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ABSTRACT

An intact blood-brain barrier is essential in order to maintain brain homeostasis and preserve neuronal
function. However, its presence prevents over 98% of conventional small molecule drugs from entering
the brain, making the treatment of brain diseases such as Alzheimer’s disease extremely challenging. Due
to this, there has been great interest in designing methods to overcome the blood-brain barrier, but many
of these are either highly invasive, non-targeted or show poor efficiency. Over the past twenty years, the
use of focused ultrasound in combination with circulating microbubbles has emerged as a promising strat-
egy, allowing the blood-brain barrier to be disrupted in a completely non-invasive, targeted and transient

manner.

In this thesis, we have developed two systems to take advantage of this technology: DNA-coated nanopar-
ticles as potential delivery platforms for combination therapies and a series of metal complexes as poten-
tial inhibitors of amyloid beta aggregation for the treatment of Alzheimer’s disease. In Chapter 2, we
began by synthesising a series of fluorescently-labelled DNA-coated nanoparticles and showed that they
can be successfully delivered to a target location across the blood-brain barrier in mice using ultrasound.
Ongoing work is seeking to evaluate drug-loaded derivatives of these nanoparticles in vitro and in vivo.
In Chapters 3 and 4, a series of metal salphens and salnaphs were investigated for their ability to inhibit
the aggregation of the amyloid beta peptide, which is one of the key hallmarks of Alzheimer’s disease.
Through a series of in vitro assays, we showed that the synthesised metal complexes are able to inhibit
amyloid beta aggregation and are non-cytotoxic. Using ultrasound-mediated blood-brain barrier opening
methods, these complexes were successfully delivered into the brains of mice, allowing their therapeutic
efficacy to be assessed in vivo. Preliminary findings obtained with our complexes in an Alzheimer’s disease

mouse model are presented.
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region is the mean normalised optical density + standard deviation of control non-
sonicated mice (n = 3). All quantitative analysis was conducted by S. Morse (PhD
student, NSB Lab). . . . . . . . . . e
Successful delivery of platinum salphen 1 across the BBB to the left hippocam-
pus. Element distribution map for Pt195 (yellow/red) is overlaid on P31 map (grey;
provides brain outline) for clarity. No evidence of complex 1 is detected in the right
hippocampus (control), indicating that it does not cross the BBB by itself. LA-ICP-

MS experiments were run with Mr. B. Sampson (Imperial College London). . . . ..
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ing in the left hippocampus, detected by co-injecting a Texas Red-labelled 3 kDa
dextran (purple). b) Element distribution map for Co59 obtained after delivering co-
balt complex 4c across the BBB to the left hippocampus using ultrasound. Missing
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LA-ICP-MS runs were conducted with Mr. B. Sampson (Imperial College London). .
Summary of treatment schedule and treatment conditions. Wild type C57BL/6)J
mice were treated with ultrasound (US) and complex 4b at either 30 mg/kg or
23 mg/kg once a week for four weeks (n = 2 for each group). Body weight and
behaviour were monitored every week in accordance with Home Office regulations
and institutional guidelines. . . . . . . . ... . .
a) No signs of weight loss were observed when complex 4b (30 mg/kg or 23 mg/kg;
n = 2 for each dose) was delivered across the BBB in C57BL/6J mice. Treatment was
conducted on days 0, 7, 14 and 21. b) Representative example of H&E staining. No
differences were observed between the targeted and control regions. . . . ... ..
Summary of treatment schedule and treatment conditions. A total of n = 9 trans-
genic 5XFAD mice were used in this study, n = 3 mice per group. Group 1 received
no treatment, Group 2 received only ultrasound treatment and Group 3 received
both complex 4b and ultrasound treatment. The dose of cobalt complex 4b used
was 30 mg/kg. . .. e
Examples of successful Thioflavin-S (green) and MOAB-2 (cyan) staining in trans-
genic 5XFAD mice. Thioflavin-S is a dye which stains for A fibrils, whilst MOAB-2
is an antibody which stains for all forms of AB. The left hippocampal region is shown
inbothimages. . . ... . . . . . . ..
a) Direct and indirect immunofluorescence staining methods, redrawn from [313].
Only one antibody is used in direct methods, whilst two are used in indirect meth-
ods. Indirect methods are more complicated to perform, but they are more sensit-
ive than direct methods. b) General steps involved in indirect immunohistochemical

staining. . . . . e e
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Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Albumin staining across five sections at the hippocampal level. The albumin extra-
vasation seen is directly related to the extent of BBB opening induced by the fo-
cused ultrasound and microbubbles.?¢ Under the experimental conditions used, the
extent of BBB opening differs throughout the brain, with BBB opening observed at
the level in which sections b and ¢ were taken from. Less BBB opening is seen in
sections a, d and e. It should be noted that we do not expect major extravasation
of albumin with these ultrasound parameters.®® . . . . . ... ... ... ... ....
Top: Sample processing workflow. Brains were sectioned into 20 pum horizontal sec-
tions. For ultrasound-treated brains (Groups 2 and 3), five sections across the hip-
pocampal region were stained with albumin to identify the site of BBB opening. Ten
sections from each brain around the site of BBB opening were stained with ThS and
another ten with MOAB-2. Bottom: Image analysis workflow. The region of interest,
the left hippocampus, was defined. Images were then thresholded and the particle
burden, number of particles and average particle area was calculated automatically

using Imagel. All analysis was conducted blind and repeated three times to prevent

Representative ThS-stained sections from each brain studied (n = 3 mice per treat-
ment condition). The image shown is the section that best represents the average
plague burden of that brain sample. All quantitative analysis was conducted on ten
sections from each brain. Additional images from each brain can be found in the
AppendiX. . . .. e
Representative MOAB-2-stained sections from each brain studied (n = 3 mice per
treatment condition). The image shown is the section that best represents the av-
erage particle burden of that brain sample. All quantitative analysis was conducted
on ten sections from each brain. Additional images from each brain can be found in
the Appendix. . . . . . . .
Particle burden, number of particles and average particle area determined from
brain sections stained with ThS (a) and MOAB-2 (b). A reduction in the particle bur-
den and number of particles (p < 0.05) was observed between Group 1 (no treat-
ment) and Group 3 (ultrasound + 4b). Quantitative analysis was conducted blind and
repeated three times to minimise errors (n = 3 mice for each treatment condition;

10sections perbrain). . . . . . . . . . e
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1 INTRODUCTION

11 THE BLOOD-BRAIN BARRIER - AN OBSTACLE FOR DRUG DELIVERY

The blood-brain barrier (BBB) is a highly selective, semi-permeable barrier which maintains brain homeo-
stasis and preserves neuronal function by carefully regulating the passage of substances that enter and
exit the brain.! It is formed by the endothelial cells that line cerebral vasculature, surrounded by the
basement membrane, pericytes and astrocytes (Figure 1.1). Together with microglia and neurons, these

components constitute what is known as the neurovascular unit (NVU).

cross-sectional view

|

|
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|

microglia '
[
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endothelial cell tight junction

I
I
blood vessel |
I
I

Figure 1.1: Schematic representation of the key components of the neurovascular unit, redrawn from [1]. The blood-
brain barrier tightly regulates the paracellular and transcellular transport of substances from the blood

to the brain and vice versa.

1.1.1 The Neurovascular Unit

Endothelial cells line the interior surface of all blood vessels in the body. Unlike the endothelial cells found
in the rest of the body, cerebral endothelial cells are unique in that they contain few pores and vesicles
and are connected by narrow junctions of < 1 nm in diameter.!~® These features act to restrict both

the paracellular and transcellular transport of substances across the BBB and into the brain; in fact, it has
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been stated that brain capillaries are approximately 50 to 100 times tighter than peripheral microvessels.*
Endothelial cells are surrounded by the vascular basement membrane, which is formed from layers of
extracellular matrix proteins such as collagen IV and laminin.> The basement membrane is believed to be
important for maintaining BBB integrity, with the knockout of collagen IV or laminin leading to deformed

BBBs and cerebral haemorrhages in vivo.®’”

Embedded in the basement membrane are cells known as pericytes, which wrap around cerebral en-
dothelial cells and are known to play key roles in the formation and regulation of the BBB.8 Studies have
shown that both mice deficient in pericytes and mice with high pericyte density have leaky BBBs due to
enhanced transcytosis; it is therefore believed that a precise ratio of pericytes to endothelial cells is es-
sential in order to maintain barrier function.”~12 Pericytes are in contact with the end-feet of astrocytes,
which, in turn, are in contact with the synapses of neurons. Astrocytes are the most abundant cells in the
brain and have been implicated in a number of critical processes, including the maintenance and repair
of the BBB, water and ion regulation, clearance of toxins and the provision of nutrients to neurons.3-1°
The close proximity of astrocytes and neurons allows signalling between the two cell types to take place,

enabling the modulation of cerebral blood flow and neuronal activation.1¢-18

The last component of the neurovascular unit is the microglia, which are the primary immune cells of the
brain. In response to brain injury, microglia become activated and secrete inflammatory factors that induce
BBB disruption, allowing serum components and other immune cells to enter the brain.1?2° Activated mi-
croglia also rapidly migrate to sites of damage and clear cellular debris and bacteria via phagocytosis.?22
The presence of activated microglia has been observed in a number of brain diseases, including Alzheimer’s

disease, Parkinson’s disease and multiple sclerosis.23-2°

1.1.2 Endothelial Cell Junctions

There are two types of junctions that exist between adjacent cerebral endothelial cells: tight junctions
and adherens junctions (Figure 1.2). These junctions act to severely restrict the paracellular transport of

substances from the blood to the brain and vice versa.

Tight junctions are located on the apical side of endothelial cells and consist of three main families of
transmembrane proteins: claudins (~20 to 30 kDa), occludins (~60 kDa) and junctional adhesion molecules
(~30 to 40 kDa). It is believed that the claudin proteins are essential for maintaining the tightness of tight
junctions through the formation of both homophilic and heterophilic intercellular contacts between their

extracellular loops.2®2” To date, several types of claudins have been found in cerebral endothelial cells:
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Figure 1.2: The two main types of endothelial cell junctions - tight junctions and adherens junctions - and the key
proteins that they are composed of, redrawn from [1, 33]. The blue boxes show the estimated distances

and spaces within the BBB that therapeutic agents have to overcome in order to enter the brain.!

claudins-3, -5 and -12.2827 Claudin-5 is expressed at significantly higher levels than the other claudins
in cerebral capillaries and has therefore been the most widely studied in the context of the BBB.30:31
Knockout of claudin-5 in mice results in severely leaky BBBs that molecules of up to 800 Da can success-
fully permeate.®2 Moreover, these mice were found to die within just ten hours of birth, highlighting the

importance of having a tight BBB.%2

In contrast to claudin-deficient mice, mice deficient in occludin are viable and show tight junctions that
are morphologically identical to those in wild type mice.®* However, these mice show chronic inflam-
mation, brain calcification and growth retardation.3* It has been proposed that occludin primarily has a
regulatory role in the BBB; for instance, occludin phosphorylation is reported to play a critical role in the
regulation of tight junction permeability.®> Occludin is also known to be redox-sensitive and is believed to
act as a redox sensor at tight junctions: under hypoxic conditions, occludin oligomers dissociate to induce
tight junction disruption, whilst under normoxic conditions, occludin oligomerisation and tight junction

assembly is promoted.3¢:37
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The third component of tight junctions consists of junctional adhesion molecules (JAM), such as JAM-1,
JAM-2 and JAM-3. The role of JAMs is yet to be fully elucidated, but it has been proposed that JAMs may
be involved in tight junction assembly through interactions with other tight junction proteins.> JAMs are
also believed to contribute towards BBB integrity as decreased JAM-1 expression is observed in in vivo

models of BBB breakdown.3?

On the basal side of the BBB are the adherens junctions, which are mainly composed of vascular en-
dothelial (VE)-cadherin proteins (Figure 1.2). The cytoplasmic domain of VE-cadherin is connected to the
intracellular actin cytoskeleton via catenin proteins.*? Multiple functions have been associated with ad-
herens junctions, including the stabilisation of intercellular contacts, regulation of the actin cytoskeleton
and intracellular signalling.*®#! In fact, it has been suggested that VE-cadherin can directly regulate the

expression of the key tight junction protein claudin-5.#2

1.2 TRANSPORT ACROSS THE BLOOD-BRAIN BARRIER

The presence of tight junctions and adherens junctions between adjacent endothelial cells greatly restricts
the movement of substances via a paracellular route, with only small ions and molecules able to enter the
brain this way (Figure 1.3).%*3 As a consequence, the majority of substances can only pass from the blood
to the brain and vice versa through transcellular routes. However, transport across the BBB via transcel-
lular pathways is also somewhat restricted; although small, lipophilic molecules (e.g. O, and ethanol) can
pass through endothelial cells by passive diffusion, larger or more lipophilic molecules (e.g. glucose and
insulin) must pass via a transport route involving specialised receptors.**3 A number of efflux transport-
ers such as P-glycoprotein (P-gp) are also located at the apical side of the endothelial cell membrane and
serve to actively extrude harmful substances from the brain.** The presence of the BBB therefore allows
the brain to regulate the influx of essential nutrients whilst simultaneously excluding or effluxing harmful

pathogens and neurotoxins.

Whilst an intact BBB is essential for the maintenance of brain homeostasis, its presence makes the treat-
ment of brain diseases extremely challenging; the majority of small molecule drugs are too large to cross
the BBB via a paracellular route and cannot be easily modified to cross via a transcellular route. Moreover,
a wide range of structurally-diverse drugs are known substrates of the efflux transporters located at the
BBB.#*>~%/ Due to this, even drugs which should be able to cross the BBB via transcellular routes may not
be able to enter the brain at therapeutic concentrations; for example, Schinkel et al. reported that mice

deficient in P-gp showed significantly increased sensitivity to the neurotoxin ivermectin (100-fold) and
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Figure 1.3: Possible transport routes across the blood-brain barrier, redrawn from [4]. Due to the presence of narrow
tight junctions between adjacent endothelial cells (left), the majority of substances can only enter the
brain via a transcellular pathway (middle). Actively opposing the influx of substances into the brain are

efflux transporters such as P-gp, which sit on the apical side of the BBB (right).

chemotherapeutic vinblastine (3-fold), suggesting that the action of P-gp severely restricts their entry into
the brain.*>=4’ It has been claimed that over 98% of conventional small molecule drugs are unable to cross
the BBB, making it one of the biggest obstacles for the treatment of brain diseases such as glioblastoma

and Alzheimer’s disease.*8

1.2.1 Existing Methods to Overcome the Blood-Brain Barrier

Numerous studies have tried to elucidate the exact physiochemical properties required for therapeutic
agents to efficiently cross the BBB. Characteristics such as low molecular weight, low polarity, moder-
ate lipophilicity and a low propensity for hydrogen bond formation have all been suggested to lead to
improved BBB penetration.*?=>1 However, designing effective therapeutics that successfully fulfil all of
these criteria is non-trivial and thus, the development of methods to overcome the BBB has been of great
interest in recent years. As of now, there are a variety of methods that have been developed to do this, a

selection of which are presented in Table 1.1.

The most straightforward approaches to overcome the BBB involve bypassing the BBB altogether by
delivering therapeutics directly into the central nervous system using intrathecal (i.e. into the lumbar spine)

or intracerebroventricular (i.e. into the lateral ventricles of the brain) injections.??>3 However, aside from
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Method

Advantages

Disadvantages

direct injection

targeted; low off-target toxicity

highly invasive; poor drug penetration beyond

injection site

intranasal delivery

non-invasive; reduction of systemic side-effects;

easy administration

non-targeted; limited dosing volume possible:
drugs must be potent; frequent use can damage

nasal mucosa

interstitial wafers

targeted; sustained and controllable drug release;

reduction of systemic side-effects

invasive: implants increase chances of infection;
can only deliver a limited amount of therapeutic
per implant; poor drug penetration beyond

implant site

osmotic disruption

less invasive than direct injections; induces

transient BBB disruption

invasive; induces transient cerebral edema;
non-targeted: linked to neurological deficits,

strokes, seizures

enhanced

transcellular transport

non-invasive; easy administration

non-targeted; non-trivial: must consider first pass
clearance, immune response, off-target effects

etc; often poor efficiency

Table 1.1: Existing methods of overcoming the blood-brain barrier.
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being highly invasive, the concentration of the administered drug is often very low in regions far away

from the injection site, limiting the use of these methods in the treatment of brain diseases.>*

In recent years, intranasal delivery has emerged as a non-invasive alternative to bypass the BBB. Thera-
peutics administered intranasally can reach the central nervous system via the olfactory and trigeminal
neural pathways, reducing the risk of any side-effects associated with systemic exposure.”>=>” As of now,
this method has been used to successfully deliver a wide range of substances to the brain, including small
molecule drugs and peptides.”>~>/ However, only small volumes of the drug can be administered at a
time, meaning that this method is only suitable for highly potent therapeutics.”®>? Furthermore, frequent

usage can lead to damage of the nasal mucosa.’®°?

In addition to intrathecal, intracerebroventricular and intranasal drug delivery methods, interstitial delivery
methods have also been investigated as a way of bypassing the BBB. An example of this is the use of
interstitial wafers, in which the therapeutics to be delivered are incorporated into a polymeric wafer and
implanted into the brain.?© Successful drug delivery to the brain has been shown with this method, but
the need to surgically implant objects in the brain results in an increased chance for infection.® Low drug

concentrations are also found in brain regions located far away from the implant site, limiting their use.®2

An alternative strategy to bypassing the BBB is to transiently disrupt the BBB via the intraarterial ad-
ministration of osmotic agents such as mannitol.®®> Osmotic agents induce endothelial cell dehydration,
resulting in cell shrinkage, widening of the tight junctions and, in turn, increased BBB permeability.®* The
BBB disruption induced is transient, with a return to normal permeability observed within approximately
ten minutes.®4¢> To date, osmotic BBB disruption methods have been used in a number of pre-clinical
and clinical trials; for example, in 2000, Doolittle et al. used osmotic BBB disruption in conjunction with
intraarterial chemotherapy in over two hundred brain tumour patients and observed high rates of tumour
response.®¢-%8 However, despite promising results being obtained, this technique has not been widely
adopted as it is non-specific and leads to BBB disruption throughout the entire brain. As a consequence,
adverse side-effects such as strokes, neurological deficits and seizures have been reported using this
method.®4%? Osmotic BBB disruption is also known to lead to transient cerebral edema, with an increase

of ~1.5% in brain water reported after application.®®79

The chemical modification of existing therapeutics to facilitate transcellular passage across the BBB has
also been attempted. One of the most widely used strategies to date involves the targeting of endogenous
receptors, such as the transferrin receptor (TfR), which are involved in receptor-mediated transcytosis
across the BBB; for example, Mishra et al. developed a series of TfR-targeted nanoparticles as carriers
for the antiviral drug azidothymidine and showed that their accumulation in the brain was significantly

higher (~21%) than non-targeted nanoparticles (~9%) four hours post-administration.”* Whilst promising
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results have been obtained using this strategy, it should be noted that this is a non-targeted method
and is difficult to achieve with high efficiency. In the case of the transferrin pathway, TfR is known to be
expressed in many cell types, including red blood cells, hepatocytes and intestinal cells.”2~74 Moreover, its
natural ligand, transferrin, is present in the bloodstream at uM concentrations and may therefore actively

compete with TfR-targeted therapeutics.”>~7/

1.2.2 Focused Ultrasound-Mediated Blood-Brain Barrier Opening

Over the past twenty years, the use of focused ultrasound combined with intravenously administered
microbubbles has emerged as a promising method to disrupt the BBB in a non-invasive, targeted and
transient manner.”® Microbubbles are typically composed of a gas core encapsulated by a protein or
lipid shell, commercially available for use as contrast agents in ultrasound imaging.’?2° The diameter of
microbubbles used for biomedical applications is between 0.5 to 10 um, making them approximately
equal to the size of red blood cells.”?-81 In ultrasound-mediated BBB opening methods, microbubbles
are administered intravenously and exposed to a focused ultrasound field (Figure 1.4).”® Microbubbles
in an ultrasound field radially oscillate, exerting mechanical stress on the blood vessel walls.828% This,
in turn, leads to an increase in vessel permeability, enhancing the delivery of therapeutic agents to the
brain.”884-87 Ultrasound-mediated BBB disruption is a transient effect, with the BBB reported to return

to its normal permeability level within 4 to 48 hrs after ultrasound exposure in rodent models.88-7°

To date, a wide range of small molecules, nanoparticles and antibodies have been successfully delivered
across the BBB in animal models using focused ultrasound.”®84-87 Moreover, McDannold et al. have
shown that it is possible to repeatedly open the BBB with ultrasound in monkeys without any significant
changes in behaviour or tissue morphology.”! The magnitude of ultrasound-induced BBB opening can
be controlled by the acoustic pressure amplitudes used, with the use of higher acoustic pressures lead-
ing to greater BBB opening and allowing the delivery of larger substances across the BBB.”? However,
the choice of acoustic pressure is also believed to be strongly correlated to the safety profile achieved,
with safer BBB opening obtained at lower acoustic pressures; for example, Baseri et al. observed minimal
tissue effects at low acoustic pressures, but saw multiple sites of red blood cell extravasation or large-
scale haemorrhages when higher acoustic pressures were used.”??3 Varying the other parameters such
as the ultrasound frequency, pulse length, pulse repetition frequency or microbubble concentration has

also been shown to lead to differences in the magnitude of BBB disruption induced.’*-78
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Figure 1.4: Schematic representation of focused ultrasound-mediated BBB opening. In this method, intravenously
administered microbubbles are exposed to focused ultrasound. This induces the microbubbles to radially

oscillate and exert mechanical stress on the blood vessel walls, resulting in increased permeability.

Precise determination of the acoustic parameters required for safe and reliable ultrasound-mediated BBB
opening has been of great interest in recent years; however, as of now, the optimal parameter set has
not been identified. One of the main reasons for this is that the exact biological mechanisms underlying
focused ultrasound-mediated BBB opening have yet to be fully elucidated. Various studies have provided
evidence that ultrasound-mediated BBB opening leads to both enhanced paracellular and transcellular
transport across the BBB, with a widening of the tight junctions between endothelial cells, an increase
in the number of vesicles and vacuoles present, endothelial cell fenestration and suppression of P-gp
expression being observed in the sonicated region.84889% |nterestingly, a size-threshold has been asso-
ciated with ultrasound-mediated BBB opening, with smaller molecules being delivered more efficiently
across the BBB than larger molecules using the same set of ultrasound parameters.”21% Since the size
of vesicles is greater than that of the model drugs used in these studies, it has been suggested that the
presence of a size-threshold indicates that the widening of tight junctions is the predominant mechanism

of ultrasound-mediated BBB opening.?%190
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In spite of the incomplete understanding regarding the mechanisms of ultrasound-mediated BBB opening,
a number of Phase | clinical trials are currently being conducted in an attempt to assess the safety and
feasibility of this method in human patients. Promising results have been achieved to date, with Lipsman
et al. and Abrahao et al. reporting that the BBB can be opened safely, reversibly and reliably in patients

with early to moderate Alzheimer’s disease and amyotrophic lateral sclerosis respectively.101.102

1.3 THESIS AIMS

Being able to deliver drugs across the BBB in a non-invasive and targeted manner without requiring addi-
tional chemical modifications greatly expands the scope for the development of therapeutics for brain
diseases. The overall aim of this thesis was to develop chemical systems that can take advantage of
ultrasound-mediated drug delivery methods and to assess their therapeutic efficacy in vivo by deliver-
ing them across the BBB in relevant mouse models. Two systems have been investigated in this work:
nanoparticles as delivery platforms for combination therapies (Chapter 2) and metal complexes for the

treatment of Alzheimer’s disease (Chapters 3 and 4).
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2 DNA-COATED NANOPARTICLES FOR BRAIN DISEASES

21 BACKGROUND

Conventional methods employed to administer small molecule drugs are typically systemic, involving oral,
gastrointestinal or intravenous administration. Drawbacks of systemic administration methods include
a lack of specificity, low accumulation of the drug at the target location and the potential for adverse
side-effects. In recent years, functionalised nanoparticles have attracted significant interest for thera-
peutic applications as they can facilitate targeted and site-specific drug delivery. The most commonly
used nanosystems for drug delivery are based on either organic (e.g. micelles and liposomes), polymeric
(e.g. dendrimers) or inorganic (e.g. quantum dots, gold nanoparticles and superparamagnetic iron oxide

nanoparticles) systems.103-106

2.1.1 Spherical Nucleic Acids

Spherical nanoparticles coated with a dense layer of oligonucleotides, also known as spherical nucleic
acids (SNAs), have emerged as promising nanoplatforms for drug delivery applications due to their high
versatility.’%” To date, a variety of core materials have been used to form them, including gold nano-
particles and quantum dots, and almost any oligonucleotide sequence can be attached to the surface
(Figure 2.1).198109 Numerous studies have shown that these nanoparticles can be easily adapted for dia-
gnostic, therapeutic and material synthesis purposes; for example, Jensen et al. designed a system consist-
ing of a gold nanoparticle core functionalised with small interfering RNA targeted towards the BcI2L12 on-
cogene, which is upregulated in glioblastoma, the most common form of primary brain cancer.108110-112
Administration of these nanoparticles in glioblastoma mouse models led to the reduced expression of

Bcl2L12 and a decline in tumour progression.108

In addition to their versatility, the dense, highly orientated oligonucleotide shell that coats these nan-
oparticles has been shown to convey desirable properties to the nanoparticles regardless of the core
material used; for instance, despite possessing a highly negatively charged oligonucleotide shell, these
nanoparticles have been shown to rapidly enter over fifty different cell types without the need for ex-

ternal transfecting agents.11113 Conversely, linear oligonucleotides of the same sequence are unable to
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Figure 2.1: Structure of a spherical nucleic acid.

enter cells without the use of cationic transfecting agents due to electrostatic repulsion between the cell
membrane and their negatively charged phosphate backbones.''?® The efficient cellular uptake of SNAs
is thought to occur through specific binding of the oligonucleotide shell to Class A scavenger receptors
on the cell membrane and subsequent internalisation via a caveolae-mediated pathway.'1%114 The differ-
ence in cell uptake abilities between SNAs and linear single-stranded oligonucleotides is believed to be
due to the 3D arrangement of oligonucleotides on the nanoparticle surface; through studies in mouse
endothelial (C166) cells, Choi et al. showed that it is the 3D oligonucleotide shell - and not the core ma-
terial - that is responsible for the nanoparticles’ high binding affinity to cell surface receptors.''® Other
desirable properties that are associated with SNAs include resistance to enzymatic degradation, minimal

triggering of cellular immune responses and no observed toxicity when administered in vivo.11>-117

As of now, a number of different variations of SNAs have been developed, with a wide range of core
materials and oligonucleotide sequences being employed; however, there are very few examples of their
use - and more broadly, other nanoparticle systems - in the treatment of brain diseases as their size typ-
ically prevents them from efficiently crossing the BBB.*8198.118 |nterestingly, the Bcl2L12-targeted SNAs
developed by Jensen et al. have been reported to cross the BBB by themselves, with SNAs being detec-
ted in the brains of both healthy and glioma-bearing mice 48 hrs after their administration.’°¢ However,
significantly greater SNA accumulation was found in the tumours of glioma-bearing mice than in normal
brain tissue.1%8 |n glioblastoma, the BBB is known to be leaky at the tumour core, but intact at the tumour
margins and surrounding tissue; as a consequence, many of the strategies to treat glioblastoma are aimed
at overcoming the intact BBB at the tumour margins to prevent tumour recurrences.''? Thus, whilst the
results obtained by Jensen et al. are promising, the significantly higher accumulation of SNAs that was
detected in the tumour tissue compared to in healthy tissue suggests that the intact BBB remains an

obstacle for the efficient delivery of these types of nanoparticles to the brain.
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22 AIMS AND OBJECTIVES

The overall aims of the work presented in this chapter were to investigate the feasibility of delivering
SNAs across the BBB using focused ultrasound and to probe the size-dependency of focused ultrasound-

mediated BBB opening. To achieve these aims, the following objectives had to be fulfilled:

e Synthesise and characterise a range of SNAs of different sizes.

