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Abstract

Abstract

Amyloid is defined as insoluble, extracellular, proteinous aggregates formed by misfolding of
proteins or peptides which are normally soluble. In the human body, amyloid is toxic and can cause
cell death. Therefore, the presence of amyloid is linked with several diseases, including
Alzheimer’s disease (AD), spongiform encephalopathies and type II diabetes, which are also
referred as amyloidosis. AD is one of the most well-known amyloidoses. In AD, the amyloid
aggregates appear predominantly in the patients’ brain, composed by a certain group of peptides
known as amyloid beta (APB) peptides. Current clinical diagnoses of AD are primarily based on
cognitive symptoms. However, it is often too late for intervention when the symptoms are
detectable and there is no effective treatment for AD. On the other hand, the onset of amyloid
aggregation may start years before the appearance of AD symptoms. Therefore, the detection and
intervention of AD related amyloid at the molecular level are expected to be developed as powerful
diagnostic and therapeutic methods for AD.

Nanoparticle facilitated therapy and diagnosis have recently achieved impressive success in
biomedical researches, especially in oncology studies. Compared to small molecule based probes
and drugs, nanoparticles are capable to generate more comprehensive diagnosis, enhanced
therapeutic effect, and better specific targeting. However, the reported applications of
nanoparticles for AD research are still limited. In this context, by identifying the aforementioned
research gap, this thesis aims to investigate the potential of nanoparticles for the early detection,
imaging, and intervention of amyloid. To fulfill this objective, three nanoparticles: gold
nanoparticles (AuNPs), carbon dots (C-dots) and iron oxide nanoparticles (IONPs), have been

selected due to their unique physiochemical properties.
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Abstract

Over the past decade, SERS spectroscopy has been utilized as a powerful analytical tool in
chemistry, material science, and biomedical research. It is capable of revealing the conformational
changes and structural differences between different molecules with high sensitivity. In addition,
fluorescent imaging can be integrated with SERS spectroscopy as a comprehensive modality. In
this thesis, a bi-functional SERS/fluorescent amyloid nanoprobe was prepared by conjugating
Rose Bengal (RB) with AuNPs. Upon this conjugation, the characteristic Raman scattering of RB
was significantly enhanced. Furthermore, when exposed to AB42 peptides, a detectable change
was observed in the SERS spectrum of the RB-AuNPs conjugates. Also, the interaction between
RB-AuNPs and AB42 induced fluorescence enhancement, which was utilized to perform ex vivo
fluorescent imaging of amyloid plaques in transgenic mouse brains.

C-dots are quantum sized (<10 nm) photoluminescent (PL) carbon particles. Bottom-up
synthesized C-dots were prepared by hydrothermal pyrolysis of sucrose. Two types of passivation
agents were added prior to the pyrolysis to generate PEG passivated C-dots (CD-G), and PEI
passivated C-dots (CD-I). Both types of C-dots were then used to modulate the fibrillization
process of AB42. Opposite effects were observed when mixing the two types of C-dots with AB42
peptides: CD-G could promote AP42 fibrillization while CD-I could inhibit it. Through a cell
viability assay it was found that both types of C-dots could effectively reduce the cytotoxicity of
AP42 peptides. These findings demonstrate that C-dots hold a great potential as low-cost,
biocompatible nanoinhibitors for AD treatment.

While most AD researches are focused on extracellular amyloids, intracellular amyloid is also
playing a vital role in the pathogenesis of AD. The cellular uptake of extracellular amyloid by
certain neuronal cells is a major source for intracellular amyloid build-up. To target these neuronal

cells, dye labelled AB42 peptides were conjugated with IONPs. The produced magnetofluorescent

Xiv



Abstract

IONPs shows enhanced and selective targeting of SH-SY5Y neuroblastoma cells. This research
shows that AB42 functionalized IONPs can be used as bifunctional nanoprobes to interrogate the
cellular uptake of amyloid.

In general, this PhD thesis investigated the synthesis and utilization of multifunctional
nanoparticles for the detection, imaging, and intervention of amyloid. It is envisaged that the
results and research outcomes detailed in this thesis can lead to the realization of such nanoparticle-

based amyloid probes for the diagnosis, and inhibitors for the treatment, of AD

XV



Introduction Chapter 1

Chapter 1: Introduction

This chapter begins with the background of, and motivation for, undertaking this research,
followed by a brief introduction to the amyloid cascade hypothesis which explains the pathological
mechanism of Alzheimer’s disease. The importance and challenges in developing diagnostic and
therapeutic agents for AD are also explained. The objectives and scope of this thesis are outlined,
and the designed research roadmap for achieving the objectives is presented. The chapter

concludes with a description of the thesis’ organization.

1.1. Background

Alzheimer’s disease (AD) is the leading cause of dementia, responsible for 60% to 70% of
recorded dementia cases. The early symptoms of AD include short-term memory loss, difficulty
in problem-solving, mood swinging and disorientation. At the advanced stage, patients will lose
the capability of walking and swallowing. The ultimate consequence of AD is fatal, and the
average post-diagnosis life is three to nine years [1]. Like many other neurodegenerative diseases,
AD is a chronic disease where the risk of getting the disease increases with age. Therefore, with a
progressive increase of older people in the world population, AD is projected to become a more
severe health threat, especially in developed countries, in which the life expectancy is usually
greater than 80 years [2].

One of the pathological hallmarks of AD is the abnormal aggregation of amyloid beta (AP)
peptides. These peptides are produced by proteolytic cleavage of a transmembrane protein called
the amyloid precursor protein (APP). AP peptides have various lengths depending on the site of
cleavage, but most A peptides are those with 40 (AB40) or 42 (AB42) amino acids. Once produced,
the A peptides have a high tendency to assemble into oligomers and to further develop into large
insoluble plaques. The processing of APP is a fundamental cellular process in the brain throughout

life. The difference between the physiological and pathological processes is that whereas in young
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and healthy individuals the normal metabolism could rapidly clear the produced AP peptides
before they can form aggregates, in aged and diseased brains Ap peptides are deposited due to an
increased production rate or/and a decreased clearing/transportation rate [3]. In addition to this, a
various toxic metabolites are also produced during the amyloid aggregation process, and this
eventually leads to the death of neurons [4].

Conventionally, the clinical diagnosis of AD is mainly based on the observation of behavioral
changes and cognitive tests. Sometimes, brain-imaging techniques are also used, since the
deposition of amyloid plaques is capable to induce conformational changes in the patients’ brain.
However, the onset of amyloid aggregation may start a decade before the appearance of detectable
symptoms. Therefore, it is often too late to conduct efficient therapeutic methods to reverse, retard
or stop the pathological development of AD after a determinative diagnosis has been made [5].

Recently, molecular imaging of amyloid beta peptides has shown a great potential in the early
diagnosis of AD [6]. In the bio-imaging field, molecular imaging refers to techniques that are
capable to reveal biological activities at cellular and subcellular levels. These techniques usually
utilize specially designed molecular probes that target certain disease-related biomarkers. For AD
diagnosis, a series of molecular probes has been reported capable of identifying and visualising
AP peptides, fibrils, oligomers, tau proteins or plaques as biomarkers. These probes have been
applied for amyloid detection in positron emission tomography (PET), single-photon emission
computed tomography (SPECT), fluorescence imaging and magnetic resonance imaging (MRI)
[7].

The detection of soluble A in body fluids is another challenge that researchers are actively
working on. One of the emerging protein detection techniques is based on the Surface-enhanced

Raman scattering (SERS). SERS is a phenomenon which shows dramatically enhanced (102-10%
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factors) Raman scattering when molecules are present in the close vicinity of nanostructures
consisting of certain noble metal, transition metal, or semiconductors [8]. The most widely
accepted explanation for SERS is based on the enhancement of the electromagnetic field provided
by the metal surface. When the incident laser strikes the nanostructure, the surface plasmons are
excited and then emit a dipole field that can coherently interact with the incoming light. This
interaction leads to a re-distribution of the electric field intensity around the nanostructure.
Molecules that are close enough to the nanostructures will be exposed to an enhanced excitation
light and will consequently produce stronger Raman signals. Once the Raman signals are produced,
their electromagnetic field undergoes the same enhancement process as the exciting light. The
extraordinary high magnification of SERS effect is actually a result of a two-time enhancement
[9]. Over the past decade, SERS spectroscopy has been utilized as a powerful analytical tool in
chemistry, material science, and biomedical research. It is capable of revealing the conformational
changes and structural differences between different molecules with high sensitivity. However, for
protein detection, some obstacles still exist. First of all, significant SERS effect is generally
restricted within 2 nm around the surface of nanostructures, therefore hinders the direct detection
of large biomolecules such as protein [10, 11]. In addition, the intrinsic molecular and
conformational complexity of proteins often generates complicated spectral patterns, which makes
it very difficult to identify the characteristic Raman fingerprints. The protein-probes interactions
may vary due to the different surrounding media, which lead to a low batch-to-batch
reproducibility [10, 12]. To overcome the aforementioned limitations, an indirect SERS strategy
has been proposed: instead of interrogating the Raman signals from the proteins, an additional
Raman reporter with large Raman cross-section can be attached to the nanostructures and the

reporter is allowed to react with the target protein in order to generate detectable changes in the
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Raman spectra [13, 14]. This type of SERS probes has been successfully applied to detect DNA,
protein and other bio-molecules [15].

Apart from diagnostic applications, AP peptides are also actively studied in order to develop
effective therapies for AD. Currently, several drugs have been approved by regulatory authorities
to be used in the clinical treatment of AD, but they only provide temporary relief from symptoms.
No treatment has been proved effective to stop the progression of AD [16]. Ap-targeting
therapeutic agents are normally designed to achieve one of the following effects: to reduce the
production of AP peptides, to enhance the clearance of AP peptides or to prevent the aggregation
of AP peptides. A variety of effective inhibitors has been found by the screening of peptides [17],
protein [18], antibodies [19], organic dyes [20, 21], and other small molecules [22, 23].

In addition to the small molecular-based inhibitors, nanoparticles based inhibitors have also
attracted growing interests in recent years. The advantages of nanomedicines include the large
surface area for drug load, prolonged circulation time, and better specific targeting. Particularly,
nanotherapy has achieved impressive progress in cancer treatment. One reason for that success is
attributed to the enhanced permeability and retention (EPR) effect of nanoparticles: the leaky
neovasculature and low-effective lymphatic drainage of tumor tissue causing a passive
accumulation of nanoparticles in the tumor tissue. In addition, the large loading area of
nanoparticles has made it possible to conjugate contrast agents and therapeutic agents into one
particle to produce a multifunctional particle that can simultaneously function as imagining probe
as well as nanomedicine. This concept is now known as theranostics. In contrast to the
conventional “diagnostics followed by therapy” approach, theranostics helps to eliminate the
discrepancy in bio-distribution and selectivity between separated imaging and therapeutic agents.

The ultimate goal of theranostics is to shift the current generalized medicine, which applies similar



Introduction Chapter 1

therapy to all patients with the same disease, into an era of personalized medicine, i.e. tailor-made
therapy for an individual patient [24]. Encouraged by the successful application of nanoparticles,
researchers have started to develop nanotherapy for AD treatment. A series of therapeutic
nanoparticles has been reported, either to inhibit the aggregation of A peptides or to facilitate the

ablation of AP aggregates [25, 26].

1.2. Limitations of Current Amyloid Probes and Inhibitors

Regarding MRI amyloid probes, the most crucial limitation is the relatively low spatial
resolution of MRI, therefore, it can only be applied to detect large amyloid plaques that only appear
at the late stage of AD [27]. Compared to MRI, radioisotope based imaging techniques such as
PET and SPECT could provide much higher resolution and sensitivity. So far, the most advanced
progress in the field of AR molecular imaging probes is achieved with PET. Several ®F-based PET
probes have been introduced to clinical diagnosis since 2012 [28, 29]. However, the high-cost of
instruments and the inevitable radiation exposure have limited wide applications of PET,
especially for the early diagnosis of AD, which requires large-scale screening of potential patients
with high AD risks. SPECT imaging has a broader availability and lower costs due the relatively
easier preparation and longer half-life of SPECT radioisotopes ([*?°1], t1/2 = 60.1 days, [*Z1], T12
=13.2 hours, and [*™Tc], T2 = 6.0 hours), but the concern of radio exposure still exists. In addition,
the current available AD SPECT probes exhibit high background signals due to their high
lipophilicity and nonspecific binding, which in turn reduce the sensitivity and precision of SPECT
diagnosis.

Another problem with the currently available amyloid probes is that in most cases they are
designed to work for a single modality. To achieve a comprehensive diagnosis, it is often necessary

to use multiple diagnostic techniques in the patients. For example, optical imaging is highly
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sensitive and can achieve a temporal resolution in the second scale, but its spatial resolution and
in vivo penetration depth are limited. On the other hand, MRI is capable to achieve high spatial
resolution and theoretically infinite penetration depth. By combining these two modalities, high
resolution and excellent sensitivity can be obtained simultaneously. Whereas great efforts have
been made to design hybrid molecular imaging instruments (e.g. PET/CT and PET/MRI system
[30]), the requirement of a single probe with multiple signaling capacities has arisen. Compared
to individual single modality contrast agents, multimodality probes provide better image
registration, consistent pharmacokinetics and reduced administration load for the patient.

SERS probes have been used for bio-imaging applications such as cell labeling, tissue diagnosis
and in vivo imaging on small animal models [31]. While SERS based Raman imaging shows great
advantages in terms of sensitivity and multiplexing capability, the long image acquisition time and
the requirement of post-processing have limited the temporal resolution of Raman imaging [32].
To overcome this limit and also extend the capability of SERS probes, other imaging moieties,
including fluorescent imaging [32-34], MRI [35] and X-ray CT [36], have been integrated with
SERS. Such integrations of modalities generated a requirement of multifunctional SERS probes.
Among these multifunctional SERS probes, the fluorescent SERS (F-SERS) probe is the most well
studied probe. One reason is that fluorescence imaging is an intuitive method and can achieve real-
time image acquisition, which makes it an ideal complementary imaging modality for Raman
imaging. Another advantage of F-SERS probes is that many fluorescent dyes, such as fluorescein
isothiocyanate (FITC) [33] and Rhodamine B derivatives [37], can be readily used as Raman
reporters when they are conjugated with nanostructures, which makes the preparation of F-SERS
probes more facile. Whereas F-SERS probes have been used for tumor imaging, there are only a

few reported F-SERS probes that have been reported for amyloid detection.
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Conventionally, amyloid aggregation inhibitors have been developed based on small molecules
such as organic molecules and peptides. However, few of them have entered into a clinical trial
due to their low efficacy. 3-amino- 1-propaneosulfonic acid (3-APS, Alzhemed™, tramiprosate) is
the only inhibitor that reached phase III trials, but the results turned out to be disappointing and
the further trial was suspended after 2007 [38]. The failure of these inhibitors is attributed to the
low blood-brain-barrier permeability, the complexity of their synthesis and the low in vivo stability
[39]. Recently, the usage of nanoparticles as amyloid inhibitors has been attracting increasing
interest in the research community. Compared to small molecules inhibitors, nanoinhibitors can
achieve stronger inhibition efficacy, longer circulation, and better amyloid targeting. However,
most of the reported nanoinhibitors are prepared based on metallic nanoparticles, which may
induce neurotoxicity [40]. Non-metallic nanoparticles such as carbon dots (C-dots) might be a
more appropriate choice for amyloid inhibitors. Currently, the interactions between C-dots and AB
peptides are poorly investigated. Only one study has reported the use of C-dots as amyloid inhibitor,
and the C-dots used in that research is obtained from top-down synthesis. The other preparation

approach, bottom-up synthesis, has not been used to prepare C-dots-based amyloid inhibitor.

1.3. Objectives

Currently, most of the reported amyloid nanoprobes are designed to target the extracellular
amyloid. Intracellular amyloid, which also plays a crucial role in the pathogenesis of AD [41], has
not been well investigated. One major source of intracellular amyloid is the uptake of extracellular
amyloid by neuronal cells. Logically, the detection of this cell uptake event can help the diagnosis
of AD. However, no nanoprobes have been reported to interrogate this event. Further, limitations
of the current state of arts, concepts, and methodologies used for amyloid detection and inhibition

are detailed in the previous section. Based on these perspectives, the main objectives of this
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research are directed towards the investigation on novel multifunctional nanoparticles that can be
used for amyloid detection and intervention. These include:

a) Investigation into the research and development of SERS-fluorescent bi-functional
nanoprobes for amyloid diagnosis. Research will also investigate the efficiency of the
nanoprobes to exhibit detectable changes when they interact with amyloid beta.

b) Investigation into facile approaches to synthesize C-dots for their use as amyloid inhibitors.
The effect of passivation agents should also be explored in order to optimize the inhibition
efficacy.

c) Research and development of functionalized IONPs as nanoprobes that can selectively

enhance the targeting of neuronal cells which are involved in the cellular uptake of amyloid.

1.4. Scope
To meet the aforementioned objectives, the planned research scope is summarized as follow:
1. Design and synthesis of a SERS-fluorescent bi-functional nanoprobe that can be used for
amyloid diagnosis:
e Design and synthesizes of Rose Bengal (RB) conjugated AuNPs through
carbodiimide crosslinking reaction.
e Characterization of the conjugated RB-AuNPs in terms of morphology, optical
properties, SERS property, and biocompatibility.
e Investigation of the interaction between RB-AuNPs and AP42 peptides and
demonstration of SERS-based detection of AB42 peptides.
e Conceptualization and development of a Raman mapping strategy to distinguish

amyloid-containing mice brains.
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e Study and analysis on RB-AuNPs as fluorescent probes for the imaging of amyloid
plaques in transgenic mice brains.
2. Explore the potential of bottom-up synthesized C-dots as amyloid inhibitors:
e Design and optimization of a bottom-up synthesis approach to prepare C-dots with
two different passivation agents.
e Characterization and elucidation of optical properties of C-dots with UV-Vis and
fluorescence spectrometer.
e Investigation into the cellular uptake of C-dots by neuronal cells.
e Research into the intervention of amyloid aggregation induced by C-dots, monitored
through dye-binding assay and electron microscopy.
e Experimental demonstration and validation on the mitigation of amyloid toxicity by
C-dots through cell proliferation assay.
3. Investigation into the cellular uptake of amyloid peptides using nanoprobe:
e Design and fabrication of a magnetofluorescent nanoprobe by conjugating dye-
labeled amyloid peptides with IONPs.
e Examine the morphology, optical properties, and biocompatibility of the
functionalized IONPs.
e Conceptualization of an SH-SY5Y cell model to study the cellular uptake of Ap42
and demonstration of specific neuron targeting by the IONPs.
e Application of IONPs for contrast enhancement in MR imaging of phantom samples.
As shown in Figure 1.1, a detailed research roadmap is plotted to illustrate all the essential

research tasks in this thesis.
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Figure 1.1 Research Roadmap

1.5. Thesis Organization

This thesis has 6 chapters:

Chapter 1 mtroduces the background and motivation for undertaking this research project,
followed by a brief introduction of the amyloid hypothesis for Alzheimer’s disease. The
importance and challenge of the development of diagnostic and therapeutic agents for AD were
also explained. The objectives and scope of this thesis are outlined, and the designed research
roadmap for achieving the objectives is presented. The chapter ends with a description of the thesis’
organization.

Chapter 2 is a literature review chapter that summarizes the reported researches related to the
scope of this thesis. It starts with an introduction to the Amyloid Cascade Hypothesis, which states
that the deposition of amyloid peptides is the central event for the pathological development of
AD. The second part of this chapter talks about the molecular probes and sensors that are targeting
amyloid peptides. The design principle and targeting mechanism of these probes are discussed in

detail. The following part elaborates the concept of multimodal molecular probe and its advantages
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over monomodal probes. The role of nanoparticles is particularly emphasized as the platform for
the preparation of multimodal probes. The fourth part of this chapter introduces the development
of nanoparticle based amyloid inhibitors for the treatment of AD. The idea of theranostic agents,
in which diagnostic and therapeutic agents are combined, is addressed. The outcomes of literature
reviews are presented at the end of this chapter.

Chapter 3 describes the development of a Raman/fluorescent bi-functional nanoprobe that can be
used for the detection of amyloid. This nanoprobe prepared by conjugating gold AuNPs with Rose
Bengal (RB) dye. RB is chosen due to its unique Raman fingerprints and affinity with A peptides.
The morphology and optical properties of the nanoprobes have been analyzed through
comprehensive characterization techniques. Particularly, the SERS effect of the nanoprobes is
discussed in detail. The interaction between nanoprobes and AB42 are carefully investigated. Upon
binding with AB42 peptides, a spectrum change was detected in the nanoprobe’s Raman spectrum,
and the magnitude of the spectrum changes can be correlated with the concentration of target
peptides. The peptide/probe interaction also induced a remarkable enhancement in the probes’
fluorescence emission. This fluorescence enhancement was further utilized to image amyloid
plaques in the brain slices from transgenic mice.

Chapter 4 elaborates the possibility of C-dots as amyloid inhibitors. Two types of C-dots were
synthesized through a bottom-up process, in which sucrose is hydrothermally pyrolyzed using
microwave irradiation. Two types of passivation agents were added prior to the pyrolysis to
generate polyethylene glycol (PEG) passivated C-dots (CD-G) and polyethylenimine (PEI)
passivated C-dots (CD-I). Inhibition assays where AP42 peptides were incubated with CD-G or
CD-I show that CD-G could promote AB42 fibrillization while CD-I could inhibit it. Cell viability

assays further revealed that both types of C-dots could effectively reduce the cytotoxicity of Ap42
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peptides. The observed results suggest that passivation agents used in the synthesis of C-dots play
vital roles in the interactions between C-dots and amyloid peptides, and bottom-up synthesis holds
a great potential as a facile and low-cost method for the preparation of C-dots-based amyloid
inhibitors.

Chapter 5 discusses the utilization of IONPs for the specific targeting of SH-SYSY cells. The
chapter begins with the description of the preparation of AB42 functionalized IONPs (Ap42-
IONPs). The AP42 peptides were first labelled with Atto 647 dyes and then conjugated with amine-
functionalized IONPs. Due to the pre-labeled Atto 647 dyes, the as-prepared AP42-IONPs is
magnetofluorescent. When incubated with SH-SYSY cells, the cellular uptake of AB42-IONPs was
enhanced, compared with bare IONPs. Further, by labelling SH-SY5Y and HCT-116 cells, it was
found that the AB42-IONPs are selectively targeting the neuronal cells. This enhanced and specific
neuronal targeting is attributed to the cellular uptake of extracellular amyloid by SH-SYS5Y cells.
In addition, the ability of the AB42-IONPs as MR contrast agents is preserved after the peptide
functionalization. The experimental results suggest that the AP42 functionalized
magnetofluorescent IONPs can be used as a bimodal probe to interrogate the cellular uptake of
amyloid.

