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Abstract

Oxygen and nitrogen containing reactive species are biologically important molecules in a range of
physiological systems. The heightened production of reactive species causes oxidative damage to key biomolecules
that contribute to the pathogenesis of diseases such as diabetes, cardiovascular, cancer, and neurodegeneration.
Disruption to the blood brain barrier integrity by oxidative stress and inflammation (neuroinflammation) is a key
event that causes the infiltration of neurotoxins and the development of neurodegenerative diseases. Drug
compounds with antioxidant/anti-inflammatory properties are ideal candidates for the treatment of
neuroinflammation. However, the therapeutic effectivness of these drug compounds are limited by their poor

aqueous solubility.

The aim of this thesis is to explore the solubility and pharmacological properties of drug compounds released from
mesoporous silica particle (MSP) for potentially new thereaputic applications. In chapter 3, the local molecular
structure of the amorphous drug loaded within MSPs are explored through the use of pair distribution function (PDF)
analysis of high energy X-ray diffration (HE-XRD) scans in order to understand the effect of such differences on the
in vitro drug release. While an enhancement in the dissolution rate was achieved for a range of poorly soluble drug
compounds released from MSP, PDF analysis provided additional information on the local molecular ordering of the
loaded drug, which other characterisation techniques such as differential scanning calorimetry (DSC), nitrogen

sorption, and X-ray diffraction (XRD) could not.

In chapter 4, probucol (PB) a drug compound considered practically insoluble in biological media, was loaded within
MSP to determine the effect of drug loading (wt%), textural properties of MSP and capsule dose on the solubility of
PB as compared to crystalline PB. The encapsulation of PB in the amorphous form was achieved at an equivalent
loading of 30 wt% in SBA-15, and AMS-6 with a significant enhancement in the solubility of PB released from MSP as
compared to crystalline PB. Further in vivo studies in rats showed an enhancement in pharmacokinetic properties of
PB released from AMS-6 was achieved compared to crystalline PB at the equivalent dose. Additional in vitro studies
in cellular models of oxidative stress showed an enhancement in PB’s antioxidant properties released from AMS-6

was achieved as compared to crystalline PB.
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In chapter 5, the pharmacological properties of probucol and indomethacin released from AMS-6 was further
explored in an in vitro blood brain barrier (BBB) model of neuroinflammation, using lipopolysaccharide (LPS) as the
pro-inflammatory stimulus. An enhancement in the pharmacological proeprties of the drug released from AMS-6
was achieved as compared to the crystalline drug. Of the test compounds, ascorbic acid which is a potent water
soluble antioxidant, and PB released from AMS-6 reduced LPS mediated increase in the permeability of the blood
brain barrier compared to INDO and AMS-6INDO, suggesting drug compounds with antioxidant properties are
superior in the treatment of neuroinflammation. In the final chapter, the antioxidant properties of PB released from
AMS-6 was further explored in vivo in a zebrafish model of oxidative stress. PB released from AMS-6 reduced levels
of reactive species at a lower dose in comparison to ascorbic acid and crystalline PB. Overall, this thesis suggest the
encapsulation of poorly soluble drug compounds within MSP is a viable strategy to unlock the pharmacological

properties of the drug compounds for new therapeutic applications.
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Thesis outline

The chapters of this thesis are arranged in the following order: Chapter 1 provides a review of the
topics explored in this thesis including the role of reactive oxygen species (ROS) in oxidative stress, ROS and
inflammatory mediators of neuroinflammation, pharmaceutical and formulation science of drug compounds in their
treatment of associated diseases, as well as the use of mesoporous silica particles in drug delivery. Chapter 2 is a
description of the synthesis, characterisation, biological assays, in vitro cellular and in vivo models utilised in the
thesis. Chapters 3-6 are written around the four scientific publications that | have co-authored, which form the core
work of this thesis. Each of these chapters are introduced from a perspective that is broader than that of the
introduction included in the manuscripts. Similarly, each chapter ends with a discussion of the results from a broader
scope thanincluded in the publications. Chapter 7 provides a summary of the key findings of the research presented,

and provides information of possible studies in the future.

Aim of this thesis

1. Probe the amorphous form of pharmaceutical drug compounds loaded within mesoporous silica (Chapter 3).

2. Study the impact of the textural properties of mesoporous silica on the rate of probucol release compared to
crystalline probucol (Chapter 4).

3. Explore the therapeutic application of drug compounds released from mesoporous silica for the treatment of
neuroinflammation in an in vitro model of the blood brain barrier (Chapter 5).

4. Explore the antioxidant properties of probucol in an in vivo model (Zebrafish) of oxidative stress (Chapter 6).
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INTRODUCTION

1.1  Free radicals play an important role in the pathogenesis of diseases

A free radical is defined as any atom or molecular species containing one or more unpaired electron(s) in
an atomic or molecular orbital respectively [1, 2]. Free radicals produced in biological systems are highly reactive,
and causes oxidative damage to a range of biomolecules that are vital for normal cell function and structure
including: DNA, proteins, and lipids [3, 4]. The accumulation of cellular and tissue damage due to oxidative stress
contributes to the pathogenesis of various diseases including diabetes, cardiovascular, and neurodegeneration

(Table 1.1) [5].

Major organ Diseases Global total disease

burden

Cardiovascular Arteriosclerosis, hypertension, ischemia, heart failure 14.6%
Multi-organ Cancer, diabetes, inflammation, infection, aging 9.4%
Neonatal Pre-eclampsia, growth restriction 7.5%
Musculoskeletal Arthritis, rheumatism 5.5%
Brain Alzheimer’s disease, Parkinson’s, depression, stroke 4.9%
Lungs Asthma, Chronic bronchitis 4.5%

Table 1.1: A summary of the major organs and diseases associated with oxidative stress, and the estimated global

total disease burden (sum in cases of mortality and morbidity) in 2017 [6].

Oxygen and nitrogen free radicals, known as reactive oxygen species (ROS) and reactive nitrogen species (RNS), are
considered the most important free radicals in biological systems as they are involved in various physiological
processes including cell growth and apoptosis, immune function, and DNA replication [7, 8]. The production of free

radicals occurs with the transfer of an electron, and are conventionally indicated with a superscript dot:

Radical formation by electron transfer: A+e 2> A™* (1.2)
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1.2 Reactive oxygen species

Reactive oxygen species (ROS), are oxygen containing molecules with one or more unpaired electron(s) [8].
As an example, the electronic configurations of the ROS superoxide anion (O,*) and the hydroxyl radical (OH®) are
shown in Figure 1.1.
° X oo
° ° ° ° O °
.0:0: -H
[ N [ N ] [ N J
Superoxide anion Hydroxyl radical
(0,") (OH")

Figure 1.1: Octet electronic configurations of ROS O, *and OH°*, where blue dots represent paired electrons and red
dots represent an unpaired electron.

1.2.1 The superoxide anion

The superoxide anion (0;°) is the primary ROS that leads to the production of secondary, more reactive
species including hydrogen peroxide (H20,), and OH" [4]. The O, is produced from the reduction of molecular O:

O+e=0;" (1.2)

The molecule is unstable in aqueous solution, with a half-life of a few seconds, and is rapidly dismutated by the
superoxide dismutase (SOD) enzyme to H,0; (rate constant, k = 2 x 10° mol-I"*-s7?) [4]. Furthermore, the O, is poorly

permeable across the cell membrane, and is generally restricted to the cell compartment in which it is produced [8].

1.2.2 Hydrogen peroxide

Compared to the 05, H,0; is a relatively more stable, diffusible, and cell membrane permeable reactive
species, making it more biologically active in moving from the cell of origin to neighbouring cells [9]. H,0, is typically

produced from the reaction of two O, to form H,0,and O3:
205" + 2H* -> H,0,+ O, (13)

This reaction can occur spontaneously or is catalysed by the SOD enzyme. The pathological effects of H,0; is

considered to be mediated by the conversion of H,0, to the highly reactive OH* radical.
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1.2.3  The hydroxyl radical

The hydroxyl radical (OH") is a highly unstable molecule, with an estimated half-life of 1 nano-seconds (ns)
in biological systems [4]. It is produced from the addition of an electron to H,0, from the reduced metal ion (Fe?*),

commonly referred to as the Fenton reaction [8, 10]:
Fe?* + H,0;, > Fe3* + OH® + HO" (1.4)

In biological systems, OH® is mainly produced from the interaction between O,* and H,0, in the Haber-Weiss
reaction [10]:

0,°* + H;0, - OH" + 0,+ HO (15)

Furthermore, under oxidative stress, O,™* can signal the release of Fe?* from iron containing molecules such as ferritin
(an intracellular protein that stores iron), increasing the levels of Fe?* that are available for the production of OH*
[8]. Most of the pathological effects of ROS is mediated by the production of the highly reactive OH* from the

conversion of O,* and H,0,, as OH* reacts very rapidly with almost all of the biomolecules in living cells [8].

1.3 Cellular mechanisms of ROS production

1.3.1 ROS in the mitochondria

The electron transport chain of the mitochondria is the primary site for the production of energy in the
form of adenosine triphosphate (ATP) molecules [10]. In aerobic organisms, cytochrome oxidase, a large
multiprotein assembly complex, is responsible for catalysing the step by step reduction of molecular O, to H,0 for
the production of ATP in the mitochondria [10, 11]. During this process, the production of ROS as an intermediate

product can occur through the following steps:

1. O;+1e & O
2. HO;*+1e + H' o H,0;

3. H202+1e'+H"e[H302] < H,0 + OH° (16)
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The reduction of molecular O, generates the ROS O,°, H,0,, and OH®. Mitochondria can consume
approximately more than 95 % of O, during the production of ATP [11]. The remaining 1-4 % of O, molecules may

be incompletely reduced and form O, [11].

1.3.2 Nicotinamide adenine dinucleotide phosphate oxidase

Nicotinamide adenine dinucleotide phosphate oxidase (NADPH) is a transmembrane, multi-complex

enzyme that serves to transport electrons for the reduction of molecular O, to O, [12]:
NADPH + 20, = NADP* + 20, + H* (1.7)

There are seven known isoforms of NADPH enzymes that are characterised by differences in protein composition,

ROS expression, and tissue distribution [12].

1.4  Reactive nitrogen species

Reactive nitrogen species (RNS), are nitrogen containing molecules with one or more unpaired electron(s)
[8, 9]. The main RNS in biological systems are nitric oxide (NO®) and peroxynitrite anion (ONOQO") and their electron

configurations are shown in Figure 1.2.

00 L o0 (X o0 o0
'N::O  0xN:0:0:
° o (X ° ° °

[ N ] o0 [ N ] o0
Nitric oxide Peroxynitrite anion

(NO") (ONOO))

Figure 1.2: Electronic configurations of the RNS NO*®, and ONOO", where blue dots represent paired electrons and
red dots represent an unpaired electron.

1.4.1 Nitric oxide

Nitric oxide (NO*®) is a small molecule that regulates physiological functions involved in neurotransmission,
vascular tone, immune function, and gene transcription [13]. It is generated by the enzyme nitric oxide synthases
using L-arginine as the substrate, with O, and NADPH as the co-substrates [14]. The oxidation of L-arginine follows

the transfer of electrons from NADPH to form L-citrulline and NO* [14]:

L-arginine + O, + NADPH - L-citrulline + NO* + NADP* (1.8)
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In humans, NO* is produced by three different isoforms of the NOS enzyme: inducible NOS [15], endothelial NOS
(eNOS), and neuronal NOS (nNOS) [16-18]. The iNOS expressed by macrophages is induced by microorganisms,
parasites or other substances to produce a high amount of NO* within cytotoxic levels [16]. The eNOS is primarily
expressed by endothelial cells and is an important regulator of cardiovascular function [17]. The nNOS expressed by
neurons in the brain is responsible for the regulation of synaptic signalling in learning, memory, and neurogenesis

[18].

1.4.2 Peroxynitrite anion

Peroxynitrite anion (ONOQ") is a highly potent RNS that is produced from the interaction between NO*
and O;":

NO® + 0, > ONOO™ (1.9)

Compared to other reactive species, ONOO'is a highly reactive molecule that is capable of causing extensive damage
to biological molecules. Furthermore, ONOO' is a relatively stable species, with a long biological half-life when

compared to other ROS/RNS (Table 1.2).

ROS/RNS Half-life Location Reactivity Diffusibility across
(seconds) plasma membrane
0, 10 Mitochondria and +++ ++
cytosol
H,0, 103 Mitochondria and ++ o+
cytosol
OH® 10° Mitochondria and o+ +
cytosol
NO*® 1-10 Mitochondria, cytosol, + +++
and plasma
membrane
ONOO" 1.9 Mitochondria ++++ +

Table 1.2 Summary of the key properties of ROS/RNS. Data adapted from [4].
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1.5 Antioxidants

Antioxidants are scavengers of reactive oxidative species. In this process antioxidants serve as either
reducing or oxidising agents in the conversion of ROS/RNS into less reactive molecules with stable paired electrons
(Figure 1.3) [19]. The antioxidant itself is converted to an unreactive metabolite. Other actions of antioxidants
include the termination of free radical chain reactions, regeneration of antioxidants, and the regulation of enzymatic
activities in the production of reactive species [20]. Antioxidants can be categorised into two main groups, enzymatic

or non-enzymatic antioxidants.

HO HO n HO 5
3 Q Oxidation E *  Oxidation 1
HO O ~<_ Ho ) O - _ Ho 0
= = S
o) OH  Reduction O OH  Reduction O 0
Ascorbate Ascorbyl radical Dehydroascorbic acid

Figure 1.3: Antioxidants are scavengers of reactive species. In this example, the antioxidant ascorbate is the
ionised form of ascorbic acid in biological media. The ascorbyl radical is the partially oxidised form of ascorbate
and can act as an electron acceptor or donor (oxidant or reducer). The oxidation of ascorbyl radical generates
dehydroascorbic acid which is unstable and has a half-life of approximately 6 minutes at physiological pH [21].

1.5.1 Enzymatic antioxidants

Enzymatic antioxidants, are enzymes that suppress or prevent the formation of ROS/RNS in cells. It does
this by neutralising molecules that have the potential to develop into a free radical, or scavenging any free radicals

that can induce the production of other radical species [20]. The main enzymatic antioxidants are:

(a) Superoxide dismutase

The superoxide dismutase (SOD) is considered the most powerful cellular antioxidant [8]. The enzyme catalyses the
conversion of two molecules of O, to H,0, and O,. The H,0,is removed by either catalase or glutathione peroxidase

enzyme [19].
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(b) Catalase

The enzyme catalase is found predominately in the peroxisomes of cells and promotes the reduction of H,0; into

H,0 and O, [19]

Catalase + H,0;, = 2H,0 + O, (1.10)

The enzyme requires iron or manganese as a cofactor for enzyme activity [19].

(c) Glutathione peroxidase

Glutathione peroxidase is primarily responsible for the reduction of H,0; to H,O in the mitochondria, and the
reduction of lipid peroxides to alcohols [8, 20]. The enzyme is important in protecting cells against lipid peroxidation

by ROS/RNS [20].

1.5.2 Non-enzymatic antioxidants

Non-enzymatic antioxidants, are low molecular weight compounds that can be naturally produced by
enzymes endogenously, or are acquired exogenously from the diet [20]. Non-enzymatic antioxidants can be further

categorised as being either lipid soluble or water soluble antioxidants:

(a) Vitamin E

Vitamin E is a lipid soluble antioxidant and plays a vital role in the protection of cell membranes from oxidative
damage by reactive species [22]. Vitamin E is known to quench peroxyl radicals to stop it from propagating the chain

reaction involved in lipid peroxidation [19].

(b) Ascorbate

Ascorbate (AA) is a highly potent, water soluble antioxidant that can scavenge both intracellular and extracellular
free radicals in biological systems (Figure 1.3) [23, 24]. AA is known to scavenge a range of ROS/RNS including

peroxides, ONOO", and 05 [25].
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(c) Glutathione

Glutathione is a water soluble antioxidant that is produced in the cytosol by the enzyme glutathione

synthetase [20]. The protective roles of the antioxidant include:

- Asa cofactor of various detoxifying enzymes against oxidative stress [26].
- Scavenger of OH"®, H,0, and lipid peroxides [8].

- Regeneration of antioxidants AA and vitamin E to its active form [27].

1.5.3 Antioxidants, reactive species and the redox state

It is the concentration of species (also known as the redox state) that determines whether ROS/RNS
play a physiological or a pathological role in biological systems. The redox state is maintained within normal
physiological levels when the production of ROS/RNS is balanced by antioxidant activity [8]. In this instance,

the physiological functions of ROS/RNS includes:

- Assignalling molecules associated with the surface receptor-ligand complex [29].
- Host defence mechanisms against pathogens and microbes [30].
- Regulation of cell differentiation and apoptosis [31, 32].

At high concentrations of species due to an imbalance between free radical production and antiocidant
activity, ROS/RNS play a pathological role as they can oxidise biomolecules that are vital for cellular function
and structure (Figure 1.4). All biomolecules can be oxidised by ROS/RNS, with lipids being particularly
susceptible [33]. Cellular membranes are rich in polyunsaturated fatty acids (PUFAs). Oxidative destruction of
PUFAs, also known as lipid peroxidation, is described below where the interaction between PUFA and an initiating

radical (Re) leads to a chain reaction sustained by the generation of free radicals (highlighted in yellow) [33]:
PUFA+R’ > L'+RH
L*+ O, > LOO*

LOO*+ PUFA - LOOH + L”
LOOH - LO*, LOO*, aldehydes (1.11)
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Oxidation of PUFA leads to the production of the fatty acid radical (L*) which rapidly forms the fatty acid peroxyl
radical (LOO"®) in the presence of O,. The LOO" initiates new chain reactions by oxidising other PUFA molecules,
producing lipid hydroperoxides (LOOH) that break down to radical species including lipid peroxyl (LO*) and more lipid
alkoxy radicals (LOO®) [34]. Aldehydes are considered biologically active compounds that can diffuse and spread
damage to neighbouring cells [33]. Other examples of oxidative damage include: single and or double strand DNA
breaks, damage to the DNA backbone and oxidative modification to protein structure and function [3, 20]. Oxidation
of biomolecules can lead to the development of DNA mutations, carcinogenesis, ageing and other diseases [3, 35].
Furthermore, ROS/RNS can activate molecular mechanisms that promote cell apoptosis, leading to loss in tissue

structure and function [36-38].

0,

ONOO SOD

[

OH

Figure 1.4: Schematic representation of the ROS/RNS mediated oxidative damage to biomolecules and cell death.
The Oy is converted by the superoxide dismutase enzyme (SOD) to H,O,, which is converted to OH". Additionally,
0, can react with NO® to produce the highly reactive ONOO™.

While making up only a small fraction of the total body mass, the brain is the largest source of energy consumption,
with estimates that it accounts for over 20 % of total body O, metabolism in humans [39]. As the brain is rich in lipid
content and weak in antioxidant capacity, it is highly susceptible to oxidative damage by ROS/RNS [39]. In particular,
the brain is highly susceptible to the infiltration of proteins, immune cells, pathogens and other blood components
that can activate molecular mechanisms to increase the production of reactive species [39, 40]. The brain is
protected from these harmful compounds by the blood brain barrier (BBB), which is found at the interface between

the blood cappillaries and the brain [41]. The function of the BBB and the mechanisms that disrupt the integrity of

the BBB is explored further in the next section.
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1.6 The blood brain barrier

Blood vessels of the cardiovascular system serve to supply nutrient rich blood to vital organs, and also in
the removal of waste from the body. In the central nervous system, the supply of blood to the brain is provided by

a network of capillary blood vessels [42].

The brain endothelial cells lining the capillary blood vessels form the BBB against the entry of neurotoxins that are
potentially harmful to the brain. Furthermore, the endothelial cells have specialised and diverse systems for the
transport of essential nutrients into the brain including ions, amino acids, and glucose [41, 43]. The integrity of the

BBB is supported by a network of cells including pericytes, and astrocytes (Figure 1.5).

Capillary cross section

Pericyte
Capillary vessels of the f
brain Astrocyte Endothelial cell

Tight junction
Figure 1.5: The cross sectional view of brain capillary blood vessels. The BBB is located in the vascular wall of the
brain capillary vessels and is composed of endothelial cells, pericytes and astrocytes that are collectively known as
the neurovascular unit (NVU) [44]. Endothelial cells form intercellular tight junctions against paracellular diffusion.
Pericytes are found in the space between the capillary wall and astrocytes that coordinate in the function of the

BBB [44]. Astrocytes play important roles in maintaining BBB integrity, ionic homeostasis and regulation of cerebral
blood flow [45].

1.6.1 Brain endothelial cells

Brain endothelial cells form a tightly sealed, monolayer on the vascular wall of brain capillaries, functioning
as the barrier between the blood and the brain [46]. The structural integrity of the BBB is maintained by tight
junctions and adherens junction [41]. Tight junctions are transmembrane proteins that form between endothelial
cells, maintaining low paracellular permeability and high electrical resistance of the BBB [41]. Adherens junction are

proteins that maintain contact between tight junctions and endothelial cells [41, 44].
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(a) Tight junctions (TJs)

The three major transmembrane proteins that form TJs are:

1) Claudin, the major structural component and a transmembrane protein composed of 207-305 amino acids [47].
The main function of claudin is to generate a high electrical resistance that restricts access of ions through

paracellular diffusion [47].
2) Occludin, the first integral membrane protein discovered within TJs of endothelial cells. Its main function is

regulating selective diffusion of solutes across the BBB [48].

3) Junctional adhesion molecules (JAMs), support the integrity of the BBB by forming the link between the

cytoskeleton of endothelial cells and the tight junction proteins [44].

(b) Adherens junction

Adherens junction (AJ) are glycoproteins that maintain the integrity of the tight junction-cell complex interaction.
The transmembrane glycoproteins include the cadherin superfamily such as vascular endothelium cadherin (Ve-
cadherin) which form adhesive complexes with adjacent cells [41]. The glycoproteins are linked to the cytoskeleton

of endothelial cells by anchor proteins such as a, B, y-catenin [44].

1.6.2 Astrocytes

Astrocytes play a supportive role in maintaining the structure and function of the BBB. The astrocyte end
feet form a net like structure that are in direct contact with endothelial cells, and contain a high density of orthogonal
arrays of particles (OAPs) [46, 49]. The OAPs contain the water channel aquaporin 4 (AQP4) that regulate BBB ion

permeability and volume [45].

To summarise, each cell of the neurovascular unit play an important role in maintaining the structural integrity and
function of the BBB (Figure 1.6). In the next section, disruption to the BBB integrity by mechanisms mediated by

neuroinflammation are explored.

11|Page



Paracellular
diffusion
® o0

Blood

Endothelial cell Tight junction

()
- Nucleus

Actin cytoskeleton

Adherens junction

Brain

Tight and
Adherens junction complex

Figure 1.6: Tight and adherens junction protein complexes are formed between endothelial cells that restrict the
paracellular permeability of molecules across the blood brain barrier.

1.7  Disruption to BBB integrity by neuroinflammation

Neuroinflammation is defined as the inflammatory response of the central nervous system (CNS) to pro-
inflammatory stimuli such as pathogens, trauma, or UV radiation [50, 51]. The inflammatory response is mediated
by the release of cytokines, inflammatory mediators, and ROS/RNS produced by brain endothelial cells, astrocytes,
and peripheral immune cells [51, 52]. The release of ROS and pro-inflammatory mediators function to contain or
eliminate the stimuli through the recruitment of immune cells or the activation of tissue repair responses at the site
of injury. The intensity and duration of the neuroinflammation response is dependent on the severity, dose, and

duration of the exposure (acute or chronic) to the pro-inflammatory stimuli [51].

For example, an acute and controlled neuroinflammatory response is considered beneficial in the containment and
elimination of the pro-inflammatory stimuli. A chronic neuroinflammatory response occurs due to long term
exposure to the stimuli. Specifically, the release of cytokines TNF-a, IL-6B, prostaglandin E, (PGE,) and ROS/RNS
during chronic neuroinflammation can cause disruption to the BBB integrity. This is a key event in the pathogenesis
of neurodegenerative diseases [53-55]. Endothelial cells of the BBB are among the first cells to be exposed to pro-
inflammatory stimuli, and are both a key target and source of the neuroinflammatory response [50].
One of the most important molecular mechanisms behind the neuroinflammatory pathways that disrupt the BBB

integrity is the neuroinflammatory response of brain endothelial cells to the bacterial endotoxin, lipopolysaccharide.
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1.7.1 Lipopolysaccharide mediated neuroinflammation in brain endothelial cells

Lipopolysaccharide (LPS) is a central component of gram negative bacteria, comprising of three structural elements
including a core oligosaccharide, an O-specific chain made up of repeating sequences of polysaccharides, and the

lipid A component that is key in eliciting the neuroinflammatory response [56].

Toll like receptors (TLR) are distributed on the cells of the innate immune system, functioning as sensors in the
detection of pathogens, and the activation of the immune response [56, 57]. Brain endothelial cells express TLR 2,3,4
and 6 [58]. Binding of LPS to TLR4 of endothelial cells leads to an intracellular signalling cascade activating a host of

signal transduction pathways, and the formation of the transcription factor, NF-kB, that mediate the transcription

of cytokines, ROS/RNS production, activation of iNOS, and cyclooxygenase [59] enzyme (Figure 1.7) [57].
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Figure 1.7: Schematic representation of the neuroinflammatory response in brain endothelial cells mediated by
the LPS-NF-kP dependent signaling pathway. LPS binds to the TLR4 receptor on the endothelial cells,
initiating downstream intracellular signaling cascades that leads to the activation and nuclear translocation of the
transcription factor NF-«B. This leads to the transcription of genes that produce cytokines, ROS/RNS, iNOS and COX
enzymes. The release of pro-inflammatory mediators and reactive species induce a neuroinflammatory response
that cause the disruption to tight junction integrity (leaky BBB), lipid peroxidation and oxidative damage to
proteins and DNA, resulting in cell apoptosis and death.