Deliver the synthesised nanoparticles across the BBB in vivo using ultrasound and microbubbles.

Assess whether the nanoparticles remain intact upon delivery to the brain using microscopy.

Investigate the size-dependency of focused ultrasound-mediated BBB opening by comparing the

delivery of the different sized nanoparticles to the brain.

Assess the safety of the experimental conditions used with H&E staining.

23 RESULTS AND DISCUSSION

2.3.1 Nanoparticle Synthesis and Characterisation

In spite of the fact that the majority of clinically approved nanoparticles to date have sizes of approxim-
ately 100-200 nm (e.g. Doxil®, 80 to 100 nm; Myocet®, 150 to 250 nm), there is growing interest in devel-
oping smaller nanoparticles, particularly for anti-cancer applications. Nanoparticles of 50 nm diameter or
smaller have been shown to exhibit increased tumour penetration over their larger counterparts.120-122
Moreover, prior work suggests that there is a size-threshold associated with focused ultrasound-mediated
delivery across the BBB, with smaller molecular weight dextrans being delivered more efficiently than lar-
ger molecular weight dextrans under the same experimental conditions.”>1%° Due to this observation,
it has been suggested that the predominant mechanism of focused ultrasound-mediated drug delivery
across the BBB is increased paracellular transport due to a widening of the tight junctions between ad-
jacent endothelial cells.”? As a consequence, smaller nanoparticles are likely to be delivered more effi-

ciently using this method than larger nanoparticles. With this in mind, it was decided that sub-25 nm

oligonucleotide-coated nanoparticles would be investigated in this initial study.
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Synthesis of Monodisperse Gold Nanoparticles

To date, SNAs have been made using a variety of different core materials, including gold nanoparticles
(Au NPs), quantum dots and iron oxide nanoparticles.198107.123 For this study, a Au NP core was chosen
as Au NPs have been widely investigated in the past and there are well-established methods to synthesise
them in a monodisperse manner (Figure 2.2). The majority of routes used to synthesise Au NPs involve
the reduction of a gold source, HAuCl4, from a +3 oxidation state to 0.12 A capping agent, such as citrate,

is typically added to prevent nanoparticle aggregation or further growth.

: &
Au® reduction © nucleation ‘ growth
s, S @ — —
Au®* &
: % ©

Figure 2.2: Proposed mechanism of gold nanoparticle formation, redrawn from [124]. The gold precursor is reduced

to give primary particles, which grow into larger particles via coalescence.

The direct reduction of HAuCl4 by sodium citrate is the most widely used method to synthesise Au NPs,
giving nanoparticles of 5 to 150 nm in diameter.12>12¢ Whilst a certain level of size control can be ob-
tained by adjusting the pH, solvent and HAuCl4:citrate ratio, the resulting particles are typically polydis-
perse and of varying morphology due to a lack of control over the nucleation and growth steps.126-128
To overcome this, seeded growth methods have been developed. These involve the initial synthesis of
small seed particles, which are then grown larger through successive growth steps.?2%:130 The use of mul-
tiple growth steps allows for a high seed particle:metal salt ratio to be maintained, favouring the growth
process over additional nucleation.’2130 However, to date, most seeded growth protocols rely on the
use of strong reducing agents and capping agents, resulting in highly passivated particles that are difficult
to functionalise further; for example, one of the most well-established seeded growth methods to syn-
thesise monodisperse Au NPs of 5-40 nm involves the use of cetyltrimethylammonium bromide (CTAB)
as both the reducing and capping agent.’2? Not only is CTAB difficult to displace due to its bulky nature,
making subsequent surface functionalisation reactions difficult, but free CTAB is toxic at sub-micromolar
concentrations. Stringent purification steps must therefore be carried out if the nanoparticles are to be
used for in vitro or in vivo applications.®* As was shown during MRes work, the addition of CTAB can
also lead to the formation of non-spherical particle populations as CTAB preferentially binds to the {100}

faces of Au NPs, leading to greater Au® deposition on the {111} faces (Appendix: Figure 9.3).132133
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To avoid these issues, a CTAB-free seeded growth protocol was used in this work, involving the reduction
of a gold(Ill) source with a combination of tannic acid and sodium citrate (Scheme 1).12° The synthesised
Au NPs were then coated with a 25-base length oligonucleotide, containing a thiol tag on the 3’ end
to allow for attachment to the Au NP surface and a Cy5 tag on the 5’ end to allow for fluorescence
detection. A 25-base length oligonucleotide was chosen as this is the typical length of gene therapies.
To functionalise the nanoparticles, a method adapted from Li et al. was followed.’3* First, a solution of
Tween20 was added to the nanoparticles in order to protect their surface and prevent aggregation. The
thiolated oligonucleotides and NaCl were then added. The addition of NaCl is used to screen the charges
between oligonucleotide strands and allow for more efficient loading. In contrast to the method reported
by Li et al., the addition of methoxypolyethylene glycol thiol (mnPEG-SH; 6000 kDa) was found to be
unnecessary to form stable particles and was not included so that higher loading of oligonucleotides on

the particle surface could be achieved.

:
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Scheme 1: Synthesis of DNA-coated gold nanoparticles via a seeded growth protocol.’3%134 Ten successive growth

steps were performed, resulting in five gold nanoparticle solutions of increasing particle size.

Characterisation of DNA-coated Gold Nanoparticles

Following the method depicted above, three sets of Cy5-DNA-Au NPs (A, B and C) of different sizes were
synthesised. All nanoparticles were fully characterised using UV-Vis spectroscopy, transmission electron
microscopy (TEM), dynamic light scattering (DLS) and electrophoretic light scattering (ELS). We have pre-
viously reported the characterisation of the nanoparticles used in this study in extensive detail and will

therefore only briefly discuss this here.87:133

Absorption spectra of the synthesised Au NPs show a strong absorption band at ~515 nm for all sets

of nanoparticles, indicating the formation of small Au NPs with diameters less than 30 nm (Table 2.1;
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Appendix: Figure 9.4).13136 This was confirmed by TEM, which showed that the three sets of Cy5-DNA-
Au NPs synthesised were monodisperse, quasi-spherical and had diameters less than 15 nm (Figure 2.3).
Quantification was performed using ImageJ by measuring at least 100 nanoparticles per set, with the core

Au NP diameters determined to 6.3 £ 0.7 nm (A), 9.5 + 1.4 nm (B) and 14.2 + 1.2 nm (C).

4 6 8 10 12 14 16
diameter /nm

Figure 2.3: a) Representative TEM images of the synthesised Cy5-DNA-Au NPs A, B and C. Particles are monod-
isperse and quasi-spherical. b) Size distribution of Cy5-DNA-Au NPs A, B and C, determined by measur-

ing the particles using ImageJ (n > 100 for each set).

Further characterisation of the synthesised nanoparticles was carried out using DLS and ELS. DLS allows
the determination of the hydrodynamic diameters of the particles, which takes into account both the size
of the particles as well as any solvent effects. In DLS, a single frequency laser beam is directed through
the nanoparticle sample. Upon hitting the particles, the incident light is scattered. Due to the effects of
Brownian motion, the intensity of the scattered light fluctuates over time; this fluctuation is dependent on

the particle size, with larger particles - which move at slower speeds - causing less fluctuations than smal-
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ler particles.’®” The rate at which the intensity of the scattered light fluctuates can be used to determine

the diffusion coefficient of the particles and, in turn, the hydrodynamic diameter via the Stokes-Einstein

equation (Figure 2.4).137

bulk solution
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Figure 2.4: a) The Stokes-Einstein and Henry’s equation used in DLS and ELS. (D: diffusion coefficient, kg: Boltzmann
constant, T: temperature, n: solvent viscosity, R,: hydrodynamic radius, Ug: electrophoretic mobility,
&: dielectric constant of the solution, { : zeta potential, F(ka): Henry function) b) Zeta potential is the

potential at the boundary between the slipping plane and the bulk solution.

In contrast, ELS is used to determine the zeta potential of the particles, the electric potential at the bound-
ary between the bulk solution and the slipping plane, which can give information about the particle surface
charge (Figure 2.4).1%8 \oltage is applied across the nanoparticle sample, causing any charged particles to
be attracted to the oppositely charged side. In a similar way to DLS, a laser beam is applied to the sample
and the frequency shifts in the scattered light due to the movement of the particles in the applied electric
field are measured.?38 This allows the electrophoretic mobility of the particles to be calculated, which can

be used to determine the zeta potential with Henry’s equation (Figure 2.4).

Upon functionalisation of the Au NPs with thiolated oligonucleotides, the hydrodynamic diameters of the
Au NPs were seen to increase from less than 12 nm to greater than 20 nm, indicating successful surface
attachment (Table 2.1). Changes in the zeta potentials were also observed, with all zeta potentials found to
be negative due to the negatively charged citrate (Au NPs) or oligonucleotides (Cy5-DNA-Au NPs) bound
to the nanoparticle surface (Table 2.1). The number of oligonucleotide strands attached to each set of

nanoparticles was also estimated following methods reported by Demers et al.1? Briefly, the synthesised
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Aspr/ Nm  dtgm/ Nm dy/ nm ¢/ mV Oligo Strands / NP

A 511 6.3+£0.7 53+x05 -504=+55 -
Au NPs B 517 95+£14 79+13 -420+4.2 -
Cc 519 142+12 119+13 -50.3%£43 -

A - - 21.6+33 -425+3.1 40.7+1.8
Cy5-DNA-AuNPs B - - 233+2.6 -350%+35 49221
C - - 252+19 -211+16 77.0+23

Table 2.1: Properties of the synthesised gold nanoparticles before and after functionalisation with oligonucleotides
(Aspr = surface plasmon resonance wavelength; drem = TEM diameter; d,, = hydrodynamic diameter;

¢ = zeta potential).

Cy5-DNA-Au NPs were incubated with mercaptoethanol, which is able to displace the surface-bound
oligonucleotides. Following centrifugation, the fluorescence intensity of the supernatant (containing the
displaced oligonucleotides) was compared to a calibration curve to determine the concentration of oli-
gonucleotides present. The average number of oligonucleotides that was attached per particle was then
estimated by dividing the measured oligonucleotide concentration by the initial Au NP concentration.
Over a series of experiments conducted as part of the MRes project, the oligonucleotide loading was
adjusted to ensure that Cy5-DNA-Au NPs A, B and C had similar emission intensities so that their deliv-
ery across the BBB with ultrasound could be compared using fluorescence detection methods (Table 2.1;
Appendix: Figure 9.5).87:133 Whilst the fluorescence emission of Cy5-DNA-Au NPs A, B and C are not
significantly different from each other, allowing us to conduct the proposed in vivo experiments, the pre-
cise surface coverage of the synthesised NPs should be determined in future work. Several studies have
shown that the properties of SNAs are largely governed by the 3D architecture of the oligonucleotide
shell; thus, any differences in the density of the oligonucleotides on the NP surface could lead to differ-
ent cellular uptake and biodistribution of the Cy5-DNA-Au NPs in vivo.113140 Ways in which the surface
oligonucleotide density could be tuned include adjusting the oligonucleotide concentration present in the

reaction mixture, displacing excess oligonucleotide strands with mercaptoethanol and using a mPEG-SH

backfill 133,134,139

38



2.3 RESULTS AND DISCUSSION

2.3.2 Delivering Nanoparticles across the BBB with Ultrasound

Focused ultrasound and microbubbles have been previously used to deliver a number of nanoparticle
systems into the brain in vivo, but oligonucleotide-coated nanoparticles have not been delivered before.
Thus, we first sought to investigate whether it would be feasible to deliver this type of nanoparticle sys-
tem across the BBB with ultrasound and whether the DNA-Au NPs would remain intact upon successful

delivery.

Ultrasound Setup

All in vivo focused ultrasound experiments were performed using the system shown in Figure 2.5, con-
trolled on MATLAB via a custom graphical user interface (GUI). Both the system and GUI were developed
by Dr. A. Pouliopoulos (PhD student, NSB Lab). Briefly, the desired ultrasound pulse sequence and shape
were defined using a function generator, passed through an amplifier and then emitted from a 1 MHz
focused ultrasound transducer. The 1 MHz focused ultrasound transducer was mounted onto a program-
mable 3D positioning system to allow the transducer to be moved to the target location. A 7.5 MHz
passive cavitation detector was used during ultrasound treatment to detect the presence of the micro-
bubbles in the sonicated region. To avoid significant attenuation or distortion of the emitted ultrasound,

water baths and coupling gel were used in between the skull of the mouse and the transducer.

The general experimental workflow that was followed for all in vivo experiments is shown in Figure 2.6.
Before every experiment, the fur from the head of the mouse was removed using an electric razor and
depilatory cream to allow the skull sutures to be visualised. The mouse was then anaesthetised and its
head was fixed using a stereotaxic frame. Next, the transducer was moved to target the desired location;
in all experiments, this was either the left hippocampus or left thalamus regions, leaving the right side
of the brain as the control. Once the transducer was in place, SonoVue microbubbles, followed by the
compound of choice, were injected intravenously into the bloodstream via the tail vein. The brain was then
sonicated over a period of approximately four minutes. Following sonication, the mouse was transcardially
perfused with saline to flush out the blood and fixed by perfusing with 4% paraformaldehyde. The brain
was extracted and cryosectioned into horizontal sections for fluorescence imaging (30 um thickness).
Cryosectioning involves embedding the tissue in OCT (optimal cutting temperature; a mixture of polyvinyl
alcohol and polyethylene glycol that has the same density as frozen tissue when frozen), snap-freezing
the sample in an isopentane/dry ice cold bath and then slicing using a cryostat at temperatures of -10

to -15 °C. Prior to cryosectioning, all samples were cryoprotected by immersing them in graded sucrose
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Figure 2.5: Experimental setup for in vivo experiments and a screenshot of the GUI used to control the system. The

setup and GUI were developed by Dr. A. Pouliopoulos (PhD student, NSB Lab).
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Figure 2.6: Experimental workflow for in vivo experiments.

solutions (15% to 30%) over the course of 24 hrs. Sucrose acts as a dehydrant and helps to preserve

cellular morphology by preventing ice crystal formation in the tissue during freezing.

Targeting Methods

To target the desired location in the brain, we began by following the grid positioning protocol reported by
Choi et al.1*! In this method, the fur from the head of the mouse is removed and a metal cross is placed on
top of the lambdoid and sagittal sutures of the mouse skull (Figure 2.7). These sutures are visible through
the intact skin of the head. A raster scan of 10 mm x 10 mm is then performed using the transducer in
pulse-echo mode and connected to a pulser-receiver. Integration of the echos received over time for each
point allows the position of the transducer relative to the metal cross to be determined. This information

can then be used to target specific regions of the brain.

Initially, we tried to target the hippocampal region of the brain because this has been implicated in a
number of diseases, as well as being easily identifiable anatomically. A 3 kDa Texas Red-labelled dextran
molecule, which is known to not cross the BBB by itself due to its size, was intravenously injected to allow
identification of the site of BBB opening.2%?2 Initial attempts to target with this protocol were unsuccess-
ful due to two main issues: 1) the C57BL/6J mice used often had black skin, making the lambdoid and
sagittal sutures impossible to see and 2) the metal cross was not always clearly visible on the raster scans.

As a consequence, the targeting procedure was optimised with S. Morse (PhD student, NSB Lab) over the
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sagittal suture
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Figure 2.7: a) Aerial view of the ultrasound setup. To target specific regions of the brain, a metal cross is placed on
top of the lambdoid and sagittal sutures of the mouse skull, which are visible through the intact skin of

the mouse head. b) Example raster scan.

course of several months. The former issue was found to be due to the hair growth cycle of C57BL/6)J
mice and was ultimately solved by ordering older mice (10 week old mice versus 8 week old mice).142
To address the latter problem, a series of in vivo experiments were conducted using metal crosses made
from different materials. To obtain the best reflection of the emitted ultrasound off the metal cross during
the raster scan and, in turn, generate a clearer image, the difference in acoustic impedance between the
metal cross and water (Z = 1.5 x 108 kg(m?2s) 1) should be as high as possible. A summary of the different
crosses that were tried can be found in Table 2.2, with the stainless steel cross proving to be most effect-
ive. The code was also edited by S. Morse (PhD student, NSB Lab) to further improve targeting accuracy;
the details of this can be found in her thesis.’*3 Figure 2.8 shows an example of successful hippocampal
targeting, made possible after optimisation. Ultrasound-mediated BBB opening can be clearly observed

in the left hippocampal region, with no BBB opening observed in the non-sonicated right hippocampal

region.

Delivering Nanoparticles across the BBB using Ultrasound

Initially, Cy5-DNA-Au NPs A, B or C were delivered across the BBB using the ultrasound setup and work-
flow depicted above (Figure 2.5, Figure 2.6). Briefly, in these experiments, the left thalamus region of the
brain was targeted, leaving the right thalamus as the non-sonicated control (Figure 2.9). The mouse was

then sonicated using conventional therapeutic ultrasound pulses (frequency: 1 MHz, peak-negative pres-
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Metal Cross Z / kg(m?2s)1 Comments
Two 1 mm thick rods made from paper clips ~40 x 10° Rods are not flat
3D printed plastic cross covered with aluminium foil 17.3x 10 Poor reflector
3D printed plastic cross covered with a thin layer of tungsten 98 x 109 Tungsten layer too thin
Stainless steel cross cut from metal sheet 45.5 x 106 Flat; good results

Table 2.2: Different metal crosses that were used to try and improve the targeting accuracy. The stainless steel
cross gave the best results and was used in all subsequent in vivo experiments. Acoustic impedances, Z,

are taken from references [144, 145].

sure: 530 kPa, pulse length: 10 ms, pulse repetition frequency (PRF): 0.5 Hz, sonication duration: 250 s).
Experiments conducted with Dr. A. Pouliopoulos, S. Morse and J. Lin (PhD and MRes students, NSB Lab)
determined the pressure threshold for successful BBB opening with this pulse sequence to be between
180 kPapy-neg and 350 kPapy.neg (Appendix: Figure 9.6); reproducible BBB opening was therefore expec-
ted using higher peak-negative pressures of 530 kPa. After five ultrasound pulses, SonoVue microbubbles
followed by Cy5-DNA-Au NPs A, B or C were injected intravenously via the tail vein. Following sonica-
tion, mice were transcardially perfused and fixed. Harvested brains were cryosectioned and imaged using

bright-field and fluorescence microscopy in order to detect the presence of the nanoparticles in the brain.

Evidence of successful BBB opening and delivery of Cy5-DNA-Au NPs to the brain was observed in all
experiments performed. Due to the characteristic dark red colour of Au NPs, the presence of the Au NP
cores was clearly detected in the left thalamus in bright-field images of brain sections (Figure 2.10). Sig-
nal from the attached Cy5-labelled oligonucleotides was detected using fluorescence microscopy. These
signals were found to be co-localised with the bright-field signals, indicating that the Cy5-DNA-Au NPs re-
mained intact as they crossed the BBB. Negligible nanoparticle signal was observed in the non-sonicated
right thalamus in all experiments; thus, whilst Jensen et al. reported that their 30 nm DNA-Au NPs were
able to cross the BBB by themselves, it is evident that the use of focused ultrasound and microbubbles

can significantly increase the accumulation of DNA-Au NPs in the brain.1%8

Delivery of the Cy5-DNA-Au NPs was also attempted at lower pressures of 350 kPapy.neg, but low fluor-
escence signal was detected in the targeted region, indicating limited delivery (Appendix: Figure 9.7). As
will be discussed in the next section, ultrasound-mediated BBB opening has been associated with a size-
threshold in the past, with reports showing more efficient delivery of smaller molecules compared to larger

molecules using the same ultrasound parameters.”>1% Thus, whilst we have shown that we are able to

43



DNA-COATED NANOPARTICLES FOR BRAIN DISEASES

targeted ' control

e e

dextran (texas red)

Figure 2.8: Fluorescence microscopy image of successful targeting of the left hippocampus. Ultrasound-mediated
BBB opening can be clearly seen in the left hippocampus (purple; injected tracer: 3 kDa Texas Red-

labelled dextran), with no evidence of BBB opening observed in the non-sonicated right hippocampus.
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Figure 2.9: Ultrasound parameters used for BBB opening. The left thalamus region was targeted in all Cy5-DNA-

Au NP experiments, leaving the right thalamus as the non-sonicated control.
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Figure 2.10: Bright-field and fluorescence microscopy images showing the successful delivery of Cy5-DNA-Au NPs
to the left thalamus of the brain. Signal corresponding to the Au NP cores can be observed in bright-
field images (green box) and is found at the same location as signal from the attached Cy5-labelled

DNA strands (orange box).
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deliver small molecule probes (e.g. 3 kDa dextran, hydrodynamic diameter = ~2 nm; Appendix: Figure 9.6)
across the BBB using pressures of 350 kPapy.neg, efficient delivery of the synthesised Cy5-DNA-Au NPs
requires the use of higher acoustic pressures.®1%° As shown in Appendix: Figure 9.6, the use of higher
acoustic pressures induces greater ultrasound-mediated BBB opening; however, this, in turn, leads to an

increased probability for tissue damage.?%73

2.3.3 Size-Dependency of Ultrasound-Mediated Delivery

To investigate the size-dependency of focused ultrasound-mediated BBB delivery in more detail, Cy5-
DNA-Au NPs A (d,, = 21.6 £ 3.3 nm), B (d;, = 23.3 £ 2.6 nm) and C (dy, = 25.2 + 1.9 nm) were delivered
across the BBB using focused ultrasound. The normalised optical density (NOD), the average fluores-
cence intensity of the targeted region normalised by the control, was then calculated from fluorescence
images. A total of n = 5 C57BL/6J mice were used for each set of nanoparticles delivered and all NOD
guantification was performed using an in-house MATLAB script written by S. Morse (PhD student, NSB
Lab). Briefly, the regions of interest, the left and right thalamus, were selected on MATLAB and any arte-
facts (e.g. folds in tissue) were removed. The images were then thresholded to remove any signal due to
tissue autofluoresence. Pixel intensities above the threshold were summed in both sides and the NOD
was obtained by subtracting the value obtained for the left thalamus region (targeted) by that of the right
thalamus region (non-sonicated control). Five brain sections were analysed per brain and all analysis was

conducted at least three times to minimise errors.

As shown in Figure 2.11, the smallest Cy5-DNA-Au NPs (A) investigated in this study were delivered
six times more efficiently than the largest Cy5-DNA-Au NPs (C). This has important implications for
ultrasound-mediated nanoparticle delivery as whilst larger nanoparticles offer a greater surface area upon
which therapeutic and/or imaging agents can be attached, they are delivered less efficiently across the
BBB using focused ultrasound. The observation of a size-dependency also supports the hypothesis that
focused ultrasound-mediated BBB opening proceeds predominantly through the widening of the tight

junctions that exist between the endothelial cells that make up the blood vessel walls.”?

2.3.4 Safety of Focused Ultrasound-Mediated BBB Opening

To date, the safety of focused ultrasound-mediated BBB opening has been widely investigated using

a range of ultrasound parameters. In general, the use of higher acoustic pressures has been correlated
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a) Representative fluorescence microscopy images showing the successful delivery of Cy5-DNA-
Au NPs A, B and C to the left thalamus. No evidence of nanoparticle delivery was observed in the
right thalamus in all experiments. b) Normalised optical density, calculated over five sections per brain.
Using the same ultrasound parameters, Cy5-DNA-Au NPs A were delivered across the BBB six times

more efficiently than Cy5-DNA-Au NPs C (p < 0.05, n = 5 for each set of nanoparticles).
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with greater tissue damage; for example, Baseri et al. sonicated the left hippocampus of mice at acoustic
pressures of 300 to 980 kPap.neg and observed large-scale haemorrhage and extensive tissue damage
at acoustic pressures of 980 kPapk_neg.g’3 Conversely, no histological damage was found in the targeted

region of brains sonicated at 300 kPapyneg.””