Chapter 6 is the conclusion chapter. It summarizes the major contributions that are made as part

of this thesis, followed by suggestions for future research directions.
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Chapter 2: Literature Review
This chapter briefly reviews the previous works reported in the literature that are related to the
proposed research. The chapter begins with an introduction of the Amyloid Cascade Hypothesis,
which states that the deposition of amyloid peptides is the central event for the pathological
development of AD. The second part of this chapter is about the molecular probes and sensors
that are targeting amyloid peptides. The design principle and targeting mechanism of these probes
are discussed in detail. The following part elaborates the concept of multimodal molecular probes
and their advantages over monomodal probes. The role of nanoparticles is particularly
emphasized as the platform for the preparation of multimodal probes. The fourth part of this
chapter introduces the development of nanoparticle based amyloid inhibitor for the treatment of
AD. The idea of theranostic agents, in which diagnostic and therapeutic agents are combined, is

addressed. The outcome of literature reviews is presented at the end of this chapter.

2.1. The Amyloid Cascade Hypothesis

AD was first systematically reported as a presenile dementia syndrome by a German
psychiatrist, Alois Alzheimer, in 1907, and therefore this disease is named after Dr. Alzheimer
[42]. Shortly after that, scientists started to recognize a close correlation between the onset of
dementia and the deposition of abnormal proteins in the brain. Amyloid is one of the most
important forms of proteinaceous aggregates found in AD patients. Amyloid is actually discovered
much earlier than AD. The name amyloid means ‘starch’ in Latin, and it comes from a
misidentification by Rudolf Virchow, who believed that amyloid is composed of carbohydrates.
Later studies defined amyloid as an extracellular, proteinaceous deposit with rich 3-sheet structure.
Amyloid can be found throughout the whole body and are considered relevant to a group of

diseases known as amyloidoses.
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Figure 2.1 The amyloid cascade hypothesis. The aggregation of AB peptide is considered as
the central step for the development of AD. Adapted from reference [43].

Although the interrogation of AD and amyloid started more than a hundred years ago, the exact
mechanism that links AD and amyloid remained a mystery until the 1990s. The development of
molecular biology revealed that brain amyloid is composed of A peptides. And the latest genetic
technologies helped to identify that the mutation of the amyloid precursor protein (APP), presenilin
1 (PSEN 1), and presenilin 2 (PSEN 2) genes are responsible for familial AD [44-46]. With all

these new findings, the amyloid cascade hypothesis (ACH) was first proposed in 1992 to explain
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the pathological progression of AD at molecular level. It soon became the most widely accepted
model for AD. As shown in Figure 2.1, the ACH considers the deposition of cerebral Ap peptide
as the fundamental event that eventually causes AD. The mutations in the aforementioned three
genes lead to an enhanced AP aggregation. Mutation in the APP gene leads to a promoted
expression of APP, which is the raw material for AB production. First, APP is cleaved by a-
secretase or B-secretase (BACE). Proteolysis by the a-secretase is the major cleavage reaction and
it is executed by one of several members of the ADAM (a disintegrin and metalloproteinase
domain) protease family. BACE cleaves APP at the N-terminal boundary ofthe AP peptide domain.
Both a- and B-secretase produce membrane-bound C-terminal fragments (CTF) that later undergo
further proteolysis known as the y-secretase to produce the final AB peptides [47]. Mutations in

PSEN1 and PSEN2 promoted the formation of the catalytic active site of y-secretase. Another

important gene that affects the AP aggregation is the apolipoprotein E (APOE) gene. There are
three different alleles of APOE in human: APOE2, APOE3, and APOE4. The APOE proteins were
found playing a central role in the clearance of A peptides. Therefore, a mutation in APOE genes
may cause an insufficient clearance of cerebral AP peptides and consequently promotes the
aggregation [48]. The original hypothesis stated a linear pathway that starts with an imbalanced
AP formation/clearance and ends with dementia. That means that the neurotoxicity of amyloid
should increase linearly with the aggregation process of AB. But recent studies have shown that
the actual relationship between AP deposition and cognitive degradation is not linear. Diffusible
ligands that are derived from A peptides and soluble oligomers that are formed during the AP
aggregations are now deemed as the major contributors for the neuron death of AD patients [49,
50]. Therefore, the modified ACH now suggests that synaptotoxicity and neurotoxicity are induced

mainly by the soluble intermediates formed during the aggregation process. Unfortunately, the
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vibrant nature of these multimeric species and the poorly defined mechanism of amyloid toxicity
still cause some ambiguity. For probe and drug development, the ambiguity is reflected by the
diversified selection of biological targets, which ranges from soluble Ap monomers to mature form
of amyloid fibrils.

Another modification of the original ACH is the addition of neurofibrillary tangles (NFTSs).
NFTs is another hallmark for AD, they are intracellular aggregates formed by hyperphosphorylated
tau proteins inside neurons. When they form, they normally fill the cell body and take its shape.
The main structure of NFTSs is the paired helical filaments. Conventionally, amyloid aggregation
and NFT formation are considered as two separated processes. But recently transgenic studies

found that certain types of monomeric A} peptides can induce the aggregation of tau proteins [43].

CSF/Plasma
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Figure 2.2 Schematic illustration of the A metabolism. The steady-state amount of cerebral
AP peptides is a function of the APP amount, the rate constants for APP proteolysis, [K1], in-brain
degradation, [K>] and out-of-brain clearance, [K3]. And the amount of Ap deposition is a function

of available AP peptides.
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The kinetic of the cerebral amyloid metabolism is illustrated in Figure 2.2, K1, Ko, K3, and Ka
represent the rate constants for production, in-parenchyma degradation, out-of-brain clearance
and aggregation of AP peptides respectively. To simplify the model, all these rate constants are
assumed to be independent of each other. In addition, the aggregation process of A peptides is
assumed to be a perfect reaction that no AP is lost during the reaction. The relationship between
the densities of [APP] and [AP peptides] can be expressed in the following formula [3, 43]:

[AB peptides] = Ki/ (Ko+K3) x [APP] 2.1

In addition, the amount of aggregated AP can be expressed as

[AB deposition] = Ksx [AB peptides] 2.2

Combining Formula 2.1 and 2.2, it can be deduced that:

[AB deposition] = (Ksx K1)/ (Ko+K3) x [APP] 2.3

From Formula 2.3, it is logical to conclude that increases in the rate constant for production
(K1) and aggregation (Ka), or decreases in the rate constants for degradation (K2) and out-of-

brain clearance (Kz) can lead to an elevated AP deposition.

2.2. Intracellular Amyloid

AP was initially identified as the component of extracellular amyloid plaques. However, the
presence of AP is not limited to the extracellular matrix. Intracellular Ap peptides were first
discovered in the late 1980s by Grundke-lgbal et al. [51] Their study also suggested that the
occurrence of intracellular AB is an age-independent event since intracellular AP peptides were
found in participants in different ages, from 38 to 83 years old. After this first reported study, a
considerable amount of researches have been carried out on intracellular AP in order to reveal their
connections with AD. With the help of C-terminal-specific antibodies, it is now clear that the major

component of intracellular is AP42 instead of AB40 [52]. Animal studies on transgenic mouse
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models suggest that the build-up of intracellular AP may cause the onset of AD pathogenesis [41].
Similarly, in patients with Down syndrome, the accumulation of intracellular Af has been found
to take place before the deposition of extracellular AB plaques [53]. All these findings indicate that
the build-up of intracellular AB may be an early event during the pathological progression of AD.
However, the exact role of the intracellular AB is not fully understood. Electron microscopy on
immunogold labeled neuronal cells has shown that AB42 can accumulate in multivesicular bodies
(MVBs) [54]. Further studies show that AB42 can cause MVB disruption by inhibiting the
ubiquitin—proteasome system [55]. This proteasome dysfunction has been associated with the
build-up of tau protein. Additionally, the blocking of proteasome leads to elevated AP
concentration, suggesting that proteasome is involved in the clearance of AP [56]. In another study
on transgenic mice (Tg2576), AP was also observed in mitochondria. The accumulation of
mitochondrial AP was associated with the downgraded activity of respiratory chain complexes and
decreased consumption of oxygen. This finding provides an explanation for mitochondrial defects
observed in many AD animal models [57]. Furthermore, the presence of intracellular AP is also
linked with synaptic dysfunction in AD, based on the fact that AB oligomers could induce a deficit
in long-term potentiation [58].

The aforementioned studies prove that the existence of intracellular AP is common in AD
patients, however, the origin of this intracellular A is still not fully understood. As mentioned
earlier, AP peptides are produced by protease cleavage of their parent protein APP. Although
mainly located on the cell membrane, APP can also be found in the membranes of organelles such
as Golgi apparatus, endoplasmic reticulum, endosomal, lysosomal and mitochondria [56].
Cleavage of APP in organelles is occurring concurrently with the cleavage of APP in cell

membranes but in a much smaller scale. This intracellular proteolysis leads to the production of
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intracellular AB. Interestingly, while extracellular AP peptides can be produced by cells across the
whole body, intracellular production of AB peptides is limited to neuronal cells [59].

Besides intracellular production, there is another possibility that the extracellular AR could be
internalized by cells in order to build the intracellular amyloid aggregates. By binding with
reporters, AP can be taken up by neuronal cells and even pass through the blood-brain-barrier
(BBB) [60, 61]. In animal studies carried out by Clifford et al. [62], mice were first injected with
pertussis toxin in order to permeabilize the mice BBB. Next, fluorescein isothiocyanate (FITC)-
labeled AP42 and AB40 peptides were introduced via tail vein injection. Both types of AP peptides
were found accumulated in the brain neuronal cells. This study shows the possible communication
between cerebral and peripheral amyloid.

Once internalized by neuronal cells, extracellular AB can act as a “seed” that promotes the
intracellular production and aggregation of amyloid. In the work reported by Hu et al. [63], Ap
peptides and AP fragments were labeled with FITC and then incubated SH-SY5Y neuroblastoma
cells. By detecting the fluorescence from the FITC using confocal microscopy, a selective Ap
uptake by SH-SY5Y cells but not by human embryonic kidney cells (HEK293) was observed. On
the other hand, scrambled AP was not internalized by SH-SY5Y cells, indicating that such kind of
internalization is a sequence-specified event. Further electrophoresis analysis of the cells’ lysate

showed that high molecular weight aggregates are formed inside the cells.

2.3. Intervention Strategies for Ap peptides.
With the wide acceptance of ACH, four strategies have been developed to conduct therapeutic
interventions for AD, which correspond to the 4 rate constant mentioned in 2.1, they are:
a) Reducing AP production,

b) Accelerating A clearance,
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c) Facilitating Ap degradation,
d) Inhibition of AP aggregation.

It is necessary to point out that there is still a considerable uncertainty about the amount of AP
peptides that are deposited in human AD brains and the density of A varies in different regions
of the brain.

Reducing Ap production rate: Several successful studies have been reported to reduce the Ap
production either by decreasing BACE activity or by inhibiting y-secretase. BACE participate in
the initial stage of APP processing and y-secretase is playing the pivotal role at the final stage of
amyloidogenesis which leads to the production of Ap40 and AP42 peptides. However, these
inhibitors are suffering from severe substrate promiscuity. Apart from A production, both BACE
and vy-secretase are responsible for the production of other proteins that are essential cell
proliferation, development, differentiation, and cellular communication [64, 65]. Therefore, the
major concern when applying these inhibitors is the off-target side effects. One typical example
is Semagacestat (LY450139), a y-secretase inhibitor that decreased AB levels in blood and
cerebrospinal fluid (CSF). However, the clinical trial on over 3000 patients generated devastating
results. The patients were reported to exhibit worsened cognition and declined ability for daily
life. Other side effects include weight loss and increased risk for skin cancer [66]. In order to
avoid these side effects, the idea of selective y-secretase modulators (SGSM) is proposed. As its
name suggests, instead of general enzyme inhibition, SGSMs are designed to inhibit only the APP
processing reactions, leaving other signaling pathways intact [67]. While a few potential SGSM
has been reported, none of them have achieved meaningful success in clinical trial [68].

Accelerating Af clearance: The clearance of AP towards the peripheral circulation is regulated

by the following factors:
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a) Low-density lipoprotein receptor-related protein: increases AB outflow from the brain
to the blood.

b) Receptor for advanced glycation end products: enhances the transport of AB across the
BBB.

c) Apolipoproteins: AP can be transported into the brain by binding with APOE.

Currently, therapies based on this mechanism are focused to reduce cerebral amyloid load by
enhancing the out-of-brain transportation of Ap and by preventing the transportation of peripheral
AP toward the cerebral circulation. However, there is a continuous debate on the importance of
out-of-brain transport. Studies have shown that AP in the brain and in the CSF or plasma are poorly
correlated with each other in AD patients [69].

Facilitating Ap degradation: Compared to the out-of-brain transport, the in-brain degradation
of amyloid has been considered as a more important event in the build-up of amyloid by some
researchers [3]. Brains are rich sources of various peptidases, including neprilysin, plasmin,
endothelin converting enzyme, insulin-degrading enzyme, angiotensin-converting enzyme, and
metalloproteinases [70]. These peptidases can readily proteolyze AP peptides as long as they are
accessible to the AB. Recent studies even suggested that, instead of enhanced AP production, it is
the insufficient amyloid degradation that contributes most to the deposition of amyloid plaques
[71]. Another study that describes the trafficking between the brain and lymph nodes also
emphasizes the importance of lymphatic clearance of A peptides [72]. However, despite being an
attractive strategy for AD drug development, there are still very limited reported candidates
because of the difficulty in finding modulators with high selectivity.

Inhibition of Ap aggregation: Amyloid plaques are formed by the aggregation of AP peptides.

It is very difficult to establish predictive models for the dynamics of human plaque depositions
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due to the inaccessibility of amyloid plaques for in vivo imaging. Ex vivo and animal studies
revealed that monomeric AP is deposited into plaques in a stable and almost irreversible manner.
The detailed discussion of nanoparticle-based Ap aggregation inhibitors will be presented in a later
part of this literature review.

As mentioned earlier, 3-APS is the only aggregation inhibitor that reached phase 111 trial. 3-
APS is not directly interfering with the aggregation of AB; instead, it is designed to affect the
interaction between A peptides and endogenous glycosaminoglycans. Glycosaminoglycans are
polysaccharides that are capable to promote the amyloid fibrillization and deposition.
Unfortunately, the result of the clinical trial was unsatisfying. Another potential amyloid inhibitor
is Colostrinin, a mixed form of proline-rich polypeptides derived from colostrum. It was reported
that Colostrinin could inhibit fibrillization and consequently reduce the cytotoxicity of amyloid
peptides. But a phase Il trial shows that the long-term therapeutic effect is not maintained [73].
Metal ions have been found associated with the fibrils formation of AP peptides. Particularly, Cu?*
was reported to accelerate A fibrillization and enhance the cytotoxicity of Ap [74]. Therefore,
metallic chelators such as the 8-hydroxiquinoline compounds clioquinol and PBT2 have also been

used to retard the fibrillization. Again, these chelators failed in clinical trials due to low efficacy.
2.4. Molecular Probes for Amyloid Detection

With the increased recognition of AP in the pathological progression of AD, the last few
decades have witnessed great achievement in the development of molecular probes that are
targeting different forms of AP. These probes are designed to work in many different imaging
modalities including MRI, PET, SPECT, fluorescence imaging and other optical techniques. The
common principle for these probes is that when interacting with AP or AP related species,

detectable changes can be generated to reveal the presence and status of AB. Based on the nature
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of the probes themselves, they can be classified into two categories: probes that are derived from

small molecules and probes that are prepared from functionalized nanoparticles.
2.4.1 Small Molecule Based Amyloid Probes

The search of small organic amyloid probes was inspired by the observation that certain organic
dyes show strong affinities toward amyloid plaques at in vitro studies. Small molecules also hold
a higher potential to penetrate the BBB than larger molecules.

So far, nuclear imaging modalities such as PET and SPECT have achieved the most impressive
success in in vivo amyloid detection, due to their high sensitivity and practically unlimited
penetration depth. From the early 1990s, researchers started to synthesize amyloid probes from
Congo red (CR), a sulfonated azo dye, and Thioflavin T (ThT), a benzothiazole dye (Figure 2.3).
CR is capable to bind with amyloid in tissue sections and exhibited yellow-green birefringence
under cross polarizers. On the other hand, when binding with amyloid, the fluorescence emission
of ThT is enhanced and a characteristic redshift can be detected from the emission spectrum. Both
of these two dyes are conventionally used for histological staining of amyloid plaques in
postmortem studies.

Although CR was the first reported dye that exhibits amyloid affinity and therefore the first
candidate for the preparation of amyloid molecule probes, the high negative charges of CR makes
it very difficult to penetrate the BBB. The charge is mainly contributed by the two sulfonic groups.
The relative large molecular weight and low lipophilicity also hinder the BBB penetration. A series
of CR derivatives were prepared by substituting the sulfonic groups with lipophilic groups.
Unfortunately, while the high amyloid affinity is generally inherited, these derivatives still fail to
exhibit stratifying BBB penetration capability [75]. Nevertheless, the studies on CR derivatives

enhanced our understanding of the dye-peptides interaction. It was summarized that for dyes of
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CR type, the amyloid affinity is determined by the distance between the dianion charges and n-n
interaction with the B-sheet of amyloid fibrils [76]. This information is very valuable for the future

development of amyloid probes.

NH, HoN CHs
LSO~ =) N /
~ RoZlle. Yot
HaC s \

NaOsS Congo-Red (CR) SOsNa Thioflavin T (ThT)

Figure 2.3 Structures of Congo Red and Thioflavin T. Adapted from reference [75]

Compared with CR, ThT is considered as a more promising scaffold for the preparation of
amyloid probes due to its lower molecular weight and less charged moieties (only one positively
charged nitrogen atom from the benzothiazolium group). The most successful ThT-derived probe
is the Pittsburgh compound B (PiB). PiB is one of few charge-free, [*'C] labelled ThT derivatives
prepared by Klunk et al. [77]. PiB can readily pass the BBB due to its ultra-low lipophilicity and
therefore was selected to be used in human trial. Currently, [*!C]-PiB is one of the most well
studied amyloid PET probes. However, the short half-life of [**C] (T12 = 20.4 min) has limited the
wide-spread of [*'C]-PiB in clinical applications. An on-site cyclotron and a radiochemistry
facility are required to synthesize the [1'C]-PiB shortly before the injection to the patient. This also
creates a problem in the training of technicians for such complicated operations. To overcome this
limit, [*8F] isotope is also used to label the PiB analogues due to its longer half-life (T12 = 109.7
min). This half-life enables the supply of [*8F] probes from a specialized production center to many
hospitals. For example, two [*®F] probes, GE-067 (flutemetamol, Vizamyl) and BAY94-9172 were
approved for clinical trial from 2012 to 2014 [78, 79]. However, as conventional [*®F] labelling is
achieved by the addition of short fluoro-alkyl chains, the lipophilicity of these chains may lead to

higher non-specific binding. In addition, the direct attachment of fluoro-alkyl chains may also be
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detrimental to the resulting compound’s amyloid affinity [80]. Kung et al. developed an alternative
strategy for [*®F] labelling, instead of directly adding [*®F] atoms to the ThT scaffold, a short PEG
chain is conjugated first, and the ['®F] atoms are doped at the end of the PEG chains. This kind of
fluoro-PEG makes it possible to manipulate the lipophilicity of probes and at the same time
maintain the affinity towards amyloid. On the other hand, the introduction of PEG chains reduces
the BBB penetration due to increased molecular weight and polarity [81].

Although radionuclear probes have been attracting most interests in the development of amyloid
probes in the last two decades, the high cost of instrumentation, limited availability of
radioisotopes and the concern of radiation exposure make it very difficult to apply nuclear imaging
techniques in routine health check procedures. Optical probes, therefore, are receiving increasing
attentions due to their inexpensive, non-radiative and highly sensitive features. In particular,
optical probes that can generate signals in the near infrared ranges (NIR, 650-900 nm) are of
special interest for bioimaging applications. As shown in Figure 2.4, light that falls into the NIR
ranges has the lowest absorption in tissue and therefore could achieve deeper penetration [82].

This range is also known as the NIR optical widow for in vivo imaging.
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Figure 2.4 The position of NIR optical window in the spectrum. Extinction coefficient values
of water and oxy- and deoxyhemoglobin (Hb/HbO.) are plotted ranging from visible to near-

infrared wavelength. Adapted from reference [82].

The general guidelines to select a fluorescent amyloid probe are listed below:
a) High affinity and selectivity toward amyloid.
b) High quantum yield and detectable changes when interacting with amyloid.
c) Suitable emission wavelength, preferably between 650 nm and 900 nm to achieve
deeper penetration.
d) Capable to penetrate BBB and fast washout from normal brain region.

e) High metabolic stability and biocompatibility.
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f) Facile and robust synthesis.

