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Abstract

The majority of commercial drugs and molecules with therapeutic potential
have poor water solubility and decreased tissue absorption. With limited commercial
application, the lipophilic antioxidant probucol requires pre-formulation and
encapsulation technologies to improve bioavailability.

Within this thesis, probucol’s otoprotective application is assessed in vitro on
House Ear Institute-Organ of Corti 1 (HEI-OC1) using three different formulation
methods; 1) spray dried, 2) chitosan films or 3) supramolecular aggregates. To improve
pre-formulation stability and drug loading, probucol is tested in combination with
unconjugated and conjugated bile acids (cholic acid, deoxycholic acid,
chenodeoxycholic acid, ursodeoxycholic acid, taurocholic acid, lithocholic acid).

Pre-formulation rheology, particle characterisation including functional groups
identification, surface morphology, zeta potential, drug loading, drug dissolution,
matrix swelling recordings and calorimetry measurements were performed. The
biological impact on model cells for oxidative stress (cytotoxicity) were assessed using
reactive oxygen species accumulation, viability and bioenergetics assays.

Bile acids as excipients improve spray dried and chitosan film formulation
stability, surface appearance as well as drug loading, dissolution and release.
Supramolecular particle aggregation is greatly influenced by low concentrations of
bile acids. Fewer yet stable nanoparticle formations were recorded with the addition
of lithocholic acid. Bile-probucol (ursodeoxycholic acid, cholic acid) formulations are
compatible with HEI-OC1 and maintain cell survival against stressor pre-conditioning.

Bile acids used in formulations influence and enhance differently drug release
we show that slower drug release favours HEI-OC1 cell survival against oxidative
stress in vitro. A combination (e.g. method 1 & 3, method 2 & 3) or additional methods
other than the ones specified (e.g. metallic nanoparticles, quantum dots,
nanoprecipitation) could be used to enhance probucol’s therapeutic efficacy and drug

delivery in the future.
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Chapter 1

General Introduction

Drug delivery is limited by the solubility and absorption of the active
pharmaceutical ingredient (API) impairing around 40% of drugs and more than 90%
newly discovered molecules application (1). Such drugs and molecules benefit from
inclusion into polymer and polysaccharide-based formulations to increase drug-water

miscibility, optimise delivery release and drug targeting to tissues.

1.1. Probucol

Probucol (4,4'-(isopropylidenedithio)bis(2,6-di-tert-butylphenol), biphenabid or
Lorelco) is a known antioxidant with historic use as a hypolipidemic drug with limited
commercial availability to some countries (e.g. China, Japan). In vivo, probucol has a
half-life of 12-500 hours (2) and is mainly eliminated from the body through faeces,
although high concentrations of probucol show affinity to white adipose tissue as well
as the brain (3). From a molecular characteristic, probucol is highly lipophilic (octanol-
water partition coefficient log P = 8.92) and has a molecular weight of 516.8, basic
pKa (10.29) and polar surface area of 40.46 A% (2). With poor water solubility of 5
ng/mL (4), probucol is a class II type drug based on the Biopharmaceutical
Classification System (BSC) (5) and in violation of two of Lipinski’s rules (high
molecular with and log P) that limits the molecule’s diffusion through lipid membranes
(6). Probucol as an API has diverse applications pre-clinically in improving cellular
oxidative survival in neurodegeneration (7), diabetes (8) and ischemic (9) models.
More recently, our research group reviewed the possible benefits of using probucol
delivery in relation to inner ear pathologies (10). For drug delivery, probucol shows
better absorption properties by incorporating the drug into formulations obtained from
grinding or solid-dry dispersions containing for example polyvinylpyrrolidone (PVP).
Since probucol’s large crystalline size can affect drug dissolution, reducing its size by
either mechanical milling or incorporating the drug in water-soluble polymeric
formulations can improve surface-area contact with water (11-14). This process
improves the drug’s controlled release, dissolution ability, and absorption parameters
(5) in solutions in a time-dependent manner (15). There are other methods for

obtaining probucol delivery systems based on emulsions (16, 17) or mesoporous
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particles, for example increase probucol dissolution, and offer a better antioxidant
response in cell culture (18). However, no research has undergone in optimising
probucol formulation or explored the antioxidant effects in terms of ototoxicity or

hearing loss.

1.2. Ototoxicity and Drug Delivery

Hearing loss caused by ototoxicity refers to a set of environmental, genetic,
medication, age-associated or a combinatory effect of factors linked to an increased
oxidative stress response in the inner ear, notably within the mechanosensory
epithelium and neurons. Combating ototoxicity requires strategies to limit exposure,
monitor hearing loss and improve delivery by developing and selecting better
therapeutic candidates (19-21). Common ototoxic medications include antibiotics
(aminoglycosides such as gentamicin and kanamycin), and chemotherapeutic agents
(e.g., cisplatin) (22). Research has focused on discovery and delivery of therapeutic
treatments to combat ototoxicity using an array of molecules, predominantly
antioxidants (23, 24). There are few clinical trials testing Food and Drug
Administration (FDA) approved drugs (antioxidants, statins, antihistamine-like
blockers) and new synthetic molecules (25). Dexamethasone for example, is a
lipophilic statin (log P = 1.93) (2) researched against an array of hearing loss causes,
limited by systemic administration including reduced blood-labyrinth-barrier (BLB)
permeability and increased occurrence of side effects (26). The preferred
administration route of the drug involves a more invasive approach through trans-
tympanic delivery, this allows for a higher drug concentration bolus applied and in
direct contact with the inner ear. Dexamethasone incorporation into formulations
improves delivery outcomes (27). Dexamethasone’s crystalline size is also a limiting
determinator in permeability (< 500 nm) (28), however it allows for prolonged drug
attachment to the round window membrane and to slowly permeate for hours (29). The
additional use of a lipophilic compound together with dexamethasone improves drug
retention on the round window membrane (30). Toxicity experiments done on model
inner ear-derived cells positively respond to dexamethasone by showing a reduction
of cisplatin-induced apoptosis (31) and reactive oxygen species (ROS) production
(30). Although dexamethasone’s lipophilicity is lower than probucol, it will be referred

to as a model for permeation prediction within this study.
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1.3. Bile Acids as Excipients

As part of our previous research group findings, bile acids used as excipients
stabilise probucol formulations using the Ionic Gelation Vibrational Jet Flow technique
(3, 32, 33). Bile acids are hydrolysed steroid structures produced from cholesterol in
the liver to aid digestion by promoting fat emulsification and absorption. Bile acids
have several transporters in various tissues including the blood-brain-barrier (BBB)
that facilitate bile acid transport (34, 35). There are few FDA-approved uses for bile
acids limited to chenodeoxycholic acid (CDCA) (36) cholic acid (CA) (37) and
ursodeoxycholic acid (UDCA) (38). The amphipathic properties depend on the
hydroxyl groups of each bile acid structure and determines micelle self-assembly or
supramolecular aggregates assembly (39). As formulation excipients, bile acid can
stabilise mixed micelles, lipid particles (40, 41), polymer nanoparticles (42, 43), metal
nanoparticles (44) emulsions (45) and improve drug uptake and sustain drug release
pattern (46). The bile acid’s low anionic surfactant effects (log P > 3.5) can stabilise
colloidal suspensions by increasing the zeta potential of the polymer-molecule
interaction within solutions (47). As for permeability, bile micelles or salts can improve
drug targeted delivery by enhancing permeability though cellular membranes.
Reversible and concentration-dependent tissue permeation can have negative effects
on cellular viability (48), however both UDCA and taurocholic acid (TCA) show
protective effects against intestinal permeation (49) and protect the blood-retinal-
barrier from damage (50). Results from various permeation models including the BBB,
intestine, and colorectal cells indicate that some bile acids such as deoxycholic acid
(DCA) (51-54), CDCA (54-56), CA and TCA (48) selectively increase paracellular

influx attributed by modulating tight junction proteins.