The most commonly used method to assess tissue damage caused by ultrasound-mediated BBB open-
ing is haematoxylin and eosin (H&E) staining. This stain depends on the contrast between two dyes,
haematoxylin and eosin, and allows the identification of any changes in cell morphology, sites of red
blood cell extravasation, neuronal death and microvacoulation, all of which have been associated with fo-
cused ultrasound-mediated BBB opening in the past.”®14¢ Haematoxylin is purple-blue and stains nucleic
acids, whilst eosin is pink and stains proteins non-specifically (Appendix: Figure 9.8).14¢ Red blood cells

are stained bright red in H&E-stained sections.

To assess the safety of the ultrasound parameters used to deliver the synthesised Cy5-DNA-Au NPs
across the BBB in this study, C57BL/6J mice (n = 3) were sonicated using the same ultrasound para-
meter set as above. A Texas Red-labelled 3 kDa dextran was injected to easily identify the site of BBB
opening. Brains were paraffin-embedded and sectioned at 5 um by the UCL IQPath laboratory; paraffin
sections were used here, rather than frozen sections, as paraffin-embedding leads to better preservation
of morphological detail. Frozen sections have been used elsewhere in this thesis because the process
of paraffin-embedding quenches fluorescence signal and does not preserve antigen expression as well,

making fluorescence imaging and immunohistochemistry procedures more difficult.*’

To determine the site of BBB opening, paraffin sections were imaged in the Texas Red channel. Eight
sections covering the focal volume were stained with H&E following standard procedures. As shown in
Figure 2.12, only minimal tissue effects were observed using the ultrasound parameters applied in this
study, with just a few sites of red blood cell extravasation located in the targeted region. For diseases
such as glioblastoma in which the life expectancy is short, the benefits of being able to successfully de-
liver the therapeutic agent to the targeted region may outweigh any minor tissue damage caused. It is,
however, believed that these tissue effects could be completely eliminated with further optimisation of
the ultrasound parameters. As will be discussed later in this thesis, our laboratory has designed an altern-
ative pulse sequence that results in more efficient and safer drug delivery across the BBB compared to

the conventional therapeutic ultrasound sequences used in this study.8®
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1
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Figure 2.12: Representative fluorescence microscopy images showing the successful delivery of a 3 kDa Texas Red-
labelled dextran to the left thalamus (top). H&E staining shows a few sites of red blood cell extravasa-
tion in the targeted region (bottom; left), which are not present in the control (bottom; right). No other

tissue effects were observed.

24 CONCLUSIONS AND FUTURE DIRECTIONS

In this chapter, a series of fluorescent DNA-coated gold nanoparticles of different sizes were synthesised
and characterised. These nanoparticles were successfully delivered across the BBB in vivo using focused
ultrasound and microbubbles; this marks the first time that oligonucleotide-coated nanoparticles have
been delivered across the BBB with ultrasound. An investigation into the effect of nanoparticle diameter

on the efficiency of ultrasound-mediated delivery was also conducted, with the smallest nanoparticles syn-
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thesised (hydrodynamic diameter: ~21 nm) being delivered more efficiently than the largest nanoparticles
synthesised (hydrodynamic diameter: ~25 nm). H&E staining showed minor tissue effects as a result of
the conventional therapeutic ultrasound sequences used. The observation of a size-dependency supports
prior hypotheses that the increased permeability seen as a result of focused ultrasound-mediated BBB

opening is predominantly due to a widening of tight junctions between adjacent endothelial cells.?2

Showing that sub-30 nm nanoparticles can be successfully delivered across the BBB using focused ul-
trasound opens up many avenues for drug development. Different combinations of therapeutics and/or
imaging agents could be loaded onto the nanoparticle surface and used for the treatment and diagnosis
of brain diseases such as glioblastoma. In collaboration with Dr. A. Torres-Huerta (Postdoc, Vilar Group), a
number of bisphosphonate drug-loaded DNA-Au NPs have since been prepared. Bisphosphonate drugs,
such as etidronate, aledronate and zoledronate, are clinically used to treat osteoporosis due to their ability
to inhibit bone resorption. However, recent evidence suggests that this class of drug may also possess
anti-cancer properties; for example, in the three year ABCSG-12 clinical trial, the addition of zoledronate
to breast cancer hormone therapy treatment was seen to lead to a 36% reduction in disease progression
in breast cancer patients.1#8-1°0 Moreover, aledronate treatment was shown to promote apoptosis in a
human primary glioblastoma cell line (U-87 MG) in vitro, suggesting that it may be therapeutically useful

for the treatment of brain cancers.’>?

However, bisphosphonate drugs typically suffer from poor cellular
uptake in non-osteoclast cells and thus, require the use of high concentrations (uM) in order to induce

anti-cancer effects.12153

Due to the efficient cellular uptake that has been reported with oligonucleotide-coated nanoparticle sys-
tems, we hypothesised that nanoparticles co-loaded with bisphosphonate drugs and oligonucleotides
could induce greater anti-cancer effects than those observed with the bisphosphonate drugs on their
own. 1113 Prior work conducted in the group has led to the successful development of a novel bimet-
allic zinc receptor that selectively binds bisphosphonate drugs. A version of this receptor containing a
dithiocarbamate group for facile attachment to the surface of Au NPs was synthesised by Dr. A. Torres-
Huerta (Postdoc, Vilar Group). This receptor was loaded with either etidronate (D) or aledronate (E) and
was used to synthesise etidronate- or aledronate-loaded DNA-Au NPs following similar protocols as those
discussed above (Figure 2.13). Successful co-functionalisation of the Au NPs with the drug-loaded recept-
ors and oligonucleotide strands was confirmed using ICP-MS and fluorescence spectroscopy. Ongoing

work is focused on assessing the efficacy of these platforms in cells and in vivo.

For future in vivo applications, a move towards the use of fully biocompatible DNA-coated nanoparticles
would be ideal in order to circumvent any concerns that there might be regarding the accumulation

of metallic nanoparticles in the body. One way this could be achieved is by using so-called 'hollow’
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oligonucleotide-coated NPs, which are based on biocompatible silica shells: the gold nanoparticles are

first coated with a shell of silica, coated with oligonucleotides and then the gold is dissolved away using

1,154
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Figure 2.13: Top: A novel bimetallic zinc receptor was loaded with two bisphosphonate-based drugs, etidronate
and aledronate. The synthesis depicted was carried out by Dr. A. Torres-Huerta (Postdoc, Vilar Group).

Bottom: Etidronate- and aledronate-loaded DNA-Au NPs D and E were synthesised following similar
methods to those reported above.
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3 METAL COMPLEXES FOR THE TREATMENT OF ALZHEIMER'S DISEASE

3.1 BACKGROUND

Alzheimer's disease is the most common form of dementia, accounting for over 50% of all dementia cases.
It currently affects approximately 30 million people worldwide, with this number expected to reach over
100 million by the year 2050.1°°> The prevalence of the disease increases significantly with age and it is
estimated that 25% to 45% of individuals older than 85 years old suffer from dementia.’*¢ Alzheimer’s
disease is divided into two subtypes depending on the age of onset: early onset (< 60 years old) and late
onset (> 60 years old). Over 90% of Alzheimer's disease cases are classed as being late onset and sporadic,

in which genetic mutations are not believed to be the underlying cause.’’

The first clinical symptom of Alzheimer’s disease is usually short-term memory loss. As the disease pro-
gresses, cognitive impairment of other areas begins to develop, resulting in difficulties in communica-
tion and judgement, mood-swings and disorientation. Late-stage Alzheimer’s disease can also lead to
neurological symptoms such as seizures, hallucinations, hypertonia, incontinence and mutism.?*%1°? To
date, three cholinesterase inhibitors (donepezil, rivastigmine and galantamine) have been approved for
use in mild to moderate Alzheimer’s disease, whilst memantine has been approved for use in moderate

160-162 Cholinesterase inhibitors enhance cholinergic neurotransmission

to severe Alzheimer’s disease.
by blocking the hydrolysis of acetylcholine at the synapses, a neurotransmitter which plays a key role
in the encoding, consolidation and retrieval of memory.1¢3-16 |n contrast, memantine is an antagonist
of the N-methyl-D-aspartate (NMDA) receptor and prevents neuronal damage caused by glutamatergic
overstimulation.’¢”-168 Both of these treatments can provide mild to modest symptomatic relief, but they
are unable to halt disease progression or modify the disease pathway.’¢1:16? There have been no new ap-
proved drugs for Alzheimer’s disease since 2003 and as a consequence, patients with Alzheimer's disease

typically survive for eight to ten years after diagnosis.’”?

3.1.1 The Amyloid Beta Hypothesis

Alzheimer’s disease is histopathologically characterised by the presence of amyloid beta (AB)-containing

plaques and neurofibrillary tangles (NFTs) (Figure 3.1).171 AB plaques are aggregates of the AB peptide
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Figure 3.1: Alzheimer’s disease is characterised by the presence of amyloid beta plaques in the extracellular space
and neurofibrillary tangles inside neurons. The abnormal build-up of these protein deposits over time

ultimately results in brain atrophy.

and are found in the extracellular space of the brain, whilst NFTs are aggregates of hyperphosphorylated
tau protein and are found inside neurons. The presence of these protein deposits inside the brain leads

to impaired cell signalling, neuronal death and, ultimately, brain atrophy.?/2173

As of now, the exact cause of Alzheimer’s disease has not been elucidated. The most prevalent theory
is known as the AR hypothesis, which states that the accumulation of AB peptide inside the brain is the
initiating factor for the development of Alzheimer’s disease pathogenesis.’”4-176 AB is produced by the
endoproteolysis of the amyloid precursor protein (APP), an integral membrane protein which is concen-
trated in the synapses of neurons (Figure 3.2).177:178 |n the non-amyloidogenic pathway, APP is cleaved
by the enzyme a-secretase to give a soluble extracellular fragment known as sAPPa.'”? In contrast, in
the amyloidogenic pathway, APP is sequentially cleaved by B-secretase and y-secretase to generate A

peptides, which are released into the extracellular space.’’?180

AB peptides are usually 40 (AB1-40) or 42 (AB1-42) amino acids in length. The AB1-42 peptide is found
at 10-fold lower levels than the AB1-40 peptide, but it is more prone towards aggregation.’é? Monomeric
AB1-40 and AB1-42 peptides are known to aggregate to form soluble non-fibrillar oligomers and insoluble
fibrillar plaques (Figure 3.2). It was originally believed that the insoluble AB plaques were responsible for
inducing neurotoxicity, but increasing evidence is suggesting that it is, in fact, the soluble oligomers that
are the neurotoxic species. This is supported by the fact that there is a much stronger correlation between
the cerebral load of soluble AB oligomers and cognitive status than there is with fibrillar AB.282183 Fyr-
thermore, it has been shown that the administration of soluble forms of A to healthy rodents can impair

their cognitive function and induce synaptic dysfunction.’8%18> Despite the ongoing controversy about
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Figure 3.2: In a healthy brain, the amyloid precursor protein is cleaved once by a-secretase, In contrast, in
Alzheimer’s disease, it is cleaved twice: first by B-secretase and then by y-secretase. This results in the re-
lease of the so-called amyloid beta peptide, which, over time, aggregates to form oligomers and plaques.
The amyloid beta hypothesis states that it is the presence of these aggregates that triggers Alzheimer’s
disease pathology.

whether it is the oligomers or the fibrils that are the toxic species in Alzheimer's disease, there is no known
toxicity associated with monomeric AB; in fact, there is evidence that monomeric AB1-42 could provide

neuroprotective effects through activation of the phosphatidylinositol-3-kinase pathway.8¢

In the AR hypothesis, the gradual accumulation of aggregated AR is thought to initiate a neurodegenerat-
ive cascade, involving the triggering of inflammatory responses, oxidative stress, disruption of neuronal
homeostasis and NFT formation.'”>176181 Evidence supporting the Ap hypothesis includes the fact that
familial Alzheimer's disease, a type of aggressive and early onset Alzheimer’s disease, is caused by muta-
tions in the genes coding for APP and the y-secretase complex proteins presenilin 1 and 2.28”7 An inher-
ited missense mutation in the APP gene that reduces AB production and appears to provide protective
effects against Alzheimer’s disease has also been identified.’¢ Moreover, transgenic mouse models con-
taining mutations in the APP gene are able to reproduce some of the key aspects of Alzheimer's disease,
such as plaque development, synaptic dysfunction and memory deficits.’8%1?C Numerous in vitro and
in vivo studies in rodents have also shown that immunisation with AB can prevent Alzheimer’s disease

pathology.!?1:192

55



METAL COMPLEXES FOR THE TREATMENT OF ALZHEIMER’S DISEASE

In recent years, the validity of the A hypothesis has been called into question. If the AB hypothesis is true,
then any patient with significant Ap burden in their brains should develop Alzheimer’s disease. However,
cognitively normal individuals with abundant AB deposits in their brains have been identified.’?3-17¢ This
implies that AB deposition by itself is not enough to cause Alzheimer’s disease and there must therefore be
other factors involved. Furthermore, if A aggregation is the root cause of Alzheimer’s disease, it follows
that inhibiting the Ap pathway in human patients should have a positive effect on disease progression.
The three main therapeutic strategies that have been attempted to address this are: 1) the reduction of
AB production via the inhibition of B-secretase or y-secretase, 2) the inhibition of AP aggregation and 3)
the promotion of AB clearance.’?/~293 However, as shown in Table 3.1, minimal clinical benefit has been
observed with the majority of anti-amyloid agents investigated thus far. Due to this, it has been proposed
that Alzheimer’s disease cannot be solely triggered by the aggregation of AB; instead, it is likely caused
by a complex combination of factors, which could include viral and bacterial infections, the aggregation

of tau protein, sleep deprivation and metal dyshomeostasis.??4-208

Mechanism of Action Name Clinical Study Phase Result Reference

rosiglitazone 3 ineffective 197

Reduction of AB production
semagacestat 3 ineffective 198
tramiprosate 3 ineffective 199

Inhibition of AB aggregation
scyllo-inositol 2 ineffective 200
bapineuzumab 3 ineffective 201
Promotion of A clearance solaneuzumab 3 ineffective 202
nilvadipine 3 ineffective 203

Table 3.1: Examples of disease-modifying drugs targeted towards AB and the clinical study phase that was reached.

Regardless of whether the sequence of events outlined in the Ap hypothesis is correct, there is significant
evidence to suggest that the AB peptide plays a central role in the progression of Alzheimer’s disease,
particularly when in its soluble oligomeric form. Consequently, the development of effective strategies to
prevent AP aggregation remains of great interest. As of 2019, there are 132 agents currently being invest-
igated in clinical trials for Alzheimer’s disease, of which over 70% are aimed at disease modification.’”?
40% of these disease-modifying treatments are targeted towards the AR pathway and consist of a range

of small molecules, monoclonal antibodies and biological therapies.?”?
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3.1.2 The Role of Metal lons in Alzheimer’s Disease

Careful regulation of metal ion levels is crucial in order to maintain healthy brain function. In particular,
the homeostasis of copper, iron and zinc ions is thought to be particularly important as they have been
implicated in essential biological processes such as neuronal proliferation and signalling, apoptosis, in-
flammation and the generation of oxidative stress.2%?-211 Numerous studies have indicated that cerebral
metal ion levels are altered in Alzheimer's disease; for example, through studying the levels of copper, iron
and zinc in five different brain regions, Deibel et al. reported that the hippocampus and amygdala regions
of Alzheimer’s disease brains, two regions that have been strongly implicated in the disease, show sig-
nificantly different levels of copper, iron and zinc.?!? In contrast, minimal changes were observed in the
cerebellum region, which is only weakly affected in Alzheimer’s disease.?’? As well as this, post-mortem
analyses on human patients have shown that the core and rim of AB plaques contain significantly higher
levels of copper, iron and zinc ions than are found in the brains of neurologically normal patients.?13-21> A
correlation between the severity of Alzheimer’s disease symptoms and the extent of copper accumulation
in AB plaques has also been found in mouse models of Alzheimer’s disease.?’é As a consequence, it has
been proposed that metal ions could play an important role in the development of Alzheimer's disease

pathology.

Structural investigations have determined that the N-terminal of the AB peptide (residues 1 to 16) contains
a high affinity metal binding site to which endogenous metal ions can bind (Figure 3.3). As of now, the bind-
ing of copper ions to AB is the most well-studied metal ion-A interaction. In the proposed binding modes,
Cu* is believed to bind to AB in a linear two-coordinate fashion through interactions with the histidine
residues (His6, His13 and His14), whilst the binding of Cu?* to AB is thought to be square planar in geo-
metry, involving two histidine residues and additional interactions from Asp1 or Ala2 (Figure 3.3).217-221
The exact species involved in Cu?* binding depends on the pH of the surrounding media.?????1 Contri-
butions from Hisé, His13 and His14 have also been implicated in the binding of iron and zinc ions to AB,

but the precise mode of binding remains unclear.??%223

Numerous studies have shown that the binding of metal ions to AB can promote aggregation, resulting in
increased neurotoxic effects.??47226 The exact fate of the Ap peptide upon metal ion binding appears to
be highly dependent on the metal ion, pH and stoichiometry; for example, Smith et al. showed that at sub-
equimolar Cu?* concentrations, the formation of AB plaques is favoured, whilst at supra-equimolar con-
centrations, the formation of small spherical oligomers and large amorphous aggregates is favoured.??*
In addition to their effect on AR aggregation, copper and iron ions are redox-active and can promote the

production of reactive oxygen species (ROS) and generate oxidative stress. The presence of excess ROS
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Figure 3.3: a) Sequence of AB1-42. The N-terminal metal binding site has been highlighted in orange. b) Proposed
binding modes of Cu* and Cu?* ions to the AB peptide, redrawn from [219].

can cause oxidative damage to nucleic acids, proteins and lipids, leading to mutagenesis, carcinogenesis,

impaired metabolic activity and altered membrane integrity.?27:228

ROS generation by copper and iron ions is thought to occur via the Fenton and Haber-Weiss reactions
depicted in Figure 3.4.22%230 |n theory, these reactions can proceed from both the free metal ions and
coordinated metal ion-AB complexes; however, despite the former process being more efficient, the latter
is more relevant as free metal ion levels in the brain are typically kept very low by a series of metal
transporters and chaperones that act to prevent the accumulation of free metal ions.?®* The majority
of studies so far have predominantly focused on the contribution of Cu-AB to Alzheimer’s disease as it

has greater redox activity than Fe-AB.2%2 In vitro studies have proposed that Cu-AB is able to catalyse
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the production of ROS in the presence of a naturally occurring reducing agent, such as glutathione or

ascorbate (Figure 3.4).233234 A similar process is expected to occur with Fe-AB (Fe3*/ FeZ*).

a
M™ + H0, —————— M™* &+ *OH + OH~
Fenton

M** 4 O, —————— M™ + *OOH + H*
Haber-Weiss 0,” + HO, ——— > °*OH + OH™ + O,

b reducing
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Cu*-AB Cu?*-AB
*OOH) +H* H,0, *OH )+ OH"~
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Cu™-Ap Cu“™-AB 2H >agent g

>< Cu™*-AB

Figure 3.4: a) Generation of ROS via Fenton and Haber-Weiss reactions. b) Proposed catalytic cycle for ROS genera-
tion by Cu-AB, redrawn from [235]. Cu%*-A is first reduced to Cu*-Ap by a naturally occurring reducing
agent and is then able to initiate ROS production. Key ROS are highlighted in blue.

Biomarkers of oxidative damage are found to be elevated in Alzheimer’s disease, particularly in brain
regions that are rich in AB plaques such as the hippocampus.?®423” Moreover, oxidative stress has been
reported to increase the expression and activity of the B-secretase enzyme, which, in turn, increases the
production of AB.2°8237 Due to this, it is believed that metal-induced oxidative stress is a key factor that

contributes towards the development of Alzheimer’s disease.

3.1.3 Metal-Targeted Therapeutic Strategies for Alzheimer’s Disease

Two therapeutic strategies that have emerged to tackle the role of metal ions in Alzheimer'’s disease

are: 1) the use of chelators that can remove excess metals and 2) the use of metal complexes that can
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preferentially bind to the N-terminal metal binding site. The first strategy has been widely explored in
the literature and has resulted in a number of metal ion chelators being tested in clinical trials, such as
desferrioxamine.?*° In 1991, McLachlan et al. reported that the administration of desferrioxamine to hu-
man patients over the course of two years led to a significant decline in the progression of Alzheimer’s
disease.?*© However, desferrioxamine is known to chelate a number of different metal ions and it is there-
fore unclear whether the decline observed was due to the removal of aluminium, iron, copper or zinc
ions, or a combination of several metal ions.2*1242 The long-term use of desferrioxamine and other metal
chelators can also lead to adverse side-effects such as anaemia or infections due to non-specific systemic
metal ion depletion.?#3?4* |n addition, as with all therapeutic agents targeted towards brain diseases,
many chelators that have shown promise in vitro have limited efficacy in vivo due to their inability to cross

the BBB and are associated with invasive administration procedures.*8:240.245

In contrast to chelation therapy, there have been very few examples of metal complexes that are able
to modulate AP toxicity by binding to the N-terminal metal binding site. The first metal complexes that
were designed for this application - and which remain the most well-investigated to date - are a range
of platinum-based complexes containing 1,10-phenanthroline-based ligands (Figure 3.5).24¢ Barnham et
al. showed that these complexes were able to bind to A, inhibit its neurotoxicity in vitro and also rescue
AB-induced toxicity in mouse hippocampal slices ex vivo.2*¢ Through a combination of experimental and
theoretical studies, the binding mode of these square planar platinum complexes to A was determined
to be via -1t stacking interactions with aromatic residues such as His, Phe and Tyr, as well as coordination

(Figure 3.5).2%7 The preferred coordination mode is typically to Hisé, His13 or His14.247-247

To date, a handful of other metal complexes have been designed to target the metal binding site of
AB.2497252 Most of these are platinum complexes, but there are a few examples of other metal centres,
such as iridium, cobalt and ruthenium, being used.?°°-2°2 A notable example is the octahedral cobalt(lll)
Schiff base complex reported by Heffern et al., which is able to coordinate to the histidine residues of A
through dissociative ligand exchange at the axial positions (Figure 3.5).2°° Using a combination of SDS-
PAGE western blot and silver stain analysis, this complex was shown to be able to disrupt the Ap aggreg-
ation pathway and promote the formation of large (> 30 kDa) Ap oligomers over small toxic oligomers.2°°
Moreover, in the presence of the cobalt(lll) Schiff base complex, AB oligomers displayed reduced binding
to the synapses of hippocampal neurons.?°° Recent molecular dynamics simulations have demonstrated
that cobalt(lll) Schiff base complexes are able to prevent the formation of AB fibrils by sterically hinder-
ing the formation of hydrogen bonds between AB side-chains.2>® Similar to the platinum complexes dis-
cussed above, binding to Hisé and His13/His14 is thought to be the most favourable coordination mode

(Figure 3.5).220,253
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Figure 3.5: a) Examples of metal complexes that have been designed to target the N-terminal metal binding site of
AB.246:250-252 b Proposed binding modes of metal complexes to the N-terminal of AB. All metal com-
plexes reported for this application are believed to interact via non-covalent m-mt stacking interactions

with aromatic amino acids, as well as coordination to AB.
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As of now, there is only one example of this therapeutic approach being evaluated in vivo, presumably
due to the difficulty in delivering complexes of this size across the BBB: in 2013, Kenche et al. reported
a 25% reduction in the number of AB plaques in a transgenic mouse model of Alzheimer’s disease after
administering an orally bioavailable platinum complex with an 8-(1H-benzoimidazol-2-yl)-quinoline scaf-
fold over a period of 18 weeks.*82°% Whilst this data is promising, significant work still needs to be done

to establish the feasibility and efficacy of this therapeutic strategy in vivo.

3.2 AIMS AND OBJECTIVES

The overall aim of the work presented in this chapter was to design a metal complex capable of inhibiting
the aggregation of the AR peptide by binding to its N-terminal metal binding site. To prevent off-target
effects, we sought to identify a complex that showed good activity against AR whilst being non-cytotoxic.
In addition to this, we also wanted to investigate the effect of complex geometry and electronic structure
on the ability of the complexes to inhibit AR aggregation in order to aid the development of second

generation complexes.
To achieve these aims, the following objectives had to be fulfilled:

¢ Design a series of metal complexes to allow factors such as complex geometry and electronic struc-

ture on the ability of the complexes to inhibit AR aggregation to be investigated.

e Screen the complexes for their ability to inhibit AR aggregation using the Thioflavin-T (ThT) assay

and transmission electron microscopy.

e Probe the binding mode of the complexes to AB using fluorescence spectroscopy, 1H NMR spectro-

scopy and circular dichroism experiments.

¢ Establish the cytotoxicity of the synthesised complexes.