As mentioned before, ThT shows a fluorescence enhancement when bound to amyloid fibrils.
Naturally, it has become the most widely studied fluorescent amyloid probe both in vitro and in
vivo. This fluorescence enhancement is attributed to the restriction of molecular movements. As
shown in Figure 2.3, ThT consists of a benzothiazole ring (acceptor) and a benzylamine ring
(donor). At free state, the two components can rotate freely around the shared C-C bound. When
incident light photons excite the ThT molecules, the majority of the excitation energy will be
released through this free rotation, leading to a relatively low fluorescence emission. However,
when bound with the -sheet of amyloid fibrils, the free rotations of ThT molecules are restricted.
Consequently, the excitation energy can only be released as emitted photons, causing an enhanced
quantum yield [83]. Although ThT is considered as the ‘gold standard’ for in vitro identification
of amyloid fibrils, its polarity and short-wavelength emission have hindered its application for in
vivo imaging. ThT analogs with longer-wavelength emission and higher BBB penetration have
also been synthesized. The mechanism of ThT-amyloid interaction provides a model to explain
dye-amyloid interaction. Most reported amyloid fluorescent probes shared a common structure
similar to that of ThT. They are composed by electron donor and acceptor moieties that are linked
by a highly polarizable bound. When bound to amyloid, their fluorescence is enhanced due to the
hindrance of molecular motion. Apart from ThT, other widely studied scaffolds include stilbene,
curcumin, thiophenes and Boron-dipyrromethene (BODIPY). Figure 2.5 shows some of the
derivatives used for amyloid imaging. A typical moieties-linked-by-bridge structure can be found

in all of the derivatives.
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Figure 2.5 Examples of fluorescent amyloid probes. Notice that all of them show a moieties-

linked-by-bridge structure. Adapted from reference [7].
2.4.2 Nanoparticle Based Amyloid Probes

Nanoparticle based imaging probes (nanoprobes) have long been used in oncology studies. The
success of nanoprobes can be attributed to several comparative advantages over small molecule
probes. Some nanoparticles themselves can function as contrast agents. For example, quantum
dots (QD) are considered as potential alternatives for organic dyes due to their higher
photostability, wide absorption, tunable emission, high quantum yield, large Stokes shift and long
fluorescence lifetime [84]. Iron oxide nanoparticles (IONPs) are widely employed as T> MRI
contrast agents and they are generally less toxic than the gadolinium-based contrast agents [85].
The heavy atomic weight of gold element makes gold nanoparticles (AuNPs) an ideal contrast
agent for X-ray CT. The strong electromagnetic enhancement of AuNPs can also be utilized in
SERS based imaging and detection [86].

Apart from acting as contrast agents, the large surface area of nanoparticles makes them a
versatile platform for probe development. Targeting ligands and contrast agents can be conjugated
together with a single nanoparticle to achieve a more precise diagnosis. Since most of the targeting

ligands and contrast agents are much smaller than nanoparticles, one nanoparticle can
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accommodate multiple moieties. This ‘multivalence’ nature of nanoprobes make them capable to
generate stronger signals and better targeting efficiency [87].

Another important factor that contributes to the wide application of nanoprobes, particularly in
tumor diagnosis, is the enhanced permeability and retention (EPR) effect: The leaky
neovasculature and low-effective lymphatic drainage of tumor tissue causing a passive
accumulation of nanoparticles in the tumor tissues [88]. However, EPR effect is not applicable for
amyloid diagnosis. In addition, the large size of nanoprobes makes it very difficult to deliver them
into the brain. Therefore, amyloid-targeting nanoprobes didn’t achieve the same level of success
as tumor-targeting nanoprobes. During the past years, several methods have been developed to
facilitate the delivery of nanoparticles across the BBB. The major component of the BBB is
endothelial cells and the passage between these endothelial cells can be open by certain receptor-
related proteins and peptides. Nanoprobes can be conjugated with these ligands to enhance their
BBB permeability. Nanoprobes can also be encapsulated by polymers such as PEG and PLGA in
order to penetrate the BBB [89]. Liu et al. reported the synthesis of B6 peptide (a transferrin
substitute) conjugated PEG-PLA nanoparticles (PEG-PLA-NP) for enhanced brain delivery [90].
The PEG-PLA-NP was loaded with the neuroprotective peptide NAPVSIPQ (NAP) and was used
as a drug-delivery vehicle. Animal studies using a mouse model show a clearly enhanced brain
accumulation of the B6 functionalized nanoparticles (Figure 2.6). By delivering such a large
nanoparticle (120 nm diameter) to the mouse brain, this work demonstrates the impressive BBB-

penetrating capability induced by polymer capsulation.
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Figure 2.6 B6-conjugated PEG-PLA NP for Enhanced Brain Delivery. (a) The structure of
B6-conjugated and unconjugated PEG-PLA-NP. (b) Distribution and retention of B6-PEG-PLA

or PEG-PLA NP in nude mice following tail vein intravenous administration. Adapted from
reference [90].

a 5xFAD

o

96 h later [

5xFAD
5xFAD

wt

L4

30



Literature Review Chapter 2

Figure 2.7 NU4MNSs labelled Tg mouse brain slices. (a) In vivo imaging of probe distribution in
live mice 4 h after intranasal inoculation. (b) Higher magnification images of the hippocampal
region of the 5XFAD and wild-type mice show probe distribution 4 h after inoculation and the
changes in distribution 96 h later. (c) Sagittal sections from 5xFAD and wild-type eight-month-
old mice were probed with NU4MNS and layered in agarose for MRI. Adapted from reference
[91].

The increased understanding of the BBB passage mechanism and the successful development
of transfer ligands have put nanoprobes back to the arena of fighting against neurodegenerative
diseases such as AD. Apart from polymeric nanoparticles, IONPs and QDs have also been used
for amyloid imaging. These nanoprobes are all conjugated with different types of conjugate
amyloid-targeting ligands (including anti-AB monoclonal antibodies [91-93], peptides with
affinity to AP [94] and curcumin derivatives [95]). Viola et al. reported an amyloid-targeting MR
probe, prepared by conjugating anti- A antibody (monoclonal antibody NU4) with nitro-dopamine
(nDOPA) and PEG stabilized 12-16 nm magnetic nanoparticles (MNs) [91]. Functionalized
NU4MNs were injected into transgenic mice (Tg 5xFAD) that are capable to produce human
amyloid. In vivo MR imaging shows a detectable difference between the transgenic mice brain and
wild type (wt) mice brain (Figure 2.7).

While great efforts have been invested to help deliver nanoparticles to the brain, an alternative
approach was proposed to bypass the BBB challenge. That is, instead of imaging brain amyloid,
nanoprobes can be utilized to target peripheral amyloid that is related to AD. Particularly, skin
amyloid has been found related to the pathogenesis of AD. As shown in Figure 2.8, Clos et al.
have summarized the connections between the brain and skin amyloid [96]. Neural and epidermal
tissues are both ectodermal derivatives that are developed from a common embryological origin.
Therefore, it is reasonable to deduce that protein misfolding and aggregation are taking place in a

similar mechanism. Cutaneous amyloid could spread to other organs including the brain or vice
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versa. The coincidence between dermal manifestations and several neuronal diseases further
proves the brain-skin connection [97]. In addition, oral and ophthalmic amyloids have also been
detected in AD patients [98, 99]. Considering the accessibility of peripheral tissue, detection of
peripheral AD biomarkers is expected to become an important supplementary diagnosis method.
This type of peripheral AD biomarkers is particularly desired for the screening of high-AD-risk
populations, which would require a low-cost and facile diagnostic approach. For such applications,
the usage of nanoprobes is highly promising. A series of amyloid sensing probes has been reported
using different kinds of nanoparticles. Most of them are based on optical phenomena such as

fluorescence resonance energy transfer (FRET) and Raman spectroscopy.
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Figure 2.8 Links between brain and skin amyloid. Adapted from reference [96].
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Recently, a SERS sensor that can detect soluble amyloid oligomers has been reported by
Guerrini et al. [100]. The SERS sensor is prepared by conjugating 4-mercaptobenzoic acid (MBA)
with polystyrene stabilized gold nanoparticles. The thiol groups of MBA forms covenant bonds
with AuNPs. And the carboxylic groups on the other end of MBA were used to chelate AI** ions
(Figure 2.9a). The AuNP substrate generates the SERS effect and the chelated AI** ions provide
the adsorption sites for amyloid oligomers. When exposed to soluble oligomers, the AI** ions
promote a sort of “freezing” of the peptide structure in its oligomeric state [101]. At the same time,
the absorbed oligomers also induce a mechanical deformation on the MBA molecules, causing
detectable changes in the SERS spectrum (Figure 2.9b). The magnitude of spectral changes can

also be quantitatively correlated with the concentrations of amyloid oligomers (Figure 2.9c).
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Figure 2.9 AuNP-based SERS sensor for amyloid oligomers (HypF-N). (a). Interaction
between amyloid oligomers and AuNP. (b) Changes in SERS spectrum upon binding with amyloid
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oligomers. (c) The relationship between the magnitudes of spectral changes and the concentrations
of amyloid oligomers. Adapted from reference [100].

2.5. Muultifunctional Nanoprobes

So far, a variety of amyloid-targeting molecular probes has been reported and these probes are
designed to function in different diagnostic modalities. However, no single modality can provide
all the required pathological information due to their inherent limitations. Table 2.1. summarizes
the advantages and disadvantages of commonly used molecular imaging techniques. The idea of
combining two or more complementary modalities together to obtain synergic effect is widely
accepted in the research community [85]. By combining these two modalities, high resolution and
excellent sensitivity can be obtained simultaneously. While great efforts have been made in
designing hybrid molecular imaging instruments (e.g. PET/CT and PET/MRI system [30]), the
requirement of a single probe with multiple signaling capacities has arisen. Compared to individual
monomodal contrast agents, a multimodal probe provides better image registration, consistent
pharmacokinetics and reduced administration load for the patient. Due to their large surface area
and high feasibility for ligands attachment, nanoparticles are widely accepted as the best
candidates to prepare multimodal probes. Considering that these nanoprobes can be used not only
in different imaging modalities but also in various sensing techniques, the term “multifunctional

nanoprobes (MFNPs)”, instead of “multimodal nanoprobes”, is used in this thesis.

Imaging Contrast Advantages Disadvantages Contrast Agent
Technique | Mechanism

Fluorescence |Photon *Highly sensitive *Low penetration |<Luciferin

Imaging emission | +High temporal *Relatively low *Fluorescent dye

[102, 103] resolution spatial resolution | *Quantum Dots
*Non-ionizing
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*Low cost *Less chances for |<Carbon
clinics nanoparticles
*Lanthanide
particles
MRI [104, Proton *Unlimited penetration |*Low sensitivity |*Gadolinium
105] density and |+High spatial resolution |<Long image *Iron Oxide
relaxation |<Non-ionizing acquisition time | *Manganese
time *Capable to image soft |*High cost
tissue
*Fully translational
PET [106, y-ray *Unlimited penetration |*Low spatial *Non-metal Isotope:
107] emission | +Highly sensitive resolution B 1iC
*Capable for quantitative | *Radiation *Metal Isotope:
imaging exposure %4Cu,%Y, %8Ga
*Fully translational *Cyclotron is
needed to produce
isotopes
*High cost
SPECT [108] | y-ray *Unlimited penetration |*Radiation sIsotope: ¥MTc, 123,
emission  |+Can be combined with |exposure Wn, 7Ly
radiotherapy *Low spatial
Less expensive than resolution
PET
*Fully translational
CT [109] X-ray *Unlimited penetration |<Limited *Jlodine
attenuation |<High spatial resolution |molecular imaging |*Barium
*Anatomical imaging application *Gold particles
*Fully translational *Radiation
exposure
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Photoacoustic | Photon *Deeper penetration *Deeper *Organic dye
Tomography |absorption |compare to optical penetration and *Gold nanoparticles
[110] imaging higher resolution |+Carbon Nanotube
*Scalable imaging cannot be obtained
*Non-ionizing simultaneously
Optical Light *High spatial resolution |eLimited tissue *Gold nanoparticles
Coherence reflection |<Able to extract phase  |penetration *Microsphere
Tomography information *Magnetic particles
[111] *Non-ionizing (Magnetomotive
OCT)
Ultrasound | Acoustic  |*Real-time imaging *Imaging quality |+Gas-filled
Imaging echo *Able to detect cyst and |is operator- microbubble
[112] blood flow dependent *Liposomes
*Non-ionizing *Limited contrast |<Perfluorocarbon
*Low cost agent application [droplets

Table 2.1 Advantages and disadvantages of commonly used molecular imaging modalities.
2.5.1. Design Principles for Multifunctional Nanoprobes

While some of the MFNPs used for molecular imaging have been produced as a by-product or
by ‘happy coincidence’ from researches aiming at non-imaging application, most of the reported
MFNPs are carefully designed to meet a certain requirement. The following four factors need to

be considered during the design of MFNPs.

Modalities to be integrated: The modalities that the MFNP can be used for should be
complementary to each other. The aforementioned MRI/Optical integration is one of the most
widely studied combinations in MFNPs. Other combinations, including MRI/PET, Optical/PET
and Optical/CT, have also been extensively explored. Moreover, MFNPs with triple or more

signal-reporting capabilities have been synthesized with carefully designed protocols [113-116].
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A major challenge in the design of MFNPs is to balance the sensitivities between different
modalities, which may vary up to three orders of magnitude [117]. Luckily, the large surface area
of NPs can serve to overcome this problem by controlling the moiety ratio between two contrast
agents. It is also important that the integration of multiple agents should not produce detrimental
effects to the performance factor of each agent. Different imaging modalities rely on different
properties to generate the contrast and hence their performances are evaluated accordingly. For
example, MRI contrast agents enhance the contrast by accelerating the relaxation processes of
neighboring water protons. There are two types of relaxation process: longitudinal relaxation (T 1)
and transverse relaxation (T2). Contrast agents may affect the relaxation processes and hence MRI
agents can be classified into T1 and T agents. The ability of one agent to affect the relaxation
process is defined as r1 or ra relaxivity, corresponding to the two types of relaxations [118]. For
optical imaging, the quantum yield and excitation/emission wavelength are very important for the
imaging resolution, signal-to-noise ratio and penetration depth [84]. An MRI/Optical bi-modal
probe synthesized by integrating an MRI agent and an optical agent should exhibit similar

relaxivity and optical properties compared to the stand-alone contrast agent.

Configurations of MFNP. We classify the configuration of MFNPs into the following four
categories: conjugation, encapsulation, core/shell and co-doping (Figure 2.10). MFNPs with
conjugation or core/shell configuration are normally synthesized through a multi-step reaction that
could be more time consuming and complicated. Co-doped MFNPs can be prepared by facile one-
step routes and are generally smaller in size. For different MFNPs, a certain configuration may
provide the best integration. Appropriate configuration can also help to reduce the interference

between contrast agents. However, the actual configuration of MFNPs may be a mixture of two or
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more types. An MFNP that has been prepared through encapsulation can be further conjugated

with targeting ligands, and a core/shell nanoparticle may also be doped to yield more functions.

A L
e o
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£ @® Contrast agent |
* ® ® Contrast agent Il
(a) Conjugation (b) Encapsulation A Targeting ligand

Bifunctional linker

Capsule

{c) Core/Shell (d) Codoping

Figure 2.10 Four MFNPs configurations. (a) Conjugation: two imaging moieties are conjugated
by a bifunctional chemical linker. (b) Encapsulation: a matrix structure (i.e. micelle or silica
particle) is used to entrap nanoparticles. (c) Core/Shell: an outer shell that possesses different
function compare to the core particles. (d) Co-doping: different agents are doped into one host

particle, the host particle can also act as one imaging agent.

Size: The size of MFNPs plays a major role in determining their bio-distribution, clearance,
contrast enhancement and the cells that can be targeted. Small nanoparticles (<5.5 nm) will be
quickly cleared out through the renal system, whereas larger nanoparticles are mainly captured by
the reticuloendothelial system, resulting in a much longer circulation time and liver accumulation

[119]. However, if the nanoparticles are too large, the chance of RES take-up will increase, leading
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to a shorter half-life. Longer half-life is generally desired since it gives MFNPs enough time to
extravasate out of the vasculature. The size also affects the targeting efficacy of MFNPs. For
instance, large NPs (>100 nm) are quickly cleared from plasma to the spleen, liver and bone
marrow. Hence those NPs should be designed to target those organs. On the other hand, smaller
NPs (<30 nm) should be designed to target tumor tissue, due to their long circulation time and
EPR effect [117, 120]. For quantum-dots based MFNPs, the wavelength of fluorescent emission
is also affected by its size, which gives the QD based MFNPs an advantage of tunable emission
through size control [84]. For Gd*" doped MFNPs, the size of NPs determines the number of

surface Gd*" and consequently affects the NPs’ relaxivity [121].

Surface treatment: Surface treatment is very important to control the MENPs’ circulation time,
biocompatibility and targeting efficiency. Many NPs are coated with hydrophobic molecules. For
bioimaging application, those NPs need to be dispersed in an aqueous solution by hydrophilic
capping agent. The capping can also provide surface functional groups to conjugate with other
functional moieties [122]. One widely used capping material is PEG and its derivatives. A surface
PEG layer can shield the nanoparticles from the reticuloendothelial system by minimizing plasma
protein binding, and this kind of capped nanoparticles are often referred to as stealth particles.
PEGylation is widely used to increase the circulation time of nanoparticles [123-125]. PEGylation
has also been used to enhance tumor targeting of nanoparticles due to the high affinity between
cancer cells and PEG capping [126, 127]. Other capping agents that behave similarly have also
been exploited, including polyacrylic acid [128, 129], polyethyleneimine [130], and polyhedral
oligomeric silsesquioxanes [131]. To further enhance the specific targeting and internalization of
nanoprobes, bio-recognition ligands, such as antibodies, peptides, and aptamers are often

conjugated to the MFNPs surface [132]. Due to different surface treatments, MFNPs with the same
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core size may have many different hydrodynamic diameters, which may result in different

circulation and clearance behavior.

2.5.2. Nanoparticles for the Preparation of MFNPs

This sub-chapter summarizes some of the well-studied nanoparticles that have been used to
prepare MFNP. Although most of these MFNPs are used for oncology studies, their preparation
methods provide us with a valuable experience for the synthesis of amyloid-targeting MFNPs.

Quantum Dots. QDs are nano-sized semiconductor crystals. Most reported QDs are
synthesized with hydrophobic capping molecules; additional encapsulation by amphiphilic
surfactant or ligand exchange is required before applying the QD as molecular probes. Normally,
encapsulation will produce much larger QDs as compared to QDs undergoing ligand exchange
[133]. The second contrast agent can be doped during QD preparation, incorporated during the
encapsulation process or conjugated to the surface of those hydrophilic QDs.

Iron Oxide Nanoparticles. IONPs are being widely employed as T> MRI contrast agent. For
biomedical applications, IONPs need to be water dispersible and biocompatible; this is normally
achieved by coating with hydrophilic organic molecules such as PEG or dextran [134]. Further
surface modification enables IONPs to be conjugated with another contrast agent and become
multifunctional. Core/Shell configurations are also popular in which IONPs are functionalized
with an organic or inorganic shell [135].

Carbon dots. Carbon dots (C-dots) are quantum sized (<10 nm) photoluminescent (PL) carbon
particles. Due to their excellent biocompatibility, abundant nature and potential for large-scale
green synthesis, they have received significant attention in the bioimaging community as
alternatives to heavy-metal-containing QDs [136, 137]. The synthetic methods of C-dots are

generally categorized into two types: top-down approach, including arc discharge, laser ablation,
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and electrochemical oxidation, where C-dots are “pecled off” from a bulk carbon source; and
bottom-up approach, including thermal/acidic oxidation, hydrothermal reaction, and
microwave/ultrasonic methods. A clear understanding of their luminescent origin is still missing.
However, it is believed that the PL property is strongly related to the surface passivation/oxidation.
Sun et al. argued that surface energy traps cause the luminescence. Those energy traps are
stabilized by quantum confinement effect and become emissive after surface passivation [138].
This hypothesis is supported by the fact that many reported C-dots require a passivation layer to
exhibit PL. However, some C-dots produced from bottom-up methods can exhibit PL properties
without any additional passivation agent [139, 140]. It may be argued that since these reported
passivation-free C-dots can only exhibit PL in the presence of solvents, the solvent molecules are
actually acting as the passivation agents [141]. Some researchers attribute the luminescence to the
surface carboxylate group [142, 143]. Since most of the as-synthesized C-dots are made of
particles with different size, the emission spectra of C-dots are wideband, characterized by an
emission peak in short wavelength and a long “tail” extending into longer wavelength regions.
Further separation of C-dots can narrow down the emission spectra and can also increase the
quantum vyields [144, 145]. On the other hand, the wide emission spectra can be exploited for
multi-color imaging. The emission spectra of C-dots are also excitation dependent, and the peak
position has a red-shift when excited with longer-wavelength light. One drawback for C-dots as in
vivo imaging probes is that the emission peaks of currently reported C-dots are limited to the
ultraviolet-visible (UV-Vis) region, which will be strongly scattered by biological tissue. Some C-
dots exhibit detectable emission at the VIS-IR region and might be suitable for in vivo imaging.
Gold Nanoparticles. Nano-scaled (1-100 nm) gold particles (AuNPs) possess many distinct

properties compared to bulk gold. Particularly, for bio-imaging applications, the following features
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are most important: the absorbance and fluorescence of gold nanostructures are significantly
enhanced with respect to bulk gold, and just like QDs, the absorption and emission wavelength
can be tuned by manipulating the size and morphology of the nanoparticles [146]. The absorption
of AuNPs decreases as the 3" power of diameter, whereas scattering decreases as the 6™ power of
diameter. This means that below a certain size, absorption will be the predominant event. Therefore,
small Au-NPs are often used for photothermal imaging while larger AUNPs are more suitable for
photoacoustic imaging [147]. The laser-induced heat effect is also often used for photothermal
therapy. The first scientifically reported synthesis of colloidal gold particles can be traced back to
the year of 1857, when Michael Faraday obtained a “ruby fluid” by stabilizing reduced gold
chloride with carbon-disulfide [148]. Today, a similar principle is still followed in many
nanoparticle preparation methods: gold salts are reduced with the addition of capping agents. The
capping agents prevent aggregation of particles and therefore the particles sizes are restricted in
the nano range. With the development of nano-synthesis technology, controlled synthesis of
AuNPs with various shapes and sizes are possible [149, 150]. For bioimaging applications this
means that researchers can choose the optimal Au-NPs which suit the imaging targets.

