothesis based on the observation that severity of IAPP deposits was not correlated with
disease conditions.!® 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.!> 2° 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.?! Japanese population has a mutation in IAPP that
promotes the peptide aggregation and makes the population more susceptible to diabetes.?? 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 B-cells.?2*

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%.* 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.?® 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 (HbAlc) 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



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 -
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 HbAlc 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.?’
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.?® 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.?’



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 y-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.>°

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, y-aminobutyric acid (GABA),
somatostatin and norepinephrine levels are reduced and their respective receptors are down-
regulated.?! 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 A fibrillization, neurofibrillary tangles
and t-hyperphosphorylation. A typical AP plaque is 50-200 pm in size that has an
immunoreactive AP 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.” AP 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.*® Proteolytic cleavage of APP by y-secretase results in the production of AB
peptide that is essential for hippocampal-dependent memory function and acts as a neurotrophic

factor to neurons. The imbalance between A production and clearance results in accumulation
8
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Figure 3. A) Amyloidogenic and non-amyloidogenic production of Af. When amyloid
precursor protein (APP) is cleaved by a and then y secretase, truncated non-amyloidogenic
AP174042 1s produced. However, cleavage by B and then y results in the production of
amyloidogenic AP42. Reproduced from reference® 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 AP core is visible
inside the neuritic plaques. Reproduced from reference’ with permission from Springer Nature.

of AP that further initiate misfolding and fibrillary aggregation of A into amyloids. Along with
extracellular AP deposits, there are intracellular t-tangles in the brain of AD patients. t
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 t, are in balance. In AD, hyperphosphorylated and unbound
fractions of t are increased that are considered responsible to trigger misfolding and
fibrillization of t into tangled fibers. These tangles disrupt the normal function of intracellular

transport in neurons and cause neuronal cell death.*?



In the context of anti-AD therapies, bapineuzumab was the first anti-A} antibody that targeted
monomeric, oligomeric and fibrillary forms of AB.>* 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 AB.>* In phase 2 trial, solanezumab showed a dose-dependent increase in the plasma
concentration of A, a result that indicated clearance of AP burden from the brain. However,
the antibody failed to produce significantly different results from placebo.** Gantenerumab is a
human antibody that targets the amyloid form of A. It has shown some reduction of A 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.*

BACEI and y-secretase are the two enzymes involved in AP production by cleaving APP.
BACEI 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.*¢ Initial trials showed some improvement in AD patients but randomized trials in
larger population showed no therapeutic efficacy. y-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.’’
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 aS amyloids deposits are observed in the surviving neurons of
the PD brain.®® 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 aS.*

The etiology of PD is based on genetic mutations in aS that leads to increased propensity of aS
aggregation and amyloid formation.** The physiological function of aS 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 aS in Lewy bodies indicates a direct involvement of aS in PD. Binding of aS
to cell membranes induces structural changes and converts natively unfolded aS to an a-helical
conformation. The a-helical form of aS has an increased propensity to aggregate and self-
assemble into amyloids, and the process can be augmented by genetic factors like A30P
mutation in aS. The subsequent aggregates of aS show a transition to § 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 aS into B-sheets is sufficient
and necessary for the death of dopaminergic neurons in the substantia nigra.** Another recent
modification in this hypothesis suggests that oligomeric aggregates of aS are the toxic species

and formation of filamentous aggregates is rather of a protective nature.*" !

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).***** 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.*’

1.2.  Amyloid proteins

Amyloids are fibrillary aggregates of proteins made from the polymerisation of protein
monomers via B-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.*® 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 a-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 a-helices while

the C-terminus exists as unstructured random-coils. The molecular structure of IAPP amyloid
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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
reference!" with permission from The American Chemical Society, John Wiley & Sons and
Royal Society of Chemistry.

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.! Structural studies with disulfide-reduced IAPP led to a similar model

but with a longer distance between consecutive monomers in a fibril.*’

The structure of IAPP fibrils was studied via transmission electron microscopy (TEM) and
atomic force microscopy (AFM).*: 4 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 [APP monomers, 2) rat IAPP monomers (rat IAPP does not fibrillate and stays as
monomers) and 3) human IAPP amyloids against human islet B-cells.?* % 3! From these three

samples, only human IAPP monomers showed evident cytotoxicity and thus revealed that
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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 B-cells. IAPP amyloids didn’t induce toxicity,
rather the cells were found decorated with TAPP amyloids. Furthermore, human IAPP
monomers, together with rifampicin, were incubated with islet p-cells.>> 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 ABP toxic oligomers was synthesised and antibodies were raised against
the mimic.>® These anti-bodies were able to bind with the toxic oligomers of IAPP, AB, aS,
prion and ABP. 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.>*
1.2.1.2. Amyloid-p (AB)

AP 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.>®> AP
peptide itself is found to be involved in memory function as AP knock-out mice presented
impaired learning behaviour.’® y-secretase; an enzyme responsible for the cleavage of APP at
different sites, generates a variety of functional (AP17-4042, APi1-16) and pathological (APa42/40)
isoforms of AB. The APa2 is the most amyloidogenic peptide and mostly referred to as Ap. The
primary sequence of an AP peptide possesses two hydrophobic regions that are predicted to
adopt B-sheet structures, two turns and two hydrophilic regions that adopt an a-helical
conformation.®’ The native structure of AP 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.’® The mesoscopic structure of AP amyloid was studied via high field magic angle
spinning NMR.>° The structure revealed that dimer of AB molecules exists as s-shaped amyloid
fold and contain 4 B-sheet strands and two hydrophobic cores.
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Figure 5. AP aggregation pathway (A) and toxic manifestations. TEM and AFM images of
AP 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 reference*’ with
permission from Royal Society of Chemistry and National Academy of Sciences (NAS).

15



The toxic species in AP fibrillization pathway is the small off-pathway oligomers (Fig. SA).
The structural study on AP 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).” The structural analysis
revealed that intrinsic monomer of A 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 B-sheet contents were increased from 25% in
monomers to 45% in tetramers.” 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.*°

Like polymorphism in the structure of AP oligomers, different mechanisms have been proposed
for the neuronal toxicity. As AP monomers have a high affinity for GM1 gangliosides and GM1-
AP complex are found in the AD brain, it is therefore proposed that extracellular soluble
oligomers are formed by the GM1 complex.®! Antibody, specific to on-pathway oligomers of
AP, does not bind with GM1-AB complex. This implies that GM1 supports the formation of
off-pathway toxic oligomers. These GM1-induced AP 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.’> AP 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.®® Presence of cytosolic
GMI1 and interaction of intracellular AB with different chaperone proteins can be responsible
for intracellular oligomerization of AB.** % Chaperone proteins like prefoldin and chaperonin

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

aS is a 140-residue presynaptic protein that is involved in dopaminergic neurotransmission, ER
trafficking and synaptic vesicles and synaptic exocytosis.®® In the intracellular space, aS is in
equilibrium between membrane-unbound random-coil and membrane-bound alpha-helical
conformation. aS is found to be the major component of Lewy body and neurites in the PD
brain. The N-terminal domain of aS adopts an a-helical conformation, the central domain
(NACore) is hydrophobic amyloidogenic region and the C-terminus is flexible with no
structural inclination.®” The mesoscopic architecture of aS amyloids consists of protofilaments
formed via nucleated polymerisation.®® 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 aS is proposed to be the toxic species. Conway et al. compared the rate
of disappearance of aS monomers vs. the appearance of oS amyloids.%® 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 aS oligomers contained antiparallel B-sheets that are contrary
to the parallel B-sheet arrangement in amyloid fibrils.*!: %4 The toxicity of aS has been explained
by the interaction of aS 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.”’ After adsorption on neuronal membranes, the aS
conformation is transitioned through a-helical to B-sheet rich oligomers that favours the further
adsorption of the aS peptide. This membrane supported nucleation of aS induces membrane

permeability, pore formation and leakage of ions and neurotransmitters.”!
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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.’? 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.” 7*

1.2.2. Functional amyloid proteins
1.2.2.1. Whey proteins: -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 8.7 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.”® The globular structure of bLg contains 7 major p-sheets which make
the inner hydrophobic cores and hydrophobic nano-cavities.”” It also contains a small
proportion of a-helices that sits outside the globular structure and protects the reactive
sulthydryl group of Cys 122. Cys 122 is additional to two internal disulfide bridges. Upon
heating, the sulthydryl group is exposed to result in dilsufide bridging with bLg or other whey
proteins. If the B-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.”’
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Figure 6. (A)Amyloid formation of bLg through oligomers and protofilaments. TEM (B) and
AFM (C) images of bLg amyloids. Reproduced from reference* with permission from
American Chemical Society.

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.”® 7 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.* 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-p core composed of -sheets that are stacked along the

fibril axis.*
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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),, HgCl, Pb(C2H30,)4 and
NayPdCls with 99.98, 99.5, 99.97 and 99.84% efficiency, respectively.®’ 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.®® The metal-binding capability of
bLg amyloids was further exploited for crafting FeNPs-bLg amyloids hybrids.®! 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.®> 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.*?
1.2.2.2. Whey proteins: Caseins

The caseins are a group of phosphorylated whey proteins (as1, os2, B and k-caseins). They are
responsible for the transport of a number of minerals including calcium and phosphate, required
for bone growth in suckling infants.®3 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.?*
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The amyloid formation propensities of different casein isoforms are different. k-casein micelles
can be broken down to the monomers by addition of reducing agents.®*> 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, k-casein exists in equilibrium between micellar and
monomeric form. Even though the monomeric form of k-casein constitutes only 10% of total
K-casein fraction, there has not been any observations of amyloids in milk. The reason lies in
anti-amyloid properties of a and B-caseins. o and B-casein do not make fibrils at physiological
or reducing conditions as for k-casein. f-casein can make amyloid via acid hydrolysis while
both o and B-caseins are strong inhibitors of amyloid formation at physiological conditions.
Inhibition of k-casein fibrillization by a and B-caseins is crucial for the stability of milk in

mammary glands.3 %

Amyloid formation and inhibition activity of caseins are regarded as two-faced nature.’” The
amyloid inhibition activity of a and B-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 B and a-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.?’> %8
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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.*® Tt was later demonstrated that these curli-like fibers, originating from the
surface of E. coli, have amyloid-like B-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.”® Later on, amyloid fibrils were discovered as a central component of biofilms in
different other bacterial strains.”' 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.”* 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.”?> X-ray fiber diffraction and solid state
NMR has revealed a B-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.”> 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.**

FapC is the major amyloid component of Pseudomonas, expressed in P. aeruginosa, P.
fluorescence and P. putida.”® The molecular weight of a typical FapC protein from P.
aeruginosa is 22.1 kDa. FTIR and CD data has revealed an amyloid-like B-sheet stacking

structure of FapC with anti-parallel packing of B-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 A.® 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.”” 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.”®
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 (f-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.”® ' Later on, clinical and
histological studies revealed that there is an increased prevalence of IAPP and AP plaques in
Alzheimer’s and diabetic patients, respectively.!®’1% Such findings further fueled the
histopathological studies to reveal IAPP amyloids in the frontal lobe, gray matter, perivascular
spaces and mixed AB-IAPP plaques were observed in diabetic patients.' In vitro cross seeding
studies suggested that IAPP can catalyze the oligomerisation of AP as they have similar cross-
B spine.!%: 1% Autopsy of pancreatic tissues from diabetic patients also revealed the presence
of aggregated AP, both as standalone deposits and co-localised with IAPP plaques.'®” Further
evidence for IAPP and AP cross-talk was established when Oskarsson et al. intravenously
injected IAPP and A amyloids into IAPP transgenic mice.'% The results of this study revealed
that both IAPP and AP amyloids were able to trigger the IAPP fibrillization in the pancreas of

mice. Proximity ligation assay revealed co-localisation of AB and IAPP in pancreatic B-cells.
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Similar cross-talk was also observed between aS and IAPP by Valbuena et al. who studied
deposits of oS fibrils in the brain as well as in pancreatic -cells of diabetic patients.'” In vitro
cross-reactivity assay between oS and IAPP revealed that preformed IAPP amyloids
accelerated aS fibrillization and mixing IAPP and aS monomers resulted in co-aggregation of
both peptides with fibrilization kinetics that was faster than individual fibrilization kinetics of
oS and IAPP.!'? oS and A have also been found to increase the in vivo aggregation propensity
of each other. Transgenic mice expressing both aS and A presented sever neurodegeneration
and distorted cognitive function revealing a link between aS and AB.!'! Cross-talk between
prion and AP was also observed when AP transgenic mice were injected with prion and they
showed early neurodegeneration and behavioral pathology.''?> All these studies indicate the
cross-talk capabilities between different amyloid peptides can be attributed to their common
fibrillization mechanism of cross-f stacking. Cross-talk between aS, driven by B-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.!!* !4

The cross-talk between functional and pathological amyloids has been discovered between
somatostatin and AB.!!> 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 Ap.
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 corona'!® formation that
are restricting the full implication of nanomedicine in clinical settings.!!” 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.!!¥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.!?!" 1?? 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.!?* Factors controlling the
corona formation include NPs surface, curvature, chemistry, incubation time, size of NPs and
concentration, as reviewed by Wang et al.,''” 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.'*

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 m-stacking. Although these interactions show promising results in vitro, however,

there are few studies for in vivo inhibition of amyloidosis with nanomaterials.'?’

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).!26- 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 a-
helices and then to B-sheets.!?® 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.'?® Similar NPs can also have different effects on different amyloid
proteins. Citrate-capped AuNPs that showed acceleratory effect for [APP slowed down insulin
fibrillization and induced the formation of short and compact fibrils.'?’ Similarly, changing the
concentration of NPs can induce different effects on amyloid fibrillization. Lago et al.,
demonstrated that cationic polystyrene NPs accelerated the AP 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.'*® Curcumin-capped AuNPs were found to
inhibit AP fibrillization.!3! CdTe NPs interacted with AP via multiple binding sites to inhibit
the peptide fibrillization.'*? The hydrophobic surface of single-walled CNTs induced deposition

of AP on their surface in a non-amyloid form. Oligomerisation of AP on the surface of single-
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walled CNTs resulted in encapsulation of CNTs in an AP core.!*? In silico simulations revealed
a B-barrel-like oligomeric assembly of AP that wrapped around the CNTs."** 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 n-
stacking, GQDs inhibited IAPP fibrillization in vitro and in vivo in zebrafish embryos. GQDs
also converted IAPP peptides from on-pathway a-helices and B-hairpins to random coils.'** In
two separate experiments, GQDs inhibited in vitro AP fibrilization and crossed the blood brain
barrier in zebrafish.!*> Kim et al. established the potential of GQDs in inhibiting aS 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.!*® There are
few in vivo studies regarding nanomaterials against amyloid disease. These include polymeric
NPs ligated with KLVFF peptide that targeted AP and cleared the latter from the brain of an
AD mouse model.!*” Lipoprotein-based NPs crafted from apolipoprotein E3 demonstrated a
cross-talk ability with AB, and bound and cleared AP monomers from transgenic AD mice.!*
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.!3® 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.'*% 14! 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.'*? 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 (psenl and psen2) that are required for
neuronal development, y-secretase complexes for Notch signaling, amyloid precursor protein
orthologues (APPa and APPD) for physical length and extension movement of the body, and
apolipoprotein E and AP that are central protein components of the AD pathology.!*
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.!#*

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.!'*
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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.'4°
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.'*’

y-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.'*®

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

AP 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.
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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 -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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ABSTRACT: Biomimetic nanocomposites and scaffolds hold the key to a TR blg
wide range of biomedical applications. Here we show, for the first time, a m:-u‘w
facile scheme of cofibrillizing pathogenic and functional amyloid fibrils via S
gold nanoparticles (AuNPs) and their applications against amyloido-
genesis. This scheme was realized by f-sheet stacking between human islet m—ca
amyloid polypeptide (IAPP) and the p-lactoglobulin “corona” of the o ';’(\ Lprn
AuNPs, as revealed by transmission electron microscopy, 3D atomic force W o - e/ r‘
microscopy, circular dichroism spectroscopy, and molecular dynamics or S e ’
simulations. The biomimetic AuNPs eliminated IAPP toxicity, enabled X- panceate aing 0 &
ray destruction of IAPP amyloids, and allowed dark-field imaging of Dark el J ‘
pathogenic amyloids and their immunogenic response by human T cells. 4
In addition to providing a viable new nanotechnology against amyloido- 0 .
genesis, this study has implications for understanding the in vivo cross-talk
between amyloid proteins of different pathologies.
Bl INTRODUCTION revealing that the amyloid aggregation of human islet amyloid

polypeptide (IAPP) and prion protein SUP3S hinged on a
balance between peptide-NP and peptide—peptide interactions.
Hamley et al. demonstrated labeling of (Ala)10-(His)6 amyloid
fibrils with AuNPs.® Collectively, these studies demonstrated
the feasibility of exploiting NP-protein interactions against
amyloidogenesis, an emerging field at the frontiers of materials,
medicine, physical sciences, and bioengineering.

IAPP is a 37-residue peptide involved in glycemic control,
but its aggregation into amyloids and plaques is a hallmark of
type 2 diabetes, a metabolic disease and a global epidemic. By
contrast, ff-lactoglobulin (bLg) is a natural whey protein that

The aggregation of proteins and peptides into cross-beta fibrils
is a ubiquitous phenomenon associated with neurodegenerative
disorders and type 2 diabetes, the amyloid diseases debilitating
more than 5% of the global population.”” Although much
progress has been made in the past decades toward
understanding the molecular and mesoscopic structures of
protein fibrils as well as their fibrillization kinetics and toxicity,
there is a crucial lack of strategies for probing the aggregation of
amyloid proteins in situ, despite their relevance to elucidating
the pathologies of amyloid diseases and to the development of
effective theranostics."”

Nanoparticles (NPs) of metals, semiconductors, and oxides hydrolyzes into small peptide fragments upon heating and acid
possess distinct optical, electrical, magnetic and catalytic exposure (pH 2), and Sugssequently self-assembles into
properties. The small size of NPs also enables their cellular functional bLg amyl_oid f‘brﬂs' " Efficient in vitro iron delivery
translocation, biocirculation, and drug delivery. Accordingly, and wastewater purlgﬁfoatlon have been recently demonstrated
designing biomimetic nanocomposites and scaffolds holds great using bLg amyloids,” " pointing to the untapped potential of
promise for bioremediation, diagnosis, and disease intervention. this biomaterial.

Recently, Moore et al. examined the effects of gold NPs To develop biomimetic NPs against amyloidogenesis, we
(AuNPs) on Alzheimer’s disease amyloid-f protein aggregation, synthesized AuNPs using sonicated bLg amyloids as a fj-sheet
and found that both the NP size and surface chemistry
modulated the extent of protein aggregation, while the NP Received: September 19, 2017
charge influenced the aggregate morphology.’ Gladytz et al. Revised: ~ October 31, 2017
succeeded in interfacing AuNPs and amyloid proteins,’ Published: November 2, 2017

ACS Publications  © 2017 American Chemical Society 4316 DOI: 10,1021/acs.biomac.7b01359
W Biomacromolecules 2017, 18, 4316—-4322
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rich template (bLg AuNPs, ~ 8 nm in diameter; Scheme 1 and
Figure 1), which were then cofibrillized with pathogenic IAPP.

Scheme 1. Synthesis of AuNPs Stabilized by Sonicated bLg
Amyloids (bLg AuNPs) and Heat-Denatured bLg Monomers
(bLg-HDM AuNPs)

' Au’t W )’3 (,‘ bLg AuNP:
AL g AuNPs
bLg amylol S Sonication o® K‘

——p-  Amyloid fragments e
Reduction

A
R e
— p{l 5 bLg-HDM AuNPs

Denaturation  Reduction

bLg monomer Heat
@ ’

In addition, we synthesized AuNPs stabilized by heat-denatured
bLg monomers (bLg-HDM AuNPs, ~ 6 nm in diameter;
Scheme 1 and Figure 1), which had a low f-sheet content. The
use of AuNPs in this study was motivated by their
biocompatibility as well as their potential for drug delivery,
biosensing, and photothermal therapy.'"'* Following the
synthesis, we examined the AuNPs within the context of
IAPP fibrillization, toxicity, dark-field imaging, and destruction
by localized heating of the AuNPs using X-rays. Collectively,
our results implicated bLg-AuNPs as a new nanomedicine
against amyloidogenesis.

Bl EXPERIMENTAL METHODS

Synthesis of Gold Nanoparticles (AuNPs). bLg amyloids were
formed according to our reported method."”> Probe sonicated bLg
amyloids (§ mL, 1 mg/mL) were introduced into the refluxing
solution (10 mL) of HAuCl, (0.5 mM), and 200 uL of NaBH, (0.2
M) was added into the mixture 30 min later. Heating was stopped after

ruby red-colored AuNPs were synthesized and kept on overnight
stirring. bLg-HDM AuNPs were synthesized following the same
method as with the bLg amyloid fragments. The bLg-capped AuNPs
were purified via centrifugal filtration. The concentrations of the
AuNPs were derived according to the literature."*

Synthesis of AuNP-IAPP Hybrids. Human islet amyloid
polypeptide (IAPP; 37 residues, 2—7 disulfide bridge, 3.9 kDa, >
95% pure by HPLC) was obtained in lyophilized monomeric form
from AnaSpec, and prepared in Milli-Q water at a stock concentration
of 200 M at room temperature with mixing immediately prior to use.
AuNPs were cofibrillated with IAPP by incubating different
concentrations of the NPs with 25 uM of the peptide under ambient
conditions for 24 h. bLg AuNPs (0.083 mM) were also incubated with
25 uM Amyloid  (1—42) obtained from AnaSpec, for 72 h in Mili-Q_
water before TEM visualization.

Transmission Electron Microscopy and Energy-Dispersive X-
ray Spectroscopy. Transmission electron microscopy (TEM) and
EDX spectral mapping were performed on an FEI Tecnai F20
transmission electron microscope, operated at 200 kV with the
samples adsorbed on a glow discharged (15 s) 400 mesh Formvar-
coated copper grid. Samples (25 #M of IAPP, 0.083 mM or 0.11 mM
of AuNPs) were then stained with 1% uranyl acetate for visualization.

Dynamic Light Scattering. Zeta potential and hydrodynamic size
were acquired for the two types of AuNPs in aqueous solution (0.1
mM) at room temperature (Malvern Zetasizer). The stability of the
AuNPs was evaluated by incubating the AuNPs (0.5 mM) with
different concentrations of NaCl at 37 °C for 4 h and then analyzed for
aggregation (Table S2).

Circular Dichroism Spectroscopy. Circular dichroism (CD)
spectra of the two types of AuNPs (0.25 mM) were obtained for the
wavelength range of 190—240 nm with a 0.5 nm step size at room
temperature. The data was converted from mean residue ellipticity (6)
to deg-cm*dmol™" and the protein secondary structure was estimated
by DichroWeb, using Contin as reference program and reference
set4." In addition, the CD spectra of bLg AuNPs associated TAPP
amyloids before and after X-ray irradiation were acquired.