3.3 RESULTS AND DISCUSSION

3.3.1 Designing Potential Inhibitors of Amyloid Beta Aggregation

Studies have shown that metal complexes that are able to interact with the high affinity metal ion binding

pocket of AB are those that are able to -1t stack with aromatic residues and/or coordinate with Hisé,
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His13 or His14.246:247.250 | this chapter, we investigate a series of metal salphens and salnaphs as po-
tential inhibitors of AB aggregation (Figure 3.6). Derivatives of the salphen ligand have previously been
shown to possess a moderate ability to inhibit AR aggregation and thus, all complexes 1-4 are expected
to show inhibitory activity.2°> Salphens 1 and 2 are square planar salphens, synthesised by Dr. V. Rakers
(PhD student, Vilar Group), which would only be expected to interact with the N-terminal of AB via n-nt
stacking interactions. In contrast, salphens 3a-3e, synthesised by C. Ruehl (PhD student, Vilar Group), and
salnaphs 4a-4e are octahedral cobalt complexes, which should be able to coordinate to A upon release
of their axial ligands in addition to undergoing m-mt stacking. These cobalt complexes are expected to in-
teract with A via a similar mechanism as the cobalt(ll) Schiff base complexes reported by Heffern et al.
and Iscen et al.2°%2>3 Comparison between square planar complexes 1 and 2 with octahedral complexes
3a-3e allows probing of coordination effects, whilst comparison between cobalt salphens 3a-3e and sal-
naphs 4a-4e allow probing of -1t stacking. We have also synthesised octahedral complexes 3 and 4 with
a variety of axial ligands in order to investigate any effects of having different release kinetics. An analog-
ous series of cobalt salen complexes were investigated for their ability to coordinate to AB by E. Ma (MSci
student, Vilar Group): the results of this study have been reported in her thesis and will not be discussed

here.??6
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Figure 3.6: Structures of metal salphens and salnaphs 1-4e used in this study. Salphens 1 and 2 were synthesised
by Dr. V. Rakers (PhD student, Vilar Group) whilst cobalt salphens 3a-3e were synthesised by C. Ruehl.

Experimental details for the synthesis of these complexes can be found in their theses.2>7-2°?

Synthesis of Cobalt Salnaphs

The synthesis route used to obtain complexes 4a-4e is shown in Scheme 2. Initially, 4-(2-bromoethoxy)-2-
hydroxybenzaldehyde was synthesised by reacting 1,2-dibromoethane with 2,4-dihydroxybenzaldehyde
under basic conditions.?%? This was then added to trimethylamine to give 4-(4-formyl-3-hydroxyphenoxy)-

N,N,N-trimethylethan-1-ammonium bromide.2°” The salnaph ligand was obtained through a condensa-
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Scheme 2: Synthesis route to cobalt salnaphs 4a-4e.

tion reaction with 2,3-diaminonaphthalene. Finally, the desired octahedral cobalt complexes were syn-
thesised by adding the isolated salnaph ligand to Co(OAc), and the axial ligand of choice (MeNH,, pyridine,
pyrrolidine, NH3 or BzZNH,). Complexation reactions were conducted in air in order to oxidise the Co?*
centre to Co3*. All complexes were fully characterised by 1H NMR spectroscopy, mass spectrometry and

elemental analysis.

The aromatic region of the 1H NMR spectrum of the salnaph ligand before and after cobalt complexation
is shown in Figure 3.7. On formation of the desired octahedral cobalt salnaph complex, the -OH peak
disappears, indicating successful complex formation. Shifts in the salnaph aromatic protons, as well as
new peaks that correspond to the attached axial ligands, are also observed (Figure 3.7, Figure 3.8). In
addition to this, the mass spectra recorded for complexes 4a-4e showed the expected molecular peaks.

Complex purity was confirmed by elemental analyses.

Aqueous Stabilities of Synthesised Cobalt Complexes

For use in in vivo applications, it is important to study the lability of the axial ligands in aqueous solution.
To assess this, complexes 3a-3e and 4a-4e were incubated in aqueous buffer (pH 7.4) and the 1H NMR

spectra of the complexes were recorded at various time-points. As the axial ligands are displaced, a second
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Figure 3.7: Aromatic region (5.0 to 15.0 ppm) of the 'H NMR spectrum (400 MHz, DMSO-d,) of the salnaph ligand
recorded before and after cobalt complexation. The bottom spectrum is of complex 4d (L = NHs3), which
has axial ligands that do not give signals in the aromatic region. Disappearance of the -OH (Hy) signal is

observed upon complexation, as well as shifts in the aromatic protons.
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Figure 3.8: 1H NMR spectra (400 MHz, DMSO-d,) of octahedral cobalt salnaphs 4a-4e.
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set of NMR signals appear, showing that a mixture of products is present (Figure 3.9). By comparing the
integrations of the two sets of peaks, the % abundance of the starting octahedral cobalt complex can be

calculated, giving an indication of its stability in aqueous solution.
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Figure 3.9: 1H NMR spectrum (400 MHz) of complex 4e (L = BzZNH,) recorded in 1:9 D,O:phosphate-buffered saline
(pH 7.4; 137 mM NacCl, 2.7 mM KCI, 8 mM Na,HPO4 and 2 mM KH,PQ,4) over time. As the axial ligands
are displaced, a second set of NMR signals appear. Key changes in the NMR spectrum of complex 4e

over time are highlighted.

The complete stability data obtained for cobalt salnaphs 4a-4e can be seen in Figure 3.10. From this data,
it is evident that by modifying the attached axial ligands, a range of aqueous stabilities can be obtained.
Complexes 4a-4e remain moderately stable within a 48 hour period, making them suitable for in vivo
applications. Analogous stability data for cobalt salphens 3a-3e was collected by C. Ruehl (PhD student,

Vilar Group) and shows similar trends as for the salnaph complexes.?>?

3.3.2 Investigating the Ability to Inhibit AB Aggregation using the Thioflavin-T Assay

The thioflavin-T assay involves the benzothiazole salt thioflavin-T (ThT) and is routinely used to probe AB
aggregation in vitro. ThT shows weak fluorescence emission at 438 nm when excited at 350 nm in solution,

but it shows strong fluorescence emission at 482 nm when excited at 450 nm upon binding to amyloid
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Figure 3.10: Stabilities of cobalt salnaphs 4a-4e over time in 1:9 D,O:phosphate-buffered saline (pH 7.4; 137 mM
NaCl, 2.7 mM KCI, 8 mM Nay;HPO4 and 2 mM KH,POy).

fibrils.?¢! The fluorescence properties of ThT are due to it acting as a molecular rotor: in the absence of
amyloid fibrils, the benzylthiazole and benzylamine rings of ThT are able to rotate freely about their shared
C-C bond, resulting in the quenching of any excited states and thus, low fluorescence emission.?6%:262
However, in the presence of amyloid fibrils, ThT becomes rotationally immobilised by binding along the
side-chain grooves that exist parallel to the long-axis of the fibrils (Figure 3.11).2¢1262 This leads to the
preservation of excited states and as a consequence, high fluorescence emission is observed upon photon

excitation.

Due to the difference in fluorescence intensities that are observed in the absence and presence of amyloid
fibrils, ThT is widely used to study A aggregation in vitro. In the ThT assay, monomeric AB1-42 is incubated
with ThT and the fluorescence emission of ThT is recorded over time: as the peptide aggregates from being
monomeric to forming fibrillar structures, a sharp increase in the emission of ThT is observed (Figure 3.11).
Potential inhibitors of AB1-42 aggregation can be screened for their ability to inhibit AB aggregation by
incubating them with samples of AB1-42 and ThT. The fluorescence intensity at the end-point for AB1-42
by itself is taken as 0% inhibition, whilst the baseline is taken as 100% inhibition.

Before running an assay such as the ThT assay, it is important to ensure that the starting AB solution
is entirely monomeric and does not contain any fibrillar structures. The most commonly used method
to do this involves incubating AB with the fluorinated solvent 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP),
followed by lyophilisation and resuspension in a secondary solvent such as DMS0.263:2¢4 The addition
of HFIP is believed to break up B-sheet structures and induce a-helical conformations.?¢%2%4 However,
recent evidence has suggested that this method is not able to fully dissociate AR peptides; in fact, the

presence of low concentrations of HFIP has been reported to enhance fibril formation.2¢>2%¢ An alternat-
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Figure 3.11: a) Structure of ThT and its proposed binding mode to amyloid fibrils. b) Example of a ThT emission curve
recorded for AB1-42 incubated by itself and with an inhibitor of Ap aggregation at 37 °C with shaking.
For samples of AB1-42 incubated by itself, a sigmoidal curve is obtained in which a sharp increase in

the emission intensity is observed upon fibril formation.

ive pretreatment involving the addition of a strong alkali such as ammonium hydroxide was proposed by
Ryan et al. in 2013.2%° Through a combination of dynamic light scattering, size-exclusion chromatography
and small angle X-ray scattering, this pretreatment protocol was shown to be more effective at producing
monomeric AP solutions and was therefore applied prior to all biophysical and toxicity assays run in this

study.?®

Initially, metal complexes 1, 2, 3c and 4¢ were screened using the ThT assay. Platinum complexes 5 and
6 are two of the most well-studied metal complexes that have been developed to target the N-terminal
of AB and were included as positive controls.?4424? Briefly, complexes were tested at [AB1-42]:[complex]
ratios of 1:0.2, 1:0.1, 1:0.07, 1:0.05, 1:0.04, with final AB1-42 and ThT concentrations of 5 uM and 20 uM
respectively. All samples were prepared in phosphate-buffered saline (pH 7.4; 137 mM NacCl, 2.7 mM KCl,
8 mM Na,HPO,4 and 2 mM KH,PO,) and incubated at 37 °C with shaking until the end-point of aggreg-
ation was reached. As shown in Figure 3.12, complexes 1, 2, 3c and 4c all show higher inhibitory activity
against AP aggregation than literature complexes 5 and 6, with greater inhibition observed with octahed-
ral complexes 3c and 4c compared to square planar 1 and 2. This suggests that complexes 3 and 4 are
able to form additional coordination interactions with AR as we predicted from their structures. It should

also be noted that the [AB1-42]:[complex] ratios tested are very low, with complexes 3c and 4c showing
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> 50% inhibitory activity at ratios of 1:0.04. The ability of the complexes to inhibit Ap aggregation at such
low [AB1-42]:[complex] ratios indicates that the interaction between the complexes and AR must be suf-
ficient enough to affect neighbouring AR monomers, as well as the AR monomer being directly bound
to. This is in line with the conclusions made by Iscen et al. on the binding of their cobalt(lll) Schiff base

complexes to AB, in which successful inhibition of AB aggregation was observed at sub-1:1 equivalency

3

in both experimental and computational studies.?®
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Figure 3.12: Inhibition of AB1-42 aggregation (%) induced by metal complexes 1, 2, 3c and 4c determined using the

ThT assay. Complexes 5 and 6 are literature compounds and are included as positive controls.24424?

Complexes were tested at [AB42]:[complex] = 1:0.2, 1:0.1, 1:0.07, 1:0.05 and 1:0.04, and all samples
were incubated at 37 °C with shaking. The dotted line represents the half-inhibition point and all data

is reported as the mean + standard deviation of three independent experiments.

If complexes 3 and 4 are indeed coordinating to AB in the axial positions as expected, then varying the
attached axial ligands should not affect the inhibitory activity, provided that the axial ligands are labile
enough to be displaced by AB. To investigate this, cobalt complexes with different axial ligands 3a-3e and
4a-4e were screened for their activity using the ThT assay. As shown in Figure 3.13, all cobalt complexes
outperform their nickel and platinum counterparts (1 and 2). Due to the lack of available data points at
lower complex concentrations, precise ICsq values cannot be calculated for the cobalt complexes, but
they are estimated to be between 100 to 300 nM under the experimental conditions used. Complex 4e
appears to have a higher ICsq than the other cobalt complexes, despite undergoing dissociative exchange
most readily in agueous solution (Figure 3.10). This suggests that the presence of AR and/or ThT makes

dissociative exchange less favourable; future work will need to investigate this possibility further, as well
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as whether the variations in IC5q values between all the other complexes is significant. To do this, the ThT
assay should be repeated at lower complex concentrations to allow dose-response curves to be obtained
and conducted in a 96-well plate format - rather than in 384-well plates as performed here - to minimise
any experimental errors that could arise from the use of small volumes and concentrations. All IC5q values
should also be validated using alternative assays, such as the Congo Red assay.2%” Due to time constraints,
we could not investigate all of our cobalt complexes in the subsequent structural studies and have focused
solely on complexes 3c and 4c; however, all complexes are expected to interact with AB via the same

general mechanism.

Validating the ThT Assay using Transmission Electron Microscopy

Whilst the ThT assay is routinely used to screen for compounds that are able to inhibit AR aggregation,
it has its limitations; for example, ThT is only able to recognise fibrillar AR assemblies and not soluble

oligomeric species, which have also been linked to toxicity.?%®

It is therefore important to validate the
results obtained from the ThT assay using a secondary method, such as negative stain transmission elec-
tron microscopy (TEM). In negative stain TEM, the sample - in this case, AB peptide - is applied onto an
amorphous carbon grid and then stained with a negative stain such as uranyl acetate. Ideal negative stains
are electron dense and accumulate around the sample of interest due to electrostatic repulsion.?%? This
leads to a high relative contrast between the background and the sample of interest, allowing the sample

to be more easily visualised.

To confirm that the synthesised metal complexes are able to inhibit AB aggregation, samples of AB1-42
were incubated with metal complexes 1, 2, 3c and 4c¢ (1:1 ratio) at 37 °C for 48 hr. The mixtures were then
drop-casted onto a carbon-coated grid, negatively stained with uranyl acetate and allowed to dry. TEM im-
ages were acquired blind by Dr. J. Barritt (Imperial College London) to avoid bias. As shown in Figure 3.14,
the formation of AP fibrils is clearly observed in the control sample containing AB1-42 incubated by itself.
Significantly less fibril formation was observed in all samples containing metal complexes: no evidence
of fibril formation was observed in AB1-42 samples incubated with complexes 2, 3¢ and 4c, whilst a few
fibrils were seen in the AB1-42 sample incubated with complex 1. The formation of oligomers was not
detected in any sample. These images support the ThT results reported above and suggest that the metal

complexes, particularly octahedral cobalt complexes 3¢ and 4c, are able to suppress AP aggregation.
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Figure 3.13: Inhibition of AB1-42 aggregation (%) induced by cobalt salphens 3a-3e (top) and cobalt salnaphs 4a-4e
(bottom) determined using the ThT assay. Complexes were tested at [AB42]:[complex] = 1:0.2, 1:0.1,
1:0.07, 1:0.05 and 1:0.04, and all samples were incubated at 37 °C with shaking. The dotted line rep-
resents the half-inhibition point and all data is reported as the mean * standard deviation of three

independent experiments.
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Figure 3.14: Representative TEM images of AB1-42 incubated by itself or with metal complexes 1, 2, 3c or 4c for
48 hr at 37 °C (1:1 ratio). Clear fibril formation can be observed in the sample of AB1-42 incubated by
itself. Little fibril formation is observed when AB1-42 is incubated with complex 1, whilst no evidence

of fibril formation is observed with complexes 2, 3c and 4c.
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3.3.3 Probing the Binding Mode to Amyloid Beta

Having established that the synthesised metal complexes are able to reduce AP aggregation, fluorescence
spectroscopy, 1H NMR spectroscopy and circular dichroism spectroscopy were conducted to probe the
binding mode to AB. Based on prior literature, the complexes were expected to interact with A via rt-mt

stacking and, for octahedral cobalt complexes 3 and 4, coordination with histidine residues.?4/2°0

Fluorescence Spectroscopy

The truncated peptide AB1-16 is intrinsically fluorescent due to its Tyr10 residue. Metal complexes that
are able to interact non-covalently with AB1-16 through rt-mt stacking interactions are expected to quench
this intrinsic fluorescence.?*” To investigate this, increasing amounts of metal complexes 2, 3c and 4c were
titrated against AB1-16 (0 to 0.75 equiv.) and the emission spectra was recorded. Cisplatin, which is not

expected to form m-mt stacking interactions with AB, was used as a negative control.

From the fluorescence spectra recorded, significant quenching of the Tyr10 residue of Ap can be observed
for complexes 2, 3c and 4c¢, whilst only minimal quenching is observed for cisplatin (Figure 3.15). Moreover,
greater fluorescence quenching is observed for salnaph complex 4c compared to its analogous salphen
derivative 3c, suggesting the presence of increased ni-mt stacking interactions as would be expected from
its extended aromatic scaffold. No significant change in fluorescence quenching is observed between
square planar salphen 2 and octahedral salphen 3c, indicating that the quenching effects observed are

predominantly due to m-it stacking interactions.

1H NMR Spectroscopy

To investigate any coordination to AB, a series of 1H NMR experiments were conducted as any coordina-
tion would be expected to strongly perturb the NMR signals of AB.2%7247 A truncated AB1-28 sequence
was used in all NMR experiments to simplify analyses. Samples of AB1-28 were incubated with or without
the metal complexes in phosphate-buffered saline (pH 7.4; 137 mM NacCl, 2.7 mM KCI, 8 mM Na,HPO,4
and 2 mM KH,PO,) at 37 °C, and the resulting 'H NMR spectra were recorded at various time-points (Fig-
ure 3.16). Peaks corresponding to histidine residues were assigned based on literature references.?4%270
When incubated with square planar complexes 1 or 2, minor perturbations are observed in the 1H NMR
spectrum of AB1-28, which are likely due to mt-1t stacking interactions. Conversely, when incubated with
octahedral complexes 3c and 4c, significant broadening of the AP histidine signals is observed, indicating

the presence of coordination.
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Figure 3.15: Normalised fluorescence emission of the Tyr10 residue of AB1-16 on addition of cisplatin (negative con-
trol; black), 2, 3c and 4c (0 to 0.75 eq.) in phosphate-buffered saline (pH 7.4; 137 mM NaCl, 2.7 mM KCl,
8 mM NayHPO,4 and 2 mM KH,POy,). The highest degree of quenching is seen with salnaph complex

4c (square). All data is reported as the mean + standard deviation of three independent experiments.

To probe this further, the 1H NMR experiments were repeated with a point-mutated AB1-28 peptide, in
which the Hisé residue was mutated to an arginine (H6R AB1-28). In this case, only minor perturbations
of the NMR spectrum of AB1-28 are observed when it is incubated with all of the complexes, suggesting
that for the octahedral cobalt complexes, the Hisé residue is key for binding (Figure 3.16). This finding
agrees with theoretical density functional theory (DFT) and molecular dynamics studies conducted by
Heffern et al. and Iscen et al. on the use of octahedral cobalt(lll) Schiff base complexes as inhibitors of AR
aggregation.??%2>3 Future work should seek to establish the exact binding mode of the complexes to AB,

a feat which could be achieved using tandem mass spectrometry as described by Ma et al.?4/

Circular Dichroism

Circular dichroism (CD) is a spectroscopy technique which involves the absorption of circularly polarised
light. Light can be circularly polarised in two directions: left and right (Figure 3.17). Chiral molecules that
are optically active will absorb left- and right-handed light by different extents, resulting in light that is
elliptically polarised.?”? CD measures the differences in left- and right-handed light absorption as the

wavelength is varied and is often reported in degrees of ellipticity, 6, the tangent of the ratio of the minor
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Figure 3.16: a) 'H NMR spectrum of AB1-28 incubated by itself (black) or with complexes 1, 2, 3¢ or 4c at O and
24 hrs. b) TH NMR spectrum of H6R AB1-28 incubated by itself (black) or with complexes 1, 2, 3c or 4c
at 0 and 24 hrs. All spectra were recorded at 400 MHz in 1:9 D,O:phosphate-buffered saline (pH 7.4;
137 mM NaCl, 2.7 mM KCIl, 8 mM Na,HPO,4 and 2 mM KH,PO,) at 37 °C. Peaks corresponding to the

AB histidine residues have been assigned based on literature.?4%270
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to major elliptical axis. Different protein secondary structures have characteristic CD absorption bands:
for example, a-helices give a negative band at 222 nm and 208 nm and a positive band at 193 nm, whilst
B-sheets give a negative band at 218 nm and a positive band at 195 nm.?’1-273 Disordered proteins show
a weak positive band above 210 nm and a negative band at 195 nm.?’12/3 CD can therefore be used to

assess any changes in protein conformation that may occur as a result of binding interactions.
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Figure 3.17: a) Light can be circularly polarised in the left- and right-handed directions. Linearly polarised light is
the superimposition of left- and right-handed circularly polarised light of the same amplitude. Optically
active chiral molecules will absorb left- and right-handed circularly polarised light by different extents,
resulting in elliptically polarised light. 8 denotes the degrees of ellipticity. b) Circular dichroism spectra
of AB1-42 after incubation with complexes 1, 2, 3c and 4c at 37 °C for 48 hrs in phosphate-buffered
saline (pH 7.4; 137 mM NaCl, 2.7 mM KCl, 8 mM Na,HPO4 and 2 mM KH,PO4). A blue shift is observed

on addition of all complexes. Spectra shown are the average of two independent experiments.

Figure 3.17 shows the CD spectra of AB1-42 incubated in the presence and absence of metal complexes
1, 2, 3c and 4c for 37 °C for 48 hrs (1:1 ratio). For the sample of AB1-42 incubated by itself, a clear band
at 218 nm is observed, indicative of a B-sheet conformation as would be expected from fully aggregated
AB peptide. In contrast, a blue shift is observed for all samples incubated with the metal complexes. These
peaks cannot be assigned to any of the classic protein secondary structures, but they indicate that the
complexes are capable of inducing conformational changes in the AP peptide. Theoretical studies con-

ducted by Mutter et al. and Iscen et al. have suggested that the binding of metals such as Cu, Pt and Co
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3.3 RESULTS AND DISCUSSION

to AB1-42 leads to the stabilisation of helical character over [3-sheet formation; thus, the conformational
changes that are induced in the AB1-42 peptide upon the binding of complexes 1-4 could be responsible

for the inhibitory activity that was observed in the ThT assay discussed above.2°3274

3.3.4 Assessing Cytotoxicity of the Synthesised Metal Complexes

On average, patients with Alzheimer’s disease survive for eight to ten years after their symptoms begin; it
is therefore important that any proposed treatment for Alzheimer’s disease is non-toxic towards healthy
cells.2’> Moreover, since AB is known to aggregate in the extracellular space, the complexes we develop
should ideally show poor cell penetration in order to avoid any off-target effects. To investigate this, the
cytotoxicity of the synthesised complexes towards human neuroblastoma cells (SH-SY5Y) was assessed
using the MTS assay. The SH-SY5Y cell line shows neuronal characteristics and is widely used as an in

vitro model for a number of neurodegenerative diseases, including Alzheimer’s disease.?”¢-277

In the MTS assay, the tetrazolium dye MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl-2-
(4-sulphophenyl)-2H-tetrazolium, inner salt) is ultimately reduced to give a purple formazan product in the
presence of viable cells (Figure 3.18).28° Due to its negative charge, MTS possesses poor cell permeability
and must be used in combination with intermediate electron carriers such as phenazine methosulphate
(PMS).280:281 These electron carriers enter viable cells, are reduced in the cytoplasm and then exit to
reduce MTS to its formazan product in the surrounding cell culture media. By measuring the absorbance

at 490 nm, the cell viability can be assessed.

To investigate the cytotoxicity of the synthesised complexes, SH-SY5Y cells were seeded at a density
of 2,500 cells/well and incubated for 24 hrs. The cells were then incubated with complexes 1, 2, 3 or
4 at concentrations ranging from O to 20 uM for 24 hrs before determining cell viability. As shown in
Figure 3.19, all complexes, particularly cobalt complexes 3 and 4, show low cytotoxicity toward SH-SY5Y
cells (ICsq > 20 uM). In addition to this, changing the axial ligand attached to 3 or 4 has minimal effects

on the observed cytotoxicity, with the ICsq remaining > 20 uM in all cases.

Complex 4b is the most stable of the synthesised octahedral cobalt complexes in agueous solution and
thus, the most promising candidate for in vivo studies (Figure 3.10). As a consequence, this complex was
screened for any cytotoxic effects at higher concentrations up to 100 uM. As shown in Figure 3.20, min-
imal cytotoxicity was observed in both human neuroblastoma (SH-SY5Y) and prostate cancer (PC3) cell

lines at all concentrations tested (ICsq > 100 uM). No associated cytotoxicity was observed in two other

77



METAL COMPLEXES FOR THE TREATMENT OF ALZHEIMER’S DISEASE

o N ) . S O
o N,@»sm reduction HOS ™
N

(e} N=N®
)=s )N\
N%\ N7>s
MTS
formazan H

H OCH;8 OCHg

\

PMS @/ 1-methoxy-PMS

NADH NAPH
viable cell dehydrogenase
- NAD, NAP

Figure 3.18: Mechanism of the MTS assay. In the presence of viable cells, MTS is reduced to form a purple formazan

product. Measuring the absorbance at 490 nm allows the cell viability to be determined.

human cell lines, U20S (human bone osteosarcoma epithelial cells) and MCF-7 (human breast adenocar-

cinoma), by C. Ruehl (PhD student, Vilar Group).2>?

A possible explanation for the lack of cytotoxicity observed with the complexes is that the attached tri-
methylammonium side-arms restrict cell uptake due to their positive charges. This hypothesis is supported
by the observation that greater cytotoxicity can be achieved by either attaching a cell-penetrating pep-
tide to the backbone or changing the side-arms for piperidine. An example of this for nickel salphen 2
is shown in Figure 3.21. Complex 2b (with cell-penetrating peptide) was synthesised by T. Kench (PhD
student, Vilar Group) and complex 2c (with piperidine side-arms) was synthesised by Dr. V. Rakers (PhD
student, Vilar Group). As stated above, poor cell uptake is ideal for our proposed application as A is

known to aggregate in the extracellular space.