Before using AuNPs in bio-imaging applications, one essential step is to functionalize the
particles’ surface. Many capping agents used in the synthesis of AUNPs are not biocompatible. For
example, Cetrimonium bromide (CTAB), which is often used for morphology control during the
Au-NPs synthesis, is found to be toxic [151]. A variety of functionalization methods, including
ligand exchange, PEGylation, silica/polymer coating and biomolecule capping, has been
developed in order to enhance the biocompatibility of AuNPs [152]. Additionally, the

functionalized Au-NPs can be further conjugated with other imaging probes or therapeutic agents.
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2.5.3. Targeting Ligands for MFNPs

Targeting ligands are used to differentiate pathological cells and tissues from healthy ones.
Generally, targeting ligands are designed to bind to receptors that are over-expressed in
pathological cells or tissues. Through receptor-mediated endocytosis, these additional targeting
ligands can enhance the specific cell binding and internalization. Without the targeting ligand NP
internalization is mainly determined by non-specific interactions with the cell membrane, which
can be relatively slower, especially when the NPs are shielded with a PEG layer. In terms of
particle morphology, targeting ligands are normally presented at the outer surface, on top of the
capping layer, to achieve maximum receptor binding. According to their molecular constitution,
targeting ligands can be classified into five groups: Full antibody, antibody fragment, peptide,
aptamer and small molecules. Each group has its own advantages and limitations on targeting
efficacy, stability, and ease of preparation [153]. Significant effort has been put on monoclonal
antibodies as targeting ligands, and several successful therapies have been reported based on
engineered antibodies [154]. Despite those successes, the large molecule size, complex
modification process and high batch-to-batch variation of monoclonal antibodies have driven
researchers to search for alternative ligands. Full-sized antibodies can be decomposed into
different fragments using proteolytic digestion. Some of those fragments retain the receptor
binding capability. Compared to the full antibody, antibody fragments are smaller and easier to
manipulate. Peptides are another attractive candidates for targeting ligands. Thanks to the
development of different peptide libraries and screening technologies, a variety of peptides has
been discovered to have high affinities with certain receptors [155]. Other than proteomic ligands,
small nucleic acid ligands, referred as aptamers, have also been attracting much interest. Aptamers

can bind to a wide range of receptors with an affinity comparable to antibodies. More excitingly,
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aptamers can be synthesized with large scale and high batch-to-batch consistency, using an in vitro
chemical technique known as systematic evolution of ligands by exponential enrichment [156].
Some small molecules have also been found to have targeting capability. One of the promising
tumor targeting ligands is folic acid, which is targeting over-expressed folate receptors in cancer
cells [157]. The quantity of targeting ligands affects the targeting efficacy. Generally, more
targeting ligands lead to a better targeting effect. Nanoparticles which are conjugated with multiple
ligands normally possess enhanced affinity, slower disassociation, and better biodistribution,
compared to stand-alone targeting ligands. However, for PEGylated nanoparticles, too many
surface ligands may be detrimental to the stealth capability. Studies have shown that high density
of surface ligands leads to shorter circulation and lower tumor localization compared to
nanoparticles conjugated with fewer ligands [158]. In addition, the morphology of the PEG chains
also affects the targeting and stealth capability. At moderate concentration, the lateral pressure
between PEG chains forces them to extend into a brush conformation. If the PEG density is too
high, the PEG chain will tangle itself, forming a random-coil conformation, also known as the
mushroom conformation. Brush PEG layer provides better stealth effect than mushroom PEG
chains due to its greater protein repulsion. Targeting ligands that are grafted on the extended PEG
chains have more chance to interact with receptors [159]. To achieve an optimal combination of
specific targeting and stealth effect, the concentrations of targeting and stealth agents should be

carefully balanced.
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2.6. Amyloid Aggregation Inhibitors
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Figure 2.11 Schematic representation of the amyloid aggregation process. In the lag phase,
AP monomers combine into soluble oligomers. Theses oligomers act as nucleation seeds that
sequester other Af monomers and oligomers, leading to a fast fibrils growth. The growth stops
when the fibril content reaches the maximum, represented as the plateau phase. Adapted from
reference [160].

Kinetically, the aggregation process of amyloid can be divided into three phases:

1. Initial lag phase: AR monomers aggregated into small clusters that later act as growth seed.
2. Growth phase: AP seeds absorb free monomers and fast elongate.

3. Plateau phase: the mature fibrils formed.
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The overall aggregation process is often illustrated as a sigmoidal curve (Figure 2.11). The lag
phase is generally considered as the rate-limiting step. Environmental conditions, such as metal
ions, pH, temperature, can affect the aggregation process. Extrinsic inhibitors can also modulate

this process by altering intermolecular interactions.

Just like amyloid probes, the search for amyloid aggregation inhibitors is also taking place
among both small molecules and nanoparticles. In addition, peptides and protein-based inhibitors
have also been extensively investigated. Due to the complexity and wide variety of transient
intermediates and oligomers, it is often difficult to conclude a generalized working mechanism for
these inhibitors. In addition, the lack of a defined structure of amyloid aggregates also makes it
difficult to synthesize an inhibitor from structure-based design. Instead, the screening of potential
amyloid inhibitors is generally conducted by trial-and-error experiments. The inhibition efficacy
is normally evaluated by dye-binding assays such as ThT assays and high-resolution microscopy
such as transmission electron microscopy (TEM) and atomic force microscopy (AFM) [161]. It is
also important to emphasize that although these therapeutic agents are classified as aggregation
inhibitors, some of them are actually designed to accelerate the aggregation process. Recently,
studies have shown that, compared to the mature amyloid fibrils, the oligomeric intermediates and
pro-fibrils are more toxic. The accelerated aggregation can reduce the neurons’ exposure to these

intermediates and therefore achieve the goal of therapy.
2.6.1. Small Molecule Inhibitors

Small molecule inhibitors could affect AR aggregation by either stabilizing native monomer
conformations or restrain peptide-peptide association. Based on their origin, they can be further

categorized into two groups: synthetic organic molecules and extracted natural molecules.
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Organic molecules. The optical changes observed from many amyloid dyes indicate an
interaction between the dye molecules and amyloid structures. These reactions can also be utilized
to alter the amyloid aggregation. The two commonly used amyloid dye, CR and ThT, have been
found capable to inhibit the amyloid aggregation [162]. A series of inhibitors has been selected
from organic dyes and their analogs, including CR derivatives, ThT derivatives, quinone
derivatives and polyphenol compounds [22, 23, 162]. Some drugs, used in the treatment of other
diseases, have also been found to reduce the cytotoxicity of amyloid, examples being clioquinol
[163] and ibuprofen [164]. These drugs normally share a similar structure with the amyloid dyes.
The exact inhibition mechanism is still not fully understood. For some inhibitors that are highly
hydrophobic, a self-aggregation mechanism was proposed to explain the inhibition effect [165].
These small organic molecules have a high tendency to form colloidal micelles in solution
conditions and the formed micelles can non-specifically sequester AP peptides and therefore
prevent fibril formation. This explanation is supported by the fact that many small molecular
inhibitors can also alter the fibrillization process of other peptides that are prone to aggregation
[166]. But this mechanism is not applicable to inhibitors that are soluble. Another possible
inhibition mechanism is that the inhibitors have stronger affinities to the proto-fibrils so that the
binding site in proto-fibrils are occupied, consequently leading to halting the fibril growth. Again,
this hypothesized mechanism can only explain the working principle of inhibitors that function in

the elongation phase.

Apart from physical intervention, some inhibitors are designed to degrade preformed Ap fibrils
and plaques. This kind of inhibitor is normally selected from photosensitizers that have been used
in photodynamic therapy (PDT). These photosensitizers are capable to bind with amyloid fibrils

and once exposed to light excitation, they are capable to produce reactive oxygen species (ROS)
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that can degrade the AP fibrils. By precisely controlling the light exposure, a targeted amyloid
inhibition could be achieved in the disease region while leaving healthy tissue intact. One photo-
induced amyloid inhibitor of this kind is reported by Lee et al. [20]. The inhibitor, Rose Bengal
(RB) is a xanthene dye that could interact with AB42 and exhibit fluorescence enhancement and
redshift. On the other hand, RB has also been used for PDT studies for cancer treatment as a
photosensitizer. Lee’s group mixed RB with AB42 monomer solutions and exposed the solutions
to a green LED illumination. The aggregation process was monitored by circular dichroism
spectroscopy and AFM. Circular dichroism spectroscopy is a technique that measures the
difference in absorbance of right- and left-circularly polarized light. The aggregation process of
amyloid involves significant changes in the fibrils’ secondary structures, which can be revealed by
circular dichroism spectroscopy, especially in the range between 180 nm to 260 nm [167]. As
shown in Figure 2.12, a clear inhibition effect was observed. The cytotoxicity of the RB-treated
AP42 peptides was also remarkably reduced compared with the untreated one. Similar light-
induced inhibition was also reported using ruthenium (I1) complex [168], porphyrins [21],
carbenoxolone [169] and CRANAD-2 derivatives [170]. For in vivo studies, light penetration is a
challenge in order to achieve the needed light-induced inhibition. The development of laser-
coupled optical fibers that can be directly inserted into animal brains is one solution to deliver light
into brains. Another method to extend the light accessibility is to use photosensitizers that can be
activated by NIR light. The work reported by Ni et al. is therefore of particular interests. By
introducing a bromine atom into an amyloid dye, CRANAD-2, they created a photoactivatable
oxygenation catalyst that can be turned on under NIR irradiation. The tissue permeability of NIR

light makes it possible to function under mouse skin and even inside mouse brains [170].
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Figure 2.12 Photo-induced inhibition of AB42 using RB. (a). Schematic representation of
interactions between AB42 and photo-activated RB. (b). Circular dichroism spectroscopy and (c)
AFM images of AB42 in the presence or absence of RB (5 mM) under dark conditions or LED

illumination. Adapted from reference [20].

Most inhibitors are designed to prevent amyloid aggregation or even reverse the aggregation
process by degrading the preformed amyloid fibrils. The recent discovery of high toxicity of
soluble oligomeric amyloid inspired an alternative approach to reducing the overall toxicity of
amyloid. That is, instead of slowing down the aggregation, catalytic molecules can be used to
accelerate the aggregation in order to transfer the highly-toxic amyloid oligomers into less-toxic
or even neutral amyloid conformations. Bieschke et al. developed a membrane-filter retardation
assay to quantify large, SDS-stable protein aggregates. Using this assay, their groups selected six
compounds that are capable to promote amyloid aggregation. The amyloid aggregation obtained

in the presence of these promoters are very stable and non-toxic to neuroblastoma cells [171].
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Natural molecules. Apart from synthetic molecules, some natural compounds have also been
used for amyloid inhibition. The observation of low AD rate in populations with certain diet leads
to the investigation of the relationship between AD and food-origin substances. Most of these
compounds are polyphenols such as myricetin, morin, quercetin, which can be extracted from
some edible plants including ginko biloba, tea bush, grape, and turmeric [172]. Coffee is another
potential source of amyloid inhibitors. Coffee contains many natural polyphenols including
caffeine, caffeic acid, and chlorogenic acid. Studies have shown that moderate consumption of
coffee could help reduce the risk of AD and other dementia, but the exact mechanism is still not
fully understood [173]. One of the well-studied amyloid inhibitors found in nature is curcumin.
Although currently it can be produced by synthetic methods, curcumin is originally extracted from
turmeric. It has long been used as a food additive in Indian cuisine. Curcumin is capable to reduce
the cytotoxicity of amyloid in in vitro studies. However, the instability and low bioavailability
make it difficult to directly apply natural curcumin for AD treatment. To enhance the inhibition
efficacy and stability, the curcumin molecules can be modified by adding or replacing certain
moieties [174]. Conventionally, the therapeutic effect of curcumin and its derivatives is attributed
to the inhibition of amyloid aggregation. However, a recent study published by Thapa et al.
provides a new model to explain the curcumin-Ap interaction [175]. In their study, they found that
the aggregation of AB40 was not retarded by the addition of curcumin, but the cytotoxicity of AB40
in the presence of curcumin was reduced. By comparing the structure of the AB40 fibrils formed
with or without curcumin, they concluded that the actual role of curcumin is to provide an
alternative pathway in which toxic intermediates are replaced by non-toxic, curcumin bound

intermediates (Figure 2.13).
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Figure 2.13 Schematic representation of the curcumin-amyloid interaction. Curcumin
promotes the formation of nontoxic, off-pathway AP intermediates. Adapted from reference [175].

2.6.2. Peptides Based Inhibitors

Peptides that possess a similar structure with Ap peptides could also interact with AR peptides
and protofibrils. By doing so, these peptides can regulate the amyloid fibrillization by disrupting
the B-sheet formation. Therefore, these peptides are often referred to as B-sheet breakers [176]. To
prepare B-sheet breakers, the first thing to do is to identify the key sequence of the AP peptides
which is crucial for B-sheet formation. This key sequence is referred to as the self-recognizing
motif. Free peptides can bind to the protofibrils through this motif. Once identified, pB-sheet
breakers can be synthesized by additional chemical modification of the self-recognizing motif. -
sheet breakers are often modified by the following treatment [177]:

a) Introduction of proline residues — Enhance inhibition effect.

b) Introduction or substitution of non-natural amino acid — Enhance resistance to
enzymatic degradation.

c) Link with polycationic sequences — Enhance affinity and solubility.

d) Replace amide bonds with ester bonds — Promote hydrogen bond formation.
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It is well-known that the hydrophobic residues in AP peptides play a vital role in the
fibrillization process [178]. Naturally, the search for a self-recognizing motif mainly focuses on
these hydrophobic regions. The C-terminal residues are more hydrophobic than the N-terminals
and therefore they more likely form (3-sheet structures [179]. Particularly, the high rigidity of Ap42
peptides is attributed to the interactions involving the C-terminal residues 141-A42 [180]. Based
on these observations, Fradinger et al. proposed a hypothesis that C-terminal fragments (CTFs)
from AB42 should have high affinity towards AP protofibrils and they are expected to act as [3-
sheet breakers. Their groups produced a series of CTFs tested them on AB42 fibrillization. Two of
the CTFs, AP (31-42) and AP (39-42) show significant inhibitory effect. Simulation data
suggested that CTFs promote the formation of nontoxic hetero-oligomers which in turn reduce the
toxicity of AB42 peptides [180].

Another hydrophobic region of the A peptides is located at the central hydrophobic core (CHC)
of Leul7-Ala2l (LVFFA). Disruption of the CHC could lead to dramatically change the A
fibrillization rate and binding ability to other AP peptides [181]. Logically, this CHC is often used
as a template to design new [-sheet breakers. A series of peptide inhibitors was reported as analogs
to CHC, including KLVFF and its N-methylated derivatives, LPFFD, DPFFL and AB(15-25) [162].
The CHC itself can also be functionalized with hydrophobic or hydrophilic moieties, in order to
function as an inhibitor.

Generally, inhibitors derived from AP peptides and AP fragments are highly hydrophobic and
can easily aggregate in aqueous solution. Addition of charged or hydrophilic residues is often
required to enhance the solubility of these inhibitors. Other peptides, such as cyclic peptide [182]

and h1APP peptide [183] have also been used as amyloid inhibitors.
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2.6.3. Nanoparticle Based Inhibitors

The interaction between nanoparticles and peptides/proteins has long been an attractive topic
in the research community. But the potential of nanoparticles to function as amyloid inhibitors has
not been recognized widely until the recent breakthrough in the development of BBB-permeable
nanoparticles. By adjusting the size, surface charge and surface functional groups of nanoparticles,
they can be used to modulate the folding, fibrillization and degradation of AP peptides. For some
nanoparticles, the inhibition effect is due to the interaction between AP peptides and the particles
themselves. AP peptides are first absorbed to the surface of these nanoinhibitors and then based
on the different surface property, the AP aggregation is retarded, accelerated, or altered. On the
other hand, some nanoparticles which do not interact with AP peptides can still be used for amyloid
aggregation inhibition by integrating with other inhibitory ligands. In this case, the nanoparticles
function as vehicles to deliver the amyloid inhibitors.

Nanoinhibitors. The most important property which dominated the nanoparticle- A concept is
the surface charge which can be manipulated by surface functionalization. Previous studies have
shown that electrostatic interactions are major contributing forces in the elongation phase and
charged particles could inhibit the fibrillization process by affecting these electrostatic interactions
[184-186]. In addition, the highly charged N-terminal residues can also be affected by the particle’s
surface charge. However, controversial results have been reported on how the polarity of surface
charges affects the amyloid aggregation. In the work reported by Liao et al. [186], AuNPs (30 nm)
with opposite surface charges are prepared by carboxylic and amine functionalization (amine
conjugated AuNPs — positively charged; carboxylic conjugated AuNPs — negatively charged). The
two types of surface functionalized AuNPs and bare AuNPs are mixed with AB40 peptides. The

amyloid fibrillization process was monitored by ThT assay and the final morphology of the
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amyloid fibrils was characterized by TEM. The results suggested that both carboxyl-AuNPs and
bare AuNPs could inhibit the AB40 fibrillization, but the inhibition effect from amine-AuNPs is
negligible. In addition, the negatively charged AuNPs could even promote the fragmentation of
preformed amyloid fibrils. Liao et al. attribute the difference in inhibition efficiency to the
difference in surface charge. They proposed that the presence of negatively charged particles leads
to the formation of short and fragmented fibrils which are unable to participate in further
elongation (Figure 2.14). Liao’s hypothesis is supported by some other studies on QDs and
polymeric nanoparticles [187, 188], which also emphasize the importance of negative surface
charge. However, other studies have shown that the positively charged nanoparticles have a greater
inhibition effect. This could be explained by the tight binding between the positively charged
particles and the AP peptides that carry a net negative charge [185, 189, 190]. These contradictory
results are attributed to the synergy effect of several factors including the particle’s polarity, size,
hydrophobicity and particle/peptide ratio. Recent studies have also found that instead of polarity,

the surface charge density of particles is the defining factor for the inhibition efficiency [187, 191].
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Figure 2.14 Interactions between AuNPs and AB fibrillization. (a) AB peptides aggregate into
amyloid fibrils and exert neurotoxicity. (b) In the presence of negatively charged AuNPs, AP
peptides form short and fragmented fibrils along with spherical oligomers. The alteration mitigates
the toxicity generated from amyloid fibrils. (c) Preformed amyloid fibrils can be degraded by the
addition of AuNPs, leading to the production of fragmented fibrils and amorphous aggregates.

Adapted from reference [186].
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Figure 2.15 Inhibition of AB42 fibrillization using C-dots. (a) Schematic representation of C-
dots/APB42 interactions. AFM images of 10 uM AP42 fibrils incubated at 37 “C without C-dots (b)
and with 10pg/ml C-dots (c). Adapted from reference [192].

Among all the categories of nanoparticles, carbon-based nanomaterials have been attracting
extraordinary interests in the development of amyloid nanoinhibitors due to their high
biocompatibility and biodegradability, ease of synthesis and high feasibility for further
functionalization. A variety of carbon nanoparticles, including graphene/graphene oxide, carbon

nanotube (CNT), fullerene and C-dots [192-197], has been proved capable to modulate amyloid
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aggregation. Due to the ordered structure of CNT and fullerene, the interactions between amyloid
peptides and these two types of carbon nanomaterials have been extensively investigated by in
silico molecular dynamic (MD) studies. The inhibition effect of CNT and fullerene is determined
by the surface curvature and numbers of hexagonal rings. Since these two factors affect the balance
between hydrophobic interactions, aromatic stacking, and electrostatic interactions. But for C-dots,
the amorphous nature of these particles make it difficult to apply similar MD simulations. A very
recent study by Han et al. demonstrated the possibility of C-dots as amyloid inhibitors (Figure 2.15)
[192]. Although graphene quantum dots have been reported earlier as amyloid inhibitors [198],
this study is the first reported case for using such kind of amorphous C-dots for amyloid inhibition.
More excitingly, the C-dots were capable to penetrate the BBB in a zebrafish model. However, the
C-dots used in their study were produced by acid reflux (110 °C for 15 h) of laser ablated carbon
nanopowder. The involvement of high energy laser ablation, long-time reflux and strong acid
(sulfuric acid and nitric acid) treatment have compromised the feasibility of production and batch-
to-batch stability. In addition, the effect of surface passivation agents of C-dots is still waiting to
be investigated.

Just like the small molecular photosensitizer, some nanoinhibitors need to be activated by
external excitation before they can interact with amyloids. Yin et al. synthesized PEG-stabilized
gold nanostars with ruthenium complexes as additives [199]. To enhance the BBB-permeability
of this particle, cell penetrating peptides, penetratins, were conjugated with the nanostars. Once
delivered to the brain, the nanostars can absorb NIR light and generate heat. This feature is utilized
to conduct photothermal therapy (PTT) for AD. The generated heat can degrade preformed

amyloid fibrils.
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Nanocarrier. Small molecular inhibitors, peptide inhibitors, antibodies and metal chelators can
be conjugated to nanoparticles through covalent bonding or physical absorption. One nanocarrier
can host multiple inhibition ligands to generate stronger inhibition effect. Another advantage of
using a nanocarrier is to enhance the BBB penetration, particularly for those inhibitors that are
hydrophilic. A prototype nanoparticle-chelator conjugate (Nano-N2PY) was synthesized by
conjugating the iron chelator CMC with carboxylic functionalized polystyrene nanoparticles (240
nm) [200]. Nano-N2PY was then mixed with AB peptides and incubated with human cortical
neuronal cells (HCN1A). The results show that Nano-N2PY is capable to reduce the toxicity of
AP peptides. In addition, the co-incubation of Nano-N2PY also prevented the formation of amyloid
fibrils, confirmed by Congo red staining. Metallic nanoparticles can also be used as nanocarriers.
Skaat et al. conjugated AP fragment Leu-Pro-Phe-Phe-Asp (LPFFD) with IONPs [201]. In vitro
ThT assays show that the conjugated IONPs could effectively inhibit A fibrillization. Inaddition,
the magnetic nature of IONPs suggests a potential to use external magnetic-field for the guided

particles delivery.

2.7. Outcomes of Literature Review

The application of nanoparticles for the diagnosis and treatment of AD is receiving increasing
interests in the biomedical community. Nanoprobes, especially MFNPs, have achieved an
impressive success in cancer diagnosis. Compared to small molecular probes, those MFNPs that
can be detected by different diagnostic techniques could help us to obtain more comprehensive
and more precise pathological information. Targeting ligands that are conjugated with MFNPs
enable the specific targeting of biochemical disease biomarkers. Further, MFNPs can be
conjugated with therapeutic agents in order to become a theranostic agents, which, in turn,

facilitate the optimization of drug efficacy and specificity. However, the advantages of MFNPs
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have not been recognized widely in the diagnosis of AD. Although several nanoprobes have been
utilized to image and detect amyloid peptides or plaques, these nanoprobes can only be used for a
single modality. Moreover, most of the reported nanoprobes are designed to target extracellular
amyloid. As discussed in this literature review, the uptake of extracellular amyloid by neuronal
cells are playing an important role in the pathogenesis of AD. But this event has in the past been
interrogated by small molecule based probes only.