Cytokines are a group of polypeptides that activate the immune response to the pro-inflammatory stimuli. They are
classified into different groups including the interleukins, tumor necrosis factors, chemokines, interferons, and
growth factors. Cytokines can be synthesised by various cell types including microglia, astrocytes, endothelial cells,
and macrophages [60]. Specifically, the increase in cytokine production of tumor necrosis factor (TNF-a) and the
interleukins (IL-1, IL-2, IL-6 and IL-8) during the neuroinflammatory state is known to cause significant changes in the

permeability of the BBB [61-63]. Cytokine mediated BBB disruption is associated with the activation of the COX-

13 |Page



mediated production of prostaglandin, an increase in the production of ROS/RNS, and consequently an increase in

vascular permeability [62, 64].

Oxidation of junctional proteins and biomolecules mediated by ROS/RNS are the key mechanisms that cause
disruption to the integrity of the BBB [65-70]. For example, the oxidation of glutathione and thiol proteins of tight
junctions by reactive species are associated with the increase in BBB permeability [69, 71-73]. Additionally, reactive
species can disrupt the link between tight junction proteins with the cytoskeleton of endothelial cells that is crucial
in maintaining the structure and function of the BBB [66. 67]. The rearrangement of the actin-cytoskeleton
interaction is caused by ROS/RNS modifications to tight and adherens junction proteins that cause the increase in

BBB permeability [73-75].

The iNOS enzyme can be activated by inflammatory mediators, LPS, and cytokines to produce unregulated
concentrations of NO*® [76]. High concentrations of NO* combine with the O, to generate the highly reactive ONOO"
radical which can oxidise a range of biomolecules and cause extensive damage to the structure and function of the
BBB [76-78] .The nitration of actin and rearrangement of the actin-cytoskeleton interaction is the major mechanism

of ONOO™ mediated disruption to BBB integrity [77, 79].

Binding of LPS to the TLRs of endothelial cells initiates the biosynthesis of COX mediated prostaglandin E; (PGE,),
which begins with the release of arachidonic acid (AR), an unsaturated fatty acid from the plasma membrane by
phospholipases (PLA;) that is subsequently metabolised by the COX enzyme to prostaglandin H, (PGH,) [80]. PGH,is
a substrate for synthase enzymes that convert it to bioactive prostaglandins including PGE;, PGI,, PGD,, and TXA;

[80].

There are two isoforms of the COX enzyme: COX-1 is constitutively expressed in cells and produce prostaglandins to
maintain normal physiological function, and the inducible COX-2, is activated by pro-inflammatory stimuli [81]. Both
isoforms of the enzymes can contribute to the production of prostaglandins during neuroinflammation. Systemic
exposure to high concentrations of LPS can activate a significant increase in COX-mediated PGE; production that
cause brain tissue necrosis, breakdown of the blood brain barrier, and brain oedema in vivo [80, 82]. For example,
an approximated 2-3 fold increase in BBB permeability was observed in rats within 6-12 hrs post injection of LPS
compared to the negative control [82]. Correspondingly, levels of PGE; reached its peak 6 to 8 hr post injection of

LPS, suggesting the increase in PGE; contributed to the significant disruption to BBB integrity [82-84].
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1.8 Therapeutic options for the treatment of neuroinflammation

As the junctional proteins of the BBB are highly sensitive to the damage caused by ROS/RNS and pro-
inflammatory mediators, therapeutic compounds containing antioxidant and/or anti-inflammatory properties are
needed to protect the integrity of the BBB. Therapeutic options include: the non-steroidal anti-inflammatory drug
(NSAID) indomethacin, which is an inhibitor of COX-mediated PGE, production, the antioxidant ascorbic acid that
qguench ROS/RNS, and probucol a compound with both anti-inflammatory and antioxidant properties. The
pharmacological properties of these therapeutic options are dependent on solving formulation challenges

associated with their oral delivery.
1.8.1 Indomethacin

Indomethacin (INDO) is a potent non-selective COX enzyme inhibitor (Figure 1.8) that has been shown to
be more effective in the treatment of neuroinflammation compared to other drug compounds of the NSAID family.
In an in vitro BBB model consisting of a monolayer of brain endothelial cells grown in culture, pre-treatment with
INDO (1 uM) attenuated the LPS (50 ng/ml) mediated increase in BBB permeability [85]. In comparison, treatment
with the selective COX-2 inhibitor, dexamethasone, was not as effective as INDO in maintaining the integrity of the
BBB [85, 86]. Further in vitro studies of the BBB showed that treatment with INDO at 100 uM significantly reduced
LPS induced increase in permeability to the small molecule sucrose (MW 342 Da) and to the protein, aloumin (MW
65 KDa) [87]. The increase in permeability to both the small and large molecules in this instance is suggestive of

major disruption to the BBB integrity involving both an increase in paracellular and transcellular permeability.

Disruption to BBB integrity by LPS can result in neurological damage, and cause physiological and
behavioural changes that are similar to symptoms associated with neurodegenerative diseases including reduced
activity, appetite, and decline in cognitive ability [83, 88, 89]. In vivo studies in mice treated with LPS showed
significant cognitive decline and elevated levels of PGE; as compared to healthy mice [83]. Pre-treatment with INDO
(15 mg/kg), or ibuprofen (30 mg/kg) prior to LPS injection was shown to reverse LPS induced behavioural changes,
an effect that was not observed in mice pre-treated with COX-2 selective inhibitors nimesulide and dexamethasone
[83]. Treatment with INDO led to a significant reduction in PGE; levels, and greater improvement in cognitive tests,

which was not observed with other treatments including ibuprofen. From these studies, it can be concluded that
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inhibition of COX-1 and COX-2 mediated production of PGE; play an important role in the treatment of

neuroinflammation induced by LPS [86, 90, 91].
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— — COOH
Arachidonic acid mc}%
NSAIDs — 1| €OX-1, COX-2

(.;)H

Prostaglandin H, COOH

O
[¢] l Tissue specific isomerases
Prostaglandin E, N ™ coH
CHs
HO™ :
OH

Figure 1.8: Schematic representation of the COX enzyme mediated production of PGE,. Nonsteroidal anti-
inflammatories (NSAIDs) are drug compounds that inhibit COX enzyme activity. PLA; are phospholipases that
hydrolyses lipids from the plasma membrane to arachidonic acid.

1.8.2 Ascorbic acid

In humans, ascorbic acid is an essential nutrient that is acquired from the diet. Ascorbic acid serve numerous
physiological functions including the stimulation of endothelial cell proliferation, inhibition of cellular apoptosis, and
a scavenger of ROS/RNS [92-94]. Ascorbic acid dissociates at physiological pH to form Ascorbate (AA), the redox state
of ascorbic acid that is found abundantly in cells [95]. AA is a strong reducing agent, and as it is highly water soluble,
has the ability to scavenge reactive species including 02, H,0, and OH® in aqueous media or intracellularly,
therefore protecting against ROS/RNS mediated oxidation of biomolecules [23, 93, 96]. AA is taken up intracellularly
via the sodium-dependent vitamin C transporter -2 (SVCT2) [95]. Endothelial cells maintain high levels of intracellular
AA level by converting the oxidised form, dehydroascorbate (DHA), back to AA, and also through cellular uptake of

DHA and AA (Figure 1.9) [93].
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Figure 1.9: Schematic representation of the cellular uptake and regeneration of ascorbate (AA). AA enters the cells
through the SVCT2 transporter, and intracellular AA can donate an electron to quench ROS/RNS to form an
unreactive metabolite (AA*) that is converted back to ascorbate by NADPH-dependent reductases. Furthermore,
AA* can undergo dismutation to DHA which is subsequently reduced by glutathione or nicotinamide adenine
dinucleotide phosphate (NADPH) to AA. DHA from plasma can enter endothelial cells through the GLUT
transporter.

Treatment with AA can preserve the structure and function of TJ proteins by mechanisms including inhibition of the
iNOS enzyme, promotion of endothelial cell growth, and as a scavenger of reactive species [76, 96-104].
Furthermore, AA can preserve eNOS enzyme activity that is important in generating physiological levels of nitric

oxide for normal vascular function and in maintaining BBB integrity [25, 105] .
1.8.3 Probucol

Probucol [106] is a pharmaceutical drug compound containing two butylated hydroxytoluenes connected
by a sulfur carbon sulfur bond as the chemical structure (Figure 1.10) [107]. It was first introduced in the 1970s as a
cholesterol lowering drug for the treatment of high cholesterol. Further studies have explored PB’s antioxidant
properties for the treatment of diseases caused by oxidative stress including atherosclerosis, xanthoma and

neuroinflammation [108].

HO OH

b

S 5

Figure 1.10: Chemical structure of probucol.
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PB is a potent antioxidant capable of scavenging ROS/RNS involved in the oxidative modification of proteins and
other biomolecules [109, 110]. In this process, PB is oxidised by ROS/RNS to unreactive intermediate products
3,3',5,5'-tetra-tert-butyl-4,4’-diphenoquinone (DPQ), with intermittent formation of 4,4’-dithiobis(2,6-di-tert-butyl-
phenol) (DTBP) [111, 112]. The antioxidant property of PB is largely dependent on the rate of cellular uptake, and

the intracellular concentration of the drug molecule.

As PB is a poorly soluble drug compound, a long pre-incubation of up to 8 to 12 hours is typically required to achieve
a high intracellular drug concentration corresponding with the peak in antioxidant activity (Figure 1.11) [113]. This
suggest PB is transported intracellularly where it is incorporated into the cellular membrane, or is further
transported to intracellular compartments in quenching reactive species that have the potential to cause oxidative

damage.

1a)
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% inhibition of LDH release
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Figure 1.11: The intracellular concentration of probucol in (a) endothelial cells is related to (b) the peak inhibition
of lactate dehydrogenase (LDH) release, a marker of tissue damage associated with oxidative stress. Figure
adapted from [113].

The antioxidant and anti-inflammatory properties of PB has been explored in both in vitro and in vivo models
of neuroinflammation [114, 115]. Pre-treatment with PB resulted in a dose dependent inhibition in the release of
NO®, PGE;, IL-1B and IL-6 from LPS treated microglia cells [115], and in in vivo neuroinflammatory models (mice)
[114]. The anti-inflammatory properties of PB were associated with the downregulation of the NF-kB signalling

pathway [115].

In vivo models of neuroinflammation in mice fed a high fat diet was used to investigate the effectiveness of PB in
maintaining BBB structure and function [116, 117]. Mice fed a high fat diet showed elevated blood glucose and
cholesterol levels compared to mice fed a low fat diet. Furthermore, mice fed a high fat diet exhibited a significant

reduction in cognitive ability corresponding with the disruption to TJ protein expression, brain inflammation, and
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increased BBB permeability [116]. In mice fed a high fat diet supplemented with PB, levels of blood glucose and
cholesterol were comparable to healthy mice fed a low fat diet [117]. Furthermore, performance in memory tests,
and TJ protein expression was not significantly different between mice fed a high fat diet supplemented with PB and

mice fed a low fat diet.

The disruption to BBB integrity caused by a diet high in fat is likely due to a combination of factors including elevated
cholesterol and glucose levels that cause cellular damage associated with oxidative stress and inflammation. PB was
shown to maintain BBB integrity via the suppression in the release o inflammatory cytokines, reactive species,

cholesterol and blood glucose caused by a diet high in fat [117].

1.9 Bioavailability of pharmaceutical drug compounds

Oral drug administration remains the preferred route of administration as it is easy, and convenient for the
patient to self-medicate [118]. The effectiveness of orally administered drugs are largely dependent on the drug’s

solubility in biological fluid and permeability across biological membranes in reaching its therapeutic target [119].

The bioavailability of the drug compound is highly complex and is dependent on both intrinsic (physiological) and
extrinsic (drug formulation) factors. Intrinsic factors include pharmacokinetic considerations such as drug
metabolism, distribution and elimination [120]. Extrinsic factors include the rate and extent of the drug’s solubility
in the gastrointestinal fluid, and permeability of the drug to diffuse across the plasma membrane of the cells lining

the gastrointestinal tract [121].

In general, the processes that determine the pharmacological action of an orally administered drug can be
summarised as: (i) disintegration in the Gl tract, (ii) appropriate drug dissolution in Gl fluids and drug permeation

across the Gl wall (Figure 1.12) [120, 122].
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Figure 1.12: Schematic representation of the bioavailability of oral dosage formulations in vivo. Orally
administered drug molecules undergo disintegration and dissolution in the biological media of the gastrointestinal
tract. The dissolved drug molecules are absorbed across biological membranes and undergo metabolism by
enzymes in the GUT wall (Eg) or in the liver (Ex) before reaching the systemic circulation.

1.9.1 Drug solubility and dissolution

The solubility of a pharmaceutical drug is defined as the formation of a homogenous solution containing
the solute (drug compound) in a particular solvent [123]. Solubility is generally expressed as mass per unit volume.
Drug compounds can be classified as being highly soluble or as a practically insoluble material. As an example the

United States and British pharmacopeia grades the solubility of a material in terms of quantification without regard

to the solvent used (Table 1.3).

Solubility term Approximate volume (ml) of solvent needed to dissolve 1 g of solute
Very soluble Less than 1
Freely soluble From 1to 10
Soluble From 10 to 30
Sparingly soluble From 30 to 100
Slightly soluble From 100 to 1000
Very slightly soluble From 1000 to 10000
Practically insoluble 10000 and over

Table 1.3: United states and British pharmacopeia classification of solubility [124, 125].
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Dissolution is defined as the rate in the mass transfer of the solute from the bulk solid state into the solution, and is
a kinetic parameter expressed as mass per unit time. The Noyes-Whitney equation is used to describe the dissolution

rate of a solid compound [126]:

NN

»
»

diffusion, D

Solid mass C, Bulk solution

m
cb

A
<+“—>
h

dm  AD (C, — Cp)

dt h
Where dm/dt is the substance’s dissolution rate (mass over time), m is the mass of the dissolved solute, A is the
surface area of the solid exposed in solution, D is the diffusion coefficient of the particle in solvent, Cs is the solubility
of the solid in solvent, G, is the concentration of the solute in the bulk solution after time t, and h is the thickness of
the diffusion layer surrounding the solid. The dissolution rate can be increased by a reduction in the particle size of
the solid that increases the surface area available for the interaction between the solute and solvent. Based on the

Noyes-Whitney equation, the dissolution rate is directly proportional to solubility of the drug compound.
1.9.2 Biopharmaceutical classification system (BCS)

The Biopharmaceutical classification system (BCS) was established to measure the solubility and
permeability of drug compounds under standard conditions, which are the key rate limiting steps in oral absorption.
Under the BCS, drug compounds are categorised into four classes based on their solubility and permeability profile
(Figure 1.13). Permeability is the ability of the drug to cross lipid membranes and can be estimated from the lipid to
water partition coefficient (logP), where P is the octanol to water concentration ratio of the drug [127, 128]. Another
method is to measure the in vitro permeability of drug compounds across a monolayer of tissue cultured human
colon adenocarcinoma (Caco-2) cells grown on a semi-permeable membrane [129]. Solubility is typically measured

in aqueous media at controlled pH and temperature [129].
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Figure 1.13: A representation of the BCS classification system. A class Il drug compound can achieve an absorption
profile similar to drug compounds in class | by formulation methods that enhances the drug’s solubility. Examples
of formulation design include particle micronisation, spray dry, or emulsion systems.

The BCS is a useful tool in guiding the design and development of pharmaceutical drug products. For example, a class
| drug compound can be delivered effectively via oral administration to achieve high bioavailability, while a class Il
drug compound would face significant bioavailability issues due to its low solubility. The oral administration of drug
compounds with low solubility will typically lead to erratic and incomplete drug absorption from the gastro-intestinal
tract. Formulation strategies that enhance the drug’s solubility/dissolution properties would need to be considered

for class Il compounds in order to improve its bioavailability [129].

1.9.3 Strategies to overcome poor solubility of drug compounds

A range of formulation strategies can be employed to enhance the solubility of class Il drug compounds.
Formulation with co-solvents that reduce the interfacial tension between aqueous solution and hydrophobic drug,
thereby increasing the wettability and interaction between the solute and solvent is a common formulation strategy.
Co-solvents typically used in drug formulations include ethanol, propylene glycol, glycerine and surfactants such as

Tween, sodium lauryl sulphate, and alkylbenzene sulfonates [123].

The design of prodrugs, defined as inactive chemically modified drug molecules that undergo chemical or enzymatic
transformation in vivo to the active drug, is an approach that can be used to improve the permeability and aqueous
solubility of poorly soluble drug compounds [130]. Another formulation approach is the synthesis of the salt form of
the active drug compound that retain the pharmacological activity and increase the aqueous solubility of the drug.

Common salt forms include chlorides, carbonate, maleate and citrates [131].
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Drug complexation with cyclodextrins, which are molecular donut-shaped structures consisting of glucose molecules
with an interior diameter that typically measures between 0.6 nm to 0.8 nm, and the exterior surface consisting of

hydrophilic surface groups can also be used to enhance the water solubility of drug compounds [132, 133].

Emulsions are defined as a biphasic system containing two immiscible liquids, one of which is dispersed
finely as droplets in a second phase [134]. Examples include an oil in water emulsion (O/W) where the formation of
oil droplets in water forms vehicles for the delivery of lipophilic drug compounds, and water in oil emulsion (W/O)
typically used to prepare creams for external application [134]. Self-emulsifying drug delivery systems (SEDDS) are
mixtures of oils, surfactants or a combination of hydrophilic solvents and co-solvents/surfactants [135]. These
systems form O/W emulsions upon mild agitation or following oral administration where the intestine provide the
necessary agitation for self-emulsification which can promote the wide distribution of the drug throughout the
gastrointestinal tract [136]. Particle size reduction of the drug compound which increase the surface area available

for solvation is also another common strategy to enhance the solubility of drug compounds [137].

These conventional formulation methods are summarised in Table 1.4 along with their key advantages and

disadvantages.

solubility, chemical or metabolic
stability and reduction in toxicity.

Method Advantages Disadvantages
Cyclodextrin drug complex Improvement in drug chemical Higher cost. Limitation based on cavity size of
stability cyclodextrins
Co-solvents Simplicity and rapid Possibility of drug precipitation in vivo
Consideration of toxicity of the administered
solvent
Prodrug drug design Modification to increase drug Difficulty in predicting in vivo response.

Potential toxicity of the prodrug

Salt formation

Increase in solubility and dissolution

Not applicable to non-ionic compounds

Emulsions/SEEDS

Improved dissolution

Formulation of a wide range of drugs.

Long term stability issues

Drug precipitation in vivo

Particle size micronisation

Increase in drug dissolution

Particle agglomeration

Difficulty in control of particle size uniformity
Table 1.4: summary of key formulation strategies and their main advantages and disadvantages [122, 138].

1.9.4 Nanostructured materials as drug delivery systems

The broad applicability of conventional formulation strategies are restricted by issues of long term stability,
toxicity, and precipitation that can result in altered pharmacological activity [139]. These disadvantages have led to

intensive research in nanostructured materials as drug delivery systems (DDS) to address issues facing conventional
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formulations. These materials are solid materials with length scale of a few nanometres (typically 1-100 nm) are
commonly applied in the delivery of therapeutic agents including small molecules, genes, proteins, enzymes and
pharmaceutical drug compounds [140, 141]. Ideal characteristics of nanostructured materials include
biocompatibility, high physiochemical stability, and lack of immunogenicity. They are also easy to synthesise with a

high degree of uniformity [141].

Nanostructured materials can be broadly categorised into two groups, the organic nanocarriers including
liposomes, dendrimers, polymeric nanocarriers, micelles, carbon nanotubes, the inorganic nanocarriers including
gold nanocarriers, magnetic nanocarriers, and porous nanostructured materials including porous silicon, metal-

organic framework, and mesoporous silica. Their common properties and physicochemical properties are

summarised in Table 1.5.

sheet with unique electrical and

Organic nanostructured materials Size of nanocarriers Properties Applications
[52]
Liposome 50-100 Phospholipid bilayer carrier. Highly Delivery of
biocompatible, biodegradable. hydrophilic and
hydrophobic drug
compounds
Dendrimers 1-10 Branched macromolecules Drug delivery,
consisting a central core, imagining, gene
symmetrical, homogenous carriers delivery, antiviral
and vaccine delivery
Polymeric nanocarriers 10-100 Colloidal solid nanoparticles made Drug delivery,
from synthetic or natural maintains drug
polymers, highly biodegradable stability.
Micelles 10-100 Colloidal aggregate of amphiphilic Encapsulation of
molecules, high bio-stability hydrophobic or
hydrophilic drug
compounds
Carbon nanotubes 0.4-3 Single or multi-layered carbon Gene and drug

delivery, peptide

framework and mesoporous silica
materials

and thermal stability,
biocompatibility

elastic property delivery
Inorganic nanostructured Size of nanocarriers Properties Applications
materials [52]

Gold nanocarriers 1-100 Highly biocompatible, low toxicity, Bio-sensing, drug
multi surface functionality. delivery, imaging

Magnetic nanocarriers 1-100 High chemical stability, high Targeted drug
colloidal stability delivery, imaging,

bio-sensing
Porous silicon, metal organic 1-100 High loading capacity, chemical Drug delivery,

peptide and protein
delivery.

Table 1.5: Summary of the properties and applications of organic and inorganic nanostructured materials [142, 143].
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1.9.5 Porous nanostructured materials

Porous silicon (Psi) are nanostructured materials with pore diameters in the mesoporous range of 2-50 nm, large
surface area (up to 800 m?/g), and large pore volume (> 0.9 cm?3/g) [144]. Porous silicon materials are produced by
electrochemical etching via anodisation of semiconductor silicon wafers, where the silicon is present as the anode
of an electrochemical cell and a hydrofluoric acid/ethanol mix is the electrolyte [144]. Having the silicon wafer as
the electrode results in the development of porosity on the surface exposed to the electrolyte when current is
applied [145, 146]. The porosity, porous layer thickness, pore size, pore-volume, and shape strongly depend on the
fabrication conditions, including the hydrofluoric acid concentration, chemical composition of the electrolyte,
current, and temperature [145]. The main disadvantage of Psi materials is the non-uniformity in both the porosity
and thickness of the Psi layer. This has potential implications as the porosity determines its biological properties. For
example, Psi with low porosity is generally bioinert compared to Psi materials with large pore size [147]. Porous
silicon materials have been investigated for biomedical applications including biomedical imaging [59, 148] oral drug
delivery of poorly soluble drugs [147, 149], controlled drug release [150, 151], or as permeation enhancers that

enhance drug permeation across intestinal barriers [152].

Metal-organic framework (MOF) are crystalline porous materials constructed of metal ions and organic linkers and
have been applied for industrial applications including gas storage [153, 154], chromatographic separation [155,
156], and catalysis [157, 158]. There is a growing interest in the use of MOF for biomedical applications, for example
as MRI contrast agents for imagining [159, 160], and for the encapsulation of small drug molecules for intracellular
drug delivery [161]. However further optimisation is required to generate optimal MOFs as a drug delivery vehicle:
generally, MOFs are unstable under biological conditions which can result in premature release of drug or formation
of large aggregates that reduce cellular uptake [162], biocompatibility where toxicity in biological systems need to
be minimised [163], and issues of poor monodispersity and particle size (>100nm) that are not ideal for cellular

uptake [164].
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1.10 Mesoporous silica

Mesoporous silica particles (MSPs) are defined as ordered porous materials with pore sizes in the
mesoporous range (~ 2-50 nm), with tuneable physicochemical properties including pore size, pore volume (~ 0.6-1
cm?3/g), surface area (~ 700-1000 m?/g), pore structure, and particle size [144]. The well-defined porous structure
allow MSPs to be optimised for the encapsulation and release of large biomolecules, therapeutic drug compounds,
dyes and contrast agents for pharmaceutical applications and nanomedicine [145-147]. Since the first reported
synthesis of MCM-41 (Mobil composition of Matter) reported in 1992 [148], the synthesis of various MSPs groups
each with different physicochemical properties have been discovered including SBA-x, MSU-x, KIT-x, FDU-x and AMS-
X, where the acronym refers to either the place of discovery (e.g. SBA- Santa Barbara Amorphous) or the mechanism

of synthesis (e.g. FSM- Folded sheet mechanism) [144]. The MSPs used in this thesis are listed in the Table 1.6 below.

MSP Surface area Pore Structure Morphology mesopores pore pore size Reference
(m?/g) volume (cm3g?) [52]
MCM-41 800-1000 Ordered, 2-D Spherical 0.5-1.5 1.5-10 [149]
hexagonal parallel particles
arrangement of
cylindrical
mesoporous.
SBA-15 400-1000 2-D, hexagonal, Rod shape 0.50-1.3 5-10 [150]
parallel cylindrical
mesopores.
AMS-6 520-667 3-D, bi-continuous Spherical 0.5-0.6 3.2-4.8 [151]
cubic symmetry, particles
cylindrical pore
structure.

Table 1.6: Summary of the textural properties of mesoporous silica particles used in this thesis.

1.10.1 The synthesis of mesoporous silica

Typically surfactants are used as templates in the synthesis of MSPs [144, 152, 153]. Surfactants consist of
a hydrophilic head group and a linear hydrophobic tail, which characteristically accumulate at the water-air, or
water-oil interface driven by the lowering of the interfacial free energy at the interphase boundary. Surfactants are
classified as either anionic, cationic, non-ionic or zwitterionic depending on the polarity of the head group [152, 154].
Furthermore, surfactants in solution form aggregates called micelles, driven by the reduction in the free energy from

the rearrangement of the respective hydrophobic and hydrophilic groups at the interphase boundary [155]. Micelle
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formation is dependent on the concentration of the surfactant in solution, and the critical micellar concentration

(CMC) is the limit at which the micelle formation start to occur [152, 155] .

The main components in the synthesis of MSPs include the surfactant, solvent, a catalyst (an acid or a base),
and a source of silica. The surfactant is solubilised and may form the liquid crystal template prior to the addition of
the silica source. When the concentration of the surfactant is above the CMC, surfactant molecules self-assemble
into micelles of geometries dependent on the properties of the surfactant (e.g. hydrophobic chain length, head
group area and total molecular volume) [144, 154]. Micelles can form either hexagonal, cubic, or lamellar

mesophases depending on the type of surfactant used, concentration, pH, and temperature (Figure 1.14).