1.4. Ototoxicity Models

Both in vitro and in vivo models offer information for drug applications and
tolerable dosing levels. In vivo ototoxicity affects firstly the outer hair cells of the
cochlear basal turn progressively damaging the apical region as well. The application
of antioxidants helps by reducing induced cellular stress. In vivo models offer
important information on the permeation of molecules, and the drug accumulation
pattern in perilymph (base to apical gradient) as well as hearing threshold data. Rats
and guinea pigs are more susceptible than mice to ototoxic drugs, therefore the use of

mice explants might be better suited for screening purposes (57). However, ex vivo pig
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round window membrane explants are more relevant to simulate permeation patters as
they resembles the human round window membrane histology (58). An initial
formulation screening can be conducted in vitro on mouse auditory cell line House Ear
Institute-Organ of Corti 1 (HEI-OC1) that are sensitive for ototoxic applications as
well (59). As many drugs require solvents such as dimethyl sulfoxide (DMSO) for
direct applications, the HEI-OCI1 and in general inner ear cells can be affected by
DMSO (60), and < 0.5% DMSO is shown to affect explants hair cell survival (61)
further emphasising the need to incorporate drugs such as probucol into formulations

rather than direct solvent dilutions.

1.4.1. Systemic versus Local Delivery

Systemic delivery requires drug trafficking across the BLB that can be modulated
by changes in blood flow or, for example, by application of histamine (62),
inflammation (63), mannitol (64), sound conditioning (65), noise-exposure (66),
diuretics (67). However, the more invasive local delivery through trans-tympanic
injections to the middle ear minimises systemic side effects and improves steroid drug
entry to the inner ear perilymph and endolymph (68) represent the salvage therapy for
sensorineural hearing loss (26, 69). The round window membrane remains the entry
point to the inner ear; it comprises of three layers and is 40-70 um in thickness (70).
With selective permeability to molecules and more importantly to nanoparticles
depending on their size, charge and functional moieties (71), the round window
membrane represents the preferred entry point for many drug delivery therapies (72).
Magnetic or biodegradable nanoparticle formulations, hydrogels and polymer
formulations can be used to improve round window permeability (73). Prolonged
repetitive exposure can induce local inflammation, thickening of the round window
and highlight the need for prolonged drug release strategies rather than multiple dose
applications. Drug entry to the inner ear following trans-tympanic applications
depends on the rate of drug passage though the round window membrane and rate of
clearance into the nasopharynx through the Eustachian tube (74). Therefore, ensuring
drug contact with the round window membrane during animal studies and clinical
settings is essential. This can be achieved by simply resting the head on one side for at
least 30 minutes (71). Drug entry is not uniform and complete; there is a stronger
gradient at the base of the round window and is dictated in part by a molecule’s

characteristics. Therefore, increased drug contact with the round window membrane
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or sustained release is more favourable for trans-tympanic delivery and to decrease

ototoxicity.

1.4.2. Round Window Membrane Permeability

Lipophilic (log P >5) molecules can pass through cellular membranes by diffusion,
with less lipophilic compounds such as fluoresceine, gentamicin, dexamethasone
phosphate pass faster through an artificial round window membrane (70). The more
hydrophobic compounds such as dexamethasone increase inner ear drug entry by hours
(28) or days (75) when applied to the round window in a simple formulation. Round
window modulation by reducing tight junction (76) with chitosan (77), sonoporation
(78, 79) or microneedles (80, 81) could increase lipophilic drug entry to the inner ear.
Besides lipophilicity the formulation type, particle surface charge measured through
zeta potential can greatly influence permeation as well. For example, cationic-polymer
and neutral particles (~200 nm) pass through mucus layers resembling the round
window membrane, however the neutral and cationic particles accumulate more in
hearing representative cells (82). Highly cationic particles are not entirely safe as these
particles interact with cell membranes and are readily internalised showing higher
toxicity compared to anionic particles (26). Generally, the particle size is crucial for
cellular entry and uptake can be facilitated by micropinocytosis (0.2-10 um) and
caveolin mediated endocytosis uptake (83). In order for particles to diffuse or actively
pass through the round window membrane, researchers have characterised that

particles ranging from 10-300 nm (84) or ~ 500 nm (28) are ideal to minimise toxicity.

1.4.3. Drug Lipophilicity and Diffusion

Irrespective of formulation preparation time, the drug lipophilicity in combination
with hydrophilic polymers show a slower release pattern compared to more
hydrophilic compounds (85). Lipophilicity comes with advantage in sustained release
from polymeric matrix, and the degradation of matrix is dependent on the drug pKa.
For example, slower degradation is observed for basic pKa hydrophobic drug
combinations (86). Although advantageous, lipophilicity influences a drug’s ability to
permeate and diffuse through membranes and could limit therapeutic dosing.
Lipinski’s rule of 5 in an important element to screen drug membrane permeability

especially for oral administrated drugs. Better permeability refers to molecules that
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have less than 500 molecular weight, no more than 5 hydrogen bond donors, no more
than 10 hydrogen bond acceptors and less than 5 log P octanol-water partition
coefficient (6). However, probucol violates two of these rules that restrict oral
absorption into the blood stream. Consequently, if systemic delivery relies on BLB
entry, probucol’s applicability and efficiency may be limited. It is important to note
that there is a discrepancy in the literature regarding log P values and blood-barrier
permeability, which is better discussed in the context of BBB permeability (87). With
this rationale, targeted delivery to the middle ear through trans-tympanic injections
may improve drug absorption by localising drug entry. This also applies for
dexamethasone by improving absorption to the inner ear as well as minimising
systemic side effects. Additionally, dexamethasone ionisation to dexamethasone
phosphate further improves absorption and permeation by decreasing the drug’s
lipophilicity (by 0.3-7.87 log P units (88)) albeit with an increase in the molecular
weight. This approach is turn may be better suited for smaller molecular weight
molecules rather than probucol or dexamethasone. Generally, among lipophilicity,
polar surface area is predictive of passive absorption (89, 90) and should be considered
for tissue permeation as well (29). Compared with the less lipophilic dexamethasone
(94.83 A?) or dexamethasone phosphate (147.02 A?) (2), probucol’s polar surface area
(40.46 A?) is lower than the predicted value for oral (<120 A?) and BBB (<80 A?)
permeation (91, 92). Given its molecular characteristics and well-documented
antioxidant effects, probucol emerges as a strong candidate for testing its efficacy

within the inner ear.

1.5. Thesis Overview
This thesis collection is comprised of published, under review and accepted with
revisions results collected through the PhD program.

The overarching structure is based on the rationale for optimising probucol
formulations for preventing cytotoxicity in vitro. The drug release patterns from
formulations are studied and presented using two different methods (spray dried and
gel formulations). Optimising probucol particle size (supramolecular aggregates)
represents a crucial aspect for reaching permeability thresholds for future in vivo
studies. The use of bile acids as excipients into formulations is assessed as well and

differences in probucol dissolution are evaluated.
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1.6. Hypothesis

Probucol formulations are suitable for drug delivery for an in vitro ototoxicity model,

and formulation stability can be modulated with the addition of bile acids as excipients.

Aims

Develop and characterise probucol formulations that are compatible with in
vitro HEI-OCI cells.

Develop probucol formulations that promote in vitro HEI-OCI1 cell survival
against cytotoxic stressors (cisplatin, H2O>).

Determine bile acids as excipients and their modulatory effects on formulation
stability.

Develop nanoparticles based on probucol that can be used as formulations.

Assess bile acids and their limitations in the inner ear (review).

Significance

Provide evidence for a new antioxidant as probucol in relation to otic therapy.
Formulate probucol stable water-based formulations.

Expand the use of bile acids for probucol formulations (CA, DCA, CDCA,
UDCA, TCA and lithocholic acid (LCA)).

Proof of concept for cyclodextrin-probucol inclusion formation and how bile
acids impact particle self-assembly.

Understand the use and drawbacks of bile acids in the inner ear (review).

Limitations

This thesis acknowledges certain limitations. Firstly, investigations on

probucol’s in vitro and in vivo permeability are lacking posing areas for future research.

Secondly, the absence of testing probucol powder in vitro. This arises from probucol’s

tendency to remain trapped on the surface tension barrier in culture media, limiting

exposure to the adhered cells layer.

1.7. Chapter Overview

Chapter 2 discusses bile acids therapeutic potential to the organ of Corti and is

comprising of two publications. The first part of the Chapter covers bile acids targets

that are common to the inner ear tissues and how the different bile acid might interfere
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with hearing function through active interaction with proteins, improving cell viability
or modulating microRNAs. In the second half of the chapter, bile acid pool imbalance
is discussed in terms of the possible negative effects it may hold on hearing loss
through cholesterol levels and lipoproteins, or BBB disturbance.

