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Abstract

Amyloidosis refers to structural disorders induced by protein misfolding and self-assembly
towards B-sheet rich amyloid fibrils. Amyloidosis of human islet amyloid polypeptide (IAPP),
amyloid-p (AP), tau and a-synuclein (aS) is a hallmark of type 2 diabetes (T2D) and
neurological disorders including Alzheimer’s disease (AD) and Parkinson’s disease (PD). For
AD, specifically, formation of intracellular tangles and extracellular plaques of tau and AP is
coupled with the toxicity resulted from amyloidosis as well as inflammation, implicating a

close relationship between AB amyloidosis and immunopathology for the disease.

Different mechanisms have been proposed for the amyloid induced toxicity. One of the well-
established mechanism structural conversation. Indeed, upon the structure of amyloids
transform from monomer to oligomer/fibril the toxicity increase dramatically. Current main
strategies against amyloidosis employ small molecules, chaperone proteins or engineered
nanomaterials, to regulate interactions with amyloid proteins through hydrogen bonding,
hydrophobic interaction or z-mt stacking. Oligomers and protofibrils, among all forms of
amyloid protein aggregates, are known to be the most toxic species. The toxicity induced by
protein fibrillation originates from structural transitions from random to alpha helical and B-
sheet conformations, usually initiated by association of the N-terminus of amyloid proteins
with cell membranes. Associations of oligomers and protofibrils with cell membranes may
induce porosity and altered fluidity of the membranes, influence concentration gradients of
physiological ions and cellular response to produce reactive oxygen species (ROS), autophagy
and apoptosis. During the structural transformation of proteins, oligomers and protofibrils form
chiral mesoscopic structures, a feature which has rarely been exploited in the development of
therapeutics against amyloid diseases. On the other hand, although NPs have been introduced
to mitigate the toxicity of amyloid proteins, the effects of nanoparticle inhibitors on

intracellular protein expression and regulation remain largely unknown.



The main body of this thesis consists of three chapters. In the first chapter, the immune blood
cells association and cytokine secretion upon cell exposure to oligomeric and fibrillar AB was
investigated. The effect of the plasma protein corona on amyloid protein-cell interaction was
determined. Experiments indicate changes in membrane association between whole blood and
washed blood (i.e., without plasma proteins) were minor for AB oligomers and significant for
AB fibrils across all immune cell types. Based on real-time measurement by a localized surface
plasmon resonance sensor, exposure of immune cells to AB oligomers resulted in elevated
expressions of cytokines IL-6 and TNF. However, exposure of immune cells to A fibrils did
not induce notable cytokine secretion. This stronger immune cell association and cytokine
stimulation of AP oligomers over fibrils is an evidence on the contrasting toxicities of
oligomeric versus fibrillar structures resulting from their differential capacities in binding with
plasma proteins to render a corona. These observations on immune cell association and

cytokine secretion support a connection between AP amyloidosis and immunopathology in AD.

Further research on the fundamentals of amyloid diseases was followed by an investigation of
the mitigation of amyloid protein toxicity with nanoparticles (NPs). In this study, for the first
time, chiral silica nanoribbons were applied to ameliorate the in vivo amyloidogenesis of IAPP.
Chiral silica nanoribbons, especially the right-handed ones, accelerated I1APP fibrillization
through elimination of their nucleation phase and shortening of their elongation phase. The
directional binding between the NPs and IAPP was further examined through coarse-grained
simulations. Reduction of IAPP toxicity in pancreatic 3 cells as well as improvement of embryo
survival, development and behaviour of treated zebrafish were observed with right-handed
silica nanoribbons, which targeted the primarily left-handed IAPP aggregates. These results
demonstrated the potency of chiral nanostructures against the enantioselectivity of amyloid
proteins, as well as the use of zebrafish embryos as a high-throughput in vivo model for probing

the interactions of different nanostructures and amyloid proteins.



While NPs have shown effectiveness to various extent against protein aggregation and toxicity,
changes induced by NP inhibitors on intracellular protein expression exposed to amyloid
proteins have not been documented. In the following chapter, the proteome of pancreatic [ cells
upon exposure to monomeric, oligomeric and fibrillar IAPP structures was analysed. This was
followed by an introduction of graphene quantum dots (GQDs), known as the inhibitor of IAPP
fibrillation, to mitigate cellular protein dysregulation. Briefly, 29 proteins were significantly
dysregulated after beta cell exposure to IAPP species, with majority of them nucleotide-binding
proteins. Upon introduction of GQDs, mitigation of protein expression, especially in exposure
to the toxic oligomeric structures, was observed. This study implicated the capacity of GQDs
in regulating protein expression through hydrogen bonding and hydrophobic interactions and

pointed to nanomedicines as a new frontier against human amyloid diseases.
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Chapter 1

Introduction



1. Introduction

Molecular self-assembly, as a result of electrostatic interaction, hydrogen bonding and n—=n
stacking, is of central importance to biology. To reach desired configuration, structure and
function, a delicate balance of forces in polypeptide chains and between the polypeptides and
surrounding molecules is required.? As a result of these interactions, molecular self-assembly
of the polypeptide can proceed spontaneously, through cradle to grave of the cell. This
biophysical phenomenon plays a significant role in the origin of a wide range of diseases.>® In
the cell, molecular self-assembly is exemplified by the configuration of the lipid bilayer
membrane, the architecture of DNA and histones into chromatin, or the polymerisation of
tubulins and actins into microtubules and actin filaments.® During the folding process, reaching
the lowest free energy is a deciding factor in forming proper final structure of the peptide along
different pathways on the energy landscape. The conformational plasticity of the structures
allows a protein to function properly, but at the same time can result in protein malfunction and
diseases.!25"As part of biomolecular self-assembly, proteins and peptides, the key elements of
living systems, undergo self-organisation and self-replication through controlled molecular
interactions, which begin as aggregation of monomeric peptides and proteins to toxic
oligomers, followed by protofibrils and amyloid fibrils and plaques.® Spontaneous conversion
of soluble proteins or their fragments into cross-beta sheets of fibrils leads to protein
“misfolding diseases”, or the so-called “amyloid diseases”, such as type 2 diabetes (T2D),
Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), Prions,
arthritis, and atherosclerosis.? The pathologies of these disorders are in strong association with
the self-assembly of amyloid proteins such as amyloid-f (Ap), tau, a-synuclein (aS) and human
islet polypeptide (IAPP) (Fig. 1). In general, protein fibrillation starts with a lag phase,
followed by an elongation phase where proteins assemble into toxic oligomers and aggregates.

The final stage is formation of mature tube-like helical fibrils comprising -sheet structures in


https://www.sciencedirect.com/topics/engineering/electrostatics

the saturation phase.®® Although the molecular mechanism of the monomeric to fibrillar form
transition is poorly understood, it has been shown that the oligomers, instead of the fibrillar

deposits, are the most toxic species derived from the intermediate aggregation pathway.810-12

In vitro, the development of amyloids and plaques depends on the type of the polypeptide,
which can occur within hours or days. However, in vivo, fibrillar formation in the brain or
pancreatic islets often takes decades. The important factors in determining the lengths of the
lag time and rate of fibrillar growth include the initial concentration of the polypeptide, pH,

seeding molecules, and catalysing surfaces.34

My PhD research concerned the mitigation of amyloid protein aggregation, such as Af and
IAPP amyloidisis associated with AD and T2D. My first study implicated a close connection
between AP amyloidosis and immunopathology in AD. My two separate studies demonstrated
the potential of employing nanotechnologies against the mesoscopic enantioselectivity of
amyloid proteins and their associated toxicity in an embryonic zebrafish model, and potency
of NPs in mitigating protein dysregulation in pancreatic beta cells exposed to toxic IAPP

species.
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Figure 1. Fibrillation mechanisms of amyloid proteins and their pathological implications for
amyloid diseases. The association of self-assembled toxic peptide structures with cell
membranes result in ER (endoplasmic reticulum) stress, ROS (reactive oxygen species)
production, apoptosis and cell degeneration. AB: amyloid-beta; IAPP: islet amyloid
polypeptlde aS: alpha-synuclein; PrP: prion protein. Reproduced with permission from Ke et
al.b



1.1.  Amyloid diseases

1.1.1. Alzheimer’s disease (AD)

Alzheimer’s disease (AD) is a neurodegenerative disorder and the main cause of dementia.
With the aging global population, this disease has become an epidemic grown substantially
over the years in burden but with no cure available.*>*" The underlying pathology of AD is the
loss of synapses and neurons in the cerebral cortex and subcortical regions, which leads to
generalised atrophy of the brain in the temporal and parietal lobes, frontal cortex and cingulate
gyrus. Studies have shown degenerative atrophy in the nuclei of the brain stem and locus
coeruleus. AD is also associated with mitochondrial abnormalities, unbalanced cell cycle and
inflammatory reactions.'®'° Granulovacuolar degeneration in the hippocampus and atrophic
degeneration in the brain stem have been reported via magnetic resonance imaging and positron
emission tomography in AD patients.?’ In addition, metals during exposure may play as seeds
or nucleation cores to facilitate the formation of amyloid deposits.?*? Although many studies
have been conducted on AD, the aetiology of the disease remains controversial. It has been
proved that the high level of AP is a main cause of AD.?* These observations on the
neurotoxicity effect of fibrillar AB and its role for the pathogenesis in AD led to the ‘amyloid
hypothesis’, which has been a main paradigm guiding research on AD during the past decades.
In this case, precipitation of AP into plaques represents the presence of toxins in the brain. 22
Amyloid precursor protein (APP) is expressed in various tissues as an essential membrane
protein, and is concentrated in the synapses of the brain as a regulator of synapse formation.
Sequential cleavages of APP by B-secretase and then by y-secretase lead to the production of
APB,%2 which appears in two major forms of AB1-40 and AB1-42 (Fig.2). Compared to AB1-
40, the two additional amino acids of isoleucine and alanine at the C-terminus of AB1-42 result
in a more hydrophobic structure and, therefore, a higher tendency in aggregation and

significantly higher cytotoxicity.® Secretion of AP into extracellular fluids may lead to self-



aggregation of the peptide.?® The peptide can then diffuse into the cerebrospinal fluid or
coalesce as a diffuse plaque. Aggregation of disordered proteins increases p-sheet secondary
structure and alter the balance between the peptide production and clearance. Accumulation of
AP and phosphorylated tau in the brain are associated with many neurodegenerative diseases,

including AD.?>%

promotes neuronal survival,
binds to DR6/ neurite outgrowth, neural stem
synaptic pruning cell proliferation, enhances LTP

-——— -

oligomerization

Non-amyloidgenic pathway

b
o4
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Figure 2. AP results from cleavage of amyloid precursor protein (APP) by B and y-secretases.
The process related to non-amyloidogenic APP (blue panel) cleaved by o and y-secretases leads
to formation of sAPPa and C-terminal fragments of CTF 83, p3 and AICD50. The process in
association with amyloidogenic APP pathway (red panel) results in sAPPB, C-terminal
fragments of CTF 99, CTF 89 and Aps. Fibrillation of AP (left side) is related to AD pathology.
Reproduced with permission from Chow et al.!

Accumulation of A in the brain induces loss of neurons, synapses and microglia. This
phenomenon is also associated with compromised blood-brain barrier and function of choroid
plexus, as well as hepatic failure. Interestingly, recent research strongly emphasises the role of
neuroinflammation in the pathogeneses of AD and other neurodegenerative conditions. The
involvement of immune system is certainly not limited to neuroinflammation in the brain but

also generation of immune signals outside the brain per clinical studies.®?

1.1.2. Type 2 Diabetes Mellitus (T2DM)



Diabetes as a group of metabolic diseases is characterized by hyperglycemia, resulting from
autoimmune destruction of pancreatic B-cells with consequent insulin deficiency, which is due
to either a decrease in insulin secretion or increased cell resistance to insulin. The chronic
hyperglycemia of diabetes is known as one of the main causes of the disease and is associated
with long-term dysfunction and failure of organs, especially the eyes (blurred vision or
blindness), kidneys, myocardial infarction, nerves, blood vessels, high cardiovascular risk and
stroke. In general, there are two primary forms of diabetes: type 1 diabetes mellitus (T1DM)
with autoimmune destruction of B-cells in insulin secretion, and type 2 diabetes mellitus
(T2DM) with insulin resistance followed by metabolic syndromes such as obesity, high blood
pressure, high blood sugar and high serum triglycerides. While T1DM accounts for 5-10% of
those with diabetes, T2DM is a global epidemic plaguing 90-95% of all diabetic patients, and
the burden of the disease is projected to reach 439 million by 2030.3*3¢ Genetic and
environmental factors together play important roles in insulin resistance and -cell dysfunction
associated with T2DM. Peripheral insulin resistance, compensatory B-cell expansion and
hyperinsulinaemia result in a higher demand for insulin, known as the core factor of T2DM.3"%
Insulin deficiency gradually leads to gluco-toxicity of B-cells and, consequently, dysfunction

and mass reduction of p-cells due to apoptosis (Fig. 3).38*°

Obese euglycaemic people require increased insulin secretion to maintain normal glucose
tolerance (euglycaemic hyperinsulinaemia), due to the result of having ~30% reduced insulin
sensitivity. Over time, this may be followed by a further drop in insulin sensitivity with no
association to compensatory hyperinsulinemia and, therefore, excess of blood glucose
concentration. In this situation, B-cells are no longer able to secrete enough insulin to trigger
hyperglycaemia.*

Experimental results on B-cells from patients with T2DM offer evidence on the presence of

aggregates and plaques of human islet amyloid polypeptide (IAPP, or amylin), which is co-
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secreted with insulin from pancreatic B-cells.***3 The islets in T2DM are characterized by the
occurrence of what is referred to as amyloid, per the “amyloid hypothesis”. The term amyloid
is associated with abnormal (mostly) extracellular composition of proteins, consisting of

insoluble aggregation of monomers arranged in a p-sheet like architecture.*®

44 Blood glucose
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Figure 3. (1) Insulin secretion of B-cells in response to glucose. (2) Insufficient insulin leads
to stress in B-cells. (3) In the case of insufficient insulin and high blood glucose, gluco-toxicity
induces changes in B-cells. (4) Rising glucose level alters terminally differentiated state and
causes apoptosis. (5) Cell degranulation, de-differentiation and transdifferentiation are induced
by insulin deficiency. (6) Intensive insulin therapy relieves gluco-toxicity or gene therapy to
restore transcription factors. (7) Under specific physiological conditions, proliferation and
growth of the cells occur. Reproduced with permission from Remedi et al.*

1.1.3. Linkage between T2DM and AD

There exists evidence on diabetes-related dementia. However, the causative relation of such
connection is not well understood. Statistical analysis shows that the risks of eventually
developing Alzheimer's dementia are higher in diabetic patients.***® AD and T2DM share a
significant number of biochemical and physiological pathways. Previous studies emphasised
on the role of insulin in cell-growth, including neurons in the CNS in addition to regulation of

blood sugar.*’ Besides obesity, other mechanisms such as insulin resistance, inflammatory

cytokines, and oxidative stress may explain this connection,*® with the hypothesis that



accumulating oligomeric IAPP in the cerebrovascular system and brain parenchyma of patients
is causative to the onset of diabetes.*

Epidemiological studies show the effect of hyperglycemia on the aggregation of AP in the
brain, resulting in oxidative stress, neuroinflammation, and, consequently, neurodegenerative

diseases.>® Hyperglycemia is a potential risk factor for AD development.

1.2.  Pathological amyloid proteins

The word “amylon” was first used in 1834 to describe the waxy starch in plants. Later, the
word “amyloid” was used to describe tissue deposits that can be stained like cellulose after
exposure to iodine.>* Amyloid is fibrillar aggregates of folded peptides and proteins via
hydrophobic interaction, n-n stacking and hydrogen bonding, assuming the ubiquitous cross p3-

sheet structure.>?
1.2.1. Amyloid-beta (Ap)

AR, as a transmembrane protein produced from APP, is expressed in the brain and tissues. The
two major products of APP cleavage by B and y secretases are AB1-40 and AB1-42, with AB1—
42 (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA) entailing stronger

neurotoxicity and faster aggregation.

Upon the production of AB by neurons, AP enters the blood and cerebrospinal fluid without
any deposition due to the peptide clearance by the organism. Although the pathogenic role of
the peptide is not entirely clear, it has been shown that the unbalancing rate of production, rate
of clearance and, therefore, accumulation of soluble AP can damage synaptic junction and
cause intracellular calcium homeostasis to give rise to neurovirulence and AD. The non-fibril
structures of AP are known to be toxic to neurons?®®3, while three-dimensional arrangements

of non amyloidogenic peptides often lead to proper functions such as storage, signalling,



enzymatic activity and sensing.* The accumulation of AP is a critical pathological
phenomenon and a prime target to prevent and treat AD.

Studies by circular dichroism spectroscopy, Fourier-transform infrared spectroscopy, and X-
ray powder diffraction microscopy have revealed structural transitions of AP, from disordered
monomers to high-ordered dimeric and trimeric forms.> The oligomeric structures, known as
the most neurotoxic, can be protofilaments with twisted structures around helical axes, which
may be followed by hydrogen bonding along the B-sheet content. Amyloid fibrils possess
significant -sheets and less a-helical structures. Majority of oligomer species are disordered,
with partially antiparallel B-structures. In comparison, majority of Ap fibril structures consist
of B-sheet components.>® Atomic studies have shown that the amino acids of amyloid fibrils
form B-strands orthogonal to the fibril axis, followed by B-sheets arranged parallel to the fibril
axis towards the thermodynamic energy minima.>’ In this case, the hydrophobic parts of
unfolded proteins are exposed. These conditions lead to formation of B-sheet structures through
intermolecular hydrophobic interactions of proteins.>*%® The AP peptide possessed two
hydrophobic fragments at the 17-21 and 32-C terminus, both involved in the B-sheet
conformation.®

One of the main factors in the aggregation of AB1-42 is pH.> The fibrillation of AB1-42 occurs
at acidic pH as a result of the protonation of His6, His13 and His14,%° while at higher pH of
9.5, uncharged Lys28 causes inhibition of the aggregation. It has been reported that other
conditions besides pH, such as ionic strength, temperature, organic reagent and metal ions can
each influence protein fibrillation.>*®?

The role of metal ions in the aggregation of AP is well known. The balance and function of
metal ions such as Zn?* and Cu?* which release from neurons in hippocampus play critical roles
in mental activity.5? Previous studies have revealed that associations of Ap peptides with metals

such as iron, zinc and copper induce oxidative stress in AD patients, resulting from metal



binding with Met35 and the N-terminal region during ROS production.®%® In other studies,
release of metals such as zinc has been reported as a source of parenchymal and cerebrovascular
amyloid in transgenic mice. In addition, unbalanced expression of APP and AP may damage
the equilibrium of metals in the brain. While high level of metals like Cu in the brain could
result in lower levels of AP and plaque formation in transgenic mice, expression of AB in the
brain can sequester metals like Cu in the brain.® Although the pathway is not clear, it has been
revealed that any imbalance in the critical level of metals in the brain would lead to the
pathogenesis of AD.%

In recent years, advancements in methodologies and techniques have provided more
information on the interaction of AP peptides and cell membrane, showing electrostatic and
hydrophobic interactions as the main driving forces.* The lipid membrane interface as a
potential nucleation site can alter the folding process of AP peptides.®>®” The formation of
random coil and helical structure of AP through its N-terminus binding with the membrane
often serves as a start point of AP aggregation, leading to pore formation and membrane
distruption.®® Oligomeric structures are known as a major source of Ap toxicity, manifested by
the formation of B-barrel or prion-like structures in the cell membrane.®

1.2.1.1. Amyloid-beta and immune responses

Although much research has been focused on the toxicity mechanisms of Ap, the involvement
of immune systems in the pathogenesis of AD has been reported.®> Neuronal inflammation
and activation of innate immunity are also known as hallmarks of AD. Therefore, numerous
clinical trials have been focused on developing vaccination for AD. Immunisation against A3
has been shown as a successful AD therapeutic technique in murine models.”™ In the experiment
by Marsh et al.,’® genetic ablation of peripheral immune cell populations considerably
suppressed amyloid pathogenesis, increased inflammation of nervous tissue, and caused

disorders in microglial activation. In addition, the effect of 1gG-producing B cell loss on
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microglial phagocytosis malfunction, followed by a failure in proper AB deposition has been
reported. In contrast, injection or transplantation of IgGs resulted in the reduction of AB
pathology, validating the significant role of the immune system in AD.”® Another evidence on
the association of immune systems with AD is the degradation of AB by microglia, and
autoreactive T cells are involved in the peptide clearance.’