Thioflavin T Assay. IAPP fibrillization in the presence of the two
types of AuNPs was analyzed by a thioflavin T (ThT) assay. The assay

bLg AuNPs

bLg-HDM AuNPs

e
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Figure 1. Transmission electron microscopy (a,)b) and discrete molecular simulations (c,d) show bLg AuNPs and bLg-HDM AuNPs. Circular
dichroism spectroscopy indicates high f-sheet content in bLg AuNPs but not in bLg-HDM AuNPs (e,f). Scale bars in a,b: 10 nm. bLg amyloids of
LACQCL (blue) coated on AuNPs (yellow spheres, 4 nm in diameter) (c). Full-length bLg molecules bound to an AuNP in the denatured state (d).
Alpha-helices: purple, beta-sheets: orange, turns: cyan, coils: gray. C, atoms in N- and C-termini: gray and green beads (d).
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Figure 2. Transmission electron microscopy (a,c) and atomic force microscopy (b,d) show bLg AuNPs and bLg-HDM AuNPs incubated with IAPP
after 24 h of cofibrillization. The AFM height scans of the IAPP fibrils (e) correspond to panels b and d (white dashed lines). The height variations
of the blue trace indicate adsorption of bLg-HDM AuNPs, while the relatively flat contour of the black trace suggests intercalation of bLg AuNPs
with IAPP fibrils, in agreement with the TEM image in panel a. While transmission electron microscopy showed the electron densities of IAPP fibrils
incubated with the AuNPs (dark spots, a,c), 3D atomic force microscopy revealed topologies of the IAPP fibrils in the presence of the AuNPs (b,d).
The IAPP fibrils appeared intercalated with bLg AuNPs (a) while surface-adsorbed with bLg-HDM AuNPs (c). The IAPP control is shown in panels
fand g. The effects of the AuNPs on IAPP fibrillization were evaluated by a thioflavin T kinetic assay (h), where the IAPP control (25 M) displayed
standard sigmoidal kinetics while the AuNPs (0.083 mM, unless specified otherwise) affected the kinetics as also summarized in Table SI. The
toxicity induced by IAPP (fixed at 25 yM) in pancreatic fTC6 cells was fully eliminated in the presence of the AuNPs at 10—50 uM (i).

was performed under ambient conditions with 100 uL of total reaction
volume per well, consisting of 25 uM ThT dye, 25 uM of IAPP and
0.083 mM or 0.11 mM of AuNPs in a 96 well-plate. The kinetic assay
was carried out for 14 h with excitation and emission wavelengths of
440 and 485 nm at 25 °C. The kinetic parameters of lag time,
fibrillation rate constant (k) and time to reach the half of fibrillization
(t,/,) were calculated from the ThT data."® The measurements were
performed with 4 repeats for each sample condition and data was
presented as mean =+ standard deviation.

Atomic Force Microscopy. Aliquots of 20 uL of AuNP-IAPP
solution (IAPP concentration: 25 uM, AuNPs: 0.083 mM, incubated
24 h) were deposited on freshly cleaved mica, left to adsorb for 2 min
at room temperature, rinsed with Milli-Q water, and gently dried with
pressurized air. The samples were scanned on Nanoscope VIII
Multimode Scanning Force Microscopes (Bruker) covered with an
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acoustic hood to minimize vibrational noise. The AFM was operated
in tapping mode under ambient conditions using commercial silicon
nitride cantilevers (Bruker). All AFM images were flattened to remove
background curvature using the Nanoscope Analysis 1.5 software and
no further image processing was carried out.

Cytotoxicity Assay. The IAPP control and the AuNPs with IAPP
were incubated with human embryonic kidney 293 (HEK293) cells or
pancreatic fTC6 cells (acquired from ATCC) in DMEM
supplemented with 15% FBS and 1% penicillin/streptomycin at 37
°C, 5% CO,. End point cytotoxicity was determined by the percentage
of propidium iodide (PI) positive cells after 24 h. The experiment was
performed in triplicate.

Dark-Field Imaging. bLg AuNPs-IAPP hybrids were incubated for
30 min with human plasma proteins or CEM.NKR-CCRS human T
cells, obtained from the Department of Microbiology and Immunol-
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ogy, The Peter Doherty Institute for Infection and Immunity, The
University of Melbourne. The samples were then mounted between a
glass slide and a coverslip sandwiched with a double-sided tape and
visualized by a dark-field microscope (CytoViva).

X-ray-Induced Destruction of AuNP-IAPP Hybrids. IAPP as
well as bLg AuNPs-IAPP hybrids were irradiated with X-rays using a
Bruker D8 advanced X-ray generator. The X-rays (Cu source, Type
Gaussian) were generated at 125 W energy (25 kV and S mA) and
directed to the center of the sample holder with an 8 X 8 um slit.
Samples were exposed for 100 s with a dose of 300 uSv/h. The
exposed samples were immediately prepared for TEM after the X-ray
treatment.

B RESULTS AND DISCUSSION

Synthesis and Characterizations of bLg AuNPs and
bLg-HDM AuNPs. Sonicated bLg fragments coated AuNPs via
electrostatic interaction and surface adsorption, which
prevented flocculation of the AuNPs against NaCl up to 2 M
in concentration (Figure S1b, Supporting Information or SI).
The AuNPs were monodisperse, but occasionally contained
more than one NP per unit. The high stability of the bLg
AuNPs (stable in water for at least 2 months of storage at 4 °C)
is essential for their biological applications without evoking
destabilization through ligand exchange.’ The hydrolyzed bLg
fragments were ~6 kDa.'” The 1—2 nm thick “coronas” of the
bLg AuNPs (Figure 1a) were rich in f-sheets (>35%), resulting
from bLg amyloids during the synthesis as corroborated by
circular dichroism (CD) analysis (Figure le). In the CD spectra
of bLg AuNPs, the negative peak absorbance around 218 nm
indicates f-sheet conformation, whereas in the case of bLg-
HDM AuNPs, the broad negative peak from 225 to 208 nm
represents a-helices as the dominant conformation (Figure 1f).
The presence of a-helices in the AuNPs could be due to heat-
induced conversion of f-sheets.'®

All-atom discrete molecular dynamics (DMD) simulations, a
rapid and predictive molecular dynamics algorithm,'”*° were
employed to provide a molecular insight into the corona
formation of bLg fragments and denatured full-length bLg on
the surface of AuNPs.”' According to prior analysis of bLg
amyloid formation and its binding with AuNPs,”** the amyloid-
forming segment '""LACQCL'** from the native bLg sequence
was chosen to model the AuNP-binding bLg amyloids, as
described in the SI. The sequence is one of the most
amyloidogenic regions in the native bLg sequence according
to the zipperDB server, which estimates the propensity of a
given 6- or 7-residue sec;uence in forming the steric zipper
cross-f conformation,'® and contains two cysteines with
strong binding affinity for AuNPs. We first evaluated the
binding between a single sonicated bLg fibril (a two-layer f-
sheet formed by 10 peptides with the molecular mass of ~6
kDa as identified experimentally,'” Figure S2) and a 4 nm
spherical AuNP, where protein—AuNP interactions were
adopted from the GolP force field (Methods, Figure S2b).**
The cross-f fibrils bound the AuNP in two modes, with either
the fibril interface being parallel or perpendicular to the AuNP
surface (Figure S2d,e). With more cross-f fibrils added to the
system, formation of fibril “coronas” was observed due to
strong fibril-AuNP binding and interfibril interactions on the
AuNP surface (Figure 1c). The interaction between a heat-
denatured bLg monomer and an AuNP was also simulated at
350 K, where the unfolded protein was found to bind and
spread over the AuNP surface with the native helices retained
(Figure 1d, Figure S3), consistent with the CD measurement
(Figure lef).
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Fibrillization of Pathogenic IAPP in the Presence of
bLg AuNPs and bLg-HDM AuNPs. Upon incubation with
IAPP monomers in the aqueous phase, bLg AuNPs appeared
within the contours of the IAPP fibrils indicating intercalation
of the NPs with the fibrils (Figure 2a). By contrast, bLg-HDM
AuNPs, consisting of AuNPs stabilized by heat-denatured bLg
monomers, protruded out of the fibril contours resulting from
surface adsorption of the NPs onto the IAPP fibrils upon their
incubation (Figure 2c). Ligand exchange between the protein
coating of bLg AuNPs and free IAPP monomers (prior to
fibrillization) was unfavorable, due to strong binding between
bLg fragments and AuNPs, as reflected by the high stability of
the NPs against salt (Figure S1b) and time. The association
between the bLg AuNPs and IAPP fibrils was confirmed by
energy-dispersive X-ray (EDX) mapping of the IAPP hybrids,
which displayed a prominent elemental peak of Au (Figure S4).
Three-dimensional atomic force microscopy (3D AFM) and
AFM height scans (Figure 2e) further revealed intercalation
(Figure 2b) or adsorption (Figure 2d) of AuNPs with respect
to IAPP fibrils, consistent with the observations by transmission
electron microscopy (TEM). It is necessary to mention that the
IAPP fibrils alone were a mixture of different structural
morphologies—many of the fibrils possessed the morphology
of a twisted ribbon with a certain periodicity and handedness
(Figure 2fg), while the IAPP fibrils assembled in the presence
of intercalated AuNPs did not display a distinct periodicity.
This suggests a reduced cooperativity in the self-assembly of
IAPP in the presence of the AuNPs.

The effects of the AuNPs on IAPP fibrillization were
examined by a thioflavin T (ThT) kinetic assay (Figure 2h).
The parameters of lag time, aggregation rate constant (k) and
time to reach half of the fibrillization (t,,,) were derived from
the ThT data (Table S1).'® As bLg AuNPs mostly intercalated
with TAPP during fibrillization, they notably prolonged the lag
time due to the inclusion of AuNPs in IAPP self-assembly. The
intercalation observed for IAPP and bLg AuNPs at <0.083 mM
(see ref 14 for calculation of AuNP concentration) was absent
at 0.11 mM, as the NPs became adsorbed onto the fibril
surfaces (Figure SSa). This can be understood as bLg AuNPs of
high concentrations interacted more strongly among them-
selves, hence compromising NP-peptide interaction to favor
peptide—peptide interaction.” However, such interaction was
not observed for a-helix rich bLg-HDM AuNPs at all
concentrations, indicating the intercalation of bLg AuNPs
with IAPP was not merely kinetic driven, but through f-sheet
stacking. Accordingly, the kinetic parameters for the case of
bLg-HDM AuNPs resembled that of the IAPP control (Table
S1). Time-dependent TEM imaging further revealed the
dynamic processes of IAPP interacting with the AuNPs (Figure
S6), where IAPP-AuNP binding and cofibrillization started to
occur within the first hour. In addition, both AuNPs were found
adsorbed onto preformed IAPP fibrils (Figure S7a,b),
suggesting that cofibrillization occurred prior to the saturation
phase. Moreover, the association between bLg AuNPs and
amyloidogenic proteins was found to be independent from
peptide sequence or charge, as it occurred for both cationic
IAPP and anionic amyloid-# (1—42) (Figure SSb,c), further
pointing to the role of S-sheet stacking in rendering the hybrid
architectures.

To understand how bLg AuNPs were embedded within
IAPP fibrils, docking simulations between model fibrils® of
IAPP and bLg fragment were performed. Briefly, the -sheets in
two fibrils were prealigned in parallel or antiparallel by shifting
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each residue, followed by DMD simulations for structural
relaxation and binding energy estimation. The binding mode
with the highest binding affinity was selected (Figure 3). The
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Figure 3. Docking analysis between LACQCL and IAPP fibrils. The
binding energy, AG, between the double-layered LACQCL and u-
shaped IAPP fibrils, was plotted as a function of the number of shifted
residues in parallel (a) and antiparallel (b) alignments, respectively.
The equilibrated snapshot structures with the corresponding lowest
binding energies in parallel and antiparallel are shown in panels ¢ and
d. In both cases, similar regions in the IAPP bound to the LACQCL
fibril, with the parallel alignment showing a slightly stronger binding
affinity. A schematic of a bLg AuNP (4 nm) stacking with IAPP fibrils
is illustrated in panel e. bLg fibrils: blue. IAPP fibrils: cyan.

two segments of "ATQRLA" and *ILSSTN®' facing each
other in the IAPP amyloid fibril were found to bind the double-
layered LACQCL fibril in parallel by extensive backbone
hydrogen bonding as well as side-chain polar and hydrophobic
interactions (Figure 3c). These two IAPP segments partially
overlapped with the two amyloidogenic segments of IAPP,
BANFLVH'S, and NFGAILS*®, whose amyloid structures
belonged to the class 2 and class 7 steric zippers assuming a
parallel, up—up, face-to-back and antiparallel, up—up, face-to-
back packing of f sheets, respectively.”>*® To confirm the
fibrillization interactions of IAPP and bLg amyloids, we
performed a ThT assay of IAPP in the presence of bLg
amyloid seeds that were obtained by ultrasonication of mature
bLg amyloids (Figure S8). The enhanced ThT fluorescence and
saturation plateau indicated the stimulatory effect of bLg
amyloid seeds on IAPP fibrillization. Based on these
observations and DMD simulations, we propose that IAPP
fibrillization could be initiated by the existing bLg amyloid
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fragments on the AuNP surface, where the bLg fibrils had one
of the fibril-growth interfaces bound to the 4 nm AuNP and the
other one solvent-exposed and ready for cofibrillization (Figure
3e).

Applications of Cofibrillization against Amyloido-
genesis. The two types of the AuNPs and the AuNP-IAPP
hybrids were shown to be highly biocompatible with insulin-
producing pancreatic STC6 cells (Figure 2i) and human
embryonic kidney (HEK293) cells (data not shown) and, most
importantly, fully eliminated IAPP toxicity likely through
sequestration of toxic IAPP oligomers and protofibrils with
bLg. The AuNP-IAPP hybrids, with the coating of human
plasma proteins (Figure 4a) to mimic the scenario of IAPP in
circulation,”” were clearly visible on dark-field microscopy via
the surface plasmon resonance (SPR) of the AuNPs (CytoViva,
Figure 4b). IAPP is synthesized and secreted by pancreatic
islets for glycemic control, and has been found in the brain,
heart and kidneys,”**” in addition to their presence in
circulation.” In the present study, phagocytosis of the hybrids
by CEM.NKR-CCRS human T cells was observed with dark-
field microscopy (Figure 4c,d), circumventing the need of
antibody labelinﬁ for immunogenic clearance of amyloid species
in circulation.”” Furthermore, X-ray irradiation of IAPP
hybridized with bLg AuNPs induced potent destruction of
the amyloid structures through localized heating of AuNPs
(Figure 4e,f). Such effect was not observed for IAPP amyloids
in the absence of AuNPs (Figure S9). It has been shown in the
literature that X-ray irradiation of AuNPs resulted in localized
hyperthermia (41—46 °C), which was exploited for targeted
photothermal therapy of cancer without harming normal
tissue.”>>> As the generated heat was highly confined to the
bLg AuNPs embroidered inside IAPP fibrils, this scheme is not
expected to induce significant damage to a cellular environ-
ment. The destructed IAPP fibrils were in the form of small
aggregates. The f-sheet contents of IAPP-bLg AuNP hybrids
were markedly reduced as a result of X-ray irradiation, from
34% to 5%, while the unordered contents were increased from
39% to 69% (Figure 4gh), indicating that the destructed IAPP
aggregates contained minimal toxic and p-sheet rich IAPP
oligomers.”*

bLg AuNPs prolonged the lag time to accommodate their
intercalation within the IAPP fibrils. Such intercalation may be
understood from the surfactant-like nature of amyloidogenic
peptides, as the f-sheets of IAPP protofibrils/fibrils sought to
minimize their exposure to the aqueous environment (and
hence free energy) by interfacing the bLg f-sheets on the NP
surfaces.* For bLg-HDM AuNPs, the lack of f-sheets (Figure
le) coupled with their high zeta potential (Table S2)
encouraged NP adsorption onto the IAPP fibrils. The short
lag time (Figure 2h, Table S1) associated with bLg-HDM
AuNPs may be attributed to heat-induced bLg denaturation
and increased hydrophobicity, and hence increased affinity of
bLg-HDM AuNPs for an IAPP “halo” to facilitate fast
fibrillization.”

Bl CONCLUSION

Taken together, this study offers biomimetic AuNPs of
coupling functional and pathogenic amyloids for toxicity
elimination, X-ray-induced destruction and dark-field imaging
of phagocytosis of amyloid proteins, three new strategies for the
detection and mitigation of amzrloidogenesis associated with a
number of human diseases.’”*> The novel synthesis schemes
may be extended to the construction of other types of amyloid-
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Figure 4. Transmission electron microscopy and dark-field microscopy of bLg AuNP-IAPP hybrids coated with human plasma proteins (ab: 24 h
incubation; inset in a: plasma proteins without IAPP). Dark-field microscopy of human T cells (c) and human T cells phagocytosing a bLg AuNP-
IAPP hybrid (d); inset in d: a T cell in the presence of IAPP fibrils. Scale bar: 4 um. Yellow arrows: AuNPs. Red arrows: human plasma proteins.
Destruction of IAPP amyloids via localized X-ray heating of bLg AuNPs before (e) and after (f) X-ray irradiation. CD spectra and corresponding
secondary structures of IAPP control and IAPP hybridized with bLg AuNPs before and after X-ray irradiation (gh).

metal biomimetics for biosensing. Furthermore, the molecular
mechanism of f-sheet stacking between two amyloid species
may have implications for understanding the in vivo cross-talk
between proteins of different pathogenic origins that has so far
eluded a biophysical underpinning.™
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Discrete molecular dynamics simulations

Discrete molecular dynamics is a unique type of molecular dynamics algorithm with
significantly enhanced sampling efficiency', which has been extensively used model
nanoparticle-biomolecules interactions.” *# Detailed descriptions of the DMD method can be
found elsewhere.!: > We applied a united atom representation - i.e., explicitly modelling all
polar hydrogen and heavy atoms - to model the proteins and fibrils. The interatomic interactions
included van der Waals, solvation, electrostatic interactions and H-bonding. The solvation
energy was estimated with the Lazaridis-Karplus implicit solvent model, EEF1.° The distance-
and angular-dependent hydrogen bond interactions were modelled using a reaction-like
algorithm.” Screened electrostatic interactions were modelled by the Debye-Hiickel

approximation.® A Debye length of 1 nm was used by assuming a water dielectric constant of
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80 and a monovalent electrolyte concentration of 0.1 M. The Anderson’s thermostat was used

for the constant-temperature simulations.

Choice of amyloid-forming sequences in bLg

Mass-spectroscopy experiments showed that bLg amyloid fibrils were formed by a range of
short peptide segments, which correlated with their hydrophobicity.’ In this study, we chose
the 6-residue segment ''""LACQCL'?2, which has high hydrophobicity and corresponds to a
short beta-strand in the native structure of bLg (Figure S2). Typically, a 6 or 7-residue sequence
window has been used as a minimal length of amyloid peptides with amyloid-like aggregation
behavior —e.g., GNNQQNY from yeast prion, sup35;'° NFGAIL from IAPP;'! and KLVFFAE
from amyloid-p."> Additionally, it has also been shown in many cases sub-peptides
corresponding to the amyloid core sequence of an amyloidogenic protein/peptide often share
similar properties with the full-length protein/peptide, such as structure and cytotoxicity.'> 14
Moreover, the LACQCL sequence contains two cysteines (three other cysteines are scattered
in the full sequence or do not participate in the fibril® that are known to have strong affinity for

Au, as confirmed by our binding simulations. Therefore, our choice of LACQCL captures the

essential properties of AuNP coating with bLg and its subsequent co-fibrillization with IAPP.

Molecular systems in DMD simulations

We adopted the recently developed Au molecular mechanics force field'” to model a spherical
AuNP with a diameter of 40 A that comprising 1,865 Au Atoms. The AuNP force field included
both physical and chemical absorptions, aromatic and “image” charge interactions. The
polarization was modelled by attaching a charged virtual particle (—0.3e) to each metal (0.3¢)
atom with a fixed bond length (1.0 A) as implemented in the GolP force field.!> Only the

electrostatic interaction was taken into account for the virtual particle.

The known crystallography structure of native bLg was obtained from the RCSB Protein Data
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Bank with the PDB code 3NPO.!® The sequence of bLg amyloid-forming fragment LACQCL
was picked based on previous mass spectrometry studies of bLg amyloids prepared at high
temperature and low pH.* !” Model bLg amyloids were subsequently built as double-layer B
sheets with 10 peptides based on the zipperDB amyloid model of short peptides.'® The double-
layered IAPP protofibril model was generated based on the zipperDB energy landscape and
the solid-state NMR constraints from the Tycko group,'® which comprised 10 IAPP monomers.
The basic and acidic residues of the IAPP (fibril) were assigned charges corresponding to their
titration states at physiological condition (pH=7.4) —i.e., Arg and Lys residues were assigned
+1e, Asp and Glu were assigned -1e, while His was neutral. Counter ions (Cl") were added to
maintain the net charge of the systems zero and account for possible counter-ion condensation.

All the fibril structures were energy minimized prior to the simulations.

Binding of single bLg amyloids with AuNP

The binding mechanism of each single protofibril with a 4 nm AuNP was probed. Specifically,
five independent simulations with different initial inter-molecular orientations were carried out
for each type of the protofibrils. As shown in Figure S2, the LACQCL protofibril could bind
the AuNP with two different interfaces: having the fibril growth axis perpendicular to (mode
1; Figure S6d) and parallel to the AuNP surface (mode 2; Figure S2¢). In mode 1, the LACQCL
protofibril had one of the two fibril growth surfaces anchored on the AuNP surface. The mode
2 of the LACQCL protofibril had the beta-strand ends along the fibril surface contact the AuNP
surface. In short, the protofibril formed by LACQCL could bind the surface of AuNP by more
than one mode. For each type of the amyloid fibrils, we also computed the average binding
energy of each binding mode as the energy difference between bound and unbound states

(Figure S2).

Binding of heat-denatured bLg monomers with AuNP
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To investigate the interaction between full-length and heat-denatured bLg and AuNP, DMD
simulations of a bLg monomer and a 4 nm AuNP at ~350 K were performed. The bLg monomer
was firstly placed 1.5 nm away from the AuNP (Figure S3c¢). As shown in Figure S3, the native
structure of bLg mainly adopts B-sheets (~40%) and helices (~16%). Both B-sheet and helical
structures were lost in less than 10 ns simulations at 350 K. However, the helical region (from
D130 to K141) refolded when the bLg were bound on the AuNP surface (Figure S3f). Residues
other than the helical region (D130 to K141) mainly assumed random coils and covered the
AuNP surface (Figure S3c, f). The evolution of each residue’s distance to the AuNP surface
(Figure S3b, Ca atom of each residue was used in the calculation) revealed that most bLg
residues bound the AuNP surface in less than 50 ns. This indicates that bL.g monomers bound
AuNPs at 350 K mostly in random coils, with residues D130-K 141 retaining their native helical

structure.

Binding of multiple bLg amyloids with AuNP

To investigate the self-assembly of multiple amyloids on the AuNP surface, we randomly
placed 10 decameric protofibrils on the surface of an AuNP initially separated from each other.
For each fibril type, we performed five independent DMD simulations. In all cases, the
protofibrils could assemble by moving around the AuNP surface and by inter-amyloid
interactions, leaving the open surface region of the AuNP available for additional amyloid
fibrils to bind. As a result, amyloids are expected to fully cover the AuNP surface rendering a
‘hard’ amyloid-AuNP corona. Only the amyloids with binding mode 1 (Figure S2) had their

fibril growth interface exposed and available for potential "seeding" of amyloid growth.

Docking between IAPP and bLg fibrils using DMD simulations
The model structures of the IAPP fibril derived from solid-state NMR!® and the double-layer

LACQCL fibril were used in the docking simulation. The B sheets from the two types of
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amyloids were pre-aligned in parallel or anti-parallel by shifting each residue. For each initial

alignment, 25 ns DMD simulations were performed for structural relaxation and binding energy

estimation. The binding energy, AG, was estimated as the potential energy difference between

the complex after equilibration and the unbound state (Figure 3). The lowest binding energy

corresponded to a parallel binding between SATQRLA"® and ILSSTN?! of the IAPP and bLg

fibril.

Table S1. IAPP fibrillation kinetic parameters in the presence of the two types of AuNPs.

Sample Lag Time (min) k (min™®) t./2 (min)
IAPP control 168.3+26.3 0.03+0.001 230+*5
bLg AuNPs (0.083 mM) 232.1+31.4 0.04 + 0.009 285+ 7
bLg AuNPs (0.112 mM) 181.4 + 29.9 0.03 £ 0.005 240 + 15
bLg-HDM AuNPs 113.6 +22.7 0.02 + 0.001 225+ 13

Table S2. Hydrodynamic sizes and zeta potentials of the two types of AuNPs.