Chapter 3 investigates the use of the bile acid UDCA on probucol particle formation
and drug availability and activity on HEI-OC1 treated with cisplatin cells. To facilitate
probucol in vitro applications, a mixture of polymers and polysaccharides together
with UDCA are presented as spray dried solid dispersions and characterised. The use
of UDCA improved probucol solubilisation and solid dispersion probucol content as
well as increased probucol dissolution. /n vitro, the solid dispersions probucol-UDCA
increased cellular viability under cisplatin-induced stress and significantly reduced
associated cellular ROS accumulation over a 24 hour period.

Chapter 4 assesses the probucol’s stability in formulation with DCA and chitosan for
film formation, swelling, drug content, degradation and dissolution as well as in vitro
assessment on HEI-OC1 and macrophage RAW 246.7 cells viability and cytokine
production. DCA improved chitosan film water absorption (swelling), degradation
properties and improved probucol incorporation within the film matrix. Probucol and
DCA film formulations are compatible with both cell lines in terms of viability after
three days. HEI-OCI1 cells treated with probucol films showed minimal improvement
in viability compared to cisplatin-treated cells without probucol. However, DCA films
slightly improved macrophage viability challenged by cisplatin and enhanced cytokine
production.

Chapter 5 presents a method for probucol loaded particles consisting of bile acids and
cyclodextrin inclusion complexes. Bile acid concentration and cyclodextrin type
(alpha-, beta-cyclodextrin; a- f-CD) are important for determining particle formation.
The chapter further explores a-CD and S-CD bile-probucol particle effect on HEI-OC1
cells, showing that CA-, DCA-, LCA- and to some extent DCA-probucol particles are
better tolerated. The use of f-CD bile-probucol outperforms a-CD in terms of particle
formation and particle drug content, however, show minimal impact under induced

cellular oxidative stress conditions (H20z) for HEI-OC1.
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Chapter 2

Literature Review

Bile acids and the organ of Corti Targets

2.1. Publications

1. Corina M. Ionescu, Melissa A. Jones, Susbin R. Wagle, Bozica Kovacevic, Thomas
Foster, Momir Mikov, Armin Mooranian and Hani Al-Salami - Bile Acid Application
in Cell-Targeting for Molecular Receptors in Relation to Hearing: A Comprehensive
Review. Current Drug Targets, Volume 25, Issue 3, 2024, Page 158 — 170.
DOI:10.2174/0113894501278292231223035733

*Graphical Abstract Retrieved from Publication 1.

2. The work in this chapter is developed for publication as:
Corina M. Ionescu, Melissa A. Jones, Susbin R. Wagle, Bozica Kovacevic, Thomas
Foster, Momir Mikov, Armin Mooranian and Hani Al-Salami — Could Bile Acids

Modulate Hearing Loss?
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*Graphical abstract 1. Bile acids and the inner ear targets.
Left panel: Tauroursodeoxycholic acid is a hydrophilic bile acid applied in vitro and in vivo for hearing loss research by preventing organ of

Corti cellular apoptosis, reducing inflammation markers and relives endoplasmic reticulum (ER) stress. In ototoxic-challenged mice, it
improves hearing thresholds and prevents organ of Corti damage (red shading). Right panel: Bile acids present in the human body and their
molecular targets as documented in the literature. The represented molecular targets are also expressed in the auditory system, although the
extended effects of bile acids are unknown regarding the organ of Corti. Abbreviations: endoplasmic reticulum, ER; lithocholic acid, LCA;
cholic acid, CA; deoxycholic acid, DCA; tauroursodeoxycholic acid, T-UDCA; chenodeoxycholic acid, CDCA; ursodeoxycholic acid, UDCA.
Bottom left corner, bile acid classification from most hydrophilic (UDCA) to most hydrophobic (LCA).
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2.2. Introduction

Based on PubMed searches (93) there are less than ten research papers on the
importance of tauroursodeoxycholic acid (T-UDCA) for preventing drug-induced
hearing loss. T-UDCA is mostly preferred for its low toxicity, and that it protects the
endoplasmic reticulum (ER) under ototoxic stress. The chapter presents a literature
collection of both primary (CA, CDCA) and secondary (LCA, DCA, UDCA) bile
acids. The effects captured in more than 27 in vitro and in vivo models of various
tissues are presented in relation to few common targets found within the inner ear
structure. If fully explored, LCA and TCA, respectively, could be strong candidates for
targeted drug delivery against hearing damage. To note that out of all the bile acids and
the effects retrieved for these publications, DCA appears to negatively modulate cells
and tissues the most, while UDCA can reverse the tumour-induced effects caused by
DCA. Key contributors to these effects include the variation in concentrations applied
to the cells (LCA ~3-45 uM, DCA ~100-1000 uM) within the context of the specific
models exposed and the necessary dosing requirements, which will be later discussed.
The topic of bile acid pool dysfunction in relation to liver pathologies, cognition
decline, and cholesterol metabolism are debatable, with no resources on the effects on
hearing function. This could be better explored in terms of how bile acids and bile pool
changes affect blood-barriers. There is limited information on the BLB, although
similar in structure and function with the BBB and blood-retinal-barrier. An increase
in hydrophobic bile acids (DCA, LCA, CDCA) have potential modularity effects on
blood-barrier permeability by disruption of tight junction proteins and increasing

permeability.

2.3. Summary

T-UDCA and UDCA applied in vitro or in vitro have previously been used as
treatments to prevent ER stress, reduce apoptosis, restore antioxidant protein
expression or lower auditory brain stem response thresholds that are disturbed by
gentamicin and cisplatin. Some bile acid targets expressed within the hearing
epithelium or associated tissue are important for structural integrity and modulate
hearing function, however they are not studied in relation to bile acid treatment or
targeting. Although the unconjugated UDCA may protect cells and tissues, including
blood-retinal barrier integrityy, DCA and CDCA can increase blood-barrier
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permeability and interact with cholesterol microdomains. The dual nature of bile acids,
and bile acid imbalance requires further attention in relation to hearing and in the inner
ear. Therefore, understanding the literature on bile acids and their effects of these
targets serves as guide for the selection of bile acid formulations prepared and
discussed in the later chapters. To fully consider bile acids and their effects to the inner
ear, data on permeability through the round window membrane and BLB is crucial.
Appendix VI contain simulated predictions of bile acids permeation through the round

window membrane.

Publication 1

Abstract

Bile acids play important roles in lipid and glucose metabolism, signalling and aid in
digestion. Changes associated with production and ratios can be used as markers for
various liver pathologies. In addition to their functional effects in modulating
inflammatory responses and cellular survivability, the unconjugated or conjugated,
secondary or primary nature of bile acids accounts for their various ligand effects.
The common hydrophilic bile acids have been used successfully as local treatment to
resolve drug-induced cell damage or to ameliorate hearing loss. From various literature
references, bile acids show concentration and tissue-dependent effects. Some
hydrophobic bile acids act as ligands modulating vitamin D receptor, muscarinic
receptors and calcium-activated potassium channels, proteins that are important and
present in the inner ear system.

Currently there are limited resources investigating the therapeutic effects of bile acid
on hearing loss, little to no information on detecting bile acids in the peripheral ear
system. This review focuses both on hydrophilic and hydrophobic human bile acids
along with their tissue-specific effects in modulating cellular integrity thus bringing in
consideration the possible effects and extended therapeutic applicability of bile acids

to the inner ear tissue.

Key words: cochlea, bile acids, bile acid receptors, hearing loss, micro RNAs, cellular

stress
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2.4.1. Introduction

The recent concept of bile acids and their implication in hearing impairment is gaining
practical interest. Bile acids are well characterized in the metabolic field, with
surprising benefits shown in the field of neuroscience. There are few descriptive
reports of the effects bile acid hold in reducing apoptosis during ototoxic insults,
however these studies lack in understanding the mechanisms that confer protective
effects and refer only to a limited set of bile acids (94, 95). There are even fewer
mentions that identify bile acids in the ear system. One paper found that bile acids
form up to 32% of children’s middle ear otitis media secretions (96). The finding
correlates the possible presence of bile acids in the middle ear by oesophageal refluxes.
Trans-tympanic application of CDCA reveals a small degree of middle ear
inflammation, with noticeable metaplasia of epithelial cells towards gland-like
structural cells in both CDCA and pepsin tested groups (97). To our knowledge, there
are no direct correlations of bile acid levels in the inner ear. One main disadvantage in
investigating bile acid levels would be limited by cochlear tissue and fluid (perilymph)
analytical optimisation.