3.3.5 Assessing the Effect on Amyloid Beta Neurotoxicity

Before assessing the efficacy of the complexes in vivo, we first wanted to test the complexes in vitro in
order to establish suitable dosages and timescales. Historically, human neuroblastoma (SH-SY5Y) cells
have been commonly used to assess AP toxicity.2”¢~27% In these experiments, AB1-42 and the compound
of interest are incubated with the cells and a cytotoxicity assay such as the MTS assay is conducted at the

desired time-point. AB1-42 is expected to induce toxicity to SH-SY5Y cells and thus, this assay can be used
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Figure 3.20: Cytotoxicity of complex 4b against human neuroblastoma (SH-SY5Y) and prostate cancer (PC3) cells

after 24 hrsincubation at 37 °C. Minimal cytotoxicity was observed in both cell lines. All data is reported

as the mean * standard deviation of three independent experiments.
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to assess the ability of compounds to prevent AB cytotoxicity. However, to date, these assays have been
run using a variety of experimental conditions, with vastly different AB1-42 concentrations, incubation
times and peptide preparation protocols being used. Krishtal et al. have also reported that AB1-42 only
induces toxicity in differentiated SH-SY5Y cell cultures, despite many AB/SH-SY5Y neurotoxicity assays

being run in undifferentiated cells.2/6:278:279

To investigate this further, we first tried to optimise the conditions required to induce AB cytotoxicity.
Human neuroblastoma cells were treated with either fresh or aged samples of AB1-42, ranging in con-
centration from 5 uM to 15 uM. After incubating for 4-48 hrs, a MTS assay was conducted to assess cell
viability. As shown in Figure 3.22, no evidence of cytotoxicity was observed with both fresh and aged
AP at all concentrations tested. This is in line with the results obtained by Krishtal et al. in undifferenti-
ated SH-SY5Y cells.2’¢ Due to time-constraints, we did not continue optimising this assay any further
and proceeded directly to in vivo experiments instead (see Chapter 4 for in vivo results). However, in the
future, the use of differentiated SH-SY5Y cells or more sophisticated in vitro models, such as primary rat

hippocampal neurons or organotypic cultures, could allow appropriate test conditions to be identified.
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Figure 3.22: Cytotoxicity of fresh and aged AB1-42 against human neuroblastoma (SH-SY5Y) cells. No significant
cytotoxicity is observed. All data is reported as the mean + standard deviation of three independent

experiments.
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34 CONCLUSIONS AND FUTURE DIRECTIONS

One of the key pathological hallmarks of Alzheimer’s disease is the aggregation of the AR peptide to form
soluble oligomers and plaques. Studies have shown that the AB peptide has a high affinity metal binding
site at its N-terminal which is able to modulate AB aggregation upon binding of endogenous metal ions
such as Cu?*. The binding of Cu?* and Fe3* ions to AB is also believed to exacerbate the progression of
Alzheimer’s disease by triggering the generation of reactive oxygen species and, in turn, oxidative stress.
Due to this link between metal ions and A toxicity, it has been hypothesised that metal complexes that
are able to preferentially bind to the N-terminal metal binding site of Ap could prove to be therapeutically
useful. To date, less than fifteen metal complexes have been reported for this application, the majority
of which are platinum-based complexes, and there is just one example of this approach being tested in

vivo.2°4

In this chapter, we have sought to expand on this work by investigating a series of metal salphens and sal-
naphs as potential inhibitors of AB aggregation. These complexes were first synthesised and characterised,
and their ability to suppress AP aggregation was assessed using the Thioflavin-T assay and transmission
electron microscopy. Octahedral cobalt complexes 3 and 4 were found to outperform square planar com-
plexes 1 and 2 due to their ability to coordinate to AB upon release of their axial ligands. Promisingly,
these complexes were also found to show significantly higher activity than the two most well-studied
complexes reported in the literature for this application.2#4¢24? Fluorescence spectroscopy and 1H NMR
experiments indicate that cobalt complexes 3 and 4 interact with AB via n-it stacking and coordination
to histidines, which is in line with the observations reported by Heffern et al. and Iscen et al. on their
cobalt(11l) Schiff base complexes.?°%2°2 |nhibition of AR aggregation is likely to proceed through a change

in AB conformation induced by the complexes.

Since Alzheimer’s disease patients typically survive for eight to ten years after diagnosis, it is important
that any proposed treatment is non-toxic towards healthy cells. To check this, we have tested all the syn-
thesised complexes against two human cell lines and have shown that they possess minimal cytotoxicity
(IC50 > 100 uM in both SH-SY5Y and PC3 cell lines). The lack of cytotoxicity observed, particularly for
cobalt complexes 3 and 4, is believed to be due to poor cell penetration. The following chapter describes
preliminary in vivo studies carried out in 5XxFAD mice with complex 4b, the most stable cobalt complex
synthesised. To our knowledge, this represents the second time that metal complexes targeted towards

the N-terminal of AB have been investigated as potential treatments for Alzheimer’s disease in vivo.
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In terms of future work that should be carried out with complexes 1-4, it would be useful to establish
whether the complexes are able to disassemble pre-formed amyloid fibrils, in addition to preventing fibril
formation from monomeric AB as shown here. To date, experiments studying this process have rarely
been conducted as the ability of many of the commonly used assays, such as the ThT assay, to study the
reverse aggregation process is questionable; for example, Moss et al. noted a decrease in ThT emission on
the addition of nordihydroguaiaretic acid to AB1-40 fibrils, which would indicate fibril disassembly, but
no changes in fibril size or morphology was observed using a combination of dynamic light scattering,
transmission electron microscopy and size-exclusion chromatography.?é? In spite of this, a mixture of
microscopy and circular dichroism experiments could allow this information to be determined. Having a
better understanding of the exact effect of the investigated complexes on the AP aggregation pathway
will help to guide future in vivo studies; for instance, if the complexes are shown only to be able to act on

monomeric AB, then administering the complexes early on in the Alzheimer’s disease timeline is crucial.

Moreover, whilst this work has solely focused on the ability of complexes 1-4 to inhibit AR aggregation, it
would be interesting to investigate if the complexes are also able to prevent ROS generation induced by
endogenous Cu?* and Fe®* ions binding to AB. A simple way to study this would be to use fluorescence-
based methods such as the Amplex Red or 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) assays,
both of which involve the oxidation of non-fluorescent dyes to fluorescent products in the presence of
ROS.?83 This is particularly important to study for complexes 2, 3 and 4 as nickel and cobalt ions have

been reported to participate in ROS-generating Fenton-type reactions themselves.?8

From a synthetic perspective, the design of complexes with higher selectivity for AB would be of interest.
The current series of complexes are not specific for Ap and could theoretically bind to any protein contain-
ing a similar histidine motif. This is likely to be problematic in vivo as the complexes will need to traverse
through the bloodstream before they reach their target location. Possible approaches to circumvent this
are to synthesise complexes that are only activated when they reach the brain or to encapsulate the
complexes within triggerable nanoparticle carriers; for example, a number of groups have developed nan-
oparticle carriers, such as mesoporous silica nanoparticles, that release their cargo upon the application
of ultrasound.?8> This strategy could work synergistically with the ultrasound-mediated delivery method

employed in this study and limit any off-target effects.
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4 ASSESSING THERAPEUTIC EFFICACY OF METAL COMPLEXES IN VIVO

41 BACKGROUND

As discussed in Chapter 3, limited research exists on the use of metal complexes targeted to the N-
terminal of AB as potential therapeutic agents for Alzheimer’s disease; to date, there is just one example
of this therapeutic strategy being tested in vivo and only a handful of complexes that have been tested in
vitro.246:249,250,252-254 | spite of the promising in vitro data obtained by Heffen et al. and Iscen et al. with
their octahedral cobalt(lll) Schiff base complexes, octahedral cobalt complexes have never been investig-

ated in vivo for the treatment of Alzheimer’s disease.?%2°3

4.1.1 The Effects of Focused Ultrasound on Alzheimer’s Disease Pathology

As of now, almost all of the metal complexes that have been developed to inhibit AP aggregation by bind-
ing to the A N-terminal have molecular weights greater than 400 Da. Due to their size, these complexes
are likely to show poor penetration across the BBB, preventing in vivo studies from being easily carried
out.*® As discussed in Chapter 2, focused ultrasound and microbubbles can be used to non-invasively
deliver small molecules, antibodies and nanoparticles across the BBB in vivo, making it an attractive tool
for the treatment of brain diseases such as Alzheimer’s disease. In 2010, Jordao et al. delivered anti-AB
antibodies into the brains of Alzheimer’s disease mice using focused ultrasound and microbubbles and

observed a significant reduction in Ap pathology just four days after a single treatment.?8¢-288

Interestingly, therapeutic effects have also been observed from the use of focused ultrasound and micro-
bubbles in the absence of therapeutic agents: a follow-up study conducted by Jordao et al. showed that
focused ultrasound-mediated BBB opening facilitates the entry of endogenous antibodies into the brain,
such as immunoglobulin G (IgG) and immunoglobulin M (IgM).288 In Alzheimer’s disease mice treated with
focused ultrasound and microbubbles, IgG and IgM were found to be co-localised with AB plaques in the
brain.?%¢ As a consequence, these endogenous antibodies were proposed to play a role in reducing A
plaque burden by promoting the clearance of AB from the brain.?é¢ Increased AB clearance due to the
action of antibodies has been reported to occur via a number of mechanisms, including increasing the

levels of soluble AB, antibody-mediated phagocytosis and enhanced microglial phagocytosis.!?%28:290
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In line with these hypotheses, focused ultrasound-mediated BBB opening has been observed to lead to
the transient activation of glial cells such as microglia and astrocytes, both of which have been reported to
play central roles in the clearance and degradation of AB.288271:292 There exists a number of mechanisms
by which glial cells are believed to contribute towards AR clearance: 1) AB can be directly internalised
by glial cells via pinocytosis, phagocytosis or receptor-mediated endocytosis and then degraded, 2) glial
cells secrete proteases (e.g. metalloendopeptidases) and extracellular chaperones (e.g. apolipoproteins
E and J) that are able to degrade AB and 3) astrocytes possess projections that wrap around cerebral
blood vessels and have been proposed to play a role in the removal of AB and waste products from the
brain via the glymphatic clearance pathway.?%4273-275 Higher levels of A have been detected within glial
cells after focused ultrasound-mediated BBB opening, suggesting that this technique can indeed promote
the internalisation and clearance of AB from the brain.28829229¢ promisingly, it has been reported that
treatment with focused ultrasound and microbubbles alone can not only reduce the AB plaque burden
and plaque size in Alzheimer’s disease mice, but it can also restore memory function.??22?7 These effects
were not observed when focused ultrasound was used in the absence of microbubbles, implying that BBB
opening is necessary for these anti-AB effects to occur.?”¢ It follows that the glial cell activation induced
by ultrasound-mediated BBB opening is likely to be a consequence of disrupting the structural integrity

of the BBB and/or allowing increased levels of endogenous antibodies to enter the brain.288

Recent evidence has suggested that the application of focused ultrasound and microbubbles can affect
the tau pathway as well, with Pandit et al. observing a significant reduction in both early- and late-stage
hyperphosphorylated tau in Alzheimer’s disease mice treated with ultrasound.??? The reduction in hy-
perphosphorylated tau seen after focused ultrasound-mediated BBB opening was associated with an
increased clearance of tau through neuronal autophagy.??? Similar to the studies conducted by Leinenga
et al., improvements in both motor and memory function in Alzheimer’s disease mice were observed after

ultrasound treatment.???

All of these studies highlight that focused ultrasound-mediated BBB opening can not only be used to
non-invasively deliver therapeutic agents to the brain for the treatment of Alzheimer’s disease, but it may
also provide additional therapeutic effects itself; for example, Hsu et al. recently used focused ultrasound-
mediated BBB opening to deliver an inhibitor of glycogen synthase kinase 3 (GSK-3; a protein kinase
known to play a key role in modulating y-secretase activity and thus, AR production) to the brain and
observed an additive effect, in which the observed reduction in AB plaque burden in the brain (40%) was
greater than with focused ultrasound (15%) or GSK-3 inhibitor (23%) treatment alone.?%%-391 The use of

focused ultrasound-mediated delivery methods in Alzheimer’s disease treatment is therefore an attractive
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therapeutic strategy and could work synergistically to enhance the action of administered therapeutic

agents.

42 AIMS AND OBJECTIVES

The overall aim of the studies presented in this chapter was to investigate the therapeutic efficacy of the
metal complexes described in Chapter 3 in an Alzheimer’s disease mouse model. To achieve this aim, the

following objectives had to be fulfilled:

e Optimise the parameters used for ultrasound-mediated drug delivery to improve the safety and

efficiency of the technique.

¢ Show that the synthesised metal complexes can be delivered across the BBB using focused ultra-

sound and microbubbles.

¢ Investigate the toxicity of delivering the complexes across the BBB using ultrasound over an exten-

ded period of time in vivo.
e Conduct a preliminary efficacy study with the complexes in an Alzheimer’s disease mouse model.

e Determine any effects of the complexes on AB burden in the brain using histological methods such

as immunohistochemistry.

43 RESULTS AND DISCUSSION

4.3.1 Improving Ultrasound-Mediated BBB Opening

Ultrasound sequences used for BBB opening typically consist of a series of long millisecond pulses emit-
ted at low pulse repetition frequencies (~Hz), such as those employed in the nanoparticle work presented
in Chapter 2. These types of ultrasound sequences will be referred to here as 'long pulse sequences’ (Fig-
ure 4.1). Whilst it has been demonstrated that long pulse sequences combined with microbubbles can
be used to deliver a wide range of small molecules, antibodies and nanoparticles across the BBB in vivo,
they have been associated with adverse side-effects such as red blood cell extravasation, microvascular
rupture and heterogeneous drug delivery in the targeted region.6”-?4?7 In vitro studies investigating this

observation have shown that long pulse sequences act to promote microbubble clustering and fast mi-
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Figure 4.1: Long pulse and rapid short pulse (RaSP) sequences. Figure adapted from reference [86].

crobubble destruction.?92-394 |n an in vivo scenario, this could lead to varying microbubble activity within

the ultrasound beam and result in heterogeneous BBB opening being induced along the vessels.

To improve the safety and efficiency of ultrasound-mediated drug delivery to the brain, we have designed
a new pulse sequence called rapid short pulse (RaSP) sequence, which consists of a series of short micro-
second pulses separated by microsecond off-times (Figure 4.1). By switching to a series of short pulses and
introducing periods of off-times, it was hypothesised that the microbubbles would be able to move freely
along the blood vessels in between consecutive pulses, reducing the likelihood of microbubble clustering
and destruction. This was supported by in vitro experiments performed by Dr. A. Pouliopoulos (PhD stu-
dent, NSB Lab), in which enhanced microbubble mobility and microbubble lifetime were observed when

RaSP sequences were used.?03:304

To investigate whether we could achieve safer and more efficient BBB opening with RaSP sequences

in vivo, a Texas Red-labelled 3 kDa dextran was delivered across the BBB in C57BL/6J mice using long
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pulse or RaSP sequences (n = 5 for each sequence; ultrasound parameters used are shown in Figure 4.1).
Fluorescence images of the brain sections were analysed to evaluate the dose and distribution of the
delivered dextran. The former was determined by calculating the normalised optical density (NOD), the
average fluorescence intensity in the targeted region normalised by the control region, whilst the latter
was determined by calculating the coefficient of variation (COV), the ratio of the standard deviation to
the mean fluorescence pixel intensity in the targeted region. All animal experiments in this section were
conducted with S. Morse, Dr. A. Pouliopoulos, M. Copping and J. Lin (PhD and MRes students, NSB Lab)
and all quantitative analysis was done by S. Morse. A full discussion of the RaSP study can be found in

reference [86].

As shown in Figure 4.2, the use of RaSP sequences was able to deliver the 3 kDa dextran across the
BBB in a more uniform manner than that observed when using long pulse sequences; in fact, with the
long pulse sequences, the delivered dextran was found to accumulate in and around blood vessels, whilst
with RaSP sequences, homogeneous distribution of the dextran throughout the brain parenchyma was
seen.®S No significant difference in the NOD was detected between the two pulse sequences, indicating
that despite the improved distribution observed using RaSP sequences, the dose of dextran delivered
to the brain was similar. Using immunohistochemistry, we have shown that the use of RaSP sequences
also results in significantly less extravasation of serum albumin from the blood vessels, which has been
linked to neurotoxicity.?439%:39¢ Furthermore, no signs of tissue damage in the sonicated regions were
observed when using RaSP sequences, whilst sites of red blood cell extravasation and microvacuolations
were detected when long pulse sequences were used.?® The use of RaSP sequences therefore allows for

safer and more efficient ultrasound-mediated drug delivery to the brain.

To determine the length of time that the BBB remains disrupted with both long pulse and RaSP sequences,
a Texas Red-labelled 3 kDa dextran was injected O, 10 or 20 mins after ultrasound exposure in C57BL/6)J
mice (for t = 0 mins, n = 5; for t = 10 or 20 mins, n = 3). With RaSP, the BBB permeability was found to
return back to its normal level within 10 mins, whilst increased BBB permeability was still observed at 20
mins after ultrasound exposure when long pulse sequences were used (Figure 4.3).8¢ This is in agreement
with prior reports of the BBB remaining open for 4 to 48 hrs when analogous long pulse sequences were
used.”%3%7 The shorter duration of BBB opening induced with RaSP sequences should reduce the risk of
other blood-borne substances from entering the brain and thus, result in increased safety. As the use of
RaSP sequences appears to result in safer and more efficient BBB opening than the use of conventional
long pulse sequences, RaSP sequences were used for all subsequent ultrasound experiments reported in

this chapter to reduce the likelihood of tissue damage.
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Figure 4.2: a) Representative fluorescence microscopy images obtained after delivering a Texas Red-labelled 3 kDa
dextran across the BBB to the left hippocampus using long pulse and RaSP sequences. No evidence
of delivery is observed in the right hippocampus (non-sonicated control; insets) in all experiments. b)
Calculated normalised optical density (NOD; a measure of the dose delivered) and coefficient of variation
(COV; a measure of the distribution heterogeneity). No difference in the NOD was observed, but there
was a significant difference in the COV (n = 5 for each pulse sequence; p < 0.001). All quantitative analysis
was conducted by S. Morse (PhD student, NSB Lab).
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Figure 4.3: a) Representative fluorescence microscopy images of the left hippocampus obtained after injecting a
Texas Red-labelled 3 kDa dextran 0, 10 or 20 mins after ultrasound-mediated BBB opening using long
pulse and RaSP sequences. No evidence of the 3 kDa dextran is seen in the right hippocampus (non-
sonicated control; insets) at all time-points. b) Calculated normalised optical density at all time-points
(n = 3 for each time-point). With RaSP sequences, the BBB closes within 10 mins. The shaded region
is the mean normalised optical density + standard deviation of control non-sonicated mice (n = 3). All

quantitative analysis was conducted by S. Morse (PhD student, NSB Lab).
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4.3.2 Delivering Metal Salphens and Salnaphs across the BBB using Ultrasound

To date, the detection of small molecules or NPs that have been delivered across the BBB using focused
ultrasound in vivo has been done via fluorescence- or MRI-based methods.?*-84100.308 \Wjth the exception
of platinum salphen 1, our metal salphens and salnaphs are not intrinsically fluorescent and are not MRI-
active. Whilst complexes 2-4 could be detected by conjugating a fluorescent or MRI-active tag to their
structures, this has the potential to change their interaction with AB; for instance, many fluorophores
are composed of aromatic, planar scaffolds, which could result in additional m-it stacking interactions
with AB. Alternatively, the addition of a bulky fluorescent or MRI tag could prevent the complexes from
interacting efficiently with the AB N-terminal binding site and reduce their activity. As a consequence of
this, an alternative method of detection was employed in this work, which takes advantage of the presence
of metal centres in all of the synthesised compounds: laser ablation inductively-coupled plasma mass
spectrometry (LA-ICP-MS). LA-ICP-MS is a method used for the elemental analysis of solid samples.%?
A solid sample is first placed into an ablation cell, where it is ablated and vaporised by a pulsed laser.
The aerosol generated is transferred into an inductively-coupled plasma source and the ions formed are
analysed in a mass spectrometer. Ablation across the sample allows 2D element distribution maps to be

produced.

As a proof-of-concept, platinum complex 1 was delivered across the BBB to the left hippocampus using
focused ultrasound in C57BL/6J mice (RaSP; frequency: 1 MHz, peak negative pressure: 350 kPa, pulse
length: 0.005 ms, PRF: 1.25 kHz, burst length: 10 ms, BRF: 0.5 Hz, sonication duration: 250 s). Complex
1 is weakly emissive at 580 nm when excited at 445 nm; thus, in an attempt to locate the site of BBB
opening prior to LA-ICP-MS analysis, brain sections were imaged on a fluorescence microscope using a
GFP filter set (excitation wavelength: 470 nm, excitation filter: 470/40 nm, emission filter: 525/50 nm).
A representative fluorescence image that was obtained is shown in Appendix: Figure 9.9, in which little
evidence of the presence of complex 1 in the brain was observed. This result is most likely due to the
weak emission properties of complex 1 as clear evidence of its presence in the brain was obtained when

the same sections were analysed via LA-ICP-MS.

All LA-ICP-MS runs were conducted with Mr. B. Sampson (Imperial College London). Brain samples were
sectioned into 30 um sections and ablated using a spot size of 65 pum. Figure 4.4 shows a representative
Pt195 distribution map obtained from an experiment in which the ultrasound-mediated delivery of com-
plex 1 across the BBB was attempted. Element distribution maps were plotted using MATLAB and the
Pt195 map was overlaid on the P31 map for clarity. Clear Pt195 signal, which corresponds to complex

1, was observed in the left hippocampus, whilst no signal was observed in the right hippocampus. This
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Figure 4.4: Successful delivery of platinum salphen 1 across the BBB to the left hippocampus. Element distribution
map for Pt195 (yellow/red) is overlaid on P31 map (grey; provides brain outline) for clarity. No evidence
of complex 1 is detected in the right hippocampus (control), indicating that it does not cross the BBB by

itself. LA-ICP-MS experiments were run with Mr. B. Sampson (Imperial College London).

shows that complex 1 does not cross the BBB by itself, but it can be delivered into the brain using focused

ultrasound and microbubbles.

To determine whether we could use the same ultrasound parameters to deliver cobalt complexes 3 and
4 across the BBB, the same protocols as above were used, with the exception that a Texas Red-labelled
3 kDa dextran was co-injected with complex 4c to allow for easy identification of the site of BBB open-
ing. Due to the difference in size between the 3 kDa dextran and complexes 3 and 4 (~300 to 400 Da),
experimental conditions that are able to deliver the 3 kDa dextran to the brain should also result in suc-
cessful delivery of our complexes. Brain sections obtained from the co-delivery of Texas Red-labelled
3 kDa dextran and complex 4c were first imaged in the Texas Red channel to identify the presence of
BBB opening. Sections positive for BBB opening were then analysed using LA-ICP-MS. The detection of
cobalt complexes 3 and 4 in the brain using LA-ICP-MS is more challenging than for complex 1 as brain
tissue itself contains trace concentrations of cobalt.>? Nevertheless, as shown in Figure 4.5, good agree-
ment is observed between the optical image (corresponding to the 3 kDa dextran) and Co59 distribution
map (corresponding to complex 4c), indicating that both the 3 kDa dextran and complex 4c can be de-
livered across the BBB under the ultrasound parameters used. The lack of signal observed in the right

hippocampus regions in both images indicates that neither molecule is able to cross the BBB by itself.
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Figure 4.5: a) Fluorescence microscopy image of successful ultrasound-mediated BBB opening in the left hippo-
campus, detected by co-injecting a Texas Red-labelled 3 kDa dextran (purple). b) Element distribution
map for Co59 obtained after delivering cobalt complex 4¢ across the BBB to the left hippocampus using
ultrasound. Missing lines are due to a software malfunction that took place during the LA-ICP-MS run.

LA-ICP-MS runs were conducted with Mr. B. Sampson (Imperial College London).
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4.3.3 Safety of Repeated Treatments

Patients with Alzheimer's disease typically live for eight to ten years after diagnosis and any potential
treatment is therefore likely to be required over an extended period of time.'”? Consequently, we began
by investigating the safety of delivering our cobalt complexes across the BBB using ultrasound over a
five week period in wild type C57BL/6J mice before moving to studies in disease models. As discussed in
Chapter 3, the difference in inhibitory activity against AB aggregation between complexes 3a to 3e and
4a to 4e was found to be minimal; thus, for these initial preliminary studies, cobalt salnaph 4b was used
as it is the most stable in aqueous solution and is therefore easiest to handle for in vivo applications. The
treatment schedule followed is shown in Figure 4.6. Briefly, wild type C57BL/6J mice were treated once a
week for four weeks at a complex 4b concentration of 30 mg/kg or 23 mg/kg (n = 2 for each complex 4b
dose). The body weight and behaviour of the mice were closely monitored over a five week period. At the
end-point of the study, brains were stained with H&E following the same protocols as those described in

Chapter 2 in order to check for any signs of tissue damage on a microscopic level.

treatment schedule
wt C57BL/6J mice; 3 months; n = 2 for each group

4b (S’rgg?j { i i I I i = ultrasound: left hippocampus
,L = complex 4b: 30 mg/kg
Ll Ll Ll Ll * l = complex 4b: 23 mg/kg
Group 2 | | | | | .
4b (+),US (+) I [ [ | | % = end-point
week week week week week
1 2 3 4 5

Figure 4.6: Summary of treatment schedule and treatment conditions. Wild type C57BL/6J mice were treated with
ultrasound (US) and complex 4b at either 30 mg/kg or 23 mg/kg once a week for four weeks (n = 2 for
each group). Body weight and behaviour were monitored every week in accordance with Home Office

regulations and institutional guidelines.

As shown in Figure 4.7, no adverse changes in body weight were observed from weekly ultrasound +
complex 4b treatments at either 30 mg/kg or 20 mg/kg dosages over a five week period. In addition to
this, no behavioural changes were detected, suggesting that this treatment paradigm was well-tolerated.
No signs of tissue damage in H&E-stained sections were observed, which is in line with our previous

studies using RaSP sequences to disrupt the BBB.8¢
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Figure 4.7: a) No signs of weight loss were observed when complex 4b (30 mg/kg or 23 mg/kg; n = 2 for each dose)
was delivered across the BBB in C57BL/6J mice. Treatment was conducted on days 0, 7, 14 and 21.

b) Representative example of H&E staining. No differences were observed between the targeted and

control regions.
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Due to time constraints, a 30 mg/kg dose of complex 4b administered on a weekly basis was used for
all subsequent animal studies. However, a wider concentration range for complex 4b, as well as different
treatment times and frequencies, should be tested in the future as this could lead to improved efficacy.