Figure 1.14: representation of common structures of MSPs: (a) hexagonal, (b) cubic (la3d), (c) cubic

(Im3m), and (d) cubic (Pm3m) [156].

The polymerisation of silica precursors around the surfactant templates leads to the formation of an
amorphous silica framework. Silica precursors include sodium silicate and alkoxysilanes, e.g. tetramethyl
orthosilicate TMOS, tetraethyl orthosilicate TEOS, and tetrapropyl orthosilicate TPOS. Polymerisation occurs via
hydrolysis and condensation reactions. Hydrolysis replaces the alkoxide groups (OR) with hydroxyl groups (OH) in
the production of silanol groups (=Si-OH), followed by condensation reactions of the silanol groups in the production
of siloxane bonds (=Si-0-Si=) [153, 155]. The number of free hydroxyl groups (-OH) decreases when the formation
of Si-O-Si bonds is maximised as the condensation reaction proceeds, resulting in the formation of ring structures
that give form particles that act as nuclei [154, 155]. These particles can grow by Ostwald ripening, a process that is
both pH and temperature dependent that allows for the growth of particles in size [152, 154]. Finally, the surfactant
template can be removed by calcination or treatment with suitable solvents such as ethanol to form the final

mesoporous silica particle (Figure 1.15).
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Figure 1.15: Schematic representation of the formation of mesoporous silica particle, MCM-41 [155].

1.10.2 Mesoporous silica as drug delivery systems

Loading of small drug compounds within MSPs can be used to overcome the limitations of current drug
formulations including lack of drug specificity, poor drug stability, and low drug solubility. The following are examples

of how nanostructured MSPs can be used to resolve formulation issues:

Functionalisation of target groups on the external surface of MSP allows for the selective interaction with

specific receptors on the membrane of target cells, facilitating targeted drug delivery [157, 158].

Protection of the loaded drug molecule from oxidation, hydrolysis and other degradation processes by
capping the mesoporous entrance with polymers, inorganic nanoparticles, or macromolecules that release the
loaded drug compound in response to either internal or external stimuli [146, 159]. This can be achieved by
anchoring pore-blocking caps with linkers that are cleaved when exposed to internal stimuli, such as pH, enzymes or

external stimuli such as ultrasound, light or magnetic fields [146, 160].

Encapsulation of pharmaceutical drug compounds in the amorphous form enhances the solubility of drug

compounds released from MSPs [161].

1.10.3 Crystalline vs amorphous forms

Solids in the crystalline form are characterised by long range order, and high thermodynamic stability. The
dissolution profile of a crystalline material can be broadly defined into three processes. The first step is the disruption
in the crystal lattice to expose individual molecules for solvation or hydration by solvent molecules. The next step is

breaking of the solvent bonds in order to accommodate the solute molecules [162] (Figure 1.16).
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Figure 1.16: Schematic of the general mechanisms in the solubility of a crystalline solid. 1) Disruption in the crystal
lattice structure. 2) Cavitation of the solvent to host dissolved molecules. 3) Solvation of the solute molecules.
Figure adapted from [162].

Unlike a crystalline solid, an amorphous material is characterised as having weaker short range order, and lacks long
range molecular ordering [163]. A drug compound prepared in the amorphous form would in general have a higher
solubility as less energy is required to break the weaker bonds in the amorphous system [163-165] (Figure 1.17).
Furthermore, the amorphous material is characterised as having a higher energy state, with enhanced
thermodynamic properties relative to the crystalline state (solubility, specific heat, vapour pressure) giving it greater

molecular motion, chemical reactivity, and higher tendency to crystallise [163].

Amorphous

Crystalline

Figure 1.17: Representative release profile showing differences in local atomic ordering and dissolution rate of a
drug compound prepared in the amorphous and crystalline forms [166]. The solubility of a crystalline material is
dependent on the interactions between the discrete molecules. For example, a crystalline material with weak ionic
interactions between discrete molecules has a higher solubility compared to crystalline materials with stronger
covalent interactions between discrete molecules [167].

1.10.4 Effect of textural properties of mesoporous silica on drug loading and release

The ability to synthesise MSPs with different textural properties make it a versatile material for the
encapsulation of drug compounds for drug delivery. Specifically, the encapsulation of drug compounds in the
amorphous form within the mesopores has been extensively investigated for the delivery of poorly soluble drug
compounds [161, 168]. This is achieved by loading drug compounds within a critical pore diameter of the MSP that
suppress the formation of nuclei and crystal growth [169, 170]. Other important textural properties that have an
impact on the physical form of the loaded drug and release from MSP include pore structure, pore volume, surface
area, and surface functionalisation (Table 1.7).
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Textural Impact on drug Impact on drug release Relevant equation References
property of MSP loading
Pore size The pore size can Drug loaded in the | The critical pore size of MSP to maintain | [170-179]
affect the amount of amorphous form within MSP | amorphous form of the loaded drug:
drug adsorbed into result in an enhancement in . - -
the mesopores and drug release as compared to d* = 40T /(T = T)AHmpc
the total drug loading | the crystalline drug. Critical pore diameter d*, o4 the surface energy
capacity of the MSP. Pore size of MSP can be betv\{een c:ystal and mglt, AHm the heat of
finely tuned to control rate melting, Tm ,thg bulk melting temperature and pc
the crystal density.
of drug release.
Pore structure MSPs with 3-D Differences in pore structure D [180-185]
arrangement of can cause delay and Q = = (24 — €Cy)Cit
mesopores have in incomplete drug release due T
genera! N hlgher.total t.o.stenc hindrance between Where the release Q is related to the fractional
loading capacity silica  wall and drug X . X
compared to 2-D pore | molecule. Poromty (g).' tortuosity factf).r (T)f t IS. .tP.\e
structure. immersion time, Cs o!rug SO|.ubI|I.ty, Ais thg initial
drug amount, and D is the diffusion coefficient.
Surface area The high surface area | High surface area of MSP dm  AD (C;— Cp) [186-188]
of MSP facilitate high facilitate rapid drug release dt h
g ckrpon 10| o7 0 8 | it sttt miste st s,
mesopores. Ais the surface area, D is the diffusion coefficient,
Cs is the solubility of the solid, Cs concentration of
the solute in bulk solution, h is the thickness of
the diffusion layer.
Pore volume MSP with high pore Re-crystallisation of excess | Total drug loading capacity of MSP is determined | [179, 187-
volume can achieve a drug on the surface of silica | by using thermal gravimetric analysis to | 190]
higher drug loading from complete pore filling determine drug loading amount (w/w%), nitrogen
capacity compared to can cause a delay in drug adsorption/desorption measurement to
MSP with smaller pore release. determine changes in textural properties of MSP,
volume. and differential scanning calorimetry or X-ray
diffraction to determine the degree of
crystallinity in drug loaded MSP sample.
Surface silanols The interaction The interaction between | In this example, lbuprofen is linked by hydrogen | [191-193]
between silanol (Si- silanol groups of MSP via | bonds between its carboxylic acid group and the
OH) groups on the hydrogen bonds with proton | silanol groups within the mesopores of MSP.
surface of MSP can donor/acceptor groups of
interact with proton the drug compounds can be
donor/acceptor used to delay drug release \ o
groups of the drug from mesopores. S{ /’/ I/‘\Q\/l
molecule that can o’\ o
affect drug loading. H
Surface Surface Surface functionalisation | In this example, the ionic bond between | [194, 195]

functionalisation

functionalisation of
MSP can facilitate
greater interaction
between drug
molecules with the
mesopores.

with amine (NH2), carboxylic
acid (COOH) can induce
host-guest interaction with
drug molecules that can be
used to delay drug release
from the mesopores.

carboxylate group of ibuprofen and ammonium
groups of amino functionalised within mesopores
of MSP is shown.

NH3 5

Table 1.7: Summary of the textural properties of MSP on drug loading and release.
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1.10.5 Mechanisms of drug release from mesoporous silica

Drug release from MSPs typically occur when the drug loaded material come in contact with solvent

molecules in solution by the following mechanisms [175]:

1) absorption of solvent molecules into the mesopores occur by capillary force
2) The dissolution of drug molecules within the mesopores

3) Diffusion of the drug molecules from the mesopores into the bulk solvent

The kinetics of drug release from solid, inert matrix such as MSPs is commonly described by the Higuchi equation,
where the penetration of solvent molecules into the mesopores lead to the subsequent drug release into the
solution by Fickian diffusion [196]. Therefore, the rate of drug release is described as the square root of a time

dependent process based on Fickian diffusion:
Q = kpt'? (1.15)

where Q is the amount of drug release, kp is the release rate constant, and t is time. The release rate constant of
the drug is proportional to the porosity of the MSPs, the solubility of the drug in the dissolution medium, the initial
drug loading and the diffusion coefficient of the drug in the medium [196, 197]. A typical plot of the amount of drug

release versus the square root of time will show a linear relationship for a diffusion controlled drug release process.

In a typical release experiment, the dissolution profile follows a bimodal release pattern, with an initial burst release
of the drug likely from the surface or the mesopore entrances of the MSP, followed by a prolonged, slower drug
release due to the diffusion of drug from the mesopores into the dissolution media [190]. The interaction between
surface silanol groups or surface functionalised groups and the drug molecule may also play a role in the delay of

the drug diffusion process from the mesopore [195].
An extension of the Higuchi model is the Korsmeyer-Peppas model:

Kt" = M¢/Mins (1.16)
where Mt is the cumulative mass drug release at time t and Min¢is the cumulative drug release at infinite time. The
drug release mechanism is represented by the proportional constant, k, and the release exponent n, where diffusion

occurs when (n = 0.5), non-fickian diffusion (n > 0.5), and zero order release (n=0) [198, 199].

31|Page



1.10.6 Effectiveness of drug compounds for the treatment of neuroinflammation are limited by

their low aqueous solubility

As discussed previously, disruption to the integrity of the BBB allows for the infiltration of cytotoxins and
proteins that can cause neuronal cell damage and death [55]. This is caused by the exposure of BBB cells to stimuli
that elicit a heightened neuroinflammatory response characterised by elevated levels of ROS, pro-inflammatory
mediators and cytokines [51]. ROS mediated BBB disruption includes the decrease in tight junction expression,
cellular apoptosis, and oxidative modification to tight junction proteins [51, 52]. High concentrations of PGE2 and

cytokines are cytotoxic and are also known to mediate the disruption to tight junction integrity [52].

As neurodegenerative diseases is characterised by increased levels of ROS and pro-inflammatory mediators,
pharmaceutical drug compounds with antioxidant and or anti-inflammatory properties are considered viable
therapeutic strategies. Typically, pharmaceutical compounds with desirable antioxidant/anti-inflammatory
properties are Class Il compounds (BCS classification) which have high permeability but absorption is limited by the
drug’s low solubility. For example, NSAIDs like flurbiprofen, naproxen, and INDO are classified as Class Il compounds,
where it is estimated that only 1-2% of the drugs reach the cerebral spinal fluid of the brain after oral administration
[200]. This low bioavailability is a significant limitation in the effectiveness of NSAID for the treatment of

neurodegenerative diseases, such as Alzheimer’s [200-202].

Furthermore, a range of Class Il drug compounds with promising antioxidant and anti-inflammatory properties have
their clinical effectiveness limited by poor solubility. This includes drug compounds in the treatment of diseases
associated with oxidative stress such as diabetes, hypertension, and cardiovascular diseases. For example, drug
compounds for the treatment of diabetes (e.g. metformin, pioglitazone), atherosclerosis (atorvastatin, rosuvastatin,
simvastatin), and hypertension (carvedilol, amlodipine) have beneficial antioxidant and anti-inflammatory
properties that are separate from their primary pharmacological effect [203-208]. The encapsulation of these drug
compounds within MSPs have been shown to enhance the solubility of these poorly soluble drugs as compared to

the crystalline drug, and are summarised in the Table 1.8 below.
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Drug compound MSP type surface Pore Pore volume In vitro drug release
area size (cm3/g), drug
(m?/g) [52] loading
(% wt/wt)
Atorvastatin (AT) SBA-15 641 6.18 0.85, 17% SGF (pH =1.2). After 45 min, higher AT release was
observed from SBA-15 (68%), vs crystalline AT (38%).
Carvedilol (CAR) MCM-41 996 3.9 0.70, 25% SIF (pH = 6.8), After 45 minutes, CAR release from
MCM-41 was 41% vs Less than 20% release from
crystalline CAR.
Celecoxib (CEL) MCM-41 764 1.4 1.15, 25.1% Phosphate buffer (pH = 7.4). CEL released from MCM-
SBA-15 817 7.82 1.10, 25.3% 41 after 6 hours was 72.6 %, CEL released from SBA-
15 was 95 %. Less than 60% released from crystalline
CEL after 6 hours.
Flurbiprofen SBA-15 848.9 5.6 1.02,27.1% Phosphate buffer (pH = 7.2), FLU released from SBA-
(FLU) 15 was 95 % after 6 hours.
Glibenclamide SBA-15 607 7.2 0.90, 22.5% In SGF (pH = 1.2) GLB released from SBA-15 was ~
(GLB) 100% after 60 minutes, GLB from commercial
formulation (Daonil ®) released ~ 45% after 60
minutes.
Ibuprofen (IBU) SBA-15 734.9 6.0 1.05, 46.2% In SGF (pH = 1.2), IBU released from SBA-15 was 95 %
MCM-41 1363.7 2.3 1.0, 39.6% after 15 minutes, IBU released from MCM-41 was 88%
after 15 minutes, and crystalline IBU was less than
16% after 15 minutes.
Indomethacin MCM-41 996 3.9 0.64, 0.70% In Phosphate buffer (pH = 6.8), INDO released from
(INDO) SBA-15 530 8.4 1.1, 0.9% SBA-15 was 95 % after 60 minutes, INDO released
from MCM-41 was 70 % after 60 minutes, crystalline
INDO release was 60 % after 60 minutes.
Naproxen (NAP) SBA-15 923 9.32 1.20,41.4% Phosphate buffer (pH = 6.8), NAP released from SBA-
MCM-41 1078 2.14 0.97, 21.5% 15 was 100% after 30 minutes, NAP released from
MCM-41 was 100% after 30 minutes, crystalline NAP
release was < 5% after 30 minutes.
Piroxicam (PIR) MCM-41 803 3.21 0.65, 14.1% SGF (pH = 1.2) PIR released from MCM-41 was 88.4%
SBA-15 610 8.4 0.97,12.0% after 30 minutes, PIR released from SBA-15 was 85 %
after 30 minutes.
Crystalline PIR release was 53.3 % after 30 minutes.
Resveratrol (RES) | Mesoporous 682 9.19 1.47,41.3% In 0.5% aqueous solution with Tween 80 as
silica dissolution medium, RES released from MSM was
microspheres 97.6% after 5 minutes, compared to crystalline RES of
(MSM) 60.7%.

Table 1.8: summary of the physicochemical properties of MSPs and class Il drug compounds with known
antioxidant/anti-inflammatory properties. SGF = simulated gastric fluid, SIF simulated intestinal fluid. Table
modified from [161].

PB is an extreme example of a poorly soluble drug compound, with a reported solubility in water at 4-5 ng/I
that makes it practically insoluble in biological media (Figure 1.18). Its poor solubility is a significant limitation in the
effectiveness of its pharmacological properties in the treatment of diseases associated with oxidative stress and
inflammation [107, 108, 209]. Furthermore, PBs low solubility makes it extremely challenging to achieve high oral
bioavailability, as it is estimated only 2-8% of Probucol is absorbed from the gastrointestinal tract [210]. The

overall aim of this thesis was to investigate how differences in the textural properties of MSP affect the physical
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properties of the loaded drug including probucol and other insoluble drug compounds, and to identify how
changes in the physical properties of the loaded drug affected its solubility. This is followed by in vivo studies
to determine whether an enhancement in oral pharmacokinetics can be achieved in PB released from MSP
following oral administration in rats. Furthermore the in vitro model of BBB and in vivo model of oxidative
stress in zebrafish was used to evaluate the pharmacological properties of the drug compound released from

MSP.

piroxicam 0.143
ibuprofen
naproxen
simvastatin
flurbiprofen 0.008
celecoxib 0.00503
carvedilol 0.00444
pioglitazone 0.00442
indomethacin 0.00242
glibenclamide 0.00206

atorvastatin 0.00063

probucol ] o0.00000418

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
solubility (mg/ml)

Figure 1.18: Summary of the solubility in water of pharmaceutical drug compounds with reported antioxidant and
anti-inflammatory properties. These include NSAIDs (piroxicam, ibuprofen, naproxen, flurbiprofen, indomethacin),
statins (simvastatin, atorvastatin), beta-blockers (carvedilol), thiazolidinediones (pioglitazone), and sulfonylureas
(glibencladmide). Values taken from drugbank [211].
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Materials and methodology

2.1 Chemicals

Unless stated, all chemicals were purchased from Sigma Aldrich (Sydney, Australia) and used as received
without further purification. Biological assay kits were purchased from Sigma Aldrich (Sydney, Australia), and Abcam

(Melbourne, Australia).

2.2 Synthesis of mesoporous silica particles

In this thesis, MSPs with different structural and textural properties were synthesised. The MSPs used in

this thesis and their structural and textural properties are listed in Table 2.1:

Material Particle shape Pore structure a (A)® Pore size® Pore volume® Surface area“
(nm) (cm*/g) e
MCM-41 Spherical 2D-hexagonal 86.7 3.2 0.5 975.5
AMS-6 Spherical 3D-bicontinuous 113.2 4.7 0.7 777.3
SBA-15 Rod 2D-hexagonal 205.5 10.5 0.9 646.9

aUnit cell from powder XRD
bPore size, pore volume from nitrogen isotherm analysis of samples (see section 2.6 for details)
¢Specific surface area from nitrogen isotherm.

Table 2.1 Structural and textural properties of MSPs used in this thesis.

2.2.1  AMS-6 synthesis

The synthesis of AMS-6 follows the protocol reported previously [1]. 1.875 g C;, Alanine (Cy;Ala) was added
to 375 ml Milli-Q® water and stirred (300 rpm) overnight at 80°C, in a closed polypropylene (PPE) bottle. 1.875 g of
(3-Aminopropyl) triethoxysilane (APTES) was added to the mixture and allowed to stir for one minute at 1000 rpm,
80°C. 9.375 g of tetraethyl orthosilicate (TEOS) was added and allowed to stir at 1000 rpm, at 80°C for one hour.
The synthesis bottle was stirred at 500 rpm, 80 °C for 24 hours. The synthesis bottle was allowed to cool at room

temperature for 12 hours. The sample was filtered without further washing. The material was calcined in a furnace
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set at 550°C for 3 hours. The molar composition of the reaction mixture was Cy,Ala: APTES: TEOS: H,0 0.15: 0.19: 1:

46.13.

2.2.2 MCM-41 synthesis

The synthesis of MCM-41 followed the protocol reported previously [2]. 50 g of Milli-Q® water was added
to 2.5 g of n-hexadecyltrimethylammonium bromide (C;6TMABr) surfactant, 13.5 g aqueous ammonia (28 %) and 60
g ethanol at room temperature, in a closed PPE bottle stirring at 300 rpm for 20 minutes. 4.7 g of TEOS was added,
and the solution was allowed to stir at 300 rpm for a further 2 hours in room temperature. The synthesis bottle was
kept in the synthesis oven set at 100°C for 24 hours. Samples were filtered and washed with the mother liquor and
allowed to dry overnight. The material was calcined at 550°C for 3 hours to remove the organic surfactant. The final

molar composition of the reaction mixture was CTAB: NH3:H,0: TEOS: EtOH 0.3: 11: 144: 1: 58.

2.2.3 SBA-15 synthesis

The synthesis of SBA-15 followed the protocol reported previously [3]. 135 g of Milli-Q® water, 9.8 g of
hydrochloric acid (37%), and 3.85 g of Pluronic P123 was added and kept at 40°C in a closed PPE bottle stirred at 500
rpm for one hour. TEOS (8.19 g) was added and the mixture was stirred at 300 rpm, 40°C for 24 hours. The synthesis
bottle was kept inside the synthesis oven at 100°C for 48 hours. The samples were filtered without washing, and
dried at room temperature overnight. The material was calcined at 550°C for 3 hours. The molar composition of the

reaction mixture was P123: H,O: HCl: TEOS 0.48: 16.67: 1.21: 1.

2.3 Drug compounds used in this thesis

The drug compounds used in this thesis are Albendazole, Indomethacin, Hydrocortisone, and Probucol.
Their physical properties are listed in Table 2.2. All drug compounds are commercially available from Sigma and were

used as received without further purification.
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Drug compound MwW Water solubility Clog P Melting Therapeutic indication

(g/mol) (mg/L) point (°C)
Albendazole 265.3 0.02 3.1 202 Anti-fungal
Indomethacin 357.8 0.9 3.2 159 Anti-inflammatory
Hydrocortisone 362.4 0.2 10.5 211 Anti-inflammatory
Probucol 516.8 4.1x10° 8.9 125 Anti-inflammatory/antioxidant

Table 2.2 Physical properties of drug compounds used in this thesis. All values were taken from drug bank [4]

2.4 Drug loading within mesoporous silica

Calcined MSP (1 g) was dispersed in 250 ml ethanol and sonicated for 30 minutes. 100 mg (10 wt%), 200
mg (20 wt%) or 300 mg (30 wt%) of the drug compound was dispersed in the above MSP ethanol solution and stirred
at 300 rpm, in room temperature for 30 minutes. The solvent was evaporated using a rotary evaporator (stirring rate
100 rpm, bath temperature 40°C) connected to a programmable vacuum pump. The pressure ramp was 800 mbar

for 30 minutes, 500 mbar for 30 minutes, and 30 mbar for 30 minutes, to ensure full removal of the solvent.

2.5 Drug dissolution measurements

Dissolution profiles of pharmaceutical drug compounds from mesoporous silica were measured in
simulated intestinal fluid (SIF, pH 6.8) under sink conditions. The chemical composition of SIF was 0.896 g NaOH,
6.80 g KH,PO4 in 1 L Milli-Q® water [5]. Drug loaded mesoporous materials (30 mg) was loaded in size 3 gelatine
capsules and added to a dissolution vessel containing 900 ml of SIF. Commercially available pharmaceutical drug
compounds unloaded in mesoporous silica were used as standards for comparison. Dissolution vessels were placed
in a dissolution bath maintained at 37°C and under constant stirring at 50 rpm. A USP II dissolution apparatus (708-
DS dissolution apparatus, Agilent Technologies) equipped with a peristaltic pump and Cary 60 UV-Vis

spectrophotometer was used to measure the rate of drug release at regular intervals over a period of 24 hours.

2.6 Characterisation techniques

2.6.1 X-ray diffraction (XRD)

Powder XRD is a crystallographic technique used to determine the atomic and molecular structure of

crystalline or periodic materials [6]. The material to be analysed is irradiated with incident X-rays. The constructive
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interference between the incident rays with planes of atoms arranged symmetrically with a separation distance, d,
is measured. A diffraction peak is obtained when conditions of the Bragg’s law are met [7, 8]. The Bragg’s law relates
the wavelength of the electromagnetic radiation to the x-ray incident angle, diffraction angle and the lattice spacing

in the material:

2dsin® = nA (2.1)
where d is the interplanar spacing dnq (hkl = miller indices), © is the bragg angle (26 is the angle between incident
and reflected beam), n is the order of the interference (normally n = 1) and A is the wavelength [8]. Scanning the
material through a range of 28 angles allows for the detection of all possible diffraction directions of the crystal

lattice.

The diffraction peaks in XRD scans of mesoporous materials provide information of the porous structure of the
material [9-11]. For example, the diffraction pattern of MCM-41 mesoporous material typically includes three to five
reflections of between 1-10° 26 (Figure 2.1). The reflections are due to ordered hexagonal array of parallel silica
pores and can be indexed assuming a hexagonal unit cell as (100), (110), (200), (210), and (300) reflections [2]. As
the materials are not crystalline at the atomic level, no ordered reflections are observed at higher angles except for

a broad peak between 20 -26° 26 due to disordered Si-O-Si bonds in the silica wall.

100

intensity
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200
210
300

05 1 15 2 25 3 35
20

Figure 2.1: XRD scan of a MCM-41 mesoporous silica particle.

The XRD of crystalline pharmaceutical drug compounds are characterised by sharp diffraction peaks
between 10-60° 26. In drug loaded mesoporous silica, drug loading results in an amorphous form characterised by
XRD patterns showing broad, diffuse scattering band containing no sharp diffraction peaks. The presence of
crystalline material on the external surface of silica particles of drug loaded samples is identified by diffraction peaks

between 10°- 60° 26.
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All XRD analysis was performed using a Bruker D8 Discover diffractometer equipped with Cu-Ka radiation as X-Ray

source (A = 1.5406A). Data were collected and analysed with the DIFFRAC.SUITE™ software (Bruker).

2.6.2 High energy X-ray diffraction (HE-XRD)

HE-XRD uses X-rays with electromagnetic energies of 60-150 keV or approximately one order of magnitude

higher than conventional X-rays [12, 13]. The main advantages of using HE-XRD are:

1) The high penetration of the X-ray allow for experiments to be conducted in air with minimal polarisation
effects [14].
2) Damage to biological samples from radiation are minimised, as high resolution data can be obtained with

very short exposures to the X-ray beam [14, 15].

In this thesis, HE-XRD experiments were performed at the 11-ID-C beam line of the Advanced Photon Source,
Argonne National Laboratory. Samples were loaded into 1mm Kapton capillaries for diffraction measurements

performed at 115keV.

2.6.3 Pair distribution function analysis (PDF)

PDF, also known as total scattering analysis, is an analytical technique used to acquire structural information
on amorphous materials by using the complete (Bragg and non-Bragg) scattering XRD pattern [16]. The local atomic
structure of disordered materials can be described quantitatively using the PDF. The HE-XRD scan of the material is
corrected by data reduction steps including the removal of the background scattering (air or vacuum) for the
extraction of a total X-ray structure factor, S (Q). This function is fourier transformed to provide an average
probability function of all the atomic positions in the material, i.e. called the radial or pair distribution function Gy(r)
[17]. The PDF describes the probability of finding two atoms separated at a certain distance in a lattice [17]. Other
information that can be acquired include average bond angles, co-ordination numbers, and development of a

structural model that fits the PDF function [14].