T-UDCA is one of the most hydrophilic bile acids researched for its protective effects
in vivo and in vitro on neurodegenerative and ocular disorders (98), as well as ischemia
(99). T-UDCA has been reported in improving neuron survival, acting as a Ca?"
agonist, reducing endoplasmic reticulum (ER) stress and maintaining ER homeostasis,
decreasing apoptosis markers (tumour protein p53, caspase 3, caspase 12, cytochrome
(), blocking ROS, and modulating cellular pathways (100). There are few mentions
showing the potential of bile acid as treatment in preventing organ of Corti trauma,
oxidative stress, and noise-induced hearing loss in various models (table 2.1). For
example, a Cdh23°"¢"! deficient murine model for progressive hearing loss shows that
T-UDCA reduced apoptosis and hearing thresholds in the first weeks of hearing loss
onset compared with control deficient mice (101). Cisplatin-treated rats present high
hearing loss thresholds, low heme oxygenase 1 (HOI) and superoxide dismutase 2
(SOD2) protein expression, and increased hair cell apoptosis, effects that are reversed
by T-UDCA administration concomitantly with cisplatin (94). Cisplatin and
aminoglycosides interfere with cochlear ER function leading to ER stress-dependent
apoptosis, however T-UDCA reverses cisplatin’s effect (95, 102). Against gentamicin,
T-UDCA-treated murine auditory cell line (HEI-OC1) and organ of Corti explants

show increased anti-apoptotic B cell lymphoma-2 (Bcl-2) expression and suppressed
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ER stress (103). Therefore, the remainder of the review reports literature mentions of
bile acid cellular implications with the goal of demonstrating the importance on
researching bile acid in the context of hearing function and disease (figure 2.1). Bile
acids are natural modulators of some important membrane and nuclear receptors. Not
all bile acid receptors have been previously described in the inner ear system. We bring
forth possible cochlear tissue receptor targets and gene expression modulators that
might be suitable candidates for bile acid drug targeting and would require further

research to establish a broader therapeutic potential against progressive hearing loss.

2.4.2. Hydrophobic Bile Acids and the Activity on BK channels

The large Ca*"activated K* (BK) channel is a membrane protein expressed in multiple
tissues, with important cochlear signalling roles in excitable and non-excitable cells
(104). It consists of subunits forming pores or with roles in voltage- and calcium-
sensing. The f1 subunit is shown to increase blood flow in neuronal tissue and its
activity can be modulated by LCA and glycine-conjugated DCA (G-DCA) at low
concentrations (105, 106). The BK channel is expressed in the auditory hair cell
membrane, spiral ganglions and stria vascularis (107). Deletion of the BKa subunit is
linked to mild progressive hearing loss and presbycusis (108). BK channel activation
might be promoting pericyte disassociation from endothelial cells as seen in an age-
related hearing loss mouse model (109). Furthermore, channel expression levels vary
with age in the auditory midbrain region responsible for sound processing (110).
Experiments done on chick spiral ganglion and sensory auditory cells show that apoA-
I binds to, and inhibits BK channels hyperpolarization and tuning activity (111).
Evidence on cisplatin-induced apoptosis shows that the ototoxic effects follow BK
channel activation in spiral ligament fibrocytes (112). Furthermore, f-CD can disrupt
cholesterol microdomains that are important in regulating BK voltage-gated channels
(113). More importantly bile acids could potentially act in the same manner when used
at detergent concentrations or lower (later discussed in Chapter 2.5.4). Dopico et al.
(2002) found that bile acids can increase BK channel activity dependent on the plane
polarity and critical micellar concentration (LCA > DCA > cholic acid (CA); table
2.2) (114).
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2.4.3. Vitamin D Receptor and the SIRT1/Nrf2 Pathway in Relation to Bile Acids
LCA is a bile acid with antagonistic action on the nuclear vitamin D receptor (VDR),
an important receptor affecting cellular antioxidant responses, modulating apoptosis,
maintaining and regulating of calcium uptake and reabsorption in the intestinal
epithelium (115). Silent information regulator transcript-1 (SIRT1) is a transcription
factor that can modulate VDR and is implicated in activating oxidative stress and
inflammation and is responsible for the release of nuclear factor erythroid 2-related
factor (Nrf2). Nrf2 acts as an oxidant sensor and can translocate from the cytoplasm
to the nucleus to target upregulation antioxidant defence genes (e.g. SOD, HO-1).
Small intestinal enterocytes exposed to tumour necrosis factor alpha (TNF-a) leads to
mucosal barrier dysfunction, in part protected through VDR activation by LCA via
upregulation of SIRT1, Nrf2 and HO-1 (116). LCA promotes Cyp24al expression in
the ileum similar to the active vitamin D (calcifediol) yet does not lead to Ca?*
accumulation in VDR knocked-out mice (117). In the inner ear, vitamin D deficiency
may be associated with tinnitus (118), and hearing loss in older adults (119).
Hypervitaminosis D as well is shown to aggravate age-related hearing loss in a Klotho
mouse model (120). Compared to adult wild type mice, VDR adult mutant mice
present elevated auditory brainstem responses (ABR), decreased capsase-3 expression,
and loss of basal spiral ganglions. The authors also reported that VDR is expressed in
osteocytes nuclei in the bulla, spiral ganglion, Reissner’s membrane cells, auditory
hair cells, inner sulcus, and the cytoplasm of some spiral ligament fibrocytes and stria

vascularis in the cochlea tissue (121).

2.4.4. Lithocholic Acid as Purinergic Receptors Modulator

Ion-ligand receptors (P2X) and G-protein-coupled receptors (P2Y) are purinergic
membrane receptors regulated by compounds including fatty acids, cholesterol and
neurosteroids expressed in various tissues including the cochlea (122). Both P2X and
P2Y receptors are sensitive to nucleotides, such as adenosine triphosphate (ATP) and
are implicated in cochlear micromechanics (123), influencing BBB blood flow (124),
regulating sound transduction and modulating inner ear gap junctions, perilymph and
intracellular Ca®*, Na" and K levels (125). P2X is present in excitable cells, as well as
brain endothelial cells and pericytes, with protein ultrastructural localization showing
deposits at the cytoplasmic levels and mitochondrial outer membrane (126). In the

organ of Corti, P2X> is found on the endolymphatic membranes of cells, and stereocilia
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(124), while P2X4 is detected on endothelial cells and pericytes, providing necessary
blood flow following ATP stimulation (127). Overstimulation and mutation of P2X>
leads to noise-related and progressive hearing loss (128). Interestingly enough, LCA
and analogues strongly modulate P2X receptors, for example P2X; is inhibited while
P2X4 activity is potentiated (129). Authors reported that 3 uM LCA is sufficient to
potentiate P2X4 and inhibit P2X5, while CDCA, DCA and UDCA require a higher dose
to act in the same manner as LCA on these receptors. LCA at 10-30 uM can potentiate
P2X7; a receptor present predominantly on immune cells known for its pro-
inflammatory activity in other tissues (130), and detected at the glial level surrounding
spiral ganglion cells in adult mice (131). In a different study P2X, showed species-
specific inhibitory responses for other bile acids; T-LCA, T-hyo-DCA, T-CDCAT-DCA
and T-UDCA (132).