Ideally, these studies should also be repeated in relevant mouse models of disease.

4.3.4 Assessing Efficacy in an Alzheimer’s Disease Mouse Model

To assess the therapeutic efficacy of cobalt complex 4b in vivo, a series of experiments were conducted
in 5XFAD mice kindly supplied by Dr. M. Sastre (Imperial College London). The 5xFAD mouse model is a
transgenic mouse model of Alzheimer’s disease that expresses mutant human amyloid precursor protein
(APP) and presenilin 1 (PSEN1), both of which are key proteins in the AR pathway.?!? It contains a total
of five Alzheimer’s disease-associated mutations: K670N/M671L (Swedish), 1716V (Florida), V7171 (Lon-
don) mutations in APP and M146L and L286V mutations in PSEN1.%1! 5xFAD mice show age-dependent
amyloid plaque formation in the hippocampus, cortex, thalamus and spinal cord regions, making them

useful models of amyloid pathology.®!!

In this preliminary study, a total of n = 9 transgenic 5xFAD mice were used, split into three treatment
groups (Figure 4.8): no treatment (Group 1), ultrasound only (Group 2) and ultrasound + complex 4b
(Group 3). As a starting point, all mice were treated on a weekly basis for a period of three weeks and ul-
trasound was focused solely on the left hippocampus where applied. This treatment frequency and study
length was chosen based on the 'safe’ treatment paradigm established in the previous section, though
future studies will need to optimise this. Following the end-point of the study, the amyloid burden in the

brain was compared between treatment groups using histological and immunohistochemical methods.

Staining for Amyloid Beta: Thioflavin-S and MOAB-2

To stain for AB in the brain post-mortem, two different stains were used: thioflavin-S (ThS) and anti-beta
amyloid antibody (MOAB-2). ThS is a derivative of ThT used in the in vitro assays presented in Chapter 3
and stains for the presence of AB fibrils.?1%313 ThS has been widely used for staining A in cell culture
and in tissues, whilst ThT is mainly used for in vitro detection of AB. The reason for this choice appears
to be historic. ThS staining of tissue sections is simple to perform and involves incubating the sections in
a 1% (w/v) solution of ThS. Sections are then imaged in the Alexa Fluor 488 channel, with any AP fibrils
appearing as bright dots (Figure 4.9).
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Figure 4.8: Summary of treatment schedule and treatment conditions. A total of n = 9 transgenic 5xFAD mice were
used in this study, n = 3 mice per group. Group 1 received no treatment, Group 2 received only ultrasound

treatment and Group 3 received both complex 4b and ultrasound treatment. The dose of cobalt complex
4b used was 30 mg/kg.

thioflavin-S (AF488) MOAB-2 (AF647)

€]
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Figure 4.9: Examples of successful Thioflavin-S (green) and MOAB-2 (cyan) staining in transgenic 5xFAD mice.
Thioflavin-S is a dye which stains for A fibrils, whilst MOAB-2 is an antibody which stains for all forms

of AB. The left hippocampal region is shown in both images.
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In contrast to ThS, MOAB-2 is an antibody which stains for all forms of AB, including unaggregated, oligo-
meric and fibrillar AB.32% Immunohistochemical staining methods are either direct or indirect (Figure 4.10).
The former method involves the use of a single labelled antibody that binds to the antigen of interest and
is itself detected. In contrast, the latter method involves the use of two antibodies: a primary antibody
(1° Ab) that binds to the antigen of interest and a labelled secondary antibody (2° Ab) that binds to the
primary antibody. The secondary antibody is always raised in a different host species to the species in
which the primary antibody was raised in order to minimise non-specific staining. Whilst indirect immun-
ohistochemical methods are more technically challenging to perform, they are more widely used as they
are more sensitive than direct methods. This is because multiple secondary antibodies are able to bind to
a single primary antibody, leading to an amplification of the resulting signal.>'4 As a consequence, we de-
cided to follow indirect immunofluorescence staining protocols in this study and employed a combination

of mouse MOAB-2 (1° Ab), followed by goat anti-mouse IgG Alexa Fluor 647 (2° Ab).

A typical workflow for indirect immunofluorescence staining is shown in Figure 4.10. The tissue sections
are first fixed with a fixative such as 4% paraformaldehyde in order to preserve cellular structure and im-
mobilise the antigens.?!* If detecting intracellular targets, the tissue is then permeabilised with a dilute
solution of Triton-X, a detergent which acts to solubilise the cellular membrane so that the primary anti-
body is able to access the cell interior. Next, the tissue is blocked to prevent non-specific binding of the
primary antibody. The inclusion of a blocking step is crucial in order to achieve a high signal-to-noise ratio
and involves incubating the sample in an appropriate blocking buffer.®' Blocking buffers usually consist
of normal serum from the species in which the secondary antibody was raised and/or bovine serum albu-
min, both of which contain antibodies that will bind to non-specific epitopes in the sample. When applied
in a large excess, these serum antibodies should be able to outcompete the primary antibody for any non-
specific binding sites, resulting in an improved signal-to-noise ratio. If normal serum is used, it should not
be from the species in which the primary antibody was raised as this will be recognised by the secondary

antibody and thus, lead to higher background staining.

Following blocking, the primary antibody is applied to the section at an appropriate dilution and incubated:
for all primary antibodies used in this study, an overnight incubation was used based on the manufacturer’s
instructions. After thorough washing, the secondary antibody can then be applied. To minimise any inter-
ference from brain autofluorescence, which is typically found in the GFP channel, a far red Alexa Fluor
647-labelled secondary antibody was used in all immunofluorescence staining reported in this section.
Stained sections can be imaged on a fluorescence microscope using an appropriate filter set. Figure 4.9
shows a representative image of positive MOAB-2 staining in a transgenic 5XxFAD mouse, in which the

presence of AB in the brain is clearly observed as bright dots.
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Figure 4.10: a) Direct and indirect immunofluorescence staining methods, redrawn from [313]. Only one antibody is
used in direct methods, whilst two are used in indirect methods. Indirect methods are more complicated
to perform, but they are more sensitive than direct methods. b) General steps involved in indirect

immunohistochemical staining.
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Sample Processing Workflow

With our focused ultrasound setup and experimental conditions, we do not typically see BBB opening
throughout the entire brain. As a consequence, we first had to locate the exact site of BBB opening
in all ultrasound-treated brains (Groups 2 and 3) to allow proper comparison between the treatment
groups. We have shown in prior work that minor extravasation of serum albumin from the blood ves-
sels can be observed at t = 0 with the RaSP ultrasound sequences used in this study; albumin staining
can therefore be used to detect the site of BBB opening.?¢ For each of the ultrasound-treated brains, five
sections spanning the hippocampal region were stained for serum albumin using indirect immunofluores-
cence methods (1° Ab: rabbit anti-mouse serum albumin, 1:100; 2° Ab: donkey anti-rabbit IgG H&L Alexa
Fluor 647, 1:200). Sections with BBB opening were identified from fluorescence images and were verified
by S. Morse (PhD student, NSB Lab) without prior knowledge of which side was targeted with ultrasound
to avoid any bias. An example of this is shown in Figure 4.11, in which positive albumin staining in the left

hippocampal region - and thus, BBB opening - can be seen in section b.

To avoid any interference between the two amyloid stains, ThS and MOAB-2 staining was conducted
on adjacent brain sections, rather than co-staining the same sections. For the ultrasound-treated groups,
ten sections from each brain sample around the site of BBB opening were stained with ThS and another
ten were stained with MOAB-2 (Figure 4.12). Sections at a similar anatomical level from Group 1 (no
treatment) were also stained to allow comparison. Stained sections were then imaged using a fluorescence

microscope using appropriate filter sets.

In order to obtain quantitative information from the fluorescence images obtained, we first defined the
region of interest - the left hippocampus - using a polygon tool in ImageJ (Figure 4.12). A threshold was
then applied to exclude any artefacts and the particle burden, number of particles and particle area were
determined using the automated 'Analyse Particles’ tool in ImageJ. The particle burden is defined as the
percentage of pixels in the defined region of interest that have an intensity greater than the applied
threshold, whilst the number of particles and particle area refer to the average number and area of indi-
vidual particles identified by Imagel. It should, however, be noted that the latter two measures are likely
to be less meaningful than the calculated particle burden as ImageJ is unable to separate out a cluster
of individual particles and will count this as one large particle instead. All quantification was repeated at

least three times on each brain section and performed blind to avoid bias.
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Figure 4.11: Albumin staining across five sections at the hippocampal level. The albumin extravasation seen is dir-
ectly related to the extent of BBB opening induced by the focused ultrasound and microbubbles.?

Under the experimental conditions used, the extent of BBB opening differs throughout the brain, with

BBB opening observed at the level in which sections b and ¢ were taken from. Less BBB opening is

seen in sections a, d and e. It should be noted that we do not expect major extravasation of albumin

with these ultrasound parameters.&¢
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Group 2 and 3 only

Figure 4.12:

5.3. threshold

Top: Sample processing workflow. Brains were sectioned into 20 um horizontal sections. For
ultrasound-treated brains (Groups 2 and 3), five sections across the hippocampal region were stained
with albumin to identify the site of BBB opening. Ten sections from each brain around the site of BBB
opening were stained with ThS and another ten with MOAB-2. Bottom: Image analysis workflow. The
region of interest, the left hippocampus, was defined. Images were then thresholded and the particle
burden, number of particles and average particle area was calculated automatically using ImageJ. All

analysis was conducted blind and repeated three times to prevent bias.
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Thioflavin-S and MOAB-2 Staining

In Chapter 3, we showed that octahedral cobalt complex 4b is able to inhibit the aggregation of monomeric
AB and prevent fibril formation. It follows that if complex 4b is able to induce a therapeutic effect in
vivo at the treatment dose and frequency used in this preliminary animal study, a reduction in the AB
plaque burden and thus, reduced ThS staining would be observed. In contrast, unlike ThS which only stains
AB fibrils, MOAB-2 stains all forms of AB. If complex 4b is able to inhibit the aggregation of AB in vivo
under the experimental conditions used, then higher levels of soluble AB (e.g. monomers and oligomers)
would be expected. One of the key clearance mechanisms for AB in the brain is enzymatic degradation
by metalloproteases such as neprilysin (NEP) and insulin-degrading enzyme (IDE).31>31¢ AB-degrading
enzymes are believed to act primarily on monomeric Ap and there exists only a few reported examples of
enzymes that are able to cleave oligomeric or fibrillar forms of AB.°1°~318 Consequently, if complex 4b is
able to increase the levels of monomeric A relative to insoluble fibrillar AR in the brain when administered

in vivo, enhanced clearance activity may occur, resulting in reduced MOAB-2 staining.

Representative ThS-stained sections and MOAB-2-stained sections from each treatment group are shown
in Figure 4.13 and Figure 4.14. Images shown are from the section that best represents the average
particle burden of that brain sample; additional images from each brain sample can be found in Appendix.
Quantitative analysis of ten sections per brain sample was carried out to determine the particle burden,
number of particles and average particle area following the protocols outlined above. As shown in Fig-
ure 4.15, areduction in the AB particle burden and average number of AP particles was detected between
Group 1 (no treatment) and Groups 2 and 3 (ultrasound only; ultrasound + 4b) with both ThS and MOAB-
2 staining. As discussed at the start of this chapter, focused ultrasound-mediated BBB opening has been
demonstrated to lead to reduced AR plaque burden in vivo in the absence of therapeutic agents, which
could explain the differences between Group 1 (no treatment) and Group 2 (ultrasound only).288:292,298
However, promisingly, the reduction in AR burden was greater in Group 3 (ultrasound + 4b) than in the
Group 2 (ultrasound only), suggesting that complex 4b may be inhibiting AR aggregation under the exper-
imental conditions used. No significant changes in the average particle area were detected with complex
4b using both stains, which could indicate that complex 4b is unable to disassemble pre-formed amyloid
fibrils; however, as stated above, this measure (and the average number of particles) is less reliable than
the calculated particle burden as ImageJ cannot separate out clusters of particles in close proximity and

will instead treat them as one large particle.
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Thioflavin-S Staining

(a representative section from each brain is shown; all quantatitive analysis was performed on ten sections per brain)

Group 1 Group 2 Group 3
no treatment ultrasound only ultrasound + 4b

thioflavin-S (AF488)

brain 1

brain 3

Figure 4.13: Representative ThS-stained sections from each brain studied (n = 3 mice per treatment condition). The
image shown is the section that best represents the average plaque burden of that brain sample. All

quantitative analysis was conducted on ten sections from each brain. Additional images from each

brain can be found in the Appendix.
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MOAB-2 Staining

(a representative section from each brain is shown; all quantatitive analysis was performed on ten sections per brain)

Group 1 Group 2 Group 3
no treatment ultrasound only ultrasound + 4b

MOAB-2 (AF647)

brain 1

brain 3

Figure 4.14: Representative MOAB-2-stained sections from each brain studied (n = 3 mice per treatment condition).
The image shown is the section that best represents the average particle burden of that brain sample.
All quantitative analysis was conducted on ten sections from each brain. Additional images from each

brain can be found in the Appendix.
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Figure 4.15: Particle burden, number of particles and average particle area determined from brain sections stained

with ThS (a) and MOAB-2 (b). A reduction in the particle burden and number of particles (p < 0.05) was

observed between Group 1 (no treatment) and Group 3 (ultrasound + 4b). Quantitative analysis was

conducted blind and repeated three times to minimise errors (n = 3 mice for each treatment condition;

10 sections per brain).
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44 CONCLUSIONS AND FUTURE DIRECTIONS

In Chapter 3, a series of metal salphens and salnaphs were reported as potential inhibitors of Ap aggrega-
tion in vitro. Through a combination of peptide assays, spectroscopic studies and cytotoxicity experiments,
we demonstrated that octahedral cobalt complexes 3 and 4 are able to inhibit the aggregation of mono-
meric AB in vitro and are non-cytotoxic. In this chapter, we sought to extend this work further and obtain
preliminary data with our cobalt complexes in an Alzheimer’s disease mouse model. To our knowledge,
this represents the first time that octahedral complexes targeted to the N-terminal of Ap have been tested
in vivo for the treatment of Alzheimer’s disease; in fact, this is only the second time that a metal complex

- of any geometry - has been tested in vivo for this application.

Before conducting studies in an Alzheimer’s disease mouse model, we first attempted to improve the
safety and efficiency of ultrasound-mediated BBB opening by switching to a series of short microsecond
ultrasound pulses, rather than using the long millisecond pulses typically used for BBB opening. Experi-
ments conducted with S. Morse, Dr. A. Pouliopoulos, M. Copping and J. Lin (PhD and MRes students, NSB
Lab) demonstrated that the use of RaSP sequences leads to more homogeneous drug delivery within the
targeted region, reduced extravasation of serum proteins from the bloodstream into the brain and less
tissue damage.?¢ The permeability of the BBB was also found to remain disrupted for a much shorter
time when RaSP sequences were used, reducing the chance of other blood-borne substances entering
the brain.¢ Due to the improved safety and efficiency of ultrasound-mediated drug delivery to the brain

obtained with RaSP sequences, these sequences were used for all subsequent in vivo studies.

Initially, we showed that we could successfully deliver our metal complexes across the BBB with RaSP
sequences using LA-ICP-MS. We then assessed the safety of delivering our metal complexes across the
BBB using ultrasound over an extended period of time by treating a group of wild type C57BL/6J mice
every week for four weeks. Cobalt complex 4b was chosen for in vivo studies as it is the most stable of
the cobalt complexes synthesised and thus, easiest to handle. No changes in behaviour, body weight or
tissue morphology were observed in the C57BL/6J mice treated, indicating that the repeated delivery of
complex 4b to the brain using RaSP sequences was well-tolerated. Next, we moved onto conducting a pre-
liminary efficacy study in transgenic 5xFAD mice. 5xFAD mice were split into three treatment groups (no
treatment, ultrasound only and ultrasound + complex 4b) and were treated every week for three weeks.
At the end-point of the study, the amyloid burden in the ultrasound-targeted region, the left hippocampus,
was quantified using histological and immunohistochemical methods. The initial data collected suggests
that complex 4b may be exerting therapeutic effects under the experimental conditions used, with a re-

duction in AB burden observed between the 'no treatment’ control and 'ultrasound + complex 4b’ group.

107
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Prior studies have reported that focused ultrasound-mediated BBB opening can induce reductions in AR
plaque burden by itself through activation of glial cells; in the preliminary study presented here, whilst a
slight reduction in AB burden is indeed detected in the 'ultrasound only’ group, the reduction is greater in
the 'ultrasound + complex 4b’ group, indicating that the combined use of focused ultrasound-mediated

BBB opening and complex 4b may provide additive effects.288272.298

The main limitations of our preliminary in vivo study to date are: 1) sample size and 2) a lack of a control
'drug only’ group. Due to time constraints and a lack of available age-matched transgenic 5xFAD mice, the
treatment groups that were used only contained three mice each; thus, whilst our initial data is promising,
it is difficult to draw any real conclusions about the therapeutic efficacy of complex 4b at this point in
time. Future work should seek to expand the sample size of the study to allow for more robust statistical
analyses to be conducted. In addition to this, we have been unable to include a fourth treatment group in
which mice were administered complex 4b in the absence of focused ultrasound-mediated BBB opening.
Whilst the LA-ICP-MS data presented suggests that the synthesised metal complexes show poor BBB
penetration in the absence of focused ultrasound and microbubbles, these analyses were conducted ap-
proximately 5 minutes after a single administration of the complex. Weekly exposure to the complexes
as was done in our preliminary in vivo study may result in the complexes crossing the BBB - albeit at
low concentrations - and could produce therapeutic effects. The inclusion of a 'complex 4b only’ group is
therefore needed so that this possibility can be investigated; these experiments are currently ongoing. As
well as this, optimising study parameters such as the treatment frequency, duration and complex dosage

should be done as this could lead to more significant therapeutic effects being observed.

In the longer term, investigating the biodistribution of the complexes when administered in vivo, as well
as the fate of the complexes after binding to AB in the brain would be crucial. Moreover, if reductions
in AB plaque burden are consistently observed with complex 4b in vivo, longitudinal behavioural studies
should be conducted to assess if it has any effects on memory function. Combining complex 4b with
existing therapeutic agents would also be interesting to explore; for instance, given that complex 4b is
hypothesised to prevent Ap aggregation by binding to extracellular AB, co-administering complex 4b with
a B-secretase 1 (BACE1) inhibitor, which works to prevent AB production, could lead to synergistic effects

being achieved.
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The BBB is one of the biggest obstacles for the effective treatment of brain diseases, preventing 98%
of small molecule drugs from entering the brain.*® As of now, the use of focused ultrasound and micro-
bubbles is the only method which is able to disrupt the BBB in a manner that is non-invasive, targeted and
reversible.”® The application of ultrasound-mediated drug delivery methods allows for more sophisticated
therapeutics to be developed as traditional chemical design rules (e.g. small size, moderately lipophilic) do
not need to be followed in order to achieve BBB penetration.’? In this thesis, we have developed two dif-
ferent systems to take advantage of this technology - nanoparticles as delivery platforms for combination
therapies and metal complexes as inhibitors of Ap aggregation for the treatment of Alzheimer’s disease -

and we have evaluated them in vitro and in vivo using focused ultrasound.

In Chapter 2, fluorescently-labelled DNA-coated Au NPs of different sizes were synthesised and character-
ised. We showed that we were able to deliver these NPs across the BBB using focused ultrasound and that
the DNA-coated NPs remained intact upon delivery. The size-threshold of ultrasound-mediated delivery
was also investigated, with smaller diameter NPs being delivered more efficiently to the brain than larger
diameter NPs using this technology. This supports prior proposals that ultrasound-mediated BBB open-
ing primarily occurs through a widening of the tight junctions between adjacent endothelial cells.?2 NP
systems loaded with therapeutic agents have been developed in collaboration with Dr. A. Torres-Huerta

(Postdoc, Vilar Group) and ongoing work is focused on evaluating their efficacy in vitro and in vivo.

In Chapter 3, a series of metal salphens and salnaphs were investigated as potential inhibitors of A ag-
gregation for the treatment of Alzheimer’s disease. The aggregation of the AB peptide in the extracellular
space is one of the key pathological hallmarks of Alzheimer's disease and is believed to play a central role
in disease progression. Studies have shown that AB contains a high affinity metal ion binding site that is
able to modulate AR aggregation, and as a consequence, this site has been proposed as a potential thera-
peutic target.?’-221 To date, there have only been a handful of compounds developed to target this site,

246,250-252 Tg expand on this work

most of which are platinum complexes with planar, aromatic ligands.
further, we investigated a family of metal salphens and salnaphs for their ability to inhibit Ap aggregation.
Using the Thioflavin-T assay, we showed that all of the complexes studied are able to prevent AB aggreg-
ation, with greater inhibitory activity against AR aggregation observed for octahedral cobalt complexes
3 and 4 compared to square planar derivatives 1 and 2. Similar to the binding mode proposed for the

octahedral cobalt(lll) Schiff base complexes developed by Heffern et al. and Iscen et al., we hypothesised
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that complexes 3 and 4 are able to coordinate to the histidine residues of AP via dissociative ligand ex-
change at the axial positions.2°%2°3 Spectroscopic experiments were carried out to probe the binding of
complexes 1 to 4 to AB, which provided evidence that complexes 3 and 4 are able to coordinate to Hisé
of AB. In addition to this, we showed that complexes 3 and 4 show minimal cytotoxic effects in vitro, with

IC50s > 100 uM being obtained in human cell lines (SH-SY5Y and PC3).

In Chapter 4, we sought to evaluate cobalt complexes 3 and 4 in vivo in an Alzheimer’s disease mouse
model. We first demonstrated that we can deliver these complexes across the BBB in vivo with focused
ultrasound and that doing so on a weekly basis over a period of five weeks is well-tolerated in mice. A pre-
liminary efficacy study in an Alzheimer’s disease mouse model (5xFAD) was then carried out, consisting
of three treatment groups: no treatment, ultrasound only and ultrasound + complex 4b. The AB burden of
the brains was compared between treatment groups using histological and immunohistochemical meth-
ods post-mortem. In spite of the small sample size used in our preliminary study, the results obtained thus
far are promising, with a reduction in AB burden detected between the 'no treatment’ and 'ultrasound +
complex 4b’ groups. Ongoing work aims to expand this in vivo study further and increase the sample size,

as well as include a fourth 'complex 4b only’ control group.
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6 METHODS - DNA-COATED NANOPARTICLES FOR BRAIN DISEASES

61 SYNTHESIS OF DNA-COATED GOLD NANOPARTICLES

Unless otherwise stated, all reagents were purchased from commercial suppliers and used without further
purification. Ultrapure water was used in all reactions and all glassware was washed thoroughly with aqua

regia (1:3 HNO3:HCI).
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Au NPs of different sizes were synthesised following seeded growth protocols adapted from Piella et
al.»3% Briefly, a solution of sodium citrate (2.2 mM, 25 mL) and tannic acid (2.5 mM, 17 pL) was adjusted
to pH 10 with K,CO3 (150 mM, ~170 pL) and heated to 70 °C with stirring. HAuCl, (10 mM, 410 ul) was
then added, resulting in a colour change from colourless to pink. Stirring at 70 °C for a further 10 mins

resulted in a solution of seed gold nanoparticles (7 x 1013 NPs/mL).

To grow larger nanoparticles, the seed solution was immediately diluted by removing a third of the solution
volume and replacing with sodium citrate (2.2 mM). Two injections of HAuCl, (10 mM, 200 pL) were added
on a time interval of 10 mins before diluting the reaction as before. Further injections and dilutions were

carried out until the nanoparticles reached the desired size.

6.1.1 Surface Functionalisation with Oligonucleotides

Au NPs were functionalised with fluorescently-tagged oligonucleotides following protocols adapted from

Li et al.»®* Since oligonucleotides typically used for gene therapies are 20-25 bases in length, a 25 base
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oligonucleotide sequence was chosen for this study: Cy5-TT-GGG-TTA-GGG-TTA-GGG-TTA-GGG-TT-
(CH5)4-SH (Cy5-DNA-SH).198 The oligonucleotide had a thiol modifier on the 3’ end to allow it to bind to
the gold nanoparticle surface and a Cy5 modifier on the 5’ end to allow for tracking after delivery across

the BBB in vivo.

Before use, tris(2-carboxyethyl)phosphine) (TCEP) was added to Cy5-DNA-SH in a 100x excess and the
mixture was incubated for 1 hr at 25 °C. 1 wt% Tween 20 (10 pL) was added to the Au NPs (50 nM,
1.15 mL) and the mixture was stirred for 1 min. Cy5-DNA-SH (50 uM) was added at a volume that allowed
for 100 oligonucleotide strands present per Au NP. NaCl (5 M) was then added until its final concentration
in the mixture reached 800 mM. The solution was incubated for 1 hr at 25 °C with gentle agitation and
then centrifuged at 30,000 rpm (~55,000 x g) for 45 mins at 15 °C. The supernatant was removed and the
nanoparticles were redispersed in 500 pL of phosphate-buffered saline (pH 7.4; 137 mM NaCl, 2.7 mM
KCIl, 8 mM NayHPO4 and 2 mM KH,PO,4) with 0.1% Tween 20 (PBST). This centrifugation process was
repeated at least 3x to ensure thorough washing of the nanoparticles. All nanoparticle solutions were

stored at 4 °C, kept away from light and were used within 2 weeks.