Experiments have shown the aggregation of tau and A plaques in association with AD, leading
to microgliosis and elevated cytokine production as part of neuroinflammation.”-"® Cytokines
are known to affect the production and metabolism of APP expressed in most neuronal and
extraneuronal tissues.”>’” Effects of interleukin-1 (IL-1) on stimulating amyloidogenic
metabolites of APP, accumulation of cellular APP, and promotion of amyloidogenesis have
been reported.”®% Interferon g (IFNg) is known as the inhibitor of APP production.” However,
in interaction with tumor necrosis factor (TNF), IFNg raises the production of APP. Such
changes in cytokines increase the secretion of APP and consequently the amount of Ap in the
culture medium.”? In addition, specific receptors on microglia and monocytes in the brain are
involved in the clearance of extracellular A peptides through non-inflammatory phagocytosis
or pro-inflammatory cytokine secretion.5®728182  As shown in Fig. 4, complement C3b can
adhere to complement receptor 1 (CR1) of erythrocytes in human, known as a mechanism for

the peripheral clearance of Ap.8%
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In literature the measurements of AP in the blood have been reported as a way towards early
diagnosis of AD.®* However, the association of AB with immune cells, in the presence of

plasma proteins, remains unclear.

NO
EDTA

EDTA

EDTA

Figure 4. Interaction of Ap42 with C3b and CR1 on erythrocytes after spiking blood samples
with AB42, with and without EDTA. Reproduced with permission from Rogers et al.8®

1.2.2. Human islet amyloid polypeptide (IAPP)

Human islet amyloid polypeptide (IAPP, a.k.a. amylin) is a peptide containing 37 amino acids
(KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY) with a disulfide bridge between
residues 2 and 7. IAPP is generated from a 67 amino acid precursor peptide, prolAPP, and is
co-secreted with insulin by pancreatic B-cells to regulate glucose homeostasis.®® IAPP also
functions with other peptides, such as calcitonin and calcitonin gene-related peptides, in bone
metabolism. %

IAPP is co-secreted with insulin inside the B-cell granules, at pH 5 and in high concentrations.
Under these conditions, the His18 is protonated to fend off IAPP aggregation in pancreatic beta

cell islets.®” Therefore, IAPP acts as a synergistic partner of insulin and, through co-secretion,
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controls the level of blood glucose.® At neutral pH, His18 becomes neutral. This condition has
been cited as a cause of IAPP aggregation to render extracellular amyloid plaques.
Conversion of soluble proteins and peptides to insoluble amyloid fibrils leads to B-cell
dysfunction, apoptosis and cell death. Several studies have indicated that B-cell failure in T2D
correlates with the self-assembly and deposition of IAPP fibrillar plaques in the pancreatic
islets. In T2D, insulin resistance leads to increment of insulin and concomitantly elevated IAPP
production by B cells. Overexpression of IAPP may give rise to IAPP aggregation, which
further evolves into amyloid fibrils while producing toxic species en route. (Fig. 5) In short,
the toxicity of IAPP has been considered a main cause for the loss in function and mass of
pancreatic islets.%:8°

Due to the crucial need of designing potent therapeutics against amyloid diseases, many studies
have been conducted to understand the structure, aggregation and toxicity of amyloid proteins.
Various techniques, such as transmission electron microscopy (TEM) and atomic force
microscopy (AFM), have been applied to investigate the structure of IAPP fibrils.®-%2 |APP
fibrils typically form left-handed coil structures with diameter of up to 20 nm and length of
0.1-10 um. These fibrils are thermodynamically stable and may gradually develop amyloid
plaques through hydrogen bonding.%°® At the mesoscopic scale, IAPP fibrils appear as ribbon-
like structures. On the molecular scale, the B-sheets within the fibrils are formed by p-strand
segments placed perpendicularly to the long fibril axis, linked by hydrogen bonds parallel to
the fibril axis.*® A handful of studies have detailed that oligomers and protofibrils, among all
structures of IAPP aggregates, elicit the highest toxicity® through increased membrane
porosity and fluidity, altered biometal concentration, ROS production, autophagy and

apoptosis to damage the pancreas and evoke T2DM.%>%7
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Figure 5. (a) A non-diabetic B-cells islet shows insulin (labelled in brown) covering more than
80% of the islet. (b) A diabetic B-cells islet shows insulin (brown) and amyloid protein (pink)
with more than 50% coverage by amyloid protein. Scale bar: 20 um. Reproduced with
permission from Jaikaran et al.%

1.3.  Nanoparticles for biomedicine

The Greek word nano means dwarf, which is now used to describe any material with at least
one dimension on the scale of 1-100 nm.*® The significant effect of size in the physicochemical
properties and tunable surface properties make nanoparticles (NPs) a unique class of materials
for biological and biomedical applications. Targeting a specific location in the body with small

dosage and high specificity can be offered by NPs for drug delivery and theranostics.®

1.3.1. The protein corona
The physicochemical properties of NPs are significantly different from the same materials in
bulk.1°? Nanomaterials possess much large surface areas with higher numbers of surface atoms,

entailing greater adsorption and higher capacity in crossing the blood-brain barrier (BBB).1%?
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The roles of NPs in immune response, vaccine development!®® or modification of protein
fibrillation in amyloidosis have been confirmed.%* However, despite of the advantages of NPs
in medicine and drug delivery, interfacing the engineered surface chemistry of NPs with
biological systems remains a considerable challenge in terms of nanomedicine and
nanosafety.'® Adsorption of biomolecules to nanomaterial surfaces for surface energy
minimisation'® dictates cellular response to the NPs.2%” Adsorption of environmental proteins

to NPs leads to adjustments to the native protein structure!®®

and formation of a “protein
corona’’.1%%0 This phenomenon begins with the acquisition of a layer of highly abundant but
loosely bound proteins, or the “soft” corona, which overtime is replaced by proteins of lower

abundance but higher affinity, or the “hard” corona (Fig.6).1*+14
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Figure 6. (a) Interaction of nanoparticles with cell membrane in biological environment. (b)
Schematic of the NP-protein interaction in plasma where a core particle is covered with an
outer layer of proteins forming the “soft” corona (red arrows on left). Stronger attraction of

free proteins results in a “hard” protein corona. Reproduced with permission from Walkzyk et
a|.112

The NP-protein interaction is determined by a number of factors. One of the main factors is the
correlation between the sizes of the proteins and the NPs. Protein would stretch to adjust to
larger NPs. However, NPs with a significantly smaller size in comparison to proteins would
lead to less significant changes in the protein structure due to the fewer amount interactions.*°
In addition to size, the surface charge of NPs plays a significant role in modifying the protein
secondary structure. Gold NPs with various surface charges but similar properties adsorbed the
same amount of bovine serum albumin. However, positively charged gold NPs interacted more

with cell membranes, which led to a higher rate of cellular uptake than negatively charged gold
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NPs.108116 TEM, dynamic light scattering (DLS), AFM and UV-Vis spectrophotometry
documented the size effect in protein-NP interaction.t118 Exposure conditions including media
composition, protein concentration, exposure time, temperature and pH of the biological fluid,
plus the size, shape, surface charge, hydrophobicity and morphology of the NPs are all key
factors in determining protein—NP interactions.'%

NPs are promising candidates for drug delivery, as they possess the feasibility of shuttling
through the BBB to target neurological, psychiatric and neurodegenerative disorders.®
However, the effect of the protein corona in the interaction of NPs with the BBB and changes
of corona post BBB translocation are unknown.*?° Higher stability of the protein corona in the
brain compared to the corona in the blood has been reported by Cox. et al,**° likely resulting
from clearance/removal of some proteins on the blood side.'*® Despite challenges related to the
protein corona, in vivo amyloidosis inhibition with nanomaterials has been demonstrated by a
number of studies.t?2?

NPs can impact cellular activities and provoke cell death through disruption to plasma
membranes, ROS production, inflammation and mitochondrial and nuclear damage. Formation
of the protein corona often renders the NPs more biocompatible to ameliorate immune
response’? and reduce cell damage induced by NPs. The protective effect of adsorbed proteins

against cell damage induced by bare NPs has been investigated in a number of studies,*?41%

confirming enhanced biocompatibility.*%.126

1.3.1.1. NP-amyloid protein interaction

Small molecules such as surfactants, copper or zinc ion chelators, polyphenols!?” such as
epigallocatechin gallate (EGCG),*?® curcumin®?®'* and resveratrol**! have been studied as
inhibitors for the mitigation of protein aggregation.®*?13* Chemical modifications, including
N-methylation utilizing B-sheet breaker (proline, D-peptides peptoid),3>1% have been applied

to improve the biocompatibility of the peptide inhibitors. NPs can significantly influence the
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nucleation and aggregation of proteins via their strong interactions.'®>3” A summary of these
effects by many NPs is shown in table 1.1% Presence of proteins and NPs within the same
biological environment gives rise to NP-protein and protein-protein interactions. NP-protein
interaction may either result in acceleration of protein fibrillation, due to the accumulation of
NPs around the protein, or inhibition of protein fibrillation due to isolation of proteins by their
preferential binding to NPs.*3® Metal ions such as copper could shorten the lag time of AP
fibrillation, due to their initiation of binding between the peptides. Here the presence of copper
serves to increase the stability of peptide-peptide interaction.®*® The affinity of NPs-protein
association is related to the surface chemistry and structure of the NPs.14%-142 For example, the
protein corona around copolymer NPs is highly related to the hydrophobicity of the NP surface
and exposure of their CHs groups to the environment. Apolipoproteins, specifically, show
stronger interactions with NPs of greater hydrophobicity.%®'43 Copolymer particles, carbon
nanotubes, cerium oxide particles and quantum dots, furthermore, have been applied to shorten

the lag phase of the aggregation of human B2-microglobulin, exploiting the surface properties

Types of NPs Results of NPs-Amyloid interactions

Au NPs Amyloid- AuNPs complex is in unfavor of typical amyloid formation; GSH-covered AuNPs can disrupt amyloid aggregates; Peptide-
AuNPs conjugates redissolve the deposits and inhibit the aggregation by applying MW's; Peptide-AuNPs activate microglial and help

amyloid clearance;

Magnetic ¥-Fe,03; NPs selectively bind to and completely remove amyloid fibrils; SPIONs has a surface area dependent “dual” effect on amyloid
NPs fibrillization; Fluorinated magnetic core-shell NPs inhibit amyloid fibril formation;

Quantum NAC capped CdTe QDs inhibit the fibrillization by quenching both nucleation and elongation process; TGA-stabilized CdTe NPs are
dots similar with peptide inhibitors;

Dendrimers PPl eliminates prion and cure infected cells; PAMAM shows potential against amyloid formation; GATG dendrimer reduces toxicity

along with accelerated fibril formation process; Sialic acid conjugated dendrimer competes with Af for cell surface binding;

Polymeric NIPAM/BAM NPs retard/enhance fibrillization lying on protein stability; PolyA-FF-ME NPs inhibit AJ fibrillization kinetics; PACA
NPs nanoparticulate platform inhibits amyloid aggregation and rescue toxicity;

Fullerenes Fullerenes and derivatives inhibit amyloid aggregation and avoid cytotoxic effects;

Carbon CNTs inhibit amyloid fibrillization by destabilizing the f-sheet structure and evanishing proteins’ natural propensity to collapse;
nanotubes

Graphene Graphene induces conformation transition and preferred adsorption of amyloid;

(oxide)

Bimolecular  KLVFF scaffold prevents AJ aggregation into amyloid fibrils; Lipid-based NPs inhibit conformation transformation and reduce amyloid
aggregates aggregation; CHP nanogels inhibit amyloid fibrils formation and suppress toxicity;

of the nanostructures.**

Tablel. Effects of various NPs on amyloid protein fibrillation and their aggregation toxicity.
Adapted with permission from Zhang et al.1%2
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Towards amyloidosis inhibition, extensive studies have examined the interactions of silica NPs
with amino acids.'*4’ Electrostatic interaction has been reported as the main binding force of
spherical silica NPs or silica films with peptides and proteins.1**>! Graphene quantum dots
(GQDs) have been introduced as a potent inhibitor against the amyloidosis of IAPP and aS in
vivo.1%2153 In another study, star polymer poly (2-hydroxyethyl acrylate) has been applied to
accelerate the nucleation and elongation phases of IAPP fibrillation and reduction of IAPP

toxicity as a result of depleted oligomer population.*>*

1.3.1.2. Chiral nanostructures in amyloidosis inhibition

Our left hand is the mirror image of our right hand. This phenomenon also exists in the world
of biology and organic chemistry. In nature, many compounds, twisted protein fibrils or DNA
appear in both forms of right-handed and left-handed. Such compounds are called ““chiral” from
the Greek word, cheir, which means the hand, and the mirror forms are called stereoisomers.>>
158

The presence of chirality is prevalent, from physics and the pharmaceutical industry to drug
design and biochemistry, from enantioselective catalysis to supramolecular assembly and
protein folding. Chiral nanostructures have been applied such as nanosensors,'*®
nanophotonics,'®® catalysis'®! and piezotronics systems.’®? Experimental results in drug
enantioselectivity revealed that often just one of the enantiomers is effective, implicating
chirality recognition as a strategy for drug design and treatment.

In biological environments, DNA mostly appears as right-handed double helices,®® while
IAPP fibrils exist mostly as left handed.’®®* The effect of chiral nanostructures on the
aggregation and fibrillation of chiral IAPP speices has rarely been exploited in the development
of therapeutics associated with T2DM. A fibrils show a dinstinct handness due to the inherent
chiralities of a-helices and L-amino acids, and are sensitive to chiral environments as a result.

This chirality may be utilised for designing an effective treatment of AD pathogenesis.’**1% In
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a previous study by Li et al.,*> chiral molecules have been applied to selectively inhibit Ap

fibrillation.

Understanding the fundamental properties of amyloid structures, such as their chirality and
their interactions with chiral NPs are crucial not only to gain a new insight into the biophysical
and biochemcial aspects of amyloidosis and amyloid diseases, but also to the development of

nanomedicine and bionanotechnology.'%
1.4.  Key techniques and model systems for the thesis
1.4.1. Commonly used techniques

1.4.1.1. For structural analysis

e ThT Kinetic Assay: The thioflavin T (ThT) dye is widely used to track and quantify protein
aggregation and fibrillation both in vitro and in vivo. Amyloid fibrils can be readily detected
in exposure to ThT dye, a small molecule which provides high fluorescence intensity upon
binding to the surface grooves of amyloid structures through hydrophobic interaction and
n-stacking.1®® Changes in ThT fluorescence intensity is known as an indicator of the B-sheet
structure in amyloid fibrils.

e Fourier-transform infrared (FTIR) spectroscopy: FTIR spectroscopy is a well-known
technique for structural characterizations of proteins and polypeptides, to provide molecular
information for the identification of simple to complex bonds.

e Thermogravimetric analysis (TGA): TGA is a technique based on a thermal analysis of the
mass of a sample over time, as water and organic constituents of a material gradually
dissociate through heating.

e Zeta potential: From the Greek letter zeta (), is widely used for the quantification of the

surface charge of particles.
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e Spectrofluorometry: For autofluorescent NPs, such as GQDs, the technique can offer
information regarding quenching of the NP fluorescence upon binding with amyloid protein

species.

1.4.1.2. Microscopy techniques

e Transmission electron microscopy (TEM): TEM is a commonly used imaging technique,
which constructs images through the interference of electron beams transmitted through a
sample, such as an inorganic material, or biomacromolecules and their complexes. Valuable
information can be obtained about the sample morphology or mechanism of interaction
between species. FiberApp, a statistical analysis tool based on the MATLAB platform, may
be applied to extract parameters such as the width, pitch size, length, and height distribution
of amyloid fibrils.*6’

e Scanning electron microscopy (SEM): SEM is another technique for imaging the structure
and morphology of materials, including particles and peptides.

e Helium ion microscopy (HIM): HIM is an alternative imaging technique to SEM, based on
focused ion beams. It overcomes challenges in SEM imaging of biological samples to avoid
sample damage and provide high image contrast without surface metal coating.

e Confocal fluorescence microscopy: This optical technique has the advantages of sample
sectioning and high signal-to-noise ratio, compared with conventional EPI fluorescence
microscopy.

1.4.1.3. Cytotoxicity

e Cell culture and cell viability assay: In vitro experiments enable studies of biological
responses to external factors in a more economical and convenient manner than in vivo
animal studies. Here, to investigate the toxicities of NPs, peptides (IAPP and AB) and effects
of NPs on peptide amyloidosis, pancreatic cell line (BTC-6) and neuronal cell line (SH-

SY5Y cells) were cultured following proper protocols and viability assays were performed.
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For the viability assays, treated cells were measured by a PerkinEImer Operetta system in a
live cell chamber. Propidium iodide (PI) labelled dead cells, and cell viability was quantified
by measuring cells which showed PI fluorescence relative to total cell count determined by
a built-in bright-field mapping function of Harmony High-Content Imaging and Analysis
software. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was
also performed as a complementary technique for the determination of cellular viability.

e Reactive oxygen species (ROS) assay: ROS are formed as natural byproducts of the
metabolism of oxygen, and elevated production of ROS by biological systems under stress
can result in apoptosis and cell death.'®® Here, ROS assay was performed to evaluate cell
response to various peptides in the presence and absence of NP inhibitors.

In addition to the common techniques listed above, more specialised methods as described

below were employed in the PhD project.
1.4.2. Proteomics and protein dysregulation analysis

Genomics and recently proteomics are modern profiling methods to identify novel genes and
proteins related to complex diseases.'®® Recently, demands for more accurate analytical studies
in protein biochemistry, drug development and biology have been rising significantly.’07?
Proteomics is suited to provide new insights into the identification of proteins, and has been
applied as a high-throughput technique to document the genes and proteins expressed in
neurodegererative related disorders such as Glucomal’® and AD-related neuronal tissues
through enormous parallel analysis.'®® In previous studies proteomics has been applied for
clinical management of people suffering from amyloidosis.!”® As yet, only a limited number of
studies have so far investigated the adverse effects of amyloid proteins on interacellular protein
and gene expressions upon neuronal cell exposure to AB.1"41"> With this approach, it was
demonstrated that the induction of APP intracellular domain (AICD) resulted in higher gene

expression in actin cytoskeleton such as a2-actin and transgelin. AICD exposed genes were
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differentially regulated in the frontal cortex of AD patients compared with controls.*’® Among
available information on the proteome of neuronal cells, the effects of AP on critical neuronal
pathways and dysregulation in AD such as cell adhesion, vesicle trafficking, actin cytoskeleton
dynamics and insulin signaling have been reported. Gene expression in human microglia was
altered in brain tissues after exposure to the oligomeric structure of Ap1-42.17

Compared with A, little is known about the proteome of pancreatic B-cells and intracellular
protein expression upon cell exposure to IAPP aggregation species.

Mass spectrometry (MS) is a powerful technique for the identification and quantification of
protein species,*’”17® and was employed in this project to investigate the up/down regulation
of pancreatic interacellular proteins upon exposure to IAPP species. MS was used to sequence
proteins using magnetic fields and define protein by protein mass-to-charge ratio. Liquid
chromatography-tandem mass spectrometry (LC-MS/MS) was used to analyse digested

samples.

1.4.3. Blood assay and localised surface plasmon resonance

The association of AD with neuroinflammation, in direct relation to peripheral immune cells
is well established.!8 There is evidence in literature implicating the interaction of senile Ap
plaques and microglia.*1182 and secretion of proinflammatory components such as IL-1p and
TNF upon AP exposure.'®318 |n addition, changes in Ap in the blood of early-stage AD patients
have been reported.*8518 However, the blood consists of various cell types immersed in more
than 3,700 different types of plasma proteins and other biomolecules.*®” The hydrophobic
structure of AP can result in binding of the peptide to plasma proteins and blood cell
membranes.8384183.189 The interaction of free A and plasma proteins may lead to the formation
of the protein corona. This phenomenon affects the interaction of Ap with cell membranes and
consequently alters cytotoxicity, cytokine secretion and consequently, immune response. In

addition to the protein corona, exposure to various AP structures may result in different immune
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responses. As an example, changes in hagocytic responses of microglia have been reported

upon their exposure to soluble oligomers or fibrillar plaques.'8+1%°

Localized surface plasmon resonance (LSPR) is a state-of-the-art technique for achieving fast,
stable, label-free, real-time detection of biological samples and components, including
cytokines. In this technique the surface binding of a biological sample causes shifts in the
absorbtion and scattering patterns of a gold NP-coated substrate, serving as a reporter on cell

response to protein aggregation, among other phenomena. %1%

In this study, the roles of plasma protein corona on immune cell responses to Af oligomers and
fibrils were revealed using a blood assay. A microfluidic-based LSPR platform was applied to

characterise the cytokine secretion of blood cells upon their exposure to Ap structures.