2.4.5. Hydrophilic Bile Acids and the Endoplasmic Reticulum Stress Response

UDCA and the conjugated T-UDCA were reported as a highly effective “chemical
chaperon” against ER stress. As a response to endoplasmic unfolded or misfolded
proteins, chaperon proteins recruitment can activate the unfolded protein response
(UPR) and pro-apoptosis protein activation. Aminoglycosides are a class of antibiotics
that can cause an increase ER chaperone expression with subsequent loss of hearing
function, especially in the outer hair cells of the basal cochlear turn. Mutant mice
lacking a gene responsible for UPR activation show gentamicin-induced ER stress
protein increases and promotes apoptosis in spiral ganglion cells. These
haploinsufficient XBP1 mice lacking the essential transcription function for UPR had
an improvement in hearing function after systemic administration of T-UDCA (102).
A similar effect has been observed in auditory hair cell cultures and explants treated
with T-UDCA which decreased ER stress (103). In a similar manner to
aminoglycosides, cisplatin can cause ER stress and hearing loss. Besides hearing loss
in mice, authors report a noticeable increase in ER cisplatin-dependent apoptosis
marked by high CCAAT-enhancer-binding protein homologous protein (CHOP),
chaperone glucose-regulating protein 78 (GRP78), calreticulin and calnexin
expression in the stria vascularis and the outer hair cells to which T-UDCA aids in
preserving hearing thresholds (95). T-UDCA’s ability to attenuate protein aggregation
in the presence or absence of cisplatin might be the key factor in restoring cellular ER

function during an insult (133). In a different example, T-UDCA effects are due to its

43



ability to mediate caspase-12 dependent apoptosis (134). Thus providing a possible
explanation to T-UDCA’s effects against cisplatin-induced intracellular calcium
accumulation that hinders Ca?" currents and synaptic vesicle release from hair cells
(135). On the other spectrum of bile acid activity, DCA has shown concentration-
dependent apoptosis effects (100-200 uM DCA) with intracellular Ca?* increase (<600
uM DCA) in human gastric cancer cells (136). Although in a different cell line 750
uM DCA > CDCA > T-DCA increase intracellular Ca** (137, 138), with DCA showing
effects on membrane hyperpolarisation. DCA as well as CDCA and LCA present
negative implication by sustaining ER stress, UPR markers and can induce Golgi

fragmentation (139).

2.4.6. Bile Acids Interaction with Muscarinic Acetylcholine Receptor

Research undertaken in resolving cochlear physiology questions in part the
intracellular location and function of the five muscarinic acetylcholine receptors
(mAchR; M). Literature present Mj.5 expression in the organ of Corti, spiral ganglions
or in the spiral ligament in young and adult mice. Loss of M2/Mj activity may be
implicated in high frequency noise resistance (140), possibly by mAchRs inhibition
that influences the fusiform cells responsible for integrating cochlear auditory
information (141). With unknown effects to the cochlea, DCA and conjugates show
strong receptor antagonistic effects, for example, at physiological concentrations, the
bile acids are more potent than atropine in inhibiting M3-mAchR and do not undergo
degradation by acetylcholinesterase. In terms of the strongest interaction with
muscarinic receptors, T-DCA conjugates are followed in affinity by G-DCA > T-LCA
> LCA > DCA > G-LCA. Other than M3, the human metabolite S-lithocholyltaurine
shows binding affinity to M; while the synthetic lithocholylcholine binds more
strongly to M3 and M. compared to T-LCA alone (142-144). Adding to the effects on
mACchR, the interaction between DCA and macrophages hints to a possible cause of
colonic inflammation triggered by macrophage polarization as a result of M>-mAchR
upregulation thus leading to TNF-a, interleukin 6 and nitric oxide release (145). This
could represent a sensitive path as inflammation and macrophage recruitment can

cause detrimental effects on hearing loss (146).
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2.4.7. Bile acid and Apoptotic Activity

P53 is a protein modulating cell survival and death-induced by genotoxic insults. In
part, increased p53 expression promotes tumour suppression, while reduced p53
activity could strategically represent a way to counteract cochlear cell apoptosis. From
an early age-induced hearing loss model, mice exhibit high levels of p53 and SIRT-1
compared to control mice (147, 148). In cell cancer models, UDCA modulated
apoptosis by increasing p53 and BAX activity, negatively influencing cellular
migration. UDCA is viewed as a chemo-protectant agent in this manner, reversing
cancer cell phenotype triggered by another bile acid (DCA) on bile duct and colon
cancer cells (149, 150). DCA effects vary by tissue. In cancer cells DCA activates
extracellular signal-regulated kinase (ERK) promoting p53 proteasome-degradation
reducing p53 protein levels without affecting p5S3 mRNA expression (151).
Alternatively, DCA can affect rat primary hepatocytes and liver tissue alike by
increasing p53 levels (152). Considering hearing research, pathways that block p53
appear to protect inner and outer hair cells affected by cisplatin treatment which
increased apoptosis by activating p53 via ataxia telangiectasia mutated (ATM). Hair
cell survival and better hearing thresholds were observed in tumour bearing-cisplatin-
treated mice with noted enhanced anti-neoplastic effects from systemically inhibiting
p53 (153). Interactions with other proteins for example SIRT1 deacetylates p53 and
downregulates protein activity (154). Lastly resveratrol fed mice had SIRTI
upregulation which led to reduced p53 levels in outer hair cells and inner hair cells,

with notable decrease of age-related hearing loss (155).

2.4.8. G protein-coupled Receptors and Taurocholic Acid

Part of the transmembrane G protein-coupled receptor family, the sphingosine-1-
phosphate receptors promote lipid metabolism, proliferation, cytoskeletal
organisation, modulates inflammation, influences angiogenesis and myelinisation.
Sphingosine-1-phosphate receptor 2 (S1PR2) represents a subtype highly expressed in
various tissues including the liver, cochlea, and vestibule. In terms of the receptor’s
cochlear localisation, SIPR2 is expressed within inner and outer hair cells, the stria
vascularis, spiral ganglion nuclei and spiral ligament fibrocytes. SIPR2 can be
activated by sphingosine-1-phosphate and to a certain degree by taurine-conjugated
bile acids including T- conjugated CA (TCA), T-UDCA, T-DCA as well as G-CA and
G-DCA (156). Human genetic variants affecting the SIPR2 gene are associated with

45



hearing loss (157). Studies on S1PR2 knocked-out mice reveals ear and vestibule
structure alterations, changes in stria vascularis vasculature, and hearing loss. Since a
reduced endocochlear potential has been associated with the development of
progressive hearing loss in the SIPR2 knock-out model this opens the possibility of
targeted delivery with agonists (158). For example, sphingosine-1-phosphate applied
against gentamicin can protect hair cell loss. However, in the same study, the positive
effects of the agonist are aggravated by the addition of SIPR2 antagonist that further
increase cell damage and apoptosis (159). The search and use of new agonists could
lead to better outcomes against ototoxicity. In a model for cisplatin-induced ROS
accumulation, a synthetic agonist protects and reduces cellular damage both in vitro
and in vivo (160). Neither the use of T-UDCA nor other bile acids have been used in
the same context to observe the effects on SIPR2. To note that previous applications
of T-UDCA show great potential in protecting against ototoxic hearing loss and
neurosensory damage (95, 98), the question remains valid as to what extent bile acid
S1PR2 activation can account for otoprotection. Another aspect that requires
investigation would be the use of local versus systemic application of such agonists.
Local delivery implies the use of more invasive strategies to administer drugs to the
middle ear. On the other hand, systemic administration is massively restrictive and can
require the use of higher drug doses to reach the cochlea and pass through the blood-
labyrinth-barrier. Current information about the S1P2 regulatory effects on blood-
brain-barrier would require further investigation to understand the receptor importance
on the blood-labyrinth-barrier. Considering the SI1P2 expression in blood barrier
epithelium, research shows that antagonistic targeting of the receptor can reduce

oxidative damage associated tight junction disorganisation (161).

2.4.9. MicroRNAs and Hearing Loss

The last portion of the review will focus on bile acids and their influence on non-
coding micro ribonucleic acid (miRNA or miR) molecules. Concentration, exposure
time and bile acid type are presented from different tissues. These findings are
observed in relation of miRs and their effects on hearing loss (figure 2.2). In the rat
cochlear nucleus brain region a noticeable decrease in miR-199a-5p and SIRTI
increase is associated with exposure to noise (162). As previously discussed,
hepatocyte expression of miR-199a-5p acts to preserves ER function after bile acids

(DCA) treatment (163). Two very robust research papers on the effect of acidic (a
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mixture of bile salts) or neutral (DCA or CDCA) bile on laryngeal mucosa and on
hypopharyngeal cells show varied miR responses dependent on pH. They point to an
increase in miR-21, miR-155, miR-192 and decrease of tumour suppressor miR-34a,
miR-375 and miR-451a levels following acidic bile acid treatment. Opposite patterns
were observed in neutral bile acid treatment and highlight the importance of pH in
promoting pro-neoplastic effects in this model. However, it is important to mention
there have been exceptions in which miR-21 and miR-192 show lower levels than the
control, in two different cell lines (164). Although the study does not present untreated
controls, unconjugated DCA and CDCA lowered miR-21, miR-155, miR-192 while
miR-34a, miR-375 and miR-451a increased compared to acidic bile acids (165).
Rudnicki et al., (2014) demonstrated that lipopolysaccharide stimulation of the mouse
inner ear triggers inflammation pathways by increasing miR-155 and miR-224 levels,
suggesting to new therapeutic targets against inflammation (166). In case of primary
biliary cholangitis tissue, the negative effects of highly expressed miR-155 and low
miR-21 levels in hepatic cell culture are representative of inflammation and onset of
disease, effects all reversed upon UDCA treatment (167).