The usage of nanoinhibitors is a promising therapy for AD. These nanoinhibitors are capable
to modulate the AP aggregation either by directly interacting with AP peptides or by the delivery
of inhibitory ligands to the site of amyloid fibrillization. However, there is a serious concern about
the biocompatibility and clearance of these nanoinhibitors. The BBB poses a big challenge to the
delivery of nanoparticles to the brain. Once the particles entered the brain, it’s also difficult to clear
them from the brain. For nanoparticles that are circulating in the peripheral system, most of them
will be cleared either through phagocytic uptake in the liver and the spleen, or by renal clearance
in the kidneys. The circulation half-life is normally between several hours and a few days [202-
204]. During the past decades, the short-term and long-term biocompatibilities of these peripheral-
circulating particles have been investigated extensively. On the other hand, there has been very
limited research on tracking the long-term fate of nanoparticles that have been delivered to the
brain. Disdier et al. tracked the circulation of titanium dioxide (TiO2) nanoparticles that have been
delivered to mice brains. TiO- particles can be detected in the brain 28 days after the injection and
the overall clearance took more than one year [205]. Although most nanoinhibitors used in AD
research are decorated with biocompatible coatings, the long retention of cerebral particles means
that there is a high risk for the release of toxic substances after the breakdown of surface coating.

The risk is particularly high for QDs since most ODs contain highly toxic heavy metal ions. In
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addition, metallic nanoparticles are believed to be neurotoxic due to the particle-induced oxidative
stress [40]. Considering the aforementioned concerns, non-metallic nanoparticles such as C-dots
might be a more appropriate choice for amyloid inhibitors.

Currently, the interaction between C-dots and AB peptides is poorly investigated. Only one
study has been reported to use C-dots as amyloid inhibitors, and the C-dots used in that research
were made by top-down synthesis. The other preparation approach, bottom-up synthesis, has not
been used to prepare C-dots-based amyloid inhibitor.

In summary, the following three research gaps have been identified:

a) There are limited multifunctional nanoprobes that have been applied for amyloid diagnosis.

b) There is a demand to prepare C-dots-based inhibitors from more facile methods. The effect

of different passivation agents on the C-dots’ inhibitory effect also needs to be investigated.

c) There is a research need to develop nanoprobes that can specifically target neuronal cells

which are involved in the cellular uptake of amyloid peptides.
The next chapter will present a Raman/fluorescent bifunctional nanoprobe that can be used for
amyloid detection. The synthesis, characterization, and application of the nanoprobe will also be

discussed in detail.
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Chapter 3: Bifunctional Nanoprobe for the Detection of Amyloid
This chapter describes the research and development of a Raman/fluorescent bi-functional
nanoprobe that can be used for the detection of amyloid. This nanoprobe is prepared by
conjugating gold AuNPs with Rose Bengal (RB) dye. RB is chosen due to its unique Raman
fingerprints and affinity with Af peptides. The morphology and optical properties of the nanoprobe
were studied through comprehensive characterization techniques. Particularly, the SERS effect of
the nanoprobe is discussed in detail. The interaction between the nanoprobe and Ap42 was
carefully investigated. Upon binding with AB42 peptides, a spectrum change was detected in the
nanoprobe’s Raman spectrum, and the magnitude of the spectrum changes can be correlated with
the concentration of the target peptides. The peptide/probe interaction also induced a remarkable
enhancement in the probes’ fluorescence emission. This fluorescence enhancement was further

utilized to image amyloid plaques in the brain slices of transgenic mice.

3.1. Introduction

Rose Bengal (RB) is a fluorescein derivative widely used as a tumor-targeting dye for oral
cancer diagnosis [206, 207]. Commercially, RB is normally available in the form of disodium salt
(see the structure in RB in Figure 3.1). By conjugating with gold nanoparticles, the unique SERS
spectrum of RB has been exploited for Raman imaging [208]. Interestingly, RB also shows a strong
affinity to AP peptides and therefore it has been used as an inhibitor of Ap aggregation [20, 209].
Inspired by these phenomena, we tried to conjugate RB with spherical, amine-functionalized
AUNPs to generate an RB-AuNPs complex. The RB-AuNPs exhibited a significant change of
SERS spectrum when mixed with AB42 peptides solutions. In addition, the fluorescence emission

of the RB-AuNPs was considerably enhanced by the presence of AB42 peptides. This behavior is
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similar to that of the commonly used amyloid dye, ThT. Therefore, we further tested the feasibility
of using RB-AuNPs for fluorescence imaging of amyloid plaques in mouse brain tissue harvested
from transgenic mice that can express human amyloid peptides. The results suggest that the
conjugated RB-AuNPs can be used as bifunctional probes for amyloid detection and, consequently,

as a diagnostic tool for the onset of AD.

Figure 3.1 Structure of RB. Commercially, RB is available in the form of disodium salt.
3.2. Design and Synthesis of RB-AuNPs

As discussed earlier, RB dye was chosen due to its uniqgue Raman spectrum and affinity towards
AB peptides. The choice of spherical AUNPs, however, is a bit more complicated. It is well known
that non-spherical AuNPs (hanorods, nano-triangles and nano-stars) may produce a stronger SERS
effect than spherical AuNPs, and they also exhibit higher photo-toxicity due to their stronger
absorption [210]. RB is capable to function as a photosensitizer for PDT [211]. By conjugating
with gold nanorods, the synergy from the photodynamic effect of RB and the photothermal effect
of gold nanorods leads to an enhanced, photo-induced cytotoxicity [212]. For therapeutic
applications, this enhanced cytotoxicity is a desirable feature that increases the therapeutic
efficiency. However, for diagnostic applications the enhanced cytotoxicity is a disadvantage. In

addition, at the same volume, the spherical nanoparticles have a higher mitigation rate than shape-
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anisotropic nanoparticles, which enables a faster probe delivery in biological systems [213].
Taking the aforementioned two factors into consideration, spherical AuNPs are used instead of
non-spherical AuNPs. The overall synthesis is conducted in two steps as illustrated in Figure 3.2.
The carboxylic groups in the RB molecules are first activated by EDC (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride) in MES buffer (4-morpholinoethanesulfonic
acid, pH =5.0). After the activation, the carboxylic groups were transformed into active O-
acylisourea intermediates. These intermediates can easily be substituted by primary amino groups.
The substitution leads to the formation of a stable amide bond with the release of EDC as by-
products. O-acylisourea intermediates are very unstable in aqueous solution and will quickly return
to the unreactive carboxylic groups if they are not able to react with amine groups. In order to
maximize the conjugation efficiency, NHS (N-hydroxysuccinimide) is also added to the reaction
mixture. NHS can react with the O-acylisourea intermediates to form a more stable NHS ester

which can still react with amine groups. The detailed synthesis can be found in the appendix.
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Figure 3.2 Scheme for the EDC/NHS facilitated conjugation. The carboxylic groups in the RB

molecules are first activated by EDC and then conjugated with the amine groups on the surface of

the AuNPs, in the presence of NHS as the catalyst.
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3.3. Characterization of RB-AuNPs

The TEM image of the functionalized RB-AuNPs is demonstrated in Figure 3.3a. It can be
measured that the average diameter of the RB-AuNPs is 28 £ 3 nm. Due to the small size of
conjugated RB moieties, the TEM images failed to show detectable changes in the core size of the
nanoparticles before and after the conjugation. The RB-AuNPs maintained their good dispersity
in aqueous solution, suggesting that the original anti-aggregation surface coating of the AuNPs
was not deteriorated by the RB conjugation. When particles are suspended in solutions, solvent
ions will be absorbed onto the particles’ surface to form two parallel layers. The first layer, a
compact layer, is formed by ions that are bounded to the particles’ surface through strong chemical
interactions. Since this layer is very close to the particles’ surface, the charges in this layer are also
referred as surface charges. The second layer, which is slightly further away from the particles’
surface, is composed of ions that are electrostatically attracted by the surface charge. Since the
electrostatic attractions are much weaker than the chemical bonds that contribute to the formation
of the compact layer, the linkage between the second layer and the particles are loose and unstable.
Extrinsic factors such as an external electric field and temperature changes can mobilize the ions
in the second layer. Therefore, the second layer is also known as the diffuse layer. The outermost
plane of the diffuse layer, which defines the boundary between affected and free solvent, is called
the slipping plane since this plane can be moved by tangential forces. The charge on the slipping
plane is defined as the zeta potential. Since the surface charge in the inner layer is electrically
screened by charges in the outer layer, the zeta potential is normally used to characterize the
apparent surface charge of particles in solution. Figures 3.3b and 3.3c show the zeta potential

distribution for the AuNPs before and after the RB conjugation. The apparent zeta potential
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changed from -8.43 £ 3.68 mV to -17.2 £ 7.32 mV due to the conjugation of negatively charged

RB molecules.
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Figure 3.3 Morphology and zeta potential of RB-AuNPs. (a) TEM images of the RB-AuNPs,
whose average diameter is 28 £ 3 nm. (b) and (c) Zeta potential distribution for the un-

functionalized AuNPs (upper, -8.43 + 3.68 mV) and RB-AuNPs (lower, -17.2 £ 7.32 mV).
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Figure 3.4 Optical properties of RB-AuNPs. (a) Extinction spectra of RB, AuNPs and RB-
AuNPs. (b) Emission spectra of RB, AuNPs and RB-AuNPs under 530 nm excitation. (c)
Excitation-emission spectra of RB-AuNPs, the excitation spectrum was obtained at a fixed

emission of 590 nm. (d) Emission map of RB-AuNPs, plotted by setting the x-axis as emission
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wavelength and y-axis as excitation wavelength. The color represents the relative peak intensity

of the emission.

The optical properties of RB-AuNPs were characterized by UV-Vis and fluorescence
spectrometer. Figure 3.4a shows the extinction spectra of the AuNPs, RB and RB-AuNPs.
Compared to the original AuNPs, the extinction peak of the RB-AuNPs shows a red shift of 19 nm
(523 to 542 nm) and an additional minor peak at the 580 nm wavelength. These changes could be
attributed to the changes of surface environment [214], which are considered as a proof for the
successful conjugation between RB and nanoparticles [212, 215]. The emission spectra (Figure
3.4b) of the AuNPs, RB and RB-AuNPs further prove the absorption of RB on the surface of
AuNPs. The fluorescence of RB was not quenched by the conjugation, and the weak
photoluminescence (PL) of AuNPs at 648 nm was also retained after the conjugation. This PL of
AUNPs is caused by the particle plasmon [216]. The excitation-emission spectrum of RB-AuNPs
is shown in Figure 3.4c, the Stoke’s shift of RB-AuNPs was calculated to be 20 nm. The emission

map of RB-AuNPs (Figure 3.4d) indicates that the emission peak is at 562 nm (542 nm excitation).

The cytotoxicity of the RB-AuNPs was measured by incubating different concentrations of RB-
AuNPs with human embryonic kidney cells (HEK-293). The viability data was obtained by MTT
assay. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) is a tetrazolium dye
that can be reduced to purple formazan by NAD(P)H-dependent cellular oxidoreductase enzymes.
This reaction can only take place in the mitochondria of live cells. Therefore, the amount of
generated formazan is linearly related to the number of live cell in a culture compartment.
Formazan is insoluble in aqueous solutions such as culture medium but can be dissolved by organic
solvents. In MTT assay, dimethyl sulfoxide (DMSO) is normally used to dissolve the generated

formazan. For homogenous formazan solutions, the total amount of formazan can be quantified by
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the absorbance in a certain wavelength. For DMSO solution, the sample absorbance (Ax) is
measured at 570 nm and background absorbance (Ap) is measure at 630 nm. By comparing the
absorbance measured from experimental and control groups, the relative viability of experimental
groups can be calculated (Formula 3.1) [217].

Relative Vlablllty = (Asample'Ab)/ (AcontroI'Ab) x100% . 3.1

I
a B AuNps
I RB-AuNPs

Viability (%)

5 10 15 20 25

Concentration (pg/ml)

C

Figure 3.5 Biocompatibility of RB-AuNPs. (a) Cell viability assay of HEK-293 cells incubated
for 24 hours with AuNPs and RB-AuNPs. The viability was measured by MTT assay. Three

independent experiments were conducted for each concentration. (b) and (c) Confocal images of
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HEK-293 cells after 24-hour incubation in the presence or absence of RB-AuNPs: (b) control and
(c) incubated with 20 pg/ml of RB-AuNPSs. The cells nuclei were stained with DAPI (blue).

The results of the MTT assay are listed in Figure 3.5a. AuNPs are generally considered as bio-
compatible materials [86]. But RB molecules may produce toxic reactive oxygen species (ROS)
under green light excitation, which can cause cell death [215, 218]. From the MTT results, we can
see that the functionalized RB-AuUNPs are equally biocompatible as compared to the original
AuNPs. Even at a relatively high incubation concentration (25 pg/ml), the cell viability is still
greater than 95%. Apart from the cell proliferation assay, the morphology of the cells is another
important indicator of the particles’ biocompatibility [219]. Figures 3.5b and 3.5¢ show the
confocal images of HEK-293 cells after 24-hour incubation in the presence or absence of RB-
AuUNPs, respectively. The treated cells showed no detectable changes in the cell morphology
compared with the control cells. The shapes of cell nuclei also remain intact. These observations
further prove the excellent biocompatibility of the RB-AuNPs. This high viability could be

attributed to the limited light dose during the cell culture.

3.5. SERS Enhancement of RB-AuNPs

In this work, the conjugated RB molecules served as both fluorescence and Raman reporters.
Figure 3.6 shows the Raman spectra of RB, AuNPs and RB-AuNPs. The free RB molecules show
very weak Raman signals and the peaks are overwhelmed by the background signals. The un-
conjugated AuNPs shows certain Raman peaks, these peaks are attributed to the pre-existed
polyethylene glycol-amine (PEG-NH>) coating on the surface of AuNPs and the strong peak at
200 to 400 cm™ is caused by the metal-oxygen linking [220]. The Raman spectrum of RB-AuNPs
shows a significant SERS effect, especially for the two major peaks located at 1490 and 1610 cm-

! Based on previously reported studies [221, 222], these two major peaks are attributed to the
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symmetric (for 1610 cm™) and asymmetric (for 1490 cm™) stretching of C=C bonds in the aromatic
rings. It is well known that the SERS effect will preferentially enhance the bands which correspond
to the vibrations that cause changes in the polarization perpendicular to the metal surface [222].
Therefore it is reasonable to deduce that the RB molecules are connected with AuNPs through the

linking between the carboxylic groups of RB and the surface amine groups of AuUNPs.

—RB
AuNP
AuNP-RB

Raman Intensity (A.U.)

. | . .
500 1000 1500 2000
Raman Shift (cm™)

Figure 3.6 Raman spectra of RB, AuNPs and RB-AuNPs. The dashed line represents the
baseline for each Raman spectrum. It is clear that the two peaks at 1490 cm™ and 1610 cm™ are

most significantly enhanced after the conjugation.
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3.6. Interactions between Ap42 and RB-AuNPs
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Figure 3.7 Schematic illustration of the interaction between RB-AuNPs and Ap42. Prior to

the peptides binding, the energy from the excitation photons can be released by the rotations and
the vibrations of RB molecules. The vibrations and rotations are restricted by the peptide binding,

leading to an enhanced fluorescence.

Previous studies have reported that the fluorescence of free RB molecules can be significantly
enhanced upon mixing with AB42 peptides [20]. Several other fluorophores have also shown
similar fluorescence enhancement when mixed with peptides, and this enhancement phenomenon
is considered as a proof of dye-peptide association [223-225]. As shown in Figure 3.1, RB
molecules contain two moieties that are linked by a C-C bond. This structure is very similar to that

of ThT dye, and hence the RB-AB42 interaction is believed to be an analogue to the ThT-Ap42
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interaction (Figure 3.7). At free state, the majority of the energy from the excitation photons can
be released by the rotations and the vibrations of RB molecules, leading to a relatively low
fluorescence emission (RB’s quantum yield is 0.5% in PBS [226]). Upon binding with Ap42
peptides, the molecular rotations and vibrations are restricted, and therefore more energy has to be
released by photon emission, causing an enhanced fluorescence. From Figure 3.8a, it can be found
that the fluorescence emission of both stand-alone RB (1 uM) and RB-AuNPs (1 pg/ml) were
notably enhanced when mixed with AB42 peptides, and the enhancement increased with the
amount of added AP42. It is interesting to note that the relative fluorescence enhancement of RB-
AuNPs is actually slightly higher than that of free RB. This can be explained by the absorption of
AP42 peptides on the surface of RB-AUNPs that leads to a higher interaction possibility between
AP42 peptides and RB molecules. Such peptide localization has been reported when mixing AP
peptides with charged nanoparticles [186, 227]. Figure 3.8b further indicates that the ThT and RB-
AuNPs share a common binding pathway with Ap42 peptides. The ThT fluorescence was

remarkably reduced after the addition of RB-AuNPs.
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Figure 3.8 Fluorescence enhancement of RB-AuNPs and the effect of RB-AuNPs on ThT
fluorescence. (a) Fluorescence enhancement of RB-AuNPs (1pg/ml) and free RB (1 uM). The
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relative enhancement is calculated by comparing the fluorescence intensity (560/590 nm ex/em)
before and after the addition of AP42 peptides. (b) The changes of ThT fluorescence (10 uM,
mixed with 10 uM of AB42 peptides) after the addition of different concentrations of RB-AuNPs.

The presence of nanoparticles has been found capable to affect the fibrillization process of
amyloid peptides, and this phenomenon is considered as a proof of the particles-peptides
interaction [186, 228]. The effect of RB-AuNPs on the AB42 fibrillization was investigated by
incubating Ap42 with RB-AuNPs. The resultant amyloid aggregates were characterized by TEM.
As shown in Figure 3.9, when incubated with RB-AuNPs, the AP42 aggregation process was
clearly inhibited (Figure 3.9b), compared to the control group (Figure 3.9a). This altered
aggregation indicated the strong affinity between RB-AuNPs and AB42 peptides, which reduced

the quantity of available AB42 oligomer for self-fibrillization.

Figure 3.9 The morphology of 10 pM Ap42 after 6 hours of incubation. (a) Incubated alone
and (b) incubated in the presence of 10 pg/ml RB-AuNPs. Incubation was conducted at 37 °C.
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3.7. SERS detection of AB42 peptides
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Figure 3.10 AB42 induced spectral changes of RB-AuNPs. The normalized Raman spectra of
the RB-AuNPs before (violet) and after (green) the addition of AB42 peptides (2 uM) show a
considerable change in the relative magnitude of the signals from the two major peaks. The orange
curve is obtained by digital subtraction of the (RB-AuNPs) spectrum from the (RB-AuNPs + Ap42)

spectrum (® = @ - ).

The potential of the RB-AuNPs as SERS probes for amyloid detection was tested by exposing
RB-AuNPs at different concentrations of AB42 peptides. The normalized Raman spectra of RB-
AuNPs before and after the addition of 2 uM of AB42 peptides are demonstrated in Figure 3.10.

The spectrum changes caused by the AB42 peptides (AAP42) can be fully revealed by digitally
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subtracting the original RB-AuNPs spectrum. The resulting AAB42 spectrum shows that the most
significant changes took place in the two major peaks in 1490 cm™ and 1610 cm™. These changes
are associated with the mechanical deformation of RB aromatic rings sandwiched between the
AuNPs and absorbed AP42 peptides [100, 229]. The relative signal intensity in 1610 cm™
underwent a much larger decrease compared to the signal in 1490 cm™. Consequently, the relative
peak strength between 1490 cm™ and 1610 cm™ was changed. The highest peak in the original
RB-AuNPs spectrum locates at 1610 cm™ and the peak at 1490 cm™ is slightly lower. After
exposing to AB42 peptides, the peak at 1490 cm™ becomes the highest one. The ratio between the
two peaks Rpeak (intensity at 1490 cm™/intensity at 1610 cm™) changed from 0.780 (for RB-AuNPSs)

to 1.194 (for RB-AuNPs + AB42).