1.4.4. Zebrafish model in amyloidosis

The zebrafish (Danio rerio) was first employed as an animal model in the 1980s. According to
zebrafish and human gene comparision, more than 70% of human genome and around 82% of
disease-related genome have at least one orthologue gene in zebrafish. Also, 47% of human
genome have a one-to-one relationship with a zebrafish orthologue.*®®* Compared to in vitro
experiments, zebrafish as a multicellular organism provides much needed biological
complexity unavailable from cell lines. Robust reproductivity as well as high optical
transparency are other advantages of the zebrafish model, especially suited for toxicity studies.
The rapid development of zebrafish from the embroynic to adult stages offers advantages for
drug screening and biodistribution studies.*®**% Furthermore, easy manipulation of multiple
genes is another advantage of zebrafish over rodent models.*®” Accordingly, the last few years
have witnessed a significant growth of the zebrafish model for the characterisation of

pharmaceuticals and therapeutics targeting metabolic diseases.'%®1% Diabetic zebrafish models
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have been employed to study the therapeutics for T2DM.%82% Other studies have involved the
zebrafish model for the investigation of neurodegenerative diseases.?%*

Despite the significant differences between the human and the zebrafish brain, behavioral tests
on zebrafish have confirmed the value of using the zebrafish model for studying neurological
disorders.'®® Rink et al. showed that the ventral telencephalon in zebrafish is related to striatum
in humans.?%? Various orthologs of genes related to PD, such as parkin, pink1, dj-1 and Irrk2
have been found in zebrafish. The Parkin gene, a common autosomal recessive mutation in PD,
in zebrafish shows 62% and up to 92% similarities in identification and function compared
with human.?®® Both human and zebrafish Parkin are expressed during development and in
adult tissues and both result in gene dysregulation through mitochondrial stress.?%

The early stage of AD is related to mutation of three genes correlated with AB proteolysis in
human — AP precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2). In
zebrafish, the genes appa and appb are reported as similar to human APP, and can be expressed
in the telencephalon, the ventral diencephalon, the trigeminal ganglia, or the posterior lateral
line ganglia.?® Similarities of human with zebrafish in PSEN1 and PSEN2 provide an
opportunity for the investigation of presenilin function related to AD.?%® Expression of AP,
APP, and vy secretase components including PSENEN37, NCTN38 and APH1b37 has been
reported for zebrafish during development,'®” and dysregulation or imbalance in these proteins
may lead to neurological disorders.?°:2072% Mutant human tau protein in a zebrafish model
was used as a primary indicator of AD.2%°

In general, these genetic similarities between zebrafish and human rationalise a wide range of
applications of the zebrafish model for the study of the pathologies and therapeutic

development of human neurodegenerative and metabolic diseases.
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1. Declaration and rationale

“This chapter was published as Faridi, A., Yang, W., Kelly, H.G., Wang, C., Faridi, P., Purcell,
A.W.,, Davis, T.P., Chen, P., Kent, S.J., Ke, P.C., Differential Roles of Plasma Protein Corona
on Immune Cell Association and Cytokine Secretion of Oligomeric and Fibrillar Beta-
Amyloid, (2019) Biomacromolecules. Reprinted with permission from reference?'® Copyright

2019 American Chemical Society."

In this study, the effect of plasma protein corona on the association of AB aggregates with
immune cells and their cytokine secretion was reported. This study demonstrated a close
connection between amyloidogenesis and the immune response of amyloid proteins, an

important but overlooked aspect central to understanding the pathology of AD.

42



Downkaded via MONASH UNIV on January 20, 2020 &t 05:06:37 (UTC).
See https:{pubs. acs. org/shermgguide line's for options on how to kgitimately share published articles.

L 2
 Ge This Biamacramolecules 2019, 20, 208-4217 pubs.acs.org/Biomac

Differential Roles of Plasma Protein Corona on Immune Cell
Association and Cytokine Secretion of Oligomeric and Fibrillar Beta-
Amyloid

Ava Faridi,’ Wen Yang, Hannah Gabrielle Kell §" Chuanyu Wamgi Pouya Faridi,*

Anthony Wayne Purcell,"® Thomas P. Davis*"'“® Pengyu Chen,**® Stephen J. Kent, +51.V0
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

#Materials Research and Education Center, Auburn University, Auburn, Alabama 36849, United States

’Dcparlment of Microbiology and I logy, Peter Doherty Institute for Infection and Immunity, University of Melbourne,
Melbourne, Victoria 3052, Australia

ARC Centre for Excellence in Convergent Bio-Nano Science and Technology, University of Melbourne, Melbourne, Victoria 3052,
Australia

“Infection and Immunity Program & Department of Biochemistry and Molecular Biology, Biomedicine Discovery Institute, Monash
University, Clayton, Victoria 3800, Australia

# Australian Institute for Bioengineering and Nanotechnology, The University of Queensland, Brisbane, Queenslnd 4072, Australia
VMelbourne Sexual Health Clinic and Infectious Diseases Department, Alfred Hospital, Monash University Central Clinical School,
Carlton, Victoria 3053, Australia

© Supporting Information

ABSTRACT: Alzheimer's disease (AD) is a primary neurological
disease with no effective cure. A hallmark of AD is the presence of
intracellular tangles and extracellular plaques derived from the
aberrant aggregation of tau- and beta-amyloid (Af). Af presents in
the brain as well as in cerebrospinal fluid and the circulation, and
Af toxicity has been attributed to amyloidosis and inflammation,
among other causes. In this study, the effects of the a protein
corona have been investigated with regard to blood cell
association and cytokine secretion of oligomeric (Affo) and fibrillar [FVEEEEE
Api-a(Afy), two major forms of the peptide aggregates. Afo
displayed little change in membrane association in whole blood or
waahedb!ood(m,oelhindnabmofplmnpmmm) at 37 °C, while Af; showed a clear preference for binding with all
cell types sans pl I cells exposed to Afo, but not to Af, resulted in significant expression of cytokines IL-6
and TNF measured in real-time by a localized surface plasmon resonance sensor. These observations indicate greater immune
cell association and cytokine lunuﬂahmofAﬂothanAﬂ;anddxedmhﬂltontbeoonwmgbmm of Aflo and Af
resulting from their differential capacities in aoqmnng a plasma protein corona. These results further implicate a close

connection between A amyloidosis and i P gy in AD.
H INTRODUCTION two histopathological hallmarks of Alzheimer's di (AD), a
Beta b 4 P oo PoT | primary form of neurological disorder in aging populations.”
smlkl (AF) ongm s suyloi preanis peoees While AB plaques are often locsted in the brain tisses of
(APP) 0 kiteg e s AD patients postmortem, the peptide itself can also be traced
em, 1 can
’P”‘""“&""“'“mm"‘d“"“d"’ﬂ“’ . conbuosianl i (CR) sad tha: decodition™ Tha
secretascs, yielding two major peptide: products Afige s0d e between the peptide levels in the beain, CSF,

1 : . )
Afi_qx Among the two peptides, AS,_g ismore bydeophoblc Ly iy i healthy and disessed individmls, however,
due to the two additional amino acids of isoleucine and alanine
at the C-terminus and is considerably more cy ic due to its Received: August 13, 2019
higher tendency in aberrant aggregation. The extracellular Revised:  October 2, 2019
amyloid deposits of Af and the intracellular tangles of tau are Published: October 10, 2019

< ACS Publications ©2019 American Chemical Society 4208 Douumg;:lx’x'a;nxmn::
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remains unclear.’ Compelling evidence has shown the

ansport of Aff by serum albumin and apolipoproteins in the
blood plasma,”” likely due to the poor solubility of the peptide
as well as the chaperone-like capacity of serum albumin’™”
against the conformational changes of Af. Furthermore, while
specific receptors on microglia and monocytes/macrophages in
the brain may determine the clearance of extracellular Af
peptides through noninflammatory phagocytosis or pro-
inflammatory cytokine secretion,'”™'* adherence of comple-
ment C3b to complement receptor 1 (CR1) of erythrocytes is
a n:schamsm hypothesized for the peripheral clearance of

The literature has suggested the use of Af in the blood as an
effective indicator for the early diagnosis of AD." The effect of
human serum albumin (HSA) on the reduction of a-synuclein
aggregation (asouated with Parkinson’s disease) has bom

Cell Culture and Toxicity Assay. SH-SYSY neuroblastoma cells
were cultured in Dulbecco’s modified Eagle’s medi Nutrient
Mixture F-12 (DMED/F12, ATCC) with 10% fetal bovine serum
(FBS). For the viability assay, a 96-well plate (Costar) was pretreated
with poly-L-lysine (Sigma, 0.01%), incubated at 37 °C (5% CO,) for
30 min, and washed with phosphate buffered saline (PBS) thrice.
Approximately 60000 cells were added to each well and incubated at
37 °C and 5% CO, to reach 80% confluency. Propidium iodide (PI, 1
M) dye in fresh DMEM /F12 was added md incubated with the cells
for 30 min. After op of ples of 20 uM
Ap in the form of oligomers or fibrils were added to the wells. After 15
h of treatment, the cell viability was read by an Operetta instrument
(PerkinElmer, 20X lens; numerical aperture, 0.7) at 37 °C with 5%
CO,. The Plpositive apoptotic cells were d by the mapping
function of the instrument Nine reads per well for samples of
triplicate were acquired. Untreated cells were imaged as the contral.

Helium lon Microscopy (HIM). Whole and washed blood cells
were 'reaed with 10 uM Afy and Af; with and without plasma

reported recently.” However, the associations of p
proteins and blood cells with Af in its major awegnon
forms, namely, oligomers and amyloid fibrils (abbreviated as
Afy and Af; hereafter, to refer to the chiefly oligomeric and
fibrillar forms of the peptide), remain unclear. Furthermore,
the immune responses of blood cells to amyloidogenic
peptides and their aggregates have not been systematlcally
investigated. To lmg:tand transfotmahon of Af in
circulation, here we e d the b g of h blood
cells with Affy and Aff; with a special attention to plasma
proteins, using a high-throughput blood association assay."*'”
We further characterized real-time secretion of cytokines, i.e.,
interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF), by
human monocytes and lympbocyms exposed to Af, and Af,
using a localized surface p e (LSPR) i

assay™® Both our blood cell and LSPR immune assays
implicated a significant role of plasma protein corona in
shaping the cell binding affinity and toxicity of amyloid

The samples were then treated by 2.5% paraformaldehyde
and incubated at 4 °Cfor 10 b Aﬂenhe hcdadon, the slnples were
centrifuged, and paraformaldehyd plced every 2 h
with gradient ooncemnﬁons of ethanaol (209(; 40%, 60%, 80%, and
95%). A 30 uL portion of each sample was transferred to a carbon
tape and air-dred The cell morphologies were visualized by Orion
NanoFab (Zeiss).

Association of Af Species with Human Immune Cells. Fresh
blood was drawn from a healthy donor into sodium heparin Vacuettes
(Greiner Bio-One) in d with the University of Melb
Human ethics approval 1443420 and the Australian National Health
and Medial R ch Coundl St on Ethial Conduct in
Human Research. The blood cells were counted using a CELL-DYN
Emerald analyzer (Abbott). To prepare washed blood cells, 10 mL of
whole blood was topped up to S0 mL with PBS and spun down at
950g, for 10 min, with dow brake. The process was repeated four
more times to collect washed blood cells. The removal of plasma
proteins from the cells was indicated using a UV=—vis spectropho-
tometer (Nanodrop 2000, Themno Fisher), where the protein

aggregates and demonstrated a convoluted relahonshlp
between amyloidosis and i ion in AD.

B MATERIALS AND METHODS

: Hexaflu )

Ap pr propanal (HFIP)-treated human
Aﬁ.-u (AnaSpec, sequence, AIAEGDSHVLKEGAY-
MEIFDVQGHVFGGKIFRVVDLGSHNVA; purty, HPLC > 95%;

bbreviated as Af hereafter) was used in preparation of the two
aggregating states of Af. Spedfically, A, was rendered by incubating
the freshly dissolved Af in 0.003% NH,OH buffer at room
temperature for 30 h, while Af was obtained by incubating the
peptide at 37 °C for more than 60 h. The two aggregation states were
confirmed by a ThT kinetic assay and TEM imaging.

Transmission Electron Microscopy (TEM). For TEM imaging,
§ uL of Afg and AP, (each of 50 uM), plasma proteins, Afo, and Afk
in interaction with plasma proteins were pipetted onto copper grds
(400 mesh, glow-discharged for 15 s; Formvar film, ProSciTech) and
let to adsorb for 1 min. After removing unbound samples by filter
paper the grids were rinsed with 10 uL of Milli-Q water. The grids
were then negatively stained with S uL of 1% uranyl acetate (UA) for
30 s and blown dry. The samples were imaged by a transmission
electron microscope (Tecnai G2 F20, FEI, Eindhoven, The
Nethedands) under an electric potential of 200 kV. Images were
acquired with a CCD camera (UltraScan 1000, Gatan).

Thioflavin T (ThT) Kinetic Assay. A kinetic assay on peptide
fibrillzation was conducted using S0 uM A and 100 uM ThT dye

pipetted into a 96-well plate (Costar). Changes in ThT fluorescence,
indicating the f-sheet content in the sample, were recorded at 37 °C
until the saturation phase after 60 h by a plate reader (PerkinElmer
EnSight HH33400; Ex/Em, 440/485 nm). The assay was done with
triplicate for each sample condition
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bsorb at 280 nm was absent to confirm their removal The
cells were resuspended in serum-free RPMI 1640 (Gibco) to keep the
cell concentration of whole and washed blood consistent. ThT-labeled
Ap, or A, was added to 100 uL of blood in triplicate at 5, 10, and 15
#M and incubated at 4 and 37 °C for 1 h. Phamn Lyse buffer (BD)
was added to lyse red blood cells at 40% blood volume, followed by
washing twice with 4 mL of PBS (500g, 7 min). The cells were
phenotyped for 1 h on ice by titrating antibodies against CD3 AF700
(SP34-2, BD), CD14 APC-H7 (M®P9, BD), CDS6 PE (B159, BD),
lineage-1 cocktall FITC (BD), HLA-DR PerCP-Cy5.5 (G46-6, BD),
and CD19 BV6S0 (HIBI9, Biolegend). Free antibodies were
and removed by centrifugation (500g 7 min) with a PBS buffer
containing 0.5% w/v BSA and 2 mM EDTA at 4 °C. The cells were
fixed I7y fonnddeh)de h PBS at 1% weight to volume matio. The
were cell iation using flow cytometry
(l.SRFoneu, BD Blosden-:es) and software FlowJo VI0.

LSPR Detection of Immune Cell Responses to Af Species.
Cell Cuilture. Jurkat human T cells (ATCCCRL-2901) were cultured
in RPMI-1640 medium (ATCC) with 200 pg/mL G428 and 10%
FBS (ATCC). The cells were incubated at 37 °C with 5% CO,
(Thermo Scientific). Epstein~Barr virus transformed human B
lymphoblasts (ATCC) were cultured in RPME1640 medium with
10% FBS. Human monocytic THP-1 cells (ATCC) were cultured in
RPMI-1640 medium with 50 uM mercaptoethanol and 10% FBS. The
cell culture was ined plenishing the medium every 2-3
days at 1 X 10° to 1 X 10° cells/mL. The cells were collected by
centrifugation (125¢ S min) and resuspended in fresh culture
medium.

LSPR Immunoassay. The human immune cell lines (T cells, B
cells, or THP-1 cells) were resuspended in human plisma proteins
(Innovative Research) and RPMI-1640 medium at 1 X 10° cells/mL,

ively. The i cells were incubated with Afo and Af;of S,
10, and 15 uM final concentrations for 2 h at 4 and 37 °C. The

ad
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Figure 1. TEM imaging and ThT kinetic assay of A§ fibrillzation. TEM images show the ﬂolwhg m'uctum (a) Afo, (b) Af (c) plasma
proteins, (d) Afo with plasma proteins, and (e) Afj with phisma proteins. The The error bars indicate the
standard deviations of averaged data sets A concentration: S0 uM (ThT assay, 37 C) and 20 pM (TEM, atroom temperature). Scale bars: 100
nm. (f) ThT kinetic assay of Afm and Afo fibrillzation with and without plsma proteins.

a
#
£
g Untreated
= cells
3

Untreated cefis+ e §
plasma proteins | - “*Plagma proteins " _plasma proteins

Figure 2. Viability and morphology of neuronal cells exposed to the Af species with or without plisma proteins (2) SYSY cell toxicities exposed to
Afo and AP, PI: propidium lodide. (b) Helium ion mi indi the toxicity of A spedes with and without plasma proteins. Arrows
indicate the def¢ ion of cell b induced by Afo. Cdlsmmdwid:d\eAﬂtpednfazh,wihorvdhomﬁmapumehe
erformed in tripli and error bars indicate standard deviations (ns, P > 0.05; and **¥, P < 0.001). A concentration: 20 uM.

“YJ ml’
Scale bars: 2 um.

immune responses of human THP-1 cells, human Judat T cells, and cytokines from the immune cells. A total of more than 100 chips were
human B cells were investigated after stimulations with Aflp and A, Used for this assay.
After 2 b-of incubation, the cltwe medlum was exiracted 0d g RESULTS AND DISCUSSION

Pt oo ves: LSER.: inameacmmny: g, (for Gbsicsion: el Interactions of Af Aggregates with Plasma Proteins.
measurement details, see the description in the Supporting Due to the kinetic nature of amyloidosis, which is a
Information, as well as Figure S1) for the detection of secretory convolution of both primary and secondary nucleation
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Figure 3. Gating strategy used to determine white blood cell p and amyloid dation. (a) R tive gating strategy wsed to
detenmine white blood cell populations. Forward scatter area (FSC A) and side scatter area (SSC-A) were first andyud to Jocate white blood celks.
Doublets were excluded based on the FSC-A vs FSC-H of single cells gated. The following cell types were identified using sequential gating based
on expression of surface markers or light scatter: high SSC-A granulocytes; CD3+ T cells; CD14+ monocytes; CDS6+ NK cells; CD19+ B celk;
and Linl-veHLA-DR+ dendxitic cells. (b) Cell association with ThT-labeled A was then measured, and an example of the gating is shown for the
lation. Further examples can be found in the Supporting Information, Figure S3.

followed by elongation and saturation,’ the Aflo and Af fibrillization in the literature.” ™ In the presence of plasma

samples were not pure oligomers or fibrils but were inclisive proteins, interactions of both Af, and Af, with the proteins
of a collection of minor heterogeneous aggregates. Indeed, the blocked the addition of A monomers to inhibit the further

reverse phase HPLC (RP-HPLC; for the method, see the bly of the olig into amyloid fibrils.
Supporting Information) revealed ﬁ:rmahon of slxghtly hydro- Aggregation of amyloid proteins is a hallmark of neuro-
phobic Aflo from its hydrophilic gin (centered degenerative diseases and type 2 diabetes. % aggregation is
on the retention time of ~20 min). AsfortbeAﬂgsample,t.he assoaated with neuronal cell degemrahon, * and the Af
monomeric and oligomeric species were depleted and are considered to be the most toxic species.”” The
converted into fibrillar structures of varying hydrophobicity cytntnnaty of Af in this study was consistent with the
(Figure S2). literature and with the aggregation inhibition of Af in
The interaction of Af with blood components is of intense interaction with plasma proteins (Figure 2a), revealing
interest as it offers a model to und d the i d toxicity of A, with plasma proteins (39 + 2.6%

response to amyloid proteins. Previously, Kuo et al. reported without plasma proteins down to 30 % 2% with plasma
the interactions of fresh Af, ,, and Af,_,, with phsma proteins). In comparison, Af; induced a modest 13%
proteins.”’ Here, our TEM imaging of plasma proteins, and cytotoxicity which was not affected by plasma proteins.

Aflo and Afj; with and without plasma proteins confirmed the Ap Aggregation-Induced Membrane Damage. The
two aggregation states as globules and fibrils (Figure 1a,b), morphologies of SH-SYSY neuronal cells exposed to the two
respectively. TEM n'mgmg showed the morphologies of Ap aggregating species were examined with helium ion
plasma proteins (Figure Ic) and their associations with the microscopy (HIM). HIM utilizes a helium ion source to
Af} species (Figure 1de). Specifically, in the case of Aff; a excite a small sample volume with a large depth and is
protein “corona” was rendered upon the peptide incubation advantageous to conventional scanning electron microscopy in

with pl proteins, mediated by H-bonding and electrostatic both resolution and image brightness. Consistent with the
interactions bctween the Aﬁ; surface moieties and the viability assay, significant damage including membrane
hiphilic deformation and blebbing of the SH-SYSY cells was observed

M Aggngaﬁon Kinetics and Cytotoxicity. The ThT upon their exposure to Afl, (Figure 2b), while such damage
kinetics of Af,, and Af, displayed a nucleation phase, followed was reduced in the p e of Affo incubated with plasma
by an elongation phase to a saturation phase of the peptide proteins. In comparison, no damage was evident when the cells
after ~60 h (Figure 1f). This result is consistent with the Af were exposed to Aff; with or without plasma proteins.
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Figure 4. Assodation of the Af species with immune cells. The graphs show the dation of i cells as cytes, T cells, dendritic cells,

granulocytes, NK celks, and B cells with ThT -labeled Affo and Af;in 3 different concentration of $, 10, and 15 uM. The treatments with Affo and

Afj¢ were applied at 4 and 37 °C in whole blood (with plasma proteins) and washed blood (plasma pr

ol ia i,

d). A

of A with cell

membranes was significantly lower in whole blood than washed blood. The assay was performed in triplicate. The emor bars show standard
deviations (*, P < 0.05; **, P < 0.01; **%, P < 0.001; and ***¥, P < 0.0001).