62 CHARACTERISATION OF DNA-COATED GOLD NANOPARTICLES

6.2.1 UV-Vis Spectroscopy

Absorbance spectra were recorded on a Perkin EImer Lambda 25 UV-Vis Spectrometer, scanning between
400 to 700 nm. The concentrations of all Au NP solutions were determined using the method reported

by Haiss et al.13¢

6.2.2 Transmission Electron Microscopy

Synthesised nanoparticles were imaged using a JEOL JEM-2100Plus transmission electron microscope.
10 pL of Au NP solution was drop-casted onto a carbon-coated grid and left to dry for 18 hrs before ima-
ging. Images were taken at 60,000-120,000x magnification. The average particle size and size distribution

were determined using Imagel by counting at least 100 Au NPs.

112
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6.2.3 Dynamic Light Scattering and Electrophoretic Light Scattering

Hydrodynamic diameters and zeta potentials of Au NP solutions were recorded on a Malvern Zetasizer
Nano ZS instrument in Malvern DTS1070 folded capillary zeta cells. All solutions were filtered through a
0.45 uM syringe filter prior to analysis and were measured at 25 °C. Reported values are the mean + stand-

ard deviation of three separate batches of nanoparticles.

6.2.4 Determination of Oligonucleotide Loading

Mercaptoethanol was added to a solution of Cy5-DNA-Au NPs dispersed in PBST until it reached a final
concentration of 20 mM. After stirring the solution at 25 °C for 48 hrs, the mixture was centrifuged at
~55,000 x g for 45 mins and the supernatant (containing the displaced oligonucleotides) was separated.
The fluorescence of the displaced Cy5-oligonucleotides was measured on a Cary Eclipse Fluorescence
Spectrophotometer and compared to a standard curve; samples were excited at 656 nm and were scanned
from 660 to 760 nm. The concentration of fluorescent oligonucleotides was divided by the initial Au NP

concentration to give the number of oligonucleotides attached per nanoparticle.

6.3 ULTRASOUND-MEDIATED DELIVERY OF NANOPARTICLESINTO THE BRAIN
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Ultrasound pulses were emitted from a Sonic Concepts single-element, spherical-segment focused ultra-
sound transducer (centre frequency: 1 MHz, active diameter: 90 mm, geometric focus: 77 mm) driven by

an Agilent Technologies 33500B function generator through a Precision Acoustics 50 dB power amplifier.
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The lateral, elevational and axial full width at half maximum (FWHM) at the focus were 2 mm, 1 mm and
20 mm respectively. Microbubble emissions were captured using an Olympus Industrial focused passive
cavitation detector (centre frequency: 7.5 MHz, focal length: 76.2 mm) aligned co-axially with the FUS
transducer, filtered using a Mini Circuits 3-30 MHz band-pass filter, amplified with a Stanford Research
Systems 28 dB pre-amplifier and then recorded with a Pico Technology Picoscope 3205A 8-bit oscillo-
scope sampling at 250 MHz. Transducers were mounted onto a 3D positioning system to allow targeting

of the desired region.

Before in vivo experiments, pressure amplitudes were measured using a Precision Acoustics needle hy-
drophone (diameter: 0.2 mm) in a degassed water tank. Peak-positive and peak-negative values were

attenuated by 11% to correct for skull attenuation.®

6.3.1 Delivery of DNA-coated Gold Nanoparticles across the BBB

All animal procedures were performed following Home Office regulations and institutional guidelines.
Eighteen female wild-type C57BL/6J mice (8-10 weeks old, 19.2 £ 0.95 g) were used in total. Mice were
anaesthetised with 98% O,/2% isoflurane and maintained under anaesthesia for the duration of the ex-
periment. The fur from the head of each mouse was removed using an electric clipper and depilatory
cream to reduce any potential interferences from trapped air bubbles. The mouse was then positioned

and immobilised using a stereotaxic frame.

The left thalamus of the brain was targeted using a reported method, in which a metal cross is placed on
top of the skull in alignment with the lambdoid and sagittal sutures.’* A 2D raster scan of the cross was
generated using the transducer in pulse-echo mode and used to position the transducer 1 mm laterally
from the sagittal suture and 0.5 mm above the lambdoid suture. The right thalamus was used as the

control.

The left thalamus was sonicated using conventional therapeutic ultrasound sequences (frequency: 1 MHz,
peak-negative pressure: 530 kPa, pulse length: 10,000 cycles, pulse repetition frequency: 0.5 Hz, sonica-
tion duration: 250 s). After five pulses, SonoVue microbubbles (100 pL, 5 uL/g) were administered intra-
venously into the mouse via a tail vein catheter, followed by Cy5-DNA-Au NPs A, B or C (100 uL, 500 nM).
Following sonication, mice were sacrificed and transcardially perfused with 20 mL ice-cold phosphate-
buffered saline (pH 7.4; 137 mM NacCl, 2.7 mM KCl, 8 mM Na,HPO,4 and 2 mM KH,PQO,) with added

heparin (10 units/mL) to reduce blood coagulation. Once the blood was cleared, mice were fixed with
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20 mL ice-cold 10% formalin solution. Brains were extracted and submerged in 10 mL 10% formalin solu-

tion at 4 °C overnight.

6.3.2 Fluorescence Microscopy

Mouse brains were cryoprotected by immersing them in sucrose solutions of increasing concentration
at 4 °C: 15% (w/v) sucrose solution for 6 hrs, followed by immersion in a 30% (w/v) sucrose solution
overnight. Cryoprotected brains were sectioned into 30 or 15 pm horizontal sections on a Thermo Sci-
entific CryoStar NX70 Cryostat and imaged using a Zeiss Axio Observer Inverted Widefield microscope.
Images of the left (sonicated) and right (non-sonicated control) thalamus were taken using a 10x objective
in both the bright-field and Cy5 (excitation wavelength: 640 nm, excitation filter: 640/30 nm, emission
filter: 690/50 nm) channels to detect the presence of Cy5-DNA-Au NPs in the brain.

Fluorescence images of five sections from each brain were used to calculate the normalised optical density
(NOD) - the average fluorescence in the targeted region normalised by the control - to give an indication
of the amount of Cy5-DNA-Au NPs delivered. Quantification was done using an in-house MATLAB script
written by S. Morse (PhD student, NSB Lab). Briefly, regions of interest were selected using MATLAB and
any artefacts such as folds were manually segmented and omitted from the calculation. To exclude brain
autofluoresence, a threshold of twice the standard deviation of the intensity of the control region was
employed. Pixel intensities above this threshold were summed in the targeted and control regions and
the NOD was obtained by subtracting the value obtained for the targeted region by that of the control
region. A two-sided Student’s t-test was performed to assess statistical significance, taking p < 0.05 to be

significant.

6.3.3 Assessing Safety with H&E Staining

Following sonication, brains were extracted, paraffin-embedded and cut into 5 um sections by the UCL
IQPath laboratory (n = 3). Eight brain sections covering the entirety of the focal volume were then stained
with haematoxylin and eosin (H&E) following standard procedures. Briefly, slides were first cleared by
submerging in Histo-Clear Il for 5 mins and then again for 10 mins. Sections were then hydrated in water
and immersed in Harris Haematoxylin solution for 5 mins. Following rinsing with tap water, slides were
dipped 3x in 1% acid-alcohol solution (1% HCI in 70% ethanol) and rinsed. Sections were then dipped

in Eosin Y for 50 secs and rinsed with water again. Stained slides were dehydrated by placing in 90%
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ethanol for 30 secs, followed by 100% ethanol for 30 secs and then left in Histo-Clear Il until mounting.
Slides were mounted with DPX, coverslipped and imaged using a Zeiss Axio Observer Inverted Widefield

microscope.
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71 SYNTHESIS OF METAL COMPLEXES
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Figure 7.1: Structures of the metal complexes used in this study. Metal salphens 1 and 2 were synthesised by Dr. V.
Rakers (PhD student, Vilar Group), whilst cobalt salphens 3a-e were synthesised by C. Ruehl (PhD stu-
dent, Vilar Group).2°”:2°8 Complexes 5 and é were used as controls and synthesised based on literature

protocols 248,319-321

Unless otherwise stated, all reagents were purchased from commercial suppliers and used without further
purification. Elemental analyses (C, H, N) are reported as the average of two independent measurements
and were obtained by Mr. A. Dickerson (University of Cambridge). 1H NMR spectra were recorded on a
400 MHz Bruker Avance Il HD NMR spectrometer at 298 K. Chemical shifts are given in parts per million
(ppm, &) and are reported relative to TMS and referenced to the residual deuterated solvent. Splitting
patterns are designated as s for singlet, d for doublet, t for triplet and m for multiplet. High-resolution
electrospray ionisation (ES) mass spectra were obtained on a Waters LCT Premier (ES-TOF)/Acquity i-

Class spectrometer by Dr. L. Haigh (Imperial College London).
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7.1.1 4-(2-bromoethoxy)-2-hydroxybenzaldehyde

OH

(e}

1

Br

4-(2-bromoethoxy)-2-hydroxybenzaldehyde was synthesised via a modified procedure reported by Oliv-
eri et al.20 1,2-dibromoethane (7.03 mL, 81.6 mmol) was added to 2,4-dihydroxybenzaldehyde (11.3 g,
81.6 mmol) and potassium carbonate (5.6 g, 40.8 mmol) in anhydrous acetone (300 mL). The mixture
was heated under reflux for 72 hrs under nitrogen, resulting in the formation of a pink suspension. The
solid precipitate was filtered off under suction, leaving an orange-brown filtrate. The filtrate was con-
centrated and purified by column chromatography (silica gel; hexane:ethyl acetate, 90:10) to give 4-(2-
bromoethoxy)-2-hydroxybenzaldehyde as a white solid (2.51 g, 10.2 mmol, 13%).

TH NMR (400 MHz, CDCl3) § 11.02 (s, 1H, -OH), 10.03 (s, 1H, -CHO), 7.64 (d, J = 8.7 Hz, 1H, Ar-H), 6.60
(dd, J = 8.6, 2.3 Hz, 1H, Ar-H), 6.51 (d, J = 2.4 Hz, 1H, Ar-H), 4.39 (t, J = 6.2 Hz, 2H, -O-CH>-), 3.82 (t,
J = 6.1 Hz, 2H, -CH,-Br); 13C NMR (101 MHz, DMSO-dg) & 191.0, 164.5, 163.0, 132.2, 116.6, 107.6,
101.5, 68.1, 31.0.

7.1.2 4-(4-formyl-3-hydroxyphenoxy)-N,N,N-trimethylethan-1-ammonium bromide

OH

S)
Br

NMej;

4-(4-formyl-3-hydroxyphenoxy)-N,N,N-trimethylethan-1-ammonium bromide was synthesised via a pro-
cedure reported by Rakers et al.?>” Briefly, 4-(2-bromoethoxy)-2-hydroxybenzaldehyde (1.07 g, 4.3 mmol)
was first dissolved in a 4.2 M ethanolic solution of trimethylamine (50 mL) to give a yellow solution. After

heating the mixture at 50 °C for 18 hrs, the solvent was removed to give a yellow-orange solid. Washing
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with chloroform (3 x 20 mL) resulted in the isolation of the desired product as a pale yellow solid (1.02 g,

3.3 mmol, 76%).

'H NMR (400 MHz, DMSO-dg) 8 11.06 (s, 1H, -OH), 10.05 (s, 1H, -CHO), 7.67 (d, J = 8.7 Hz, 1H, Ar-
H), 6.63 (dd, J = 8.7, 2.3 Hz, 1H, Ar-H), 6.56 (d, J = 2.3 Hz, 1H, Ar-H), 4.53 (t, J = 4.6 Hz, 2H, -O-CH,-
), 3.85 (t, J = 4.6 Hz, 2H, -CHy-NMe3), 3.18 (s, 9H, ~(CHz)s); 3C NMR (101 MHz, DMSO-dq) § 191.2,
163.9,162.9,132.2,116.8,107.7,101.8, 63.9, 62.0, 53.1; MS (ES*) m/z 224.1291 (IM+H]*, 100%), where
M = C1,H1gNOs3.

7.1.3 Salnaph Ligand

—N N=—
o (o]
2@ ®§
© NMejz MesN ©
Br Br

4-(4-formyl-3-hydroxyphenoxy)-N,N,N-trimethylethan-1-ammonium bromide (500 mg, 1.64 mmol) and
2,3-diaminonaphthalene (130 mg, 0.82 mmol) in ethanol (15 mL) was heated under reflux for 5 hrs under
nitrogen, resulting in the formation of a yellow precipitate. The yellow precipitate was isolated via filtration
and washed with ethyl acetate, DCM and diethyl ether (3 x 5 mL) to give the desired product as a bright
yellow solid (478 mg, 0.65 mmol, 80%).

1H NMR (400 MHz, DMSO-dg) § 13.52 (s, 2H, -OH), 9.02 (s, 2H, -N=CH-), 7.97 - 7.90 (m, 4H, Ar-H), 7.67
(d,J = 8.6 Hz, 2H, Ar-H), 7.52 (dd, J = 6.2, 3.4 Hz, 2H, Ar-H), 6.68 - 6.58 (m, 4H, Ar-H), 4.56 (t, ) = 4.7 Hz,
4H, -O-CH,-), 3.85 (t, J = 4.8 Hz, 4H, -CH,-NMeg), 3.22 (s, 18H, -(CHg)s); °C NMR (101 MHz, DMSO-dy)
5163.5,163.1,161.9,141.8,134.8,132.2, 127.6, 126.2, 116.4, 113.9, 107.3, 101.8, 63.9, 61.9, 53.1; MS
(ES*) m/z 285.1594 ([M+2H]?*, 100%), where M = C34HayN4042*.
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7.1.4 Cobalt Salnaph Complexes (4a-4e)

02 go
NMej MesN ®

®

Cobalt salnaph complexes with different axial ligands were synthesised via the same general procedure.
Briefly, cobalt (Il) acetate tetrahydrate (17 mg, 0.07 mmol) was added to a solution of salnaph ligand
(50 mg, 0.07 mmol, 1 eq.) in methanol (10 mL), resulting in a colour change from yellow to dark red. The
desired axial ligand (0.70 mmol, 10 eq.) was added and the mixture was stirred for 5 hr in air. NH4PF4
(> 10 eq.) was then added, resulting in the formation of a precipitate which was separated via centrifuga-

tion and washed with water (3 x 5 mL) and DCM (3 x 5 mL) to give the desired product.

4a: L = methylamine

Yellow-orange solid, 74 mg, 0.07 mmol, 96%.

Elem. Anal. Found: C, 36.6; H, 4.39; N, 7.48. C34H49CoNgO4P5F15.3H,0 requires C, 36.72; H, 4.71; Co,
5.00; F, 29.04; N = 7.14; O, 9.51; P, 7.89%; 'H NMR (400 MHz, DMSO-dg) § 8.99 (s, 2H, -N=CH-), 8.85 (s,
2H, Ar-H), 8.03 - 7.95 (m, 2H, Ar-H), 7.61 (m, 4H, Ar-H), 6.76 (s, 2H, Ar-H), 6.43 (d, J = 8.9 Hz, 2H, Ar-H),
4.55 (br, 4H, -O-CH,-), 3.83 (br, 4H, -CH2-NMej3), 3.71 - 3.65 (m, 4H, -NH,CHj3), 3.21 (s, 18H, -(CH3)s),
1.40 (t, J = 6.4 Hz, 6H, -NH,CHj3); MS (ES*) m/z 417.1392 ([M+PF¢ +2H]%*, 45%), 367.1545 ([M+2Na]?*,
100%), where M = C35H49CoNgO43".

4b: L = pyridine

Dark red solid, 63 mg, 0.05 mmol, 74%.

Elem. Anal. Found: C,41.75; H, 4.13; N, 6.45. C44H50CoN¢O4P3F15.3H,0 requires C, 41.46; H, 4.43; Co,
4.62; F, 26.83; N = 6.59; O, 8.79; P, 7.29%; 1H NMR (400 MHz, DMSO-dg) 6 9.07 (s, 2H, -N=CH-), 8.84
(s, 2H, Ar-H), 8.06 - 7.96 (m, 6H, Ar-H), 7.90 - 7.81 (m, 2H, Ar-H), 7.64 (dd, J = 6.3, 3.1 Hz, 2H, Ar-H),
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7.51(d, J = 9.1 Hz, 2H, Ar-H), 7.36 (m, 4H, Ar-H), 6.88 (s, 2H, Ar-H), 6.39 (d, J = 9.1 Hz, 2H, Ar-H), 4.54 (t,

4H, -O-CH,-), 3.81 (t, 4H, -CHy-NMes), 3.19 (s, 18H, -(CHg)3); MS (ES*) m/z 465.1379 (IM+PF ¢ +2H]2*,
70%), 415.1526 (M+2Na]2*, 100%), where M = C44HsoCoNgO43*.

4c: L = pyrrolidine

Yellow-orange solid, 65 mg, 0.05 mmol, 79%.

Elem. Anal. Found: C, 41.68; H, 4.75; N, 6.87. C45Hs558CoNgO4PsF1g requires C, 41.87; H, 4.85; Co, 4.89;
F, 28.38; N = 6.98; O, 5.38; P, 7.71%; *H NMR (400 MHz, DMSO-dg) 6 9.04 (s, 2H, -N=CH-), 8.93 (s, 2H,
Ar-H), 8.01 (m, 2H, Ar-H), 7.67-7.59 (m, 4H, Ar-H), 6.81 (d, J = 2.4 Hz, 2H, Ar-H), 6.45 (dd, J = 8.8 Hz, 2.4
Hz, 2H, Ar-H), 4.56 (s, 4H, -O-CHj-), 4.45 (s, 4H, -NH-), 3.83 (s, 4H, -CH,-NMej), 3.21 (s, 18H, -(CH3)s),
2.19 (m, 4H, -NH-CH>-), 1.96 (m, 4H, -NH-CH,-), 1.34 (br, 6H, -NH-CH,-CH,-); MS (ES*) m/z 407.2071
(IM+2Nal?*, 100%), where M = C4oH55CoNgO43".

4d: L = ammonia

Yellow-orange solid, 56 mg, 0.05 mmol, 75%.

Elem. Anal. Found: C, 37.12; H, 4.18; N, 7.56. C34H4,CoN¢O4PsF 15 requires C, 37.24; H, 4.23; Co, 5.37,;
F,31.18; N = 7.66; O, 5.84; P, 8.47%; 1H NMR (400 MHz, DMSO-d¢) & 8.92 (s, 2H, -N=CH-), 8.82 (s, 2H,
Ar-H), 7.99-7.96 (m, 2H, Ar-H), 7.61-7.57 (m, 4H, Ar-H), 6.69 (d, J = 2.2 Hz, 2H, Ar-H), 6.42-6.39 (m, 2H,

Ar-H), 4.53 (s, 4H, -O-CHy-), 3.82 (s, 4H, -CHy-NMe3), 3.20 (s, 18H, -(CH3)3), 2.77 (s, 6H, -NH3); MS (ES*)
m/z 403.1255 ([M+PF4 +2H]2*, 35%), 353.1585 ([M+2Nal?*, 100%), where M = C34H4sCoNgO,43*.

4e: L = benzylamine

Brown solid, 81 mg, 0.06 mmol, 92%.

Elem. Anal. Found: C, 44.58; H, 4.58; N, 6.35. C4gH55CoNgO4P3F15.H,O requires C, 44.52; H, 4.67; Co,
4.55; F, 26.41; N = 6.49; O, 6.18; P, 7.18%; 'H NMR (400 MHz, DMSO-d,) & 8.92 (s, 2H, -N=CH-), 8.80
(s, 2H, Ar-H), 7.98 (s, 2H, Ar-H), 7.67-7.56 (m, 4H, Ar-H), 7.14 (s, 6H, Ar-H), 6.99 (s, 4H, Ar-H), 6.92 (s,
2H, Ar-H), 6.45 (d, J = 8.7 Hz, 2H, Ar-H), 4.57 (s, 4H, -O-CH>-), 3.86 (m, 8H, -CH;-NMegz, -NH;-CH,-),
3.21 (s, 18H, -(CHz)3); MS (ES*) m/z 443.1873 ([M+2Na]?*, 100%), 280.4556 ([M+3H]**, 80%), where
M = C4gHsgCoNg 043"
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7.1.5 [Pt(5-methyl-2-phenylpyridine)(DMSO)CI] (5)

P
Oxg~ cl
/\

First, 5-methyl-2-phenylpyridine was synthesised by adding phenylboronic acid (357 mg, 3.00 mmol) to
2-bromo-5-methylpyridine (351 mg, 2.04 mmol), KoCO3 (552 mg, 4.00 mmol) and Pd(OAc), (6.91 mg,
0.031 mmol) in water (8 mL) and ethanol (24 mL).°1? The mixture was stirred at 80 °C in air for 30 mins,
resulting in a dark brown solution. Brine (20 mL) was added and the solution was extracted with EtOAc
(3 x 15 mL). The organic layers were concentrated to give 5-methyl-2-phenylpyridine as a cream solid
(329 mg, 1.94 mmol, 95%). [Pt(5-methyl-2-phenylpyridine)(DMSO)CI] was synthesised by adding K,PtCl,
(125 mg, 0.30 mmol) in water (1.25 mL) to a degassed solution of 5-methyl-2-phenylpyridine (50 mg,
0.30 mmol) in 2-ethoxyethanol (3.75 mL).?2% The mixture was heated at 60 °C for 24 hrs under nitrogen,
resulting in a dark yellow-brown solution. Water (15 mL) was added to the reaction mixture until a green-
brown solid precipitated. This solid was filtered, washed with ethanol (3 x 10 mL) and then dissolved in
DMSO (2 ml) to give a dark brown solution. Addition of water (15 mL) gave a light grey solution. The
mixture was filtered and dried to give the product as grey flakes (71.6 mg, 0.15 mmol, 50%).

Elem. Anal. Found: C, 35.43; H, 3.21; N, 2.82. C14H14CINOP1S requires C, 35.26; H, 3.38; Cl, 7.43; N,
2.94; O, 3.35; Pt, 40.91; S, 6.72%; TH NMR (400 MHz, CDCl3) & 9.43 (s, 1H, Ar-H), 8.34 (dd, 1H, Ar-H),
7.67 (dd, 1H, Ar-H), 7.63 (d, 1H, Ar-H), 7.48 (dd, 1H, Ar-H), 7.22-7.16 (m, 2H, Ar-H), 3.65 (s, 6H, -5-(CH3)>),
2.42 (s, 3H, CHg).

7.1.6 [Pt(4,7-diphenyl-1,10-phenanthroline)Cl,] (6)

= <
N/
-
Sptl
a’ a

[Pt(4,7-diphenyl-1,10-phenanthroline)Cl,] was synthesised following protocols adapted from Shahabadi
et al. and Wang et al.?#8:321 K,PtCl, (50.0 mg, 0.12 mmol) was first added to a solution of DMSO (25 mL)
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7.2 PREPARATION OF AMYLOID BETA PEPTIDE

in water (0.5 mL). The solution was stirred for 3 hrs at room temperature until white crystals precipitated.
The crystals were isolated, washed with water, ethanol and diethyl ether (3 x 5 mL), and then dried to give
Pt(DMSOQ),Cl, as white needles (35.6 mg, 0.084 mmol, 70%). Pt(DMSO),Cl, (35.0 mg, 0.083 mmol) was
added to 4,7-diphenyl-1,10-phenanthroline (27.6 mg, 0.083 mmol) in methanol (4.5 mL). The mixture was
heated under reflux for 3 hrs, resulting in the formation of a yellow precipitate. The solid was isolated,
washed with methanol and diethyl ether (3 x 5 mL), and then dried to give the desired product as a yellow

solid (42 mg, 0.070 mmol, 85%).

Elem. Anal. Found: C, 48.66; H, 2.63; N, 4.69. Co4H14ClN,Pt requires C, 48.17; H, 2.70; Cl, 11.85; N,
4.68%; 'H NMR (400 MHz, DMSO-dg) § 9.51 (d, J = 5.7 Hz, 2H, Ar-H), 8.11 (s, 2H, Ar-H), 8.09 (d, J = 5.7 Hz,
2H, Ar-H), 7.77-7.66 (m, 10H, Ar-H).

7.1.7 Stability of Cobalt Salnaphs in Aqueous Solution

The NMR spectra of each complex (500 uM) were recorded at 0, 2,4, 8,24 and 48 hrsin 1:9 D,O:phosphate-
buffered saline (pH 7.4; 137 mM NaCl, 2.7 mM KCI, 8 mM Na;HPO,4 and 2 mM KH,POy4) by Mr. P. Haycock
using standard water suppression techniques. The ratio of complex with axial ligands:complex without
axial ligands was determined by comparing the integrals of the relevant peaks and used to calculate the

abundance of each species over time.

7.2 PREPARATION OF AMYLOID BETA PEPTIDE

All amyloid beta peptides (AB1-42, AB1-28, H6R AB1-28 or AB1-16) were bought from Cambridge Re-
search Biochemicals and treated with 10% (w/v) NH4OH to remove any aggregates following reported
protocols.?%® Briefly, 1 mg of lyophilised peptide was dissolved in 200 pL of NH,OH, incubated at 25 °C
for 10 mins, sonicated for 5 mins and then aliquoted into known amounts. The NH4OH was removed
by lyophilisation to give a fluffy white solid. The dry peptide was stored at -80 °C and each aliquot was
used only once. Before use, peptide aliquots were dissolved in 60 mM NaOH to a stock concentration of
200 uM and then diluted to the desired concentration with phosphate-buffered saline (pH 7.4; 137 mM
NaCl, 2.7 mM KCI, 8 mM Na,HPO,4 and 2 mM KH,PO,). Peptide concentrations were determined by

UV-Vis spectroscopy using an extinction coefficient of 1490 cm™* M1 at 280 nm.322:323

123



METHODS - METAL COMPLEXES FOR ALZHEIMER’S DISEASE

Peptide Sequence
AB1-16 DAEFRHDSGYEVHHQK
AB1-28 DAEFRHDSGYEVHHQKLVFFAEDVGSNK
H6R AB1-28 DAEFRRDSGYEVHHQKLVFFAEDVGSNK
AB1-42 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

Table 7.1: Peptide sequences used.