Background corrected HE-XRD patterns are first converted into scattering functions S(Q) via:

10 (@)= Ty If (@)1
S(Q) =14 — =i el 2.2
@ =1+— or (2.2)
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Where c¢; and f; are the atomic concentration within the sample and X-ray scattering factors respectively, Q is the
magnitude of the wave vector [17]. The Fourier transformation of Q[S(Q) — 1] was used to obtain atomic pair

distribution function:

2\ rQ .
G() = (2) [2™QIS(@) — 1] sin(Qr) dQ (2.3)
Conversion of HE-XRD data into atomic PDFs was done with the program RAD [18].

2.6.4 Scanning electron microscopy (SEM)

SEM was used for the visual inspection of the shape and particle size of mesoporous silica. SEM was also

used to observe for the presence of crystalline drug material in drug loaded silica materials.

An electron source, commonly a tungsten filament, generates an electron beam that interacts with the surface of
the sample. This results in the emission of different signals from the sample surface, including secondary electrons,
backscattered electrons, and X-rays [19]. The signals are captured by detectors in order to produce images of the
particle morphology. SEM imaging is typically performed under vacuum. In this thesis, SEM images were captured
with a JEOL 7100F field emission SEM hot Schottky electron gun (1.2 nm resolution). Samples were prepared without

gold coatings and imaged at magnifications between x1000-x30000, at 1.5 kV using gentle beam mode.
2.6.5 Nitrogen sorption isotherm

Nitrogen (N>) sorption isotherms were used to determine the changes in textural properties of mesoporous
silica, before and after loading pharmaceutical drug compounds, including surface area, pore volume, and pore size.
A N, sorption isotherm plot is the amount of gas adsorbed on the surface at a fixed temperature that is plotted as a

function of pressure.

In a typical N, sorption isotherm experiment, the process of adsorption begins with the formation of a monolayer of
N, adsorbed onto the surface of the material, followed by a multilayer formation [20]. The adsorption process takes
place at a temperature below the critical point of nitrogen, as under this temperature the amount of gas adsorbed
on the material increases with the increase in pressure [21]. There are six different types of adsorption isotherm
plots based on the IUPAC recommendation (Figure 2.2) [22]. Mesoporous materials is categorised as type IV isotherm

curve based on the adsorption and desorption of N, from the surface and pores.
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Figure 2.2: Six isotherm types as classified by IUPAC [22]
Different mathematical models can be used to describe the adsorption and desorption process. In this
thesis, the surface area was determined by using the BET (Brunauer-Emmett-Teller) model of multilayer adsorption

[23]. This is based on the following hypotheses:

1) Gas molecules undergo physical adsorption on the solids and can form multiple layers;
2) Gas molecules interact with adjacent layers;

3) Langmuir theory can be applied to each adsorbed layer
The BET equation thus follows:

P 1 (c-1)P

V(Po—P)  cVip = cVimPo

(2.4)

where P and P, are the equilibrium and saturation pressure of the adsorbate at the temperature of adsorption, Vis

the adsorbed gas quantity, V,, is the monolayer adsorbed gas quantity and c is the BET constant [23].

The density functional theory (DFT) method was used in the calculation of the pore size distribution (PSD) of

mesoporous silica assuming a cylindrical pores geometry [24].

N, adsorption isotherm measurements were performed with a Micromeritics TriStar Il Surface Area and
Porosity instrument and the data were analysed with the TriStar Il 3020 software (Micromeritics). Prior to the
experiments, samples were degassed to remove adsorbed gas or vapor. This was achieved by heating the sample
under vacuum. A micromeritics VacPrep 061 sample Degas System was used to degas MSP samples at 60°C, and at

40°C for drug loaded MSP samples overnight prior to N, adsorption desorption experiments.
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2.6.6  Thermogravimetric analysis (TGA)

TGA was used to determine the loading amount of pharmaceutical drug compounds in mesoporous silica.
Generally, this is based on heating the sample at a set heating rate from 20 to 900°C in air or oxygen. The amount
of drug loaded in mesoporous silica is calculated from the weight loss from the decomposition of drug molecules

between 150°C - 650°C.

TGA was performed on a TGA 2050 Thermogravimetric Analyser by TA Instrument (Delaware, USA). The
data were collected and analysed by the TA instrument (Universal Analysis 2000, 3.0 G) software. The mass of the
samples analysed varied between 5 and 10 mg, the heating rate was 10 °C/min, the temperature was increased from

25 °Cto 1000 °C and the gas flow rate was 50 ml/min.
2.6.7 Differential scanning calorimetry (DSC)

A DSC records the change in the heat flow as the sample is heated at a linear rate to a specific temperature.
Changes in heat flow provide information regarding the physical properties of the material [25]. In the first example
(Figure 2.3 a), an increase in heat flow is required to increase the temperature of the sample, which is indicative of
a change in the sample’s heat capacity (AC,). The temperature associated with the AC, can be used to determine the
glass transition temperature of some drug compounds [26, 27], where the material changes from a glassy, solid form
to a more viscous state [27].

endothermic | a) | b)
endothermic

heat flow heat flow
exothermic exothermic
Te temp——» T T Tm  temp—»

g c

Figure 2.3: Representative DSC scans and important parameters, Tgis glass transition of temperature, AC,, change
in heat capacity, T, crystallization temperature, T, melting temperature.

In the case of the crystallisation temperature (T.), the material is experiencing an exothermic phase transition,

characterised by a reduction in heat flow as the material transitions from the amorphous to crystalline form (Figure
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2.3b) [28]. The melting temperature indicates the material is experiencing an endothermic phase transition,
characterised by the increase in heat flow required to melt the crystalline material. The amorphous or crystalline

content in a given sample can be estimated from the enthalpy of fusion in the given equation below.
Xc (%) = (AH/AHy) /100 (2.5)

where AH, is the enthalpy of fusion of the sample and AH,, is the enthalpy of fusion of the crystalline material, both

of which can be derived experimentally from the DSC trace of the sample [28, 29].

In this thesis, DSC measurements were performed with a DSC 2010 Differential Scanning Calorimeter by TA
Instruments (Delaware, USA). Data were collected and analysed with Advantage Software. The mass of the samples
analysed varied between 3 and 5 mg and the nitrogen flow rate was 50 ml/min. The method used to heat the samples
was the following: the temperature was increased from 20°C to 200°C (heating rate= 10°C/min), then maintained at
200°C for 15 minutes; subsequently, the temperature was decrease to 20°C (cooling rate = 10°C/min) and maintained

at 20°C for 15 minutes; a second heating/cooling run was performed in the same way.

2.7  Cell culture in vitro experiments

In vitro cell experiments were conducted using BV2 (brain microglial cell line from C57BL/6 mice) and
hCMEC/D3 (human brain endothelial) cell lines. Cells were seeded on 24 or 96 well plates and incubated at 37 °C
with 5% CO2, 95% fresh air, until ~ 95% cell confluency was reached. Initial experiments investigated the effect of
H,0; and LPS at different concentrations on cellular viability, ROS production and inflammation. Further studies were
conducted to investigate the antioxidant and anti-inflammatory properties of the test compounds released from
mesoporous silica as compared to the crystalline drug. The test compounds used for the in vitro experiments are

represented in Figure 2.4:

e OH HO OH
(o]
Probucol (PB) Indomethacin (INDO) Ascorbic Acid (Asc)

Figure 2.4: Test compounds used for in vitro analysis loaded into mesoporous silica AMS-6 and in their
crystalline form. A model of the mesostructure of AMS-6 is shown on the left.
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Test compounds at 1, 10, 50, and 100 uM of the active ingredient were used for the in vitro experiments.
Drug loaded within mesoporous silica AMS-6 is denoted by the drug loaded amount (e.g. 30 wt/wt%). The general

method for seeding cells on a 24 or 96 well plate for the in vitro cell experiments were as follows:

Transfer suspension Discard supernatant.
Wash cells (PBS 5 ml). to a 15 ml tube with Resuspend pellet in
Add TryPLE™ (5 ml). —» media (5 ml). —> media (5 ml). —> Experiments
Incubate 5 min, at 37 °C. Centrifuge (500 rcf for Seed cells on 24 or 96
5 min). well plate.

Figure 2.5: General method used to seed cells on 24 or 96 well plates.

2.7.1 Cell viability assay

The Muse® Count and Viability Assay (abacus dx, Meadowbrook, QLD) utilises a mixture of two fluorescent
DNA intercalating dyes in a single reagent that differentially stains viable and non-viable cells [30]. A DNA binding
dye stains the nucleus of dead and dying cells (non-viable) that have lost their membrane integrity, while viable cells
with an intact membrane are not stained by the dye. A second, membrane permeable DNA staining dye stains all
cells with a nucleus, allowing for the differentiation between nucleated cells and debris or non-nucleated cells [30].
The Muse® cell system analyser counts all stained events, and differentiates between free nuclei and cellular debris
from viable nucleated cells based on cell size properties. Samples are analysed on the Muse® Cell Analyser using a
guided touchscreen user interface. Results are displayed on the Muse® cell analyser screen as a plot of two cell

populations; percentage of viable nucleated cells and percentage of nucleated non-viable cells.

Cell viability was measured at different time points following the incubation of cells in media containing LPS
or H,0; together with different concentrations of the test compounds. The following method was used to conduct

cell viability experiments using a confluent 24 well plate:

Transfer cell Discard supernatant.
Add media (0.5 ml) with Wash with PBS (0.5 ml). suspension to 15 ml Resuspend pellet in
test compounds. —> Add TryPLE™ (1 ml). —» tube with media (5 ml). —» PBS (0.5 ml).
Incubate for 24 hr at Incubate (5 min) at 37°C. Centrifuge (500 rcf, for Add 100 pl Muse® cell
37°C. 5 min). viability assay.

Figure 2.6: Method for sample preparation and analysis using the Muse® cell viability assay.
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2.7.2  Muse’ Oxidative stress kit

The Muse® Oxidative stress kit (abacus dx, Meadowbrook, QLD) allows for the quantitative measurement
of cellular populations undergoing oxidative stress based on the intracellular detection of O,*. The Muse® oxidative
stress reagent is based on the cell permeable dye dihydroethidium [31]. The dye is oxidised in the presence of O,
forming the DNA-binding fluorophore ethidium bromide, staining the nucleus of cells under oxidative stress with red
fluorescence [31]. With this assay, it is possible to differentiate between the percentage of cells that are not under

oxidative stress (%ROS - cells), against cells that are under oxidative stress (%ROS + cells).

Oxidative stress was measured at different time points following the incubation of cells in media containing
LPS or H,0, together with different concentrations of the test compounds. The following method was used to

measure levels of cellular oxidative stress using a confluent 24 well plate:

Add media (0.5 ml) with Wash with PBS (0.5 ml). Transfer cell su.spensioh Discard supernatar}t.
test compounds. Add TryPLE™ (1 ml). to 15 ml tube with medlag» Resuspend pellet in
Incubate for 24 hr at Incubate (5 min) at 37°C. (5 ml). PBS (0.5 ml).
37°C. Centrifuge (500 rcf, for 5 Add 100 pl Muse®
min) oxidative stress assay.

Figure 2.7: Method for sample preparation using the Muse® oxidative stress kit. Samples were run in the Muse®
cell analyser.

2.7.3 The 2’,7’-Dichlorodihydrofluorescein diacetate (DCFDA) reactive oxygen stress dye
The cell permeable, non-fluorescent molecular probe 2’,7’-Dichlorodihydrofluorescein diacetate (DCFDA)

was used for the detection of intracellular ROS including O3, H,0,, OH and NO* [32]. DCFDA diffuses into cells and
is deacetylated by cellular esterases to the non-fluorescent, 2’,7'-dichlorodihydrofluorescein (H,DCF) product that
remains in the cell (Figure 2.8) [32]. The presence of intracellular ROS oxidises H,DCF to the fluorescent 2’-
7’dichlorofluorescein (DCF), which can be detected using a fluorescence plate reader at 485 nm excitation (Ex) and

535 nm emission (Em) wavelength respectively [32].
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cell membrane
cytoso

esTersases ROS-sensitive

Figure 2.8: Schematic of ROS detection by the DCFDA. Diffusion of the DCFDA probe across the plasma membrane
of cells occurs where it is converted to H,DCF by intracellular esterase enzyme. H,DCF is oxidised by cellular ROS
molecules to form the highly fluorescent DCF compound.

The following method was used to measure ROS/RNS production in a confluent 96 well plate:

Add 0.1 ml of media Incubate at 37°C, for 45 min. Add media (0.1 ml) Measure the fluorescent
containing DCFDA. —» Remove the DCFDA solution. » containing test samples ___y, intensity in microplate
Wash cells with PBS. into the wells. reader set at 485/535 nm

(Ex/Em)

Figure 2.9: Method for sample preparation and analysis using the DCFDA probe.

2.7.4 Nitric oxide assay

As NO® has an extremely short half-life of a few seconds, the stable decomposition products nitrite (NO;)
and nitrate (NO3") are typically measured to determine the total NO® levels in biological fluids [33]. Levels of NO,
are typically low, as it is rapidly oxidised in vivo to NOs™ which has a longer half-life of between 5-8 hours [34, 35].
The nitric oxide assay kit (ab65328, abcam, Melbourne) was used to measure total NO,” and NOs™ levels, which
provides an indirect measurement of NO°. Using the reagents provided by the assay kit, NO3™ is reduced to NO,™ by
the nitrate reductase enzyme. The addition of Griess reagents result in the generation of dinitrogen trioxide (N,0s),
from acidified NO,", and the reaction between N,03 with sulphanilamide to produce a diazonium ion that is coupled
to N-(1-napthyl)ethylene diamine in the formation of the chromatic azo product. The chromatic azo product is

measured in a microplate reader at the absorption wavelength of 540 nm [36].
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The following method was used to prepare samples for analysis of total NO* levels from a confluent 24 well plate:

i i Add 0.5 ml assa
Add me.dl.a (0.5 ml) Wash cells with PBS. Transfer suspension y
containing test Add TryPLE™ (1 ml) into a 15 ml tube. buffer.
compounds. v ) ° —» Centrifuge (500 rcf, for —®  Centrifuge (30,000
Incubate (5min) at . . o
Incubate for 24 hr at 37°C 5 min). rpm, 5 min, 4 °C)
37°C. ’ Remove supernatant. Collect supernatant.

Figure 2.10: Method for the sample preparation.

The following method was used to analyse levels of total NO® as recommended by the supplier:

Add 5 pl enhancer

Add standard and Add 5 pl of nitrate solution. Measure optical
sample (85 pl) into reductase. Incubate at room temp _ density of each well
the well (96 well Incubate at room for 10 min. on a microplate
plate). temp for 1 hr. Add Griess reagent R1 reader set at 540 nm.
and R2 (50 pl).

Figure 2.11: Method for the analysis of NO* levels in samples.

2.7.5 Peroxynitrite assay

The peroxynitrite assay kit (ab233469, abcam, Melbourne) contains the peroxynitrite sensor green,
which specifically reacts with peroxynitrite (ONOO") in solution to form a bright green fluorescent product, and
the fluorescent intensity can be measured on a microplate reader at Ex/Em wavelength of 490/530 nm. The

following method was used to measure levels of ONOO"in a confluent 24 well plate:

Add peroxynitrite

Add media (0.5 ml) with i Measure fluorescence
( d) Transfer the media sensor green solution . . 490/530
test compounds. »  from each sample to R (50 ) intensity at
Incubate for 24 hr at 96 well plate. Incub H- nm (Ex/Em), every 5
37°C. R L mins for 1 hr.

temp for 10 mins.

Figure 2.12: Method for the analysis of peroxynitrite in samples

2.7.6 COX enzyme activity assay

Arachidonic acid, together with phospholipids, is an integral part of the cellular membrane and is released
into the intracellular compartment by the hydrolytic action of phospholipases [37]. Using arachidonic acid as the

substrate, the COX enzyme catalyses two sequential enzymatic reactions; the first is the addition of molecular oxygen
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at carbon 11 of arachidonic acid to form prostaglandin G, (PGG;; the cyclooxygenase reaction), and the reduction of
PGG, to prostaglandin H, (PGH,; the peroxidase reaction) by the addition of molecular oxygen at carbon 15 [38].
PGH, is subsequently converted to biological active eicosanoids such as prostaglandin E; (PGE;) by the synthase
enzymes [37]. There are two isoforms of the COX enzyme, COX-1 and COX-2. Both isoforms are membrane
glycoproteins located in the membranes of the nucleus and endoplasmic reticulum. Both COX-1 and COX-2 have
similar molecular weights (70 and 72 kDa respectively), tertiary structures, and perform the same catalytic reactions

[371[39].

The COX activity assay kit (ab204699, abcam, Melbourne) measures the peroxidase activity of the COX
enzyme; the addition of 10-acetyl-3,7-dihydroxyphenoxazine (ADHP) is oxidised by the COX peroxidase to generate
resorufin, a highly fluorescein compound [38]. The fluorescent intensity of resorufin is analysed by a microplate

reader set at 530/585 nm (Ex/Em) wavelength (Figure 2.13) [38].

—)

COX peroxidase

ADHP Resorufin Ex/Em

(530/585 nm)

Figure 2.13: The molecule 10-acetyl-3,7-dihydroxyphenoxazine (ADHP) is oxidised by COX peroxidase to the
fluorescent molecule resorufin.

The following method was used to prepare samples from a confluent 24 well plate:

Discard supernatant.

Add media (0.5 ml) with Wash with PBS. Transfer suspension to Add cell lysis buffer
test compounds. 5 Add TryPLE™ (1 ml). > 15 ml tube. _ (5ml).
Incubate for 24 hr at Incubate 5 mins, at Centrifuge (500 rcf for Centrifuge (12,00 rcf for
37°C. 37°C. 5 min). 10 min, at 4°C).

Collect supernatant.

Figure 2.14: Method for collecting samples for COX enzyme analysis

The following method was used to analyse levels of COX enzyme activity:

Prepare reaction mix

Prepare resorufin (22 pl COX probe, 44 pl Add DMSO (2 pl), Measure fluorescent
standards. COX solution). reaction mix (68 pl), intensity at 530/585
Defrost samplesand > Add standard and —»  andarachidonicacid > nm (Ex/Em) every 15
reagents at room sample (20 pl) into 96 (20 pl) into each well. seconds for 30
temp. well plate. minutes.

Figure 2.15: Preparation of standards and samples for COX enzyme analysis
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2.7.7 Prostaglandin E; Assay

The PGE; ELISA (enzyme-linked immunosorbent assay) kit (ab136948, abcam, Melbourne) was used to
quantify levels of PGE, in the cell culture media from test samples. This method follows the basic principles of ELISA,
where a monoclonal PGE; antibody binds in a competitive manner to PGE; present in the cell culture media, or to a
PGE; covalently linked with an alkaline phosphatase molecule [40, 41]. The monoclonal antibody then binds to a
goat anti-mouse 1gG antibody (capture antibody) pre-coated onto 96 well plate. Excess reagents are washed away,
and a chemiluminescent (Lumiphos 530™ CLIA substrate) substrate is added that reacts with the bound PGE;.alkaline
phosphatase conjugate to produce light emission at 530 nm. The intensity of the emitted light is inversely

proportional to the concentration of PGE; in the samples.

The following method was used to prepare samples from a confluent 24 well plate:

Add media with test Transfer the media Centrifuge 5000 rpm
compounds (0.5 ml).  —® into Eppendorf tubes —» 5 mins ’ —»  Collect supernatant.
Incubate for 24 hours. (1.5ml). ’

Figure 2.16: Method for collecting samples for PGE; analysis

The following method as recommended by the supplier was used to analyse PGE; levels:

Add alkaline
Prepare PGE, standards. phosphatase (50 uM), Empty and wash well. Measure the optical
Add standard and » PGE,antibody (SOpl). _p AddCLIAsubstrate (200 ). density in microplate
samples (100 pl) to 96 Incubate at room temp Incubate at room reader set at 530 nm.
well plate. for 2 hrs temperature for 1 hr.

Figure 2.17: Preparation of samples and standards for PGE; analysis

2.8 Invitro BBB model

A transwell® cell culture plate (Corning® Transwell® Polyester membrane cell culture inserts, 24 well, 6.5
mm Transwell® with 0.4 um pore polyester membrane insert, Sigma, Australia) was used to establish an in vitro BBB
model consisting of a monolayer of human brain endothelial cells seeded on the membrane of the transwell® insert
(Figure 2.18). When cells on the transwell® membrane were approximately 90 % confluency (~ 5-6 days post
seeding), test samples can be introduced in the upper compartment of the insert, and the integrity of the BBB can

be investigated by measuring transendothelial electrical resistance (TEER) or permeability to tracer compounds [42-
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44]. Initial experiments were conducted to develop a neuroinflammatory model of the BBB using LPS as the pro-
inflammatory stimulus. Subsequent studies were conducted to investigate the effectiveness of the test compounds

with antioxidant and/or anti-inflammatory properties in maintaining the integrity of the BBB.

€« —— Transwell®insert

Upper compartment

Test compound —]

Endothelial cell
____________ <4—L——— Membrane

Lower compartment

A

Figure 2.18: The in vitro model of the blood brain barrier. Brain endothelial cells were grown on the membrane of
the transwell® insert. Cell culture media was added to the upper and lower compartment of the transwell® insert.

The following method was used to prepare the in vitro BBB model following protocols reported previously

with slight modifications [45, 46]:

Add type | collagen (0.5 Wash the membrane (PBS) Seed cells on the Conduct experiments
ml) on the transwell® Add media to the membrane. when cells reached
membrane. —»  membrane (100 ul) and —»  Placeinincubator. —» confluency (approx. 5-
Incubate at room temp bottom well (600 wl). Replace media every 6 days).
for 1 hr. 2-3 days.

Figure 2.19: method for the development of the in vitro BBB model.

2.9 BBB permeability studies

2.9.1 Transendothelial electrical resistance (TEER)

In this thesis, the integrity of the BBB was measured by two methods: 1) Measure of the TEER across the
BBB, and 2) the permeability of the BBB to tracer compounds. The key difference between the two methods is TEER
is a measure of the integrity of tight junctions by ionic conductance, whereas the permeability coefficient calculated

from the flux of tracer compounds across the BBB is an indication of the pore size of the tight junction [47, 48].
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The Millicell® ERS-2 voltohmmeter (Merck Millipore, Bayswater, Australia) was used to measure the TEER
of the in vitro BBB. In a typical experiment, one electrode is placed in the upper and lower compartment of the
transwell® insert (Figure 2.20). The pair of electrodes are 4 mm wide by 1 mm in thickness, and contains a silver/silver
chloride pellet for the measurement of voltage. Resistance in ohms (Q) is calculated based on the ratio of the applied

alternating current (AC) and the measured current, as per Ohm’s law [49].

7 _

A/Electrode

Layer of endothelial cells

4—Electrode

Figure 2.20: Representation of the TEER apparatus to measure the permeability of the in vitro BBB. Voltage is
applied across the two electrodes, and the resistance is calculated based on the applied voltage and the measured
current. TEER values are recorded in ohms (Q).

The TEER measurements were conducted to measure the effect of LPS on the integrity of the BBB. This was followed
by TEER measurements of the test compounds added together with LPS in the BBB model. The test compounds used
in this thesis were indomethacin, ascorbic acid, and probucol with or without loading in mesoporous silica at 1, 10,

50, and 100 pM of the active ingredient.

The TEER measurements were taken at time points of 2, 4, 6, and 24 hours for each sample. After 24 hours,

permeability of the BBB to tracer compounds were performed.

The following method for taking TEER measurements was used on a confluent transwell® plate:

Add 150 pl media with

test compounds on the Sterilise the electrodes Insert the electrodes ' .
membrane. — with ethanol. into the upper and Take time point TEER
Place the transwell® Wash with PBS and lower compartment of measurements.
plate inside the media before use. transwell® insert.
incubator.

Figure 2.21: Taking TEER measurements on a transwell® plate.
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2.9.2 Method for calculating TEER for test compounds

The following method was used to calculate the TEER of each test compound used in the in vitro BBB
permeability studies. A TEER reading across the transwell® membrane without cells was measured (Rpjiank membrane),
and a TEER measurement across the transwell® membrane with cells was taken (Riotal). The sample specific resistance

(Rsample) in ohms, is calculated as:

Rsample = Rtotal_ Rblank membrane (26)

This Rsample Value is multiplied by the effective surface area (Marea) Of the transwell® membrane [42] [50] (6.5 cm? is

the surface area of the transwell® membrane used in this thesis):
TEERsample = Rsample (0hMS) X Marea (cm?) (2.7)

The TEERsample Value for each sample is reported in Q.cm?.

2.9.3 Permeability of the BBB to tracer compounds

FITC-dextrans are polysaccharides varying in lengths of branched glucose molecules, and are commercially
available in molecular weights from 4 — 70 kD (Figure 2.22). Advantages of FITC dextrans compared to other tracer
compounds are: it is an inert compound that does not affect cellular function, are non-reactive with serum proteins,

and are retained within cells of the BBB under normal conditions [51].

Figure 2.22: FITC labelled dextran molecule. FITC molecule is represented in red.

In this thesis, FITC dextran of two sizes, a smaller 3-5 kDa, and a larger 59-77 kDa was used to determine
the effect of LPS with or without test compounds on the integrity of the BBB. The smaller FITC dextran size is
representative of small molecules and electrolytes, while the larger FITC dextran is the typical size of larger

biomolecules including proteins, such as albumin which has a molecular weight of 66.5 kDa [52, 53].
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The following method was used to conduct permeability measurements following the protocol reported previously

Transfer 50 pl of

Add media containing media from bottom Prepare FITC dextran Measure fluorescence
FITC dextran (1 mg/ml) —» well to a 96 well plate —» standards. — intensity at 480/520
onto transwell® every 15 minutes for 2 Add 100 pl of standard nm (Ex/Em).
membrane. hours. to the 96 well plate.