Cell Associations with Af Aggregates. In recent
research, AD is considered as more than a neural-centric
disease but has its origin in the immune system and
inflammation.”’”* To better understand the interaction
between Af and blood immune cells, the association of fresh
human blood phagocytes (granulocytes, monocytes, and
dendritic cells) and lymphocytes (T cells, B cells, and natural
lullcr/N'K cells) with Ao and Afk in the presence and absence

ins was d by flow cytometry (Figures 3
and 4). The A structures displayed no apparent association
with any type of the immune cells at 4 °C in either whole
blood or washed blood. An increment of temperature from 4
to 37 °C, which elevated biomolecular diffusion as well as the
biological processes of endocytosis and phagocytosis uptake,'”
gave rise to increased association of Af with all types of the
immune cells. Although the most prominent association of the
A proteins was with blood immune cells of phagocytic nature
(granulocytes, monocytes, and dendritic cells), substantial
association was also observed for B and T lymphocytes (Figure
4).

The amphiphilic structures of ohgomem and protofibrils,
known as the most toxic species of Af,’ are less prone to
interact with the hydrophilic surfaces of plasma proteins and
biomolecules. On the other hand, amyloid peptides and
proteins show a high propensity for cell membranes by
initiating contact via the N termini of their functional
monomers, which triggers their structural transition from
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monomers to alpha helices, toxic oli and p
and, eventually, f-sheet rich amyloid fibrils.! Com:stmt with
these known biochemical properties, we found that Af,
displayed strong and comparable associations with the
neuronal cells in both whole blood and washed blood cells
(i.e., with plasma proteins removed, Figure 4). In contrast, Af;
showed less association with the immune cells compared to
Afo. We hypothesized that this is likely due to the high
capacity of Aff; to establish hydrogen bonds with free plasma
proteins, forming a pecific protein corona d the Af;
when incubated with whole blood.“ Indeed, we observed that
A association with immune cells in whole blood (with plasma
) was lly greater than that observed in washed
blood (thhm.rt plasma pmtems) This was particularly evident
in the lymphocyte population (T, B, NK cells) where
association was almost completely abrogated, with a less
marked effect on granulocytes and dendritic cells.
The association of Af aggregates with
entails both physical and tomcolog,\cal unphcauom Serum
albumin, the most abund: in in the pl has been
shown to inhibit A,y aggregation.”™ The higher level of
toxic Af association with cell membranes can result in an
elevated response from monocytes among immune cells.**
Previous studies showed that the accumulations of Af,
microglia, as well as blood monocyte macrophages were
significantly involved in anti-inflammatory response to excess
Af*7 In this study, we noted a high level of interaction
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between the Aff species and monocytes for all conditions (i.e., periphery.”® In the current study, a strong association of Aflo
90~—100% for all concentrations of Aflp and 20—40% and 60— with granulocytes (80—90%) was recorded with no consid-
80% for low and high concentrations of Aff; respectively; erable difference with and without plasma proteins. In the case
Figure 4). Overall, the monocytes displayed the highest of Aff; the associations were determined to be 7.0 + 2.9%, 21.6
association with Affo compared to other types of blood cells. + 12%, and 35.7 + 2.6% and 11.7 + 04%, 38.5 + 5.4%, and
In addition to monocytes, recruitment of T cells at Af 51.8 + 3.1% with and without plasma proteins, respectively
plaques has been reported. T cells play a major role in the (Figure 4). In addition to the blood cells characterized, a very
pathophysiology of AD,” where the cellular response induced low association of NK cells with Afl, and no association with
a near complete clearance of A In addition, research has Af, especially with plasma proteins, were observed.
shown that AD patients exhibit an elevated T cell response to The production of antibodies by B cells toward Af,,
Af} as compared to middleaged healthy individuals.® The protofibrils has been shown to be much enhanced in AD
telomere length of T cells is dysregulated in AD patients, which patients as compared to healthy individuals.® In the present
may have consequential effects on the immune system and the study, both Af species displayed interactions with B cells.
brain.*’ In the present study, strong associations of Af, (i.e., Specifically, association of Affo with B cells slightly decreased
37-41%, 55-60%, and 66—67% for the three chosen from whole blood to washed cells for the 3 concentrations of
concentrations) with T cells, independent of the e of Ao and significantly dropped from 12.8 + 5.9%, 36.6 + 6.0%,
plasma proteins, were observed. In comparison, Af; showed and 57.1 £ 0.9% to below 5% for the 3 concentrations of Aff,
lower interactions with the T cells (5.2 + 0.1%, 38.2 + 32%,  respectively (Figure 4).

and 51.8 + 1.5% for the three chosen concentrations) without Apo- and AfInduced Immune Responses with and
plasma proteins, and no significant interactions (<10%) with without Plasma Proteins. The deposition of Af peptide has
plasma proteins (Figure 4). been revealed to trigger a range of inflammation responses

Dendritic cells (DCs), an initiator of adaptive immune from immune cells to express cytokines and chemokines.*
responses, were reported to endocytose amyloid fibrils.'® Laboratory and clinical u\veshphom have shown evidence of
‘While the age-related behavior of DCs in enhancing peripheral increased rel of p cytohnes in both the
inflammation has been documented, no significant changes in brain and plasma of AD pahents. In addition, plasma
the secretion of chemokines or cytokines have been recorded proteins including HSA have been demonstrated to mitigate
with Af fibrils.” Here, association of 78—85% of Af in the Af amyloidosis and participate in AD-incited inflammatory
absence of plasma proteins and stronger association of 69— responses in the brain. HSA binds 90% of plasma Af and could
93% of Affo with DCs were recorded in whole blood cells. Afg potentially affect their molecular distribution and pharmaco-
in contrast, showed weaker interactions with DCs than Aflo at kinetics.”” Unveiling the influence of plasma proteins on the

1L1 % 3.7%, 35 + 0.7%, and 565 + 13% and 38.2 + 33%,  Af peptide-induced i response and understanding the
69.2 + 3.1%, and 71.2 + 64% for the three concentrations pro-inflammatory cytokine release profiles upon stimulation
with and without plasma proteins, respecnvely (Flgure 4) may offer new insights into Aflinduced cytotoxicity to

Previous studies revealed hindered circ ity facilitate the development of AD therapy. Conventional

granulocytes in AD-type dementia patients, sugatmg a cytokine detection methods such as enzyme-linked immuno-
damaging effect of AD on inflammatory cells in the sorbent assay (ELISA) usually require laborious regent
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Figure 6. Af-induced immune responses of human i cells. Cy

profiles for THP-1 cells, T cells, and B cells incubated with

Afo and A, in human plasma or RPMI-1640 medium. The assay was performed in triplicate. The error bars indicate standard deviations (*, P <

0.05; **, P < 0.01; *** P < 0.001; and ****, P < 0.0001).

processing procedures, incliding multiple steps of staining,
washing, and blocking, and posing challenges in realtime
analysis of dynamic molecular release processes.”® In this
study, we performed a label-free microfluidic-based LSPR
immunoassay for realtime detection of multiple cytokines
secreted by three types of immune cells, after coculturing the
oellsmthAﬂoorAﬂ;.Tl'nxmmmempomesmdmedbyAﬂo
and Af}; with and without pl were d by the
levels of cytokine secretion.

Immune cell lines (T cells, B cells, or monocytic cells) were
incubated with the two types of Af aggregates in human
1 and RPMI medium at 4 and 37 °C, respecnvely LSPR

y chips consisting of antibody-functi

nanorods (AuNRs)wmusedtodetect TNF and IL-6 secreted
by the immune cells (Figure 5a). Cytokine binding with
AuNR-antibody conjugate altered the localized-refractive
index and enlarged the scattering cross section of the
nanostructure. The plasmon resonance gave rise to a red
shift in the scattering spectrum, coupled with an increased
scattering intensity (Figure Sb). Images of the sensing spot
arrays were acquired in real-ti an ultr. itive electron
multiplying CCD (EMCCD, Photometrics). The scattering
intensities of the sensing spots were processed by MATLAB
and converted to cytokine concentrations based on pre-
established calibrations (Figure Sc). More pronounced
inflammatory responses were observed for immune cells

14

¥
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exposed to the Af species at 37 °C than at 4 °C due to
higher cell activity and metabolism (Figure 6). Specifically,
Aflo induced overall heightened immune responses as
compared to Afl; at 37 °C, suggesting stronger interaction
and toxicity of the former with the immune cells. THP-1 cells
(as a model system for monocytes), in particular, displayed a
prominent pro-inflammatory cytokine secretion upon exposure
to Aflo, consistent with the observed monocyte association
with the A aggregate (Figure 4).

Oontrashngeﬂ'eds of plasma proteins on Aflo- and Afy
induced immune responses were observzd at 37 °C. Whereas
Af; displayed overall supp d after
interacting with plasma proteins for all three types of immune
cells, Afio-associated immune toxicity was mostly promoted in
the p e of pl ins, except for TNF expression
from the THP-1 cells. Suchch&rmmllmmnnemncxtyofhﬂ
depositions can be attributed to two main factors: size and
hydrophobicity, correlating to the capacities of the Af species
and their protein-coronae to bind and penetrate the immune
cell membranes. It was reported that amylin oligomers of
smaller size and higher hydrophobicity elicited a stronger
immune response than their counterparts with similar size but
less sol d hydrophobic residues.**” As such,
bmdmgofAﬂownthsmablmmplmpmtm
inhibited the peptide aggregation to maintain their small size
and surface hydrophobicity, facilitating immune cell inter-
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actions to elevate immune responses.”’ In contrast, Af with
lower structural plasticity and less exposed hydrophobic
residues tends to bind to plasma proteins via charged and
polar groups, resulting in a larger colloidal-like amyloid-protein
corona while displaying weaker toxicity. It should be noted that
TNF expression from THP-1 cells could be promoted through
receptou'-(?eclﬁc signaling pathways such as the Mac-1
receptor.”” Hence, the formation of an Afiy-plasma protein
corona could potentially shield the exposed Aflo activation
motifs and drastically prohibit TNF secretion. Such a
phenomenon was not observed for Mac-1 receptor-negative
T-cells and B-cells.

B CONCLUSION

Amyloidosis has been extensively investigated for the past
decades, dnvenbythemgentmd to find a cure for amyloid
diseases.” Much of this research emphasis has been centered
on the amyloid hypothesis®’ and its pathological implications.
The olig are widely viewed as the most toxic products of
protein awamn as established by extensive in vitro and in
vivo data, " while amyloid fibrils are gznerally considered as
benign despite experimental discrepancies®* Here, we have
revealed a convoluted relationship between the amyloidosis
and immunogenicity of Af;, using a high-throughput blood
assay and a label-free microfluidic-based LSPR immunoassay.
Spaaﬁcally, Aﬂo displayed strong blood cell asoaatzon
of AB,
mtbtheoeﬂswaswuhzrandwasﬁnﬂurdampmedmwbole
blood as a result of a p corona. C , the LSPR
immunoassay revealed elevated cytokine secretion of immune
cells against both Af, and Af, especially more so for the
ohgomers The Af-elicited immune response was screened by

ins, via a protein corona mediated by pecific
fomTheohgonm,ontbeoﬂm’hand,mamtamedthar
capacity for immune cell association due to their small size and
finite hydrophobicity. This study has implicated the
intertwined relationship between the amyloidosis and
immunogenicity of Af, two aspects underlining the patho-
logical cascade and therapeutic solution of AD.
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Localized surface plasmon resonance (LSPR) immunoassay chip fabrication

PDMS micrafluidic-pattering layer preparation

The mold wafer for parallel microfluadic channels (200 pm (W) = 2.5 cm (L) * 50 pm) was
fabnicated on a silicon substrate by photolithography. A hiquid PDMS (polydimethylsiloxane,
Sylgard-184, Dow Corning) pre-polymer and cross linker were then mmxed (10:1) and degassed
twice, and poured onto the silicon mode wafer. The device was incubated over 6 h at 70 °C.
After that, the PDMS microfluidic-pattering layer was peeled off from the mold wafer. Inlets

and outlets of the follow channels were created by a hole puncher with a diameter of 1 mm.

Au nanorod barcode patterning

Glass slides were first washed by deiomized (DI) water and immersed in Piranha solution
(H2504:H202 = 3:1 v/v) for 10 min. The cleaned slides were rinsed with DI water and kept in
an ultrasonic bath for 15 min, and then thoroughly washed with DI water. The prepared glass
slides were fully dried at 80 °C. To create a negatively charged surface, oxygen plasma at 60
W (PE-50, Plasma Etch Inc) was applied onto a glass substrate for 4 mun. The PDMS
microfluidic-pattening layer was quickly attached onto the surface of plasma-treated glass for
Au nanorod (AuNR) barcode patterning. A suspension of CTAB-coated AuNRs (Nanoseedz,
NR-40-650-10) was loaded into the channels and mcubated overmght. The positively charged
AuNRs were immobilized onto the glass surface through electrostatic interaction to form the
barcode pattern on the glass substrate. Unbound AuNRs were washed away by DI water. The
PDMS patterning layer was then carefully removed and a free PDMS flow channel layer (from
the same mask) was attached perpendiculasly to the AuNRs barcode patterns. Approximately
1 mM of 11-mercaptoundecanoic acid (Sigma-Aldrich, USA) was loaded into the channels to
replace the CTAB layer on the AuNRs surface and incubated overmght. 0.1 M NHS (M-
hydroxysuccinimide, Thermo Scientific) and 0.4 M EDC (1-ethyl-3-[3-{dimethylamino)propyl]

carbodiinmde hydrochloride, Thermo Scientific) prepared in 0.1 M MES (1-ethyl-3-[3-

54



(dimethylamino)propyl] carbodiimide hydrochloride Thermo Scientific) were mixed in equal
volume. The mixture was then loaded into microfluidics channels, and incubated for 40 min.
Probe antibody solutions (anti-human I1-6 or anti-human TNF-a, eBioscience, USA) i 50
pg/mL were injected into the channels and incubated for 1 h. All the excessive chemicals and

molecules in each step were washed away by 1x PBS at 1.5 pL/min for 6 min (Fig. S1).

Dark-field
microscope

’
R ——

Microfluidic! La
chip '

Figure S1. (a) Au nanorod (AuNR) barcode patteming. AuNRs and functional chemical
solution were loaded into a microfluidic chip using a syringe. The liquid speed was precisely
controlled by a synnge pump. (b) LSPR immunoassay under a dark-field microscope. A
prepared LSPR chip was mounted on the sample stage. Scattering light was collected by a 10x
objective lens. Dark-field images were captured by an EMCCD camera and analyzed by a

customized Matlab code.

Reversed-phase high performance liquid chromatography (RP-HPLC). Samples of Afm,
APo and APs (300 pM) were dissolved in 10% acetic acid and ran on a 4.6-mm (intemal
diameter) x 100-mm (length) monolithic reversed-phase C18 high-performance liquid
chromatography (HPLC) column of Chromolith SpeedROD; Merck Millipore, Darmstadt,
Germany, using an AKTAmicro HPLC system (GE Healthcare, Little Chalfont, UK). Buffer
A (0.1% trifluoroacetic acid; Thermo Fisher Scientific) and buffer B (80% acetonitnle, 0.1%

trifluoroacetic acid; Thermo Fisher Scientific) were used in the mobile phase. After a blank
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run, the AP peptide samples were injected into the column and separated using the following
chromatographic conditions: 2-15% buffer B over 0.25 min (2 mL/min), 15-30% buffer B over
4 min (2 mL/min), 30-40% buffer B over 8 min (2 mL/min), 40-45% buffer B over 10 min (2
mL/min), 45-99% buffer B over 2 min (1 mL/min), 99-100% over 2 min (1mL/min), and re-

equilibrated 6 min in 2% buffer B at 2 mL/min.

Blank
120 { — Monomer
Oligomer
100 { — Fibnl l
80 1
2 | P
2ol |, 1 |

‘ ﬁ 1
e ' M . ’ ld““|| ) \ =
20 1 J"J 'JI\ln\ ,:Ul - \‘-.\p/;_,i&?f‘ i
e

5 10 15 20 25 30

Retention time (min)

Fig. S2. RP-HPLC elution of APm APo and APr structures. Longer retention time
corresponded to increased hydrophobicity. Compared with APo, the oligomeric structures in
the sample of APs were mostly depleted and converted into various heterogeneous and highly
hydrophilic structures especially at earlier retention times. The overall data confirmed a
conformational conversion of APm to APt over time, from disordered to B-sheet-dominant
structures. mAU: mulli-absorbance unit. AP concentration: 300 pM. For simplicity of
comparison, this figure represents the first 30 min of HPLC runs (as there were no major

differences between the curves after 30 min).
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Figure S3. Gating was apphed to identify the population of immune cells with ThT-labelled
ApPo. Side and forward scatter were used to locate white blood cells before doublets were
excluded. The following cell types were 1dentified based on expression of surface markers or
scatter: high side scatter granulocytes; CD3+ T cells; CD14+ monocytes; CD56+ NK cells;
CD19+ B cells; and Linl-HLA-DR+ dendrnitic cells. The percentage of each cell type positive

for the ThT-labelled AP was recorded.
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Chapter 3

Mitigating human IAPP amyloidogenesis in vivo with

chiral silica nanoribbons
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1. Declaration and rationale

“This chapter was published as Faridi, A., Sun, Y., Okazaki, Y., Peng, G., Gao, J., Kakinen,
A., Faridi, P., Zhao, M., Javed, 1., Purcell, AW., Davis, T.P., Lin, S., Oda, R., Ding, F., Ke,
P.C., Mitigating Human IAPP Amyloidogenesis In Vivo with Chiral Silica Nanoribbons,

(2018) Small. Reprinted with permission from reference'?? Copyright 2018Wiley."

In this chapter, the use of mesoscopic chiral silica nanostructures against IAPP aggregation
was studied for the first time in vitro and in an embryonic zebrafish model. This study offered

a new strategy for amyloidosis inhibition with chiral nanomaterials.
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Mitigating Human IAPP Amyloidogenesis In Vivo with

Chiral Silica Nanoribbons

Ava Faridi, Yunxiang Sun, Yutaka Okazaki, Guotao Peng, Jie Gao, Aleksandr Kakinen,
Pouya Faridi, Mei Zhao, Ibrahim Javed, Anthony W. Purcell, Thomas P. Davis,*
Sijie Lin,* Reiko Oda,* Feng Ding, and Pu Chun Ke*

Amyloid fibrils generally display chirality, a feature which has rarely been
exploited in the development of therapeutics against amyloid diseases. This
study reports, for the first time, the use of mesoscopic chiral silica nanorib-
bons against the in vivo amyloidogenesis of human islet amyloid polypep-
tide (JAPP), the peptide whose aggregation is implicated in type 2 diabetes.
The thioflavin T assay and transmission electron microscopy show acceler-
ated IAPP fibrillization through elimination of the nucleation phase and
shortening of the elongation phase by the nanostructures. Coarse-grained
simulations offer complementary molecular insights into the acceleration
of amyloid aggregation through their nonspecific binding and directional
seeding with the nanostructures. This accelerated IAPP fibrillization translates
to reduced toxicity, especially for the right-handed silica nanoribbons, as
revealed by cell viability, helium ion microscopy, as well as zebrafish embryo
survival, developmental, and behavioral assays. This study has implicated
the potential of employing chiral nanotechnologies against the mesoscopic
enantioselectivity of amyloid proteins and their associated diseases.

1. Introduction

The aggregation of human islet amyloid polypeptide (IAPP)
into insoluble amyloid fibrils and plaques is a hallmark of
type 2 diabetes,['¥ a metabolic disease and a global epidemic

impacting an estimated population of
360 million. IAPP is a 37-residue amphi-
philic peptide seaeted by pancreatic
beta cell islets, and is stabilized intra-
cellularly by the presence of insulin,
low pH, physiological metal ions (such
as znc), as well as zinc-coordinated
complexation of C-peptide and IAPP ata
specific stoichiometric ratio.’! A major
strategy against IAPP amyloidogenesis
has involved the use of small molecules
(e.g. polyphenols such as curcumin,
resveratrol, and epigallocatechin gallate),
chaperone proteins, or engineered
nanostructures of dendritic polymers, gra-
phene oxide nanosheets, and gold nano-
particles, exploiting the capacities of these
“ligands” in mediating hydrogen-bonding,
hydrophobic interaction, or n-stacking
with the amyloid protein.!¥ While these
approaches are designed to simultane-
ously inhibit protein aggregation and toxi-
city, and almost exclusively in vitro, we have recently shown
that star polymer poly (2-hydroxyethyl acrylate) could accelerate
the nucleation and elongation phases of IAPP fibrillization,
while eliminating the production of toxic IAPP oligomers in
vitro and ex vivo.”! In addition, we have demonstrated that the
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amyleid fragments of beta-lactoglobulin coated on multiwalled
carbon nanotubes, sequestered toxic IAPP in vivo in an embry-
onic zebrafish modell'™ However, strategies aiming at in vive
mitigation of amyloidogenesis remain extremely lirnited.