To evaluate the quantitative correlation between the concentration of AB42 peptides and the
spectral changes, Raman spectra were measured for RB-AuNPs mixed with different
concentrations of AB42 peptides. For each concentration, 100 different spots were measured and
the average Rpeak values were plotted against the concentration of AB42 peptides (Figure 3.11).
The Rpeak value and AP42 concertation show a clear linear correlation (r? = 0.9739). The change
in the Rpeak values become significant when the added AP42 concentration is greater than 1 uM.
The significance of the changes in R is determined by Student’s t-test (t-test for short) [230]. The
t-test is a statistical hypothesis test that can determine if one set of data is significantly different
from another. In biomedical research, the result of the t-test is normally represented by p-values.
When comparing two sets of experimental data, a null hypothesis can be made claiming that the
difference between these two sets of data is purely due to the random errors in the data acquisition
process. The possibility of such a null hypothesis to be true is quantified by the p-value. Therefore,

the smaller the p-value, the more significant is the difference since this difference is more likely
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to be induced by a non-random factor. Generally, the difference is considered as ‘significant” when
the p-value is less than 0.05 and as ‘very significant’ when the p-value is less than 0.01 [231]. The

present thesis adopts these criteria for statistic comparison.
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Figure 3.11 The relationship between Rpeak and AP42 concentration. The Rpeak value is
plotted against AB42 concentration (0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2 uM). The blue curve
represents the Gaussian fitting with R? = 0.99532. Statistical comparisons were carried out based

on the Student’s t-test. P values < 0.05 (*) or 0.01 (**) were considered significant.
3.8. Amyloid Detection in Transgenic Mice Brain Slices

Apart from soluble amyloid detection, RB-AuNPs were also used for amyloid detection in mice

brains slices. The transgenic mouse model used in this study is a generic humanized animal model
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for AD research. This model was developed by Oddo et al. in 2003 [58]. The 3xTg mice show
age-dependent amyloid progression. Previous studies have detected apparent extracellular amyloid
plaques in the mice’s frontal cortex after 6 months of age [41, 58]. Figure 3.12a shows the confocal
images of mouse brains stained separately with ThT or RB-AuNPs. For both types of stained brain
slices, only weak emissions were detected in the control and young-aged (3 and 6 months) brains.
At 7 months of age, plaques become visible, and more plaques were detected in 9 months old
brains. Figure 3.12b shows the z-stack images of 9 months old brain slices stained with both ThT
and RB-AuNPs. The 2D scatter plot of the fluorescence from ThT and RB-AuNPs shows a
partially co-localization relationship with a Pearson's correlation coefficient (PCC) equals to
0.6403. The PCC is a coefficient that quantifies the linear correlation between two variables. It is
calculated by dividing the covariance of the two variables by the product of their standard
deviations. The value of PCC ranges from -1 to +1. Two variables are total positively correlated
when PCC is +1 and totally negatively correlated when PCC is -1. It needs to be pointed out that
the RB-AuNPs fluorescence has a higher degree of co-occurrence: the Manders coefficient of RB-
AuNPs fluorescence MCr = 93.62 %. The Manders coefficient measures the coincidence of signals
from one channel with respect to signals from another channel. It is calculated by dividing the total
intensities of coincided pixels by the total intensities of all pixels [232]. A Manders coefficient of
93.62 % means that 93.62 % of the RB-AuNPs fluorescence coincided with the ThT fluorescence.
On the other hand, a considerable amount of the ThT fluorescence was detected without
accompanying RB-AuNPs fluorescence: The Manders coefficient of ThT fluorescence MCr is
46.56%. The difference in the co-localization degree is due to the non-specific staining of ThT

dyes, which leads to a lower signal-to-noise ratio.
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Figure 3.12 Confocal imaging of transgenic mouse brain slices. (a) Confocal images of

ThT stained

RB-AuNPs
stained

transgenic mice brain slices in different ages, the brain slices were stained separately using ThT or
RB-AuUNPs. Brain slices from 9 months old wild type mice were used as control groups. (b)
Confocal z-stack images of transgenic mice brain slice stained with both ThT and RB-AuNPs. The
2d scatter histogram was plotted by setting the intensities of RB-AuNPs as X-axis and the
intensities of ThT as Y-axis.
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Apart from fluorescence imaging, the RB-AuNPs stained mice brain slices were also
investigated by Raman spectral imaging (Raman mapping). For each sample, 2700 measurement
spots were taken and the size of each spot was 2.5 X 2.5 um?. After the measurement, the Raman
mapping was generated based on a signal-to-baseline algorithm. Two spectral ranges were selected
to generate the Raman mapping. The results were plotted at two spectral ranges which covers the
two major peaks in the RB-AuNPs’ Raman spectrum: 1470 cm™ to 1510 cm™ , covering the peak
at 1490 cm™, and 1590 cm™ to 1630 cm™, covering the peak at 1610 cm™. As we can see from
Figure 3.13, the Raman images generated from both ranges did not show significant differences
between the control (wild type mouse brain) and the experimental (transgenic mouse brain) groups.
However, by highlighting the spots in which Rpea (Rpeak= intensity at 1490 cm™ divided by the
intensity at 1610 cm™) is greater than 1, an obvious difference was observed. The significantly
increased density of highlighted spots is associated with the deposited amyloid plaques in the

transgenic mouse brains.
a b cp
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d - e - f . .
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Figure 3.13 Raman mapping of mouse brains stained with RB-AuNPs. (a) and (d) Raman
mappings (pseudo-color) plotted by calculating the signal to baseline area at the range of 1470 cm-

1t0 1510 cm™* for the control group (9-month wild-type mouse) and experimental group (9-month
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transgenic mouse). (b) and (e) Mappings plotted by calculating the signal to baseline area at the
range of 1590 cm™ to 1630 cm (signal to baseline area). (c) and (f) The highlighted spots in which
the Rpeak (intensity at 1490 cm™ divided by the intensity at 1610 cm™) value is great than 1.

3.8. Summary

This chapter presented the preparation and application of RB conjugated gold nanoparticles as
bifunctional nanoprobes for the detection of SERS-based AB42 peptides and the fluorescence
imaging of amyloid plaques. It was demonstrated that the Raman scattering of RB molecules is
significantly enhanced when conjugated to AuNPs and the enhanced Raman spectrum found to
exhibit detectable changes in the presence of amyloid peptides. In addition, it was also inferred
that the interaction between AP42 peptides and RB-AUNPs generate strongly enhanced
fluorescence, which was sufficient for the labeling of amyloid plaques in mouse brain slices.

Fluorescence imaging using the RB-AuNPs revealed an age-dependent amyloid deposition,
consistent with reported previous studies. The labelling specificity is also comparable with the
commonly used amyloid dyes. Based on the various observations and illustrations made through
this chapter, it can be concluded that a proof-of-concept study for the application of multifunctional
nanoprobes is successfully carried out for the detection of amyloid. Based on this study, it is further
envisaged that RB-AuNPs nanoparticles, which are successfully applied as inhibitors for amyloid
aggregation, hold a great potential to be utilized as theranostic agents for amyloidosis in the near
future.

The next chapter will discuss the application of C-dots as amyloid inhibitors. The C-dots were
synthesized from microwave-assisted hydrothermal pyrolysis of sucrose. The bottom-up synthesis
route is more facile than the previously reported top-down approaches. In addition, the usage of

natural carbon sources ensures the biocompatibility of the C-dots. After synthesis and
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characterization, the inhibition effect of C-dots with different passivation agents was carefully

investigated.
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Chapter 4: Carbon Dots based Amyloid Inhibitors

This chapter focuses on the application of C-dots as amyloid inhibitors. Two types of C-dots were
synthesized through a bottom-up process, in which sucrose is hydrothermally pyrolyzed using
microwave irradiation. Two types of passivation agents were added prior to the pyrolysis to
generate PEG passivated C-dots (CD-G) and PEI passivated C-dots (CD-1). Inhibition assays
where AP42 peptides were incubated with CD-G or CD-I show that CD-G could promote Af42
fibrillization while CD-I could inhibit it. Cell viability assays further revealed that both types of
C-dots could effectively reduce the cytotoxicity of Ap42 peptides. The observed results suggest that
passivation agents used in the synthesis of C-dots play a vital role in the interaction between C-
dots and amyloid peptides. In addition, this study also shows that bottom-up synthesis holds a
great potential as a facile and low-cost method for the preparation of C-dots-based amyloid

inhibitors.

4.1. Introduction

As discussed in the literature review chapter, AB42 peptides are playing a major role in the
pathology of AD due to their faster aggregation rate and higher neurotoxicity. Ap42 contains two
highly hydrophobic segments (16-20 amino acids and 30—-40 amino acids), and a considerable
amount of charged amino acid residues. In aqueous conditions, the hydrophobic and the
electrostatic interactions lead to a rapid aggregation [233-235]. The aggregated Ap42 peptides first
form soluble oligomers and then develop into mature fibrils and plaques. Owing to different
degrees of polymerization, a variety of aggregation products are formed in the aggregation process
and exhibit different levels of cytotoxicity. The alteration of amyloid aggregation is believed to be

a promising therapy for AD and various nanoparticles have been used as amyloid inhibitors.

83



Carbon Dots based Amyloid Inhibitors Chapter 4

Carbon-based nanomaterials have emerged as promising candidates due to their high
biocompatibility, ease of synthesis and high feasibility for further functionalization. Recently, Xu
et al. reported the inhibition of AB40 and AB42 fibrillation using carbon dots (C-dots) [192].
However, the C-dots used in that study were prepared by top-down synthesis: the carbon source is
carbon nanopowder that is peeled off from bulk graphite by laser ablation. In addition, the
passivation of that C-dots is achieved by long-time reflux in the presence of strong acids. All the
aforementioned factors have compromised the feasibility of the production and the batch-to-batch
stability for C-dots.

To overcome the limitation of top-down synthesis, this chapter presents a bottom-up synthesis
of C-dots using sucrose as the carbon source. For biomedical applications, the bottom-up strategy
is considered as a more appropriated method due to its potential to achieve green and large-scale
synthesis [236-238]. The C-dots synthesis was completed in a one-pot reaction in which sucrose
was hydrothermally pyrolyzed under microwave irradiation. Two different passivation agents,
PEG and PEI, were added prior to the pyrolysis to produce two types of C-dots: PEG passivated
C-dots (CD-G) and PEI passivated C-dots (CD-I). Both types of C-dots showed excellent
biocompatibility and can be readily taken up by neuronal cells. However, the two types of C-dots
induced opposite effects on the aggregation process of AB42. CD-I was capable of inhibiting the
fibrillation of AB42, while CD-G could accelerate the AB42 aggregation. Interestingly, both types
of C-dots can reduce the cytotoxicity of AB42. These findings suggest that C-dots from a bottom-
up synthesis can be used for the intervention of the amyloid aggregation process. Such an

intervention holds a great potential in the development of new molecular therapies for AD.
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4.2. Synthesis of C-dots

The overall process for the synthesis and purification of C-dots is illustrated in Figure 4.1. First,
sucrose and a passivation agent were mixed and dissolved into a clear solution. Then the mixed
solution was heated to 150 °C for 5 mins in a microwave hydrothermal reactor. After the pyrolysis
reaction, the clear solution was transferred into a dark brown solution. To purify the generated C-
dots, the brown solution was centrifuged in order to remove large deposits, followed by dialysis to
remove unreacted small molecules. Dialysis is a process that can separate different solutes using a
semi-permeable membrane. The dialysis membrane used in this experiment has a molecular weight
cut-off (MWCO) equals 12 kDa. That means that small molecules with a molecular weight less
than 12 kDa can readily pass the membrane, but larger particles such as the generated C-dots had
to stay inside the dialysis tube. The efficacy of purification by a dialysis process is determined by
the ratio between the volume of the liquid outside the dialysis tube (Vout) and the liquid inside the
dialysis tube (Vin). Assume that the total concentration of un-reacted ingredients inside the dialysis
tube is Co. When the mixed solution has completed one round of dialysis (the solution inside and
outside the dialysis tube has reached equilibrium), the total concentration of un-reacted ingredients
left inside the dialysis tube C: can be calculated by:

Ci= COVin/(Vin + Vout) ................ 4.1

Normally Vout >> Vin, therefore, Formula 4.1 can be simplified as

Ci=CoVilVour 4.2

To further enhance the purification efficiency, the dialysis process was repeated for multiple
times (n) by replacing the liquid outside the dialysis tube. The final concentration of remaining
un-reacted ingredients C, can be calculated by:

Cn= CO(Vin/Vout)n ................ 4.3

85



Carbon Dots based Amyloid Inhibitors Chapter 4

In particular, the Vin/Vout in this study was set to be 1/200 (10 ml of the reacted solution against
2000 ml de-ionized water) and the dialysis was repeated for three times. Therefore, after the
dialysis, the remaining un-reacted sucrose and passivation agents was reduced to 1.25 x 10%%.
Finally, the purified C-dots were lyophilized to remove the water solvent. Lyophilisation is a
technique that can remove solvents at low temperature. The C-dots solutions were first frozen at
-80 °C and then transferred into a lyophilizer inside which an ultra-high vacuum (107 pascal) was
created. The temperature inside the lyophilizer was maintained at a low level (<0 °C), but in such

a low pressure, the heat is enough to sublime the solvent water and leave only the purified C-dots.
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Figure 4.1 Scheme for the synthesis and purification of C-dots.

4.3. Characterization of C-dots

The size and morphology of the CD-G and CD-I were observed by TEM (Figures 4.2a and

4.2c). The size distribution histograms for CD-G and CD-I (Figures 4.2b and 4.2d) were plotted
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by randomly measuring 100 particles for each. Both C-dots were well dispersed in aqueous
condition. The average size of CD-G was found to be 6.45 + 1.45 nm, whereas CD-I was slightly

smaller with an average diameter of 4.16 = 0.96 nm.
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Figure 4.2 TEM images and size distribution of CD-G (a and b) and CD-I (c and d). The
average size of CD-G is 6.45 + 1.45 nm and that of CD-I is 4.16 + 0.96 nm. The high resolution

TEM images for CD-G and CD-I are inserted in a and c, respectively, outlined by the yellow box.

The UV-Vis absorption spectra and zeta potential of CD-1 and CD-G are presented in Figure
4.3. Both C-dots exhibited very strong absorption in the short wavelength range. In PBS buffer

(pH=7.4), CD-G could be considered as a neutral particle with a zeta potential of +1.02 mV. On
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the other hand, due to positively charged nitrogen atoms in PEI molecules [239], CD-I is positively

charged with a zeta potential of +22.5 mV.
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Figure 4.3 (a) UV-Vis spectra of CD-G and CD-I, and the zeta potential of CD-G (b), and
CD-1 (c).

Figure 4.4 shows the photoluminescence (PL) properties of CD-G and CD-I. A characteristic
excitation-dependent emission of both C-dots was observed. From the PL spectra and the emission
map of CD-G, maximum emission of CD-G was observed at 400 nm excitation/ 510 nm emission
(Figures 4.4a and 4.4c), whereas the emission centre for CD-I was at longer wavelengths of 480
nm excitation/ 590 nm emission (Figures 4.4b and 4.4d). Both C-dots had a large Stoke’s shift of
110 nm. For bioimaging applications, large Stoke’s shift offers an advantage, since it can reduce
self-quenching and errors produced by excitation backscattering [240]. In addition, CD-I showed
detectable PL emission at the Vis-IR range, making it a suitable bio-imaging probe since the light

absorbance and scattering of biological tissues are much weaker in Vis-IR range than the UV-Vis

range [86].
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Figure 4.4 Fluorescence spectra and emission map of CD-G (a and c) and CD-I (b and d).
Maximum emission of CD-G was observed at 400 nm excitation / 510 nm emission. Maximum

emission of CD-l was observed at 480 nm excitation / 590 nm emission.
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4.4, Biocompatibility and Cellular Uptake of C-dots
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Figure 4.5 Biocompatibility and cellular uptake of C-dots. (a) Cell viability test (MTT) for CD-
G and CD-I; and the confocal images (z-stack) of SHSY-5Y cells incubated with CD-G (b) and
CD-I (c).

The biocompatibility of CD-G and CD-l was evaluated by MTT assay on SH-SY5Y

neuroblastoma cells. SH-SY5Y cells were derived from a metastatic bone tumour and have been
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widely used as in vitro models of neurodegenerative diseases [241, 242]. The viability
measurements of SH-SY5Y cells after 24h incubation with CD-G and CD-I are shown in Figure
4.5a. The results demonstrated that even at very high concentrations of CD-G (250ug/ml), the
viability of SH-SY5Y cells was greater than 90%, indicating the excellent biocompatibility of the
compound. CD-I, on the other hand, showed a slightly higher cytotoxicity at high concentrations
(200-250ug/ml). However, at lower concentrations (50-150ug/ml), the toxicity of CD-I is
comparable with CD-G. Considering that for most biomedical applications the reported C-dots
concentration used is less than 100 ug/ml, it is reasonable to conclude that both CD-G and CD-I
are biocompatible nanoparticles. Confocal images of SH-SY5Y cells incubated with CD-G and
CD-1 are shown in Figure 4.5b and 4.5c. The cell morphology in both conditions remained intact
and both types of C-dots could readily enter the cells. Although amyloid plaques are extracellular
deposits, recent studies have found that intracellular amyloid peptides are also contributing to the
pathogenesis of AD. Intracellular AB42 peptides have been found responsible for inducing
neuronal apoptosis, and the build-up of intracellular amyloid is considered as an early event in the
progression of AD [56]. Therefore, a good cellular uptake is desirable for nanomedicines which

are targeting amyloid.
4.5. Alteration of the Ap42 fibrillization process

The effect of C-dots on the Ap42 fibrillization process was investigated by incubating AB42
with either CD-I or CD-G at 37°C for 24 hours. The Kkinetics of fibrillization was monitored by the
ThT assay. ThT is a dye that specifically binds to the beta sheets of amyloid fibrils and the binding
could enhance the quantum yield of ThT. Therefore, the kinetics of amyloid fibrillization is often
monitored by measuring the fluorescence of added ThT [83]. Figure 4.6 shows the ThT assay in

the presence or absence of CD-G/CD-I1. The control group (Figure 4.6 - red curve), where the Ap42
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was incubated without C-dots, showed a typical three-stage process: the lag phase (from Oh to 4h),
the elongation phase (from 4h to 20h) and the steady phase (from 20h onward). In the lag phase,
AP42 monomers aggregated into small clusters. There were a few beta-sheet structures in the small
clusters and therefore the ThT fluorescence increased slowly. In the elongation phase, the quantity
of AP42 clusters was enough to serve as nuclei that quickly developed into fibrils by further
absorption of monomers and small oligomers. The fast growth of fibrils is represented by the rapid
increase of the ThT fluorescence. In the final steady phase, most of the AB42 peptides were already
aggregated, and therefore the fibrillization process ended, represented by a plateau in the ThT
fluorescence curve. In the presence C-dots however, the AB42 showed an altered fibrillization
process. When incubated with CD-G, there was no apparent lag phase, the fibrillization started
almost immediately after incubation and reached a steady phase earlier than the control group
(Figure 4.6 - blue curve). On the other hand, when incubated with CD-I, the lag phase of AB42
fibrillization was similar to that of the control group, but fibril growth was much slower in the

elongation phase (Figure 4.6 - yellow curve).
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Figure 4.6 ThT assay of 20 nM Ap42 peptides when incubated with/without C-dots.
TEM images of the amyloid fibrils, generated with different conditions, are consistent with the
ThT assay results (Figure 4.7). Figure 4.7a shows the morphology of the amyloid fibrils after 24h
incubation of AP42 peptides alone. Figure 4.7b shows the morphology of AB42 fibrils when
incubated with CD-G. The fibrils are denser and thicker than those of the control groups. Figure
4.7¢ shows the morphology of AB42 aggregates when incubated with CD-I. No mature fibrils were

observed and, instead, only amorphous clusters were detected.
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Figure 4.7 TEM images of amyloid fibrils after 24 hours incubation. (a) AB42 incubated alone;
(b) AB42 incubated with CD-G and (c) AB42 incubated with CD-I.

The reason for the different fibrillization behaviours of AB42 in the presence of CD-G or CD-I
could be attributed to the surface coating and the surface charge of the two C-dots (Figure 4.8).
PEGylated nanoparticles have been found capable of altering amyloid fibrillization. Depending on
the particle’s size, charge and hydrophobicity, the fibrillization process could either be retarded or
accelerated [243-245]. For CD-G, the PEG chains at the surface of the particles acted as sieves
that captured the free AB42 peptide monomers. By doing so, the local concentrations of AB42 in
the vicinity of CD-G dramatically increased which consequently triggered faster aggregation.
Since CD-G is non-charged particles, the sieving is achieved by Van der Waals force, which is not
strong enough to affect the elongation phase. Meanwhile, for CD-I, the surface charge plays an
important role in the intervention of AB42 fibrillization process. Previous studies have found that
electrostatic interactions are a major contributing force in the elongation phase and charged
particles could inhibit the fibrillization process by affecting these electrostatic interactions [184-
186]. However, there are controversial studies about how the electrical properties affect the
amyloid aggregation process. Some studies suggest that positively charged particles exhibit greater

inhibition of amyloid fibrillization. This could be explained by the tight binding between the
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positively charged particles and the AP peptides that carry a net negative charge [185, 189, 190].
Other studies indicate that negatively charged particles could achieve more efficient inhibition
than positively charged ones [186, 188]. One possible explanation for these contradictory
observations is that the inhibition effect is a result of synergy from the particle’s polarity, size,
hydrophobicity and particle/peptide ratio. Therefore, polarity alone doesn’t determine whether a
particle would accelerate or inhibit the amyloid fibrillization. Recent studies suggest that the
surface charge density of particles, instead of particle polarity, is more likely to be the defining
factor for the inhibition efficiency [187, 191]. The surface charge density is proportional to the
particle’s zeta potential and inversely proportional to the size of particles [246]. Therefore,
although the zeta potential of CD-I is not very large (+22.5 mV), the small size of CD-I (~4.16 nm)
gives a high surface charge density to CD-I, consequently leading to an effective inhibition of

APB42 fibrillization.
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Figure 4.8 Schematic illustration of the interaction between AB42 and C-dots. In the presence
of CD-G, the PEG corona of CD-G could capture the Af42 monomers, causing locally increased
AP42 concentration, and consequently lead to an enhanced fibrillization. In the presence of CD-l,
the charged particles could affect the elongation phase of AP42 fibrillization, leading to an
amorphous aggregate of Ap42.
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Figure 4.9 Mitigation of AB42 toxicity. The cell viability of SH-SY5Y cells after 24 hours of
incubation with AP42 was measured. The addition of CD-G and CD-I at the beginning of
incubation could reduce the cytotoxicity of Ap42.

To test how CD-G and CD-I affect the cytotoxicity of Ap42, SH-SY5Y cells were incubated
together with AB42 and CD-G/CD-I. The viability of the SH-SY5Y cells was measured by MTT
assay and the results are listed in Figure 4.9. AB42 alone exhibited a significant toxicity on
neuroblastoma cells, causing a 40% reduction in cell viability. Interestingly, despite the opposite
effect on the amyloid fibrillization, the addition of both CD-G and CD-I at the beginning of the
incubation increased the cell viability up to 79.5% for CD-G and up to 91.3% for CD-1. The
toxicity mitigation of CD-I is consistent with previous studies where it was shown to prevent the
formation of toxic fibrils [39]. For CD-G, the accelerated fibrillization promoted the

transformation of oligomers and protofibrils into mature fibrils, thereby reducing the cell’s
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exposure to AB42 oligomers and protofibrils which are more toxic than the mature form of amyloid

aggregates.
4.6. Summary

In summary, this chapter describes the preparation and utilization of C-dots-based amyloid
inhibitors. Two types of C-dots, CD-G and CD-I, were synthesized through microwave-assisted
pyrolysis of sucrose using PEG or PEI as passivation agents. The synthesis was completed by a
facile, bottom-up method. Both types of C-dots have excellent biocompatibility and can readily
enter neuronal cells. The interactions between AB42 fibrillization and the two types of C-dots were
investigated by ThT assay and TEM. CD-G could accelerate the fibrillization process of Ap42 and
CD-I1 could inhibit it. When incubated with cells, both C-dots could successfully mitigate the
toxicity effect induced by the AP42 peptides. The results suggest that passivation agents play a
vital role in the interaction between peptides and C-dots. This study also shows that bottom-up
synthesis is a promising method to prepare C-dots-based amyloid inhibitors.