Figure 2.23: Method for taking permeability measurements of FITC dextran.
2.9.4 Method for calculating the permeability coefficient (Pe)
Permeability coefficients take into account the difference in the permeability of FITC dextran across the
transwell® membrane with and without cells. The concentration of the FITC dextran added to the top (abluminal) of
the transwell® membrane and collected from the bottom (luminal) well of the transwell® plate was calculated for

each time point based on the standard calibration curve of FITC dextran. The cleared volume across the transwell®

membrane was calculated for each time point using the following equation [55]:
Cleared volume (uL) = FITC concentrationapiuminal X VOlUME abjuminal / FITC Concentrationjuminal (2.8)

The average cleared volumes were plotted versus time in minutes for each sample. Clearance slopes for the empty
transwell® membrane (PSinsert) and the transwell® membrane with endothelial cells following treatment with LPS
and the test compounds (PStest +celis + insert) Were calculated using linear regression analysis, and used to obtain the

permeability product of the test compound (PStest+celis) [55]:

1/Pstest+cells = 1/Pstest+cells+insert - 1/Psinsert (2-9)

Permeability coefficients (Pe) for each test compound was derived by dividing the PSiest+celis Value by the surface area

of the cell culture insert. Data are presented with units of x 10® cm/sec.

2.10 Cellular uptake of PB studies

2.10.1 Preparation of endothelial cells for cellular uptake studies

Cellular uptake of PB released from AMS-6 compared to crystalline PB were conducted to relate differences

in the pharmacological properties of the drug compound with the intracellular drug concentration as determined by
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high performance liquid chromatography (HPLC). This was conducted in an in vitro experiment with endothelial cells

grown on 24 well plate.

The following method was used to prepare samples for the analysis of PB cellular uptake using a confluent 24 well

plate:
; q Remove media, wash Filter each sample
Add media (1 ml) with . Add cell lysis buffer, and . P
with PBS. (0.45 pM) into HPLC
test compounds. > - —» acetonitrile. —> ;
Incubate for 24 hrs, Add TrypleE™ (1 ml). Centrifuge (5000 rpm vials.
37°C Incubate for 30 mins. g \ pm, Prepare probucol
. 10 mins).

standards.

s

Analysis performed on
HPLC.

Figure 2.24: Method for the in vitro cellular uptake of PB experiments.
2.10.2 High performance liquid chromatography

The HPLC was used in this thesis for the detection, and quantification of PB in samples from in vitro cellular
uptake studies [56]. The basic principle of the HPLC is the separation and detection of the compound of interest in a
sample by a mobile and stationary phase. The mobile phase is a mixture containing Milli-Q® water with the addition

of polar or non-polar organic solvents maintained at a specified flow rate through the HPLC by a high pressure pump.

The stationary phase is the HPLC column. A typical example is a C18 HPLC column packed with silica particles
with long hydrocarbon chains that make it non-polar [57] [58]. If a polar solvent is used with a non-polar stationary
phase, polar compounds in the sample will have a stronger attraction to the solvent and will pass through the column
quicker as compared to a non-polar compound. This is known as the retention time of the compound, which is the
time it takes the compound to travel through the column to the detector. The retention time can be used to separate
compounds in the sample and is dependent on the solvent flow rate, the composition of the HPLC column, the

composition of the solvent, and the temperature of the column [57].

64| Page



The detector unit detects the compound of interest after leaving the HPLC column. This is based on the
absorption of UV light at different wavelengths by the organic compound [57]. UV light is shone through the liquid,
and a UV detector detects the amount of light that is absorbed, which will depend on the amount of the compound
passing through the column. This will be displayed as a series of peaks on the plot of absorbance and retention time,

and the area of the peak can be used to determine the concentration of the compound in the sample [59].

In this thesis, the following HPLC (Agilent Technologies Inc., Santa Clara, CA, USA) settings was used to
quantify the amount of PB in samples collected from in vitro cellular uptake studies: The mobile phase was delivered
at a flow rate of 1.0 ml/min through a C18 column (Zobrax SB-C18, 5 um, 4.6 x 150 mm, Agilent Technologies Inc,
Santa Clara, CA, USA) at 40 °C and the detection wavelength was 241 nm. The injection volume was 1 pl. Mobile
phase consisted of acetonitrile (solvent A) and distilled water (solvent B) delivered at a gradient: Solvent A was 80%
at 0 minutes, and changed from 80% to 85 % at 3 minutes, and changed from 85% to 90% at 7 minutes for a total
run time of 10 minutes [60, 61]. An autosampler injection volume of 5 pl was used for sample analysis. Analysis was
carried out using Agilent Chem station software (V. A. 09. 01, Agilent Technologies Inc., Santa Clara, CA, U.S.A.). The
concentrations of probucol in the samples were determined by the linear equation obtained from the standard curve

(R2=0.99).
2.11 Zebrafish experiments

Zebrafish (Danio rerio) are tropical freshwater fish originating in the Ganges river of northern india [62].
Each male/female pair can mate and reproduce approximately 200-300 fertilised eggs per week. Unlike other animal
species, zebrafish embryos are transparent and develop externally from a fertilised egg, outside of the mother (figure
2.22) [63, 64]. Embryos develop inside an outer shell, called a chorion, and hatch approximately 2 days post
fertilization (dpf). The chorion can be dechorinated for experimental work at any time post fertilisation. By day 5-
6th post fertilization (dpf) zebrafish have consumed their yolk nutrients and begin free feeding [65]. Zebrafish is a

useful in vivo model to study basic cellular biology, embryo development, and the pathogenesis of diseases [66, 67].

In this thesis, an established in vivo model of oxidative stress in zebrafish [68] was used to screen the pharmacological
and toxicological profile of the test compounds. Specifically, the antioxidant properties of PB released from AMS-6

was compared to crystalline PB and ascorbic acid in embryonic zebrafish (3dpf). Experimental protocols were
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approved by Macquarie University Animal Ethics Committee (Zebrafish models of neural disorders; protocol no.
2012/050; using zebrafish to understand how the central nervous system responds to neuronal stress and death

caused by neurodegenerative diseases, 2015/033).

Figure 2.25: Embryonic zebrafish develop as a single cell from a fertilised egg (top of the cycle). The cell undergo
rapid division as the embryo grows and progresses through important stages of development. Organ development
begins approximately 16 hpf (hour post fertilisation), and after 24 hpf the complete body plan of the embryo and
organs are developed. Larvae hatch after approximately 2 dpf. Zebrafish reach sexual maturity in around 3 months
and can live up to 5 years [69].

2.11.1 General care

All experiments involving zebrafish were conducted at the faculty of medicine and health sciences at
Macquarie University. Live zebrafish were maintained by lab technicians in a water tank heated to 28.5 °C with
approximately 25 fish per tank, in distilled filtered water. Fish were fed 1-2 times per day, and water was replaced

at least once a week.

Zebrafish were maintained at a controlled daily day night cycle (14 hr light/ 10 hr dark). An equal number
of male and female zebrafish were maintained in the fish tank and were well fed with food such as liver paste and
brine shrimp. Embryos were collected in the morning from the bottom of the fish tank and transferred to petri dish

containing buffer free-E3 media (E3 media).
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Embryos (25-50 per 100 ml) were maintained in E3 media in a petri dish at 28.5°C. In this thesis, zebrafish

3 days post fertilization (3dpf) was used for the experiments.

2.11.4 Screening antioxidant properties of test compounds in zebrafish model of oxidative stress

The toxicological profile and antioxidant property of AMS-6PB, crystalline PB, and ascorbic acid were tested
in the zebrafish model at the following concentrations of the active ingredient: 25, 50, 100, 200 uM. ROS production

in zebrafish was measured by using the DCFDA probe.

The following method was used to conduct the experiments:

Add zebrafish media

. . Add 2 ml of media Wash three times
(2ml) containing test Incubate at 28.5°C, - : .
compounds into 6 well 24 hrs containing hydrogen after incubation.
> . > peroxide. »  Add media containing
plate. b EEIUIECIS Incubate at 28.5°C, 1 DCFDA and incubate
Add 0-25 fish (3dpf) after incubation. - ;
. hr. for 45 minutes.
into the well.
Measure fluorescent Wash three times
intensity measured at after incubation.
485/535 (Ex/Em). Transfer individual

fish to 96 well plate.

Figure 2.26: Method for measuring ROS in zebrafish.
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Using pair distribution function analysis to
probe the local atomic order of drug
compounds loaded within mesoporous
silica.

3.1 Introduction

The aqueous solubility of drug compounds is a key parameter in determining the bioavailability of orally
administered drugs. Advances in the fields of drug design and high throughput screening has led to the discovery of
new drug compounds that whilst potent, are highly hydrophobic, and low in solubility [1, 2]. Furthermore, the
discovery of new molecular targets with lipophilic ligands translates to the increasing need of drug molecules that
have a high degree of lipophilicity [3]. It is estimated that poorly soluble compounds account for 90 % of new
chemical entities, 75 % of compounds under development and 40 % of the top 200 oral drugs available in the USA
and Europe (Figure 3.1) [4, 5].

very soluble

W freely soluble
soluble
sparingly soluble

slightly soluble
very slightly soluble

B practically insoluble

Figure 3.1: Solubility of the top 200 oral drugs marketed in the US and Europe. Figure modified from [5].

An enhancement in solubility can be achieved by the preparation of poorly soluble drug compounds in their
amorphous form [6]. This include the preparation of the drug in the amorphous form as solid dispersions with
polymers by techniques such as co-milling, spray drying, and hot melt extrusion [7, 8]. Drugs loaded within MSPs can

stabilise the amorphous form of a wide range of poorly soluble drug compounds [9, 10]. The thermodynamic
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nanoconfinement, and restrictions in molecular mobility of the loaded drug compound are the key driving forces for
the suppression of crystallisation within the mesopores. However, characterisation of the amorphous drug loaded
within mesopores is difficult, with the amorphous content generally being inferred from the degree of crystallinity
(or lack of) based on XRD and DSC analysis of the drug loaded materials [11, 12]. Therefore, characterisation
techniques that can provide information on discrete changes in the molecular ordering of amorphous materials, and
how such changes affect the solubility of the drug compound are needed, irrespective of the technique used to

create the amorphous form of the drug.

The aim of this work is to probe the local atomic ordering of an amorphous drug loaded within mesoporous
silica using pair distribution function analysis (PDF). The PDF takes into account both diffracted and diffuse scattering
from HE-XRD scattering data, providing information on the local atomic ordering of the amorphous form. A range of
mesoporous materials MCM-41 (2d-hexagonal), MCM-48 (3d-cubic) and SBA-15 with different textural properties
were chosen to load the drug compounds albendazole, indomethacin, and hydrocortisone at different loadings
(wt%), and the drug loaded materials were characterised using XRD, DSC, and HE-XRD. In vitro dissolution
experiments were conducted to compare the release profiles of the drugs, in order to relate how subtle changes in

local atomic ordering of the amorphous form affected the drug release kinetics from mesoporous silica.
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3.3 Full paper

Garcia-Bennett, A., Lau, M., & Bedford, N. (2018). Probing the amorphous state of pharmaceutical
compounds within mesoporous material using pair distribution function analysis. Journal of Pharmaceutical
Sciences, 107(8), 2216-2224. https://doi.org/10.1016/j.xphs.2018.03.029
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3.4  Additional discussion

In this work, PDF analysis provided an insight into the subtle changes of the local molecular order of drug
compounds loaded within mesoporous silica. This knowledge can be incorporated with other characterisation
techniques such as DSC, XRD, and N, sorption isotherms to understand the local molecular properties of amorphous
drug molecules within the pores. Various factors are known to play a role in the drug release properties of
mesoporous silica, including the physical and chemical properties of the drug compound, textural properties of

mesoporous silica, drug loading (wt%) and amount of crystallinity in the drug loaded silica material.

The glass forming ability of a compound is related to the ratio between Ty,/T; and can be used to determine
whether it is a good or poor glass former. Typically, drug compounds with higher Tn,/T; ratio are good glass formers
and have a low tendency for crystallisation, form highly stable amorphous forms, and are good candidates for loading
into mesoporous silica [13, 14]. The polar surface area of the drug compound (effective size) may affect its ability to
penetrate and remain within the porous silica matrix. The larger polar surface area of HYD molecules showed a
preference for the larger mesopores of SBA-15. Microporosity in SBA-15 silica was measureable even at the highest
dose loading of 35.6%. In comparison, drug compounds with smaller polar surface area filled the micropores of SBA-
15 silica at high drug loadings. This can have implications in regards to the drug release from SBA-15, as the
microporosity may cause a delay in the rate of drug release due to steric hindrance between the drug and silica wall

[15].

The confinement of the loaded drug within the porous structure is known to maintain the drug in a stable
amorphous form. Complete mesopore filling at higher drug loadings caused crystallisation of the drug on the exterior
surface of the silica particle. It is perhaps surprising to observe the presence of crystallinity at low ABZ loadings of 10
wt% in MSPs from XRD and DSC scans, where complete saturation of the pores was not observed. The PDF profile
of the loaded ABZ was different to crystalline ABZ, and differences in atomic distances increased with the increase
in loading amount showing a departure from complete disorder. This may have occurred where the unloaded drug
re-crystallised on the surface of the particle, an effect observed from SEM images of ABZ loaded in SBA-15, at the
highest loading amount. The low crystallisation temperature of ABZ at 56 °C relative to the other drug compounds

used in the study may have facilitated the crystallisation of the unloaded drug, suggesting a washing step to remove
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the unloaded drug material should have been made. Even in the presence of crystalline material, drugs loaded in

SBA-15 showed an enhancement in dissolution as compared to crystalline drug (Figure 3.2).
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Figure 3.2: Characterisation of crystalline ABZ, and ABZ loaded in mesoporous silica SBA-15. a) XRD scans showed
the presence of crystalline material at the lowest loading amount of 18.3% and the intensity of diffraction peaks
increased with the loading amount up to 50.4%. y-axis is arbitrary units b). PDF analysis of HE-XRD patterns was

able to detect changes in the local atomic ordering of drug loaded samples, suggesting a move from complete
disorder in ABZ occurred with the increase in drug loading. c) in vitro drug release measurements showed an
enhancement in drug release was achieved in ABZ loaded in SBA-15. Changes in the local atomic ordering
associated with loading amount played a role in the reduction in rate of drug release, likely associated with the
increase in crystallinity of the sample.

In the case of HYD and INDO, XRD diffraction peaks were detected at the highest loadings (SBA-15HYD
35.6% and MCM-48INDO 34.3%). A change in local molecular distances become more pronounced with the increase
loading amount, as observed from the PDF patterns of SBA-15HYD and MCM-48INDO samples, suggesting a move
from complete disorder to a higher degree of order. No observable crystalline material was observed from SEM for

these samples, which suggest that changes in the local molecular ordering of drug loaded material may have
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occurred with the recrystallisation of the drug compound on the surface of the MSP that was not observed under
SEM. The presence of a very small amount of crystalline material, with a calculated % crystallinity for MCM-
48IND0O34.3% at 6 % and SBA-15HYD35.6% at 4.3 %, was observed by DSC. Thus, the subtle changes in the local
molecular ordering was likely due to the presence of crystallinity in these samples and accounted for the calculated
delay in drug release kinetics observed in in vitro dissolution experiments. For example, the difference in tsoy release
between MCM-48IND010.4% and 34.3 % was 150 vs 390 minutes respectively, more than 2 fold difference in release

kinetics.

3.5 Conclusion

PDF provided additional information regarding changes in the local molecular ordering of the drug
compound likely associated with the recrystallisation of the drug outside the mesopores. In particular, PDF was able
to detect subtle changes in local molecular distances correlated with the presence of crystallinity in SBA-15HYD and
MCM-48INDO samples. XRD analysis and DSC was unable to provide information about these changes except at high
loadings. These changes are related to conformational rearrangements of the drug molecules within the mesopores
as the drug loading increases. Further work would be needed to evaluate how the subtle changes in local molecular
ordering could be used as a tool in developing a model that can be used to predict the suitability of a drug compound

for loading in mesoporous silica.
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Unlocking the antioxidant properties of
probucol by the encapsulation within
mesoporous silica particles.

4.1 Introduction

Probucol (PB), a compound originally synthesised as an antioxidant containing two butylated
hydroxytoluenes, was approved in the early 1970s for the treatment of high cholesterol [1]. PB lowers plasma low
density lipoproteins (LDL) by increasing LDL uptake in the liver and converting it to bile acids for excretion [2, 3]. This
reduces cholesterol absorption [2], and increases LDL removal in a receptor independent pathway [2]. A daily dose
of PB at 1 g/day was found to decrease plasma cholesterol by 11 %, and LDL levels by approximately 10-15% in
humans [4-6]. However, PB also lowers plasma high density lipoprotein (HDL) levels by approximately 10-20%, which
raised concerns that the compound may increase the risk of developing coronary heart disease [4, 5]. Since 1995, a
number of factors have led to the withdrawal of PB from most western countries including the development of
statins in the 1980s, concerns regarding PB’s lowering of HDL, and reports of adverse effects including irregular heart

rate and ventricular arrhythmias [7, 8].

There has been renewed interest in the application of PB’s antioxidant and anti-inflammatory properties for the
treatment of oxidative stress in coronary artery restenosis [9], diabetes [10] and neurodegeneration [11]. This
interest was inspired by the discovery that PB protects LDL from oxidative modification, a key event in the
pathogenesis of atherosclerosis [12, 13]. However, results from clinical studies of PB in the prevention of
atherosclerosis and coronary artery restenosis have been mixed [14-17] due to its limited oral bioavailability (2-8 %
bioavailability) [18], as it is practically insoluble in water (solubility at 25 °C, 2-5 ng/ml). To further enhance the
beneficial properties of PB, there is a need for new drug formulations that address its poor solubility. A range of

lipid/surfactant based, and co-milled formulations have achieved significant improvement in the solubility and
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bioavailability of PB as summarised in Table 4.1.

In vivo pharmacokinetics
Formulation In vitro solubility/dissolution Reference
Cmax(ug/ml_) Tmax(h) AUC(O-t)(ug h/ml_)
Nanoemulsion Solubility (pH = 6.8) = 20 mg/ml vs 8-10 0.5 +0.007 7.0+1.4 7.6+0.8 [19]
ng/ml (PB standard). (0.07 £0.01) (7.5+1.0) (0.8 £0.09)
Co milled 30 % drug release after 2 hr compared to 2.5+1.09 2.5+0.76 21.4+6.3 [20]
0.68% from PB standard. (0.4+0.3) (2.3 £1.07) (7.4+3.3)
Self-assembled Aqueous solubility ~ 20 mg/ml, increase of 0.5+0.02 3.0+£0.1 13.1+0.2 [21]
nanoparticles (~ 2 x10° times) compared to PB standard. (0.05 £ 0.005) (7.3+£1.0) (1.3£0.1)
Co milled with Solubility ~ 760 ng/ml over 20 minutes in 0.11+0.03 8+0.1 14+03 [22]
vitamin E simulated intestinal fluid (pH = 6.5). (0.05 + 0.03) (16 +£1.0) (0.5+0.04)

Table 4.1: Summary of PB formulations including in vitro solubility/dissolution results, pharmacokinetic parameters
of the PB formulations as compared to PB standard (data in brackets) from in vivo studies conducted in rats or
mice. Cmnax, Maximum plasma concentration; Tmax, time to achieve maximum plasma concentration, AUCoy, area

under the plasma concentration time curve from zero to time point t hr observation period.

The encapsulation of PB in porous materials has been investigated in the development of self-emulsifying
drug delivery systems (SEDDS) (Table 4.2). In such systems, PB in a solution containing surfactant and lipid, is loaded
within the porous material to facilitate the formation of an oil in water emulsions upon contact with the dissolution
medium. Complete PB release (~ 95 %) was achieved from large macroporous materials (5 UM pore size) as
compared to less than 3 % drug release form commercially available MSP (2-15 nm pore size) [23]. Release from

materials with larger pore size was enhanced by easier diffusion of the solvent molecules into the porous matrix as

compared to materials with smaller pore sizes in MSPs, as drug molecules remained trapped within the mesopores

[23].
Formulation Porous material pore size In vitro dissolution Reference
SEDDS Porous silica particles and | Three porous silica particles with pore size | Complete drug release (~100%) [23]
Commercially  available | of 5uM, 500 nm, and 150 nm respectively | over 15 minutes was achieved from
MSPs  (Aeroperl® 300, | were synthesised. Pore size of | large pore 5 uM silica in dissolution
Aerosil® 200, SBA-15). commercially available MSPs between 8to | medium (pH ~2). <3% of PB released
30 nm were used for comparison. from mesoporous silica over 120
minutes in dissolution medium (pH
~2)
SEDDS Neusilin® US2 5 nm to 3 pM, majority (> 30%) between | ~ 80% PB released in dissolution [24]
500 to 700 nm. medium (pH ~2) within 15 minutes.
SEDDS Neusilin® US2 5 nm to 3 uM, majority (> 30%) between | PB released from neusilin® US2 was [25]
500 to 700 nm. ~80% within 15 minutes, in purified
water as dissolution medium.

Table 4.2: Summary of PB SEDDS formulations loaded in porous materials with different pore sizes (nm) and
measured (%) drug release from in vitro dissolution experiment.
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The development of amorphous formulations using MSPs has been shown to be a viable strategy to
enhance the solubility of a range of poorly soluble drug compounds [26, 27], but it has not been explored for PB. A
review of patents shows PB is listed as an example of a practically insoluble pharmaceutical drug compound that
would likely benefit from loading within mesopores [28-30]. In this work, PB was loaded within MSPs AMS-6, MCM-
41, and SBA-15 with different textural properties to explore the effect of such differences on the physical properties
of the loaded drug. In vitro drug release measurements, and in vivo pharmacokinetic studies were conducted in rats
to compare the release of PB from MSPs and crystalline PB. The antioxidant properties of PB released from MSP
were evaluated in the context of two in vitro cellular models of oxidative stress; (a) in human brain endothelial cells
challenged with hydrogen peroxide, and (b) in lipopolysaccharide (LPS) activated mouse microglial cells. LPS was
chosen in this in vitro model as it is a potent pro-inflammatory stimulus that induces microglial activation and a

subsequent increase in the release of pro-inflammatory cytokines and ROS production [31].
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4.4  Additional discussion

In this study, PB was loaded as an amorphous form within MSPs with key differences in their pore diameters
(@). At the equivalent loading amount of 20 wt%, no melting endotherm was observed from drug loaded samples in
MCM-41 (¢ 3.2 nm), AMS-6 (¢ 4.7 nm) and SBA-15 (¢ 10.5 nm). Loading of the drug compound in the amorphous
form within MSPs is based on the principles of equilibrium thermodynamics, where suppression of crystallisation is
achieved by the critical pore diameter of the carrier [32]. Specifically, a pore diameter that is below the critical
nucleation size of a drug compound is required to suppress the formation of nuclei and crystal growth [32]. The
critical pore diameter has been previously calculated for a range of drug compounds, and can be used as a guide in

selecting a MSP with the suitable pore size for the loading of the drug in the amorphous form (Table 4.3) [33].

Pharmaceutical | Molecular Log P * Aqueous Calculated Mesoporous silica, Key finding Reference
drug weight solubility critical pore pore diameter (nm)
(g/mol) * (mg/ml)* diameter
(nm)
Haloperidol 375.9 3.7 0.004 8.4 Parteck SLC 500 - 6.10 Drug loaded in [33]

amorphous form
within MSP with pore

Benzamide 317.8 0.85 0.06 295 Neusilin US2 — 18.76 diameter < calculated
critical pore diameter.

Carbamazepine 236.3 2.8 0.15 17.6 Syloid XDP 3050 — 17.90

Aeroperl 300- 30.12

Ezetimibe 409.4 4.6 0.008 45 Neusilin US2 -5 Neusilin US2 [34]
maintained drug in
amorphous form due
to restriction in
molecular mobility.

Aeroperl 300- 30

Nifedipine 346.3 2.20 0.018 18 Xerogel- 2.5 Critical nucleation size [35]
was below the pore
diameter of the MSP.

Acetaminophen 151.1 0.51 4.2 3.6 Controlled porous Reduction in [36]
glasses (CPG) — 4.6 molecular mobility of
drug loaded within
CPG prevented drug
re-crystallisation.

*values taken from drugbank [37].

Table 4.3: Studies that have investigated the effect of pore diameter and the physical form of the loaded drug
within MSPs. In general, drug compounds were loaded in the amorphous form within MSPs with pore size
diameter less than the calculated critical pore diameter of the drug compound.

At higher loadings of PB, complete pore filling of mesopores resulted in the crystallisation of the drug on
the external surface of all the MSPs. In silica particles with a lower pore volume such as MCM-41 (0.5 cm3/g)
mesopore filling occurred at a lower drug loading (~20 wt %) compared to 30 wt% for SBA-15 (0.9 cm3/g) and AMS-

6 (0.7 cm?/g). DSC scans of the drug loaded samples are shown below (Figure 4.1).
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Figure 4.1: DSC scans of PB loaded within mesoporous silica MCM-41, AMS-6, and SBA-15 showing the shift to a
lower melting point (~ 112 °C) compared to the commercially available crystalline PB (~124 °C). This suggest PB
crystallised to polymorph Il crystals in drug loaded MSP samples compared to form | polymorph of crystalline PB
[38]. The presence of two melting point temperatures in high drug loaded samples > 50 wt% suggest the presence
of both PB crystal polymorphs in the sample.