Chiral structures are prevalent in nature, ranging from
phospholipids in cell membranes to D-sugars, L-amino
acids, and B-, A-, and Z-form deoxyribonucleic adds. These
chiral structures are building blocks of biclogical systems
and play essential roles in cell recognition and uptake,
metabolism, protein synthesis, and genetic coding. Recently,
chiral molecules such as the enantiomers of tartaric add"4
N-isobutyryl cysteine 'l cysteine [ lysine, phenylalanine, and
monemetallic units have been used to functionalize mica, gold.
carbon dots, and graphene oxide nanosheets, and the resulting
surfaces have elicited differential effects on the aggregation of
insulin and amyloid-f (AB) as well as on cell response. 419
While much remains to be understood, salt-bridge interac-
tion, for example, has been proposed as a major mechanism
for serum albumin interacting with gold nanoparticles coated
with L- and D-penicillamine!” The implications of this type
of research range from catalysis, sensing, and bicengineering
to the inhibition of amyloid protein aggregation at pseudoho-
mochiral interfaces, such as ligand-modified surfaces and cell
membranes. However, the use of chirality of either the inhibi-
tors or the amyloid fbrils against amyloidogenesis, especially
chirality on the nanoscale, remains a rarity.

In this study, we synthesized both left- and righthanded
silica nanoribbons (I/R-8i0y), whose pitch sizes (=90 nm)
were on the same order of magnitude as that of IAPP amyloid
fibrils (20-50 nm).[51 It is known from the literature that LAPP
fibrils, as well as fibrils of Aff and tau, generally adopt left-hand-
edness, although right-handed IAPP fibrils have been observed
occasionally!®!® This biased amyloid chirality is understood as
a result of the dominance of left-handed amino acid species, the
building blocks of amyloid peptides and proteins. On the other
hand, silica nanestructures, including silica nanoribbons, have
been widely applied in electronics, drug delivery, sensing, and
catalysis.'?®] The combination of inorganic nano-objects and
chirality, either by grafting chiral molecules to silica nanopar-
ticles or forming silica nanostructures of chiral shapes, along
with the wellknown surface chemistry of silica and their easy
functonalization by other molecules or nanoparticles, enables
chiral recognition or chiral separation,?? meme of nano-
periodic patterns in b 181 chiroptical nanomaterials, *23
nancsensors,? or chiral catalysis.[7]

Here the mesoscopic chirality of silica nanoribbons is utilized
for the first time to inhibit IAPP toxicity. The effects of the nanor-
ibbons on IAPP aggregation were first evaluated using a thi-
oflavin T (ThT) kinetic assay and transmission electron micros-
copy (TEM). The efficades of the L/R-5i0, on IAPP toxicity
inhibition were examined with FTC-6 pancreatic beta cells and a
high-throughput in vive embryonic zebrafish model. The R-5i0;
were more potent than the L-5i0; in inhibiting IAPP aggregation
and toxicity, due to fibrillization along the perpendicular direction
and hence a higher density of seeding IAPP on the silica nano-
structures, as corroborated by TEM and coarse-grained computer
simulations. This study points to the potental of exploiting the
mesoscopic enantoselectivity of amyloid proteins for the preven-
tion and treatment of a range of human amyloid diseases.
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2. Results and Discussion
2.1. Characterization of Chiral Silica Manoribbons

The morphology and dimensions of the LiR-5i0; are sum-
marized in Figure 1, which appeared highly comparable
except for the handedness. Specifically, the average width
and half pitch size were 19.5 £ 2 nm and 4.7 + 3.9 nm for
L-5i0; and 19.4 £ 1.9 nm and 44.3 + 3.5 nm for R-5i0,, respec-
tively. The L/R-5i0, were negatively charged at —23 + 0.4 mV
and —22.2 + 0.5 mV, which enabled their electrostatic interac-
tions with the cationic IAPP peptide.Fl

2.2. IAPP Fibrillization Inhibition and Remodeling by Chiral
Silica Nanoribbons

TEM imaging revealed associations of the Ly R-5i0; with [APP
monotmers, cligomers, and amyloid fbrils (Figure 2). Com-
pariscn of TAPP in the presence of the L/R-5i0; with control
IAPP fibrils clearly indicates that the peptides were attracted to
the nanoribbons, causing an increase in local IAPP concentra-
tion and hence a rapid transition from nucleation to elongation.
This attraction markedly affected the formation of fibrils. In the
case of the silica nancribbons with preformed IAPP protofi-
brils/fibrils (48 h IAPP), the R-5i0; showed more interaction
with the helical IAPP fibrils than the L-8i0, (Figure 2H-I).

Statistics analysis of the TEM images using FiberAppl*l
offered additional insights into IAPP aggregation and fibril
remaodeling by the nanostructures. Both the L-8i0; and R-Si0;
were effective in preventing the formation of full IAPP fibrils of
micrometers in length® and, instead, yielded IAPP protofibrils
and short fibrils of 100150 nm in length. Regular IAPP fibrils,
13.6 + 2.9 nm in width, were split into much thinner fibrils of
6.7 + 1.8 mm in the presence of the R-810;, indicating strong
remodeling by the mismatched pitches (90 nm for R-Si0; ve
20-50 nm for LAPP fibrild'®l) and opposite handedness of the
two interactants, while L-5i0; did not show notable remod-
eling of the established IAPP fibrils. The greater capacity of the
R-810; in remodeling IAPP amyloid fibrils, in comparison with
the L-8i0;, can be attributed to their morphelogical mismatches
than with the latter, and hence breakage of H-bonding and
hydrophobic interactions within the IAPP fibrils to render
protofibrils. More discussion on this aspect can be found in the
following simulation section concemning fbril remodeling by
the 1/R-8i0;.

In the absence of the chiral nanoribbons, the ThT kinetics
displayed an initial lag phase due to IAPP nucleation, fol-
lowed by a rapid aggregation of the peptide before reaching the
saturaticn phase in =8 h (Figure 2J). This result is consistent
with IAPP fibrillization kinetics reported in literature!®2 In
the presence of the LJR-5i0;, the ThT intensity significantly
dropped compared to the IAPP control, indicating the lower
f-sheet contents due to the inhibition of filril formation. In
addition, in the presence of the nanoribbons, the lag time of
IAPP fibrillization was significantly shortened. This phenom-
enon is relaed to charge attracton between the N-terminus
of the peptide and the anionic silica nanoribbons, in addition
to hydrogen bonding and hydrophobic interaction between

© 2018 WILEYVCH Werlag GmbH & Co. KGaA, ‘Weinhaim
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Figure 1. Characterizations of the silica nanoribbons show half pitch size, length, and width of the A) L-SiO; and B) R-SiO;. Images acquired with

saanning electron microscopy.

the two species, which elevated local peptide concentration to
accelerate their nucleation through seeding*®®! on the silica
surfaces, similarly to the catalytic role of lipid membranes for
amyloid protein aggregation.®] Such interactions converted
IAPP from disordered monomers to c-helix and then B-sheet
rich oligomers and protofibrils and, eventually, cross-beta amy-
loid fibrils of compromised lengths (Figure S6, Supporting
Information). TEM imaging corroborated the observation,
revealing less densely populated IAPP fibrils. The rigidity of
the IAPP protofibrils and fibrils in the presence of the nanorib-
bons was difficult to determine by statistical analysis, however,
due to the much shorter lengths of the peptide structures (com-
pared to the micrometer lengths of full IAPP fibrils). Interest-
ingly, IAPP fibrillization in the presence of the L-SiO, exhibited
higher ThT intensities than with the R-SiO,. In the saturation
phase, specifically, the ThT fluorescence intensity was =36%
lower with the R-SiO, than with the L-SiO,, indicating a higher
effciency of IAPP aggregation inhibition with the oppositely
handed silica nanoribbons. A plausible reason for such discrep-
ancy is provided in later sections.
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2.3. Coarse-Grained Simulation of Fibrillization and Fibril
Remodeling by L/R-SiO; Nanoribbons

To understand the different effects of the L/R-SiO; on IAPP
oligomerization and fibrillization at the molecular level, we
developed a coarse-grained 11-bead peptide model capable of
capturing general features of amyloid aggregation, induding
peptide conformational changes upon aggregation, the meso-
scopic morphology of amyloid fibrils, and aggregation kinetics,
which cannot be fully captured by existing coarse-grained
models (details of the peptide model, discrete molecular
dynamics (DMD) simulation, and data analysis in the Experi-
mental Section). DMD simulations with 100 coarse-grained
model peptides were performed for peptides alone and in the
presence of either an L- or R-SiO;. A peptide in our model
can adopt either the aggregation-incompetent m-state repre-
senting random coil or helical conformations (Figure S3B,
Supporting Information), or the aggregation-prone f-state rep-
resenting f-sheets (Figure S3C, Supporting Information). We
assigned the m-state with a lower free energy than the B-state

© 2018 W ILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Transmission electron microscopy images of A,B) the L/R-SiO, and C) IAPP control. D-G) Attractions between the peptide and the nanorib-
bons caused shortening and inhibition of the fibrils com pared with the control. H,1) The R-SiO; was effective in remodeling the IAPP fibrils. All samples
were incubated for 24 h. |) ThT kinetic assay of IAPP fibrillization over 14 h show a shortened lag phase and inhibition of fibrillzation in the presence
of the L/R-SiO,. Arrows in panels (D)-(F), (H), and (1) indicate discernible L/R-SiO; in contact with IAPP protofibrils/fibrils. Scale bars: 100 nm. The
experiments were carried out in triplicate and error bars show the standard deviations of the averaged data sets. IAPP concentration: 50 X 10-% m for

the ThT assay and 20 X 10°% m for TEM, at room temperature and pH 7.

(Figure S3D, Supporting Information). Isolated peptides before
aggregation in our simulations mainly adopted the aggrega-
tion-incompetent m-state (Figure S4, Supporting Information).
The time evolution of the total number of hydrogen bonds
(Figure 3A) and the number of peptides in f-sheet conforma-
tions (Figure 3B) indicated the nanoribbons accelerated peptide
aggregation by significantly reducing the initial lag phase of the
peptide alone (0-0.3 ps). The peptide in the presence of L-5iO,
reached its saturation state faster than those with R-SiO;.
Hence, the aggregation kinetics results from the simulations
were consistent with the ThT assay (Figure 2]). The time evolu-
tion of the average size of fibril aggregates was computed, by
estimating the B-state aggregates weighted by their aggregate
sizes (Le., the number of peptide in an aggregate). Peptides in
the presence of the R-SiO; tended to form smaller aggregates
compared to both the control and the L-SiO, (Figure 3C). The
final aggregates of peptide alone or in the presence of the L-5i0,

Smoll 2018, 1302325
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could reach the size of =80, corresponding to the majority of
the simulated peptides, while remained at =40 in the presence
of the R-Si0,. Since the final aggregates were about the same
for different systems (Figure 3B), these results suggest that
the R-Si0, promoted the formation of multiple smaller aggre-
gates than the control or the L-Si0,.

Snapshots taken along the simulation trajectories (Figure 3D;
Video S1, Supporting Information) indicated that peptides in
solution first formed smaller aggregates, which then merged
into larger fibrillar oligomers either along the elongation direc-
tion or on the nanostructure surface, forming left-twisted
multilayer aggregates. In the presence of the L-SiO, (Figure 3E;
Video $2, Supporting Information), peptides first bound to the
nanostructure surface in the forms of both fibrillar and non-
fibrillar oligomers, which further rearranged and merged into
a single fibrillar aggregate on the nanostructure surface and
along its axis due to their matching left-handed morphologies.
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Interestingly, the fibrils could form branches upon binding and
conformational rearrangement (e.g., 2.4-3 ps in Figure 3E).
Due to the morphological mismatch between fibrils and the
R-8i0;, small aggregates formed on the nanoparticles surface
preferred to align perpendicularly to the nanostructure axis and
did not self-assemble into larger aggregates as in the control or
with the L-SiO, (Figure 3F; Video S3, Supporting Information).
These small aggregates on the nanoparticle surfaces could
function independently as seeds for further elongation. With
the same total number of peptides but more independently
formed fibrils, the average size/length of fibrils in the pres-
ence of the R-SiO; were smaller than with L-SiO,, consistent
with the contour length analysis of the IAPP fibrils (Figure 2).
Comparison of fibrils originated from nanostructure surfaces
in TEM imaging also suggests that fibrils near the R-SiO,
surface tended to be perpendicular to the nanostructure axes
(Figure 2E,G) while fibrils near the L-SiO, surface were more
aligned along the nanostructure axes (Figure 2DF), as pre-
dicted by the coarse-grained DMD simulations (Figure 3).

In addition, we performed simulations of a preformed fibril
interacting with the L/R-SiO, in order to understand their dif-
ferential capacities of remodeling fibrils (Figure 3G.H). A
preformed fibril was initially positioned away from the nano-
ribbons with randomly generated orientation. The preformed
fibril could first adsorb onto the surfaces of both the L- and
R-$i0;. Due to the morphological match between the fibril and
the L-SiO,, the left-handed fibril could rearrange itself and align
with the nanoribbon to increase the fibril-nanoparticle contacts
(Figure 3G). On the other hand, the fibril on the surface of the
R-5i0; could not fully align with the nanopartide due to the
mismatch of morphologies, and instead broke into shorter
fibrils bound to the nanopartide surface perpendicularly

A
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e“ 0“ \“ N
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(Figure 3H). The latter phenomenon took place because the
energy gain of surface contact between shorter fibrils and the
R-5i0, was more favorable than the energetic cost of breaking
the fibril (e.g., local interactions between stacked peptides in
the fibril). In cases of excessive fibrils with respect to silica
nanoribbons, as in the experiments, the L-$iO, surfaces were
fully covered by fibrils aligned along the nanoribbon axes due
to matching morphologies. Fibrils, on the other hand, tended
to bind the R-$iO, without alignments, as shown in simula-
tions (Figure 3). Hence, the R-SiO; had more available surface
areas for interacting with fibrils than the L-SiO,. Fibrils in solu-
tion undergo constant dynamics,'¥l including the bundling/
unbundling equilibrium between thin protofibrils and thick
fibrils. Compared to the L-SiO,, more available surface areas on
the R-SiO2 for fibril binding shifted the bundling/unbundling
equilibrium toward thin protofibrils. Hence, the coarse-grained
simulations offered molecular insights to the differential capa-
bilities of the L- and R-SiO; in remodeling amyloid fibrils, as
observed in TEM imaging (Figure 2H ]J).

2.4. In Vitro IAPP Toxicity with Silica Nanoribbons

The toxicity of IAPP is a main cause for the degeneration of
panceatic beta cell islets?®3! and, as with amyloid proteins
such as AB and alpha synudein, the oligomeric forms of IAPP
are believed to be the most toxic species!! Therefore, a viability
assay was performed using panceatic fTC-6 cells exposed to
the Lj/R-SiO, in interaction with various IAPP structures. The
results of 14 h cell treatment are shown in Figure 4A for IAPP
monomers, oligomers, and amyloid fibrils. In the case of IAPP
monomers, silica nanoribbons were potent in alleviating

PBS

1 hIAPP 0 h IAPP

48 h IAPP

Figure 4. A) Determination of in vitro toxicities of 0, 1, and 48 h aged IAPP on BTC-6 cells in the presence and absence of L/R-5iO; (ns: P > 0.05,
Wik P< 0,001 and #iv: P< O.GX)'I).Visualizaﬁon of B) BTC-6 cell damage induced by C) 0h I1APP, F) 1 hIAPP, and 1) 48 h IAPP and their mitigation
by the L{R-SiO; with helium ion microscopy (D, E; G, H; ), K). Scale bars: 2 pm. Here the 0, 1, and 48 h aged IAPP refer to IAPP freshly dissolved in
water (0 h IAPP), oligomers/ protofibrils (1 h into ﬁbnlllzatlon), and fibrils (48 h into fibrillization), mspectwely The incubation time of the IAPP species
in the cell toxicity assay was 14 h. The experiments was carried out in triplicate and error bars show the sta ions of the d data sets.
IAPP concentration: 20 X 10-% m, at room temperature and pH 7.
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IAPP toxicity, by =75% for both the I/R-Si0,. As monomeric
IAPP possessed no handedness, the effect of nanostructure
chirality was understandably negligible. With IAPP protof-
brils, in contrast, their interactions with chiral nanoparticles
appeared handedness dependent. Specifically, the R-5i0; were
over twice more effective than the L-5i0; in reducing IAPP
cytotoxicity, indicating a stronger binding affinity between
the R-5i0, and toxic IAPP species. In the case of IAPP amy-
loid fibrils, the R-5i0; were 1.7 tmes more efficient than the
L-5i0; in suppressing IAPP toxicity, suggesting cooperative
binding between the R-8i0, and the oppositely handed IAPP
fibrils over length scales of tens to hundreds of nanometers
[Figure 2I.H). Consistently, a colorimetric 3-{4,5-dimethylthi-
azol-2-yl)-2 5-diphenyltetrazoliurm bromide assay revealed that
preformed IAPP fibrils were less toxic than monomeric and
oligomeric IAPP. In the presence of the silica nanostructures,
the R-8i0; was effective in decreasing the toxicity of oligomeric
and preformed IAPF, while both the L{R-SiC; were effec-
tive in reducing the toxicity of monomeric IAPP (Figure 57,
Supporting Information).

As expected, helium ion microscopy revealed significant
darnage (including pore formation) and deformation of FTC-6
cell membranes exposed to IAPP monomers and oligomers
(Figure 4C,F). No remarkable cell damage was found in expo-
sure to IAPP amyloid fibrils, and coating of cell surfaces by the
protein was notable due to attraction between the anionic lipid
membranes and cationic IAPP. The damage was un-noticeable
when the cells were exposed to IAPP in the presence of the
L/R-5i0,, espedally for the R-5i0, (Figure 4I-K). Some cells
displayed rupged morphologies in exposure to IAPP oligomers|
amyloid fibrils together with the L-5i0; (Figure 4D,G). How-
ever, no cell deformation was observed in exposure to IAPP
oligomers/fibrils together with the R-Si0; (Figure 4E-K), which
is consistent with the viability results (Figure 4A).

2.5. In Vivo IAPP Toxicity with Silica Manoribbons

The use of zebrafish embryos as an in vivo model has led wo
remarkable progress in toxicology and genetic studies!*? and
has recently been applied to the study of amyloidogenesis
taking advantage of its high fecundity, well characterized dewvel-
opmental stages, transparency of embryos, and multcellular
and multorgan compositions "33 Here an in vivo toxicity
assay was performed by microinjecting the I/R-5i0; and the
three IAPP species into the yolk of 2 hpf zebrafish embryos.
The results on the survival and phenotypic abnormalities are
shown in Figure 5A-C. In the case of the 0 h 1APP, silica nano-
ribbons increased the survival of the embryos, from 25 + 6% for
the control to 43.7 + 5.2% and 51.2 £ 5.5% in the presence of
the LfR-5iCh, respectively. In the case of the 1 h IAPP, where
unstructured monomers were converting into oligomers and
protofibrils,® the survival rate increased from 19 + 6% for the
control to 40 £ 9% and 66 £ 9% in the presence of the L-5i0;
and R-5i0,, respectively. In the case of the 48 h IAPP fibrils,
the R-5i0; were 100 + 8.5% more efficient in suppressing IAPP
cytotoxicity than the control, while the L-5i0; decreased the
survival of the embryos induced by IAPP fibrils by 40% in com-
parison with the control. Consistent with the survival results,
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the R-5i0, in interaction with all IAPP structures showed lower
abnormalities compared to the contral and with the L-5i0,.

Figure & compares nontreated embryos with the treated
embryos based on the green fluorescence of ThT from 4 hpf
until 4 dpf {A}-(E). The strongest signal (corresponding to
the highest IAPP aggregaton) ocowrred in the absence of the
silica helices, which was concomitant with the appearance of
phenotypic abnormalities (panel (B)). Consistent with the ThT
assay, the IAPP flucrescence intensity was decreased upon
interaction with the L-8i0,, and in the presence of the R-810;
the ThT intensity remained comparable to that of the control.
In general, the strongest ThT intensity was observed at 4 dpf
indicaring saturation of IAPP fibrillization.