AUNPs Hydrodynamic Size (nm) Zeta potential (mV)
bLg-AuNPs 24 %3 -15.8 £ 2.4
bLg-HDM AuNPs 20+3 -21.6+2.1
a) b) c)
SPR _ Salt stability Stability in cell culture media
0.6 g 500
. N bLg AuNPs g 200 — bLg AuNPs = 8 —+—bLg AuNPs
£ ) - \_ ——bLg-HDM AuNPs S bLg-HDM AuNPs < bLg-HDM AuNP:
g 0.4 \ 'ngo g & 300 - 9. uNPs
S . < 100 T z Media
<02 N 8 1 2200
: 8 £
A 3 ey p—p—— £100 Zi/f/;
0+ T T N 0 0
450 550 650 750 0.0 0.5 1.0 1.5 2.0 0 6 12 18 24
Wavelength (nm) NacCl (M) Time (h)

Figure S1. Characteristic surface plasmon resonance (SPR) peaks of the AuNPs at ~550 nm
(a). Stability of the AuNPs against NaCl (b). AuNPs stability in cell culture media enriched
with 15% fetal bovine serum (FBS) (c).
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(@) (b) (© LACQCL

Side View Top View

Sinding energy Bt wrrcy

Figure S2. The molecular structures used in the DMD simulations. (a) The structure of the bLg
(PDB ID: 3NPO) in cartoon representation with the Ca atoms in the N- and C-termini shown
as grey and green beads, respectively. Two of the experimentally-identified amyloid-forming
fragments, "!LACQCL!'"7 and 2'SLAMAAS?, are colored in purple and green, respectively.
(b) The structure of AuNP with a diameter of 4 nm is shown in sphere representation. (c) The
model structure of decameric protofibrils formed by 10 LACQCL. The peptides are shown in
two different views (Side and Top). The binding modes of the protofibril formed by LACQCL
(d, e) on the AuNP surface are shown in two different views. The LACQCL protofibril can
directly bind AuNP with two different interfaces: one has the fibril growth axis perpendicular
to the AuNP surface (mode 1; d), and the other has the fibril growth axis parallel to the AuNP

surface (mode 2; e).
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Figure S3. Coating of a bLg monomer on an AuNP at 350 K. (a) Time evolution of the
secondary structure of each amino acid in full-length bLg (162 residues) at the surface of the 4
nm AuNP. (b) Time evolution of each residue’s distance to the AuNP surface (Co atom of each
residue is used in calculation). (c-f) Snapshots along the simulation trajectory at 0, 20, 40 and
60 ns. The protein structures are shown as cartoons with a helices displayed in purple,  sheets
in orange, turns in cyan, and coils in grey. The Ca atoms in the N- and C-termini are shown as

grey and green beads, respectively.
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Figure S4. Energy-dispersive X-ray spectroscopic (EDX) mapping of bLg AuNPs in IAPP
fibrils (middle), showing the peak of element Au (right) for the TEM image (HAADF mode)
on the far left.
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Figure S5. (a) bLg AuNPs (0.11 mM) adsorbed on IAPP fibril surfaces. Amyloid-f (1-42)
incubated alone (b) and in the presence of bLg AuNPs (c). Incubation: 48 h.
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Figure S6. TEM imaging of the AuNPs incubated with IAPP. The interactions between the
AuNPs and IAPP started to occur within the first hour, while intercalation of bLg AuNPs with
IAPP appeared largely complete within 5 h.

Figure S7. TEM imaging of bLg AuNPs (a) and bLg-HDM AuNPs (b) incubated for 4 h with
preformed IAPP fibrils (2 day old).
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Figure S8. ThT assay of seeding IAPP monomers with sonicated bLg amyloids.

Figure S9. IAPP fibrils before (a) and after (b) X-ray irradiation.
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Chapter 3

In vivo mitigation of
amyloidogenesis through
functional-pathogenic double-
protein coronae
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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.

58



pubs.acs.org/NanoLett

NANO E T T E R S & Cite This: Nano Lett. 2018, 18, 5797-5804

In Vivo Mitigation of Amyloidogenesis through Functional—
Pathogenic Double-Protein Coronae

Ibrahim ]ayed,t:z: Tianyu Yu,* guotao Peng,:l: Antoni Sénchez—Ferrer+,§ Ava Faridi," Aleksandr Kakinen,"
Mei Zhao,” Raffaele Mezzenga,”” Thomas P. Davis, " Sijie Lin,*** and Pu Chun Ke*"

TARC Centre of Excellence in Convergent Bio-Nano Science and Technology, Monash Institute of Pharmaceutical Sciences,
Monash University, 381 Royal Parade, Parkville, Victoria 3052, Australia

*Biomedical Multidisciplinary Innovation Research Institute, Shanghai East Hospital, State Key Laboratory of Pollution Control and
Resource Reuse, Shanghai Institute of Pollution Control and Ecological Security, College of Environmental Science and
Engineering, Tongji University, 1239 Siping Road, Shanghai 200092, China

§Department of Health Sciences & Technology, ETH Zurich, Schmelzbergstrasse 9, LFO, E23, 8092 Zurich, Switzerland

© Supporting Information

ABSTRACT: Amyloid diseases are global epidemics with no
cure available. Herein, we report a first demonstration of in
vivo mitigation of amyloidogenesis using biomimetic nano-
technology. Specifically, the amyloid fragments (b,) of f-
lactoglobulin, a whey protein, were deposited onto the

surfaces of carbon nanotubes (b,CNT), which subsequently 3 "\\" s
sequestered human islet amyloid polypeptide (IAPP) through ‘\\
functional-pathogenic double-protein coronae. Conforma- blg amyloid\\\
tional changes at the b,—IAPP interface were studied by fagment(®.)
Fourier transform infrared, circular dichroism, and X-ray

scattering spectroscopies. b,CNT eliminated the toxic IAPP

species from zebrafish embryos, as evidenced by the assays of

N

Double protein Amyloid protein
coronae  .’,*
T

Cells

Development
——— g
72 hpf

Zebrafish larva

Zebrafish embryo

embryonic development, cell morphology, hatching, and survival as well as suppression of oxidative stress. In addition to IAPP,
b,CNT also displayed high potency against the toxicity of amyloid-f, thereby demonstrating the broad applicability of this
biomimetic nanotechnology and the use of an embryonic zebrafish model for the high-throughput screening of a range of

amyloidogenesis and their inhibitors in vivo.

KEYWORDS: Amyloidogenesis, IAPP, amyloid f, zebrafish, carbon nanotubes, amyloid diseases

myloid diseases are modern epidemics that impact more
than 6% of the global population and are characterized by
deposits of amyloid fibrils and plaques in the brain and pancreas
as well as other bodily organs." The development of such
aberrant biological substances is consequential to the fibrilliza-
tion of amyloid proteins such as amyloid-f (Af), associated with
Alzheimer’s disease, and human islet amyloid polypeptide
(IAPP), associated with type 2 diabetes (T2D), from the
nucleation of monomers into oligomers and the elongation of
oligomers into amyloid fibrils. Regardless of their physiological
and pathological origins, the oligomeric forms of amyloid
proteins are believed to be the major toxic species.”” Such
oligomers show a propensity of partitioning in lipid membranes
in a porin-like fashion to alter the fluidity and integrity of the
cell.*® Amyloid fibrils, in addition, can extract lipids from
membranes through hydrophobic interactions.” The fibrilliza-
tion of amyloid proteins, furthermore, has been found to
stimulate the production of reactive oxygen species (ROS) to
trigger cell degeneration.’
A common mitigation strategy against amyloidogenesis is to
minimize the population of the toxic oligomeric species by

v ACS Pub“ca‘tions © 2018 American Chemical Society
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pitching protein-inhibitor interaction against protein—protein
interaction.” ' Hydrogen bonding and hydrophobic inter-
action as well as the 7 stacking of cross-f amyloid proteins are
not only responsible for the self-assembly but also postulated as
a reason for the cross-talk between pathogenic--pathogenic or
functional--pathogenic amyloid proteins.''~'* Such interactions
have recently been exploited for the development of theranostics
against amyloidogenesis,'’ the construction of three-dimen-
sional nanoarchitectures,'* and cross-talk between pathogenic
amyloid proteins in which parent seeds transferred the toxic and
structural polymorphs to daughter fibrils.'>*®

P-Lactoglobulin (bLg) is a functional whey protein that,
under high temperature and low pH, self-assembles into amyloid
fibrils of similar morphology to that of IAPP or Af."” This class
of functional amyloid has shown potential as versatile substrates
or scaffolds for tissue engineering, iron fortification, and water
purification.'®™*° To exploit the cross-talk and medicinal
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Figure 1. Synthesis scheme of CNTs functionalized with bLg amyloid corona, their surface properties, and interaction with IAPP in fibrillization. (A)
TEM images of the synthesized materials and their associations with IAPP. Pristine multiwalled carbon nanotubes (CNTs) of 10—20 nm diameter
were sonicated with bLg amyloid fragments (b,). Sonication deposited an initial layer of ~10 nm on the CNTs (b,CNT) and stabilized their dispersion
in water. Further heating of this dispersion resulted in coalescence of surrounding b, on the CNT surfaces, resulting in a b, corona of ~30—50 nm on
the b,CNT surfaces. b,CNT further captured IAPP in the form of small protruding aggregates. Scale bars: 100 nm. (B) Graphical illustration of the
materials preparations. The structures of the coronae were studied with (C) CD spectroscopy and (D) FTIR amide-I band deconvolution, revealing
that a relatively larger proportion of B-sheet rich corona was imparted by b, on the CNT surfaces. After the sequestering of IAPP, the overall secondary
structure of the corona was shifted toward the a helix. (E) ThT kinetic assay revealed complete inhibition of IAPP (50 #M) fibrillization by b,CNT (50
M with respect of b,). CNTs and b, inhibited IAPP fibrillization, and no ThT fluorescence was observed in the controls of b,CNTs or b, alone. (F)
WAXS intensity profiles of dry samples of b,, b, plus IAPP (¢ = 0h), and b, plus IAPP (t=2h). (G) SAXS intensity profiles of the water dispersions of
b,, b, plus IAPP (¢t = 0 h), and b,+ IAPP (¢ =2 h).

potentials of functional bLg amyloid, we interfaced bLg amyloid to suspend in water and a new biological identity to their carbon-

fragments (abbreviated as b,) with IAPP to capture the toxic ~ based nanomaterial substrates.””*"

IAPP species for mitigating IAPP amyloidogenesis in vivo. In the present study, the biomimetic constructs of a b, corona

Multiwalled carbon nanotubes (CNTs) were employed as a adsorbed on a F:NT surface (ba?NT) d1spla¥ed a high p ortion

model hydrophobic substrate to host a b, layer, or a protein of f-sheets, which subsequently inhibited toxic IAPP species at

" »21 . CT . the early stage of IAPP fibrillization. As a high-throughput model
corona”,” on the tube surfaces via hydrophobic interaction and

) . o system, zebrafish embryos were developed and comprehensively
# stacking. The nonspecific binding of CNTs and Af has been characterized for screening the toxicities of amyloid proteins

previously examined in silico, in which the protein f-sheets IAPP and Af as well as their mitigation by b,CNT. This study

wrapped around the CNT surfaczis to reduce the latter’s surface first demonstrated the feasibility of in vivo mitigation of
energy in the aqueous phase.”” Such coronae afforded by amyloidogenesis with a facile biomimetic nanotechnology and
proteins and other natural amphiphiles provided both the ability the use of a nanoliter sample volume for the induction of

5798 DOI: 10.1021/acs.nanolett.8002446
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Figure 2. Toxicity of IAPP fibrillization in zebrafish embryos. IAPP peptide monomers were exposed to zebrafish embryos via three different routes,
and embryonic development was monitored in the bright-field and GFP channel of a fluorescence microscope until successful hatching on the fourth
day. Controls of embryos injected with equal amounts of ThT presented no fluorescence. (A) Exposure of a zebrafish embryo with chorionic
membrane to IAPP of 100 uM. (B) IAPP aggregated on the membranes without penetrating through the chorionic pores. To induce peptide—chorion
interaction, (C) IAPP concentration was decreased to 25 uM in the outer solution, and (D) ThT fluorescence indicated penetration of IAPP into the
perivitelline space. (E) In the case of unprotected embryos, (F) IAPP induced toxicity within the first 12 h of development. (G) Direct injection of
IAPP into the perivitelline space of embryos bypassed the chorionic barrier and resulted in direct interactions of the peptide with the lipid membranes
of cells, as indicated by (H) ThT fluorescence and the toxic arrest of embryonic development at 12 hpf.

amyloid protein toxicity, two major technical advancements for
the rapid screening of amyloidogenesis and their inhibitors
toward a cure for amyloid diseases.'

Sonicated bLg amyloid fragments (b,) were adsorbed on the
CNT (~20 nm in diameter) surfaces to render a protein corona
of ~30 + S nm (Figure 1A). The elemental composition of
pristine CNTs was determined by X-ray photoelectron spec-
troscopy (XPS), which contained mostly carbon (97.2%) as well
as small traces of impurities of O (2.6 = 0.1%) and Si (0.2 +
0.0%). bLg amyloids were first synthesized by overnight heating
(80 °C, pH 2) of 2% aqueous solution of bLg monomers, and
the amyloid fibrils were then broken down to small fragments by
probe sonication (Figure S1). The CNTs were embedded inside
a thick coat of b, in a two-step process: first, a layer of ~10 + 3
nm of b, was deposited on the CNTs by sonication (b,CNT),
and subsequent heating (70 °C for 30 min at pH 4.3) grew the
initial layer to ca. SO + 7 nm, resulting in b,CNT (Figure 1A,B).
The sizes of the CNTs before and after deposition of the b,
corona were measured directly from transmission electron
microscopy (TEM). Sonication exposed the hydrophobic cores
of the protein species, b, in this case, to facilitate their binding
with the hydrophobic CNTs,” while heating induced free
proteins in the solution to coalesce on the already adsorbed
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protein layer, increasing the protein content on the CNT
surfaces from 67% to 76% for b,CNT (Figure S2A). Dynamic
light scattering (DLS) revealed that the hydrodynamic radius of
b,CNT was increased by ~9 nm from b,CNT after heating
(Table S1). The protein secondary structure of the b, corona
was estimated by circular dichroism (CD) and Fourier
transform infrared (FTIR) spectroscopies, revealing a f-sheet
content of 33—34% (Figure 1C,D), comparable to that of bLg
amyloid (~409%)"'**° prior to sonication and deposition onto
CNTs. The thickening of b/CNT into b,CNT by heating did not
induce major effects on the secondary structure of the b, corona.

A thioflavin T (ThT) kinetic assay revealed that b,CNT
completely inhibited IAPP fibrillization at equimolar concen-
trations (for IAPP and b,) (Figure 1E). Changes in the b,CNT
surface charge indicated the adsorption and physical state of
IAPP on the CNTs. Specifically, the { potential for IAPP peptide
and mature fibrils was +15.8 and +65.3 mV, respectively. Upon
incubation with IAPP, the { potential of b,CNT changed from
—184 to —12.5 mV (Table S1), indicating association of
cationic IAPP with b,CNT. CD and FTIR spectra revealed that
IAPP assumed a f-sheet rich conformation upon fibrillization
(Figure S2B,C). When incubated with IAPP, large protruding
aggregates of IAPP were observed on the b,CNT surfaces by
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Figure 3. Amyloidogenic interactions and fibrillization kinetics of IAPP with zebrafish embryos. (A—D) IAPP—embryonic interactions were examined
by helium-ion microscopy (HIM). (A) When embryos were developed in IAPP of 25 M, IAPP trespassed through the pores of chorionic membranes.
(B) In the presence of IAPP of 100 M, the peptide aggregated on the outer surfaces of the embryos. (C) In contrast, unobstructed clear pores can be
seen in control embryos. (D) The chorionic membrane of an embryo was cut open to assess IAPP interacting with the underlying embryonic cell. IAPP
toxicity is indicated by morphological changes in the embryonic cellular membrane. (E) ThT kinetic assay of IAPP fibrillization in the presence of
embryos, with and without chorionic membranes, i.e., the first and second routes of exposure. IAPP: 25 uM; ThT: 50 M. The shape of ThT kinetic
curve (excitation/emission: 440 nm/485 nm) recorded on a plate-reader is comparable to that acquired via the GFP channel (excitation/emission:
488 nm/540 nm). The ThT fluorescence intensity in the GFP channel was normalized by multiplying by a factor of S for the comparison. (F)
fibrillization kinetics of IAPP with the third route of exposure (direct injection) was measured by microinjecting S nL of IAPP (50 M) and ThT (100

M) inside embryos.

TEM (Figure 1A), rendering an elevated a-helix content
compared to that of b,CNT (Figure 1C,D). It has been shown
in the literature that protein or lipid interfaces can trigger
conformational changes or oligomerization in the adsorbed
protein.””** Sonication and heat-induced adsorption of b, on
the CNTs exposed their hydrophobic cores,””** while IAPP
bound b,CNT via hydrogen bonding and hydrophobic
interaction, converting the protein from random coils to the
a-helical conformation (Figure S2B,C versus Figure 1C,D).
This is in contrast to our previous study,'” in which spherical
gold nanoparticles (AuNPs, S nm) coated by b, intercalated
inside IAPP fibrils during fibrillization. This difference may be
attributed to the significantly different morphologies and aspect
ratios of CNTs (>25) and AuNPs (~1). It is conceivable that b,
on the tubular CNT substrate assumed more directional
orientations than on spherical AuNPs, thereby allowing surface
adsorption of disordered IAPP monomers but preventing that of
cross-f} IAPP protofibrils from inhibiting IAPP fibrillization.

To assess how IAPP might affect the structure of b,, a wide-
angle X-ray scattering (WAXS) experiment was performed on
dry samples containing b, (without CNTs) after the immediate
addition of IAPP (b,-IAPP at t = 0) and 2 h of incubation (b,-
IAPP at t = 2). Samples containing b, displayed two peaks
characteristic of inter and intra f-sheet distances at g = 6.0 and
13.4 nm™" (dj.geer = 1.1 nm and dp 00 = 4.7 A, respectively)
(Figure 1F). No differences due to the presence of CNTs were
observed on the f-sheet secondary structure from the WAXS
analysis (Figure S3A). Thus, no major changes at the molecular
level were observed in b, after the addition of IAPP.
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Additionally, small-angle X-ray scattering (SAXS) experiment
was conducted on water dispersions containing b,, after
immediate introduction of IAPP (b,-IAPP at t = 0) and 2 h of
incubation (b,-IAPP at t = 2). No differences due to the presence
of CNT's were observed on the ff-sheet secondary structure from
the SAXS analysis (Figure S3B). No significant changes in the
scattering profiles were observed between the genitor samples
and after adding IAPP at 0 h (Figure 1G). After 2 h of incubation
with IAPP, b, exhibited different SAXS intensity profiles
compared with the corresponding genitor systems. This
indicates that IAPP interacted with the bLg species (tubular
sheets) building up different colloidal particles but maintaining
the initial secondary structures.

The recent failure of the phase-3 trial of solanezumab at Eli
Lilly and the general lack of clinical success in the field of
amyloidogenesis may be partially attributed to a deficiency in
antiamyloidogenesis strategies and a lack of easily accessible,
economic in vivo models.*’ Zebrafish (Danio rerio) share 70% of
their genome and 84% of their disease-related genes with
humans and are a preeminent vertebrate model for toxicology,
pharmacology, and genetics research.” Zebrafish larvae display
neuropathological and behavioral phenotypes that are quantifi-
able and relate to those seen in humans and have been applied to
many studies of Huntington’s, Alzheimer’s, and Parkinson’s
diseases.”*** Here, we first developed zebrafish embryos as an in
vivo model for screening nanoscale inhibitors against amyloid
protein toxicity. The fibrillization and interaction of IAPP with
zebrafish embryos were tracked by tagging the IAPP protofibrils
and fibrils with the f-sheet affinitive ThT dye and visualized
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Figure 4. IAPP toxicity mitigation via functional-pathogenic double coronae on CNTs. (A) IAPP along with b,CNT were injected inside zebrafish
embryos and mitigation of IAPP toxicity was observed in terms of hatching survival of embryos on the third day post fertilization (72 hpf). b,CNT
protected the embryos from IAPP toxicity (triple asterisks indicate p < 0.005), while b,CNT were biocompatible with the embryos and induced no
toxicity. (B) ROS assay further confirmed the oxidative stress resulted from IAPP interaction with embryos and its mitigation by b,CNT. ROS

generation by IAPP was significantly higher than the control.

under the green fluorescence protein (GFP) channel of a
fluorescence microscope (Figure $4). To determine the optimal
method for assessing IAPP toxicity, zebrafish embryos were
exposed to IAPP monomers via three different routes, and their
efficacies were assessed.

First, embryos (3 h post-fertilization, hpf) were developed
with intact chorionic membranes in 100 #M of IAPP solution
(Figure 2A). When traced by ThT (100 M), IAPP was found to
aggregate on the surfaces of chorionic membranes and was
unable to penetrate through the chorionic pores. Therefore, no
toxicity was observed in the embryos (Figure 2B). However,
when embryos with chorionic membranes were developed in
IAPP solution of 25 uM (Figure 2C), the peptide penetrated
through the chorionic membranes to interact with the
underlying embryonic cells to induce toxicity (Figure 2D).
Compared to an IAPP of 100 uM, in which peptide—peptide
interaction was dominant to form aggregates, peptide—chorion
interaction was evident at IAPP of 25 uM in concentration,
showing diffused ThT fluorescence in the perivitelline space at 3
hpf. Fibrillizing IAPP interacted with the underlying embryos at
6 hpfand toxic arrest of embryonic development was observed at
12 hpf (Figure 2D).

In the second route of exposure, embryos without chorionic
membranes were developed in IAPP solution of different
concentrations (Figure 2E). The ICy, value of IAPP was reduced
to 25 + 12.5 uM, as assessed by the percent hatching of the
embryos on the third day post-fertilization (dpf). Fibrillating
IAPP interacted with the cellular mass of the embryos
immediately after mixing (Figure 2F). At 12 hpf, the dividing
cells inside the embryos shrank to small globular masses, and the
embryos lost viability. Strong ThT fluorescence, indicating IAPP
amyloid aggregation, was associated with dead embryonic cells
resulting from their exposure to IAPP.

In the third route of exposure, different concentrations of
IAPP (5 nL of 2 to 100 M) were directly injected inside the
perivitelline space of embryos (Figure 2G). The ICg, value of
IAPP was found to be 5.6 + 1.7 uM, the lowest for the three
routes of exposure. ThT fluorescence indicated that IAPP
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aggregated on the lipid membranes of the embryonic cells
(Figure 2H, fluorescence image on the right) and toxic arrest of
embryonic development was observed at 12 hpf.

Helium ion microscopy (HIM) was used to further visualize
the interaction of IAPP with chorion and lipid membranes of
embryonic cells. HIM imaging of zebrafish chorions revealed a
porous morphology with an average pore size of ~200 nm
(Figure 3A), which led to the hypothesis that IAPP monomers
could penetrate through the pores to induce toxicity to the
underlying embryonic cells. In the first route of exposure, in
which IAPP was exposed to embryos with chorionic membranes,
IAPP of 100 uM in concentration formed large fibrillary
aggregates outside the membrane pores and was not able to
penetrate (Figure 3B). However, at an IAPP concentration of 25
uM, the chorionic pores were less visible due to trespassing
IAPP aggregates (Figure 3C). To visualize the interaction of
IAPP with the lipid membranes of underlying embryonic cells,
which is relevant to the second and third routes of IAPP
administration, embryos treated with the direct micro-injection
of TAPP were cut open to reveal the embryonic cells. IAPP
elicited toxicity to the embryonic cells, as evidenced in the form
of holes, swelling, and morphological irregularities in the
membranes (Figure 3D).