In vitro drug release measurements of PB showed a rapid initial burst release, followed by the slower rate
of diffusion of the remaining drug. The initial burst release suggests the amorphous drug is likely to be located near
the surface of the mesopores where it is easily accessible to the dissolution medium. In samples where PB was
loaded above the critical loading amount of the MSP, a reduction in the % PB released in dissolution medium was
observed due to the presence of crystalline drug on the exterior particle surface (Figure 4.2). At the higher drug
loadings, the release profile follows a zero order release similar to crystalline PB. This finding is consistent with other
encapsulations, where the crystallisation of the compound above MSP pore capacity leads to a reduction in the
release kinetics [39-41].

a) b) o)

AMS-6PB13.1% SBA-15PB12.1% ;\?100

MCM-41PB13.1%

PB Released (%)

——o— AMS-6PB225% & o ——S—— SBA-ISPBI91% 5 90 ——e—— MCM-41PB18.5%
—e— AMS-6PB28.4% 2 80 —o—— SBA-15PB29.9% § 80 —o— MCM-41PB31.8%
e AMS-6PBAL2% ——=—— SBA-15PB415% & 70 __ pepepemensnnesis®—a—— MCM-41PB42.1%
&
@
e

—o—— AMS-6PB60.3%
ce0 —©—— PB

——e—— SBA-15PB60.0% ——o—— MCM-41PB60.4%

0 2 4 6 8 1012 14 16 18 20 22 0 2 4 6 8 1012 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
Time (hours) Time (hours) Time (hours)

Figure 4.2: Drug release curves of PB released from AMS-6 (a), SBA-15 (b), and MCM-41 (c) mesoporous silica
particles as compared to crystalline PB.

Further experiments were conducted to determine whether PB can be loaded in an amorphous form within
a larger pore size MSP, such as the commercially available MSP Syloid® (W.R. Grace — Surface area 274.8 m?/g, pore
size 40 nm, pore volume 1.6 cm3/g) (Table 4.4). At a similar loading amount of 28.5 wt%, the recrystallisation of PB
was evident from diffraction peaks in the XRD of the loaded sample (Figure 4.3a). PB released from Syloid followed
a zero order release kinetics similar to the crystalline drug, in contrast to the burst release of PB from AMS-6 and

SBA-15 (Figure 4.3b). No saturation in pore volume and surface area was observed from nitrogen sorption analysis
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of the SyloidPB28.5% loading. The critical pore size needed to suppress crystallisation of PB is not met by Syloid (¢

40 nm), and is likely to be between 10-40 nm.

MSP Surface area (m?/g) Pore size (nm) Pore volume (cm3/g)
Syloid 274.8 40 1.6
SyloidPB28.5% 139.3 38 0.9

Table 4.4 Textural properties of Syloid before and after loading PB at 28.5 wt% as measured by nitrogen
adsorption/desorotion isotherm.

a) 2 100 4 b)

3 90 -

Syloid-PB28.5% I AMS6-PB28.4%

id e SBA15-PB29.9%

Syloi & 70 - Syloid-PB28.5%

60 | —e—1PB
50 -
40
30
5 15 25 35 45 55 0 4 8 12 16 20 24

Time (hr)
20 (deg)

Figure 4.3: a) XRD scans of syloid and syloidPB28.5%. PB was loaded within the MSP in the crystalline form as
observed by the presence of bragg diffraction peaks. b) Drug release measurements comparing the release of PB
from AMS-6, SBA-15, and syloid at the equivalent loading amount of 30 wt%. The release of crystalline PB is shown
in red.

From these results, different formulations of PB could be developed based on the pore size of MSP, for
example a slower sustained release of PB from MSP with a large pore size (e.g. 20-30 nm) as compared to a rapid
burst release profile from MSP with smaller pore size (5-10 nm). Further studies would be needed to calculate the
critical pore size of MSP for the loading of PB more precisely, along with characterisation and dissolution experiments

in the development of formulations for oral administration with controlled drug release properties.

In vivo bioavailability studies were conducted in rats to determine the pharmacokinetic properties of PB released
from MSP [42]. AMS-6PB 34.8% was chosen as the drug was loaded in the amorphous form and results from in vitro
dissolution experiments showed an enhancement in drug release was achieved compared to crystalline PB. The Cnax
for AMS-6PB 34.8% and for crystalline PB were 229.71 ng/ml and 30.89 ng/ml respectively, which represented a 7
times increase in bioavailability (Figure 4.4). The reduction in tmax, and ti2in PB released from AMS-6 indicate a rapid
dissolution, adsorption and distribution of the drug compared to crystalline PB. This finding is consistent with an

enhancement in dissolution and oral bioavailability of a range of poorly soluble drug compounds released from
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MSPs, showing good correlation between in vitro and in vivo results [43, 44]. For example, a recent study
demonstrated an enhancement in drug release and oral bioavailability of a practically insoluble antiviral drug
compound, velpatasvir (0.00585 mg/ml), with an approximate 2 fold increase in bioavailability of the drug released
from MSP compared to the crystalline drug [44]. While the pharmacokinetic properties of PB released from AMS-6
was lower than the reported values of different PB formulations listed in Table 4.1, encapsulation of PB within the
mesopores offer a key advantage as it requires a simple, single drug loading procedure in the preparation of the oral

formulation that avoids the need for multiple preparation steps.

Pharmacokinetic PB AMS-6PB34.8%
AMS-6PB34.8% parameters
P8 Tmax (h) 8 4
Cmax(ng mL-1) 30.89 229.71
AUCo-24 (ng h mL-1) 492.27 3182.95
AUCo(ng h mL-1) 858.81 3759.7
Ti2 (h) 19.64 8.48
Tiast (h) 24 24

Figure 4.4: Plasma PB concentration for crystalline PB (10 mg) and PB released from MSP, AMS-6 (equivalent 10
mg dose) after a single-dose oral administration to Sprague dawley rats. Cmax, maximum plasma concentration;
Tmax, time to achieve maximum plasma concentration, ti/;, terminal half-life; AUCo.24n, area under the plasma
concentration time curve from zero to 24 hr observation period; AUC,., area under the plasma concentration time
curve from time zero to extrapolated infinity; tiast, last time point.

The antioxidant properties of PB released from AMS-6 were compared to crystalline PB in two in vitro
models of cellular oxidative. In the first model, levels oxidative stress in human brain endothelial cells were measured
with the treatment of hydrogen peroxide and test compounds, and in the second in vitro model LPS was used to
generate oxidative stress in microglia cells. In both models PB released from AMS-6 was more effective in reducing
the percentage of cells under oxidative stress as compared to crystalline PB. Previous studies have shown PB is a
scavenger of ROS including the superoxide anion [45], hydrogen peroxide [46] and the hydroxyl radical [47]. In those
studies, PB was typically dissolved in organic solvents ethanol, DMSO or lipids [47-49]. Furthermore, a long pre-
incubation time of up to 12 hours was required in some cases to observe a positive antioxidant effect, likely due to
rapid crystallisation of PB in cell culture media [49]. The results from this study show that PB released from AMS-6
protected against cellular oxidative stress in both cellular models of oxidative stress, a promising result that led us

to further study the antioxidant properties of PB in an in vitro neuroinflammation model of the BBB.
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4.5 Conclusion

PB was loaded in the amorphous form within MSPs with well-defined pore sizes in MCM-41 (3.2 nm) AMS-
6 (4.7 nm) and SBA-15 (10.5 nm) at approximate drug loading of 30 wt%. The release of PB was significantly enhanced
from MSP as compared to crystalline PB. The larger pore size Syloid material (40nm) resulted in a loading of PB as a
crystalline polymorph at the drug loading of 28.5%. The drug release profile of SyloidPB-28.5% followed a linear zero-
order kinetics similar to the crystalline drug. Oral formulations of PB can be developed with different drug release
kinetics by loading PB in MSP with different pore sizes. A significant 7-fold enhancement in oral pharmacokinetic
properties in vivo was observed for PB released from AMS-6 as compared to crystalline PB. Furthermore, the
enhancement in antioxidant property of PB released from AMS-6 was observed from in vitro models of cellular

oxidative stress as compared to crystalline PB.
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Exploring the pharmacological properties of
drug compounds released from mesoporous
silica for the treatment of neuroinflammation.

5.1 Introduction

Endothelial cells play a key role in the development and function of blood and lymph systems. They form
the physical barrier between blood and the brain interstitial fluid, playing an important role in restricting the passage
of molecules that can cause harm to the brain, while also facilitating the movement of essential nutrients across the
blood brain barrier (BBB) [1]. Endothelial cells are also among the first cells to be exposed to pro-inflammatory
stimuli such as bacterial or viral pathogens [2]. This stimulus can elicit a strong immunological response in the host
cell, increasing the production of reactive oxygen species (ROS) and inflammatory mediators which act as
messengers that either activate the host defense mechanisms or recruit professional immune cells to contain and
eliminate the pro-inflammatory stimuli. The released ROS is kept within normal physiological concentrations by
antioxidants, and participate in many cellular functions including maintaining the integrity of the BBB, immune
responses, and controlling the dynamics between cell viability and apoptosis [3].

Cyclooxygenases (COX) are pro-oxidant enzymes, producing the superoxide anion, the main oxidant from
the metabolism of arachidonic acid and its conversion to prostaglandins [4, 5]. The superoxide anion, is the primary
ROS released from the respiratory transport chain of the mitochondria. It is rapidly converted to the more reactive
hydrogen peroxide and peroxyl radicals [6]. Inhibition of COX-2, the primary cyclooxygenase involved in
inflammation, prevents the production of prostaglandins, thereby reducing inflammation. However, COX-2-
independent mechanisms are also known to be relevant in the regulation of pro-inflammatory molecules in
neurodegenerative processes of several acute and chronic diseases [7].

Chronic exposure to high doses of pro-inflammatory stimuli can induce excessive cellular oxidative stress

and inflammation. In the context of the BBB, cells under oxidative stress produce and release high concentrations of
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ROS that affect its integrity due to oxidation of tight junction proteins, leading to cell apoptosis via oxidation of
biological membranes, DNA, proteins and lipids [8]. The increase in BBB permeability is a key event in the
pathogenesis of neuroinflammatory diseases including Parkinson’s, Alzheimer’s, and multiple sclerosis [9, 10]. Thus,
it is crucial to investigate potential pharmaceutical compounds containing a combination of antioxidant and anti-
inflammatory properties that can sustain the integrity of the BBB [11, 12].

One approach is the use of COX inhibitors. The formation of prostaglandin E, (PGE;) by the COX dependent
pathway in endothelial cells has been found to mediate the inflammatory response in immunologically challenged
mice with a peripheral injection of lipopolysaccharide (LPS), a bacterial endotoxin that binds to the toll like receptor
4 (TLR4) on the surface of endothelial cells, initiating the production of inflammatory mediators and reactive oxygen
species (ROS) [13-16]. Furthermore, PGE; is known to disrupt the integrity of the BBB by promoting vasodilation,
increase in vascular permeability, and edema [12, 17]. Thus, inhibition of PGE; producing COX enzymes has been
shown to attenuate the inflammatory response [12, 18, 19].

Indomethacin (INDO) is a nonsteroidal anti-inflammatory drug and a non-selective COX enzyme inhibitor
[20]. INDO has been shown previously to be effective in the partial reduction of LPS induced dysfunctions of the
BBB, including in vitro disruption and in vivo impaired amyloid B peptide efflux [11, 18, 21]. In contrast, the
diphenolic compound probucol, has been shown to attenuate the increase in activity of the COX-2 enzyme, as well
as pro-inflammatory marker expression, leading to decreases in the disruption to BBB integrity in mice under a high
saturated fat diet [22-24]. Additionally, PB is a potent free radical scavenger, and is oxidised by free radicals in the
formation of stable metabolites, protecting biological molecules and cellular membranes against oxidative damage
[25, 26]. However, PB is a highly lipophilic and poorly soluble drug compound requiring a long pre-incubation time
of up to 8 hours at a high dosage of 50 uM in order for a sufficient amount of drug to be transported into endothelial
cells [24]. A lipophilic drug carrier either from a dietary source or in a drug formulation is required to facilitate the
absorption of PB from an oral administration, limiting its current application in the treatment of metabolic and
vascular diseases, as well as its potential in combating neuroinflammatory diseases.

Mesoporous silica materials with defined pore structures [27-29], tunable pore sizes, and high surface area
are known to enhance the solubility of a range of poorly soluble antioxidant and anti-inflammatory drugs including
PB [30-35]. The delivery of poorly soluble drugs in the treatment of neurodegenerative diseases has been
investigated in the context of enhancing BBB drug transport [36-39]. Shen et al.,[40] have demonstrated the
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enhanced delivery of the antioxidant resveratrol (RSV) loaded at very low levels (1.6%wt), using a combination of
polylactic acid and low-density lipoprotein receptors coated on mesoporous particles (200 nm average particle
diameter, 4 nm pore size) across an in vitro BBB endothelial/microglia cell model. The released RSV decreased
oxidative stress of lipopolysaccharide (LPS) activated microglia cells, specifically reducing levels of inducible nitric
oxide synthase enzyme. The aqueous solubility of RSV is 0.03 mg/mL, whilst that of INDO and PB are 0.0024 mg/mL
and 4.18e-05 mg/mL, respectively. Enhancing the solubility profile of these inhibitors of COX enzyme activity, will

allow to assess potential therapeutic uses of these compounds and expand the library of potent antioxidants.

In this work, we develop a basic in vitro model of neuroinflammation using brain endothelial cells to
measure levels of cellular oxidative stress and inflammation caused by LPS, with PB and INDO released from a
mesoporous silica material AMS-6. This particular mesostructure is chosen because of its reproducible, scalable and
easy synthesis using the amino acid derived anionic surfactant N-lauryl-alanine, its spherical morphology and 3-
dimensionally connected cylindrical pores which afford a rapid release and dissolution profile of poorly soluble
compounds [41-43]. Characterisation of endothelial cell monolayer integrity is performed using transendothelial
electrical resistance (TEER) which additionally allows to assess the permeability of the monolayer. The in vitro model
of BBB using brain endothelial cells allows for a simple and rapid investigation of the pharmacological properties of
INDO and PB for the treatment of oxidative stress and inflammation mediated disruption to the BBB integrity, and
findings from this work could further add to the discussion on the appropriate pharmacological treatment of

neuroinflammation [12, 44].
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5.2  Materials and method

Tetraethyl orthosilicate (TEOS) and 3-aminopropyl triethoxysilane (APTES) were purchased from Sigma Aldrich
(Sydney, Australia). All chemicals and drug compounds were purchased from Sigma Aldrich (Sydney, Australia) and
used without further purification. Milli-Q water was used throughout.

Synthesis of AMS-6

Details of the synthesis for AMS-6 MSP are included in chapter 2, section 2.2.1, pg.44 of the materials and methods.

Scanning electron microscopy (SEM)

Details of the SEM are included in chapter 2, section 2.6.4, pg.49 of the materials and methods.

Dynamic Light Scattering (DLS)

Experiments were performed with a Zetasizer ZS (Malvern Instruments, Worcestershire, UK), with a 173° detector
angle, at 25°C with a He-Ne laser (633 nm, 4 mW output power) as a light source. AMS-6 particles (1 mg/ml) were
mixed with 1 ml filtered Milli-Q water and filled into disposable folded capillary cell (DTS1070) (Malvern
Instruments).

Nitrogen sorption isotherm

Details of the N, sorption isotherm are included in chapter 2, section 2.6.5, pg.49 of the materials and methods.

Drug loading

Details of the drug loading procedure are included in chapter 2, section 2.4, pg.46 of the materials and methods.
Drug loadings at the equivalent loading amount of 30 % w/w (AMS-6PB29.5% and AMS-6IND028.4%) were chosen
for the experiments in this chapter.

Thermogravimetric analysis (TGA)

Details of the TGA of samples are included in chapter 2, section 2.6.6, pg.51 of the materials and methods.
Differential Scanning Calorimetry (DSC)

Details of the DSC analysis of samples are included in chapter 2, section 2.6.7, pg.51 of the materials and methods.
Powder X-ray Diffraction (XRD)

Details of XRD analysis of samples are included in chapter 2, section 2.6.1, pg.46 of the materials and methods.
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Drug dissolution and release

Drug release studies were conducted in simulated intestinal fluid (SIF) containing 0.25% (w/v) CTAB. Size 1 gelatin
capsules (ProSciTech, batch: RL042, Queensland) were used to encapsulate both the pure drug and drug loaded
mesoporous silica samples. Drug release was assessed under sink conditions (900 ml SIF, pH 6.8) using a UV/VIS
spectrometer (Agilent, Cary 60 UV-Vis, Sydney, Austalia). The release was carried out in an apparatus Il dissolution
bath (Agilent, 708-DS, Sydney, Australia) at a stirring rate of 50 rpm, 37°C.

Cells and Cell culture

Human brain microvascular endothelial cell were cultured in supplemented EBM-2 medium (Lonza, Basel,
Switzerland; Cat. No. CC-3156) and grown on plates precoated with rat-tail collagen type | (BD Biosciences, Franklin
Lakes, NJ) inside an incubator at 37°C, 5 % CO, — humidified atmosphere. Cells of passage between 6 to 8 were used
for experiments.

Oxidative stress and cell viability assays

Details of the Muse® oxidative stress and cell viability assays are included in chapter 2, section 2.71 and 2.7.2, pg.53-
54 of the materials and methods.

Mitochondria hydroxyl assay

The Mitochondrial hydroxyl radical detection assay kit (ab 219921, Abcam, Melbourne) was used to detect
intracellular hydroxyl radical using the OH580 probe which is cell permeable and reacts with the hydroxyl radical to
generate a red fluorescence detected at 540 nm excitation and 590 nm emission wavelengths. The protocol as
recommended by the supplier was followed. The results were analysed using a microplate reader (FLUOstar OPTIMA,
BMG LABTECH, Victoria, Australia).

Nitric oxide assay

Details of the nitric oxide assay are included in chapter 2, section 2.7.4, pg.55 of the materials and methods.
Peroxynitrite assay

Details of the peroxynitrite assay are included in chapter 2, section 2.7.5, pg.56 of the materials and methods.

COX enzyme activity assay

Details of the COX enzyme activity assay are included in chapter 2, section 2.7.6, pg.57 of the materials and methods.
Prostaglandin E;

Details of the prostaglandin E; assay are included in chapter 2, section 2.7.7, pg.58 of the materials and methods.
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TNF-a assay

The human TNF-a ELISA kit (ab181421, Abcam, Melbourne) was used to measure levels of the cytokine in cell culture
media following the incubation of endothelial cells for 24 hours with or without the test compounds. The protocol
as listed in chapter 2 of the materials and methods was followed.

TEER and FITC dextran permeability measurements

Details of the TEER and FITC dextran permeability measurements are included in chapter 2, section 2.91 to section
2.9.4, pg.59 to 62 of the materials and methods.

Preparation of Endothelial cells for cellular uptake of probucol

Endothelial cells were seeded on 24 well plates at a density of 5 x 10° cells/well. Confluent cells were treated with 1
ug/ml LPS together with either AMS-6PB30% 10 uM or PB 10 uM for 2,4,6 and 24 hours. After the treatment time,
media was removed and discarded, cells were washed three times with 500 pl PBS, and cells were solubilised in 300
pl solution of 1% NP40 for 30 minutes. After 30 minutes, 700 pl of acentronitrile was added, the samples centrifuged
for 10 minutes at 10000 rpm, filtered through a 0.45 um filter, and 500 pl was transferred to HPLC vials.

HPLC conditions

Details of the HPLC conditions ae included in chapter 2, section 2.10.2, pg.63 of the materials and methods.

Statistical analysis

Statistical analysis was performed using the paired sample t-test (Excel, Microsoft, USA), and probability values of

(p) < 0.05 was considered as statistically significant.
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5.3  Results and discussion

Structural and porous properties of AMS-6 particles characterised by XRD, SEM and N, sorption isotherm
are summarised in Figure 5.1. Pharmaceutical drug compounds INDO and PB were loaded into AMS-6 particles and
the loading amount (wt%) was determined from TGA. Characterisation of the drug loaded samples are summarised
in Table 5.1.

A reduction in surface area and pore volume indicates that drug loading within the pores was achieved. The
lack of crystalline endotherm in the DSC traces or diffraction peaks in the high-angle XRD of loaded samples is
evidence that the drug is loaded in an amorphous state (Appendix, Figure C1) [45]. As we have reported previously,
drug loadings of PB above 30 wt% lead to the complete filling of the mesopore volume of AMS-6, and re-
crystallisation of the drug in the exterior of the particles [46]. Therefore, to further explore their antioxidant and
anti-inflammatory properties, samples with loading amounts of 29.5wt% and 28.4wt% for AMS-6PB and AMS-6INDO

respectively, were chosen.

-
=
N

a=114.8A
SAper=777.3m?/g
Tuo =0.75cm3/g
PSD=46.7 A

PS=564+18nm

8

72g°

Figure 5.1. X-ray diffraction showing mesoscale peaks for calcined AMS-6 mesoporous silica, indexed on the basis
of a cubic unit cell. Inset shows a representative SEM images showing the spherical morphology of the particles.
Scale bar =500nm. Tabulated parameters include: the unit cell parameters (a) obtained from the XRD; BET surface
area (SAger), the total pore volume (Tyo) and the pore size distribution (PSD) obtained from nitrogen porosimetry;
and the average particle size (PS) from DLS analysis.
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¥a “SAger *Tvol *PSD  Dr Tm AH,,
A  (m2/9) (C";3/ g A (O (69 79)

AMS-6 113.2 777.3 0.7 46.7 - - -

PB - - - - 124.2 54.5
210.4

AMS-6 PB(29.5%) 113.9 197.7 0.2 40.3 256.5 - -

INDO - - - - 322.8 157.8 78.7

AMS-6 114.6 369.8 0.3 40.3 410.8 - -

INDO(28.4%)

Table 5.1: Physical properties of free probucol (PB) and indomethacin (INDO), as well into loaded AMS-6 particles
at loading amounts of approximately 30wt%, including the unit cell parameters (*a), BET surface area (SAger), the
total pore volume (Tyq1), the pore size distribution (PSD),) and the drug decomposition temperature from TGA. The
melting endotherm and enthalpy (AH,,) are derived from DSC scans.

Crystalline PB has an extremely low aqueous solubility (~ 5 ng/mL), and dissolution in simulated intestinal
fluid is extremely slow, with 20 % of the compound solubilised in 20 hours (Appendix, Figure C2a). In contrast, PB
released from AMS-6 in simulated intestinal fluid (SIF) achieved 100 % drug release after 20 hours, with 50 % of the
loaded drug released (Tso%) in 1.6 hours. Whilst less pronounced than INDO an enhancement in the dissolution profile
is also observed, with 100 % of the loaded drug dissolved within 1.5 hours, in contrast to 10 hours for the crystalline
compound (Appendix, Figure C2b).

To assess the validity of our in vitro model of oxidative stress and inflammation in human brain endothelial
cells (HBEC), initial studies were conducted to identify the optimal dose of LPS, and incubation time required to
generate intracellular ROS and cell death (Figure 5.2). The Muse oxidative stress assay which measures the
percentage of cells that are positive for the generation of the primary ROS (the superoxide anion) was utilised.
Incubation for 24 hours with 1 pug/ml LPS generated the highest percentage of ROS positive cells (~25.4 %, Figure
5.2a), which was statistically significant (p < 0.05) as compared to negative control, whilst at longer incubation times
the percentage of cells under oxidative stress decreases. Cells under oxidative stress are exposed to high
concentrations of ROS that promote the oxidation of proteins and lipids that induce cellular apoptosis and death.
Analysis of cell viability shows a 4 % increase in cell death after incubation of HBECs with 1 ug/ml LPS for 24 hours,
compared to the negative control that was not statistically significant (p < 0.05) (Figure 5.2b). Further analysis shown
in Figure 5.2c (see Materials and Methods for assays) shows significant increases (p < 0.05) in the overall levels of
ROS species, including levels of hydrogen peroxide, hydroxyl, peroxyl, nitric oxide and peroxynitrite in HEBC

incubated with 1 pg/ml LPS for 24 hours in comparison to the negative control (cells and media only).
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Inflammation markers including the total COX enzyme activity, levels of prostaglandin E; and cytokine TNF-a were
also higher after incubation in 1 pg/ml LPS for 24 hours. These results are consistent with previous in vitro reports
in the generation of cellular oxidative stress and inflammation in endothelial cells treated with LPS [21]. The presence
of high levels of ROS with the absence of pronounced cell death is an optimal cellular scenario to study the ability of
PB and INDO to quench ROS production and inhibit the COX-mediated production of inflammatory markers.

a
- ONegative (media only)
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Figure 5.2. Percentage of (a) ROS+ and ROS- human brain endothelial cells (HBEC) after incubation with LPS at
different test concentrations compared to the negative control (cells with media only) and the positive control
(1000 uM hydrogen peroxide). (b) Cell viability assay. Production of ROS only causes a relatively small amount of
cell death in comparison to the negative control. (c) Analysis of ROS levels using the DCFDA assay suggests an
increase of hydrogen peroxide, hydroxyl and peroxyl levels; consistent with increases in mitochondrial hydroxyls,
nitric oxide and peroxynitrite after incubation of 1 pg/ml LPS for 24 hours in HEBC cells compared to negative
control (clear bar). Markers of inflammation: COX activity, prostaglandin E2 and TNF-a levels are also shown.

Test compounds AMS-6PB and AMS-6INDO as well as the respective crystalline compounds were
added to HEBC cells at different concentrations together with 1 pg/ml LPS and incubated for 24 hours. For
comparison, the water-soluble antioxidant compound ascorbic acid was also tested, without a mesoporous particle
carrier. Ascorbic acid undergoes rapid cellular uptake in endothelial cells, establishing a high intracellular content
[47]. Intracellular ascorbate levels are potent scavengers of ROS including the superoxide anion, hydrogen peroxide

and hydroxyl radicals. Figure 5.3a show the concentration dependent effects on the percentage of ROS+ HBEC cells
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after incubation with LPS together with the relevant test compounds. The antioxidant properties AMS-6PB are
comparable to ascorbic acid and are significantly enhanced (p < 0.05) when compared to crystalline PB as evident by
a consistently lower number of ROS+ cells at all concentrations studied. The ROS quenching abilities of INDO are not
as potent as PB, even when released from the mesoporous carrier, as AMS-6INDO inhibited ROS production to a
similar degree than crystalline PB, and comparable to the mesoporous silica particles alone (Appendix, Figure C3a).
As would be expected the degree of ROS inhibition by the test compounds correlates well with the degree of cell
viability of the LPS treated cells (Appendix, Figure C3b). It is interesting to note that AMS-6PB inhibits the production
of mitochondrial hydroxyl radicals, the superoxide anion, and peroxynitrite at comparable levels to ascorbic acid,
between 10-100 uM concentrations. Levels of nitric oxide is higher in samples after treatment with AMS-6PB and
Ascorbic acid as compared to the other test compounds.