Many studies have shown the physiological mechanisms of
zebrafish larvae behaviors in terms of their vision, swimming
activity, and responses to touching resulting from early toxicant
exposure.’337 In this study, the effects of IAPP in the pres-
ence and absence of the L/R-5i0; on the swimming behavier
of larvae, in the cbservable forms of swimming distance and
rotaion, were recorded (Figure 6F). The 96 hpf larvae were
able to freely swim in linear paths and change their swimming
directions sportaneously. The zebrafish larvae (4 dpf) treated
with 0 h IAPP and 0 h IAPF/L-5i0; showed more rotational
movermnent (<180°, Video $4, Suppordng Information) com-
pared with the contrel (Video 85, Supporting Information) and
with the R-8i0;. One plausible cause for the elevated rotational
movement is [APP-induced stress. The larvae displaying more
pronounced rotations were visually deformed due to the impact
of the peptide toxicity on their development. Such behavioral
abnormality may be closely related to the phenotype but not
necessary damage to the neurons. Interestingly, the larvae
injected with 48 h IAPP/L-5i0, exhibited the lowest activitdes
both in retation and swimming distance (Video 86, Supporting
Information), indicating the highest toxicity upon interactions
between peptide fibrils and nanoribbons of the same hand-
edness (refer to Figure 4A). However, the larvae treated with
43 h TAPP and the R-3i0, showed significant improvements on
activities, signifying their recovery from the amyloid toxicity.

3. Conclusion

The mesoscopic-scale chirality of silica nanoribbons strongly
influenced IAFP fibrillization and toxicity in vitro and in vivo,
especially in the case of the R-5i0,. The nanoribbons attracted
IAPP monomers through H-bonding and electrostatic and
hydrophobic interactions and acted as nucleation sites for the
conversion of IAPP monomers to oligomers and protofibrils,
thereby reducing the concentrations of these species in solu-
tion to mitigate IAPP toxicity. Due to steric constraints, the
R-5i0; nanocribbons allowed their surface-associated IAPP
to elongate into lefthanded amyleid fibrils in the directions
away from or perpendicular to the silica backbone, while IAPP
fibrils formed along the L-810; surfaces, as evidenced by TEM
and DMD simulations. As a result of such direcdonal IAPP
aggregation on the nanoribbon surfaces, the R-5i0; possessed
more binding and nucleation sites per surface area than the
L-5i0, in sequestering toxic IAPP species from the solution
(Figure 7). In addition, the R-8i0; was significantly more
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Figure 5. Determination of in vivo toxicity assay A) survival, B) abnormality on 2 hpfzebrafish embryos 80 h after treatments (related to fully hatched,
untreated embryos) by mncrom,ectlon of 1 nL of 10X 107 m IAPP of 0, 1, and 48 h in the presence and absence of the LjR-SiO, (40 ng mL') to the
yolk of 2 hpf zebraf tative images of healthy, dead, and abnormal embryos. The experiments were carried out in triplicate and

error bars show the standard deviations of the averaged data sets (ns: P> 0.05, *: P < 0.05 and **: P<0.01).
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Figure 6. Fluorescence imaging of A) untreated and B-D) treated embryos

during 4 days after treatment (saturation phase of IAPP fibrillzation in

embryos). IAPP (10 x 10-5 w) dissolved in ThT dye (20 x 10-5 m) preincubated wfo L/R-SiO; (40 pg mL-") was microinjected to the yolks of 2 hpf
embryos. The intensities of ThT fluorescen ce were indicative of IAPP fibrillization in embryonic development from 10 hpf to 4 dpf. E) The mean intensi-
ties (a.u.) of ThT fluorescence were measured for IAPP preincubated wjo L/R-SiO,. F) Linear swimming distance and number of rotations per hour for
untreated and treated embryos 4 days after microinjection. The area of circle is proportional to the frequency of rotation per hour.

effective than their left-handed counterpart in remodeling
mature IAPP fibrils, through complementary handedness of
the interactants, mismatch of their pitch sizes, and directional
aggregation of the peptide on the nanostructures. On-pathway
protein aggregation, from disordered monomers to toxic oli-
gomers and protofibrils and eventually to mostly left-handed
P-sheet rich fibrils, may be steered off-pathway by interfer-
ence from chiral molecules!™-1577.38 as shown in the litera-
ture, or from chiral nanostructures, as first demonstrated by
this study through biophysical, toxicological, and behavioral
characterizations. In light of the nonspecific nature of nano-
particle-amyloid protein binding, it is conceivable that the
current findings may be applicable to other classes of chiral
nanostructures (e.g., plasmonic chiral gold nanopartices3*-41)
and other types of amyloid proteins (e.g., AB associated with
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Alzheimer's disease and alpha synuclein associated with
Parkinson's disease). Hence, exploiting mesoscopic-scale chi-
rality may prove an exciting new avenue for the synthesis and
development of potent nanostructures against the aggregation
and toxicity of a range of amyloid diseases.

4. Experimental Section

Chiral silica nanoribbons were fabricated as previously
described***¥ Briefly, the self-assembly of dicationic surfactant
1,2-ethane-bis (dimethyldecylammonium) ~ with  chiral counterions,
L or D tartrate forming nanometric helices (right-handed or left-handed,
respectively), were used as templates to form silica nanoribbons through
sol-gel polycondensation with controlled dimensions and handedness.
The silica nanoribbons were cut and individualized by sonication

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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imposed by the chiral silica nanoribbons, left-handed IAPP amyloid fibrils rendered by surface-ad s and olig s elongated away
from or perpendicular to the R-SiO; backbone. By contrast, left-handed IAPP fibrils extended nearly parallel to the L-SiO; surfaces, thereby shielding
the nanostructures from being further accessed by the peptide. Accordingly, the R-SiO; possessed much more binding sites per surface area than the
L-5i02 for IAPP adsorption and aggregation, as also evidenced by TEM and DMD simulations, and hence were far more effective in preventing IAPP

induced toxicity.

(Vibra-cell 75 186, Sonics & Materials) to be colloidal suspeﬂsions!“l
Lyophilized white powder of human islet amyloid polypeptide (IAPP;
KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY; 2-7  disulfide
bridge, 39045 Da, purity >95%; AnaSpec; high-performance liquid
chromatography (HPLC) and mass spectroscopy characterizations of
IAPP refer to Figures S1 and S2, Supporting Information) was freshly
dissolved in Milli-Q water at room temperature. ThT dye (319 Da) was
acquired from Sigma-Aldrich. Propidium iodide (PI, excitationfemission:
535 nmf617 nm) was purchased from ThermoFisher. Poly L-lysin
(0.0196) was acquired from Sigma-Aldrich and applied for cell staining.

Zeta Potential Measurement: The zeta potentials of the L/R-SiO; in
Milli-Q water were determined using a Zetasizer Nano-ZS (Malvem
Instruments, UK). The measurement was conducted using disposable
folder capillary cells and analyzed by Zetasizer Software 7.02.

Scanning Electron Microscopy (SEM): For morphology imaging, 5 pL of
L/R-SiO; (0.2 mg mL™") was pipetted and air dried on a carbon tape and
the nanostructure surfaces were coated with a thin layer of sputtered
gold (Bal-Tec SCD 005 Sputter) and visualized by a scanning electron
microscope (FEI, Nova NanoSEM 450).

THT Kinetic Assay: A kinetic assay was performed with 50 X 1078 M ThT
dye and 50 % 10°° m IAPP in the presence and absence of the L/R-SiO;
(0.2 mg mL™, for 1:1 IAPP/nanostructure mass ratio) in a 96-well plate
(Costar black/clear bottom). Changes in ThT fluorescence, indicating
the B-sheet content in the IAPP sample, were recorded at room
temperature from the plate bottom side every 10 min over 14 h to reach
the full saturation phase, using a PerkinElmer EnSight HH33400 plate
reader (excitationfemission: 440 nm/485 nm). The data were stored by
software Kaleido 1.2. The assay was performed in triplicate and average
spectra of the meas were p

TEM: For this measurement, 5 pL of the L/R-SiO; (0.2 mg mL™") was
allowed to interact with IAPP monomers (5 WL of 50 % 10-° w; freshly
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dissolved in water, termed as “0 h IAPP” from here onward), oligomers/
protofibrils (1 h into fibrillization, termed as “1 h IAPP"), and fibrils
(48 h into fibrillization, termed as “48 h IAPP") for 24 h of incubation.
The samples were then pipetted onto 15 s glow-discharged 400 mesh
copper grids (Formvar film, ProSciTech) for 60 s of adsorption. Excess
samples were drawn off by filter paper and the grids were washed
using 10 WL of Milli-Q water, with excess drawn off. The grids were
then negatively stained with 5 L of 19 uranyl acetate for 30 s with
excess stain drawn off and air-dried. Samples were characterized on a
Tecnai G2 F20 transmission electron microscope (FEl, Eindhoven, The
Netherlands) operated at a voltage of 200 kV. Images were recorded
using an UltraScan 1000 P 2k CCD camera (Gatan, Califomia, USA) and
Gatan Digital Micrograph 3.9.5 software.

Statistical Analysis of Anyloid Fibnils: To investigate the effects of the
L/R-5iO; on the morphology of IAPP fibrils, TEM images were analyzed
with open source software FiberApp.#’l The values of IAPP fibril length
and thickness were estimated for 30 samples per condition.

Coarse-Grained lations: A coar: d amyloid peptide model
was developed in DMD simulations to study the formation of amyloid
fibrils. DMD is a particular type of molecular dynamics algorithm, where
the i 1 interaction p ials are modeled by step functions.*?
Briefly, in DMD smulatlons any atom moves with a constant velocity
until an interatomic interaction potential step is encountered, ie., a
collision event. New velocities of two colliding atoms are determined
by conservation laws of energy, linear and angular momenta.
DMD simulations have been widely used to study protein amylord
aggregation.t™*"l Here, each c g was
by 11 beads (Figure S3A, Supporting Informatlon) Two donors
(atoms N1 & N5) and two acceptors (atoms O3 & O7) were able to form
interchain peptide hydrogen bonds. The angular and distance-dependent
hydrogen bond formed between C—N and C—O, where C denoted the
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carbon atom (atoms C2 or C6) covalently linked to either donar or
acceptor with @ bond length of 1.5 A, was modeled by a reaction-like
algorithm.F3 A hydrogen bond with the lowest potential energy had a
linear alignment between C—M and C—O and a donor-acceptor distance
of =2 A Two hydrophobic beads—atoms C4 and C8 attached to €2 and
C6 with a bond length of 3 A, respectively—were introduced to model
side—chain interactions between different peptides. Each peptide also
included three hydrophilic beads, atoms 08, 08, and 09, which were
collinear with C2 and C6 with an average separation of 5 A forming the
coarse-grained peptide "backbone” Both M1-C2-03 and M5-C6-O7
in a paptide were collinear and perpendicular to the backbone. C2-C4
for C6-C8) was perpendicular to both the backbone and M1-C2-03
{or N5-CE—07). The conformation of a peptide was, thus, determined
by the dihedral angle between C4-C2-CE—CE, modeled by a multiple-
well step function.f] Motivated by a previous coarse-gained peptide
model,F4+-*] we allowed the peptide to adopt twe conformations:
amyloid-competent () and amyloid-protected (1) states (Figure S3B-D,
Supporting Information). In the B-state, the dihedral angle with
minimum free energy was =15% and thus, both donors and acceptors
(N1-C2-03 and N5-C&O7) in the peptide were approximately parallel
to each other, compatible with a long fibrillar state. On the other hand,
the mstate had the dihedral angle =807 and was incompatible with the
linear fibril. In this study, the m-state of an isclated peptide was more
favarable than the B-state with a lower free energy of =1.0 kT, where ky
denotes the Boltzmann constant and T comesponds to the simulation
temperature, We adopted an HP-like interaction potential modall™] for
nonbonded interactions—an attractive potential, =2 kgT, was assigned
among hydrophobic C4 and C6 atoms, and a hard-core only interaction
potential was assigned among hydrophilic atoms (08, ©10, ©17) and
between hydrephebic and hydrophilic atoms. The net energy gain fora
hydrogen bond was =5.5 kgT.

To model the chiral silica, a =2.1 % 4.3 %13 nm? crystal structure was
first built along the x, y, and z dimensions using a unit cell structura of
Si0, from the Materials Studio Software. We then followed the central
ais in the x—y dimensions along the z-axis and rotated all atoms’
coordinates with angles proportional to their z-values, =+2mz(L, for the
L/R-SiD,, respectively (Figure S3E,F, Supporting Information). Here,
L is the pitch length of =80 nm. In the simulations, the dhiral silica
structures were kept static while the coarse-grained peptides wera
allowed to freely move. Since silica was polar and the oxide on the
surface was able to form hydrogen bonds with the peptides, this effect
was modeled by assigning a weak attraction between all heavy atoms
in silica (Si and © atoms) and the polar beads in the coarse-grained
peptides (excluding hydrophobic C4 and C8), =0.075 kgT.

We studied three sets of molecular systems, including the contral
of peptide salf-assembly, and in the presence of either the L-Si0; or
R-Si0y. 100 peptides wjo silica nanoribbons were randomly positioned
in a 20 % 20 % 20 nrt cubic box with intermolecular distance being
kept at least 1 nm. The peptide concentration was =20.8 * 10 m in all
cases, with the excluded volume of nanoparticles negligible. A periodic
boundary condition was used. Each DMD simulation of peptide
aggregation lasted 3 ps. To avoid potential bias of the initial states, the
starting conformation of each peptide was randomly assigned. During
the early aggregation stage, the distribution of peptides in either the
n- or f-state (=BO% in W-state and =20% in f-state) was consistent
with the comesponding free energy differanca of isolated peptides
[Figure 54, Supporting Information); the initially nonaggregated
peptides predominantly adopted the T-state, also consistent with the
experimental starting condition. Indeed, the coarse-grained peptides
spontaneously formed left-handed fibrils (Figure S5, Supporting
Information).

For the analysis of the coarse-grained aggregation simulations,
the number of hydrogen bonds, the number of peptides in f-sheet
conformations, and the size of fshest aggregates were monitored.
A peptide belonged to a fsheet only if it was in the f-conformation
and was stabilized by at least two interpeptide hydrogen bonds. The
aggregates of multiple B-sheets were defined by interpeptide contacts
with an interatomic distance cutoff of 0.75 nm.
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Cell Cufrure and Viabilty Assay: Pancreatic STC-6 beta cells were
cultured in complete Dulbecco’s modified Eagle's medium (DMEM)
with 159 fetal bovine ssrum (FBS). For the viability assay, a 96 well
plate (Costar blackjclear bottom) was coated with 70 pL Paly-1-lysine
[Sigma, 0.01%), incubated at 37 “C for 30 min and cells at a density
aof =50000 cells per well in 200 1L DMEM with 1536 FBS were added to
the wells. Calls were incubated for 43 h at 37 °C and 5% CO; to reach
70-80% confluency. The cell culture medium was then refreshed, and
1% 107% m Pl dye in DMEM was added to the wells and incubated for
30 min. After optimization of concentrations, samples of 20 » 10w
IAPP and 0.08 mg mL~ LjR-5i0y (at a 1:1 mass ratio) were added into
the wells, All samples were examined in triplicate and measured by
Operetta (PerkinElmer, 20 % PlanApo microscope objective, numerical
aperture MA = 0.7) in a live cell chamber (37 °C, 5% COy) after 14 h
of treatment. The percentage of dead cells (Pl-positive) relative to total
cell count was determined by a builtin bright-field mapping function of
Harmany High-Content Imaging and Analysis software [PerkinElmer).
The measurement was conductad at 5 reads per well and performed in
triplicate. Untreated cells were recorded as controls.

Helium lon Migoscopy (HIM): BTC-6 cells were incubated with
20 % 107% m IAPP monomers, oligamers, and amylaid fibrils in the
presence and absence of the LyR-Si0; for 30 min, and were then
stabilized by 2.5% paraformaldehyde. The samples were incubated at
4 °C owvemight. In the next step, samples were gently centrifuged and
paraformaldehyda fmedium was replaced with gradient concentrations
of ethanol in 5 steps: 20%, 40%, 60%, 80%; and 95%, with 2 h
incubation at each gradient. 30 pL of treated ATC-6 cells was air-dried
on a carbon tape and the morphologies of treated cells and untreated
cells, as controls, were visualized by HIM (Orion NanoFab, Zeiss, USA).

Zebrafish Embryo Taviaty Amay: IAPP of 1 nL dissolved in Milli-Q water
for 0,1, and 48 h as controls and mixed with the LfR-5i0y (10 x 1078 w
IAPP and 40 pg mL-" L{R-5i0; in final concentration) were microinjected
to the yolk of zebrafish embryos at the age of 2 h postfertilization (hpf).
Injection was conducted using a pneumatic picopump (PVE30 Preumatic
Picopump, WPI) and capillary needles. After injection each embryo
was placed in ®6-well plate, one embryo per well containing 200 UL
Holtfreter's medium (H buffer).F®l To investigate the toxic effect of IAPP
fibrillization wfo L R-5i0, the developmant, hatching, and abnormality
of the embryos were recorded (Qlympus SZ61) every 24 h up to 80 hpf.
The experiments were peformed in triplicate, for 12 samples of each
treatment condition.

Fluorescence imaging of Embryonic IAPP Fibrllization: Similarly to the
toxicity assay, the LjR-5iC; were brought to interact with IAPP dissobed
in 20 % 10-% i ThT solution for 10 min and were then microinjected to
the yolk of zebrafish embryos. The intensity relatad to IAPP fibrillization
in the green fluorescence channel, due to the binding of the ThT dye
to f-sheet rich protofibrils and fibrils, was tracked in treated embryos
up to 4 days postfertilzation (dpf) (Olmpus MVX10, OCULAR
software version 2.0). The experiments were performed in triplicate for
12 samples of each treatment condition.

Behaviom| Experiment: Monomeric and fibrillar AP P of 102 1075 m mixed
far 10 min with 40 pg mL™ of LfR-5i0; (1 nL in total wolume) were
microinjected to the yolk of 2 hpf zebrafish embryos and behavioml
parameters were recorded on the surviving larvae 4 days after treatment.
Each larva was putin one well of a 36 well plate and their real-time behavior
was recorded using an automated behavior analysis system, ZebraBox
[Viewpoint, France). The initial head-to-tail positions were set as the
reference angles of 0° for each larva. Linear swimming distance (cm) and
number of rotations perhour (<1807 clock-wise or anti-clockwise; rotations
beyond one full circle or 1807 were rare events and were excluded in data
collection to aveid miscounting by the automated sy stem) were measured
and analyzed with software VideoTrack version 3.5.

Supporting Information

Supporting Information is available from the Wiley Cnline Library or
from the authar
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Methods

HPLC assay

IAPP was dissolved in 1% formic acid and ran on a 4-6 mm (internal diameter) x50 mm
(length) monolithic reversed-phase C18 high-performance liquid chromatography (HPLC)
column (Chromolith SpeedROD; Merck Millipore, Darmstadt, Germany) using an
AKTAmicro HPLC system (GE Healthcare, Little Chalfont, UK). The mobile phase consisted
of buffer A (0.1% trifluoroacetic acid; Thermo Fisher Scientific) and buffer B (80%
acetonitrile, 0.1% trifluoroacetic acid; Thermo Fisher Scientific). HLA-peptide mixtures were
loaded onto the column and separated using the following chromatographic conditions: 2-15%
buffer B over 0.25 min (2 mI/min), 15-30% buffer B over 4 min (2 mL/min), 30-40% buffer
B over 8 min (2 mL/min), 40-45% buffer B over 10 min (2 mL/min), 45-99% buffer B over 2
min (1 mL/min), 99-100% buffer B over 2 min (1 mI/min). and was re-equilibrated for 6 min
in 2% Buffer B at 2 mL/min.

The IAPP purity was calculated as >95% (Fig. S1), by companng the area of the sample in

comparison with the blank.
i
L3
L
Y
“ |
|
- { LS BN
L
|
a0 \
ae Py wa a 60 =1 %0 =
No.| Retention time Width Arca Height Relative area
min min mAU*min mAU Yo
1 11.72 1.01 8.8918 29.926 95.42
2 18.18 0.08 0.2237 2923 24
3 20,15 0.08 0.2032 2.1 2.18

Figure S1. Purity evaluation of the as-purchased IAPP performed by HPLC, showing a purity
of =95% for the peptide. mAU: milli-absorption units.
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Mass spectroscopy

To confirm the sequence of IAPP, LC-WMS/MS was used to identify the intact peptide. For this
160 pg [APP was dissolved i 100 pL of 1 M Tns buffer (pH=8). For reduction disulphide
bind, the IAPP was mncubated with 10 mM Tris (2-carboxyethyl) phosphine hydrochlornide
(Sigma, CAS Number 51805-45-9) for 30 min ai 50 °C. Then for cysteine alkylation, it was
mcubated with 40 mM 2-chloroacetanude (Sigma, CAS Number 79-07-2) in dark at room
temperature for 20 min and 1% formic acid was added to change the pH from 8 to 3. The
sample was desalted, dned and dissolved in 1% formic acid.