The IAPP fibrillization kinetics for the three routes of
exposure was recorded. In the first case, the chorionic
membranes significantly enhanced the fibrillization (50 yM
IAPP) and shortened the lag time. However, the saturation
phase remained the same as the control (Figure 3E). This is
understandable because polysaccharides are the major compo-
nent of zebrafish chorions and have been previously observed to
accelerate oligomerization of a-synuclein and Af.*>*° In the
second case of no chorion, exposure of the lipid membranes of
embryonic cells to IAPP resulted in faster fibrillization and a
higher saturation plateau, suggesting consumption of available
monomers or oligomeric seeds and early formation of mature
fibrils (Figure 3E).* In the third case of direct injection, IAPP
monomers (12.5 uM) and ThT (25 uM) were microinjected
inside the perivitelline space of embryos to observe IAPP
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Figure 5. Af} toxicity mitigation via functional-pathogenic double coronae on CNTs. Development of embryo was monitored (A) with and (B)
without chorionic membrane inside a solution of fibrillating A42. Similar to IAPP, Af was not able to penetrate through the chorionic pores at a 100
UM concentration. However, the ICg, value of Af was 100 + 25 #M when embryos were directly exposed to Af solution. (C) b,CNTSs were able to
sequester the toxicity of A in the embryo. (D, E) Phenotypically strange development was observed for the embryo when injected with sub-toxic

concentration (S M) of AS.

fibrillization kinetics inside the chorionic fluids (Figure 3E). The
saturation phase was reached at ~6 h for all three cases. Overall,
the third route of exposure appeared to be the most efficient with
sample volume (S nL) and most facile in terms of execution (i.e.,
microinjection of samples directly into the perivitelline space of
embryos).

The interaction between mature IAPP fibrils and developing
zebrafish embryos was also studied by injecting the ThT-tagged
fibrils (100 uM of both IAPP and ThT, 24 h of maturation)
inside the perivitelline space of embryos at 3 hpf (Figure SSA).
No toxicity was observed based on the development and survival
of the embryos (Figure SSB). The development of the embryos
treated with IAPP fibrils was comparable to the control.
However, hatching was significantly delayed by 48 + S h
compared to the control, suggesting a possible interaction
between IAPP fibrils and the hatching enzyme, a zinc
metalloprotease.® This is plausible because metals, especially
zing, interact strongly with IAPP to alter the latter’s fibrillization
and toxicity.**" In comparison, no fluorescence was observed
for control embryos microinjected with ThT (Figure SSB).

Peptide-based inhibitors have shown efficacies in the
inhibition of IAPP aggregation both in vitro and with transgenic
animal models.* ~* bLg amyloids are functional and biocom-
patible and yet possess a similar morphology as TAPP fibrils;'*'®
hence, they may serve as an inhibitor against IAPP toxicity.
However, in vivo administration of full-length bLg amyloids is
unfeasible due to their large dimensions (micrometers in length)
compared to blood vasculature, and b, itself did not elicit a
notable inhibitory effect on IAPP fibrillization (Figure 1E).
Accordingly, b, was stabilized on CNT surfaces in this study,
simultaneously improving the biocompatibility of CNTs while
enabling inhibitory interaction with IAPP. The embryonic
zebrafish system was employed to translate the mitigation
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potential of b,CNT against IAPP toxicity in vivo. Direct
microinjection (route 3) was adopted because this mode of
exposure allowed the use of ultrasmall sample volumes without
the interference from chorionic membranes. b,CNT were
injected together with IAPP at equimolar concentrations of 10
UM (ie., higher than the ICy, value of 5.7 uM). b,CNT
eliminated IAPP toxicity and restored the hatching survival of
IAPP-treated embryos to 85%, while b,CNT themselves
displayed no toxicity to the embryos (Figure 4A).

The above toxicity study was augmented by a ROS assay
(Figure 4B). Specifically, IAPP monomers were mixed with
2/,7'-dichlorodihydrofluorescein diacetate (H,DCFDA) dye,
immediately before being microinjected into the perivitelline
space. ROS generation, resulting from membrane disruption of
embryonic cells, was observed for IAPP. However, consistent
with the hatching survival assay, no ROS species were detected
when IAPP was incubated with b,CNT.

To evaluate the mitigation potential of b,CNT, A was
introduced to elicit toxicity in zebrafish embryos. Similar to
IAPP, fibrillating A (100 #M) was not able to penetrate
through the chorionic pores of embryos but aggregated on
chorionic membranes (Figure SA). However, when chorionic
membranes were removed and embryos were exposed, Af of
100 + 25 uM was toxic to the embryos. In comparison to IAPP,
the fibrillization of Af3 was slower, and the embryos survived the
3rd through the 6th somite stages at 12 hpf, after which the
embryo development was arrested at the 20th somite stage at 48
hpf, and ThT fluorescence was observed from the anterior of the
larvae (Figure SB). The ICs, value of Af, when injected directly
inside the perivitelline space, was determined to be 7.4 + 0.84
#M. In comparison, Donnini et al. reported a cerebral
angiopathic effect of wild-type Af peptide in zebrafish embryos
at 2.5 uM, in which the ICy, value was determined to be 6.1 uM,
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comparable to that determined by our current approach.*®
b,CNT were then injected together with Af at equimolar
concentrations of 15 M (i.e., higher than the MIC values), and
b,CNT rescued (p < 0.005) the embryos from Af toxicity
(Figure 5C). Abnormal phenotypic development of embryos
was observed, when the embryos were microinjected with Af at
S uM that was just below the ICg, value (Figure SD,E), which
can explain well the Af-induced neurovascular degeneration and
cerebral senescence observed by Donnini et al.** These
agreements with literature further validated our current
methodologies. It should be noted that the functional—
pathogenic double protein coronae on CNTs, as delineated
for the in-solution characterizations (Figure 1B), do not
encompass all possible protein—protein interactions under in
vivo conditions, in which the chorionic sac also contained
zebrafish hatching enzyme 1 (ZHEL), glycoprotein subunits,
and different forms of metabolites during embryonic develop-
ment.* ™% However, because b, was rich in f-sheets and
therefore possessed a higher affinity for amyloid proteins,'*>***
the binding of b, with IAPP through H-bonding and
hydrophobic and electrostatic interactions as well as f-sheet
stacking should dominate the nonspecific interactions (“soft
corona”) between b, and the other proteins and enzymes. This
robust mitigation potential of b,CNT against amyloid proteins
was corroborated by additional ThT and viability assays (Figure
S6), in which the presence of human plasma proteins and fetal
bovine serum (FBS) did not compromise the potency of b,CNT
from inhibiting IAPP aggregation and toxicity. This latter aspect
also points to the promise of exploiting the b,CNT nano-
technology in biological fluids beyond the chorionic sac.

In summary, we have developed a facile, potent biomimetic
nanotechnology against amyloidogenesis in vivo. This nano-
technology consisted of CNT's coated with a cross-f-sheet-rich,
functional corona of whey protein bLg amyloid fragments (b,),
which consequently acquired a pathogenic protein corona by
sequestering amyloid protein IAPP or Af. No IAPP fibrillization
inhibition was observed for b, alone (Figure 1E), justifying the
role of the CNT substrates in orienting the adsorbed amyloid
fragments and subsequently capturing the pathogenic protein
from on-pathway fibrillization. In contrast to b,CNT, bLg
monomer-coated CNTs (b,,CNT) (Figure S7A), possessing no
cross-f-sheet component, displayed a much-lower efficiency in
inhibiting IAPP fibrillization (Figure S7B versus Figure 1E). In
addition, an embryonic zebrafish assay through direct micro-
injection, i.e., the third route of exposure, has been developed
into a high-throughput platform for screening amyloidogenesis
and its mitigation by b,CNT in vivo. Consistent with the ThT
assay, b,,CNT, being nontoxic itself (Figure S8A), was not able
to rescue zebrafish embryos from the toxicity elicited by IAPP, as
evidenced by both the hatching and the ROS assays (Figure
S8A,B versus Figure 4). This further vindicates the crucial role of
the cross-ff component in b, and the architecture of b,CNT in
effective amyloidogenesis mitigation. Other major advantages of
this assay include high fecundity and transparency of the
zebrafish organism as well as an ultra-small sample volume (5
nL). IAPP at high concentrations was dominated by peptide—
peptide interaction, and no toxicity was induced to zebrafish
embryos. Reducing the peptide concentration promoted
peptide—chorion interaction, and the peptide penetrated
through the chorionic pores to elicit toxicity to embryonic
cells through continued aggregation. This embryonic model
system is therefore suited for examining amyloidogenesis with
realistic dosage. b,CNT protected zebrafish embryos from the
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toxicities of both IAPP and Af, as evidenced by hatchling-
survival and ROS-generation assays. Together, this study opens
the door to the rapid screening of the toxicities of a wide range of
amyloid proteins and facilitates the development of potent,

. . . . 55-57 . . PR
bioinspired nanotechnologies™ >’ against amyloidogenesis in
vivo.
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MATERIALS & METHODS

Syntheses of boCNT and b, CNT

B-lactoglobulin (bLg) amyloids were first prepared by overnight heating of bLg (Sigma-Aldrich,
MW: 18.4 kDa) solution (2%) at 80 °C and pH 2, and then probe-sonicated at 40% of full
intensity (20 kHz, 750 W) for 2 h to obtain bLg amyloid fragments (ba). Aqueous dispersion of
multi-walled carbon nanotubes (Nanostructured & Amorphous Materials, Inc.; purity 95+ %;
outer diameter: 10-20 nm; length: 0.5-2 pm) at a concentration of 0.2 mg/mL were first probe-

sonicated at 20% of full intensity for 10 min. b, (0.2%) was added into CNTs immediately after
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sonication, and the dispersion was adjusted to pH 4.3 and further sonicated for 30 min (ice bath
for 4 °C) to obtain bsCNT. The dispersion was then centrifuged (9,200 RCF; 30 min; 4 °C) to
separate large aggregates, and the supernatant was adjusted to pH 4.3 and subjected to heating
at 70 °C for 20 min to obtain b.CNT. In addition, bnCNT was synthesized by the same

procedures, except replacing b, with monomeric bLg.

Thioflavin T (ThT) assay

A ThT kinetic assay was used to monitor IAPP fibrillization in the presence of pristine and
functionalized CNTs. 200 pg of human islet amyloid polypeptide (IAPP1-37; MW: 3904.5 Da;
AnaSpec) was weighed on a microbalance and dissolved in 200 pL of deionized water to make
a stock solution, which was used to make further dilutions for experiments. In a 96 well plate,
100 L (50 uM) of IAPP, ThT dye (100 pM), and ba.CNT/bnCNT (50 uM with respect to bLg)
were incubated for 13 h at 28 °C. ThT fluorescence was monitored (excitation/emission: 440
nm/485 nm) at 1 h intervals (PerkinElmer EnSpire 2300). Controls were performed with IAPP
alone, or with pristine CNTs and b, at equivalent concentrations. ThT dye was incubated with
pristine CNTs, baCNT/bmCNT, bLg amyloids and b. under comparable conditions, but without
IAPP, as controls. The effect of human plasma proteins on bsCNT inhibition of IAPP
aggregation was measured by an additional ThT assay. The molar ratio of IAPP to plasma
proteins was adjusted from 1:1 to 2:1 and 4:1. Details of the blood protein collection method
are described in a previous publication.! Blood was collected from a healthy donor after
obtaining informed consent for any experimentation in this study, in accordance with the
University of Melbourne Human ethics approval 1443420 and the Australian National Health
and Medical Research Council Statement on Ethical Conduct in Human Research. All
experiments were performed in compliance with the relevant laws and institutional guidelines

of Monash University Occupational Health & Safety.
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FTIR, TGA, CD and DLS measurements

Fourier transformed infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA) were
performed with freeze-dried baCNT, IAPP, b,CNT and IAPP incubated for 13 h at comparable
concentrations as for the ThT assay. IAPP incubated with baCNT was purified from un-
adsorbed IAPP by centrifugation. FTIR was performed with a Shimadzu IRtracer-100 with a
GladiATR-10 accessory. Around 1 mg of sample was placed in the holder and FTIR spectra
were recorded in the 1600-1700 cm™ amide I band. The peak was de-convoluted with
LabSolutions IR and peak fitting was performed to quantify the percentage secondary structures.
For TGA, 1 mg of sample was placed in the holder (PerkinElmer Pyris 1) and analysis was
performed from 50 °C to 700 °C with a heating rate of 10 °C/min, under a continuous flow of
nitrogen (1 mL/min). Circular dichroism (CD) spectroscopy was performed in addition to FTIR,
to analyze the secondary structural changes in the corona of baCNT, before or after IAPP
adsorption. IAPP, b.CNT and IAPP incubated with b,CNT were pipetted into CD cuvettes at a
concentration of 0.5 mg/mL with respect to the protein contents and CD spectra were recorded
from 190 to 240 nm with a 0.5 nm step size at room temperature. The data was analyzed via
Dichroweb and Contin/reference set 4 was used to estimate the percentage secondary
structures.> The zeta potential and hydrodynamic size of the samples were measured by

dynamic light scattering (DLS) under ambient conditions (Malvern Instruments).

Small- and wide-angle X-ray scattering (SAXS, WAXS)

Simultaneous SAXS and WAXS experiments were performed using a Rigaku MicroMax-002"
microfocused beam (4 kW, 45 kV, 0.88 mA) to obtain direct information on the SAXS and
WAXS reflections. The Cu Kq radiation (Acu ko = 1.5418 A) was collimated by three pinhole
(0.4, 0.3, and 0.8 mm) collimators. The scattered X-ray intensity was detected by a Fuji Film
BASMS 2025 imaging plate system (15.2 x 15.2 cm?, 50 pm resolution) and a two-dimensional
Triton-200 X-ray detector (20 cm diameter, 200 pwm resolution), for WAXS and SAXS regions,
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1

respectively. An effective scattering vector range of 0.05 nm™ < g <20 nm™' was obtained,

where ¢ is the scattering wave vector defined as ¢ = 4nsin 6/ Acu ko, With a scattering angle of

26.

X-ray photoelectron spectroscopy

The elemental composition of pristine CNTs was analyzed by X-ray photoelectron
spectroscopy (XPS; ESCA LAB 220i-XL Thermo VG Scientific U.K.). XPS data files were
processed using the application CasaXPS software (version 2.3.13). Mean values +/- deviations

were calculated based on three measurements on different spots.

Zebrafish embryos as a toxicity model for screening amyloidogenesis

The AB wild-type zebrafish (Danio rerio) was maintained at 28 + 0.5 °C on a 14 h:10 h
light/dark cycle in a fish breeding circulatory system (Haisheng, Shanghai, China). Embryos
were produced by adult spawning triggered by first light in the morning. All experiments with
zebrafish embryos were performed in Holtfreter’s buffer’. Microinjections were performed at
5 nL each time, unless specified, under a 20 psi injection pressure by a pneumatic
microinjection system (PV830 Pneumatic Picopump, WPI). First, imaging of ThT-tagged
amyloids was performed in the green fluorescence protein (GFP) channel by a fluorescence
microscope (EVOS FL Auto, Life Technologies). IAPP or AB4; (Human AB1-42; MW: 4514.1
Da; AnaSpec) and bLg (50 uM) were fibrillized into amyloids in the absence and presence of
ThT dye (50 uM). A drop of fibrillized amyloid solution was placed in a 96 well plate and
visualized. ThT tagged amyloids were visible in the GFP channel, while no fluorescence was
observed for ThT or amyloid alone. IAPP (100 uM, fibrillized with 100 uM of ThT) was
injected (5 nl) inside embryos at 3 h post fertilization (hpf). The embryos were placed in 100
uL of Holtfreter’s buffer inside a 96 well plate and their development was monitored for 3

consecutive days in bright field and the GFP channel. Control embryos were injected with 5 nL.
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of buffer or ThT dye (100 pM) with a microinjector (PV830 Pneumatic Picopump, WPI). The
experiment first involved immersion of embryos inside IAPP or AP solutions. Different
concentrations of IAPP or AP (12.5 to 200 uM) were dissolved in buffer and 200 pL of each
protein solution was placed in a 96 well plate. Embryos at 3 hpf with and without chorions were
then immersed in the solutions. The chorionic membranes were removed under a microscope

by tweezers inside buffer.

A ThT kinetic assay of IAPP fibrillization was performed in the presence of the embryos, with
and without chorionic membranes, observed through the GFP channel (excitation/emission:
488/540 nm). 200 pL of solution containing one embryo, S0 uM of IAPP and 100 uM of ThT
was incubated at 28 °C and the fluorescence was recorded for 13 h at a 1 h interval. [APP alone
in buffer and ThT with embryos, with and without chorionic membranes, were measured as
controls. For the ThT assay inside the embryos, 5 nL of IAPP (50 uM) and ThT (100 pM) were
injected in the chorionic fluids, and ThT fluorescence was recorded with the EVOS microscope

and analyzed by ImagelJ for corrected fluorescence.

Amyloid toxicity mitigation in an embryonic zebrafish model

Minimum inhibitory concentrations (MIC) for IAPP and A against zebrafish embryos were
obtained by dissolving different concentrations of IAPP and AP (2 to 100 uM) in buffer and 5
nL of the solution was injected inside the perivitelline space of 3 hpf embryos. For the
sequestration experiment, 5 nL of buffer containing 10 or 15 uM of IAPP or AB and CNTs of
equivalent concentrations (with respect to ba or bm on the CNT surfaces) were injected inside
the chorionic fluids. The treated embryos were placed in 200 pL of buffer in a 96 well plate
and toxicity mitigation was studied in the context of hatching survival of embryos on the 3rd

day of fertilization. Embryos injected with 5 nL of buffer were used as controls. For imaging,
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5 nL of buffer with 10 pM of IAPP and 20 uM of ThT dye was injected with and without b.CNT

and ThT fluorescence images were recorded with the EVOS fluorescence microscope.

Reactive oxygen species (ROS) generation

ROS generation assay was performed with 2’°,7’-dichlorodihydrofluorescein diacetate
(H.DCFDA) dye. 5 nL of buffer, containing 10 uM of IAPP (with or without 10 uM of ba.CNT
or buCNT) and 20 uM of HoDFCDA dye was injected inside chorionic fluids of zebrafish
embryos. The embryos were incubated in 200 pL of buffer in a 96 well plate at 28 °C for 12 h.
ROS generation was characterized by imaging the embryos in the GFP channel and images

were analyzed in ImageJ for corrected total ROS fluorescence.

Helium ion microscopy (HIM) and transmission electron microscopy (TEM)

HIM was used to image the interaction of fibrillizing IAPP and zebrafish embryos. Embryos
with chorionic membranes were incubated inside 100 and 25 uM of IAPP monomers dissolved
in buffer, at 28 °C. After 6 h of incubation, the buffer was replaced by 2.5 % paraformaldehyde
to fix the embryos. The embryos were left in paraformaldehyde solution for 2 h under ambient
conditions and then at 4 °C overnight. Afterwards, the embryos were transferred into ethanol
by gradually replacing the paraformaldehyde solution with 20, 40, 60, 80 and 100 % ethanol,
with 2 h incubation at room temperature for each step. Embryos preserved in 100 % ethanol
were further subjected to critical point drying with liquid CO>. Dried embryos were positioned
on a carbon tape and imaged with HIM (Zeiss Orion NanoFab), operating at a 0.6 to 0.8 pA
beam current and a 0.2 s dwell time. To image the interaction of IAPP with lipid membranes of
embryonic cells, chorionic membranes of the embryos treated with 25 uM of IAPP were

raptured with tweezers under an optical microscope, prior to HIM imaging.

TEM imaging of CNTs, baCNT, bmCNT, and b,CNT or bnCNT with IAPP (24 h incubation)

was performed by drying a drop of sample on farmvar-coated copper grids and negative
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staining was done with 1 % uranyl acetate. TEM images were captured by a Tecnai G2 F20

transmission electron microscope (FEI, Eindhoven, The Netherlands) operated at 200 kV.

Cell culture and in vitro viability assay

Pancreatic PTC-6 (ATCC) beta cells were cultured in complete Dulbecco's modified Eagle’s
medium (DMEM) with 15% fetal bovine serum (FBS). A 96 well plate (Costar black, clear
bottom) was coated with 70 pL Poly-L-lysine (Sigma, 0.01%), incubated at 37 °C for 30 min
and cells at a density of ~70,000 cells per well in 200 uLL. DMEM with 15% FBS were added
to the wells. Cells were incubated for 48 h at 37 °C and 5% COx> to reach ~80% confluency.
The cell culture medium was then refreshed with 1 uM propidium iodide dye (PI,
excitation/emission: 535 nm/617 nm) in DMEM and incubated for 30 min. Fresh IAPP, b,CNT
and IAPP in the presence of b.CNT (20 uM final concentration of each sample) were added
into the wells. All samples were examined in triplicate and measured by Operetta (PerkinElmer)
in a live cell chamber (37 °C, 5% CO3) after 7 h of treatment. The percentage of dead cells (PI-
positive) relative to total cell count was determined by a built-in bright-field mapping function
of Harmony High-Content Imaging and Analysis software (PerkinElmer). The measurement
was conducted at 5 reads per well and performed in triplicate. Untreated cells were recorded as

controls.

Statistical analysis

The data was presented as mean + standard deviation. The experiments were performed in
triplicate. The level of significance was determined by one-way ANOVA followed by Turkey’s
test and p value < 0.05 was considered as statistically significant. The group size was 20

embryos and three groups per sample were used for experiments.
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Figure S2. (A) TGA analysis of bsCNT (CNTs coated with an initial thin layer of b, via
sonication) and bsCNT (heating of bsCNT to obtain a ba corona on CNT), pristine CNTs and ba

as the controls. (B) CD spectroscopy and (C) FTIR amide I band deconvolution for the

secondary structure of mature IAPP fibrils.
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Figure S3. (A) The WAXS intensity profiles of IAPP-b,CNT (t=0) (black), IAPP-b.CNT (t=2)
(red), ba@CNTs (blue), ba (green), and CNTs (orange). (B) The SAXS intensity profiles of
IAPP-b,CNT (t=0) (black), IAPP-b,CNT (t=2) (red), baCNT (blue), ba (green), and CNTs

(orange). The presence of CNTs showed no effect on the B-sheet secondary structure.
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Figure S4. (A) ThT tagged IAPP amyloids (100 pM of ThT and IAPP; incubated for 24 h)
were visible under the GFP channel, while ThT alone (B) or IAPP alone (C) were invisible.
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Figure S5. Toxicity of mature [APP in zebrafish embryos. (A) Illustration of mature [APP (100
uM peptide, with 100 uM of ThT dye) injected inside 3 hpf zebrafish embryos. (B) Controls
of embryos injected with equal amounts of ThT presented no fluorescence. Hatching in IAPP

amyloid treated embryos was significantly delayed compared to the control.
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Figure S6. (A) ThT kinetic assay on byCNT inhibition of IAPP aggregation, in the presence of
plasma proteins. IAPP/plasma protein molar ratio: 1:1, 2:1 and 4:1. IAPP concentration: 50 uM.
(B) BTC6 pancreatic beta cell mortality induced by IAPP, in the presence of baCNT. IAPP final
concentration: 20 pM. ba/IAPP molar ratio: 1:1. Incubation: 7 h.
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Figure S7. (A) TEM imaging of bLg monomer-coated CNTs (bnCNT) and b,CNT incubated
with IAPP for 24 h. Scale bars: 100 nm. (B) ThT assay of IAPP fibrillization in the presence of
bmCNT vs. baCNT. IAPP: 50 uM. bm: 50 uM. ba: 50 pM.
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Figure S8. (A) IAPP and bnCNT were injected inside zebrafish embryos and no significant
mitigation of IAPP toxicity was observed in terms of hatching survival of embryos on the 3rd
day post fertilization (72 hpf). (B) No significant reduction of IAPP-elicited ROS production
was observed with bnCNT after 12 h of incubation. IAPP: 10 uM. bpm: 10 pM.
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Table S1. Zeta potential and hydrodynamic size of b, @CNT before and after IAPP incubation.