Greater inhibition of total COX enzyme activity and lower levels of COX-dependent release of prostaglandin
E, are observed for AMS-6PB and AMS-6INDO compared to crystalline PB, INDO and ascorbic acid (Figure 5.4a-b).
Furthermore, there was no significant difference in total COX activity and prostaglandin levels between AMS-6PB
and AMS-6INDO at the tested concentrations (p > 0.05). Since the COX enzyme resides intracellularly within the
lumen of the endoplasmic reticulum and nuclear envelop [48], this is strong evidence for the enhanced transport of
PB and INDO within the cell due to their release from the mesoporous carriers. The concentration of TNF-a measured
increased with concentration for PB and AMS-6PB to higher levels than the positive control but decreased with
concentration for INDO and AMS-6INDO and ascorbic acid (Figure 5.4c). Interestingly mesoporous AMS-6 alone
induces a decrease in the concentration of TNF-a measured, at similar levels to the negative control (Appendix,
Figure C4a).

The test compound AMS-6PB achieves a significantly higher concentration of intracellular PB after 24 hours
incubation than crystalline PB (p < 0.05), as measured from HPLC analysis, with 46.2% of the loaded PB being

transported intracellular in contrast to 6.0% for PB alone (Figure 5.4d).
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Figure 5.3. Concentration dependent effects of test compounds on the production of different ROS species by
HEBC cells after 24 hours incubation with 1 ug/ml LPS, as a (a) % of ROS+ cells, (b) analysis of ROS levels using the
DCFDA to probe levels of hydrogen peroxide, hydroxyl and peroxyl levels, (c) mitochondrial hydroxyl levels, (d)
nitric oxide concentration and (e) peroxynitrite. The positive control (red bar) are cells incubated with 1 ug/ml LPS
and negative control (white bar) is cells incubated with media only for 24 hours.
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Figure 5.4. Concentration dependent effects of test compounds on, (a) the total COX activity; (b)
prostaglandin E; levels and (c) TNF-a. (d) Percentage uptake of PB in endothelial cells as measured by HPLC, by
HEBC cells after 24 hours incubation with 1 ug/ml LPS. The positive control (red bar) are cells incubated with 1

ug/ml LPS and negative control (white bar) is cells incubated with media only for 24 hour

To test the effectiveness of the test compounds in maintaining the integrity of a model BBB, an in vitro
model was established consisting of HEBC cultured on the membrane of the transwell insert. LPS (1 ug/ml) with or
without the test compounds was added and electrical resistance measurements performed using a TEER apparatus,
which is a measure of BBB disruption associated with paracellular pathways [49]. For adequate comparison
resistance data is normalised to the initial value measured before addition of the LPS, expressed as a percentage.
Actual initial resistance values varied between each transwell between 450-510 Q-cm?. In the negative control, which
consisted of brain endothelial cells grown on the transwell membrane in cell culture media, a high TEER value that
remained unchanged after 24 hours was measured (Figure 5.5a), which indicate the integrity of the BBB was

maintained by tight junction proteins between endothelial cells that restricted paracellular permeability.
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Figure 5.5. (a) TEER electrical resistance measurements conducted on monolayers of HEB cells, as a BBB integrity
model, incubated with 1 pg/ml LPS and test compounds after 24-hour incubation, expressed as percentage
decrease from the initial measured resistance prior to addition of LPS. Time dependent resistance measurements
at (b) 1 uM (c) 50 uM and (d) 100 uM for test compounds AMS-6PB, AMS-6INDO and Ascorbic acid compared to
controls. For clarity, the error bars for the negative and positive controls have been removed in (c) and (d). For
comparison, all data are normalized to the value at 0 hours prior to addition of the LPS and test compounds. Final
resistance values for the positive and negative control were 290 and 450 Q-cm? respectively.

Treatment with LPS (Positive control) caused a significant reduction (p < 0.05) in TEER in comparison to the
negative control (Figure 5.5a). As noted, LPS is known to cause the generation of oxidative stress in endothelial cells
that disrupt the integrity of the blood brain barrier through multiple mechanisms including the induction of cellular
apoptosis, nitration, and oxidation of tight junction proteins [50]. Mesoporous AMS-6 particles added together with
LPS, led to a concentration independent decrease in the resistance per unit area, albeit above the resistance
observed for the positive control (Appendix, Figure C5a). All test compounds improved the HBEC monolayer integrity
when added together with LPS after 24 hours of incubation in comparison to positive control (LPS alone). Addition
of AMS-6PB with LPS led to comparable decrease in resistance as ascorbic acid at 1 uM and 50 uM which was not

statistically significant (p > 0.05), and a lower decrease at the higher 100 uM concentration after 24 hours of
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incubation (Figure 5.5a). Resistance values for AMS-6INDO and INDO alone were lower, indicative of a more
disrupted cellular monolayer due to the effects of LPS. The enhanced dissolution properties of PB released from
AMS-6 are revealed in the time dependent integrity of the HBEC monolayer (Figure 5.5b-d), where the highest
resistance values at 2-hours for the 100 uM concentrations, with an 18% improvement in resistance. However,
addition of either 50 uM of ascorbic acid or AMS-6PB led to the most sustained retention of the HEBC monolayer
integrity over the 24-hour period, with very small changes in resistance overall. The COX inhibitor INDO maintains a
higher barrier resistance compared to the positive control at all concentrations, with the 100 UM concentration
showing resistance values above those of the AMS-6INDO sample at the same concentration, at all time points
(Appendix, Figure C6).

Membrane permeability to fluorescein isothiocyanate (FITC)-dextran molecules of molecular weight 59000—
77000 (approx. size 604) and 3000-5000 (approx. size 14 &), were used as an indicator of the BBB integrity after 24
hours incubation with 1 pg/ml LPS and test compounds. Increased permeability to the larger size FITC-dextran
represents broad disruption to the integrity of the endothelial cell monolayer while the smaller size FITC-dextran is
a more sensitive marker of BBB disruption [51]. In comparison to TEER, permeability measurements is associated
with disruption of the BBB by the transcytotic pathways [52].

As a reference the positive control, LPS at 1 pg/ml, induced a 4-fold increase in the permeability rate of the
larger size FITC-dextran compared to negative control, and approx. 2.5 times higher permeability than the smaller
FITC-dextran (Figure 5.6a-b). This indicates LPS causes a broad disruption to the endothelial cell monolayer involving
both paracellular and transcytotic pathways as measured by TEER and permeability measurements [18, 51, 53],
consistent with the increase in ROS, PGE; levels in LPS treated endothelial cells. Treatment with AMS-6PB and
ascorbic acid maintains a significantly lower permeability (p < 0.05) to the larger FITC-dextran compared to the other
test compounds, confirming that these compounds were most effective in preventing cellular damage associated
with LPS. In particular, treatment with AMS-6PB resulted in a significantly lower permeability (p < 0.05) to both the
small and large FITC-dextran compounds relative to AMS-6INDO. Whilst treatment with AMS-6INDO lead to a
reduction in permeability to the smaller FITC dextran, permeability to the larger FITC-dextran was significantly higher

than the negative control, suggesting broad disruption to the BBB integrity remained in this sample.
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Figure 5.6. HEBC permeability measurements to FITC-Dextran molecules of different molecular weight and size,
recorded at the end of the 24-hour incubation period with 1 ug/ml LPS and test compounds.

In comparison to the other test compounds, PB released from AMS-6 maintained a high endothelial barrier integrity
to a similar degree when compared to ascorbic acid, characterised by a similar reduction in LPS mediated increases
in reactive species generation and preservation of nitric oxide levels. PB is known to have some anti-inflammatory
properties mediated by the inhibition of NF-kB activation of COX enzyme activity [64][65]. PB’s anti-inflammatory
properties were shown in our study to be superior to ascorbic acid based on measured COX enzyme activity and
PGE; levels (Figure 5.4), and this may have contributed to the greater effect on barrier integrity measured at higher
doses of 50 and 100 uM in Figure 5.5b and c between 1 and 6 hours. However, the behavior of highly soluble probucol
resembles that of a COX-1 specific inhibitor, in as much as that whilst PGE, was significantly inhibited, the pro-
inflammatory cytokine TNF-a was not.

The pharmacological properties of PB has been previously reported from in vitro and in vivo models of oxidative
stress and inflammation in the context of hypocholesteremia and atherosclerosis administered with organic solvents
such as DMSO or together with lipids [66-69]. In this study, the pharmacological properties of PB were significantly
enhanced by the encapsulation within AMS-6, and proven to be a viable strategy to reduce LPS induced disruption

to endothelial cell integrity via paracellular and transcytotic pathways.

5.3  Conclusion

The enhancement in the solubility of PB released from AMS-6 increased the antioxidant properties of the

drug as compared to crystalline PB in an in vitro endothelial cell model of the BBB. The differences in the
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pharmacological properties of PB was likely due to the higher cellular uptake of the drug compound in PB released
from MSP as compared to crystalline PB. The antioxidant properties of PB released from AMS-6 was not significantly
different to the potent antioxidant ascorbic acid. Furthermore, PB released from AMS-6 and ascorbic acid were
significantly superior to INDO and AMS-6INDO in maintaining the integrity of the tight junctions in an in vitro BBB
model of neuroinflammation, suggesting compounds with potent antioxidant properties are more effective in the

treatment of neuroinflammation compared to anti-inflammatory compounds.
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Zebrafish as a biological model of oxidative
stress for testing the therapeutic properties of
drug compounds and mesoporous silica.

6.1 Introduction

The aim of this final chapter was to further explore the antioxidant and toxicological properties of the test
compounds used in this thesis in an in vivo model that is a closer representation of the human physiology. Zebrafish
are rapidly becoming an established biological model for biomedical research [1, 2], and was chosen in this thesis as
it has a high degree of biological and genetic similarities with humans, along with other advantages. Zebrafish
embryos are optically transparent and allow for the visualisation of major organs and tissue development in real
time [3]. The high genetic homology (~ 70 %) between zebrafish and humans enable the study of the pathological
mechanisms that are relevant in human diseases [4]. Furthermore, large amounts of embryos (approx. 200-300 eggs
per day) can be generated every 5 to 7 days, making it readily available for high throughput toxicological or
pharmacological screening of drug compounds and materials. Recent advances in the genetic manipulation of

zebrafish allow for the development of transgenic fish in the study of the pathogenesis of diseases [5, 6].

The major organs including the cardiovascular, nervous, and digestive systems are highly conserved between
zebrafish and humans, making it a relevant model to analyse the ADME (adsorption, distribution, metabolism, and
elimination) of drug compounds and materials (Figure 6.1) [7]. For example, the cardiovascular system is highly
conserved between humans and zebrafish at the anatomical, cellular and molecular levels, such that many

cardiovascular drugs have shown to have identical effects on zebrafish and humans [8].
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Figure 6. 1 Conservation of the major organs between zebrafish and humans [9]

Like humans, ROS produced by zebrafish serve as second messengers in normal physiological function, and
also in the immune response following exposure to potentially harmful stimuli including environmental pollutants,
chemicals, and drug compounds [10-12]. Zebrafish have a range of antioxidant defence mechanisms including
enzymes and signalling pathways that detoxify free radicals, and in replenishing levels of small molecule antioxidants
[13]. Furthermore, excessive production of ROS is known to cause oxidative damage to the biomolecules of zebrafish
including DNA, lipids, and proteins that lead to cell death and destruction [14, 15]. As the major mechanisms of ROS
production and function show physiological similarities in humans, zebrafish are a relevant in vivo model to study
the pathogenies of diseases mediated by oxidative stress, and to investigate the pharmacological and toxicological

properties of drug compounds and materials [16, 17].

Taking advantage of their optical transparency, a range of molecular probes can be used to monitor in real
time the production of ROS by zebrafish. For example, the DCFDA probe is typically used to monitor the production
of ROS including H,0,, OH*, and 0,, therefore providing a qualitative measurement in the overall levels of reactive
species [18]. To determine the antioxidant properties of drug compounds, pre-incubation of zebrafish with the test
compounds are performed, followed by exposure to a pro-oxidant, and incubation of the zebrafish with DCFDA [19,
20].

In this chapter, an established zebrafish model of oxidative stress [15] using H,0> as the pro-oxidant was
used to determine the antioxidant property of PB released from AMS-6 compared to crystalline PB. In this model,
pre-incubation of zebrafish (3dpf) with the test compounds for 24 hours, was followed by treatment with 5 mM
hydrogen peroxide for 1 hr, and 25 pM DCFDA to monitor the production of ROS as measured by the microplate
reader. Consistent with previous chapters, the antioxidant properties of PB was compared to the highly potent water
soluble antioxidant ascorbic acid. As an antioxidant, ascorbic acid was shown to have beneficial effects in enhancing
the rate of fish growth, cell proliferation and protection against ROS mediated DNA damage and oxidative stress [21,
22].
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6.2  Materials and methods

Synthesis of AMS-6 MSP

Details of the synthesis for AMS-6 MSP are included in chapter 2, section 2.2.1, pg.44 of the materials and methods.

Amine-functionalised AMS-6 (NH,-AMS-6) was prepared from the reflux of 1 g of AS-AMS-6 (as synthesised) material
at 85 °Cin a 500 ml mixture of ethanol/HCI (37%) for a period of 24 hours as previously reported [23]. Extraction of
the as synthesised material resulted in the homogenous coverage of propyl amine on the surface of silica, allowing
for further coupling with the fluorochrome. The mixture was filtered and the material was washed with ethanol and

left to dry at room temperature overnight

Fluorescein Isothiocyanate (FITC) labelling of silica particles (FITC-AMS-6). Preparation of FITC-AMS-6 MSPs was
achieved by the reaction between NH,-AMS-6 with the fluorochrome under alkaline conditions to produce the
imminothioester bond, following the protocol previously reported [24]. 1 g of NH,-AMS-6 was refluxed in 100 ml
ethanol containing the desired amount of flurochrome, and the pH of the mixture was raised to 11 by the addition
of NaOH pellets. The mixture was allowed to reflux at 85°C for a period of 6 hours. The mixture was filtered and

washed with ethanol to dissolve unattached FITC. The sample was dried at room temperature overnight.

Characterisation

Dynamic light scattering (DLS)

Hydrodynamic diameter and zeta potential measurements were performed by DLS using a Zetasizer ZS (Malvern
Instrument, UK) at 25 °C with a He-Ne laser (633 nm, 4 mW output power) as a light source. MSP dispersions (10 pL,

1 mg/mL) were measured in 1 mL in filtered phosphate buffer saline (PBS).

X-ray diffraction

Details of XRD analysis of samples are included in chapter 2, section 2.6.1, pg.46 of the materials and methods.

Nitrogen sorption isotherms

Details of the N; sorption isotherm are included in chapter 2, section 2.6.5, pg.49 of the materials and methods.
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Fourier-transform infrared spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) spectra of samples were obtained using a Thermo Scientific Nicolet
iS5 FT-IR Spectrometer with iD5 ATR accessory, in transmittance, from 4000 cm™ to 400cm™ was averaged over 32

scans for each curve. All samples were measured without dilution.

Drug loading

Details of the drug loading procedure are included in chapter 2, section 2.4, pg.46 of the materials and methods.

Thermogravimetric analysis (TGA)
Details of the TGA of samples are included in chapter 2, section 2.6.6, pg.51 of the materials and methods.
Differential Scanning Calorimetry (DSC)

Details of the DSC analysis of samples are included in chapter 2, section 2.6.7, pg.51 of the materials and methods.

Zebrafish care and preparation

Zebrafish were maintained at 28°C in a 13 hour light and 11 hour dark cycle. Zebrafish embryos were collected by
natural spawning and raised at 28 °C in buffer free-E3 solution (E3 solution) following the standard protocol [25].
Experimental protocols were approved by Macquarie University Animal Ethics Committee (Zebrafish models of
neural disorders; protocol no. 2012/050; using zebrafish to understand how the central nervous system responds to

neuronal stress and death caused by neurodegenerative diseases, 2015/033).

Microscopy images

Embryonic zebrafish, 2 day post fertilisation (2dpf) were pre-treaded with FITC-AMS-6 in E3 solution for 24 hours.
Fish were washed three times and transferred to single well sample holders for observation under fluorescent
microscope. A tuneable white-light lased was used for excitation of the fluorophore and corresponding filter to
image the samples (495/519 Ex/Em wavelength nm). Images were brightness and contrast adjusted for visualisation

and illustration.

DCFDA reactive oxygen species assay

The compound DCFDA (2’,7’-dichlorodihydrofluorescein diacetate) was used to monitor ROS production in
embryonic zebrafish. DCFDA is cleaved by intracellular esterases, and oxidised by ROS to the fluorescent compound

DCF (2’,7’-dichlorofluorescein). Embryonic zebrafish (2dpf) were pre-treated with the test compounds dissolved in
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E3 solution for 24 hours in an incubator set to 28°C. At 3 dpf, the embryos were washed three times in E3 solution,
and incubated with 5 mM H,0, for one hour. The embryos were washed three times in E3 solution, and treated with
25 mM DCFDA for 45 minutes, and embryos transferred individually to a black 96 well plate. Fluorescence
measurements were obtained using a PHERAstar plate reader (485 excitation, 520 emission wavelength). Data are
represented as mean * Standard deviation. Samples were run in triplicate and values were normalized to the positive

control.

Statistical analysis

Statistical analysis was performed using the paired sample t-test (Excel, Microsoft, USA), and probability values of

(p) < 0.05 was considered as statistically significant.
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6.3  Results and discussion

The structural and textural properties of the mesoporous materials used in this chapter are shown in Table
6.1. Reduction in the pore size and surface area of NH,-AMS-6 compared to CAL-AMS-6 was due to the presence of
the functional propylamine groups within the internal surface of NH,-AMS-6 MSP. Further reduction in pore volume
and surface area was observed in the FITC-AMS-6 when compared to NH,-AMS-6 indicating the presence of FITC
within the mesopores. PB was loaded within CAL-AMS-6 at a loading amount of 29.5% (wt/wt) as determined by
TGA. The reduction in pore volume and surface area in the AMS-6PB29.5% sample compared to CAL-AMS-6 suggest
PB was loaded within the mesopores as previously described in chapter 4. The AMS-6PB29.5% sample was used in

studies comparing the antioxidant properties of PB released from AMS-6 versus crystalline PB.

MSP ao, Pyol, Psize, Sarea, HDsize, NnmM {-potential,
A cm/g A m?/g (£ STD) mv (£ STD)
AS-AMS-6 115.3 - - - 354.4(160) 36.3(3.0)
CAL-AMS-6 113.2 0.81 47.0 814.2 491(16.5) -28.5(0.6)
NH2-AMS-6 118.8 0.39 37.9 470.5 749(24.1) 29.6(0.8)
FITC-AMS-6 100.7 0.35 36.2 401.5 782 (25.1) 30.8(0.4)
AMS-6PB29.5% 113.8 0.21 40.3 197.7

Table 6.1: Structural and textural data of AMS-6 as utilised in this study. The unit cell parameter, a,, was obtained
from powder X-ray diffraction. The average pore volume, average pore size and surface area (Pyoi, Psize, and Sarea,
respectively) were obtained from nitrogen sorption measurements. The HD;,e was measured in PBS buffer, whilst
the {-potential was measured in distilled water. The {-potential of CAL-AMS-6 was negative due to the presence of
surface silanol groups. The NH,-AMS-6 MSP showed the highest hydrodynamic (HDs;;e) particle size due to particle
agglomeration, and a positive {-potential due to the presence of amine groups.

The presence of amine groups and FITC in NH,-AMS-6 and FITC-AMS-6 was further confirmed using FT-IR
(Figure 6.1). The absorption bands of the 1000-1200 cm™ (Si-O-Si asymmetric stretching), 965 cm™ (Si-O stretching)
and 801 cm™ (Si-O-Si symmetric stretching) is present in all MSP and represent the peaks of the silica framework
[26]. The reaction between the amino groups (-NH,) on NH,-AMS-6 and the isothiocyanate groups (-N=C=S) from
FITC is characteristic of the absorption peak attributed to the C-N stretching vibration around 1462 cm™[27]. The
symmetrical bending band in 1630 cm™ is attributed to the presence of NH, groups in NH,-AMS-6 and FITC-AMS-6

materials [27].
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Figure 6.1: Infrared spectroscopy of AS-AMS-6, CAL-AMS-6, NH,-AMS-6, and FITC-AMS-6 materials. The absorption
peak at 1462 cm™ is attributed to the reaction between the amino groups (-NH;) on NH,-AMS-6 and the
isothiocyanate groups (-N=C=S) from FITC [27]. The presence of NH, groups in NH,-AMS-6 and FITC-AMS-6
materials is attributed to the stretching band at 1630 cm™ [27]. The broad band between 3200 and 3700 cm™ is
attributed to the O-H bond stretching of the surface silanol groups and the adsorbed water molecule [28].

Low angle X-ray powder diffraction (XRD) patterns of CAL-AMS-6 show diffraction peaks characteristic of
the cubic mesostructured (Appendix, Figure D1) [29]. XRD analysis of NH,-AMS-6 material show a similar diffraction
pattern to that of the calcined material, suggesting minimal changes in porous structure occurred (Appendix, Figure

D1).
Toxicological properties of CAL-AMS-6

Initial studies were conducted to determine the toxicological profile of CAL-AMS-6 in terms of ROS
generation and mortality on the developing embryo at 3dpf. Embryonic zebrafish were exposed in E3 media
containing CAL-AMS-6 for a period of 24 hours. At the end of the 24 hours, zebrafish were washed, and incubated
in E3 media containing 25 uM DCFDA for 45 minutes to measure ROS production. The fluorescent intensity of DCF
in individual zebrafish exposed to different concentrations of CAL-AMS-6 for 24 hours was measured by the
microplate reader, and results were normalized to the positive control (fish exposed to 5 mM H,0, for 1 hour), which

has been shown previously to cause oxidative stress in zebrafish [15].

A significant increase (p < 0.05) in ROS was observed in fish exposed to CAL-AMS-6 as compared to the
negative control (Figure 6.2a). No significant difference (p > 0.05) in measured ROS levels was observed between the

different doses of CAL-AMS-6 suggesting the increase in ROS was not dependent on the dose of silica. In terms of

134 | Page



viability, no death in fish was recorded in zebrafish after exposure to CAL-AMS-6 at the concentrations used in the
study (Figure 6.2b). This suggests the generation of ROS was not associated with significant oxidative damage that

would lead to fish death.
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Figure 6.2: (a) Zebrafish (3dpf) exposed to different concentrations of CAL-AMS-6 for a period of 24 hours, and
measured DCF fluorescence normalized to the positive control (5 mM H,0,) after incubation for 45 minutes with
25 uM DCFDA probe. (b) Percentage of fish that were either dead or alive as observed under bright field
microscopy of the samples.

To determine the uptake and distribution of MSP, zebrafish were exposed to FITC-AMS-6 in E3 media for a
period of 24 hours. At the end of the incubation time, zebrafish were washed three times, and observed under
microscopy. The majority of the FITC-AMS-6 particles were located in and around the frontal regions of the fish
including the heart, yolk sac and mouth, with no obvious accumulation in the brain or other major organs (Figure
6.3). At higher concentrations, an increase in the number of FITC-AMS-6 was observed. Further experiments would
need to be conducted to determine whether the particles are internalised or loosely bound to the surface of the

fish, and to determine the effect of MSP on embryo development and toxicity.
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Figure 6.3: Images taken of Zebrafish after 24 hours exposure to different concentrations of FITC-AMS-6. The
concentration of FITC-AMS-6 are a) 25 pg/ml, b) 50 ug/ml, c) 100 pg/ml, and d) 200 pg/ml.
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The particle size, and surface charge of silica particles are key properties that determine its toxicological
profile in vivo [30-33]. The effect of silica particle size (15 and 30 nm) and in vivo toxicity were investigated in freshly
fertilised embryonic zebrafish (2 hour post fertilisation - 2hpf). A significant increase in malformations (axial spine
curvature, pericardial edema, yolk sac edema) were observed in embryos exposed to 15 nm silica as compared to
the exposure at the equivalent concentrations to the larger 30 nm silica. This was associated with the significant
increase in the generation of ROS, reduction in antioxidant enzyme activity, and higher silica uptake in embryos

exposed to the 15 nm silica, suggesting the malformations were caused by silica induced oxidative stress [33].

High mortality rate (94%) was observed in Zebrafish (20 hpf) exposed to positively charged MSP (POS-MSP,
HDsi;e < 60 nm, Z-potential 38.9 mV) as compared to significantly lower mortality in zebrafish exposed to the negatively
charged MSP (NEG-MSP, HDs;;e < 60 nm, Z-potential -52 mV) at the equivalent dosage (100 pg/ml) [31]. Similar findings
were reported in another study where the exposure of zebrafish (8 hpf) to positively charged amine functionalised
MSP (NH,-MSP, +35.3 mV, 115.8 nm) resulted in 100 % mortality after 48 hours exposure [32]. In comparison,
embryonic zebrafish exposed to NEG-MSP (-31.8 mV, 133.8 nm) did not cause a significant increase in mortality and
embryos developed normally until the end of the experiment time. Images of zebrafish showed greater penetration
and distribution of the POS-MSP in the yolk, tail, intestines and tissues of the embryo as compared to the localisation
of NEG-MSP in the intestine with no distinguishable fluorescence in the yolk or tail [31, 32] .The increased mortality
in embryos exposed to POS-MSP was likely due to toxicity associated with the increased exposure of the internal
organs to MSP, as the positive charge on MSP facilitated greater uptake across biological membrane in comparison

to negatively charged MSP of the same particle size.