For LC-MS/MS acquisition, peptide-containing fractions were loaded onto a microflmdic trap
column packed with ChromXP C18-CL 3-pm particles (300-A nominal pore size; equilibrated
i1 0.1% formic acid, 2% acetonitrile) at 5 pL/min with a NanoUltra cHiPLC system (Eksigent).
An analytical (75 pm x 15 cm ChromXP C18-CL, 3 pm, 120 A Eksigent) microfluidic column
was switched in line, and peptides were separated by linear gradient elution with 0—30% buffer
B (80% acetonitrile, 0.1% formic acid) over 50 min and 30-80% over 5 mn flowing at 300
nL/min. Separated peptides were analyzed with a SCIEX TripleTOF® 6600 mass spectrometer
equipped with a Nanospray III ion source and accumulating up to 20 MS/MS spectra per
second. The following mstrument parameters were used: ion spray voltage, 2 400 V: curtain
gas, 25 L/min; ion source gas, 10 L/min; and interface heater temperature, 150 °C. MS/MS
switch critena included the following: ions of mfz =200 amu; charge state, +2 to +5; and
intensity, =40 counts per second. The top 20 ions meeting these criteria were selected for
MS/MS per cycle. The instrument was calibrated every four LC mns using [Glul]-
Fibrinopeptide B standard.

LC-MS/MS data were searched against the human proteome (UniProt v_05102017) by PEAKS
Studio 8.5 (Bioinformatics Solutions) (Fig. S2A). MS data files were imported mnto PEAKS
Studio 8.5 (PEAKS de novo, PEAKS DB) and subjected to default data refinement. The parent
mass error tolerance was set to 15 ppm and the fragment mass ermror tolerance 0.1 Da.
Carbammidomethylation of cysteine was set as a fix modification. A 1% false discovery rate
(FDR) cut-off was applied. In MS1, IAPP was found at 3 mmltiple charges (Fig. S2A). Using
MS2, the commercial IAPP was sequenced and confirmed (Fig. S2B).
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Figure S2. (A) MSI data for IAPP intact peptide. IAPP was recorded at 3 different charge
states. 804.8 comresponds to charge state +5, 1005.5 to charge state +4 and 1340.7 to charge
state +3. (B) Sequencing intact IAPP peptide using LC-MS/MS.
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Figure S3. The models of amyloid peptides and chiral silica nanohelices. (A) The coarse-
grained model for peptide used in the simulations. (B, C) The two lowest states of amyloid
monomer state 3 and the amyloid-protected state 7, respectively. (D) The B and = states of the
monomer plotted as a function of the dihedral angle of the two dipoles. (E, F) L/R-S10; with a
pitch length of 60 nm and a rotation angle of 70°.
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Figure S4. Time evolution of the fraction of peptides in the B -state duning the CG peptide
aggregation simulations in the absence (control) or presence of the L/R-S10>.
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Figure S5. Self-assembly of the coarse-grained peptide in DMD simulations. Starting from
randomly positions (A), the peptides spontaneously aggregated into a left-handed fibnl
structure (B).

Circular dichroism spectroscopy
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Circular dichroism (CD) spectra of the fibnllization process of fresh IAPP (25 pM) w/o L/R-
S10; were obtained for the wavelength range of 190-260 nm with a 1 nm step size at room
temperature (Fig. S6). Chirascan Plus qCD instrument (Applied Photophysics) was used to

record the spectra. The measurement was performed in triplicate and average spectra of 3

measurements were analyzed.
A B
6 4 —o—0 h IAPP/R-5I02
h
: ]; —-:——?h:f;:: —o—0 h IAPP/L-5i02
—o—24 h IAPP —o=1h IAPP/R-5I02
t"i ; o1 h IAPP/L-Si02
o 3 ¥ ——R-5i02
Ed L-5i02
.g 0 0 -
-3
=
g, -
-8 ¥ . . 5 = : .
150 210 230 250 150 210 230 250

Wavelength (nm) Wavelength (nm)
Figure S6. Evolving secondary structures of (A) 25 uM IAPP and (B) IAPP in the presence of
the L/R-S10; (at a 1:1 mass ratio). The changing intensities of the CD spectra of IAPP from
random structure (minimum at 200 nm) at time zero to f sheets (minimum at 218 nm) after 24
h indicate the amyloid aggregation of IAPP (A). Consistent with the ThT assay, the presence
of the L/R-S10» accelerated IAPP fibnllization and a transition from random structure to B
sheets within 1 h (B).

MTT viability assay

To further confirm the PI wiability assay, a 3-(4,5-Dimethylthiazol-2-Y1)-2.5-
Diphenyltetrazolium Bromide (MTT) assay was performed with the IL/R-S10: (Fig. S7).
Specifically, 2x10* BTC-6 cells in 200 uL. DMEM with 15% FBS were seeded per well in a
flat-bottomed 96-well polystyrene coated plate and were incubated for 24 h at 37 °C i a 5%
CO, incubator. After 24 h of incubation, the cell culture medium was refreshed and samples of

20 uM IAPP and 0.08 mg/mL L/R-S102 (at a 1:1 mass ratio) were added nto the wells. After
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14 h of treatment, the samples were replaced by 10% MTT 1n cell culture medium with 15%
FBS and incubated at 37 °C in a 5% CO; for 4 h. Formed crystals were dissolved in 100 puL of
dimethyl sulfoxide and the plates were read immediately 1n a benchtop multi-mode microplate

reader (FlexStation 3 Micro Devices), at 570 nm. All samples were examined in triplicate.

Cell viability (%)

>N oo RSO R OO
PP F L P& PP F PP

O N 0 @ N0 & N e & W
(9] o ‘\ Q\ N Q\ (\ B (\ ‘\
é \vs ‘\\Vg \?3 \‘g g4 \v" \é
ot o SN NP

Figure S7. MTT cytotoxicity assay of PTC-6 cells exposed to 0 h, 1 h and 48 h IAPP fibnls in
the presence and absence of the L/R-S102 (ns: P> 0.05, *: P<0.05 and ****: P <0.0001). Here
the O h, 1 h and 48 h aged IAPP refer to IAPP freshly dissolved in water (0 h IAPP),
oligomers/protofibrils (1 h into fibrillization), and fibrils (48 h into fibnillization), respectively.
The assay was performed in triplicate and the error bars show the standard deviations of the
averaged data sets. IAPP concentration: 20 pM, at room temperature and pH 7.
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Video 51. Aggregation of peptides into left-handed fibrils.

B

Fibrillization-L-5i02.mpg

Video S2. Aggregation of peptides in the presence of the L-510,.

L

Fibrillization-R-5i02.mpg

Video S3. Aggregation of peptides in the presence of the R-510:.

i

0h IAPP,L-Si02 avi
Video 54. The zebrafish larva (4 dpf) treated with 0 h IAPP/L-S10: showed more rotational
movement (<1807 clock-wise or anti-clockwise) and in some cases circular movement
compared with the control and with the R-S10,.
&
ey

Control.avi

Video S5. The untreated zebrafish larva (4 dpf) as control swam 1n a linear path.

&
L
48 h IAPP,L-SIO2 avi
Video S6. The zebrafish larva (4 dpf) mjected with 48 h IAPP/L-510; exhibited the lowest
activities in both rotation and swimming distance, indicating the hghest toxicity upon
interactions between peptide fibrils and nanohelices of the same handedness.
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Chapter 4

Graphene quantum dots rescue protein dysregulation
of pancreatic f-cells exposed to human islet amyloid

polypeptide
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1. Declaration and rationale

This chapter was published as Faridi, A., Sun, Y., Mortimer, M., Aranha, R.R., Nandakumar,

A., Li, Y., Javed, I., Kakinen, A., Fan, Q., Purcell, AW., Davis, T.P., Ding, F., Faridi, P., Ke,
P.C., Graphene quantum dots rescue protein dysregulation of pancreatic B-cells exposed to
human islet amyloid polypeptide, (2019) Nano Research. Reprinted with permission from
reference?!® Copyright 2019 American Chemical Society."

This chapter examined, for the first time, dysregulation of intracellular protein expression in
pancreatic beta cells exposed to IAPP, as well as their rescue by GQDs. This study filled a
knowledge gap on the molecular-level effects of IAPP on [ cells, and on the extent of cell
recovery from such assault mitigated by nanomaterials. This knowledge justifies and facilitates

further studies on the application of nanomaterials against amyloidosis associated with T2D.
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ABSTRACT

The amyloid aggregation of peptides and proteins is a hallmark of neurological disorders and type 2 diabetes. Human islet amyloid polypeptide
(IAPP), co-secreted with insulin by pancreatic B-cells, plays dual roles in both glycemic control and the pathology of type 2 diabetes. While
IAPP can activate the NLRP3 inflammasome and modulate cellular autophagy, apoptosis and extracellular matfrix metabolism, no data is
available concerning intracellular protein expression upon exposure to the polypeptide. More surprisingly, how intracellular protein expression
is modulated by nanoparticle inhibitors of protein aggregation remains entirely unknown. In this study, we first examined the changing

proteomes of BTCS, a pancreatic B-cell line, upon exposure to monomeric, oligomeric and fibrillar IAPP, and detailed cellular protein expression

rescued by graphene quantum dots (GQDs), an IAPP inhibitor. We found that 29 proteins were significantly dysregulated by the IAPP
species, while majority of these proteins were nuclectide-binding proteins. Collectively, our liquid chromatography tandem-mass spectrometry,
fluorescence guenching, helium ion microscopy, cylotoxicity and discreet molecular dynamics simulations data revealed a remarkabie
capacity of GQDs in regulating aberrant protein expression through H-bonding and hydrophobic interactions, pointing to nanomedicine as a
KEYWORDS

islet amyloid polypeptide (IAPP), oligomer, amyloid, protein expression, graphene quantum dot

N-termini initiated association with cell membranes [1, 8]. As a

1 Introduction
result, oligomeric proteins can increase porosity and fluidity of the

Human islet amyloid polypeptide (IAPP) is a 37-residue hormone
co-secreted and co-stored with insulin in pancreatic B-cells, and is
co-released with the latter for satiety signaling [1]. Environmental
factors of pH (4.5-5 within B-cells and 7.2 extracellularly),
physiological metals (such as Ca* and Zn*), glucose homeostasis,
insulin, chaperones and chaperone-like proteins (e.g., serum albumin)
can trigger the aberrant aggregation of IAPP from monomers to
oligomers, protofibrils and amyloid fibrils, thereby eliciting toxicity to
B-cells. The implications of IAPP toxicity range from cell degeneration
to insulin deficiency and type 2 diabetes (T2D), a disease debilitating
370 million people worldwide [2-5].

Mounting evidence has implicated the oligomers and protofibrils,
among all forms of amyloid protein aggregates, as the most toxic
[6, 7]. One working mechanism is that the toxicity of amyloid
proteins is rendered through their transformations from random
to alpha helical- and then p-sheet-rich conformations, upon their

membranes, impact concentration gradients and transport of biometals
and nutrients, and compromise integrity of cell molecular machines
and organelles to trigger a host of cellular responses ranging from
reactive oxygen species (ROS) production, autophagy and apoptosis,
to extracellular matrix metabolism and, ultimately, cell death [1].

To date, only a handful of studies have detailed the adverse effects
of amyloid proteins on cellular protein and gene expressions [9, 10].
Among the data available, it has been shown that amyloid beta
(AP) impacted pathways are important for neuronal physiology and
dysregulation in Alzheimer’s disease (AD), including cell adhesion,
vesicle trafficking, actin cytoskeleton dynamics and insulin signaling.
Compared with A, little known about the effects of IAPP aggregation
species on the proteome of pancreatic -cells, and no data is available
concerning the effects of IAPP aggregation inhibitors on intracellular
protein expression, two glaring knowledge deficiencies which hinder
the development of new therapeutics against T2D.

Address
Pu Chun Ke pu-chun ke/@monash edu

(@) TSINGHL
ey BI

UNIVERBITY P

84

e to Thomas P. Davis, thomas.p davis@monash.edn; Feng Ding, fding/@clemson.edu; Pouya Fandi, pouya.faridi@monash. edu;

UA &) Springer

2L
§
7
g
@
&
@
o




2828

Among current mitigation strategies, aggregation inhibition with
small molecules (epigallocatechin-3-gallate or resveratrol) [11, 12]
and nanomaterials (OH-terminated PAMAM dendrimers, chiral
silica nanohelices, beta-lactoglobulin-coated gold nanoparticles, sitver
nanoparticles, iron oxide n. il and carbon nanotubes, etc.)
has been shown effective for the prevention of LAPP toxicity in vitro
(buffer or beta cells), ex vivo (beta-cell islets) or in vivo (zebrafish
embryos) [13-16]. Graphene quantum dots (GQDs), specifically,
are a miniaturized derivative of graphene sheets possessing no toxicity
up to 500 pg/mL [17] and a superior translocation efficacy across
the blood-brain barrier [18]. Carboxylated GQDs, for example,
have been recently demonstrated as potent inhibitors against [APP

i in zebrafish embryos [19] as well as synucleinopathies
in the brain of a Parkinson’s disease (PD) mouse model [18]. The
unique amphiphilic 2D structure and large surface area of GQDs
are especially suited for interfacing amphiphilic amyloid proteins
than serum proteins, as amyloid proteins evolve from disordered
monomers to increasingly hydrophobic and toxic oligomers and
protofibrils [1]. Such increasing hydrophobicity entails high affinity
of amyloid proteins for the hydrophobic GQD moieties, while the
OH groups of the GQDs further mediate H-bonding with amyloid
proteins to enhance their association [16]. The autofluorescence of
GQDs, resulting from their confinement effect, may be
utilized for tracking the biodistribution of the nanomaterial in vivo,
among other applications.

In recent years, high-throughput proteomic techniques have been
used to evaluate the effect of amyloidogenesis on the initiation and
progression of amyloid diseases such as AD [20, 21]. To facilitate
the development of nanomedicines as a new frontier against amyloid
diseases, in this we used liquid chromatography tandem-mass
spectrometry (LC-MS/MS) to characterize the protein expression
profiles of the PTCS pancreatic f-cell line exposed to three structurally
representative [APP species, namely, [APP monomers (IAPPm),
oligomers (IAPPa) and amyloid fibrils (LAPPF). Driven by the findings
we further studied protein expression regulated by hydroxylated
GQDs (20 pg/mL) subsequent to p-cell exposure to the IAPP species
to explore the potential of the nanomaterial against cell degeneration
in T2D. We found proteins which regulate gene expression, especially
nucleotide-binding proteins, were most prone to the toxic forms
of IAPP, while the hydroxylated GQDs partially reversed the
dysregulation effects of IAPPm and IAPPo through H-bonding and
hydrophobic interactions for the majority of these proteins, implicating
the potential of the nanomaterial against cell degeneration in T2D.

2 Resultsand discussion

21 Characterization of GQDs and three IAPP aggregation
states

Transmission electron microscopy (TEM) imaging indicated that
GQDs were relatively uniform and monodisperse disks of ~ 3.8 +
0.5 nm in lateral dimensions (Fig. S1{a) in the Electronic Supple-
mentary Material (ESM)). The zeta potential of the hydroxylated
GQDs was charge neutral at 0.78 + 0.1 mV in aqueous solutions,
which differed from the negative charge of carboxylated GQDs
used in the study by Wang et al. against [APP amyloidogenesis in
vive [19]. The use of hydroxylated GQDs in the present study
intended to utilize their capacity in forming H-bonding with IAPP
for aggregation and toxicity inhibition. The hydrophobic moieties
of GQDs also favored binding with the hydrophobic and toxic IAPP
species to drive their aggregation off pathway. The Fourier transform
infrared (FTIR) spectrum of the GQDs indicated the presence of
oxygen-functional groups, the enrichment of hydroxyl
groups (-OH) with a peak at wavenumber of ~ 3,400 cm™, and the
main components of C=C, C-0 and CH bonds at wavenumbers of

Nano Res. 2010, 12(11): 28272834

~ 1,560, 1,040, and 2,900 cm, respectively (Fig. S2(a) in the ESM).
Furthermore, thermogravimetric analysis (TGA) of GQDs (Fig. S2(b)
in the ESM) indicated decreases in mass as a function of rising
temperature. The TGA curve exhibited two steps of weight losses
between 50 and 150 °C under Na, with a ~ 50% weight loss occurring
at 100 °C. These weight losses corresponded to the detachment of
abundant oxygen-containing groups such as hydroxyls and C-0
within the GQDs, in addition to evaporation of solvent at the early
stage of the weight loss. The maximum fluorescence excitation
and emission of GQDs occurred at 350 and 440 nm, respectively
(Fig. 53(a) in the ESM).

Freshly dissolved hexafluoro-2-propanol (HFIP)-treated IAPP in
Milli-Q water assumed the monomeric form (IAPPm). Oligomeric
IAPP (IAPPo) was prepared by incubating the HFIP-treated IAPP
in Milli-Q water at room temperature for 1 h, while full-length IAPP
mature fibrils (IAPPf) were obtained by incubating the peptide at
room temperature for more than 24 h. All three fibrillization states
were confirmed by TEM imaging (Figs. S1(c)-51(e) in the ESM) and
by atomic force microscopy in our previous experimental studies
[11,22].

1APPf remodelling by the GQDs was imaged by TEM (Fig. S1(f)
in the ESM). FiberApp [23] was used to quantify the key mesoscopic
parameters, including the contour length and persistence length
of the fibrils wio the GQDs. Specifically, IAPPf were micrometers
in length and ~ 10-15 nm in diameter (Fig. $1(e) inset in the ESM),
consistent with the literature [1]. Upon interaction with the GQDs,
the preformed fibrils assumed heterogeneous length distribution with
major fraction (40%) being 400 nm in length (Fig. S1(F) inset in the
ESM) as determined by FiberApp. Such analysis was not feasible for
IAPPm and IAPPo, due to the ineffectiveness of FiberApp for

analyzing non-tubular morphologies.
2.2 Fluorescence quenching revealed [APP-GQD association

To probe the interactions between GQDs and IAPP the quenching
of GQD autofluorescence by the three IAPP aggregation states of
different concentrations (10-30 pM) was recorded. At fixed excitation
wavelength of 350 nm and GQD concentration of 300 pg/mL, the
peak emission fluorescence intensity of GQDs at 440 nm decreased
lincarly for [APPm, IAPPo and IAPPf (R? = 0.985, R? = 0.932, R? =
0.999) with increasing IAPP concentrations (Figs. S3(b)-53(g) in
the ESM). These reductions in GQD fluorescence intensity, at 7%
for IAPPm, 11% for IAPPo and 9% for IAPPf each of 20 pM (the
concentration used for viability, ROS and proteomics assays),
suggest associations of the monomeric, protofibrils and fibrils of
IAPP during aggregation. The binding of the GQDs and the IAPP
species was further studied by computer simulations (Fig. 1 and
Fig. 54 in the ESM).

2.3 Discrete molecular dynamics (DMD) simulations of
IAPP-GOQD association

To complement the quenching assay, molecular details of the
interactions between IAPPF and GQDs were further studied by
discrete molecular dynamics (DMD) simulations (Fig. 1 and Fig. 54
in the ESM). The IAPPm mainly adopted unstructured conformation
(Le., random coils and bends) with some partial helical and transient
PB-sheet structures (Fig.S4(a) in the ESM). In the presence of a
GQD nanosheet, the structured conformation (helix and p-sheet)
of IAPPm was completely destructed. The distribution of hydrogen
bonds formed by main-chain atoms of IAPPm in both systems
revealed the hydrogen bonds in IAPPm were significantly cleaved
off by the GQD (Fig. 54(b) in the ESM). Moreover, [APPm had a
strong propensity of forming hydrogen bonds with the GQD. The
mininmm distance probability distribution of each IAPPm residue
relative to the GQD revealed that all of the residues in IAPPm
adsorbed onto the GQD surface with a most populated distance
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occurring at 0.4-0.5 nm (Fig. S4(c) in the ESM). The binding site
distribution of IAPPm on the GQD surface indicated that IAPPm
mainly bound to the nanosheet surface rather than the edges
(Fig. S4(d) in the ESM). Overall, the structured conformation (helix
or partial p-sheet, Fig. S4(e) in the ESM) of IAPPm was nearly
completely converted into unstructured conformation (Fig, S4(f) in
the ESM) in the presence of the GQD.