The subsequent chapter presents the enhanced targeting of SH-SY5Y cells by IONPs.
This is achieved by conjugating dye-labelled AB42 peptides with IONPs. The enhanced cellular
uptake is attributed to the amyloid uptake capability of SH-SY5Y cells. As discussed in the
literature review chapter, the cellular uptake of amyloid peptides is an important
physiological event that takes place in the early stage of AD pathogenesis. Therefore, the
AP42 peptide-functionalized IONPs can be used as potential diagnostic tools for the early

diagnosis of AD.
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Chapter 5: Iron Oxide Nanoparticles for Specific Neuronal Cell
Targeting

This chapter describes the utilization of IONPs for the specific targeting of SH-SY5Y cells. The
chapter begins with the description of the preparation of Af42 functionalized IONPs (Ap42-
IONPs). The AB42 peptides were first labelled with Atto 647 dyes and then conjugated with amine-
functionalized IONPs. Due to the pre-labeled Atto 647 dyes, the as-prepared Ap42-10ONPs are
magnetofluorescent. When incubated with SH-SYS5Y cells, the cellular uptake of Ap42-IONPs was
enhanced, compared to that of bare IONPs. Further, by labelling SH-SY5Y and HCT-116 cells, it
was found that the AB42-10NPs are selectively targeting the neuronal cells. This enhanced and
specific neuronal targeting is attributed to the cellular uptake of extracellular amyloid by SH-SY5Y
cells. In addition, the MR contrasting capability of the Ap42-1ONPs is preserved after the peptides
functionalization. The experimental results suggest that the Ap42 functionalized
magnetofluorescent IONPs can be used as a bimodal probe to interrogate the cellular uptake of

amyloid peptides.

5.1. Introduction

When it was originally reported, the amyloid cascade hypothesis claimed that the extracellular
amyloid aggregates are the major pathological hallmarks, and the main toxicity generators in the
pathogenesis, of AD. However, as it was soon found that for many AD patients, their disease
progression did not correlate well with the aggregation of extracellular Ap plaques. Further, many
individuals who possess a considerable amount of amyloid deposits did not show cognitive decline
[247]. These findings suggest that, apart from extracellular amyloid aggregates, other factors are

also playing important roles in the progression of AD. The discovery of intracellular amyloid shed

98



Iron Oxide Nanoparticles for Specific Neuronal Cell Targeting Chapter 5

a new light on the mechanism of AD pathogenesis. Animal studies on transgenic mice models
suggest that the presence of intracellular amyloid is an early event in the progress of AD [41].
Intracellular amyloid is also correlated with synaptic dysfunction and cell death [56, 248].
Intracellular amyloid originates from two different sources. It can be produced by the proteolysis
of APP in the membrane of intracellular organelles. Alternatively, extracellular amyloid can be
taken up by neuronal cells to contribute to the intracellular amyloid pool. In addition, the cellular
uptake of extracellular amyloid is linked with the spatiotemporal spreading of neuronal
dysfunction. AB oligomers, produced in cells with overexpressed APP, can migrate to cells with
lower quantity of APP and induce cell death [249]. The exact mechanism of this amyloid uptake
is not fully understood. Most exogenous amyloid taken up by neuronal cells will colocalize with
lysosomes and endosomes, suggesting that the endosomal-lysosomal pathway is most likely
involved in the cellular uptake of amyloid [249]. The amyloid selectivity towards neuronal cells
also suggests that this uptake is regulated by specific receptors [63].

Iron oxide nanoparticles (IONPs) have been widely employed in different biomedical
applications including MR imaging [250], drug delivery [251, 252] and magnetic hyperthermia
therapy [253]. To enhance the specificity of IONPs, biorecognition targeting ligands, such as
antibodies, peptides, and aptamers, can be conjugated to the nanoparticles [132]. Among these
ligands, peptides are particularly well investigated due to their low molecular weight, ease to
synthesize and generally non-immunogenic nature [254]. Those peptides could be classified into
two types:

a) Cell-penetrating peptides (CPP), such as TAT peptides, that enhance the cellular uptake by

activating single or multiple endocytotic mechanisms [255].
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b) Cell-targeting peptides (CTP), such as RGD peptides, that target a certain cell by binding to
receptors which are upregulated in the target cells [256].

In the experiments presented in this chapter, AB42 peptides were utilized as CTPs to facilitate
the neuro-targeting of IONPs. By conjugating dye-labeled AP42 peptides with amine-
functionalized IONPs, magneto-fluorescent IONPs were prepared and then used for selective
labelling of SH-SY5Y neuroblastoma cells. The results suggest that AB42 functionalized IONPs

can be used as bifunctional nanoprobes for the interrogation of intracellular amyloid accumulation.
5.2. Labelling Ap42 with Atto 647 dye

Although MRI is capable of providing a lot of physiological information, it is still suffering
from limitations, such as low sensitivity and long acquisition time [257]. In order to obtain more
comprehensive biological information, multimodal IONPs can be prepared by integrating IONPs
with additional contrast agents, including fluorescent dyes, Quantum Dots, and positron emitting
isotopes [86]. In order to render the IONP into a fluorescent probe, prior to the peptide conjugation,
the APB42 peptides were first labelled with Atto 647 dye. As shown in Figure 5.1, the Atto 647 dye
is available in the form of NHS ester. At mild pH condition (PBS buffer, pH=7.4), the NHS ester
can rapidly react with the primary amine groups in the AB42 peptides and form stable amide bonds.
After conjugation, the conjugated Atto647-AB42 was purified using size exclusive
chromatography (SEC). SEC is a chromatographic technique that can separate mixed materials
based on their size. For Atto647 and AP42, the size difference is reflected by the distinct molecular
weight (843 g/mol for Atto647 and 4514.1 g/mol for AB42). The SEC column is prepacked with
porous gel. The unpurified Atto647-Ap42 was placed on the top of SEC column and then entered
the SEC column under gravity effect. When the mixed conjugation products were traveling

downward inside the column, the different molecules can enter the pores in the gel and then exit.
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Based on their size, molecules spend different time periods inside the pores. Large molecules
cannot enter the pores and therefore travel faster. Meanwhile, small molecules that can readily
enter the pores stay much longer. By collecting different eluates under the SEC column, the
Atto647-conjugated AP42 can be separated from free Atto647. However, due to the small size
difference between conjugated and unconjugated AP42 peptides, SEC cannot remove the
unconjugated AP42 peptides. The separation is confirmed by measuring the fluorescence of eluates.
As shown in Figure 5.2, ten eluates were collected after the SEC purification and each eluate has
a volume of 1 ml. The numbering of the eluates represents the sequence of collection (eluate 1 is
the first collected eluate and eluate 10 is the last collected eluate). Fluorescence was first detected
in eluates 2 and 3, and this is attributed to the dye-labelled AB42 peptides. Next, during the period
in which eluates 4 to 7 were collected, the small Atto647 molecules were still travelling inside the
column, and therefore the fluorescence intensities in eluates 4 to 7 are negligible. Finally, the free
Atto647 exited from the bottom of SEC column, indicated by the strong fluorescence detected in

eluates 8 and 9.
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Figure 5.1 Scheme for the labelling and purification of AB42 peptides.
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Figure 5.2 Fluorescence intensity for eluates after SEC purification. Fluorescence was first
detected in eluates 2 and 3, attributed to the dye-labelled AB42 peptides, which migrated faster due
to their large molecular weight (refer to Figure 5.1). Fluorescence intensities in eluates 4 to 7 are
very weak because Atto647 molecules were still travelling inside the column. The strong
fluorescence in eluates 8 and 9 are caused by the free Atto647 that finally exited from the SEC

column.

After the SEC purification, eluates 2 and 3, containing most of the Atto647-Ap42, were

collected for further studies. The dye/peptide ratio (D/P) was calculated by the following formula:
D/P = Aear x eapaa/ [Azs0 — (Aea7x0.05)] x 150000 5.1
Ass7 = Absorbance at 647 nm

Aogo = Absorbance at 280 nm
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eaps2 = 1450 cm M1, the molar extinction coefficient of AB42 at 280 nm [258].
The calculated D/P is 0.23. This relatively low D/P is due to the presence of un-conjugated

Ap42.
5.3. Functionalization and Characterization of IONPs

After the labelling of peptides, the Atto647-Ap42 was then conjugated with amine-
functionalized 1ONP through a one-step EDC/NHS reaction. The carboxylic groups of Ap42
peptides were activated by the EDC crosslinker and then reacted with the amine groups on the
surface of IONPs. NHS was also added as a catalyst to enhance the conjugation efficiency. In order
to prevent the self-crosslinking between AB42 peptides, the peptides were mixed well with the
IONPs before the addition of EDC/NHS solution. By doing so, most of the amine groups that
reacted with the activated carboxylic groups would be those from the surface of IONPs. After the

conjugation, the Atto647-Ap42-10NPs were also purified using SEC.
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Figure 5.3 TEM image of Atto647-Ap42-1ONPs. The average size of the IONPs is 15 nm.

The morphology of the Atto647-Ap42-10NPs was characterized by TEM. As shown in Figure
5.3, the average size of the IONPs is 15 nm and the water dispersity is not affected by the
functionalization. Due to the low molecular weight of AP42 peptides, the conjugated AP42
peptides cannot be visualized in the TEM image.

The successful conjugation of Atto647-ApB42 was confirmed by changes in the hydrodynamic
diameters of IONPs, measured by dynamic light scattering (DLS). As discussed in Chapter 3, those
nanoparticles that are dispersed in solutions will be encapsulated by a bi-layer structure formed by
the absorbed solvent molecules. The hydrodynamic diameter equals to the core size of
nanoparticles plus the thickness of the solvent layer. DLS is an optical technique that can measure
the hydrodynamic size of particles or large molecules. To conduct the DLS measurement, a
monochromatic laser is used to illuminate the particle suspension. When the light travels across
the suspension, the small particles will scatter the light to all directions, and the scattered photons
will then be detected by detectors that are positions at either right angle (90°) or back angle (173°).
Due to the continuous Brownian motion of particles, the relative distance between particles are
constantly changing, leading to varying interference of the scattered light. This varying
interference is reflected as fluctuating signals measured by the detector. Taking the advantage of
autocorrelation, the hydrodynamic size information can be extracted from the recorded light
intensity pattern. As shown in Figure 5.4, the hydrodynamic diameter of unconjugated IONPs is
16.4 nm, slightly larger than the core size. After the conjugation of AB42, the solvent molecules
were absorbed on top of the conjugated peptides, leading to an increased hydrodynamic diameter
of 36.8 nm. This observed increase in the hydrodynamic diameters further proves the successful

conjugation between AB42 and IONPs.
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Figure 5.4 DLS measurement of IONPs and Atto647-Ap42-IONPs. The x-axis is the
hydrodynamic diameter and the y-axis is the number of particles (expressed in % of total number)
with different hydrodynamic diameters. The hydrodynamic diameter of IONPs increased from

16.4 nm to 36.8 nm before and after the conjugation.

Apart from the hydrodynamic diameters, the appearance of fluorescence emission also proves
the successful conjugation of dye-labelled peptides. As shown in Figure 5.5a, the original IONPs
are non-fluorescent (blue curve). After conjugation, the fluorescence of Atto647 was not quenched
(red curve). The emission map of Atto647-AB42-10NPs (Figure 5.5b) suggests that fluorescence
emission of Atto647-Ap42-10NPs becomes detectable when the excitation wavelength is longer

than 600 nm and reached maximum under 646 nm excitation.
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Figure 5.5 Optical characterization of IONPs. (a) Emission spectra of IONPs and Atto647-
APB42-10NPs under 646 nm excitation. (b) Emission map of Atto647-Ap42-10NPs.

The biocompatibility of the Atto647-Ap42-10NPs was tested by incubating the IONPs with
SH-SY5Y neuroblastoma and HEK293 embryonic kidney cells. The results were illustrated in

Figure 5.6. It was clear that Atto647-Ap42-10NPs exhibit low cytotoxicity towards both SH-SY5Y
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and HEK293 cells. It is well known that AB42 is toxic to neuronal cells such as SH-SY5Y cells
[259]. In this study, the AB42 peptides were conjugated to IONPs through stable covalent bonds,

which prevented the generation of toxic species through AB42 aggregation.
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Figure 5.6 Cell viability assays for Atto647-Ap42-10ONPs. The functionalized nanoparticles

show low toxicity to both cells.

5.4. Specific Targeting to SH-SY5Y Cells

The enhanced uptake of Atto647-Ap42-I0NPs by the SH-SY5Y cells was validated by
comparing the cells’ uptake of the Atto647-Ap42-10NPs with the original IONPs. SH-SY5Y cells
were seeded in 6-well plate and then incubated with Atto647-AB42-10NPs or unconjugated IONPs
for 6 hours. After the incubation, the SH-SY5Y cells were stained using Prussian blue (PB)
staining. As its name suggests, PB is a blue pigment that is produced from ferrous ferrocyanide
salts. For histochemical applications, PB is widely used as a sensitive indicator to detect the
presence of iron in cells and tissues. Before the staining, PB solution (4%) was mixed with an
equal volume of HCI solution (4%). The HCI was used to break the protein-iron linkages in order

to release free Fe ions. These free Fe ions can then combine with potassium ferrocyanide to form
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ferric ferrocyanide, a highly insoluble blue pigments. Technically, PB refers to this blue pigments.
Therefore the cells were actually stained by potassium ferrocyanide. However, due to historical
reason, this staining operation is generally called PB staining. As shown in Figure 5.7, it is clear
that the cells incubated with Atto647-AB42-10NPs (Figure 5.7b) show much more blue pigments

than those incubated with unfunctionalized IONPs (Figure 5.7a), suggesting an enhanced uptake

of the Atto647-AB42-10NPs by SH-SY5Y cells.

Figure 5.7 Prussian blue staining of SH-SY5Y cells. (a) Cells incubated with unfunctionalized
IONPs, (b) cells incubated with Atto647-AB42-10NPs. Cell images were taken using a Leica
DM5500B upright widefield fluorescence and BF microscope, with a 10X objective.

The selectivity of Atto647-Ap42-10NPs towards neuronal cells was validated by concurrently
labelling SH-SY5Y and HCT-116 human colon cancer cells using Atto647-Ap42-10NPs. Using a
confocal microscope, the dye-labeled peptides on the surface of the IONPs make it possible to
detect the nanoparticles uptake. As shown in Figure 5.8, the SH-SY5Y cells which had been

previously incubated with Atto647-AB42-10NPs show a significant uptake of the nanoparticles.
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Strong fluorescence was detected in the cytoplasm of the SH-SY5Y cells. Meanwhile, HCT-116
cells that had also been incubated with the same quantity of Atto647-Ap42-10NPs show negligible
fluorescence signals. This obvious difference in the cellular uptake of Atto647-Ap42-IONPs
suggests that this peptide-functionalized nanoprobe is targeting SH-SY5Y cells specifically.

Bright Field 647 nm Excitation Merged

SH-SYS5Y

HCT-116

Figure 5.8 Confocal images of SH-SY5Y and HCT-116 cells. Both cells incubated with
Atto647-AB42-10NPs for 6 hours before imaging. Cells images were taken using a Zeiss LSM

800 upright confocal microscope with a 20X objective.
5.5. MR Relaxivity Measurement

The contrasting capability of IONPs can be quantified by their relaxivity. As shown in Formula

5.2, relaxivity describes how the observed proton relaxation time changes as a function of the
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magnetic materials’ concentration. The relaxivity value of a contrast agent can be affected by
temperature, field strength and surrounding medium in which the agents are dispersed [260] [261].
YTi=UTe+n[C),i=12 52
1/ Tiis the Ty or T2 relaxation rates.
1/ Ti%is the intrinsic relaxation rate of the examined sample.
ri = Ty or T2 relaxivities
[C] = Concentration of magnetic materials.
a

Fe Concentration (mM)  0.0625 0.125 0.25 0.5 1.0

Unconjugated IONPs

Atto647-AB42-I0ONPs

Control (PBS)

b

Fe Concentration (mM)  0.0625 0.125 0.25 0.5 1.0

Unconjugated IONPs

Atto647-AP42-IONPs . . QD/

Control (PBS)

Figure 5.9 MR images of Atto647-Ap42-10NPs and unconjugated IONPs. (a) T2 weighted MR
images and (b) T1 weighted MR images.

Figure 5.9 shows the MR images for the two types of IONPs in different concentrations.
Compared to the control images, it was obvious that both conjugated and unconjugated IONPs

could enhance the MR contrast in Ty and T> weighted MR images.
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Figure 5.10 T2 (a) and T1 (b) relaxation curves of Atto647-Ap42-1ONPs and unconjugated
IONPs. The r1 relaxivity of Atto647-Ap42-IONPs is 5.6551 s mM ™t and r; is 46.506 s mM ™,
r1 of the original IONPs is 6.3785 s mMtand r2is 53.075 s * mM ™.

Figure 5.10 shows the relaxation curves for Atto647-Ap42-10NPs and unconjugated IONPs.
The relaxivities of two types of IONPs are calculated from the linear slope of fitted curves. For

Atto647-AB42-10NPs, the r; value is 5.6551 s mM™ and r, value is 46.506 s mM™. The
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original IONPs have slightly higher relaxivities (r.=6.3785s* mM 2, r,=53.075s T mM™). The
reduced relaxivities are attributed to the conjugation of AP42 peptides, which increased the
hydrodynamic size of the particles. Since the contrasting capability of IONPs depends on the
interactions between the surface Fe atom and the water protons nearby, a conjugated AB42 peptide
layer could affect the water’s accessibility to the magnetic particles and, consequently, led to a
reduced relaxivity [262]. However, as this relaxivity reduction is not significant, the Atto647-

AP42-10NPs can still serve as T» contrast agents.
5.5. Summary

This chapter demonstrated the preparation of AB42 peptides functionalized magnetofluorescent
IONPs that can be used for specific targeting of SH-SY5Y neuroblastoma cells. The specificity is
due to the selective uptake of AB42 peptides by the SH-SY5Y cells under in vitro conditions. This
cellular uptake of amyloid is an important pathological event at the early progression of AD. The
specific targeting was confirmed by PB staining and confocal microscopy. In addition, the MR
contrasting capability of IONPs was well preserved after the peptide conjugation, suggesting that
the functionalized IONPs can be used as bi-functional nanoprobes for both fluorescence and MR
imaging. In summary, by specifically targeting neuronal cells that are involved in the cellular
uptake of amyloid peptides, AP42 functionalized IONPs hold a promising potential as
multifunctional imaging probes to explore the physiology of AD.

The next chapter is the conclusion chapter. The major contributions of this thesis work to the

field will be summarized. The direction for future research will also be discussed.
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Chapter 6: Conclusions and Suggestions for Future Research

This chapter begins with conclusions for the whole thesis. The major contributions, accomplished
through the various experiments, are highlighted. The chapter ends with suggestions for future

research.

6.1. Conclusions

Thanks to the development of medical science and technology, global life expectancy has
dramatically improved during the last century. However, this increased life expectancy also entails
changes regarding the leading causes of disease and death. One of the most severe diseases
threatening the ageing population is AD. The risk of AD increases with age and the progression is
irreversible. A body of evidence indicates that the aggregation of extracellular amyloid and the
uptake of amyloid peptides by neuronal cells are the major molecular events in the pathogenesis
of AD. The detection and intervention of these AD-related amyloids are therefore considered as
promising methods for the diagnosis and treatment of AD, respectively. In this thesis, three
different nanoparticles were designed and synthesized to detect the presence of amyloid, to

modulate the amyloid aggregation, and to target amyloid-related neuronal cells.

The first nanoparticle discussed in this thesis is a Raman/fluorescent bi-functional nanoprobe
that can be used for amyloid detection. This nanoprobe was prepared by conjugating RB dyes with
amine-functionalized AuNPs. RB is chosen due to its uniqgue Raman fingerprints and affinity with
AP peptides. The conjugated RB-AuNPs were utilized for SERS-based AB42 peptides detection
and fluorescence imaging of amyloid plaques. It was demonstrated that the Raman scattering of
RB molecules is significantly enhanced when conjugated to the AuNPs and the enhanced Raman

spectrum was found to exhibit detectable changes in the presence of amyloid peptides. In addition,
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it was also inferred that the interaction between AP42 peptides and RB-AuUNPs generate
significantly enhanced fluorescence, which was sufficient for the labeling of amyloid plaques in
mouse brain slices. Fluorescence imaging using the RB-AuNPs revealed an age-dependent
amyloid deposition. The labelling specificity is also comparable with the commonly used amyloid
dye. This proof-of-concept study shows the feasibility of multifunctional nanoprobes for the

detection of amyloid. This amyloid detection can contribute to the early diagnosis of AD.

In addition to diagnosis, nanoparticles can also be used as therapeutic agents for AD treatment.
During the fibrillization of amyloid peptides, a series of toxic intermediates are produced and
consequently lead to cell death. To modulate this fibrillization process and to mitigate the toxicity
of amyloid peptides, two types of biocompatible C-dots were synthesized through a facile bottom-
up method. Both types of C-dots have excellent biocompatibility and can readily enter neuronal
cells. The interactions between AB42 fibrillization and the two types of C-dots were investigated
by ThT assay and TEM. CD-G could accelerate the fibrillization process of Ap42 and CD-I could
inhibit it. When incubated with cells, both C-dots could successfully mitigate the toxicity effect
induced by the AB42 peptides. The results suggest that passivation agents play a vital role in the
interaction between peptides and C-dots. This study also shows that bottom-up synthesis is a

promising method to prepare C-dots-based amyloid inhibitors.

Instead of targeting the extracellular amyloid at molecular level, the last nanoparticles reported
in this thesis are magnetofluorescent IONPs which were designed to selectively target the AD-
related neuronal cells. The specific targeting is based on the selective uptake of extracellular
amyloid by certain neuronal cells. AB42 peptides were first labelled with Atto 647 dyes and then
conjugated with amine-functionalized IONPs. Due to the pre-labeled Atto 647 dyes, the as-

prepared AB42-10NPs are magnetofluorescent. When incubated with SH-SY5Y cells, the cellular
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uptake of AB42-10NPs was enhanced, compared to bare IONPs. Further, by labelling SH-SY5Y

and HCT-116 cells, it was found that the Ap42-10NPs are selectively targeting the neuronal cells.

This specific neuronal cell targeting is attributed to the cellular uptake of extracellular amyloid by

SH-SYS5Y cells. In addition, the MR contrasting capability of the AB42-IONPs is preserved after

the functionalization of the peptides. The experimental results suggest that the Ap42 functionalized

magnetofluorescent IONPs can be used as bimodal probes to interrogate the cellular uptake of

amyloid.

In conclusion, the major results of this thesis can be summarized as follow:

a)

b)

d)

Bi-functional RB-AuNPs were prepared and characterized. The Raman scattering of RB
molecules is significantly enhanced when RB is conjugated with AuNPs. In addition, the
conjugated RB-AuNPs exhibit detectable changes in their SERS spectrum and fluorescence
enhancement when exposed to AB42 peptides.

RB-AuNPs were applied for the SERS-based detection of AP42 peptides and the
fluorescence imaging of amyloid plaques. With the utilization of RB-AuNPs, age-
dependent amyloid depositions were demonstrated in the brains of ageing mice of a
transgenic AD mouse model.