Sample Hydrodynamic diameter (nm) Zeta potential (mV)
b,CNT 165.8+13.4 -11.8+322
b.CNT 184.1+15.2 -184+24
IAPP + b,CNT 516.1+53.9 -12.5+2.1
IAPP monomer 46.1+53 15.8+4.2
IAPP amyloid 568.9 + 87.3 65.3+3.6
ba 11.5+2.1 95+1.8
Pristine CNTs 3236 +438.2 -15.1+22

*Subscripts: s - sonication, and a - amyloid fragments.
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Chapter 4

Inhibition of amyloid beta toxicity
in zebrafish with a chaperone-gold
nanoparticle dual strategy
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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 AB-induced neurotoxicity
with biomimetic AuNPs. The compositional protein of the corona was changed from bLg to 3-
Casein (BCas). PpCas forms amyloid under similar conditions to bLg. However, in native
monomeric state, BCas possesses an unfolded and melted conformation. This structure bestows
BCas with a chaperone-like capacity, which was expected to be particularly suitable for
inhibiting the self-assembly of amyloid proteins IAPP, AB and aS. Accordingly, in this chapter,
BCas in its native monomeric form was employed to exploit its chaperone-like activity against
AP fibrillization. The chaperone-like activity of BCas was coupled with the blood-brain-barrier
translocation capacity of AuNPs to mititgate AB-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 AP-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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Alzheimer's disease (AD) is the most prevalent form of neurodegenerative disorders, yet no
major breakthroughs have been made in AD human trials and the disease remains a para-
mount challenge and a stigma in medicine. Here we eliminate the toxicity of amyloid beta
(AB) in a facile, high-throughput zebrafish (Danio rerio) model using casein coated-gold
nanoparticles (BCas AuNPs). fCas AuNPs in systemic circulation translocate across the
blood brain barrier of zebrafish larvae and sequester intracerebral AB4, and its elicited
toxicity in a nonspecific, chaperone-like manner. This is evidenced by behavioral pathology,
reactive oxygen species and neuronal dysfunction biomarkers assays, complemented by brain
histology and inductively coupled plasma-mass spectroscopy. We further demonstrate the
capacity of pCas AuNPs in recovering the mobility and cognitive function of adult zebrafish
exposed to AB. This potent, safe-to-use, and easy-to-apply nanomedicine may find broad use
for eradicating toxic amyloid proteins implicated in a range of human diseases.
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under abnormal physiological conditions, is a phenom-

enon common to a range of human amyloid diseases
including amyloid beta (A) for Alzheimer’s disease (AD),
a-synuclein for Parkinson’s disease (PD), and human islet amy-
loid polypeptide for type 2 diabetes (T2D)!. The amyloid
hypothesis regards oligomers as the most toxic species?, where
protofibrils or oligomers of amyloid proteins are proposed to
induce local inflammation, failed autophagy, and membrane
perturbation that are responsible for the further loss of neuronal
or pancreatic B-cells mass>*.

AD is a primary form chronic neurodegenerative disorder and
a major cause of dementia, impairing 46 million people world-
wide®. The pathological origin of AD is highly debatable, but is
believed to be associated with a range of health, genetics, envir-
onmental and lifestyle factors, as well as inflammation®—. The
etiology of AD includes a number of events that precede AP
plaque formation, such as autophagy or endosomal dysfunc-
tion!?, endoplasmic reticulum stress!!, oxidative stress or
hypoxia, vasculature and mitochondrial dysfunction!?, and prior
history of bacterial infections!3. Ap,, is one of the two most
abundant peptide species derived from amyloid precursor protein
(APP) through proteolysis and, alongside tau, is strongly asso-
ciated with the pathology of AD!4. Despite much research over
the past decades devoted to understanding the origin, diagnosis
and prevention of AD, there is a glaring lack of success against Ap
amyloidosis marked by recent withdrawals of clinical trials with
Eli Lilly, Pfizer, and Biogen!>~17. This indicates failures in current
anti-amyloid therapeutic approaches, compounded by a lack of
suitable in vivo models for high throughput screening!®19, fur-
ther justifying the urgency for developing alternative strategies
against AD.

Among the common strategies against amyloidosis, peptides,
small molecules, monoclonal antibodies and, more recently,
engineered nanoparticles, have shown various degrees of promise
as inhibitors?0-2’. For in vivo applications, these inhibitors are
designed to satisfy—partially or fully—the following criteria:
minimal toxicity, good circulation/repeated dosing, good trans-
location efficacy across the blood brain barrier (BBB), as well as
capabilities in targeting and further eliminating toxic oligomers,
protofibrils, and fibrils of amyloid proteins. B casein (BCas), a
whey protein, along with ag; casein, possesses a chaperone-like
activity, similarly to small heat-shock proteins and extracellular
clusterin. This activity of the caseins arises from the following: (1)
a lack of tertiary structure and solvent-exposed hydrophobicity
with well separated hydrophilic regions, (2) existence as hetero-
geneous oligomers, (3) dynamics and malleable protein regions,
and (4) ability to bind with a wide range of partially
folded proteins preventing their aggregation?®. One factor that
attributes to these properties is the presence of a high percentage
of proline residues, i.e., 18% in the case of BCas, and no disulfide
bonds that provide them with an open and flexible conforma-
tion2?, The chaperone-like behavior of BCas and ag caseins
shields the amyloidogenic regions and naturally prevents the
amyloidosis of a,, and k-casein in mammary glands or milk while
inhibiting the amyloidosis of insulin and ARy in vitro30-32,
Structurally, monomeric caseins are mostly disordered, but tend
to form micelles mediated by hydrophobic and electrostatic
interactions28.

Here, we devise a facile method of coating pCas onto gold
nanoparticles (AuNPs). We systemically deliver the fCas AuNPs
via intracardial administration to mitigate the toxicity of APy,
induced in the brain of zebrafish larvae and adults (Danio rerio).
BCas AuNPs sequester toxic APy, in the brain of zebrafish larvae
and adults through a nonspecific, chaperone-like manner. No
such mitigation is obtained with caseins alone, indicating the

T he aggregation of proteins into amyloid fibrils and plaques,
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essential role of the AuNPs in delivering the protein. This
demonstrates the inhibition potential of a chaperone protein
integrated with a biocompatible nanomaterial against Alzhei-
mer’s-like symptoms. The established zebrafish model also opens
the door to economically viable, high-throughput in vivo
screening of emerging nanomedicines targeting a wide range of
amyloid diseases.

Results and discussion

Scheme of study. Different fractions of caseins, e.g., a5 and f,
have a known potential for surface-assisted sequestration and
colloidal inhibition of Ay, and insulin amyloid formation31:32,
Herein, pCas with an intrinsic chaperone-like activity?® was
coated on AuNPs by NaBH;-assisted reduction of Au. Synthesis
of the pCas AuNPs was optimized at room temperature to obtain
~5nm in size for efficient BBB translocation while preserving the
random coil structure of PCas that is required for its chaperone
activity30. Cas AuNPs were then characterized for their inhibi-
tory activity against AP, (abbreviated as AP from hereon)
fibrillization in vitro. For in vivo translation, an Ap toxicity model
was developed in zebrafish larvae by cerebroventricular injection
of AP. The biodistribution and translocation of PCas AuNPs
across the larval zebrafish BBB were then determined after
introducing the nanoparticles into the bloodstream via intra-
cardiac injection. Finally, AP and PCas AuNPs were co-
administered via cerebroventricular and intracardiac injections
into zebrafish larvae, and alleviations of Ap-induced behavioral
symptoms were quantified. In addition, AB-induced behavioral
pathology and cognitive dysfunction in adult zebrafish were
rescued by PCas AuNPs, further implicating the chaperone
potential of pCas AuNPs against AP toxicity in vivo.

In vitro interaction of fCas AuNPs and Ap. AP was fibrillized
in vitro from random coils to B-sheet rich amyloid fibrils within
48 at 37 °C. A thioflavin T (ThT) assay was used to study the
fibrillization kinetics (Fig. la), while transmission electron
microscopy (TEM) (Fig. 1b) and circular dichroism (CD) spec-
troscopy were employed to investigate fibril formation and sec-
ondary structural transitions of AP (Fig. lc, d). pCas AuNPs
(Fig. le) often clustered together after binding with AP (Fig. 1f)
and prevented P-sheet formation of the peptide (Fig. la). The
presence of AP coronae on pCas AuNPs was evident from TEM
imaging (Fig. 1f inset). The secondary structure of fCas AuNPs
was predominantly random coils that transitioned into a helices
in AB-pCas AuNPs complex (Fig. 1g, d). fCas formed micelles of
~100nm in size in the aqueous medium (Fig. 1h). Upon incu-
bation with Af, pCas (in the absence of the AuNPs) induced an
early onset of fibrillization as revealed by the ThT assay (Fig. 1a),
which can be attributed to the fast nucleation of A promoted by
BCas micelles in vicinity>4. However, AP fibrillization was not
inhibited and random aggregates of the peptide were observed
under TEM (Fig. 1i). CD spectroscopy indicated that the a-helix
rich structure of PCas was converted to B-sheets in fCas + AP
aggregates due to AP fibrillization (Fig. 1j, d). The hydrodynamic
diameters of BCas AuNPs and pCas were increased from 7.5 + 2.6
and 156.3 +344nm to 39.3+54 and 496.1 +114nm (n=3),
respectively (Fig. 1k and Supplementary Table 1). The zeta
potential of fCas AuNPs was markedly elevated from —11.7 + 1.8
to —33.7£2.1mV (n=3), indicating adsorption of anionic Af
onto the surfaces of PCas AuNPs (Supplementary Table 1).
Clusterization of pCas AuNPs was confirmed by hyperspectral
imaging (HSI), where the surface plasmon resonance (SPR) of
BCas AuNPs was red shifted from 490 21 to 601 +24nm (n =
3) upon aggregation and light illumination (Supplementary
Fig. 1A-C). As oligomers/protofibrils are the main toxic species
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Fig. 1 In vitro inhibitory interactions between pCas AuNPs and fCas with AB. a ThT assay of AB alone (50 uM) and in the presence of Cas AuNPs

(equivalent to 6.25 uM of fCas) and pCas (6.25 uM) (n = 4). pCas AuNPs completely inhibited while fCas decreased (p < 0.005) the lag time and plateau
ThT fluorescence of A fibrillization. b TEM image of fibrillized Ap. ¢ CD spectra of Ap (100 uM) before and after fibrillization indicate conformation change
from random coils (198 nm peak) to p-sheets (220 nm peak). d Secondary structure of AB (100 uM) fibrillized with and without pCas AuNPs or pCas
(n=4). TEM images of pCas AuNPs before (e) and after incubation with Ap (f; inset shows AP corona on a fCas AuNP). g CD spectra of fCas AuNPs
before and after incubation with Ap. TEM images of pCas before (h) and after (i) incubation with AB. j Appearance of a negative peak at 218 nm in CD
spectra of pCas + A indicates limited A fibrillization into B-sheets. After binding with AB, the a-helix contents of BCas AuNPs were decreased
significantly (p < 0.05) from 56 to 21%; while in the case of fCas, a-helices decreased from 41to 22% (p < 0.005) and B-sheets increased from 24 to 38%
(p <0.05). k Hydrodynamic radius of AP before and after fibrillization in the presence and absence of pCas AuNPs or pCas. | Quantification of binding
capacity of pCas AuNPs or pCas with Apm or Apo (n = 4). pCas AuNPs (6.25 uM pCas equivalent) were able to bind up to 152.3 +13.4 and 190.7 £ 10.9 uM
of Apm and Apo. pCas (6.25 uM) was only able to adsorb 62.4 £ 3.4 and 26.4 + 4.6 uM of Apm and Ao, indicating a significant (p < 0.005) increase in Ap
binding capacity of pCas in the form of fCas AuNPs. m, n Enhanced binding of ABm and Afo with fCas promoted by the AuNP substrate. Scale bars in

TEM images is 100 nm, while F inset is 5 nm. Error bars represent the standard deviation. Source data are provided as a Source Data file

of amyloid proteins'4, interactions of PCas AuNPs with AP
monomers (APm) and AP oligomers (Afo) were also examined.
The in vitro binding between APo/m and pCas or fCas AuNPs
was further quantified by a bicinchoninic acid assay (BCA) and
thermogravimetric analysis (TGA). pCas or fCas AuNPs were
incubated with different concentrations of ABm or APo for 48 h
and centrifuged to remove free AB. The centrifuged pellets con-
taining APm or APo bound to pCas or pCas AuNPs were sub-
jected to analysis (Supplementary Fig. 1D). The maximum
binding capacity between AP and BCas (6.25 pM) was quantified
to be 62 and 26 uM for APm and Apo, respectively (Fig. 11).
However, when PCas AuNPs (containing 6.25puM BCas) were
exposed to AP, the maximum binding capacity was increased to
152 and 190 uM for APm and Ao, respectively. Similar results
were obtained with TGA, where no difference in the TGA curve
was observed when the concentration of AB was increased beyond

0.3 and 0.06 mM for BCas AuNPs and PBCas, respectively, sug-
gesting binding saturations (Supplementary Fig. 1E). The differ-
ential binding of BCas and fCas AuNPs with Apm/o is illustrated
in Fig. 1m, n.

The high affinity of fCas AuNPs for APo can be attributed to
the ability of BCas to bind with misfolded/molten globules of
proteins?8. To further investigate the differential binding of BCas
AuNPs with Apo and APm, we incubated fCas AuNPs with
preformed APo and APm for 3h and separated them from
unbound ABo/m via centrifugal washing. The UV-SPR spectra of
BCas AuNPs were significantly suppressed upon incubation with
Ao as compared to APm (Supplementary Fig. 2A). Similarly, the
fluorescence of neutral red-conjugated AuNPs (NR-pCas AuNPs)
was suppressed when incubated with APo (Supplementary
Fig. 2B). This indicates increased adsorption of Apo than ABm
by pCas AuNPs, as further confirmed by TEM imaging of corona
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formation on the nanoparticles (Supplementary Fig. 2C). Further-
more, CD results indicated similar secondary structural distribu-
tions of ABo and APo-pCas AuNPs complex. Thus, the a helices
in ABo-pCas AuNPs complex can be attributed to the Ao corona
on BCas AuNPs (Supplementary Fig. 2D, E). Incubation of pCas
AuNPs with APm did not present any difference in the secondary
structure of BCas AuNPs. That, together with the UV-SPR,
fluorescence and TEM results, confirmed the high affinity of pCas
AuNPs for Afo.

DMD simulations of PCas binding with AuNP and Ap
monomer/oligomer. To gain a molecular insight into the
adsorption of pCas onto an AuNP surface (i.e., the formation of a
BCas AuNP “corona”) and the inhibition mechanism of PCas
AuNPs against AP aggregation, discrete molecular dynamics
(DMD) simulations—an accurate and rapid molecular dynamics
algorithm widely used to study the structure and dynamics of
large molecular systems>3°—were performed (Fig. 2). The
binding of a fCas monomer with an AuNP (4 nm in diameter),
an AB monomer and an AP oligomer were examined (Supple-
mentary Methods), and the control simulations included an
isolated BCas, an AP monomer, and an AP oligomer. We first
computed secondary structure contents from equilibrium simu-
lations (e.g., radius of gyration in Supplementary Fig. 3A and
number of hydrogen bond in Supplementary Fig. 5A indicated
simulations reaching steady states) and used them to estimate the
expected CD spectra for different molecular systems (Fig. 2b).
The predicted CD spectra agreed well with the experimental
results (Fig. 1c, g, j, d) in terms of secondary structural changes.
As expected, pCas was intrinsically disordered with unstructured
coils as the dominant secondary structure. Upon binding the

AuNP, PCas exhibited increased coil and decreased helix and
sheet contents both in silico (Fig. 2b inset) and in vitro (Fig. 1g, j,
d). Analysis identified several specific binding sites of pCas for the
AuNP, such as residues His65, Phe67, Lys122, Met124, and
His159 (the upper panel in Fig. 2a). Based on clustering analysis
of the structural ensemble from multiple independent DMD
simulations (Supplementary Methods), representative binding
structures of BCas monomers with the AuNP were obtained
(Supplementary Fig. 3B), where individual pCas partially covered
the AuNP. To form a monolayer protein corona, at least three
BCas molecules were required to fully coat the AuNP surface
(Fig. 2c¢, estimated by covering the NP surface with randomly
selected centroid structures from top ten clusters shown in Sup-
plementary Fig. 3B). When BCas bound to an AP monomer, the
overall contents of ordered helices and sheets increased while
coils decreased (Fig. 2b), in agreement with the experiments
(Fig. 1c, j, d). Residues in fCas that had strong binding with the
AP monomer did not overlap with those preferred to bind the
AuNP (Fig. 2a). This result suggests that pCas AuNP could still
bind to AP monomers, as illustrated by the fCas-AuNP complex
where AB-binding residues were exposed (Fig. 2¢, with the pro-
tein surface color-coded according to their binding probabilities
with the AR monomer). Although we did not perform simula-
tions for the binding of AP with BCas AuNP, due to the prohi-
bitively large system, we expected similar trends of secondary
structure changes as observed in the experiments (Fig. 1d).
Representative structures of the binding complexes obtained from
the simulations (Supplementary Fig. 4A) suggest that pCas could
bind AP and form either P sheets or helices (Supplementary
Fig. 4B), which in turn inhibited AP aggregation by sequestering
AP in solution or capping AP fibrils from elongation. Moreover,
simulations of BCas with a preformed cross-p AP oligomer
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Fig. 2 DMD simulations of pCas binding with AuNP, Ap monomer, and oligomer. a Binding probabilities of fCas with an AuNP, an AB monomer and an A
oligomer, where high-binding is defined as residues with binding probabilities above one standard deviation from the average (dash lines). fCas high-
binding residue regions with AuNP and with Ap monomer/oligomer are highlighted with bars (inset). b Predicted CD spectra of secondary structure
contents (inset) derived from simulations. ¢ Predicted fCas-AuNP corona structures comprised of three pCas proteins on an AuNP surface (right) and
corresponding molecular surfaces of the proteins (left) are shown to highlight their binding with an AB monomer, where each pCas residue was colored
from purple (low) to red (high) according to its binding probability with Ap monomer as in panel A middle. Source data are provided as a Source Data file
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indicate that the BCas-AuNP complex could bind AP oligomer
(Fig. 2a) and the strong binding between BCas and AP oligomer
(Supplementary Fig. 5D) inhibited further growth of the initial
oligomer (i.e., inset of Supplementary Fig. 5E) into an extended -
sheet structure via conformational rearrangements. Taken toge-
ther, our simulations were not only consistent with the ensemble
measurements in vitro, but also uncovered the molecular
mechanism for the formation of the pCas AuNP complex and
their inhibition of AP aggregation via either sequestering of Af
monomers or capping of AP fibril elongation. In addition, the
binding of AP with a bare AuNP is presented in Supplementary
Fig. 6. Approximating the binding affinity and energy differences
between the complex (BCas+ AuNP, AP+ AuNP) and indivi-
dual components (BCas, AB) from DMD simulations (Fig. 2 and
Supplementary Fig. 6) revealed that the binding of pCas with the
AuNP was significantly stronger than the binding of Af with the
AuNP (AAG ~—194kcal mol~!) (Supplementary Table 2).
Hence, replacement of PCas corona with AP was energetically
unfavorable.

Development of A toxicity model in zebrafish larvae. Zebra-
fish larvae express human orthologues of AP, APP, and y-
secretase components (PSENEN37, NCTN38, APH,b37) 24 h after
hatching®. Gene knockout or chemical inhibitors may create an
imbalance among these protein components to result in neuro-
logical and behavioral abnormalities®®4!, Here, an AP toxicity
model was developed using zebrafish larvae (5 days old) by
injecting AP into the cerebroventricular space (Fig. 3a and Sup-
plementary Fig. 7). In vivo oligomerization of AP into toxic oli-
gomeric species induced pathological features in zebrafish larvae
after 5 days of AP treatment (Fig. 3b). Different concentrations of
AP were injected into the larvae and no lethality was observed
even with the highest concentration of Ap, at 1200 fM per larva.
However, reduced locomotion of the larvae was notable in a
concentration dependent manner, with nonresponsive mobility
and a loss of balance at higher AP concentrations (=75 fM)
(Fig. 3c). The nonresponsiveness of the larvae was recorded
using tapping as a stimulus and loss of balance was observed as a
tilt of the larvae from the normal horizontal axis to the imbal-
anced vertical axis (Supplementary Videos 1-3). The larvae
injected with 10, 50, and 100 fM AP were characterized on an
automated zebrafish behavior analysis system, to quantify total
distance traveled and frequency of movement during the 1h
recording period. Observations were made on the third (Sup-
plementary Fig. 8A) and fifth (Fig. 3d) day post treatment with
AP. Significant reductions in both total distance traveled and
frequency of movements were noted, in a concentration-
dependent manner on the fifth day, in Ap-treated larvae com-
pared to untreated control. To visualize the presence of Ap fibrils
in the brain of the larvae, Congo red dye was injected in the
cerebroventricular space of zebrafish larvae (Fig. 3e) on the third
(Supplementary Fig. 8B) and fifth day post injection of Ap
(Fig. 3f). Significantly increased fluorescence was observed
from the brain of the AP-injected larvae on the fifth day post
injection. By comparison, Congo red dye was injected in
untreated control and no fluorescence was observed (Fig. 3g). Ap
amyloid formation in the brain of zebrafish larvae was further
confirmed by matrix assisted laser desorption/ionization
(MALDI) analysis. Five days post injection with AP, the larvae
heads were excised after euthanization, homogenized in
phosphate-buffered saline (PBS) buffer and analyzed by MALDIL
A peak corresponding to the molecular weight of Af was
observed at 4538.1 mz ! (Fig. 3h). AP treated larvae were further
fixed, cryo-sectioned and stained with Congo red. AP plaques
were observed using the red fluorescence protein (RFP) channel

of a microscope (Fig. 3i). No red fluorescence was observed in
untreated control (Fig. 3j).

Biodistribution of pCas AuNPs in zebrafish larvae. The bio-
distribution of fCas AuNPs was characterized by conjugating the
AuNPs with NR dye and injecting the AuNPs via the intracardiac
route (Fig. 4a). Whole-mount imaging was performed under the
RFP channel of a fluorescence microscope at 0.5, 6, and 12 h after
injection in order to trace the biodistribution of NR-BCas AuNPs
in different regions of the larvae (Fig. 4b). No fluorescence was
observed from the dorsal or lateral view of the larvae in the
control (Supplementary Fig. 9). The zebrafish BBB is a double-
layered membrane separating cerebral blood vessels from brain
tissues. Alongside tight junctions, zebrafish BBB expresses
occluding, claudins and p-glycoproteins and thus possesses a
selectivity against xenobiotics?>43. In the present study, upon
intracardiac injection of NR-BCas AuNPs into larvae, bright red
fluorescence was observed from the brain after 0.5h, indicating
translocation of BCas AuNPs across the BBB (Fig. 4c). At 6 h after
injection, the fluorescence from the cerebral region was decreased
while it was recorded in the liver. However, the fluorescence was
diminished from the liver at 12 h. pCas AuNPs were detectable by
HSI and the SPR signals of the AuNPs were recorded from the
brain sections of the larvae, prepared 0.5 h post injection of pCas
AuNPs (Fig. 4d). However, no AuNPs or SPR were detected from
the brain of untreated control. Finally, inductively coupled
plasma mass spectroscopy (ICP-MS) was performed to further
quantify the presence of AuNPs in the brain. The larvae treated
with intracardiac injection of Cas AuNPs were euthanized at 0.5,
0.6, and 12 h and their heads were homogenized and quantified
for Au in the brain and trunks. The concentration of Au was the
highest in the brain at 0.5 h while decreased to the lowest level at
12h (Fig. 4e). A correlation of AuNPs injected in the heart and
delivered across the brain is shown in Fig. 4f. Injection of 1.5, 3,
and 6ng Au equivalent AuNPs via the heart delivered around
0.15, 0.45, and 0.5ng of AuNPs to the brain, indicating that
injection of >3 ng of AuNPs did not increase the delivery of
AuNPs to the cerebral region. TEM images of microtome slices of
the zebrafish larval brain also showed the presence of PCas
AuNPs in the intracellular space (Supplementary Fig. 10).