UDCA applied as treatment in vitro and in vivo decrease miR-34a levels and
ameliorates autophagic flux associated with age-related hearing loss (168).
Furthermore, diabetic mice express high levels of miR-34a and a downregulation of
SIRT1, revealing a possible mechanism of hyperglycaemia-associated hearing
impairment (169). In an opposite model, primary human hepatocarcinoma and rat
hepatocytes miR-34a levels decrease when treated with CDCA, T-UDCA or UDCA,
while the opposite effects are seen from CA and G-CA treatments (170-172). Higher
miR-34a in association with p53 upregulation and SIRT1 downregulation reported
following DCA treatment in vitro and in vivo (152). Surprisingly, miR-34a shows
important implication in murine age-related hearing loss revealed by higher miR-34a
with decreased Bcl-2 in the auditory cortex (173). Other tissues are also affected in
aged mice showing higher miR-29a, miR-34a and miR-124 levels in the organ of Corti,
heart, liver, and plasma. Moreover, older mice have low circulating plasma levels of
SIRT1, miR-29a and miR-124 that corroborate with human results (174). MiR-34
levels fluctuate thought the development of external auditory squamous cell carcinoma
reaching low levels as the tumour progresses (175).

Humans exposed to occupational noise reveal low miR-21-5p plasma levels along with

low miR-92a-3p (176). The opposite can be said about vestibular Schwannomas and
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cholesteatomas revealing increased miR-21 levels (177). In regards to ischemic injury,
miR-21 overexpression protects against neuron cell damage (178), with similar effects
noticed after traumatic brain injury (179). When mice undergo cochlear ischemic
reperfusion the application of miR-21 rich exosomes derived from neural progenitor
cells reduce ABRs and apoptosis markers, furthermore, showing little impact on
macrophages in terms on toxicity (180). Results from a different study using primary
spiral ganglion cell derived exosomes were found to downregulate inflammatory
markers and to upregulate miR-21-5p, miR-26a-5p and miR-181a-5p after 7-days of
treatment (181). With miR-21 expression higher in the tumour microenvironment,
authors tested LCA, DCA, CA and CDCA on various colorectal cancer cell lines and
reported that (<100 uM) LCA and to a lesser degree DCA, upregulated miR-21 via
ERK1/2 signalling promoting cancer cell proliferation (182). In a concentration-
dependent manner, DCA increases miR-21 in gastric intestinal metaplasia cells with
subsequent SRY-Box Transcription Factor 2 (SOX2) downregulation (183). Although
it requires high concentrations, DCA applied to primary liver cells decreases miR-21
and negatively affects cell viability (184). Interestingly, SOX2 overexpression appears
to protect against noise-induced insults (185), and perhaps the concentration-
dependent modulatory effect of DCA or UDCA may be taken in consideration for
further research. In context of partial hepatectomy, UDCA’s protective effects are
greater than DCA in terms of increasing miR-21 following a bile acid diet in rats (186).
Adding to the varied set of examples of how important tissue-specificity is in obtaining
beneficial effects in a different model, rats recovering from artery hyperplasia are
better protected by UDCA administration displaying lower miR-21 (187).

A recently published research paper on hearing levels of paint workers exposed to
volatile solvents revealed a significant correlation between hearing loss to a decrease
in plasma levels of miR-122-5p and miR-195-5p. Further associated with the workers
was a decrease in distortion product otoacoustic emission with lower miR-206, miR-
495p and miR-92b-5p (188). Lower miR-122-5p levels are present after ROS
induction through tert-butyl hydroperoxide (189). Furthermore, stimulation of in vitro
auditory cells with H>O; overexpress miR-122-5p holds protective effects by forkhead
box O3 (FOXO03) downregulation (190). From a different perspective, higher miR-
122 circulating levels are negatively associated with liver heath; however, UDCA
administration in healthy and non-alcoholic fatty liver disease patients lowers plasma

and liver miR-122 (191). In regard to miR-92b-5p, higher levels are correlated with
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low gallbladder cancer patient survival, although hope lies in the effects seen in a
xerograph mouse model and rely on DCA administration to improve the outcome of
disease (192). Circulating miR plasma levels differ in noise-exposed and noise induce
hearing loss male textile workers. The study reveals statistically lower levels of miR-
24-3p, miR-185-5p and miR-451a (193). On a positive note, miR-185-5p
overexpression may promote in vitro hepatocyte proliferation by stimulating CA
production in stellate cells (194).

The miR-96/182/183 cluster is important to stereocilia and hair bundle formation. The
cluster is essential for both peripheral and central auditory system maturation and
mutations within these genes are associated with non-syndromic progressive hearing
loss (195). Besides the negative effects on auditory hair cell survival, cisplatin reduces
miR-96/182/183 levels. The addition of miR-182 mimetics restores in part cisplatin-
induced cell survival via mitochondrial-dependent pathways (196). From zebra fish
lateral line neuromasts we learn that short-term pre-conditioning to neomycin
increases miR-96/182/183 and in fact protects against acute neomycin-damage to the
sensory epithelium (197). As for bile acids, intestinal chemical sequestration proves

important in increasing miR-96/182/183 hepatic levels (198).

2.4.10. Conclusions

Bile acids compose a specific set of molecules important in maintaining human lipid
and glucose metabolism signalling. The hydrophobic nature of bile acids shows a
detrimental role to cells exposed to high concentrations. In part, the hydrophobic-
hydrophilic balance is essential; the more hydrophilic in nature, the higher the molar
concentration required to reach micelles the more damaging in effects they can be, and
vice-versa. The bile pool is mostly recycled at the intestine with only a small fraction
of bile reaching the plasma and could act as markers for bile acid dysfunctions. So far
there are few references on the therapeutic effects of hydrophilic T-UDCA and UDCA
respectively against drug-induced apoptosis, progressive hearing loss and to preserve
organ of Corti cellular integrity in vitro or in vivo. Some bile acids such as UDCA,
LCA, CDCA and DCA may supress endoplasmic reticulum activity or prove to
negatively influence apoptosis. In fact, the results vary from target to target,
concentration, and intensity damage. MiRs could represent important plasma markers
for hearing loss onset. Bile acids (CA, DCA, CDCA, UDCA, LCA) modulate miR

levels associated with hepatic, hypopharyngeal and tumour cell insults, yet could be
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used to develop systemic targeting strategies that reduce occupational, and noise-
induced hearing loss. In terms of bile acid receptors expressed in the inner ear, there
are few cross-references that may prove important for auditory hair cell, spiral
ganglion neurons and stria vascularis function. As covered in this review, muscarinic
receptor function is affected by increased noise-exposure and some synthetic bile acids
may act as strong muscarinic activity inhibitors. In regard to muscarinic activity, DCA
requires attention as the bile acid has been recorded in activating intestinal
macrophages. Should this effect overlap with cochlear macrophage activation during
targeted delivery, it could have negative effects since increased and prolonged
inflammation exacerbates hearing loss. LCA is an antagonist of P2X receptors,
although the effects in preventing the receptor’s overstimulation during noise and
progressive hearing loss remain unknown. Similarly, LCA’s strong agonistic effect on
VDR and BK channels are documented on monocytes, artery, and intestinal cells, with
potential interest in restoring VDR and BK reduced activity that can cause tinnitus and
age-related hearing loss. Lastly, SIPR2 activation during cisplatin-induced ototoxicity
could represent a valuable strategy in reducing auditory hair cell apoptosis. More
research is required to establish SIPR2 agonists therapeutics candidates and taurine-
conjugated bile acids may be advantageous. Although amphipathic in nature, bile acid
could influence cellular interaction and may benefit drug delivery. It is important to
note that bile acid’s critical micellar concentrations are much lower than the treatment
concentrations described in this review and could be essential in establishing bile acid
treatments. With lower treatment concentration, both systemic and local drug delivery
strategies may develop to manage progressive hearing loss. Although systemic drug
delivery to reach the inner ear is limited, long term side effects may be controlled by
low-dose treatments or even subsequent bile acid sequestrant administration. Local
middle ear drug delivery requires small drug volumes however implies the use of
stable formulations that may permit fast drug diffusion to the inner ear and delay
middle ear clearance through the Eustachian tube. In sum more research is requires as
previous bile acid trans-tympanic therapies have not attributed the beneficial effects to
bile acid receptors expressed in the inner ear. Two aspects should be considered for
establishing bile acid effects in regard to the cochlear architecture — 1)
pharmacokinetics and pharmacodynamics of circulating bile acids plasma and locally
applied treatments, as well as 2) bile acid receptors activity and effect in healthy and

hearing loss models.
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Publication 2