7.3 INVITRO EXPERIMENTS

7.3.1 Thioflavin-T Assay

Complexes were dissolved in DMSO:phosphate-buffered saline (pH 7.4; 137 mM NaCl, 2.7 mM KCI, 8 mM
NasHPO4 and 2 mM KH,PQOy) to give stock solutions of the required concentrations. The final percentage
of DMSO was 1% in all cases. The metal complex (20 uL) was added to Ap1-42 (10 uL, 20 uM) and
ThT (10 pL, 80 uM). The final concentrations of ThT and AB1-42 were 20 uM and 5 UM respectively,
and final [AB1-42]:[complex] ratios were 1:0.2, 1:0.1, 1:0.07, 1:0.05 and 1:0.04. Samples were incubated
at 37 °C with shaking every 5 mins for 10 secs in a 384 well-plate. After each round of shaking, the
fluorescence emission at 485 nm when excited at 442 nm was recorded using a Perkin Elmer EnVision
plate reader. All samples were run in triplicate and a positive (10 uM of complex 5 or 6) and negative (no
complex) control was included in every run. The emission values recorded for AB1-42 by itself over time
were fitted to a sigmoidal curve using MATLAB and the values at the end-point were used to calculate
the % inhibition values. For all complexes, the data reported is the mean + standard deviation of three

independent experiments.

7.3.2 Transmission Electron Microscopy

A solution of 10 uM AB1-42 was incubated with 10 uM complex for 48 hrs at 37 °C. 5 pL of the mixture
was drop-casted onto a carbon-coated grid and then negatively-stained with 5 pL of uranyl acetate. Im-
ages were acquired by Dr. J. Barrit (Imperial College London) on a Tecnai Spirit TWIN TEM microscope at

52,000x magnification and with -2 micron defocus. All grid screening was conducted blind to avoid bias.
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7.3.3 Fluorescence Spectroscopy

A solution of 150 uM AB1-16 in phosphate-buffered saline (pH 7.4; 137 mM NaCl, 2.7 mM KCI, 8 mM
NasHPO4 and 2 mM KH,PO,) was titrated with increasing concentrations of metal complexes (11.3 uM
to 112.5 uM; O to 0.75 eq.) After each addition, the fluorescence emission between 285-400 nm was
recorded using a Cary Eclipse Fluorescence Spectrophotometer using an excitation wavelength of 280 nm.
Emission values at 310 nm (Anax) Were normalised to the emission recorded for AB1-16 without any

complex added. All samples were measured in triplicate, with cisplatin included as a negative control.

7.3.4 1H NMR Spectroscopy of Ap

1H NMR spectroscopy was run with the wild-type (WT) AB1-28 peptide (DAEFRHDSGYEVHHQKLVF-
FAEDVGSNK) and the H6R point-mutated peptide (DAEFRRDSGYEVHHQKLVFFAEDVGSNK). Samples
of WT AB1-28 or H6R AB1-28 (100 uM) in 1:9 D,O:phosphate-buffered saline (pH 7.4; 137 mM NaCl,
2.7 mM KCI, 8 mM NayHPO,4 and 2 mM KH,PO4) were incubated at 37 °C in the presence and absence
of metal complex (100 uM). 1H NMR spectra were recorded at various time-points (t = 0 to 24 hr) on a

600 MHz Bruker Avance Il HD NMR spectrometer at 298 K using standard water suppression techniques.

7.3.5 Circular Dichroism

Solutions of AB1-42 (20 uM) in phosphate-buffered saline (pH 7.4; 137 mM NaCl, 2.7 mM KCI, 8 mM
NasHPO4 and 2 mM KH,PO,) were incubated at 37 °C for 48 hrs in the presence or absence of metal
complex (20 uM). Circular dichroism spectra were recorded in 1 cm quartz cuvettes on a JASCO J-810
circular dichroism spectrophotometer. Spectra were collected between 200 to 260 nm and the data was

averaged over two independent experiments.

74 CELLULARSTUDIES

Human neuroblastoma (SH-SY5Y) and prostate cancer (PC3) cells were cultured in Dulbecco’s Modified

Eagle Medium (DMEM) supplemented with F-12 nutrient mix and 10% foetal calf serum (FBS) at 37 °C
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and 5% CO,. Before each assay, cells were seeded at an appropriate density in a 96-well plate (SH-SY5Y:
2,500 cells/well; PC3: 5,000 cells/well) and incubated for 24 hrs.

7.4.1 Cytotoxicity of Complexes

SH-SY5Y cells were incubated with differing concentrations of complex (20, 10, 5, 2.5, 1.25, 0.625 uM)
for 24 hrs. Cytotoxicity was evaluated using a colorimetric assay following manufacturer's protocols
(CellTiter 96 Aqueous One Solution Cell Proliferation Assay): 2 mL of [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium, inner salt] (MTS) was first mixed with 100 pL
of phenazine methosulphate (PMS). 20 uL of the MTS/PMS mixture was then added to each well and the
plate was incubated for 2 hrs. The absorbance at 492 nm was recorded using a Thermo Scientific Vari-
oskan LUX multimode microplate reader. Wells containing MTS/PMS in media (no cells) were used as
a blank and their average absorbance was subtracted from all sample wells. All data is reported as the

mean * standard deviation of three independent experiments.

7.4.2 Cytotoxicity of 4b

SH-SY5Y and PC3 cells were incubated with differing concentrations of complex (100, 50, 25, 12.5, 6.25,
3.125 uM) for 24 hrs. Cytotoxicity was evaluated using a colorimetric assay as described previously, with
the exception that media was removed from all wells and replaced with MTS/PMS-containing media to
avoid any interference from the added complexes. Plates were then incubated for 2 hrs (SH-SY5Y) or
3 hrs (PC3). The absorbance at 492 nm was recorded using a Thermo Scientific Varioskan LUX multimode
microplate reader. Wells containing MTS/PMS in media (no cells) were used as a blank and their average
absorbance was subtracted from all sample wells. All data is reported as the mean + standard deviation

of three independent experiments.

7.4.3 Cytotoxicity of AB1-42

AB1-42 was either pre-incubated in a shaking incubator at 37 °C for 24 hrs or freshly dissolved in sterile
phosphate-buffered saline (pH 7.4; 137 mM NacCl, 2.7 mM KCl, 8 mM Na,HPO4 and 2 mM KH,POy,). SH-
SY5Y cells were incubated with differing concentrations of AB1-42 (15,12, 10, 8, 5 uM) for 4, 24 or 48 hrs.
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Cytotoxicity was evaluated using the MTS assay as above. All data is reported as the mean + standard

deviation of three independent experiments.
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8 METHODS - ASSESSING THERAPEUTIC EFFICACY IN VIVO

81 ULTRASOUND SETUP
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Ultrasound pulses were emitted from a Sonic Concepts single-element, spherical-segment focused ultra-
sound transducer (centre frequency: 1 MHz, active diameter: 90 mm, geometric focus: 77 mm) driven by
Agilent Technologies 33500B function generators through a Precision Acoustics 50 dB power amplifier.
The lateral, elevational and axial full width at half maximum (FWHM) at the focus were 2 mm, 1 mm and
20 mm respectively. Microbubble emissions were captured using an Olympus Industrial focused passive
cavitation detector (centre frequency: 7.5 MHz, focal length: 76.2 mm) aligned co-axially with the FUS
transducer, filtered using a Mini Circuits 3-30 MHz band-pass filter, amplified with a Stanford Research
Systems 28 dB pre-amplifier and then recorded with a Pico Technology Picoscope 3205A 8-bit oscillo-
scope sampling at 250 MHz. Transducers were mounted onto a 3D positioning system to allow targeting
of the desired region; in all experiments, the left hippocampus of the brain was targeted by positioning
the transducer 3 mm laterally from the sagittal suture and 0.5 mm above the lambdoid suture. The right
hippocampus was used as the control. This ultrasound setup was used for all in vivo experiments reported

in Chapter 4.

Before in vivo experiments, pressure amplitudes were measured using a Precision Acoustics needle hy-
drophone (diameter: 0.2 mm) in a degassed water tank. Peak-positive and peak-negative values were

attenuated by 11% to correct for skull attenuation.8¢
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8.2 RAPID SHORT PULSE SEQUENCES

In vivo experiments conducted for the RaSP study were done with S. Morse, Dr. A. Pouliopoulos, M. Cop-
ping and J. Lin (PhD and MRes students, NSB Lab). All quantitative analysis was performed by S. Morse.
The mouse was sonicated using long pulse or rapid short pulse sequences (long pulses = frequency: 1 MHz,
peak-negative pressure: 350 kPa, pulse length: 10,000 cycles, pulse repetition frequency: 0.5 Hz, sonica-
tion duration: 250 s; RaSP = frequency: 1 MHz, peak-negative pressure: 350 kPa, pulse length: 5 cycles,
pulse repetition frequency: 1.25 kHz, burst length: 10 ms, burst repetition frequency: 0.5 Hz, sonica-
tion duration: 250 s). After five pulses, SonoVue microbubbles (100 pL, 5 uL/g) were administered over a
period of approximately half a minute. As soon as the microbubbles had been injected, Texas Red-labelled
3 kDa dextran (100 pL, 2 mg) was administered intravenously into the mouse via a tail vein catheter at
0, 10 or 20 mins following ultrasound exposure (n = 5 for each pulse sequence at t = O mins; n = 3 for
each pulse sequence at t = 10 and 20 mins). Following sonication, mice were sacrificed and transcardi-
ally perfused with 20 mL ice-cold phosphate-buffered saline (pH 7.4; 137 mM NaCl, 2.7 mM KCl, 8 mM
Na,HPO4 and 2 mM KH,PO4) with added heparin (10 units/mL) to reduce blood coagulation. Once the
blood was cleared, mice were fixed with 20 mL ice-cold 10% formalin solution. Brains were extracted,
submerged in 10 mL 10% formalin solution at 4 °C overnight and then cryoprotected by immersing in
15% sucrose for 6 hrs, followed by 30% sucrose overnight. The normalised optical density (NOD), the
average fluorescence intensity in the targeted region, and the coefficient of variation, the ratio of the
standard deviation to the mean fluorescence pixel intensity in the targeted region, was calculated from

fluorescence images by S. Morse (PhD student, NSB Lab).

83 LASERABLATIONINDUCTIVELY COUPLED PLASMA MASSSPECTROMETRY

The ultrasound setup and general animal procedures are identical to those reported above. The mouse was
sonicated using RaSP ultrasound pulses (frequency: 1 MHz, peak-negative pressure: 350 kPa, pulse length:
5 cycles, pulse repetition frequency: 1.25 kHz, burst length: 10 ms, burst repetition frequency: 0.5 Hz, son-
ication duration: 250 s). After five pulses, SonoVue microbubbles (100 uL, 5 uL/g) were administered over
a period of approximately half a minute. For experiments with complex 1, complex 1 (5 pL, 10 mM) was
then administered intravenously into the mouse via a tail vein catheter. Following sonication, mice were
sacrificed and transcardially perfused with 20 mL ice-cold phosphate-buffered saline (pH 7.4; 137 mM
NaCl, 2.7 mM KCl, 8 mM Na,HPO4 and 2 mM KH,PO,) with added heparin (10 units/mL) to reduce blood
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coagulation. Once the blood was cleared, mice were fixed with 20 mL ice-cold 10% formalin solution.
Brains were extracted, submerged in 10 mL 10% formalin solution at 4 °C overnight and then cryopro-
tected by immersing in 15% sucrose for 6 hrs, followed by 30% sucrose overnight. Cryoprotected brains
were sectioned into 30 um sections and imaged using a Zeiss Axio Observer Inverted Widefield micro-
scope in the GFP channel (excitation wavelength: 470 nm, excitation filter: 470/40 nm, emission filter:

525/50 nm) prior to LA-ICP-MS.

For experiments with complex 4c, the same experimental procedure as above was followed, except that
Texas Red-labelled 3 kDa dextran (100 pL, 0.6 mg) and complex 4c (5 uL, 10 mM) were mixed and ad-
ministered intravenously into the mouse via a tail vein catheter. Prior to LA-ICP-MS, brain sections were
imaged using a Zeiss Axio Observer Inverted Widefield microscope in the Texas Red channel (excitation
wavelength: 575 nm, excitation filter: 562/40 nm, emission filter: 624/40 nm) to detect the presence of

Texas Red-labelled 3 kDa dextran and thus, the site of BBB disruption.

8.3.1 LA-ICP-MS

Brain sections showing BBB disruption were analysed using LA-ICP-MS with Mr. B. Sampson (Imperial
College London) using an Agilent 7900 quadrupole-based inductively coupled plasma mass spectrometer
coupled to a New Wave UP213 laser ablation system. Laser ablation was performed using a focused
laser beam in scanning mode with a series of ~65 lines of ~10 mm long, giving a total ablated area of
approximately 10 mm x 10 mm. The spot size used was 65 um. Distribution maps of the isotopes of

interest were plotted using MATLAB.

84 SAFETY OF REPEATED TREATMENTS

Cobalt salnaph 4b at two different concentrations (30 mg/kg and 23 mg/kg) was delivered to the left
hippocampus of wild-type C57BL/6J mice (n = 2) once a week for four weeks (Figure 8.1). The body

weight and behaviour of the treated mice were closely monitored according to standard procedures.

The left hippocampus of the mouse was sonicated using ultrasound pulses (frequency: 1 MHz, peak-
negative pressure: 350 kPa, pulse length: 5 cycles, pulse repetition frequency: 1.25 kHz, burst length:
10 ms, burst repetition frequency: 0.5 Hz, sonication duration: 250 s). After five pulses, SonoVue micro-
bubbles (100 uL, 5 uL/g) were administered via a tail vein catheter, followed by cobalt salnaph 4b (100 pL,
30 or 23 mg/kg).
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treatment schedule
wt C57BL/6J mice; 3 months; n = 2 for each group
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Figure 8.1: Summary of treatment schedule and treatment conditions. Wild-type C57BL/6J mice were treated with
ultrasound and cobalt salnaph 4b at either 30 mg/kg or 23 mg/kg once a week for four weeks (n = 2

mice per group). Body weight was recorded every week.

At the treatment end-point, mice were sacrificed and transcardially perfused with 20 mL ice-cold phosphate-
buffered saline (pH 7.4; 137 mM NaCl, 2.7 mM KCI, 8 mM Na,HPO4 and 2 mM KH,PO,) with added
heparin (10 units/mL). Once the blood was cleared, mice were fixed with 20 mL ice-cold 10% formalin
solution. Brains were extracted and submerged in 10 mL 10% formalin solution at 4 °C. To assess safety,

brains were paraffin-embedded and stained with H&E by the UCL IQPath laboratories.

8.5 PRELIMINARY STUDY IN 5XFAD MICE

Transgenic 5xFAD mice (n = 9, 4 to 5 months) were kindly provided by Dr. M. Sastre (Imperial College Lon-
don). Mice were split into three treatment groups: Group 1 (no treatment), Group 2 (ultrasound only) and
Group 3 (ultrasound + complex 4b). Mice were treated once a week for three weeks and were monitored

for any changes in behaviour or weight loss according to standard procedures (Figure 8.2).

The left hippocampus of the mouse was sonicated using ultrasound pulses (frequency: 1 MHz, peak-
negative pressure: 350 kPa, pulse length: 5 cycles, pulse repetition frequency: 1.25 kHz, burst length:
10 ms, burst repetition frequency: 0.5 Hz, sonication duration: 250 s). After five pulses, SonoVue micro-
bubbles (100 uL, 5 uL/g) were administered via a tail vein catheter, followed by cobalt salnaph 4b (100 pL,
30 mg/kg).

At the treatment end-point, mice were sacrificed and transcardially perfused with 20 mL ice-cold phosphate-
buffered saline (pH 7.4; 137 mM NaCl, 2.7 mM KCI, 8 mM Na,HPO4 and 2 mM KH,PO,) with added
heparin (10 units/mL). Once the blood was cleared, mice were fixed with 20 mL ice-cold 10% formalin

solution. Brains were extracted, submerged in 10 mL 10% formalin solution at 4 °C overnight and then
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treatment schedule
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Figure 8.2: Summary of treatment schedule and treatment conditions. A total of n = 9 transgenic 5xFAD mice were

used in this study, n = 3 mice per group.

cryoprotected by immersing in 15% sucrose for 6 hrs, followed by 30% sucrose overnight. Samples were
cryosectioned into 20 um sections, allowed to air-dry and then stained for albumin or amyloid beta (via

ThS or MOAB-2 staining). Fluorescence images were analysed using ImageJ as described below.

8.5.1 Albumin Staining

Brain sections (20 um) covering the entirety of the focal volume were stained for albumin to locate the site
of BBB opening in Groups 2 and 3. Slides were first washed with tris-buffered saline (TBS) for 2 x 5 mins
and then blocked with a TBS solution containing 1% bovine serum albumin (BSA), 0.1% Triton X and 5%
normal goat serum for 1 hr. The primary antibody, rabbit anti-mouse serum albumin, was diluted 1:100
in TBS containing 0.01% Triton X and 0.1% BSA and applied to the sections for 18 hrs at 4 °C. After
washing thoroughly with TBS, the secondary antibody, goat anti-rabbit IgG Alexa Fluor 647, was diluted
1:200 in TBS containing 0.01% Triton X and 0.1% BSA and applied to the slides for 2 hrs at 25 °C. Slides
were washed with TBS for 3 x 5 mins, stored overnight in the fridge and then imaged on a fluorescence
microscope in the Alexa Fluor 647 channel (excitation wavelength: 640 nm, excitation filter: 640/30 nm,

emission filter: 690/50 nm).

132



8.5 PRELIMINARY STUDY IN 5XFAD MICE

8.5.2 Thioflavin-S Staining

Ten sections from each brain around the site of BBB opening were stained with ThS. Brain sections were
incubated in a filtered solution of 1% (w/v) ThS in 70% ethanol for 10 min at 25 °C, washed with 70%
ethanol for 3 x 5 mins and then washed with phosphate-buffered saline (pH 7.4; 137 mM NaCl, 2.7 mM
KCIl, 8 MM NayHPO4 and 2 mM KH,PO,) for 5 mins. Stained sections were imaged on a fluorescence
microscope in the Alexa Fluor 488 channel (excitation wavelength: 470 nm, excitation filter: 470/40 nm,

emission filter: 525/50 nm).

8.5.3 MOAB-2 Staining

Ten sections from each brain around the site of BBB opening were stained with MOAB-2. Brain sections
were washed with TBS for 3 x 5 mins and then blocked using a TBS solution containing 1% BSA and 0.1%
Triton X for 1 hr. A solution of mouse anti-beta amyloid antibody MOAB-2 (1:200) was prepared in TBS
with 0.1% BSA and 0.01% Triton X and applied to the sections overnight at 4 °C. After washing with TBS
for 3 x 5 mins, sections were incubated with a solution of goat anti-mouse IgG Alexa Fluor 647 (1:500) in
TBS with 0.1% BSA and 0.01% Triton X for 2 hrs at 25 °C. Slides were washed with TBS for 3 x 5 mins,
stored overnight in the fridge and then imaged on a fluorescence microscope in the Alexa Fluor 647

channel (excitation wavelength: 640 nm, excitation filter: 640/30 nm, emission filter: 690/50 nm).

8.5.4 Image Analysis: ThS & MOAB-2 Staining

A total of ten sections stained with ThS and ten sections stained with MOAB-2 were analysed to assess
the amyloid burden. The region of interest, the left hippocampus, was first selected using ImageJ and any
artefacts (e.g. tissue folds) were removed. Images were then thresholded and the percentage area (the
percentage of pixels in the defined ROI that have an intensity greater than the applied threshold), number
of particles and average particle size were determined using the automated 'Analyse Particles’ function
in ImageJ. The same threshold was used for all images and all analysis was done blind and repeated three
times to prevent bias. To assess statistical significance, unpaired Student t-tests were performed between

treatment groups (p < 0.05).
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APPENDIX

9.6 CHAPTER 2: DNA-COATED NANOPARTICLES FOR BRAIN DISEASES

9.6.1 CTAB-Capped Au NPs

Na,C,H.O, HAuCI,, CTAB NI
NaBH, \/\/
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Figure 9.3: Top: Synthesis route to CTAB-capped Au NPs.'2? Bottom: TEM images of CTAB-capped NPs synthes-

ised (diameter = 19.8 + 3.1 nm) during MRes work. Non-spherical particles can be seen due to CTAB

preferentially binding to the {100} faces.
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APPENDIX

9.6.2 UV-Vis Spectra of Synthesised Au NPs
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Figure 9.4: Absorbance spectrum of the synthesised Au NPs. An increase in the intensity and wavelength of the

absorption band as the NP size is increased is seen.'3>

9.6.3 Emission Intensities of Synthesised Cy5-DNA-Au NPs
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Figure 9.5: Fluorescence emission spectra of Cy5-DNA-Au NPs A, B and C.
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9.6 CHAPTER 2: DNA-COATED NANOPARTICLES FOR BRAIN DISEASES

9.6.4 Pressure Threshold

targeted - left hippocampus control - right hippocampus

dextran (texas red)

180kPa

targeted ! control

O : O 350 kPa

B .

Figure 9.6: Representative images of the delivery of Texas Red-labelled 3 kDa dextran across the BBB at different

peak-negative pressures. The pressure threshold was determined to be between 180 and 350 kPapy.neg-

These experiments were conducted with Dr. A. Pouliopoulos and S. Morse (PhD students, NSB Lab).
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9.6.5 Cy5-DNA-Au NP Delivery at 350 kPa

targeted : control

NPs (Cy5)

1000 ym

Figure 9.7: Delivery of Cy5-DNA-Au NPs A at a peak-negative pressure of 350 kPa. Minimal fluorescence signal in
the Cy5 channel is observed, indicating limited delivery of the NPs across the BBB.
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9.6 CHAPTER 2: DNA-COATED NANOPARTICLES FOR BRAIN DISEASES

9.6.6 H&E Staining

Figure 9.8: Representative image of a H&E-stained section. Haematoxylin stains nuclei blue, whilst eosin stains

proteins pink.
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9.7 CHAPTER 3: METAL COMPLEXES FOR ALZHEIMER’S DISEASE

9.7.1 Characterisation Data - Metal Complexes

4-(2-bromoethoxy)-2-hydroxybenzaldehyde
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9.7 CHAPTER 3: METAL COMPLEXES FOR ALZHEIMER'’S DISEASE

4-(4-formyl-3-hydroxyphenoxy)-N,N,N-trimethylethan-1-ammonium bromide
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9.7 CHAPTER 3: METAL COMPLEXES FOR ALZHEIMER’S DISEASE
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9.7 CHAPTER 3: METAL COMPLEXES FOR ALZHEIMER'’S DISEASE

Cobalt Salnaph 4b (L = pyridine)
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Cobalt Salnaph 4c (L = pyrrolidine)

HNMR
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Cobalt Salnaph 4d (L = NH3)

9.7 CHAPTER 3: METAL COMPLEXES FOR ALZHEIMER'’S DISEASE
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Cobalt Salnaph 4e (L = BzZNH,)

APPENDIX
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9.7 CHAPTER 3: METAL COMPLEXES FOR ALZHEIMER'’S DISEASE

[Pt(5-methyl-2-phenylpyridine)(DMSO)CI] (5)
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APPENDIX

98 CHAPTER 4: ASSESSING THERAPEUTIC EFFICACY IN VIVO

9.8.1 Delivery of Complex 1 across the BBB using Ultrasound

complex L (GFP) 3

targeted ! control

O : O «—— delivery?

Figure 9.9: Delivery of complex 1 across the BBB using ultrasound (frequency: 1 MHz, peak-negative pres-
sure: 350 kPa, pulse length: 0.005 ms, PRF: 1.25 kHz, burst length: 10 ms, BRF: 0.5 Hz, duration: 250 s).
Complex 1 is weakly emissive at 580 nm when excited at 445 nm and thus, sections were imaged in
the GFP channel in an attempt to locate the presence of the complex. Little evidence of delivery was

observed via fluorescence-based methods.

166



9.8 CHAPTER 4: ASSESSING THERAPEUTIC EFFICACY IN VIVO

9.8.2 Thioflavin-S Staining: Group 1 (No Treatment)

Group 1: no treatment (five representative images are shown; quantatitive analysis was performed on ten sections per brain)
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9.8.3 Thioflavin-S Staining: Group 2 (Ultrasound Only)

Group 2: ultrasound only (five representative images are shown; quantatitive analysis was performed on ten sections per brain)

brain 1 brain 2 brain 3
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section 2
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9.8 CHAPTER 4: ASSESSING THERAPEUTIC EFFICACY IN VIVO

9.8.4 Thioflavin-S Staining: Group 3 (Ultrasound + 4b)

Group 3: ultrasound +4b (five representative images are shown; quantatitive analysis was performed on ten sections per brain)
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9.8.5 MOAB-2 Staining: Group 1 (No Treatment)

Group 1: no treatment (five representative images are shown; quantatitive analysis was performed on ten sections per brain)
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9.8 CHAPTER 4: ASSESSING THERAPEUTIC EFFICACY IN VIVO

9.8.6 MOAB-2 Staining: Group 2 (Ultrasound Only)

Group 2: ultrasound only (five representative images are shown; quantatitive analysis was performed on ten sections per brain)
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9.8.7 MOAB-2 Staining: Group 3 (Ultrasound + 4b)

Group 3: ultrasound +4b (five representative images are shown; quantatitive analysis was performed on ten sections per brain)
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