To investigate the effects of GQD on the conformations of
IAPPo, we simulated four IAPP peptides with and without a GQD
nanosheet. The random coil and B-sheet structures were slightly
enhanced while the helical structures were weakly reduced in the
presence of the GQD (Fig. 1(a)). Different from IAPPm, only residues
14-37 of IAPPo displayed high binding probabilities with the GQD.
In addition to the first residue layer at ~ 0.5 nm from the nanosheet
surface, a second layer of residues at ~ 0.9 nm from the nanosheet
was also observed, though with a lower population. Examination of
the simulation snapshots revealed that residues in this region could
form some P-sheets perpendicular to the GQD (Fig. 1(b)). The
N-terminal residues 1-10 were mainly unbound. The conformational
distribution of IAPPo was also analyzed by computing 2D-PMF
(ie., two-dimensional potential of mean force) as a function of the
total number of hydrogen bonds formed by main-chain atoms (Num.
Hbonds) and the number of residues adopting the B-sheet structure
(Num. B-sheet residues). For both systems, IAPPo predominantly
adopted a helical-rich structure with a large number of hydrogen
bonds and a low B-sheet content (Fig 1(c)-a, the a state). Besides,
B-sheet containing conformations were also observed (Fig. 1(c)-(b
and c), the p and vy states). Similarly to IAPPm, the total number
hydrogen bonds in IAPPo was also suppressed with the GQD.
Overall, these results indicate that GQDs displayed distinct effects
on the secondary structure of IAPPm and IAPPo. In addition, the
N-terminal residues in IAPPo (Fig. 1(b)) display much weaker
binding strength with than those residues in IAPPm (Fig. S4(c) in
the ESM).

To understand the conformation of IAPPf interacting with a GQD,

(f) Probability distribution of the number of hydrogen bonds formed by GQD with the

we simulated five GQD nanosheets binding with a 20-peptide IAPP
fibril (Figs. 1(d)-1(f)). Ten independent DMD simulations which
started with different initial structures and velocities were performed.
The GQD nanosheet could bind both the elongation and secondary
nucleation surfaces of the IAPPf to hinder the fibril growth
(Fig. 1(d)). The driving forces of the binding were mainly aromatic,
hydrophobic and hydrogen bonds (Fig. 1(e)). The GQD displayed a
high propensity to form hydrogen bonds with both the main-chains
and side-chains of the IAPPf (Fig. 1(f)). The strong binding affinity
was indicated by a high potential energy gain of ~320 kcal/mol
upon binding five GQD nanosheets averaged over ten different
independent simulations (Fig. S5 in the ESM). In addition, the
coating of GQDs on the surface of IAPPf also reduced direct
interaction of the fibril with cells.

24 Graphene quantum dots mitigated IAPP toxicity in vifro

As with AP and alpha synuclein, oligomeric/protofibrillar forms are
also known as the most toxic IAPP species associated with p-cell
degeneration [14, 24, 25]. To quantify the toxicities of IAPP structures
with and without GQDs to BTC6 cells, viability (Fig. 2(a), for 15 h
of incubation. In Fig. S6 in the ESM, for 24 h of incubation in
complete Dulbeccos modified Eagle’s medium with 15% fetal bovine
serum) and ROS assays were performed. As expected, the most
potent IAPP species in inducing cell death, membrane damage as
well as intracellular ROS generation were IAPPo (Fig. 2 and Figs. S6
and S7 in the ESM). Neither IAPPm nor IAPPf caused significant
cell death or membrane damage, however, IAPPm induced comparable
levels of intracellular ROS with LAPPo (Fig. 2(j)), suggesting a higher
potential for toxicity of IAPPm compared to IAPPf. Helium ion
microscopy (HIM) further demonstrated, consistently with the
viability and ROS assays, that IAPPo treated cells acquired a severely
deformed morphology and membrane blebbing compared to untreated
control cells and IAPPm and IAPPf treated cells (Figs. 2(b), 2(d),
2(f), and 2(h), and Fig. S7 in the ESM). However, the morphology
of IAPPm treated cells was more similar to IAPPo-incubated cells,
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Figure 2 Viability, morphology and ROS generation of fTCS pancreatic -cells
exposed to the IAPP species with or without GQDs. (a) PTCé cell toxicities
upon exposure to IAPPm, IAPPo and IAPPf in the presence and absence of GQDs.
The GQDs were effective in reducing IAPP wxidly of all structures, especially
IAPPo as the most toxic species, indi strong hyd and hydrophobi
binding affinity between GQDs and IAPP. PLmdinmiodwh. (b)-(i)Halmmmn
microscopy images as a visual evidence on toxicity of IAPP species: (b) BTCS cells
as control, treated with (c) GQDs and ((d), (f), (h)) IAPPm, IAPPo and IAPPf
and ((e), (), (i)) IAPPm, IAPPo and IAPPf withGQDs, respectively. Arrows in
(d) and (f) show the deformation of cell b induced by IAPPm and
IAPPo, respectively. In the cases of IAPPf and mixture of IAPPf with GQDs no
damage was observed. Scale bars: 2 pm. Cells were incubated with IAPP species,
with or without GQDs, in the viability assay for 15 h and before HIM for 1 h.
(j) Intracellular ROS levels upon exposure to IAPPm, IAPPo and IAPPf in the

and ab of GQDs. Incubation: 1 h. The experi were carried
ou! in triplicate, error bars show standard deviations and ¢-value performed by
1% FDR rate approach by using the two-stage step-up method of Benjamini,
Krieger and Yekutieli (ns: g = 001, *: g < 0.01, **: < 0.001 ,***: g < 0.0001 and
+++*. g <0.00001). IAPP concentration: 20 pM.

likely caused by IAPPm induced oxidative stress as indicated by
relatively high intracellular ROS levels (Fig. 2(j)). Co-incubation of
pancreatic p-cells with IAPPm or IAPPo and GQDs significantly
mitigated IAPP-induced toxicity. In the case of IAPPm, GQDs were
potent in alleviating TAPP toxicity by ~ 34%. With IAPPo, the GQDs
reduced IAPP cytotoxicity by 76%, confirming a stronger binding
affinity between the two species. (Fig. 2(a)). Consistent with the
viability assay, significant reduction in intracellular ROS (24.5% for
IAPPm and 45.4% for IAPPo) was observed for IAPP with the
GQDs, indicating the mitigation power of the nanoparticles against
ROS production by the IAPP species (Fig. 2(j)), especially by IAPPo.
This may be attributed to the relatively high hydrophobicity of
IAPPo and protofibrils [24, 25], which should bind preferably with
the hydrophobic moieties of the GQDs than with other cellular
proteins to sequester the peptide from aggregation and eliciting
toxicity. In comparison, no cell damage was noticeable in the HIM
images when the cells were exposed to IAPPm or IAPPo in the
presence of the GQDs, and, as expected, no cell deformation was
recorded after exposure to IAPPf with the GQDs (Figs. 2(b)-2(i)).
Consistently, confocal fluorescence microscopy indicated more cell
damage (red fluorescence spots) by IAPPm and IAPPo than IAPPf,
and the presence and cellular distributions of the IAPP aggregates
(green fluorescence spots) (Fig. S8 in the ESM).

2.5 Effects of IAPP on the proteome of pancreatic B-cells

Following the experimental design of proteomics analysis (Fig. 3(a)),
we identified 1,608 proteins across all the samples (Fig. 3(b)).
Label-free quantification analysis showed that IAPPm induced an
over-expression of 11 proteins and under-expression of another
11 proteins. The addition of GQDs inhibited the IAPPm-induced
over/under expression of 10 proteins, respectively. In comparison,
IAPPo induced the over-expression of 10 proteins and under-expression
of another 10 proteins, out of which the aberrant expressions of 19
proteins were mitigated by GQDs. The comparable capacities of
IAPPm and IAPPo in protein dysregulation and ROS production
(Figs. 2(j) and 3(c)) may be attributed to the rapid aggregation of the
peptide. One of the most amyloidogenic proteins known [26, 27],
TAPPm could be converted to IAPPo in hours or less at micromolar
concentrations [3, 11, 15, 28]. As expected, IAPPf, the least toxic form
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Figure 3 Proteomics analysis of IAPP- and GQD-treated pancreatic p-cells.
(a) Scheme of experimental procedures for quantifying up- and down-regulation

of i llular protein ion in P-cells exposed to IAPP species in the
absence and presence of GQD&. (b) More than 1,600 proteins were identified
aaoss all replicates with mare than 50% overlap within each condition. (c) In total,
expressions of 29 proteins were altered by the different forms of IAPP treatments.
Statistical analysis was done based on the multiple #-test for the average abundance
of proteins in each condition compared to the untreated control sample. **, ***,
and **** indicate adjusted p-values of p < 0.01, p < 0.001, and p < 0.0001
respectively. The color gradient is the indicator of fold changes compared to the
control sample. Based on the adjusted p-value analysis, GQDs alone induced no
significant up or down protein expression. In the case of RPL7, both IAPPo and
IAPPf showed significant dysregulation (p < 0.0001). However, IAPPo and IAPPf
with GQDs recovered from significant changes.
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of IAPP, caused an over-expression of only one protein and under-
expression of two other proteins, with no detectable changes in
protein expression when cells were co-incubated with IAPPf and
GQDs (Fig. 3(c)).

2.6 Pathway classification of differentially expressed
proteins

Biochemical pathway analysis was used to classify differentially
expressed proteins from the P-cells treated with the three IAPP
species. To achieve this, pathway classification was performed on the
differentially expressed proteins identified in each comparison test
by Reactome [29]. The canonical pathway analysis (Fig. 4 and Fig, S9
in the ESM) of three treatments revealed that DNA-repair and
replication, cell cycle, gene expression and metabolism of proteins
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were the pathways mainly affected by IAPPm and IAPPo. Unsur-
prisingly, the fewest number of pathways were affected by IAPPf
IAPPo has been reported to cause highest membrane disorders and
cytotoxicity [24, 30]. Consistently, and for the first time, IAPPo
were the most destructive structure in dysregulating the proteins
pathways. We also found proteins in the same pathway could be
regulated in different ways (up/down). Based on the differential
expression of proteins following exposure to IAPP aggregates we
visualized changes to protein networks using STRING [31, 32], as
presented in Fig. 5 and Tables S1 and S2 in the ESM.

2.7 Nucleic acid binding proteins as most affected by IAPP

We used Panther Gene Ontology software [33] to determine the
proteins mostly altered by IAPP in each condition. A total of 15 out
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interaction analysis with a minimum interaction score of 0.400. (b) Co-exp
proteins as 1.0 (black) and the least as 0.0 (white). Enrichment analysis, molecular action legends and co-expression scores are shown in Table S1 in the ESM.
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of 29 altered proteins were “binding proteins”. Interestingly, 13
proteins were “nucleic acid- proteins”, including 3 DNA
binding and 10 RNA binding (Table S1 in the ESM).

‘We found six ribosomal proteins, including RPL7, RPS5, RPS13,
RPL7A, RPS7 and CCT?, differentially regulated by the IAPP species.
A ribosomal protein is any of the proteins that, in conjunction with
rRNA, makes up the ribosomal subunits involved in the cellular
process of translation. Although ribosomal proteins are known for
playing an essential role in ribosome assembly and protein translation,
ribosome-independent functions have also been documented [34].
The roles of ribosomal proteins in amyloid diseases such as AD
have been studied. For example, a new study shows that A induced
changes in multiple proteins involved in ribosomal machinery [35].
In addition, investigation on the chaperone activity of CCT7 for
oxidative stress in neuronal apoptosis has been performed [36, 37].
In our study, specifically, the expressions of RPS13 and CCT7
increased in the p-cells treated with IAPPm and [APPo. Although
the regulation of RPS5 by IAPPm was not statistically significant, its
expression was significantly decreased by IAPPo. Previously, the
overexpression of RPS13 and RPS5 have been reported in AD [38].
‘We noted significant decreases in the expression of RPLY by IAPPm
and IAPPf and of RPL7A by IAPPm. However, to our knowledge,
there are no reports on the dysregulation of these 60s ribosomal
proteins in amyloidogenesis.

Alternative splicing has recently become a new mechanism for
deciphering different diseases such as diabetes [39, 40] and AD,
with RNA-splicing as a major genetic footprint to the diseases [41].
Here our results indicated IAPP could interfere with the regulation
of mRNA splicing factor proteins, including nucleolin and SRSF7.
SRSF7 was upregulated after treatment with IAPPm but downregulated
by IAPPo.

There is increasing evidence that many RNA-binding proteins
(RBPs) and RBP-regulated RNA networks are disrupted under
diabetic conditions [39]. Here we found two altered RBPs in the
p-cells exposed to the toxic forms of IAPP: both IAFPm and IAPPo
increased the expression of SERBP1 but decreased the expression of
Tho4.

All three IAPP species induced the expression of macrophage
migration inhibitory factor (MIF) protein. MIF is a key
proinflammatory cytokine involved in many inflammatory reactions
and disorders. In addition to its inflammatory roles, MIF can form
amyloid fibrils associated with amyloidogenic proteins such as AP
and alpha synuclein during acid denaturing conditions [42]. Previous
studies have suggested that binding of AR to microtubules may
explain, in part, the mechanism of amyloid induced toxicity [43,
44]. In addition, the cross-interactions between AP with IAPP and
insulin have been reported [45-47], reinforcing the importance of
the findings in this study. Here we found that TUBAIA (a major
constituent of microtubules) and STMNI (involved in the regulation
of microtubules) were regulated by IAPPm and IAPPo. Both [APPm
and IAPPo increased the expression of TUBAIA, while IAPPo
decreased the expression of STMNI1.

28 GQDs prevented IAPP-induced toxicity

The effects of GQDs on the inhibition of the fibrillization and

of AP and IAPP have been shown in previous studies [19, 48]. In
this study, we observed the remarkable effect of the hydroxylated
GQDs on the inhibition of protein dysregulation, especially for the
most toxic form of IAPPo. The GQD concentration used in this
study, at 20 pgfmL, was one order of magnitude lower than its toxic
concentration [17, 49, 50], but was adequate for mitigating the
toxicity of IAPP at pM concentrations, a condition which triggers
B-cell degeneration in vivo [1]. GQDs prevented or significantly
decreased the level of protein dysregulation {compared with the
untreated control) induced by all three forms of IAPP. As shown in

Nano Res. 2010, 12(11): 28272834

Fig. 3(c), 20 out of the 22 proteins that affected by IAPPm, 19 out of
the 20 proteins affected by IAPPo and all dysregulation caused by
IAPPf were mitigated by GQDs. The nanostructures themselves did
not cause significant changes (or with low fold changes) on the
protein expression of B cells. Interestingly, GQDs could prevent the
adverse effects on the MIF proteins induced by all three IAPP species.
PDIA6 protein catalyzes the formation, reduction, and isomerization
of disulfide bonds in proteins and also acts as a chaperone in the
inhibition of protein misfolding [51]. This protein was remarkably
upregulated by IAPPm, but with GQDs the level of dysregulation
induced by IAPPm was decreased to with no significant difference
from untreated cells (the control). The dysregulation of the IAPP
structures in contrast to the constructive effects of GQDs are
consistent with the in vitro toxicity assay of IAPP on pancreatic
p-cells (Fig. 2(a)).

3 Conclusions

Protein expression and cellular pathways regulated by [APPm and
the two major IAPP aggregating species IAPPo and IAPPf were
studied along with the impact of hydroxylated GQDs on amyloidaosis.
Using a LC-MS/MS approach, a total of 1,608 proteins
were identified in all samples, where 29 proteins showed significant
overfunder expression, and among them over 30% were RNA and
DNA hinding proteins. Such aberrant protein expression was mitigated
by the GQDs to various extents, among which the most significant
effect was shown for IAPPo, the most toxic species of the three
aggregation states. These protein expression profiles showed a good
correlation with biophysical (fluorescence quenching and HIM
imaging) and toxicity (viability and ROS assays) characterizations,
where IAPPo elicited the most damage to (-cells and which was
ameliorated by GQDs. The binding between the IAPP species and
GQDs was a result of H-bonding and hydrophobic interaction, as
revealed by atomistic DMD simulations. Together, this study has
demonstrated the ¥ of nanoparticles in restoring protein
expression against the toxicity elicited by amyloid protein aggregation,
thereby facilitating the development and application of nowvel

therapeutics against a range of amyloid diseases.
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Summary

My PhD project has accomplished the objectives as described in Chapters 2, 3&4. The results
of my studies have provided crucial new knowledge on the mechanisms of amyloid protein
fibrillation, their toxicities in vitro and in vivo, as well as their interaction with cell membranes
and nanomaterials. This knowledge is essential for facilitating the design of potent and

biocompatible NP inhibitors for the mitigation of amyloidosis and amyloid diseases.

The major goal of chapter 2 was to identify human plasma corona and understand its role on
immune cell responses to amyloid protein fibrillation. Here, oligomeric and fibrillar AB (ABo
and APf) were prepared and labelled with fluorescent dye. The fibrillation and toxicity of the
aggregates were examined by a ThT kinetics assay, TEM and an in vitro viability assay with
neuronal cells. To probe amyloid protein-immune cell interaction, T cells, Dendritic cells (D
cells), Natural Killer Cells (NK cells), B cells, monocytes and granulocytes were phenotyped
by antibodies and their associations with the peptide aggregates were recorded with a blood
assay using flow cytometry. LSPR chips consisting of antibody-functionalized gold nanorods
were used to detect TNF and IL-6 secretion by immune cells. This study revealed a convoluted
relationship between the amyloidosis and immunogenicity of AP. Specifically, ABo displayed
little difference in cell membrane association in whole blood or washed blood, while ABf
showed a clear preference for binding with all cell types in the absence of plasma proteins.
Immune cells exposed to APo, but not to ABf, resulted in significant expression of cytokines
IL-6 and TNF. These observations suggested greater immune cell association and cytokine
stimulation of Ao than ABf, and revealed the contrasting toxicities of ABo and ABf resulting

from their differential capacities in acquiring a plasma protein corona.

Amyloid fibrils are usually chiral in morphology, an aspect which has rarely been exploited in

the literature of amyloidosis inhibition. Accordingly, chapter 3 investigated the first application
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of chiral NPs against IAPP amyloidogenesis in vivo. Silica nanoribbons eliminated the IAPP
nucleation phase and shortened its elongation phase. This accelerated IAPP fibrillization
translated to reduced toxicity, especially for the right-handed silica nanoribbons, as revealed
by cell viability on BTC6 pancreatic cells and observed by helium ion microscopy. In vivo,
chiral silica nanohelices mitigated IAPP toxicity in zebrafish embryos, as reflected by
significantly improved survival, development and swimming behaviour of the organism. The
results demonstrated a great potency of inhibiting IAPP aggregation and toxicity with their

oppositely handed silica nanoribbons.

There was no data available concerning intracellular protein expression upon exposure to |APP
or IAPP plus their NP inhibitors. Here, the proteome of BPTC6 pancreatic cells exposed to the
monomeric, oligomeric and fibrillar IAPP, in the absence and presence of GQDs, a known
protein fibrillation inhibitor, was detailed using mass spectroscopy. A total of 29 proteins were
significantly regulated by different forms of IAPP, and majority of these proteins were
nucleotide-binding proteins. GQDs regulated aberrant protein expression through H-bonding
and hydrophobic interactions, pointing to nanomedicine as a new frontier against human

amyloid diseases.
Future direction

Application of nanomaterial against amyloidosis has a great potential in the development of
therapeutics against debilitating human diseases such as T2D and dementia. Based on the
outcomes of this project, NPs can elicit electrostatic and hydrophobic interactions, hydrogen
bonding and n-n stacking with pathogenic amyloid proteins to inhibit or reduce their self-
assemblies. Towards novel nanomedicines for curing amyloid diseases, however, further
studies on the mechanisms of NP-protein binding in the presence and absence of chaperone
proteins, ligands and psychological metals, the biocompatibility, biodistribution and clearance
of NPs, and the cross seeding of amyloid proteins are essential. Our findings on the selective
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inhibition of IAPP amyloidogensis with chiral silica nanohelices may be applicable to other
classes of chiral nanostructures and other types of amyloidosis associated with AD and PD.

Such aspect needs to be fully explored.

NPs are not only effective in mitigating protein amyloid fibrillation, but also in restoring
intracellular protein expression against the toxicity elicited by amyloid protein aggregation.
GQDs are novel candidate to rescue the dysregulation of proteins, especially the nucleotide-
binding proteins. Expanding this finding to in vivo, similar nanostructures with may have the
capacity in regulating protein expression through hydrogen bonding and hydrophobic

interaction, may offer new opportunities against human amyloid diseases.

Zebrafish share 80% of disease-related genes with human, carry multiple pathogenic pathways,
and entail a high throughput capacity and short lifecycles, compared to mouse and rat models.
In the early stage of development, zebrafish embryos can act as a compromise between in vitro
cell cultures and in vivo mouse models, with the possibility of analysing multiple endpoints
from survival rate and development to gene assays. More physiological and behaviour tests
may involve zebrafish larvae and adults as alternative systems to AD and PD mice for greater

economic and time efficiencies as well as greater flexibility in experimental design.
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