In comparison to the previous studies, the CAL-AMS-6 MSP used in this study were negative charge particles
and had a much larger HDsjze (-28.5 mV, 491 nm) (Table 1). Although a significant increase in the production of ROS
was observed in zebrafish, further studies would need to be conducted to further explore the toxicological profile
such as its effect on embryo’s antioxidant levels, cell death and embryo development. Furthermore, the FITC-AMS-
6 MSP used for the imagining studies had a positive charge and a much larger HDs,. as compared to CAL-AMS-6
(+34.8 mV, 749 nm). The differences in the properties of the materials including particle size and charge and their

effect on the toxicity of zebrafish should be further explored in future studies.
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Antioxidant properties of probucol and ascorbic acid

The antioxidant properties of the test compounds were tested in the zebrafish model of oxidative stress.
Zebrafish were exposed to the test compounds for 24 hours, followed by 5 mM H,0, for 1 hour and 25 uM DCFDA
for 45 minutes. In the initial experiment, the antioxidant property of CAL-AMS-6 was tested in this model. No
significant reduction (p > 0.05) in measured ROS was observed with the treatment of CAL-AMS-6 at the different
concentrations of MSP when compared to the positive control. A higher percentage of dead fish was actually
observed in zebrafish treated with higher concentrations of CAL-AMS-6, which may have been associated with the
increase in ROS production observed earlier. This suggests CAL-AMS-6 does not have an antioxidant effect in

quenching ROS and may, at higher doses, cause an increase in fish mortality due to an increase in ROS production.
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Figure 6.4: Treatment with test compound CAL-AMS-6 MSP in zebrafish (3dpf) for 24 hours, followed by 1 hour

incubation with 5 mM H,0, and 40 minutes incubation with 25 uM DCFDA. In Figure a), fluorescence readings of

DCF normalised to the positive control (5mM H,0,), and in b) observation of percentage of fish that were either
dead or alive, as observed under microscope.

The test compounds AMS-6PB, PB and ascorbic acid were tested in the zebrafish model of oxidative stress
at 25, 50, 100 and 200 uM concentration of the active ingredient. Embryos pre-treated with AMS-6PB29.5% (25 uM
and 50 uM) maintained levels of ROS that were not significantly different (p > 0.05) to the negative control,
suggesting the test compounds protected the embryo from oxidative damage induced by H,0, (Figure 6.5)_Similarly,
treatment at high concentrations of ascorbic acid (ASC, 200 uM) also maintained ROS production in embryos at
comparable levels to the negative control. This was also reflected with a high percentage of fish that remained alive
after treatment with test compounds, with ~ 91% of fish alive recorded in the AMS-6PB30% 25 uM treatment (Figure
6.5 b). At higher concentrations, AMS-6PB29.5% 100uM and 200 uM caused a significant increase in ROS and % fish

death, which was likely contributed by the increase in the silica concentration (Appendix, Figure D2). In comparison,
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the production of ROS was significantly higher in embryos treated with crystalline PB (25 and 50 uM) when compared

to the equivalent concentration of PB released from AMS-6 (Figure 6.5).
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Figure 6.5: Zebrafish pre-treaded with the test compounds for 24 hours before treatment with 5 mM H,0; for 1
hour and 25 uM DCFDA for 45 minutes. a) Measured DCF fluorescence of the samples normalised to the positive
control (5 MM H;03), b) % zebrafish that were either dead or alive after the experiment as observed under
microscopy.

The quenching of H,0, and other reactive species are likely to account for the reduced ROS production in
PB treated zebrafish as compared to the positive control. Furthermore, PB can be incorporated in biological
membranes protecting it against H,O, mediated oxidative damage and activation of cellular apoptosis [34-36]. Other
reported beneficial effects of PB include the increase in antioxidant enzyme glutathione peroxidase (GPx) activity
that catalyses the reduction of H,0, into unreactive products [37], increase protein expression of thioredoxin- 1 [34],
and NAD(P)H:quinone oxidoreductase-1 [38] which are mechanisms that contribute to attenuation of oxidative

stress caused by H,0..

The results from these studies suggest the antioxidant properties of PB is enhanced from the encapsulation
within AMS-6 as compared to crystalline PB. This enhancement is likely due to the increase in PB solubility from the
encapsulation of the drug in the amorphous form within the mesopores, which facilitate greater antioxidant activity
in neutralising either intracellular or extracellular H,0O, present in biological media. Furthermore, the higher solubility
of PB released from AMS-6 may have facilitated greater uptake of the drug and incorporation into the biological
membranes therefore protecting it against oxidative damage and apoptosis. Further studies would need to be
conducted to determine the differences in drug release kinetics in the zebrafish media along with drug concentration

in zebrafish to confirm these hypothesis.
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Additionally, the antioxidant property of PB released from AMS-6 (at 25 and 50 uM) was not significantly
different to ascorbic acid at 200 uM dosage. As a potent water soluble antioxidant, ascorbic acid can neutralise a
range of ROS and RNS present in biological media, and restore the antioxidant activity of other compounds and
enzymes in vivo [39, 40]. This effect was only observed at high concentrations of ascorbic acid, where the exposure
of freshly fertilised zebrafish embryos to ascorbic acid at 100-200 uM was shown to promote an enhancement in
embryo development, fish growth, reduced ROS DNA damage, and hatching rate [21]. A high concentration of
ascorbic acid is likely required to achieve and maintain high levels of intracellular ascorbate levels required to quench

ROS during oxidative stress.

6.4  Conclusion

Released PB from AMS-6 resulted in a significant reduction in zebrafish (3dpf) ROS production as compared
to crystalline PB at the same concentration of 25 and 50 uM of the active ingredient. The enhancement in solubility
of PB released from AMS-6 increased scavenging of H,0, and protects against oxidative stress in zebrafish. The
antioxidant properties of ascorbic acid (200 uM) was non-significantly different to AMS-6PB at 25 uM or 50 uM. At

this concentration, ascorbic acid is known to protect against oxidative damage by ROS.
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Overall conclusions and future directions

The most important and overall conclusion of this thesis is that a significant enhancement in the solubility
properties of poorly soluble pharmaceutical compounds (Class Il and Class 1V), can potentially unlock new
therapeutic areas. The consequences of this are large, as it could speed up clinical development and reduce the high
attrition encountered for difficult to formulate compounds [1]. As shown in this thesis with several pharmaceutical
active ingredients, and in particular probucol, mesoporous silica particles can enable this enhancement. The
antioxidant and anti-inflammatory properties of probucol were improved to expand its therapeutic potential in the

treatment of conditions associated with oxidative stress.

In Chapter 3, the Pair Distribution Function analysis of total scattering data was used to probe the local
atomic ordering of drugs loaded within mesoporous silica particles and to characterise how changes in molecular
packing affected in vitro drug release. The characterisation of the amorphous form is challenging as it is known that
pharmaceutical compounds have different crystalline and amorphous states that can affect their physical and
chemical properties (polymorphism and amorphism) [2]. Pair Distribution Function could differentiate between
different amorphous states of the loaded drugs as a function of loading amount, and can complement other
characterisation techniques such as TGA, DSC, nitrogen sorption, and conventional XRD techniques that probe more

specifically the crystalline state.

In Chapter 4, probucol was loaded into mesostructures AMS-6, MCM-41, SBA-15 to investigate the effect
of textural properties of the mesoporous silica, loading amount (wt%) and dose on the physical form of probucol
and its drug release profile. The encapsulation of probucol in the amorphous form was achieved by the suppression
of crystallisation. A loading of 30 wt% resulted in the optimal release for AMS-6, whilst the presence of crystalline
drug material in MCM-41 was detected at 20 wt% loading due to complete pore filing as this material had a lower
mesopore volume compared to AMS-6 and SBA-15. The solubility of probucol was significantly enhanced in all

particles as compared to the crystalline drug and this was confirmed in vivo with pharmacokinetic studies in rodents,
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showing an enhancement in oral bioavailability of approximately 7 times for probucol released from AMS-6 after

oral administration.

In Chapter 5, the pharmacological properties of probucol were explored further in the context of the blood
brain barrier and neuroinflammatory diseases. As neuroinflammation is a complex disease involving both oxidative
stress and inflammation, a comparison was made between probucol and a compound with potent anti-inflammatory
properties (indomethacin). Furthermore, the antioxidant properties of probucol was compared to ascorbic acid, a
potent antioxidant compound. The antioxidant and anti-inflammatory properties of probucol were significantly
enhanced in comparison to its crystalline form. Formulations of AMS-6PB and ascorbic acid had superior antioxidant
properties in comparison to INDO (and AMS-6INDO), and attenuated LPS induced increases in permeability of the
blood brain barrier. Whilst this shows the potential for probucol in the treatment of neurodegenerative diseases
associated with oxidative stress and changes in the permeability of the blood brain barrier, it also is strongly
suggestive that compounds with antioxidant properties are more effective than anti-inflammatory compounds

alone.

In the final Chapter, preliminary work was conducted to investigate the antioxidant properties of probucol released
from AMS-6 in vivo using a zebrafish model of oxidative stress. Zebrafish were chosen because they have a high
degree of genetic homology making them a relevant model to study diseases. Results were also promising as
probucol quenched ROS production in zebrafish exposed to the pro-oxidant hydrogen peroxide, at lower

concentrations than ascorbic acid (25 uM versus 200 uM).

Future directions

Future work could be undertaken to expand and explore in further detail on the findings from this thesis.
PDF was shown to be a promising tool in probing the local atomic structure of drug compounds loaded within MSP.
Further work should be undertaken to systematically evaluate and characterise how the textural properties of MSP
can affect molecular ordering and mobility of the loaded drug, and how this can be used to predict the in vitro drug
release and possibly in vivo pharmacokinetics. One such additional technique that could be employed to support
total scattering measurements is Dielectric Relaxation Spectroscopy (DRS) as a tool that can probe molecular
mobility via the re-orientation motion of dipoles under an applied electrical field. The amorphous state of a
compound, stabilised below the critical pore diameter, implies a molecularly disordered arrangement of the drug
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within the mesopores. In contrast, a more ordered (crystalline) form of the drug compound, where a dipole motion
is fixed at specific sites in the crystal lattice is insensitive to electric field fluctuations [3]. This allows to quantitatively
differentiate between the two states, as the silica wall does not respond to the field perturbation, and to probe the
molecular mobility of the encapsulated compound through relaxation experiments [4]. Modelling drug release from
mesoporous silica is complex. Simulation and experimental evidence reveal a complex scenario for the adsorption
of drugs within the mesoporous surfaces, which has limited the amount of systematic modelling studies despite a
need to better predict kinetic drug release [5]. The development of a model for drug dissolution within the pores in
terms of transient mass balances, considering changes due to amorphisation of the drug, with 3-D complex
geometries and variable diffusivities must be developed if these materials are to be generically used as

pharmaceutical excipients.

Finally, more in vivo studies should be conducted to investigate the pharmacological properties of probucol
with enhanced solubility profiles, in disease models such as atherosclerosis, neuroinflammation, or
neurodegenerative diseases. The unique antioxidant properties of probucol could generate new therapeutic
products, but the toxicological profile of the drug released may also be enhanced and so this should be evaluated

too, in particular its potential cardiotoxicity.
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8 Appendices

8.1 Appendix A: Supporting information of Chapter 3.
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M1. Synthesis of Mesoporous Materials

All chemicals, including pharmaceutical drug compounds, were purchased from Sigma-Aldrich (Sydney,
Australia) unless stated and used as received without further purification.

The synthesis of mesoporous material SBA-15 has already been described previously, and is based on
the self-assembly of the polymeric surfactant P123 (EO20PO70EO20, May =5800) in aqueous acidic
conditions. In a typical synthesis TEOS (8.19 g) was added to a mixture of P123 (4.0 g), HCI (8.0 g, 35 wt%),
and deionized water (100 ml) at 40°C. After the mixture was stirred for 24 hrs, the mesostructured
product was cured at 100°C for an additional 48 hrs. The products were filtered without washing and
dried at ambient temperature and pressure. The surfactant was removed by exhaustive solid—liquid
extraction using an HCI (35 wt%)/ethanol solution (ratio 2:8) at 70°C for 24 hrs prior to calcination in order
to remove any remaining surfactant by calcination at 550 °C (1 hrs in flowing air), to give the porous
material.

The synthesis of mesoporous material MCM-41 has been reported previously. In this preparation
cetyltrimethylammonium bromide (CTAB, 9.4g) were dissolved in 65 g of deionized water under stirring
before the addition of trimethyl ammonium hydroxide (TMAOH, 7.0 g). The resulting gel of composition
Si0,:0.27 CTAB: 0.19 TMAOH: 40 H20 was heated in a sealed stainless steel autoclave at 100°C for
hydrothermal treatment for 24 hours. The products were recovered by filtration, washed thoroughly with
distilled water and then dried in air. The surfactant was removed by calcination as described previously.

The synthesis of mesoporous material MCM-48 has been reported previously. In this case sodium silicate
is used as the silica source, cetyltrimethylammonium bromide as the surfactant and ethanol as a structure
directing additive. Briefly, distilled water and surfactant are stirred at room temperature for 1 hour
followed by addition of ethanol. After 30 minutes of further stirring at room temperature the desired
amount of sodium silicate is added and hydrothermal treatment is conducted in a teflon autoclave at
100°C for 4 days. The synthesis gel had a molar ratio of 1 SiO,: 0.25 Na,0: 0.65 C;6TMABr: 5 CH3CH,OH:
100 H,0. The filtered product was dried in air and calcined as described above.

M2. Characterisation Equipment and protocols.
Material Characterisation

Scanning electron microscopy images were obtained using a JSM-7401F scanning electron microscope
(JEOL Ltd., Tokyo, Japan) operating at 1-2 kV with no gold coating.

Transmission electron microscopy (TEM) of calcined and extracted samples was conducted with a
JEOL-3000F microscope (JEOL Ltd, Tokyo, Japan), operating at 300 kV (spherical aberration: 0.6 mm;
resolution 1.7 A). Images were recorded using a charge-coupled device camera model Keen View, SIS
Analysis Specialized Imaging (Olympus Soft Imaging Solutions, Olympus Corporation, Miinster,
Germany; size: 1024 x 1024; pixel size: 23.5 x 23.5 um) at 30000-100000x times magnification using
low dose conditions on calcined and drug loaded samples.

Nitrogen adsorption isotherms were measured at liquid nitrogen temperature (-196°C) using a
Micromeritics TriStar Il volumetric adsorption analyser (Micromeritics Instrument Corporation, GA,
USA). Before the measurements, the samples were outgassed for 3 h at 200°C. The Brunauer—
Emmett-Teller (BET) equation was used to calculate the surface area from the adsorption data
obtained in the relative pressure (P/P,) range of 0.05 and 0.3. The total pore volume was calculated
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from the amount of gas adsorbed at P/Po = 0.95. Pore size distribution curves were derived using the
density functional theory method assuming a cylindrical pore model for all samples. Values from the
t-plot analysis are obtained at a thickness range from 3 to 5 A.

A thermogravimetric analysis instrument (TA instruments, TGA-2050, Delaware, USA) was used to
determine the loading amount. Analysis was conducted at a heating rate of 20 °C min™ from 20 to 800
°C. The sample weights varied from 5 mg to 10 mg. The derivative weight loss calculation was performed
using TA instruments software (TA instruments, Universal analysis 2000, version 3.0 G).

Thermal analysis was conducted using a DSC instrument (TA instruments, DSC-2010, Delaware, USA) at
a heating rate of 10 °C min™ from 20 to 350 °C. The sample weights varied from 5mg to 10mg. Analysis
was performed using TA instruments software (TA instruments, Universal analysis 2000, version 3.0 G).

M3. Drug loading and release.
Drug Loading

Drug loading was achieved via a wetness impregnation method. In brief, a concentrated drug solution
in ethanol was mixed with a sample of mesoporous silica (200 mg) and briefly sonicated. The solvent
was removed by rotary evaporation at 40°C. Samples were left to dried and stored in a desiccator until
further use.

Drug release

Media preparation: Simulated intestinal fluid (SIF) was prepared by dissolving NaOH (0.896 g) and KH2PO4
(6.805 g) in purified water (1 L) to give a solution with a pH of 6.8. All chemicals used was purchased from
Sigma Aldrich, and purified water (Millipore Reference, Sydney, Australia) was used for the experiment.
Size 1 gelatin capsules (ProSciTech, Batch: RL0O42, Queensland, Australia) were used for both pure drug
and drug loaded mesoporous silica samples. Drug release was assessed under sink conditions (900mL SIF,
pH 6.8) by UV/Vis absorbance scan (Agilent, Cary 60 UV-Vis, Sydney, Australia). The release was carried
out in a dissolution bath (Agilent, 708-DS, Sydney, Australia) at a stirring rate of 50 rpm at 37° C and data
collected typically for 24 hours.
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Figure S1. Physical and structural characterisation of calcined mesoporous materials MCM-48 (left), MCM-
41[2] and SBA-15(bottom). X-ray diffraction spectra of all samples show sharp mesoscale peaks that can
be indexed on the basis of hexagonal (for MCM-41and SBA-15) and cubic (for MCM-48) crystal class. Insets
show scanning and transmission electron microscopy (TEM), showing highly ordered structures with
agglomerated particles for MCM-41 and MCM-48, and rod type particles for SBA-15. The pore size
distribution as derived from nitrogen adsorption data is shown for each sample. Together with the textural

properties. Note the presence or a certain amount of microporosity (t-plot analysis) for the SBA-15
sample.
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Figure S2. Thermogravimetric analysis (TGA) curves and first derivative curves of selected drug-loaded
samples showing the variation in decomposition temperatures with respect to loading amount.
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Figure S3. Nitrogen adsorption-desorption isotherm curves for calcined and drug-loaded samples,
together with the pore size distributions derived from DFT analysis assuming a cylindrical pore.
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Figure S4. Powder X-ray diffraction patterns of mesoporous material ABZ, HYD and IND). Red curves are
the respective unloaded drug diffractograms. Insets show regions where scattering peaks can be
observed.
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Figure S5. Differential scanning calorimetry (DSC) traces of loaded mesoporous silica materials compared
to traces for the free crystalline drugs, for INDO and HYD.
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Figure S6. Comparison of total scattering profiles for mesoporous loaded samples and free crystalline
drugs for (a) SBA-15 and (b) MCM-48.

a) b)
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Figure S7. Comparison of total scattering profiles for mesoporous loaded samples and free crystalline
drugs.
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Figure S8. Dissolution curves for drug loaded mesoporous silica samples conducted under sink conditions
in Simulated Intestine Fluid (SIF).
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8.2 Appendix B: Supporting information of chapter 4.
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Fig S1. Physical and structural characterization of calcined (A) AMS-6, (B) MCM-41 and, (C) SBA-15.
Scanning electron microscopy images (i) show agglomerated spherical particles for AMS-6 and MCM-41,
rod type morphology for SBA-15. Low angle XRD patterns (ii) can be indexed to cubic (AMS-6) and
hexagonal (MCM-41 and SBA-15) mesoporous order. Pore size and porous properties (ii inset) as derived
from nitrogen adsorption data are shown for each sample.
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Fig S2. Thermogravimetric analysis of drug loaded mesoporous silica for AMS-6, MCM-41, and
SBA-15 respectively.
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Fig S3. Powder X-ray diffractograms of drug loaded mesoporous materials MCM-41 and SBA-15 at low
loadings, normalized to the most intense peaks to show that only small changes in peak intensities occur
as a function of loading amount. Small changes to scattering intensities observed > 30wt% loading for
SBA-15 samples are due to a decrease in the overall amount of mesostructured silica material in the XRD
sample.

MCM-41PB13.1% SBA-15PB12.1%
MCM-41PB18.5%
MCM-41PB31.8%

SBA-15PB19.1%
SBA-15PB29.9%

r T T T T T T 120° r T T T T T T ™—20°
1 2 3 4 5 6 7 8 05 15 25 3.5 45 55 65 75

165|Page



Fig S4. Differential scanning calorimetry scans of PB and drug loaded mesoporous materials MCM-41,
AMS-6, and SBA-15 respectively. Curves have been shifted on the y-axis, for ease of interpretation.
Inserts show the shift in the water desorption endotherm between the lowest and highest drug loaded
samples (red arrows) in MCM-41, AMS-6 and SBA-15 respectively.
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Fig S5. Nitrogen adsorption-desorption isotherm curves for calcined and drug-loaded samples,
together with the pore size distributions from DFT analysis. Saturation in surface area, and pore

volume was observed at drug loadings > 40wt%.
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Fig S6. Dissolution curves for drug loaded mesoporous samples conducted under sink conditions in

simulated intestine fluid (SIF) at 30 mg capsule powder fill weight.
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Fig S7. Dissolution curves for drug loaded mesoporous samples conducted under sink conditions in
simulated intestine fluid (SIF) at capsule dose from 30mg to 100mg.
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Fig $8. Summary of kinetic release measurements of PB loaded into mesoporous silica materials

conducted at different doses for AMS-6, SBA-15 and MCM-41. Dissolution curves were conducted under
sink conditions in simulated intestine fluid (SIF).
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Fig S9. (a) %ROS - cells (hCMEC/D3) after 24 h incubation with different concentrations of hydrogen
peroxide (500 uM to 1500 uM) together with the test compounds. The Positive control is hydrogen
peroxide by itself whilst the negative control represents normal cell growth with no hydrogen peroxide.
(b) Evolution of antioxidant activity of test samples incubated with 1000 uM hydrogen peroxide for 2 to
24 h plotted as a function of %ROS — cells (nCMEC/D3).
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Fig $10. (a) %dead cells (hCMEC/D3) after 2 to 24 h incubation with 1000 uM hydrogen peroxide and the
test compounds. The Positive control is hydrogen peroxide by itself whilst the negative control represents
normal cell growth with no hydrogen peroxide. (b) Percentage of viable cells (hCMEC/D3) after 2 to 24hrs
incubation at 1000 uM hydrogen peroxide together with the test compounds.
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Fig S11. (a) % dead cells (microglia) after 2 to 24 h incubation with the test compounds. The Positive
control is microglia cells incubated with 10 pg/ml LPS without addition of the test compounds, whilst the
negative control represents normal cell growth without activation by LPS. (b) Percentage of viable cells

(microglia) after 2 to 24hrs incubation with the test compounds.
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Table ST1. Fitted drug release kinetic parameters, using both Higuchi (H) and Korsmeyer-Peppas (KP)
model, obtained from dissolution experiments for PB loaded mesoporous silica samples. Crystalline
probucol follows zero order rate of release, with 50% of drug release (ti2) > 24 h. PB loadings below
complete pore filling resulted in the encapsulated of the drug in the amorphous state, and was shown to
have a rapid rate of release as measured by the higuchi rate constant (ks) and 50% drug release of less
than 1 h. Drug loadings above complete pore filling resulted in a reduction in the rate of drug release, due
to the increase in the recrystallization of PB.

R? Zero order (ko) ti2
Probucol 0.98 1.1 >24 hours
wt% H kn t12 min KP kyp
R? R?

131 | 098 | 959 | 271 | 098 | 1.6
225 | 096 | 1125 | 267 | 0.98 | 0.4
284 | 097 | 1238 | 268 | 0.99 | 0.5
AMS-6 412 [ 097 | 493 | 6351 | 096 | 1.6

519 | 0.97 | 147 - 099 | 0.2

60.3 | 098 | 4.1 - 0.99 | 0.8
13.1 | 0.97 | 80.2 26.7 095 | 1.2

18.5 | 0.97 | 715 | 50.1 | 0.97 | 0.61
McM-a1 | 318 [0.97 | 455 | 605.1 [ 0.98 | 1.6

42.1 1094 | 357 - 095 | 0.9
47.8 1098 | 13.3 - 097 | 11
604 | 0.86 | 2.1 - 097 | 03

12.1 | 0.97 | 122.4 24.8 0.97 | 1.39
19.1 | 0.98 | 107.2 25.5 0.97 | 0.69

299 | 098 | 99.1 25.5 092 | 0.74
415 | 098 | 70.3 50.5 0.93 | 0.64
49.5 | 0.96 | 9.23 - 0.96 | 0.95
56.4 | 0.91 | 2.77 - 091 | 0.44

SBA-15
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8.3 Appendix C: Supporting information of chapter 5.
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Figure C1: a) DSC analysis of Crystalline drug compared to drug loaded in mesoporous silica AMS-6. b) XRD analysis
of crystalline drug compared to drug loaded in AMS-6.
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Figure C2: Percentage (%) drug released for probucol (a), and indomethacin (b) from in vitro

dissolution experiments using SIF as the dissolution medium.
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Figure C3. (a) Concentration dependent effects of mesoporous silica AMS-6 on the generation of ROS+
HEBC cells after 24 hours incubation with 1 ug/ml LPS. (b) Percentage of viable and dead cells after addition of
test compounds after 24 hours incubation with 1 ug/ml LPS. The positive control (red bar) are cells incubated
with 1 ug/ml LPS and negative control (white bar) is cells incubated with media only for 24 hours.

178 | Page



" o
TNF-a OAMS-6PB30%

O Negative -E\ Prostaglandin E2
W Ascorbic acid
160 ~\ 160
R a) mLPS g b)
N 140 T = 140
g . S
< <
= 120 5120
9 g,
S 100 il i § 100
-~
] i
Y 80 Qg0
S
O 60 60
40 40
20 20
0 +—+E | | || 0
Controls 1 10 50 100 Controls 1 10 Conscgntratio%OPuM)

Concentration (uM)

Figure C4. (a) Concentration dependent effects of mesoporous silica AMS-6, AMS-6PB, ascorbic acid
on the generation of TNF-a in HEBC cells after 24 hours incubation with 1 ug/ml LPS. (b) Concentration
dependent effects of mesoporous silica AMS-6, AMS-6PB, ascorbic acid on the generation of prostaglandin E;
in HEBC cells after 24 hours incubation with 1 ug/ml LPS. The positive control (red bar) are cells incubated with
1 ug/ml LPS and negative control (white bar) is cells incubated with media only for 24 hours.
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Figure C5. (a) TEER electrical resistance measurements conducted on monolayers of HBEC cells as a BBB
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(b) Time dependent normalized resistance measurements at 1 uM, 50 uM and 100 uM mesoporous silica particles
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8.4 Appendix D: Supporting information of chapter 6.

Figure D1: SEM and XRD scans of mesoporous materials, (a,b) CAL-AMS-6, (c,d) NH,-AMS-6, (e,f) FITC-AMS-6.
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Figure D2: Measured DCF fluoresce after 24 hours and percentage of fish death and alive in zebrafish embryo (3dpf)
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AMS-6PB, and (e,f) ascorbic acid.
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