Abstract

Bile acids are commonly known in digestion and liver research and hold important
therapeutic potential. Besides the application of T-UDCA acid to the inner ear in vitro
and in vivo, there is little information of the other bile acids and their effects, let alone
the baseline levels in relation to the cochlea. In this review, some important bile acid
effects are presented in correlation with the auditory system. We provide information
of hyperlipidaemia, the blood-barrier integrity and some types of liver dysfunctions
that lead to abnormal bile pool. Future experimental research on the subject is required
to test the suitability of both hydrophobic and hydrophilic bile acids against hearing

loss.

Key words: apolipoprotein, cochlea, cholesterol, bile acids, blood labyrinth barrier,

hearing loss

2.5.1. Introduction

Bile acids are amphipathic molecules that are synthetised from cholesterol in the liver
and stored in the gallbladder (199). The two primary bile acids CA and CDCA, which
can be conjugated with either taurine (T-) or glycine (G-) form the more hydrophobic
bile salts that aid lipid solubilisation in the intestine. Once in the intestine, secondary
bile acids are formed from primary bile acids through a process of partial
dihydroxylation by gut bacteria to form LCA, from CDCA, and DCA, from CA (200).
Bile acids form micelles based on their critical micellar concentration and can be
reabsorbed through enterohepatic circulation. The bile acid synthesis and reabsorption
in part controls cholesterol metabolism, in addition to acting as cell signalling
molecules resembling hormones (201). Due to their amphipathic nature (figure 2.3),
the cellular properties could be referred as “double-edged” in part protecting and
promoting cellular homeostasis yet potentially toxic depending on concentration.
Various studies (e.g. gastric cancer cells (137, 138), laryngeal mucosa (165),
oesophageal (139)) reveal strong tissue-specific, concentration-dependent and bile
acid-specific effects (149, 150) that vary due to the pH (164) and the hydrophobic
nature of bile acids. The BBB is often referred to be similar to the BLB; it is the main

blood exchange path for lipophilic and ligand-based molecules, restricting exogenous
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entry (202). Due to the similarities of the two barriers, we will discuss the effects bile
acids hold on the permeability of the blood barrier and bring it into context in regards
to the BLB (203). Early development of bile duct obstruction and a fatty diet changes
lipid and bile secretion from a conjugated bile acid profile (204) to a more hydrophobic
profile with less T-UDCA or UDCA present in the brain tissue (205), changes that can
lead to inflammation and damage. An array of liver diseases associated with bile acid
metabolic (52, 206-213) and cholesterol (213-216) changes present some degree of
idiopathic hearing loss (217-229). The authors aim to bring in perspective bile acid
dysfunction with known effects in relation to hearing loss. The role of cholesterol,
apolipoproteins and blood-barrier integrity and function influenced by bile acids is

presented.

2.5.2. Bile Acid Influence on the Blood Brain and Labyrinth Barriers

The cochlear blood supply flows through the terminating spiral modiolar artery, which
branches into two systems surrounding the spiral ligament and stria vascularis forming
four microvessel networks. The BLB is comprised of the basilar membrane supporting
a population of endothelial cells, pericytes and perivascular resident macrophages that
conform and maintain barrier integrity (230, 231). BLB cells are connected through
tight junction proteins, and imbalances brought through chemical or mechanical
disturbance can potentially be detrimental to the hearing organ (232-236). P-
glycoprotein (P-gp) is a transmembrane efflux transporter (coded by mdria, mdrib
and mdr2 genes) constituent of the BBB. Cerebral ischemia elevates P-gp levels in
BBB endothelia, however the transporter can be pharmaceutically silenced to restore
BBB integrity (237). To note, P-gp is found on BLB endothelial cells and other
cochlear cells populations and holds an important role in preventing ototoxic drug
accumulation (238-240). Cyclosporine A exposure changes bile acid gallbladder
transport in the absence of mdr2, the effect is reversed with the addition of TCA (241).
UDCA and CDCA can reduce P-gp overexpression induced by doxorubicin in

hepatocarcinoma cells (242).
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Bile acids Modulate Blood Barriers Permeability

The BLB functions as a protective network by having selective permeability solutes,
various molecules including drugs and nutrients. The BLB stimulates blood flow entry
to the inner ear in a similar manner and function to the blood-retina-barrier or the BBB
(203). Rats perfused with DCA and T-CDCA salts at concentrations above 1.5 mM
present brain and BBB cell ultrastructural changes (243). It is worthy to mention that
1.5 mM represents a much higher concentration than the total bile acid levels in serum
(210, 244), yet it is lower than the critical micellar concentration that DCA and CDCA
can form micelles and act as detergents. Endothelial cells are found in conjunction
with pericytes at a ratio of 1:1 in the retina, 1:2 in the brain and 1:5 in the BLB (230).
In a diabetic retinopathy model, UDCA prevented retinal vessel enlargement (245) and
reduced leakage through the blood-retina-barrier (50) preventing pericyte population
loss by interfering and reversing endoplasmic reticulum stress (246). Interestingly, bile
duct ligation cholestasis in a rat model increases BBB permeability. Similarly,
treatment with CDCA or DCA disturbed endothelial tight junctions and increased BBB
permeability, with G-CDCA, T-CDCA and UDCA reported to pass the BBB (55).
Conjugated G-UDCA is also mentioned to pass the BBB in vitro, yet UDCA was
shown to reduce, to some degree, apoptosis markers caused by elevated bilirubin levels
and prevented BBB permeability (247). This demonstrates that different bile acids
present systemically can modulate blood-barriers and may represent a therapeutic

approach for targeted BLB entry.

Blood Barrier Targets

Organic anion-transporting polypeptide 1a4 (Oatpla4) is an important transporter of
endogenous and xenobiotic compounds including bile acids such as TCA (248). The
Oatpla4 is expressed sex-specifically at the BBB level in mice (249) and interestingly,
mutations to the transporter gene can alter bile pool predominantly in male mice (250).
When affected by liver disease, the bile acid pool changes followed by farnesoid X
receptor (FXR) downregulation and Takeda G-coupled protein receptor 5 (TGRS)
upregulation (52). Bile acids are ligands for FXR and activate the receptor (CDCA >
LCA>DCA>CA) (251). FXR is expressed in both animal and human neuronal tissue
(252) and can regulate amyloid B deposit on hippocampal neurons (253). Bile acids
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are endogenous agonists for TGRS, with LCA having the strongest receptor affinity
followed by other unconjugated, taurine and glycine conjugated bile acids (254).
Interestingly, TGRS activation is reported to reduce BBB permeability in a cerebral
vascular occlusion model (255). In regard to hepatic encephalopathy, TGRS
upregulation in the frontal cortex is associated with neuroinflammation effects that can
overcome by TGRS agonist preconditioning (256). Furthermore, TGRS activation
negatively affects microglia in a lipopolysaccharide inflammation model, however the

effects are reduced upon hyo-DCA application (257).