Apart from the brain, 5 nm pCas AuNPs (conjugated with NR
dye) also distributed to the fins and were imaged while circulating
inside the microvasculature of zebrafish larvae (Supplementary
Fig. 11). In contrast to PCas AuNPs, NR-conjugated PCas
micelles (4.5 ng) were not able to translocate across the BBB and,
instead, accumulated in the liver 6 and 12h post injection
(Supplementary Fig. 12) due to their larger sizes.

Mitigation of AP toxicity and pathological symptoms. Mitiga-
tion of AP toxicity was first assessed in vitro with SH-SY5Y
neuronal cells. pCas AuNPs were able to sequester A toxicity
against SH-SY5Y cells in the viability assay (Supplementary
Fig. 13A). Helium ion microscopy (HIM) revealed morphological
damage induced by AP to the SH-SY5Y cells and their recovery
by BCas AuNPs (Supplementary Fig. 13B, C). For in vivo, Ap
toxicity was induced in the zebrafish larvae by cerebroventricular
injection of AP and was relieved by intracardiac injection of pCas
AuNPs. Specifically, fCas AuNPs were administered at different
time intervals post AP injection and the exposed larvae were
studied for their behaviors 3 (Supplementary Fig. 14) and 5 days
(Fig. 5a) post AP injection. fCas AuNPs completely relieved the
symptoms when treated within 2h of AP injection, as indicated
by the total distance traveled, movement frequency and trajec-
tories during 1h of observation. Administration of fCas AuNPs,
6h after AP treatment, partially alleviated the behavioral
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horizontal swimming position (orange bars) (n=10). d The behavior of the larvae was further recorded on an automated zebrafish behavior monitoring
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observation. e Five days after Ap (100 fM) treatment, larvae were further treated with Congo red (100 fM) via cerebroventricular injection. Whole mount
larvae were imaged under the RFP channel 6 h after Ap treatment. f Significant fluorescence was retained in the cereberal region of larvae on the fifth day
post AB treatment. g Congo red injected in untreated larva was not retained in the cerebral region. h MALDI detection of Ap in the brain of zebrafish larvae,
5 days post Ap injection (n =10, Mean + SD). Five days after cerebroventricular injection of Ap, the heads of zebrafish larvae were excised after
euthanization. The heads were homogenized in Holtfreter's buffer and subjected to MALDI-TOF/TOF analysis. Peak corresponding to Ap molecular weight
was observed at 4538.1mz 1. Untreated larvae and matrix alone were used as controls. i Congo red-stained thin section (sagittal) of Ap treated larvae
brain tissue. Bright red spots were observed in the cerebral region of larvae, corresponding to the AR amyloid or plaque formation. j In thin sections of the
brain tissue of untreated larvae (negative control), no red spots were observed. Scale bars in all images are 200 uM, while in i and j inset are 20 pM. Error
bars represent the standard deviation. Source data are provided as a Source Data file

symptoms. However, treatment with fCas AuNPs 12 h after AP
injection did not rescue the larvae from A toxicity, indicating the
neurotoxicity of AP had been initiated. This observation corre-
lates with the nucleation and oligomerization of AP into toxic
species around 12h, as indicated by the ThT kinetic assay
(Fig. 1a). In contrast, fCas micelles failed to rescue the larvae
from A toxicity even injected 2 h after AP administration. fCas
AuNPs and PCas as controls did not induce any behavioral
abnormalities in zebrafish larvae (Supplementary Fig. 15). In

6 NATURE COMMUNICAT

addition, citrate-capped AuNPs failed to rescue the larvae from
AP toxicity, implicating that pCas, but not AuNPs was mainly
responsible for toxicity mitigation (Fig. 5a).

Microtome slices of the brain tissues of zebrafish larvae, treated
with AP and pCas AuNPs, were prepared on the fifth day post Ap
treatment and stained with Congo red. No amyloid plaque
formation was observed (Fig. 5b), indicating elimination of AP
species by pCas AuNPs. Immunohistochemistry (IHC) (Fig. 5¢)
and polarized light microscopy (Fig. 5d) further confirmed
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Fig. 4 In vivo biodistribution of fCas AuNPs in zebrafish larvae. a pCas AuNPs were conjugated with neutral red and injected to zebrafish larvae (5 day old)
via the intracardiac route in a dose equivalent to 3 ng Au per 4.5 ng pCas. b Labeled BCas AuNPs were traced for in vivo distribution at 0.5, 6, and 12 h in
dorsal and lateral positions (c). Bright fluorescence was observed from the brain 0.5 h after AuNP administration. However, fluorescence was eliminated
from the cerebral region in 6 h, while it took 12 h to eliminate from the body (scale bars: 200 uM). d Tissue microtome of zebrafish brain was subjected to
HSI imaging. Spectral angular mapping (SAM) images were built from HSI by scanning against the pCas AuNPs spectral library. SAM and Rule images
colored the pixels as red and black, respectively, that have matching spectra of fCas AuNPs. Zebrafish larvae with fCas AuNPs in the brain presented black
spots in Rule images and red pixels in SAM images. SPR spectra with peak ~530 nm were observed in the brain of fCas AuNPs treated larvae. No such
spectra were recorded for control larva (scale bars: darkfield 200 uM; HSI, SAM, HSI 4 SAM, Rule: 10 uM; inset scale bar: 2 uM; scale bar for fCas AuNPs:
10 uM, inset scale bar: 0.5 uM). e ICP MS analysis, where the AuNP concentration was the highest in the larval brain at 0.5h, i.e., equivalent to 0.6 + 0.1ng
of Au, and dropped to 0.05 + 0.01 and 0.02 + 0.008 ng at 6 and 12 h, respectively (n =10). f Dose-response relationship between the amount of AuNPs
injected vs. the amount of AuNPs delivered across the brain (n =10). Significantly (p < 0.05) increased amount of Au was delivered when intracardiac dose
of AuNPs was increased from 1.5 to 3 ng equivalent. However, increasing the dose from 3 to 6 ng did not improve AuNP delivery across the BBB, indicating
a dose saturation. Error bars represent the standard deviation. Source data are provided as a Source Data file

deposition of AP amyloids in the brain tissues of zebrafish larvae, were quantified and loss of synaptophysin was imaged (Fig. 6), to
but not in Cas AuNPs-treated or untreated control larvae. The vindicate the potency of fCas AuNPs against the toxicity of Ap.
positive controls of fibrillized AP analyzed by IHC and polarized ~ Zebrafish are reported to possess cholinergic, glutamatergic and
light microscopy were shown in Supplementary Fig. 16. GABAergic neurotransmission that change in response to

In addition to the behavioral symptoms, the neurotransmitters neurological dysfunction®*. The acetylcholine esterase (AchE)
associated with AP toxicity and reactive oxygen species (ROS) and glutamate (GLT) levels were therefore assayed in AP and
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Fig. 5 Mitigation of AP toxicity in zebrafish larvae with pCas AuNPs. a Ap

peptide was injected into the cerebroventricular space at 10, 50, and 100 fM

concentrations (n =20, mean + SD). Zebrafish larvae were monitored on an automated behavior monitoring system at fifth day post Ap treatment and
parameters of total distance traveled, movement frequency and trajectory path were observed for 1h. Significant (p < 0.005) difference in the behavior of
the larvae was observed on the fifth day post treatment. fCas AuNPs injected, via the intracardiac route 2 and 6 h after the Ap treatment, rescued the
larvae from AP toxicity and from developing Alzheimer’s-like symptoms. Representative trajectories of the larvae are displayed in the far-right column.
Treating the larvae with pCas AuNPs, 12 and 24 h post A treatment, failed to protect the larvae from developing A toxicity. b Zebrafish larvae, treated

with pCas AuNPs 2 h after Af treatment were fixed, sliced and stained with

Congo red to image any A fibrils that could have formed. Tissue slices of the

brain section did not present any red fluorescence, indicating no Ap fibril formation in fCas AuNPs treated larvae (scale bars: 200 uM; inset scale bar:

20 uM). Furthermore, immunohistochemistry (IHC) (e) and polarized light
aggregated AP in the larval brain while no Af deposition was observed in

microscopy (apple green birefringence of amyloid) (d) revealed deposition of
pCas AuNPs or buffer treated larvae (Scale bars: IHC, 30 uM; polarized light

microscopy, 50 uM). Error bars represent the standard deviation. Source data are provided as a Source Data file

AP + PCas AuNPs treated larvae. The heads were separated from
the euthanized larvae, homogenized and used for the assays to
minimize interference from the trunks. The biomarkers were first
evaluated on the fifth day post AP (6{M per larva) treatment.
AChE levels in the Alzheimer’s affected brain are known to be
decreased®®, however, here no significant differences in the AChE
activity (0.10+0.02 a.u. per brain) or GLT level (17.9 £1.2nm
per brain) were observed compared to untreated control (0.09 +
0.01 a.u. for AchE and 19.7 + 1.2 nm for GLT per brain) with 6 fM
AB. As severe cases of Alzheimer’s presence increased levels of
AchE*®, the biomarker assay was performed with 600 fM AB and
the AChE levels were found to increase twofold compared to the
control, i.e., 0.22 + 0.01 a.u. AChE per brain (Fig. 6a). AChE levels
were close to the control in the larvae treated with pCas AuNPs
(3ng Au equivalent) + AB (600 fM). BCas AuNPs and PCas, as
controls, did not elicit any impact on the AChE levels. Similar
results were observed for GLT, where pCas AuNPs reduced the
GLT level from 29.2 £5.08 to 18.1 +3.07 nm per brain (Fig. 6b).
According to the literature, the AP, concentration in the
gray and white matter of the brain of AD patients is 1.3 and
0.25 nm mg 1, respectively?’. Tg2576 mice models of AD present

NATURE C

~1600-1700 fM mg~! of APy, after developing the disease
symptoms*. However, the wet weight of whole zebrafish larva
is ~1 mg and its brain is 4-5 times smaller than its body weight*°.
Considering this physiological relevance of the body weight, A,
was injected in zebrafish larvae over a concentration range of
0.07-1200 fM per larva and based on locomotor response (Fig. 3¢)
100 fM was selected for further experiments. However, 100 fM of
AP concentration did not produce any difference in neurotrans-
mitter levels that are usually disturbed in severe cases of AD%.
Therefore, AP of 600fM was used to observe any possible
fluctuations in neurotransmitters.

ROS generation was quantified by a direct measurement of
dichlorofluorescin diacetate (DCF) fluorescence from the larval
brain (Fig. 6¢, d). It has been shown in literature that oligomeric
amyloid proteins directly interacted with cell membranes to
induce cytotoxicity by membrane disruption and subsequent ROS
generation!4. APo were injected in the cerebroventricular space
and their associated toxicity was determined by ROS generation,
in comparison with the positive control of H,O,. The samples
were mixed with DCF prior to microinjection in larvae. The
corrected total (CT) fluorescence from H,O, and AP treated
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Fig. 6 Neurotransmitters and reactive oxygen species (ROS) in the brain of Ap treated larvae. The biomarkers were measured 5 days post Ap treatment.
Cerebrovascular injection of Ap peptide at 6 fM per larvae did not significantly (p > 0.05) influence the AchE (a) and GLT (b) levels in zebrafish larvae (n =
10). However, increasing the Ap dose to 600 fM significantly increased (p < 0.05) AchE and GLT levels. pCas AuNPs (3 ng Au per 4.5 ng pCas), injected
2 h post Ap treatment, significantly (p <0.005) reduced the AchE and GLT levels on the 5th day post Ap (600 fM) treatment. pCas micelles (dose
equivalent to fCas in 3 ng pCas AuNPs), in comparison, failed to improve (p > 0.05) the biomarker levels. ¢ ROS generation was significantly (p < 0.005)
high in Ap treated (600 fM) larvae. ROS generation was supressed in fCas AuNPs treated larvae and close to control (n =10). d Representative images of
zebrafish larvae expressing DCF/ROS fluorescence when treated with H,O,, AB, Ap + pCas AuNPs, and Ap + Cas. e Larvae's brain sections were stained
for synaptophysin. AB-treated larvae presented loss of synaptophysin indicating neurodegeneration. Scale bars in all images are 200 uM. Error bars
represent the standard deviation. Source data are provided as a Source Data file

larvae were 41 +7.9 and 42.9 8.7, respectively. However, upon
treatment with PCas AuNPs, the CT fluorescence was reduced to
14.5£5.4, comparable to DCF as negative control (8+3.4).
Synaptophysin-based neurodegeneration, an indicator for neuro-
nal synapsis, was also imaged via immunostaining (Fig. 6e). Ap

treated larvae presented a significant loss of synaptophysin as
compared to AP + pCas AuNPs or untreated control larvae.

In this study, zebrafish larvae is developed and used as
a simple, in vivo visual model to study AP fibrillization, toxicity,
behavioral pathology, neurodegeneration, and biodistribution
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and nano-chaperone activity of pCas AuNPs. These
advantages can be employed to screen or study the efficacy,
pharmacokinetics and pharmacology of anti-Alzheimer’s
drugs, specifically  nano-chaperone  based  therapeutic
modalities. However, despite possessing a vertebrate nervous
system, zebrafish larvae still develop cognitive and learning
functions. Therefore, the behavioral pathology observed in this
study may not be clinically equivalent to Alzheimer’s symptoms.
To study the AP toxicity and chaperone activity of pCas AuNPs,
adult zebrafish was employed to offer a more advanced in vivo
model with a cognitive capacity’’. Microinjection of A (1 pL,
50 uM) in adult zebrafish produced behavioral toxicity (Fig. 7a, b),
AP aggregation in brain (Fig. 7c) and clinically relevant
Alzheimer’s-like symptoms (Fig. 7d-f). Retro-orbital microinjec-
tion (1pL, 0.5mM) of pCas AuNPs, 2h post AP treatment,
rescued the adult zebrafish from developing the cognitive
dysfunction.

Expression of human orthologues of Ap-associated neuronal
machinery at 24h post fertilization suggests suitability of
zebrafish for AD modeling3%°1. Macro-organization of the brain
and cellular morphology of zebrafish are parallel to vertebrates
and have led to studies of neurobehavioral pharmacology and
stress-induced behavior>2. In addition, exogenous microinjection
or genetic overexpression of Tau in zebrafish has resulted in
intracellular tangle formation and abnormalities in the animal’s
development and swimming behaviors®>>4. These, together with
our observations, support AP toxicity induction and AD
modeling in zebrafish, especially within the context of cerebral
deposition of AP and their associated behavioral pathology.

Intracardiac injection of pCas AuNPs mitigated the toxicity of
cerebroventricularly injected APy, in a new, high-throughput
zebrafish model. This remarkable capacity of eliminating toxic
APo and rescuing the animal from AD-like symptoms was
evidenced by in vitro assays of ThT, CD, and TEM, in silico
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Fig. 7 Mitigation of Ap toxicity and Alzheimer's-like symptoms in adult zebrafish with pCas AuNPs. a Adult zebrafish (10 months old) were microinjected
(cerebroventricular) with Ap (TuL, 50 uM) and observed for behavioral pathologies at 2 weeks post injection (n =4, SD + mean). To study the mitigation
with BCas AuNPs, pCas AuNPs were microinjected (retro-orbital, TulL, 0.5 mM) 2 h prior to Ap treatment. Ap induced significant reduction in total distance
traveled and movement frequency in adult zebrafish while fCas AuNPs were able to rescue the symptoms. Movement trajectories are presented in
(b). Observations were made for 1min, three times at a 2 h interval for each fish (n =3). ¢ IHC was performed on adult zebrafish brain sections to image
the Ap deposition. The first column represents the right cerebral brain of adult zebrafish in the GFP channel (Scale bars: 200 uM). DAPI, GFP, and merged
images at higher magnifications revealed Ap plaque deposition in Ap treated but not in A+ pCas AuNPs, or untreated control (Scale bars: 20 uM).
Furthermore, cognitive behavior of adult zebrafish was analyzed. f Zebrafish were trained to avoid swimming into the right half (Arena 2) of the swimming
tank (1L) that was labeled red and attached with a source of electric shock (9 V) (Supplementary Fig. 17). After training, the electric source was removed
and the cognitive memory of the fish to remain in arena 1 and to avoid arena 2 was assessed for a period of 2 min (n = 3, three times for each fish ata 2h
interval). The movement trajectories of the fish in arena 1 vs. arena 2 are presented in panel F. Comparative analysis of distance traveled and movement
frequency of the fish in arena 1 (d) vs. arena 2 (e) revealed cognitive dysfunction of Ap-treated fish that were unable to avoid arena 2. However, fCas
AuNPs treated, buffer control and untreated control fish were able to avoid swimming into arena 2. Error bars represent the standard deviation. Source data
are provided as a Source Data file
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examination of AB-PCas AuNP binding, ex vivo assays of
microtome, HSI, ICP-MS, and MALDI analyses of AP impaired
zebrafish brain, in vivo assays of ROS, behavior and neurological
dysfunction biomarkers of zebrafish larvae, and cognition of adult
zebrafish. The binding between AP and BCas was mediated by
nonspecific interactions via the residues of the whey protein that
were free from engagement with the AuNP surface. Adsorption of
BCas onto an AuNP surface enabled trafficking of pCas across the
zebrafish larvae BBB where PCas was then capable of efficiently
binding AP for elimination. Furthermore, pCas AuNPs induced
no harmful effects on the development of healthy zebrafish,
owing to the biocompatibility of both the chaperone-like protein
and the AuNPs. As this nano-formulation meets all key criteria
for a potent in vivo amyloidosis inhibitor, it holds the promise to
be further developed into safe-to-use, preventative nanomedicines
against the pathologies of AD and other debilitating human
amyloid diseases. Although zebrafish lack advanced cognitive
capacity as possessed by rodents, they can serve as a robust,
economic, and high-throughput alternative to complement
neurological mouse models that are no longer deemed
sufficient!?.,

Methods

Animal husbandry and ethics statement. The AB wild-type zebrafish (Danio
rerio) was maintained in a fish breeding circulatory system (Haisheng, Shanghai,
China) at 28 + 0.5 °C with a 14 h light: 10 h dark cycle. The embryos were produced
by adult spawning. For spawning, two pairs of male and female were placed in tank
with shallow water. The male and female were separated by a removable partition
and kept overnight. The spawning was triggered by removing the partition with
first light in the morning and embryos were collected 2 h later, washed with 0.5
ppm methylene blue and placed in petri dish with Holtfreter’s buffer. The healthy
embryos at the same developmental stage were selected and developed to 5-day-old
larvae for further measurement. All the experiments were performed with larvae in
Holtfreter’s buffer®s. Tricaine (0.4% in Holtfreter’s buffer) was used for anesthesia.
When required, larvae were euthanized by placing in 0.01% tricaine in Holtfreter’s
buffer for 10 min that was pre-chilled at 4 °C. The excision of head from the trunk
was performed under an optical stereomicroscope with a sharp surgical blade. All
zebrafish experiments were performed in accordance to the ethical guidelines of
Tongji University and the protocols were approved by the Animal Center of Tongji
University (Protocol #TJLAC-019-113). All in vitro and other experiments were
performed in compliance with the relevant ethics, laws, and institutional guidelines
of Monash University Occupational Health & Safety.

Synthesis of fCas AuNPs. HAuCl, (1 mM, PBS pH 6) was heated at 40 °C and
while stirring at 1000 rpm, added with an equal volume of fCas in PBS (pH 6) at
the concentration of 1 mgmL~1. The heating continued for 10 min and 100 pL of
0.5mM NaBH, was added dropwise to the reaction mixture. The solution turned
wine red indicating the formation of fCas AuNPs. Healing was stopped afler 2 h
while the reaction was kept on stirring for overnight. fCas AuNPs were purified by
centrifugal filtration with 100 kDa spin filters. AuNPs were washed 3x with
deionized water, transferred to PBS (pH 7.4) and stored at 4 °C for further
experimentation. After purification, the fCas concentration in fCas AuNPs was
determined by the BCA method3®. Citrate-capped AuNPs (Cit AuNPs) were
synthesized via a reported method®”. Briefly, a solution of HAuCl, (10 mL, 1 mM)
was brought to boiling at 120 °C and then 1 mL (10 mM) trisodium citrate was
added dropwise. The solution turned to wine red, indicating the formation of Cit
AuNPs. The solution was brought to room temperature, purified via centrifugal
washing with deionized water and stored in dark for further use.

Neutral red (NR) dye was conjugated to fCas and pCas AuNPs for tracing their
biodistributions in zebrafish larvae. The dye was conjugated via 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) coupling. Briefly, 2 mL of 6.25 uM of
BCas or equivalent concentration of fCas AuNPs was stirred overnight with 18 uyM
of EDC, 23 uM of N-hydroxysuccinimide (NHS), and 14 uM of the NR dye. The
NR-conjugated fCas or fCas AuNPs were purified via centrifugal filtration,
transferred to PBS (pH 7.4) and stored for in vivo assays.

ThT kinetic assay. Ap was treated with hexafluoro-2-propanol (HFIP) to break-
down pre-existing small aggregates. Specifically, 0.5 mg of AP (Anaspec Inc.,
purity > 95%) was dissolved in 500 uL of HFIP, incubated for 3 h, aliquoted to
different concentrations and dried to evaporate the HFIP. The dried AP was dis-
solved in 0.01% NH,OH for dissolution purpose and left in the open for 20 min to
evaporate NH,OH, leaving behind the aqueous solution of AP that was used for
further experiments. For the thioflavin T (ThT) assay, a 50 uL aqueous solution of
50 uM AP and 100 uM of ThT were incubated with or without pCas (6.25 uM) or
equivalent concentration of fCas AuNPs in a 96-well plate. The ThT fluorescence

was recorded with excitation at 445 nm and emission at 488 nm, at 30 min intervals
for 48 h.

Transmission electron microscopy. A} was mixed with pCas or fCas AuNPs in
the same ratio as for the ThT assay and incubated for 48 h. After incubation, a drop
of each sample was placed on a glow discharged, carbon coated copper grid

and blotted after 1 min The sample-coated grid was negatively stained with 1%
uranyl acetate that was blotted after 30 s. The grid was dried in vacuum and
visualized with a Technei F20 transmission electron microscope operated at a
voltage of 200kV.

CD spectroscopy, hydrodynamic size, and zeta potential. The secondary
structural contents of pCas, pCas AuNPs, APm, APo, AP fibrillized w/o BCas or
BCas AuNPs were determined by CD spectroscopy. In all, 200 L of the sample was
pipetted into a CD cuvette and the concentration of Ap was 100 uM while fCas and
BCas AuNPs were 12.5uM PCas equivalent in all CD measurements. The incu-
bation time was 48 h at 37 °C and the incubation medium was deionized water. CD
spectra were recorded from 190 to 240 nm with a 1 nm step size. The acquired data
were presented in the unit of millidegrees (mdeg). Percentage secondary structure
contents were determined by analyzing the CD data via Dichroweb with Contin/
reference set 4°8. The hydrodynamic diameter and zeta potential of the AuNPs
were measured with dynamic light scattering under ambient conditions (Malvern
Instruments). The concentrations and incubation conditions were the same as for
the CD experiments.