Two types of C-dots, CD-G and CD-I, were synthesized through microwave-assisted
pyrolysis of sucrose using PEG or PEI as passivation agents. The morphology and optical
properties of the C-dots were characterized and the cellular uptake of both C-dots was
validated.

The synthesized C-dots were used to modulate the AB42 fibrillization. The interactions
between C-dots and AB42 were investigated by ThT assay and TEM. It was found that CD-

G could accelerate the fibrillization process of AB42 and CD-I could inhibit it. When
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incubated with cells, both C-dots could successfully mitigate the toxicity effect induced by
the AP42 peptides. The results suggest that passivation agents play a vital role in the
interaction between peptides and C-dots. This study has also shown that the bottom-up
synthesis is a promising method to prepare C-dots-based nanoinhibitors for AD treatment.

Magnetofluorescent IONPs were prepared by conjugating dye-labelled AB42 peptides with
amine-functionalized IONPs. The conjugated APB42 peptides enabled specific targeting of
SH-SYSY cells by the IONPs, demonstrated both by fluorescent imaging and PB staining.
In addition, the MR contrasting capability of IONPs was well retained, confirmed by MR

phantom imaging.

6.2. Major Contributions

The major contributions described in this thesis are listed below:

a)

b)

A SERS-fluorescent bi-functional nanoprobe is prepared by conjugating RB with amine-
functionalized AuNPs. This nanoprobe is successfully applied for Raman spectroscopic
detection of soluble amyloid peptides and fluorescent imaging of amyloid plaques in
transgenic mice brains. Furthermore, a novel Raman mapping strategy is proposed and
validated to distinguish amyloid-containing mice brain slices.

Two types of biocompatible C-dots are synthesized through a bottom-up, microwave-
assisted method. The two C-dots are then utilized to modulate the amyloid aggregation and
to mitigate the cytotoxic of Ap42 peptides. Compared to previous reported C-dots inhibitors,
the reported bottom-up synthesis method is much more facile and can be scaled up easily.
The usage of natural carbon source also enhanced the biocompatibility of synthesized C-

dots.
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c) IONPs as nanoprobes are synthesized and applied for specific targeting of neuronal cells. This
targeting effect is achieved by functionalizing IONPs with AB42 peptides. This study suggests
that AB42 functionalized IONPs can be used as multifunctional nanoprobes to investigate the
selective neuronal uptake of extracellular amyloid, which is an important cellular event in the

pathogenesis of AD.
6.3. Suggestions for Future Research Directions

This thesis has proposed, developed and experimentally demonstrated the application of three
nanoparticles for the diagnosis and intervention of AD-related amyloid. To further optimize and
improve the efficacy and capability of these nanoparticles, the following future research directions
are suggested.
<> The application of the RB-AuNPs was demonstrated in in vitro and postmortem samples. To

further confirm the working efficiency of this nanoprobe, it can be tested in small animal
disease models such as transgenic mouse models in which the nanoprobes can be administered

via intranasal inoculation. The mice should be imaged by fluorescence and Raman microscopy.

/ Fluorescence Imaging

Amyloid
Expressing
Mouse

Intranasal

inoculation s
Raman Imaging

Figure 6.1 Scheme for the designed animal model for in vivo test of RB-AuNPs.
<~ Both RB and AuNPs can be used as light-activated inhibitors for amyloid aggregation. For

RB, the inhibition is achieved by photodynamic effect [20]. For AuNPs, the therapeutic effect
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is attributed to the heat generated from plasmonic absorption [199]. As shown in the previous
chapter, the optical properties of RB and AuNPs have not been modified significantly after
the conjugation. Therefore, it is reasonable to infer that the RB-AuNPs can also be used as
light-activated inhibitors of amyloid aggregation.

< The C-dots reported in this thesis have emission centers located in the visible range. For
therapeutic applications, this emission range is acceptable. However, in order to make the C-
dots theranostic agents for in vivo application, it is desirable to shift the C-dots’ emission range
to the NIR window. This can be achieved by changing the passivation agents and manipulating
the particle size. To enhance the fluorescence emission, nitrogen doping can also be conducted
[86]. In addition, C-dots can also be integrated with other contrast agents such as Gd** chelates
to become multifunctional nanoprobes. This kind of integration could further extend the
functionality of C-dots.

<> The therapeutic effect of C-dots can be further validated in small animal models. C-dots can
be intranasally delivered to the brain of transgenic mouse which can express amyloid peptides.
The dendritic spine density, long-term potentiation (LTP) and behavioral changes of the mice
should be monitored to quantify the in vivo therapeutic effect of the C-dots.

<~ The IONPs presented in this thesis are designed to target neuroblastoma cells. Once
internalized, the IONPs are localized in the cytoplasm. To further investigate the intracellular
fate of IONPs and how these IONPs interact with intracellular amyloid, a double-seeding
model is designed (Figure 6.1). The SH-SY5Y cells are first incubated first with Rhodamine
B (RhB) labelled AB42 peptides (Ap42-RhB). This Ap42 seeding will induce intracellular
amyloid aggregation [63]. Next, the SH-SY5Y cells are incubated again with Fluorescein

(FITC)-AB42-10NPs. FITC and RhB can form an effective fluorescence resonance energy
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transfer (FRET) pair [263]. Therefore, by detecting the FRET phenomenon between FITC and
RhB through FRET microscopy, the interactions between IONPs and intracellular amyloid

can be revealed.

AB42-RhB vb} FITC-AP42-TONPs

SH-SY5Y Cell

Figure 6.2 Scheme for the designed double-seeding model to investigate the interactions
between IONPs and intracellular amyloid.

It is further envisaged that the major results and original contributions presented in this thesis
are important to facilitate the application of multifunctional nanoparticles for the detection,
imaging, and intervention of amyloid. These research findings are expected to contribute to the
development of AD diagnosis and may pave the way for therapeutic interventions to treat AD in

near future.
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Appendix A.

Methodology for the Synthesis and Application of RB-AuNPs

Materials. AB42 peptides and supplementary 1% NH4OH were obtained from Anaspec Inc.
(Fremont, USA). Amine-functionalized gold nanoparticles were purchased from Cytodiagnostics
Inc. (Ontario, Canada). Rose Bengal disodium salt, 2-(N-morpholino)ethanesulfonic acid (MES),
Paraformaldehyde (PFA), Thioflavin T (ThT), 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich Co.
LLC. FluorSave® mounting medium was purchased from EMD Millipore. Disposable PD-10
desalting column was purchased from GE Healthcare (Sweden). MTT Cell Viability Assay Kit
was provided by Biotium, Inc (Fremont, USA).

Preparation of RB-AuNP complex. The conjugation of RB to amine-functionalized AuNPs
was conducted through a two-step EDC/NHS reaction. First, 10 ul of RB stock solution (10 mM
in water) was diluted with 500 ul of 0.1 M MES buffer (PH=5.0). Then 4 mg EDC and 6 mg NHS
were added to the reaction vial. The mixture was gently stirred at room temperature (RT) for 20
mins, protected from light. After the activation, 200 pl of AuNPs stock solution (2.46 mg/ml) was
mixed with the RB solution. The mixture was stirred for another 3 hours at RT, protected from
light. After the conjugation, the sample was centrifuged at 13k RPM for 10 mins and the
supernatant was removed. The centrifugation was repeated for two more times using DI water to
remove un-conjugated RB. The final RB-AuNP pellet was weighted and re-dispersed in DI water
at a mass concentration of 0.3 mg/ml.

Characterization. Transmission electron microscope (TEM) was conducted using a JEM-2010

electron microscope (JEOL Ltd, Japan) under 200 kV voltage. The absorption spectra were
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measured using a Shimadzu UV-1800 UV-VIS spectrophotometer. The fluorescent emission was
recorded using FS5 Spectrofluorometer (Edinburgh Instruments, UK). The Raman spectrum was
measured using inVia™ confocal Raman microscope (Renishaw plc, UK). The zeta potential
measurement was conducted using Zeta Nanosizer (Malvern Instruments, UK).

Cytotoxicity assay. 5 x 10% per well of HEK-293 cells were seeded into a 96-well plate with
100 pl of DMEM/F-12 medium (10% FBS). The 96-well plate was incubated overnight at 37 °C
with 5% CO>. The medium was refreshed with 100 pl of fresh medium containing PBS or various
concentrations of RB-AuNP. The treated cells were incubated for 24 hours and the culturing
medium was refreshed again. Next, 10 ul of MTT solution was added to each well and incubated

at 37 C for another 4 hours. After that, 200 ul of DMSO was added to each well. The 96-well

plate was covered with a tin foil and gently shaked at room temperature for 30 mins to fully
dissolve the formazan salt. The absorbance of each well was measured at 570 nm using Synergy ™
H1 microplate reader (BioTek, USA). Background absorbance was measured at 630 nm. Each
sample was tested in 3 parallel wells.

Preparation of AB42 peptides solution. The oligomeric AP42 peptides stock solution was
prepared by NaOH treatment, following a previous study with minor modification. Briefly, 1 mg
of lyophilized AB42 peptides were dissolved in 1 ml of ice-cold NaOH solution (0.01 M). The vial
was then sonicated for 1 min to fully dissolve the peptides. The actual peptides concentration was
measured to be 175 uM by UV absorbance with an extinction coefficient of 1450 cm *M™ at 280

nm. The solution was separated into multiple aliquots of 100 pl and stored at -20 C.

Fluorescent detection of the interaction between Ap42 peptides and RB-AuNPs. To
confirm the interaction between AP42 peptides and the as-prepared RB-AuNPs, different

concentrations of AB42 peptides were mixed with 1 pg/ml of RB-AuNPs. For comparison purpose,
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the same concentrations of AB42 peptides were also mixed with 1 uM of free RB. The mixtures
were transferred to a 96-well plate and the fluorescence emission was recorded (560/590 nm ex/em)
using Synergy H1 Multi-Mode plate reader (BioTek Instrument Inc.).

To explore the competing effect between ThT and RB-AuNPs upon AB42 peptides binding, 5
uM of AB42 peptide solutions were mixed with 40 uM ThT solution. The ThT fluorescence was
measured at 440/480 nm ex/em. Then different concentrations of RB-AuNPs were added to the
ThT/AB42 mixture, and then the ThT fluorescence was measured again. To remove the effect of
fluorophore crosstalk, mixed ThT/RB-AuNPs solutions without AB42 peptides were used as blank
samples. The viability was then calculated using Origin 9.4.

SERS Detection of Ap42 peptides. Different concentration of Ap42 peptides was mixed with
1 pg/ml of RB-AUNPSs. The concertation of RB-AuNPs is chosen based on the signal intensity
(Supplementary Fig. S2). The mixtures were dropped on the surface of pre-cleaned glass slides
and left unperturbed for more than 6 hours to dry. The Raman spectra of dried samples were
measured using 633 nm laser (30 mW laser power, 10% laser intensity, 3 accumulations, 10 s
exposure time) and 1800 grooves/cm grating.

Confocal Imaging of Transgenic Mouse Brain Slices. Mouse brain slices (15 um thickness)
were harvested from transgenic mice of different ages. Transgenic mice were engineered with
three mutations (PP Swedish, MAPT P301L, and PSEN1 M146V) according to a previous study
[58]. The brain slices were first incubated with 4% PFA solution for 5 mins in order to fix the brain
tissue. After the fixation, the PFA was washed away using PBS. Then the brain slices were stained
by dropping 50 pl of RB-AuNPs solution (10 pg/ml) or ThT solution (40 uM) on the surface of
the brain slices. After 10 mins incubation, the brain slices were washed twice with PBS to remove

excess staining agents. Pre-cleaned coverslips were mounted on top of the brain slices using
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FluorSave mounting medium. The confocal images were obtained using a LSM 800 Inverted
Confocal Microscope (Zeiss, German). The co-localization analysis was conducted using Imaris

9.1 software (Bitplane, Switzerland).
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Appendix B.

Methodology for the Synthesis and Application of C-dots

Materials. Ap42 peptides and supplementary 1% NH4OH were obtained from Anaspec
(Fremont, USA). MTT cell viability assay kit was obtained from Biotium (Fremont, USA).
Thioflavin T (ThT), Poly-ethylene imine solution (molecular weight 2000 Da) and Poly-ethylene
glycol (molecular weight 1500 Da) were purchased from Sigma-Aldrich. Sucrose (ultra-pure grade)
was acquired from Axil Scientific (Singapore).

Synthesis of C-dots. For CD-G, sucrose and PEG1500 were mixed in 4:1 ratio (weight) and
then dissolved in deionized water. For CD-I, 4g of sucrose was first dissolved in deionized water
and then 1ml of PEI was added to the sucrose solution. Both solutions were sonicated until all the
reagents were fully dissolved and dispersed. Next, the two solutions were heated at 150 °C for 5
mins with microwave irradiation using a CEM Discover SP microwave reactor (CEM, USA). After
heating, the transparent solutions were transformed into dark brown solutions. To remove large
deposits, the brown solutions were centrifuged for 10 mins and the supernatants were collocated.
The un-reacted sucrose and passivation agents were purified by dialysis against deionized water
(molecular weight cut off = 12 kDa). The purified C-dots were lyophilized into powders and stored
for later experiments.

Characterization. The morphology of the C-dots was observed using a JEM-2010 electron
microscope (JEOL, Japan) at 200 kV. The fluorescence spectra and the emission maps were
obtained using a FS5 spectrofluorometer (Edinburgh Instruments, UK). The UV-Vis spectrum was
obtained using a Shimadzu UV-1800 UV-Vis spectrophotometer. The zeta potential was measured

using the Zeta Nanosizer (Malvern Instruments, UK).
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Cytotoxicity assay and cellular uptake. SH-SY5Y neuroblastoma cells were seeded into a
96-well plate at 8x10° cells/well. Each well was filled with 100 pl of DMEM/F-12 medium (10%

FBS) and incubated overnight at 37 ‘C with 5% CO,. After the cells were settled, the culturing

medium was refreshed with 100 pul of medium containing various concentrations of C-dots. After
24 hours of incubation, the culturing medium was refreshed again. Next, 10 ul of MTT solution
was added to each well and incubated at 37 °C for another 4 hours, followed by addition of 200 pl
of DMSO in each well. The 96-well plate was covered with a tin foil and gently shaken at room
temperature for 30 mins to fully dissolve the formazan salt. The absorbance of each well was
measured at 570 nm using Synergy™ H1 microplate reader (BioTek, USA). Background
absorbance was measured at 630 nm. Each sample was tested in triplicates.

To confirm the cellular uptake of C-dots, SH-SY5Y cells were seeded in a 6-well plate at a
density of 1x10°8 cells/well. Prior to the seeding, a poly-L-lysine coated coverslip was placed in
each well. The cells were incubated for 48 hours and then refreshed with 2 ml of fresh medium
containing C-dots for 4 hours followed by two PBS washes. After removing the free C-dots, cells
were fixed using 4% paraformaldehyde and the coverslips were mounted to glass slides using
FluorSave™ mounting medium. The morphology of treated cells was examined using an LSM800
Confocal Microscope (Zeiss, Germany).

Alteration of AB42 fibrillization by C-dots. To initiate the fibrillation of Ap42 peptides, stock
AP42 solutions were diluted into 20 uM aliquots then incubated at 37 °C. 10ug/ml of CD-G and
CD-I were mixed with the AB42 solution, and kinetics of the fibrillation process were monitored
through ThT assay. 10 uM of ThT was added to the AB42 solution. At specific time points, aliquots
were taken to measure fluorescence at 440 nm excitation / 482 nm emission. After 24 hours of

incubation, the morphology of the amyloid fibrils was analysed using TEM at 200 kV.
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To reveal the effect of C-dots on the cytotoxicity of Ap42 peptides, SH-SY5Y cells were seeded
together with 10 pg/ml of CD-G and CD-I. 20 uM stock AB42 peptide solution was added to cell

cultures and then incubated for 24 hours. The viability of the SH-SY5Y cells was measured using

the MTT assay.
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Appendix C.

Sucrose Density Gradient Centrifugation for C-dots Separation

C-dots that are synthesized from bottom-up approach normally have a relatively wide
size distribution. To further separate C-dots based on their size, a sucrose density gradient
centrifugation (SDGC) is performed. In SDGC, a density gradient was created by gently
overlaying a lower density sucrose solution upon a higher density sucrose solution. The
mixed C-dots sample was placed at the top of the sucrose gradient. Under high speed
centrifugation, particles travel across the gradient and stop when the density of surrounding
sucrose solution matches the particles’ densities. For CD-G, 3 different bands (namely L1,
L2, and L3) were observed after centrifugation. These bands were then collected separately

and C-dot separation was confirmed by their different optical properties (Figure C1).
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Figure C1 SDGC separation of CD-G. Particle separation was confirmed by different

optical properties
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Appendix D.
Labelling Ap42 peptides using CD-G

The affinity between AB42 peptides and C-dots was also used for labeling amyloid fibrils.
Amyloid fibrils were prepared by incubating 40 uM AB42 solution at 37 °C for 48 hours. 10 ug/ml
APB42-C-dots conjugates were then added to the amyloid solution and incubated for 1 hour at room
temperature with gentle shaking. After the C-dot staining, 30 ul of the amyloid solution was
dropped on a clean coverslip and dried in darkness. The dried amyloid fibrils were mounted to a
glass slide using FluorSave™ mounting medium (EMD Millipore, USA). The labeled fibrils were
imaged using LSM 800 Upright Confocal Microscope (Zeiss, German). The image is shown in

Figure D1. The green fluorescence of CD-G was observed all over the amyloid fibrils.

Figure D1 AB42 fibrils labeled using AB42-C-dots conjugates. Image was taken under 488 nm

excitation.
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Appendix E.
Methodology for the Preparation and Application of

Atto647-AB42-10NPs

Materials. Amine-functionalized IONPs (IONP-NH) with an average size of 10 nm were
purchased from Ocean NanoTech (San Diego, USA). Human Beta-Amyloid (1-42) was supplied
by AnaSpec Inc (Fremont, USA). Atto 647N Protein Labeling Kit, 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 0.1 %
Poly-L-lysine solution (PLL) and sodium hydroxide (NaOH) were obtained from Sigma-Aldrich
Co. LLC. Disposable PD-10 desalting columns were purchased from GE Healthcare (Sweden).
MTT Cell Viability Assay Kit was provided by Biotium, Inc (Fremont, USA). FluorSave™
mounting medium was purchased from EMD Millipore.

APB42 peptides labelling. The labelling of AB42 peptides with Atto 647N dyes was conducted
according to the supplier’s protocols with minor modification. 0.24 mg of Atto 647N dyes was
dissolved with 20 ul of DMSO and then quickly added to 200 ul of AB42 solution. The mixed
solution was covered with tin foil and incubated at 4°C for 12 hours with continuous shaking. After
the reaction, the labeled peptides were purified by size-exclusive chromatography (SEC) using
PD-10 columns. The dye/peptide ratio was determined by measuring the absorbance at 280 nm
and 647 nm. The purified conjugates were lyophilized and stored at -20°C.

AP42-10NPs conjugation. The conjugation of AB42 with IONPs was achieved through a one-
step EDC/NHS reaction. 0.1 mg of lyophilized Atto647-Ap42 peptides was dissolved in 500 pl
ice-cold PBS and then mixed with 200 ul IONPs solution (5 mg/ml). 26.5 mg EDC and 13.5 mg

NHS were mixed and then dissolved with 1 ml of PBS and then 100 pul of the EDC/NHS solution
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was immediately added to the IONPs/peptides mixture. The reaction vial was covered with a tin

foil and incubated at 4°C for 12 hours with continuous shaking. The conjugated Atto647-Ap42-

IONPs were purified using PD-10 columns.

Characterization. Transmission electron microscope (TEM) was conducted using a JEOL
JEM-2010 electron microscope (JEOL Ltd, Japan) under 200 kV voltage. The UV-Vis spectrum
was measured using Nanodrop 2000 spectrophotometers (Thermo Scientific, USA). The
fluorescence emission was measured using an FS5 spectrofluorometer (Edinburgh Instruments,
UK). Hydrodynamic diameters of the IONPs were measured by differential light scattering using
Zeta Nanosizer (Malvern Instruments, UK).

Fluorescent Cell Imaging and PB staining. Coverslips were autoclaved and placed in six-
well cell culture plates. PLL solution was used to coat the coverslips to enhance the cell adhesion
[264]. 1 x 10%well SH-SY5Y and HCT-116 cells were seeded to the plate with 2 ml of DMEM/F-
12 medium (10% FBS). The cells were incubated for 48 hours and then refreshed with 2 ml of
fresh medium containing Atto647-AB42-I0NPs or unconjugated IONPs. The cells were further
incubated for 6 hours and then were washed with PBS for two times. For PB staining, the cells
were incubated with PB working solution for 30 mins (4% PB and 4% HCI mixed in 1:1 ratio).
After the PB staining, the cells were washed again with PBS. Next, the cells were fixed using 4%
paraformaldehyde at RT for 5 mins. The coverslips were mounted to glass slides using
FluorSave™ mounting medium. For fluorescent imaging, the fixed coverslips were imaged using
an LSM 800 Upright Confocal Microscope (Zeiss, Germany). For PB stained cells, the cell images
were obtained using a DM5500B upright widefield fluorescence and BF microscope (Leica,

Germany).
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Relaxivity Measurement. The relaxivities r1 and r2 of the Atto647-AB42-IONPs and the
unconjugated IONPs were measured in a 3 Tesla MAGNETOM Prisma MRI scanner (Siemens
Healthcare, Germany). The particles are prepared in different Fe concentrations (0.0625, 0.125,
0.25,0.5and 1 mM) in 1 ml syringes. For ry relaxivity measurement, inversion recovery sequences
were established by taking images using the following inversion times: 30, 50, 100, 200, 300, 400,
500, 600, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, 2000, 2200, 2400, 2600 and 2800 msec.
For r; relaxivity measurement, the echo times were set to be 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
110, 120, 130, 140, 150, 160, 170, 180, 190, 200 msec. The experiments were performed at room
temperature with 1 mm slice thickness and 1 average. The acquired images were analyzed using
ImageJ (NIH, Washington D.C.) to calculate the relaxation times (T: and T2) for each
concentration. Finally, the values of 1/ T1 and 1/ T» were plotted against the corresponding Fe

concentrations, and the relaxivities were calculated from the linear fit of these plots.
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