Binding capacity (BCA, TGA, TEM, CD, UV-SPR, and fluorescence micro-
scopy). The binding capacity between AP and BCas or fCas AuNPs was deter-
mined via a BCA assay’® and TGA. Briefly, 6.25 uM of BCas or equivalent fCas
AuNPs were incubated with varying concentrations of APm (monomers) or Apo
(oligomers) ranging from 2 to 1137 uM. Incubation time was 48 h at 37 °C in
deionized water. HFIP-treated AP was considered as ABm while ABm incubated in
water for 12 h at 4 °C was considered as Afo. After incubation, the samples were
centrifuged at 17,300 x g for 30 min and the pellets were redispersed in 10 uL of
deionized water and subjected to BCA protein content quantification. The BCA
binding efficacy was presented in terms of the amount of AB bound to fCas or
BCas AuNPs. For TGA analysis, the pellet dispersed in 10 uL water was placed as a
drop on a platinum pan. The samples were held at 80 °C for 30 min and then
scanned from 80 to 800 °C at a scanning rate of 10 °C min~! under a constant flow
of nitrogen of 1 mgmL~". For ABm and APo, 10 uL of 1 mgmL~! of the peptide
was placed on a TGA pan and scanned under the same conditions.

To assess binding affinity, fCas AuNPs or NR-BCas AuNPs (12.5 uM BCas
equivalent) were incubated with preformed Apo or APm (100 uM) for 3 h at 37°C
and unbound APm/o was removed via centrifugal washing thrice (25,000 x g for
10 min at 4 °C). CD and TEM were performed as described above in the respective
sections. UV-SPR for fCas AuNPs and fluorescence spectra (NR-BCas AuNPs,
excitation at 470 nm) were recorded with a microplate reader.

Cellular toxicity. SH-SY5Y (ATCC® CRL-2266~) human bone marrow neuro-
blastoma cells were cultured in Dulbecco's Modified Eagle Medium: Nutrient
Mixture F-12 (DMEM/F12) with 10% fetal bovine serum (FBS). A 96-well plate
(Costar black/clear bottom) was coated with 70 pL of poly-L-lysine (Sigma, 0.01%)
and incubated at 37 °C for 30 min. After removing poly-1-lysine, the wells were
washed by PBS thrice. Cells (~50,000 cells per well per 200 uL. medium) were added
to the wells and incubated at 37 °C with 5% CO, for 24 h to reach ~70-80% of
confluency. The cell culture medium was then refreshed with 1 uM propidium (PI)
dye in DMEM/F12 with 10% FBS and incubated for another 30 min A was freshly
dissolved in 0.005% NH,OH bulffer, in the presence or absence of fCas AuNPs and
added to the wells with final concentration of 20 and 50 pM for AP and BCas
AuNPs, respectively. Cellular toxicity was recorded by Operetta (PerkinElmer,
20x PlanApo microscope objective, numerical aperture: 0.7) in a live cell chamber
(37 °C, 5% CO,) after 15 h of treatment. The percentage of dead cells (PI-positive)
to total cell count was determined by a built-in bright-field mapping function of
Harmony High-Content Imaging and Analysis software (PerkinElmer). The
measurement was performed in triplicate and conducted at five reads per well.
Untreated cells were recorded as control.

Helium ion microscopy. SH-SY5Y neuronal cells were incubated with A in the
presence or absence of BCas AuNPs as described for the cellular toxicity assay. The
incubation was performed for 2 h at 37 °C and then stabilized by 2.5% paraf-
ormaldehyde. The samples were incubated at 4 °C overnight. The paraformalde-
hyde/medium was replaced with gradient concentrations of ethanol in the five steps
of 20%, 40%, 60%, 80%, and 95%, respectively, with ~2 h of rest time at each
gradient. In all, 30 pL suspension of cells was air-dried on a carbon tape and the
morphologies of the cells were visualized by HIM (Orion NanoFab, Zeiss, USA).
Untreated cells were used as control.

Microinjection of A, Cas, fCas AuNPs, and Cit AuNPs in zebrafish larvae.
HFIP-treated AP (10 pg) was dissolved in PBS (pH 7.4) to make a stock solution of

NATURE COMMUNICATIONS | (2019)10:3780 | https://doi.org/10.1038/541467-019-11762-0 | www.nature.com/naturecommunications 11

91



ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-11762-0

100 uM. Dilutions of 0.07-1200 fM of AP per 5nL were made in PBS and injected
(5nL injection volume) into the cerebroventricular space of 5 days old zebrafish
larvae. PBS alone was used as negative control. For microinjection, zebrafish larvae
were anesthetized by adding 2 drops of 0.4% tricaine in petri dish and waited until
the larvae stopped moving in response to tapping on the table. The larvae were
positioned on a 1% agarose gel plate and microinjected with AP peptide. Micro-
injections were performed with a fine calibrated needle of a pneumatic micro-
injection system (PV830 Pneumatic Picopump, WPI) operated under 20 psi of
injection pressure. The tip of the glass capillary needle was inserted in the ven-
tricular space, across the dorsal soft skin tissue. The tip was ensured not to
penetrate more than 0.1-0.3 mm across the center meeting point of left and right
telencephalon (Supplementary Video 4). fCas and fCas AuNPs were administered
under similar conditions via intracardiac microinjection (Supplementary Video 5).
The original as-synthesized fCas AuNPs solution contained 1 and 1.5 ng of Au and
BCas per 5nL. The original fCas AuNPs solution was concentrated 3x and
redispersed in PBS. A 5nL of this solution was microinjected into zebrafish
larvae via the intracardiac route and each 5 nL contained 3 ng of Au per 4.5 ng
(37.5uM mL~!) of BCas in the form of fCas AuNPs. PCas solution of equivalent
concentration was prepared in PBS for microinjection. For dose dependent delivery
of pCas AuNPs in cerebral tissues, the original Cas AuNPs solution was con-
centrated to 1.5, 3, and 6x, and dispersed in PBS prior to intracardiac micro-
injection to zebrafish larvae. Cit AuNPs were concentrated to equal concentration
as pCas AuNPs and microinjected into the larvae with the same protocol.

Zebrafish larvae al pathology. Larval response to tapping stimuli in a
96-well plate was observed. The 96-well plate was tapped gently at the rate of 1
per sec and the larvae unable to move after five consecutive stimuli were counted as
nonresponsive. Furthermore, the larvae losing their horizontal swimming position
at higher doses of Ap were also counted and the percentage of the larvae losing
response to stimuli and their swimming position was calculated. The swimming
behavior of zebrafish larvae was observed with an automated zebrafish behavior
recording system ZebraBox (Viewpoint) and characterized in terms of total dis-
tance traveled by the larvae in a 96-well plate and range of the movement that was
>90°, clockwise or counter clockwise, were counted. Representative trajectories of
the movement were also recorded by built-in sensors. The observation period was
1h. The number of larvae in each group was 20 and 3 groups were used for each
sample. The larvae treated with pCas or fCas AuNPs, 2 h after AP treatment, were
monitored for behavioral pathology with the same method.

Fluorescence imaging, IHC, and polarized light microscopy. Whole mount
larval imaging was performed under the brightfield (BF) and RFP channels of a
stereomicroscope (Olympus MVX10). For imaging of Af in the cerebral region, the
AP treated larvae (100 fM, cerebroventricular microinjection) was microinjected
with 100 fM of Congo red on the third and fifth day post Ap treatment. The larvae
were placed in Holtfreter’s buffer for 6 h to allow staining of the amyloids. The
larvae were anesthetized immediately prior to imaging with 0.4% tricaine, and
positioned in dorsal or lateral view in a drop of 1% low-melting agarose gel. The
cerebral region, fin and mid-vascular region of the larvae were imaged with the
same method. The biodistribution of NR-conjugated pCas or fCas AuNPs was
imaged by following the same method 0.5, 6, and 12 h post-pCas or fCas AuNPs
treatment via intracardiac microinjection. The microinjection volume was 5 nL
with a dose of 4.5 ng for pCas (37.5 pM) or pCas AuNPs equivalent to 4.5 ng fCas.

For Congo red staining of the sliced sections of the zebrafish larvae, A
(100 fM) treated larvae were first fixed in 2.5% paraformaldehyde for 12 h at 4°C.
Microtome slices of zebrafish larvae were prepared by embedding the larvae into
paraffin. The paraffin-embedded larvae were cut into thin slices of 5 uM via
microtome and slices were placed in a hot water bath (40 °C) for removal of any
wrinkles. The slices were then mounted on glass slides and dried. Slide mounted
slices were dewaxed by treating with (1) xylene for 2h, (2) absolute ethanol for
15 min, and (3) 75% ethanol for 5 min and then rinsed with deionized water. The
slices were treated with 0.5% Congo red stain in 50% ethanol for 20 min, rinsed
with water, differentiated with 1% NaOH solution in 50% ethanol (5-10 dips) and
again rinsed with water. The slices were then dehydrated with 95% ethanol (3 min)
and 2 dips in 100% ethanol (each 3 min) and cleared with 2 dips in xylene (each
3 min). The samples were finally sealed with neutral gum and imaged with an
optical microscope.

For IHC, 5 uM thick sections of zebrafish larvae were mounted on glass slides as
for Congo red staining. The dried sections were washed in PBS (pH 7.4) and
TritonX-100 (0.05% in PBS) for 5 min each. A drop (50 pL, 2 pgmL~1) of primary
antibody (Anti-amyloid 42, mouse monoclonal, Anaspec, AS-55922) was placed
on each section on the glass slides and incubated at 4 °C overnight. Primary
antibodies were washed away from the sections by dipping in PBS and TritonX-100
(0.05% in PBS) for 5 min. Sections were incubated with a drop (50 uL, 2 ugmL~1)
of secondary antibody (Goat anti-mouse HiLyte™ Fluor 488—Ilabeled, Anaspec,
AS-61057-05-H488) for 6 h at room temperature. The secondary antibodies were
washed away by dipping the slides in TritonX-100 (0.05% in PBS) for 5 min. Slides
were dried, mounted with a cover slip using a drop of 50% glycerol and imaged
under a fluorescence microscope (Nikon Ti-Eclipse). The larvae’s brain sections
were immunostained for synaptophysin with the same method using primary
(50 puL, 2 pg mL~! of anti-Synaptophysin antibody, abcam, Cat# ab32594) and
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secondary antibodies (50 pL, 2 pg mL~! of Goat Anti-Rabbit IgG H&L, Alexa
Fluor® 488, abcam, Cat# ab150081).

Polarized light microscopy was performed on the Congo red-stained larvae
tissue sections. The slides were imaged for birefringence under an Abrio
polarization microscope. A drop (50 pL, 20 uM) of fibrillized AP was placed and
dried on a glass slide. The dried sample was processed same as for larva tissue
sections for immunostaining and polarized light microscopy and used as control.

Darkfield HSI. Zebrafish larvae at 0.5 h post treatment with intracardiac micro-
injection of fCas AuNP (3 ng Au per 4.5 ng fCas equivalent) were euthanized and
fixed in 2.5% paraformaldehyde for 12 h and then sliced to thin sections, dehy-
drated and mounted on glass slides with the same procedure as described for
fluorescence microscopy. HSI was performed with a CytoViva darkfield micro-
scope equipped with a pixelFly CCD camera. ENVI 4.8 software was used to
capture and process the images and to acquire AuNPs spectra. The darkfield
images were captured and then scanned for HSI for fCas AuNPs treated larvae,
untreated control larvae and pCas AuNPs alone. fCas AuNPs alone as control were
used to acquire the spectral library of AuNPs by selecting ~1500 pixels with region
of interest function of ENVI 4.8. Spectral libraries obtained from fCas AuNPs and
a mean spectral signature was generated. The mean spectral signature of pCas
AuNPs was used to filter against the selected pixels (~1000) from pCas AuNPs
treated and untreated control larval images to generate spectral angular mapping
images. Rule images were obtained by matching the pixel spectra from BCas
AuNPs against fCas AuNPs or untreated larval images. Rule images darkened the
pixels with matching spectra of fCas AuNPs. All images were normalized against
lamp spectra. For HSI imaging of fCas AuNPs and fCas AuNPs incubated with
AP, the AuNPs were incubated with AP at the same ratio as for ThT for 48 h. A
drop of each sample was placed on a glass slide covered with a slip. Darkfield
images and SPR spectra of the AuNPs were obtained by scanning ~1500 pixels for
each sample.

TEM imaging of brain tissues. For TEM analysis of tissues, zebrafish larvae were
injected with 3 ng Au per 4.5 ng pCas equivalent fCas AuNPs via intracardiac
microinjection as described above, euthanized and fixed in 2.5% glutaraldehyde
0.5 h post treatment. The larvae were treated with 1% osmium tetroxide for 4 h
(4°C) and then washed three times with 0.1 M PBS buffer (pH 7.4), 15 min each.
The larvae were then treated with 1% citrate in 0.1 M PBS buffer (pH 7.4, 20 °C) for
2 h and again washed three times with 0.1 M PBS (pH 7.4), at 15 min each. After
that the larvae were dehydrated by treating with 50, 60, 70, 80, 90, and 100%
ethanol, at 15 min each. Following that the larvae were treated with acetone: 812
embedding agent (1:1) and then with 812 embedding agent, both for overnight and
then baked at 60 °C for 4 h for polymerization of embedding resin. The larvae were
finally sliced into ultra-thing sections of 60-80 nm with Diatome ultra 45°. The
sections were double stained with 2% solutions of uranyl acetate and lead citrate,
15 min each, dried overnight and then imaged with a transmission electron
microscope (Technei G2 20 TWIN) operated at 80 kV.

Inductively coupled plasma-mass spectrometry. Delivery of fCas AuNPs across
the larvae’s brain was quantified with ICP-MS analysis. Zebrafish larvae were
microinjected with 1.3, 3, and 6 ng Au equivalent fCas AuNPs via the intracardiac
route with the same method as described above. The larvae were euthanized 0.5, 6,
and 12 h post microinjection and their heads were excised and homogenized in
PBS (pH 7.4) in a Teflon-glass homogenizer (70 Hz for 1 min). Brain or trunk
homogenate was made up to 1 mL with PBS (pH 7.4), added with 9 mL of 68%
HNO; and digested by stepwise heating at 100, 150, 170, and 190 °C for 30, 30, 30,
and 90 min, respectively. The dried and digested layer was dissolved in 1 mL of 4%
HNO; and analyzed with ICP-MS (Agilent 7700) for quantification of Au. The
instrument was operated under 0.75 MPa Ar pressure and a standard calibration
was made with Au spiked PBS samples, digested in the same way as the larval
samples. Untreated larvae and PBS alone were used as negative controls. The
number of larvae in each group was 20 and 3 groups per sample were used for
analysis.

Matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI TOF MS). Saturated solution of sinapinic acid (SA) was prepared in
ethanol and 1 uL of the sample was dried on a ground steel MALDI plate. Another
saturated solution of SA was prepared in acetonitrile and trifluoroacetic acid (30:70,
v/v) and mixed with the zebrafish larvae head homogenate at a 1:1 ratio. In all,
0.5 pL of this mixture was applied to previously dried SA layer. The dried layer was
analyzed by a Bruker ultraflextreme MALDI-TOF/TOF in the linear positive mode.
The instrument was calibrated using protein calibration standards I and II. A total
of 8000 shots were gathered across the sample spots using Flexcontrol software
(3.4) in the range of 1-20 kDa. The acquired spectra were processed by baseline
subtraction and peak picking using Flexanalysis software (3.4).

Biomarkers and ROS assay. Acetylcholine esterase (AchE) and glutamate (GLT)
levels were measured as biomarkers for neurodegeneration. Briefly, zebrafish larvae
treated with AP, AP 4 pCas, and AP + pCas AuNPs were euthanized and their

heads were excised from the trunks. The heads were homogenized in PBS (pH 7.4)
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and AchE and GLT levels were estimated using assay kits according to reported
literature:©0,

For ROS assay, AP (100 fM) were injected to the cerebroventricular space of
zebrafish larvae and 2',7'-DCF (5 nL of 2 uM) was injected 5 days post Ap
treatment. The whole mount larvae were imaged under the green fluorescence
protein channel of an optical microscope 1h after DCF treatment. For fCas
AuNPs, the nanoparticles were injected 2 h post AP treatment followed by the same
procedure. H,0, (5 nL of 0.1%) was used as positive control and injected 3 h prior
to DCF microinjection in positive control larvae. DCF fluorescence was quantified
by excising the head from the trunk of euthanized larvae, homogenizing in PBS
buffer (50 uL, pH 7.4) and reading the DCF fluorescence with a microplate reader
with excitation/emission at 495 nm/529 nm.

Microinjection in adult zebrafish. Adult zebrafish at the age of 10 mth were used
for the cognition experiment. The fish was maintained, before and during the
experiment, as described in the “Animal husbandry and ethics statement” section.
For microinjection, adult fish were anesthetized with ice chilled tricaine (0.01% in
Holtfreter’s buffer for 20 s). Cerebroventricular microinjection of A (1 uL, 50 uM)
was performed via 1 ul. Hamilton glass syringes. AP peptide was injected in
between the right and left telencephalon and the needles did not penetrate more
than 1 mm (Supplementary Video 6). The fish were held in place via a forcep. The
syringes were washed with 70% ethanol and 1x PBS twice, in between the injec-
tions. For the group with AR with fCas AuNPs, fCas AuNPs were injected 2h
prior to the injection of A. fCas AuNPs (1 uL, 0.5 mM, 20 psi injection pressure)
were slowly introduced into the systemic circulation of the fish via retro-orbital
microinjection (7 o'clock position), using a sharp glass capillary needle (Supple-
mentary Video 7). The fish was placed back into the tank for recovery. The adult
zebrafish were grouped (n = 3) and injected with AB, AP with pCas AuNPs, pCas
AuNPs alone and PBS. Buffer injected and untreated fish were considered as
controls.

Behavioral pathology and cognitive function test of adult zebrafish. The adult
zebrafish microinjected with the above described samples were monitored on a
daily basis for any apparent change to their swimming activity. The swimming
activity of the fish started to change 1-week post treatment and became sig-
nificantly apparent at 2 weeks post treatment. The behavioral pathology of the fish
was recorded with ZebraBox (Viewpoint), using a 1L fish tank, and characterized
for total distance traveled and movement frequency. The recording was performed
for 1 min, 3 times for each fish at a 2-h interval.

Cognitive function test was performed by hypothetically dividing the 1L fish
tank into two halves, i.e., arenas 1 and 2 (Supplementary Fig. 17). A red colored
paper was attached to the bottom of the tank to associate a color with arena 2. Fish
were allowed to freely swim in the whole tank for 30 min and then trained for
20 min to avoid swimming into arena 2 by using an electric shock punishment.
Whenever the fish swam into the red arena 2, it was punished by dipping the
clectrodes of 9V in electric potential. After 20 min of training, the electric source
was removed and the cognitive ability of the fish to avoid arena 2, while swimming
in arena 1 was recorded for 2 min The comparative distance traveled and
movement frequency of the fish in arena 1 vs. 2 were recorded simultaneously. The
recordings were made 3 times for each fish (n = 3) at 2 h intervals. The results were
analyzed via EthnoVision X1. The analysis parameters were as follows; animal:
adult zebrafish, arena: open field square template (divided into two-halves for the
cognitive function test), tracking feature: central point, sample rate: 5 per second,
detection setting level: sensitive enough to track the fish in the whole tank,
threshold for movement frequency: 50° turn (clockwise or counter clockwise) and
minimum 0.5 cm of travel.

THC was performed on adult zebrafish brain sections. Adult zebrafish at 2 weeks
post AP or AR + BCas AuNPs treatment were euthanized by placing the animals in
ice chilled tricaine (1% in Holtfreter’s buffer for 1 min). The heads were separated
from the bodies, at pectoral fin, with a sharp scalpel and fixed in 2.5%
paraformaldehyde overnight. The heads were treated with 20% sucrose overnight,
fixed in Tissue Trek OCT mounting medium at —20 °C and sectioned into 20 uM
thick sections via cryostat. The sections were mounted on gelatinized glass slides,
immunostained for Af as described above in the “Fluorescence imaging, IHC, and
polarized light microscopy” section and imaged via a fluorescence microscope.

Statistical analysis. All the experiments in the manuscript were repeated three
times, unless specified, and data was presented as mean + SD. For the zebrafish
experiments, 20 larvae per group and 3 group per sample were used to minimize
experimental error. The significance of results was determined by one-way
ANOVA followed by Turkey’s test and p values less than 0.05 were considered
significant (presented with * in figures) while p values less than 0.005 were con-
sidered as highly significant (presented with ** in figures).

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Data supporting the findings of this paper are available from the corresponding authors
upon reasonable request. Reporting summary of this article is available as Supplementary
Information file. The raw data underlying the respective main text (Figs. 1-7) and
Supplementary figures (Supplementary Figs. 1, 2, 8, 13, 14 and 15) are provided as Source
Data File.

Received: 10 December 2018 Accepted: 4 August 2019
Published online: 22 August 2019

References

1. Knowles, T. P., Vendruscolo, M. & Dobson, C. M. The amyloid state and its
association with protein misfolding discases. Nat. Rev. Mol. Cell Biol. 15, 384
(2014).

2. Hardy, J. A. & Higgins, G. A. Alzheimer’s disease: the amyloid cascade
hypothesis. Science 256, 184-186 (1992).

3. Sakono, M. & Zako, T. Amyloid oligomers: formation and toxicity of Ap
oligomers. FEBS J. 277, 1348-1358 (2010).

4. Benilova, I, Karran, E. & De Strooper, B. The toxic Ap oligomer and
Alzheimer's disease: an emperor in need of clothes. Nat. Neurosci. 15, 349-357
(2012).

5. Cummings, J. et al. Drug development in Alzheimer’s disease: the path to
2025. Alzheimers Res. Ther. 8, 39 (2016).

6. Javed, L. et al. Probing the aggregation and immune response of human islet
amyloid polypeptides with ligand-stabilized gold nanoparticles. ACS Appl.
Mater. Interfaces 11, 10462-10471 (2019).

7. Rogers, J., Strohmeyer, R., Kovelowski, C. & Li, R. Microglia and inflammatory
mechanisms in the clearance of amyloid p peptide. Glia 40, 260-269 (2002).

8. Marsh, S. E. et al. The adaptive immune system restrains Alzheimer’s disease
pathogenesis by modulating microglial function. Proc. Natl Acad. Sci. USA
113, E1316-E1325 (2016).

9.  What Causes Alzheimer's Disease? https://www.nia.nih.gov/health/what-
causes-alzheimers-disease (2017).

10. Peric, A. & Annaert, W. Early etiology of Alzheimer’s disease: tipping the
balance toward autophagy or endosomal dysfunction? Acta Neuropathol. 129,
363-381 (2015).

11. Gerakis, Y. & Hetz, C. Emerging roles of ER stress in the etiology and
pathogenesis of Alzheimer's disease. FEBS J. 285, 995-1011 (2018).

12. Selfridge, J. E., Lezi, E., Lu, J. & Swerdlow, R. H. Role of mitochondrial
homeostasis and dynamics in Alzheimer's disease. Neurobiol. Dis. 51, 3-12
(2013).

13. Itzhaki, R. F. et al. Microbes and Alzheimer’s disease. J. Alzheimers Dis. 51,
979-984 (2016).

14. Ke, P. C. et al. Implications of peptide assemblies in amyloid diseases. Chem.
Soc. Rev. 46, 6492-6531 (2017).

15. Steenhuysen, J. Biogen Scraps Two Alzheimer Drug Trials, Wipes $18 Billion
from Market Value. https://www.reuters.com/article/us-biogen-alzheimers/
biogen-scraps-two-alzheimer-drug-trials-wipes- 18-billion-from-market-
value-idUSKCN1R213G (2019).

16. Doody, R. S. et al. Phase 3 trials of solanezumab for mild-to-moderate
Alzheimer's disease. N. Engl. J. Med. 370, 311-321 (2014).

17. Salloway, S. et al. Two phase 3 trials of bapineuzumab in mild-to-moderate
Alzheimer's disease. N. Engl. J. Med. 370, 322-333 (2014).

18. The Lancet. Alzheimer’s disease: expedition into the unknown. Lancet 388,
2713 (2016).

19. Reardon, S. Frustrated Alzheimer’s researchers seek better lab mice. Nature
563, 611-612 (2018).

20. Ke, P. C. et al. Mitigation of amyloidosis with nanomaterials. Adv. Mater.
1901690 (2019). https://doi.org/10.1002/adma.201901690.

21. Luo, Q. et al. A self-destructive nanosweeper that captures and clears amyloid
B-peptides. Nat. Commun. 9, 1802 (2018).

22. Lansbury, P. T. & Lashuel, H. A. A century-old debate on protein aggregation
and neurodegeneration enters the clinic. Nature 443, 774 (2006).

23, Kim, D. et al. Graphene quantum dots prevent a-synucleinopathy in
Parkinson’s disease. Nat. Nanotech. 13, 812 (2018).

24, Javed, . et al. In vivo mitigation of amyloidogenesis through
functional-pathogenic double-protein coronae. Nano Lett. 18, 5797-5804
(2018).

25. Gao, N. et al. Transition-metal-substituted polyoxometalate derivatives as
functional anti-amyloid agents for Alzheimer’s disease. Nat. Commun. 5, 3422
(2014).

26. Faridi, A. et al. Mitigating human IAPP amyloidogenesis in vivo with chiral
silica nanoribbons. Small 14, 1802825 (2018).

27. Bieschke, J. et al. Small-molecule conversion of toxic oligomers to nontoxic {3
sheet-rich amyloid fibrils. Nat. Chem. Biol. 8, 93 (2012).

NATURE COMMUNICATIONS | (2019)10:3780 | https://doi.org/10.1038/s41467-019-11762-0 | www.nature.com/naturecommunications 13

93



ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-11762-0

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49,

50.

51.

52,

53.

54.

14

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. 64, 34 (2009).

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

Thorn, D. C. et al. Amyloid fibril formation by bovine milk k-casein and its
inhibition by the molecular chaperones aS-and B-casein. Biochemistry 44,
17027-17036 (2005).

Librizzi, F., Carrotta, R., Spigolon, D., Bulone, D. & San Biagio, P. L. a-Casein
inhibits insulin amyloid formation by preventing the onset of secondary
nucleation processes. J. Phys. Chem. Lett. 5, 3043-3048 (2014).

Carrotta, R. et al. Inhibiting effect of asl-casein on AB1-40 fibrillogenesis.
Biochim. Biophys. Acta 1820, 124-132 (2012).

Zhang, X. et al. Chaperone-like activity of B-casein. Int. ]. Biochem. Cell Biol.
37, 1232-1240 (2005).

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

Proctor, E. A. & Dokholyan, N. V. Applications of discrete molecular
dynamics in biology and medicine. Curr. Opin. Struc. Biol. 37, 9-13 (2016).
Javed, 1. et al. Cofibrillization of pathogenic and functional amyloid proteins
with gold nanoparticles against amyloidogenesis. Biomacromolecules 18,
4316-4322 (2017).

Francis, R. et al. aph-1 and pen-2 are required for Notch pathway signaling, y-
secretase cleavage of BAPP, and presenilin protein accumulation. Dev. Cell 3,
85-97 (2002).

Team, M. G. C. P. Generation and initial analysis of more than 15,000 full-
length human and mouse cDNA sequences. Proc. Natl Acad. Sci. USA 99,
16899-16903 (2002).

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

Geling, A., Steiner, H., Willem, M., Bally-Cuif, L. & Haass, C. A y-secretase
inhibitor blocks Notch signaling in vivo and causes a severe neurogenic
phenotype in zebrafish. EMBO Rep. 3, 688-694 (2002).

Joshi, P., Liang, J. O., DiMonte, K., Sullivan, J. & Pimplikar, S. W. Amyloid
precursor protein is required for convergent-extension movements during
Zebrafish development. Dev. Biol. 335, 1-11 (2009).

Xie, J., Farage, E., Sugimoto, M. & Anand-Apte, B. A novel transgenic
zebrafish model for blood-brain and blood-retinal barrier development. BMC
Dev. Biol. 10, 76 (2010).

Fleming, A., Diekmann, H. & Goldsmith, P. Functional characterisation of the
maturation of the blood-brain barrier in larval zebrafish. PloS ONE 8, €77548
(2013).

Santana, S., Rico, E. P. & Burgos, J. S. Can zebrafish be used as animal model
to study Alzheimer's disease? Am. J. Neurodegener. Dis. 1, 32 (2012).
Garcia-Ayllon, M.-S. et al. Altered levels of acetylcholinesterase in Alzheimer
plasma. PLoS ONE 5, ¢8701 (2010).

Sdez-Valero, J., Sberna, G., McLean, C. A. & Small, D. H. Molecular isoform
distribution and glycosylation of acetylcholinesterase are altered in brain and
cerebrospinal fluid of patients with Alzheimer’s disease. J. Neurochem. 72,
1600-1608 (1999).

Roher, A. E. et al. Amyloid beta peptides in human plasma and tissues and
their significance for Alzheimer's disease. Alzheimer's Dement. 5, 18-29
(2009).

Pacheco-Quinto, J. et al. Hyperhomocysteinemic Alzheimer’s mouse model of
amyloidosis shows increased brain amyloid p peptide levels. Neurobiol. Dis.
22, 651-656 (2006).

Avella, M. A. et al. Lactobacillus rhamnosus accelerates zebrafish backbone
calcification and gonadal differentiation through effects on the GnRH and IGF
systems. PloS ONE 7, e45572 (2012).

Lau, B. Y., Mathur, P., Gould, G. G. & Guo, S. Identification of a brain center
whose activity discriminates a choice behavior in zebrafish. Proc. Natl Acad.
Sci. USA 108, 2581-2586 (2011).

Howe, K. et al. The zebrafish reference genome sequence and its relationship
to the human genome. Nature 496, 498 (2013).

Mathuru, A. S. & Jesuthasan, S. The medial habenula as a regulator of anxiety
in adult zebrafish. Front. Neural Circuits 7, 99 (2013).

Tomasiewicz, H. G., Flaherty, D. B., Soria, J. & Wood, J. G. Transgenic
zebrafish model of neurodegeneration. J. Neurosci. Res. 70, 734-745 (2002).
Van Bebber, F., Paquet, D., Hruscha, A., Schmid, B. & Haass, C. Methylene
blue fails to inhibit Tau and polyglutamine protein dependent toxicity in
zebrafish. Neurobiol. Dis. 39, 265-271 (2010).

55. Lin, S. et al. High content screening in zebrafish speeds up hazard ranking of
transition metal oxide nanoparticles. ACS Nano 5, 7284-7295 (2011).

56. Smith, P. E. et al. Measurement of protein using bicinchoninic acid. Anal.
Biochem. 150, 76-85 (1985).

57. Javed, L. et al. Lecithin-gold hybrid nanocarriers as efficient and pH selective
vehicles for oral delivery of diacerein—in-vitro and in-vivo study. Colloids
Surf. B 141, 1-9 (2016).

58. Whitmore, L. & Wallace, B. A. Protein secondary structure analyses from
circular dichroism spectroscopy: methods and reference databases.
Biopolymers: Original Research on. Biomolecules 89, 392-400 (2008).

59. Pan, Y., Chatterjee, D. & Gerlai, R. Strain dependent gene expression and
neurochemical levels in the brain of zebrafish: focus on a few alcohol related
targets. Physiol. Behav. 107, 773-780 (2012).

60. Richetti, S. K. et al. Acetylcholinesterase activity and antioxidant capacity of
zebrafish brain is altered by heavy metal exposure. Neurotoxicology 32,
116-122 (2011).

Acknowledgements

This work was supported by ARC Project No. CE140100036 (Davis), the NSFC grant
#21607115 and #21777116 (Lin), NSF CAREER CBET-1553945 (Ding), and NIH MIRA
R35GM119691 (Ding). Javed acknowledges the support of Monash International Post-
graduate Research Scholarship (MIPRS) and Australian Government Research Training
Program Scholarship. TEM imaging was performed at Bio21 Advanced Microscopy
Facility, University of Melbourne and polarized light microscopy was performed at
Monash Micro Imaging, Monash University. Javed and Lin thank Shanghai Science and
Technology Commission “Belt and Road” initiative program, Grant no. 17230743000.
The authors acknowledge the support from Profs. Ting Xu and Dagiang Yin on the
Zebrabox instrument.

Author contributions

P.CK, L], S.L. and T.P.D. designed the project. L]. and P.CK. wrote the paper. L].
performed AuNP synthesis, TEM, CD, UV-SPR, fluorescence characterizations, larval,
and adult zebrafish behavioral and cognitive assays, histology, and polarized light
microscopy. L]., M.Z. and T.Y. performed in vivo microinjection. L]. and G.P. performed
ICP-MS analysis. Y.X. and F.D. conducted DMD simulations. A.F. performed cell via-
bility assay and HIM imaging. C.L.P. and A.K. provided inputs to the discussion of the
paper. All authors agreed on the presentation of the paper.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-11762-0.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Peer review information: Nature Communications would like to thank Morgan
Newman, George Perry, and other, anonymous, reviewers for their contributions to the
peer review of this work. Peer review reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

NATURE COMMUNICATIONS | (2019)10:3780 | https://doi.org/10.1038/541467-019-11762-0 | www.nature.com/naturecommunications

94



Supplementary Information

Inhibition of Amyloid Beta Toxicity in Zebrafish with A Chaperone-Gold
Nanoparticle Dual Strategy

Javed ef al.

List of Content

Supplementary Methods
Supplementary Tables 1,2
Supplementary Figures 1-17

Supplementary References



Supplementary Methods

Discrete molecular dynamics (DMD) simulations

DMD is a type of molecular dynamics algorithms where conventional continuous interaction
potentials are replaced by optimized step-wise potential functions.> Comprehensive
description of the DMD algorithm was published elsewhere.*’ In brief, the united-atom model
was used to represent all molecules where all heavy atoms and polar hydrogen atoms were
explicitly modeled. An implicit solvent model was adopted in the current simulations. The
interatomic interactions included van der Waals, solvation, electrostatic interactions and
hydrogen bond. The solvation energy was adopted by the Lazaridis-Karplus implicit solvent
model, EEF1.3 The distance- and angular-dependent hydrogen bond interactions were modeled
using a reaction-like algorithm.* Screened electrostatic interactions were computed by the
Debye-Hiickel approximation. A Debye length of 1 nm was used by assuming a water dielectric
constant of 80 and a monovalent electrolyte concentration of 0.1 M. The Anderson’s thermostat

was used to maintain constant temperature.’

During the synthesis of AuNP, BCas served as the capping agent. The only one cysteine residue
in fCas was not expected to form disulfide bridge under the reducing condition during
synthesis. Hence, without chemical modifications fCas adopted its thermodynamically stable
conformations on the AuNP surface and the structure of the fCas corona remained independent
of the synthesis process of AuNPs. Since our focus was to study the capping of BCas AuNPs
and the subsequent ability of fCas corona to bind with AP, we therefore modelled only the

binding of fCas with a pre-formed AuNP.

We adopted the recently developed Au molecular mechanics force field® to model a spherical
AuNP with a diameter of 40 A comprising 1,865 Au atoms. The AuNP force field included
both physical and chemical absorption, aromatic and “image” charge interactions. The

polarization was modelled by attaching a charged virtual particle (—0.3¢) to each metal (0.3¢)

2
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atom with a fixed bond length (1.0 A) as implemented in the GolP force field.® Only

electrostatic interaction was taken into account for the virtual particle.

The structural coordinates for fCas were obtained from the protein homology prediction server
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/). The structural coordinates for AP
oligomer were obtained from the protein data bank (PDB code: 2NAO), which was a -sheet
rich hexamer structure. Structural coordinates for proteins, basic and acidic amino acids were
assigned charges corresponding to their titration states at physiological conditions, i.e. Arg and
Lys residues were assigned +1, Asp and Glu were assigned -1, while His was neutral. Counter
ions (CI) were added to maintain the net charge of the systems zero and accounted for possible
counter-ion condensation.” All simulations were conducted at 300 K. The periodic boundary
condition was applied in all simulations. For each molecular system, 20 independent
simulations were performed with different initial inter-molecular distances and orientations to
avoid bias. For data analysis, an inter-atomic distance cutoff of 5.0 A was used to define an

atomic contact.

We used a hierarchical clustering program, oc (www.compbio.dundee.ac.uk/downloads/oc), to
group similar protein binding poses with the AuNP. Based on an input pair-wise distance
matrix that was the center-of-mass distances of the proteins on the AuNP surface in our study,
a hierarchical clustering algorithm iteratively joined the two closest clusters into one cluster
according to the distances between two clusters. The “cluster distance” was computed based
on all pairwise distances between the elements of the two corresponding clusters, which can be
the minimum, maximum, or mean of all these values. In this study, we used the mean to
compute the distance between two clusters. The centroid structure of each cluster was selected

as the one with the smallest average distance to other elements in the cluster.
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Supplementary Tables

Supplementary Table 1. Zeta potential, hydrodynamic diameter and polydispersity index
(PDI) of pCas AuNPs and PCas, before and after incubation with Ap.

Sample Zeta potential + | Hydrodynamic PDI+ SD
SD (mV) diameter = SD (nm)

ABOh -43.2+2.8 32+1.6 0.261 £0.04
AB48h -374+2.1 3565 + 846 0.634+0.13
BCas AuNPs -11.7+1.8 7.5+2.6 0.214£0.06
BCas AuNPs+ AP -33.7+2.1 393+5.4 0.345+0.08
BCas -19.9+2.7 156.3+34.4 0.324 +£0.07
BCas + Ap 21.7+2.0 496.1+ 114 0.674+0.15

Supplementary Table 2. Estimation of protein-AuNP binding energies. The average
potential energies of each molecular system were obtained from the corresponding equilibrated
DMD simulations. The AuNP binding affinity difference between fCas and AP was estimated
based on the obtained average potential energies.

<E> % SD (kcalemol™)
AB 79.6+3.5
pCas -595.5+£7.0
AB+AuNP 2973+ 4.0
pCas+AuNP -807.1+11.1

AAG ~ (<EBCas-AuNP> '<EAB-AuNP>)'(<EBCaS> -<EAB>): -193.9 (kcalemol ™)
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Supplementary Figures
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Supplementary Figure 1. In vitro inhibitory interaction of PCas AuNPs with Ap.
Hyperspectral imaging (HSI) of BCas AuNPs (A) before and (B) after binding with AB while
(C) presents the SPR spectra and red shift (~100 nm) of BCas AuNPs after binding with Ap
(n=3). (D) Images of fCas AuNPs (1) and BCas (2) pellets after binding with AB. (E) TGA
curves of fCas AuNPs or fCas alone and after binding with different concentrations of APm
or APo. (F) The TGA curves of APm and APo were similar in shape. (G) ThT assay for Cas
AuNPs and BCas alone as controls (n=3). Scale bars in A and B are 10 um while 0.5 pm in the

insets. Error bars represent the standard deviation. Source data are provided as a Source Data
file.
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Supplementary Figure 2. Differential binding of fCas AuNPs with Apm vs Apo. (A) The
UV-SPR spectrum of PCas AuNPs was supressed significantly after binding with APBo as
compared to APm. (B) Similarly, the fluorescence spectrum of NR-BCas AuNPs was
significantly supressed after binding with ABo. (C) TEM shows corona formation on BCas
AuNPs after incubation with ABo but not with ABm. (D) CD spectra and percentage secondary
structure (E) of BCas AuNPs before and after binding with Apm and Ao (n=3). BCas AuNPs
displayed a greater affinity for the APo corona. Scale bars in TEM the images are 5 nm. Error
bars represent the standard deviation. Source data are provided as a Source Data file.
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Supplementary Figure 3. DMD simulations of fCas and AuNP. (A) Radius of gyration (Rg)
of BCas in the absence/presence of AuNP as a function of time. The thermo-fluctuations after
30 ns indicate the equilibrium of the simulation system and the larger Rg of fCas in the
presence of AuNP indicates extended conformation of BCas. (B) Centroid structures of top 8
clusters of fCas and AuNP complexes, obtained from multiple independent DMD simulations
with clustering analysis.
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Supplementary Figure 4. DMD simulation of pCas and A monomer. (A) Centroid
structures of top 8 clusters of fCas and AP complexes. (B) Representative binding structures
of AB (cartoon in rainbow color) and PCas (sticks in gray) aligned according to APB. The
complex structures were obtained from independent binding simulations of Ap and PCas
monomers, and the centroid structures of top 50 clusters were used in the alignment.
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Supplementary Figure 5. DMD simulation of fCas and Ap oligomer. Number of AP inter-
peptide H-bonding (A) and contact (B) ranging from residues 10 to 42 in the presence/absence
of BCas as a function of time. Number of H-bond (C) and contact (D) between A oligomer
and PCas as a function of time. (E) Representative snapshots of AP oligomer in the presence
(left) and absence (right) of fCas (gray) after 125 ns of DMD simulations.
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Supplementary Figure 6. binding of A with a bare AuNP. (A) Binding probability of each
AP residue with the AuNP. (B) Typical snapshots of Af binding with the AuNP.
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Supplementary Figure 7. High-throughput setup for AR microinjection with zebrafish larvae.
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Supplementary Figure 8. Behavioral changes in zebrafish larvae on the 3" day post Ap
treatment. (A) Zebrafish larvae swimming behavior was supressed significantly (p<0.05) on
the 3™ day post AP treatment. Swimming distance was reduced to 13.5 + 3.3, 11.1 £ 2.4 and
15.4 £ 1.9 cm with 10, 50 and 100 fM A as compared to 35.3 £ 4.3 cm of untreated control
(n=3). (B) AP treated larvae were injected with Congo red dye on the 3™ day post AP treatment
and slight retention of the dye was observed in the brain. Scale bars in the images are 300 um.
Error bars represent the standard deviation. Source data are provided as a Source Data file.
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Supplementary Figure 9. Dorsal and lateral view of untreated zebrafish larvae under
brightfield and RF channel of microscope. It indicates no background fluorescence in the larvae
to interfere with the other fluorescence measurements. Scale bars in all images are 200 pm.
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Supplementary Figure 10. TEM imaging of the brain tissues of zebrafish larvae
containing fCas AuNPs. Zebrafish larvae treated with intracardiac injection of 3 ng Au
equivalent fCas AuNPs were subjected to TEM analysis of the brain tissues for detection of
AuNPs translocated across BBB. (A, B) TEM images of the brain tissues of fCas AuNPs
treated larvae. Presence of AuNPs in the interstitial spaces are highlighted and presented as
zoomed images (C-F). (G, H) However, untreated control larvae did not show any presence of
AuNPs in the tissue sections (I-L). Scale bars in A,G: 5 um; B,H: 500 nm and C-F,I-L: 10 nm.
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Supplementary Figure 11. Biodistribution of pCas AuNPs. fCas AuNPs were conjugated
with neutral red and imaged for their biodistribution in zebrafish larvae. Red fluorescence of
BCas AuNPs was traced in microvasculature circulation and fins of the larvae. Scale bars in the
images are 200 pum.
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Supplementary Figure 12. Biodistribution of BCas micelles in zebrafish larvae. fCas
micelles were conjugated with neutral red and imaged for their biodistribution in zebrafish
larvae. No fluorescence was observed from the larval cerebral region in 0.5 h or later, indicating
inability of large fCas micelles (~100 nm) to translocate across the BBB. Red fluorescence
was observed from the hepatic region of the larvae at 6 and 12 h, indicating slow elimination
of BCas micelles directly from the liver. Scale bars in images are 200 pm.
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Supplementary Figure 13. Mitigation of AP-induced SH-SYSY cytotoxicity with BCas
AuNPs. (A) Cell viability assay (n=3) and helium ion microscopy (HIM) images of (B) AP
treated (20 uM), (C) AP (20 uM) with fCas AuNPs (50 uM), (D) BCas AuNPs alone (50 uM)
and (E) untreated control cells. Scale bars in TEM images are 4 um. Error bars represent the
standard deviation. Source data are provided as a Source Data file.
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Supplementary Figure 14. Mitigation of AP induced behavioral abnormalities in zebrafish
larvae by fCas AuNPs, on the 3rd day post AP treatment (n=10). Error bars represent the
standard deviation. Source data are provided as a Source Data file.
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Supplementary Figure 15. fCas AuNPs and BCas did not influence the behavior of zebrafish
larvae (n=10). Error bars represent the standard deviation. Source data are provided as a Source
Data file.
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Supplementary Figure 16. Immunohistochemistry IHC (A) and polarized light microscopy
(B) of fibrillized AP deposited on glass slides, performed as positive controls for IHC and
polarized light microscopy. Scale bars in all images are 50 um.
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Supplementary Figure 17. Fish tank (1L) used for cognitive behavior analysis of adult
zebrafish. The tanks were hypothetically divided into two arenas. Whenever, fish swims into
arena 2, electrodes of 9V battery were dipped in the arena 2 to shock the fish and train it to
remain in arena 1. Arena 2 was labelled with red color to associate with the punishment. 20
min training was performed, followed by 2 min of observation period when the electric source
was removed. Observations were performed 3 times for each fish, 2 h apart (n=3).
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Chapter 5

Summary and future directions
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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 B-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 B-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 -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 uSv/h),
the embedded AuNPs were able to destroy IAPP amyloids and converted them from B-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 B-sheets rich corona of bLg

amyloid fragments, acted as a substrate and sequestered the toxic IAPP species in vitro and in
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vivo. baCNTs inhibited the IAPP fibrillization and sequestered the peptide in the form of o-
helical aggregates. In vivo translation of this inhibitory interaction was performed in zebrafish
embryos. Zebrafish embryos, injected with b,.CNTs, showed no toxicity of the biomimetic NPs.
When injected with IAPP or A, the toxicity of these amyloid peptides was evident in terms of
hampered hatching or abnormal development of zebrafish embryos. Upon co-injection of
b.CNTs and IAPP or AP, 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 b.CNTs
from chapter 2 (~50 x 500 nm, width x length) that the same corona, i.e. B-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 B-casein (BCas) to synthesise AuNPs of 5 nm in diameter (BCas
AuNPs). Due to the malleable and flexible conformation and intermittent hydrophobic regions
in the structure of BCas, it acted as a chaperone and bound with a variety of unfolded monomeric
and oligomeric proteins/peptides. This chaperone-like activity of BCas was cloaked onto the
surface of AuNPs and then exposed to APB. AP fibrillization was completely inhibited and BCas
AuNPs sequestered AP 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 AP. The biodistribution of PCas AuNPs revealed the
transportation of NPs to the brain within 0.5 h of intracardiac injection. fCas NPs were
subsequently eliminated from the brain and liver, 12 h post-injection. When fCas AuNPs and
AP were co-introduced to the zebrafish larvae via intracardiac and cerebroventricular injections,

respectively, BCas AuNPs rescued the larvae from A toxicity and prevented it from developing
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behavioral pathology. The chaperone-like potential of fCas AuNPs against Ap was further
implicated in adult zebrafish by examining the animals’ memory function. The cognitive
memory of zebrafish was deteriorated upon AP treatment and was largely rescued when co-
injected with fCas AuNPs. This final chapter in my PhD thesis revealed the in vivo potential of
biomimetic nano-chaperone fCas 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 fCas, which possessed a molten and
random conformation in its monomeric form, a chaperone-like activity was observed for fCas
AuNPs against AB. 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 B-sheet stacking and functional amyloids possess similar cross-§ 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 AB/aS

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 2™ or 3™ 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 3™
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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