2.5.3. Bile acids, Cognition and Hearing loss

The bile acid pool is dysregulated in some diseases thus presenting a possible
disruption to the BBB (258, 259), with some pathology cases enlisting hearing loss as
a side effect. Bile acids have been reported in brain tissue, with the ability to pass the
BBB in both disease and normal conditions (table 2.1). Neurological complications
are associated with chronic liver disease. Alcoholic cirrhosis patients, regardless of
neomycin treatment, present increased hearing loss (260). A total of 14 bile acids were
reported to increase in alcoholic cirrhosis patients serum compared to control, non-
alcoholic fatty liver disease, and virus liver disease patients alike (261). Liver fibrosis
risk has been associated with age-related hearing loss in an older population (220),
with another cohort study on the same disease model find associative changes in G-
conjugated bile acid with a marked increase in serum LCA (209). Data on the
pathophysiology of Alzheimer’s disease report cognitive decline in patients may be
correlated with lower CA plasma levels and a subsequent increase in DCA (262). A
different study presented increased LCA serum levels in patients considered at risk
before and after the onset of Alzheimer’s disease. Mild cognitive impairment
participants revealed higher G-DCA and G-LCA compared to the control (263).
Circulating CA level imbalance may point to a reduction in brain glucose metabolism,
furthermore, the G-DCA to CA ratio appears to be associated with amyloid deposition
in patients (264). Multiple sclerosis development is another subject for blood-barrier
integrity (265, 266) that can also relate to altered DCA and CA circulating levels; with
one report presenting T-UDCA (20-70 uM / 500 mg/Kg) supplementation as a means

for preventing spinal cord demyelination (267).

54



2.5.4. Bile Acid Micelles and Cholesterol

Cholesterol and protein rich lipid-rafts modulate auditory hair cell mechanics and
maintain hearing acuity (268, 269). Depending on concentration, cholesterol
associated with the outer hair cell motor protein prestin is shown to reduce
electromotility (270) and represents the means by which 2-hydroxypropyl-f-CD is
responsible for ototoxicity (271). As a rule of thumb, the detergent action of bile acids
appears to be dependent on both lipid membrane composition, bile acid type and
concentration. Hydrophobic bile acids are known for their strong detergent effects at
the millimolar range that can lead to membrane disturbance and cellular lysis. At
higher concentrations, bile acids assemble into micelles dependant on their critical
micellar concentration that can include lipids as well (272, 273). Similar to methyl-f-
CD, CDCA can decrease caveolae formation in aorta epithelial cells, effect restored by
the addition of cholesterol to experimental groups (274). CA and UDCA diet
supplementation stimulate gallbladder biliary release as well as increase biliary
phospholipids and cholesterol production (248) and interestingly in in vitro conditions,
T-UDCA (at high 10 mM concentration) may selectively remove sphingomyelin from

membranes containing phosphatidylcholine regardless of cholesterol levels (275) .

Cholesterol Cellular Homeostasis and Hearing Loss Markers

ATPase phospholipid transporting 8B1 (ATP8B1) represents a major flippase protein
described in the liver and other tissues (276, 277). It is recognized as the cause of
progressive familial intrahepatic cholestasis type 1 (213, 228, 278). ATP8BI1 deficient
mice present an increase in cholesterol to phospholipid levels as a result of bile acid
transport changes (216). ATP8BI is also present in the hair cell stereocilia and spiral
ganglion neurons and has been associated with early hearing loss onset. Sterol
responsive element-binding protein (SREBP) is a transcription factor responsible for
sterol biosynthesis and homeostasis, overexpression of this protein contributes to
intracellular cholesterol accumulation (214, 279, 280). SREBP-2 activation is
modulating the miR cluster 96/182/183 that provide a feedback loop for SREBP-1/2
activity dependent on cholesterol and bile acid levels (198, 281, 282). Oxysterol-
binding protein like 2 (OSPL2) is a transporter protein important in cholesterol-
homeostasis and it is expressed in auditory hair cell and supporting cell cilia (283).

Mutations to this protein are associated with autosomal dominant non-syndromic
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hearing loss by inhibiting AMP-activated protein kinase (AMPK) activity that triggers
SREBP-2 leading to cholesterol-induced oxidative stress accumulation (223, 284).

Bile Acid and Cholesterol Levels in Relation to Hearing Loss

The risk of idiopathic hearing loss and hypercholesterolemia is still a contested subject
in humans (285). An array of risk factors investigated in cisplatin-treated cancer
survivors reports higher changes of progressive hearing loss and tinnitus in patients
with hypercholesterolemia (286). Cholesterol synthesis in the liver, and secretion from
the gallbladder are modulated by the bile acid hydrophobicity (287) so much that
changes from CA to CDCA increase bile acid biosynthesis enzymes, promotes
cholesterol elimination and lower plasma cholesterol in mice (288). Humans who
underwent supplementation with CDCA showed a change in the bile acid pool, while
DCA supplementation minimally decreased lipid levels (289). In rats cholesterol levels
and the bile acid pool change with age (290), similar results have been reproduced in
a small human study where they show age-associated cholesterol increase
predominantly in men. Interestingly enough, in female participants that have
undergone gallbladder removal follow a similar trend (291). On a larger dataset study
focused on collecting information from long term use of lipid lowering medications
found that older male participants are slightly protected against hearing loss (292). Bile
acid sequestrants represent a type of medication used for lowering cholesterol levels,
although statins are a more efficient treatment class in this regard. A very good
systematic review covers more animal and human studies of statin use and their effects

in regards to ototoxicity, tinnitus, vertigo and histology (293).

2.5.5. Bile Acid and Apolipoprotein Level Changes in Hearing Loss

Apolipoprotein E (apo; apoE) APOE-¢4 allele genotype may be associated with the
populational decline in hearing acuity (294, 295) and is better known as a variant allele
marker associated with cognitive impairment (296). Finding a clear association
between cognitive decline and hearing loss is a recent topic, with various cohort studies
offering multifaceted results based on patient selection and differences in analysis and
input criteria (297-301). A larger population study found a possible implication of bile

acid sequestrates to a relative increase of vascular dementia brain markers, with tissue-
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specific increases of CA and CDCA (302). As briefly mentioned in the previous
subsection, cholesterol lowering statin use shows better hearing thresholds, an effect
also observed in apoE deficient atherosclerotic mice which present accentuated age-
related hearing loss (303) with higher spiral ganglion ROS (304, 305) and noticeable
increase in stria vascularis apoptosis markers (306). Moreover, apoE” transgenic mice
present variations in their bile pool levels with seemingly increased CA levels
compared to non-transgenic mice (307). Interestingly, lipid profile dysregulation with
low apoA and high apoB levels may be predictive of sensorineural hearing loss (229).
A seven day noise-exposure experiment in pigs prompts cochlear apoE and apoA-I
levels, pointing to the implication of cholesterol metabolism for early hearing recovery
(229, 308). ApoA-I transgenic mice fed CA are the representative atherosclerotic
mouse model and it shown that CA feeding compensated with high fat diet
significantly reduced apoA (309). Regardless of diet type, CA can lead to increases in
apoE and apoB levels in these mice (310). ApoA-I is responsible in transporting
cholesterol and phospholipids from tissues to the liver where cholesterol is used to
synthesise new bile acids. Cholestasis increases bile acid to higher than normal
physiological levels to the point that human apoA-I transgenic mice show higher FXR
activity which further influences bile acid synthesis and circulation (311, 312). From
an older study, it is presented that the effects of bile acid sequestration are slightly
increasing apoA levels and decreasing apoE (313). Although, small scale human-based
studies, demonstrate that, to a degree, bile acid oral intake can affect and change bile
acid homeostasis along with circulating lipid levels. Both DCA and UDCA uptake
show modulatory effects either by decreasing (314) or increasing apoA levels (315).
ApoA-I/II can form micelles depending on their concentrations in serum levels and
bile salts can dissociate or aggregate with apoA-I/Il micelles dependent on the bile

acid hydrophobicity (244).

2.5.6. Conclusions

Bile acids control an important part of liver metabolism, and their circulating levels
represent a means to detect pathogenesis. References on blood-barrier permeability,
brain concentration and associated bile acid tissue-specific concentrations are made to
better understand the effects that might be observed in the cochlea. We see that p-
glycoprotein upregulation can affect blood-barrier integrity and both UDCA and
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CDCA can help modulate the transmembrane efflux pump activity. Furthermore,
UDCA reduces pericyte associated diabetic retinopathy stress and blood-retinal
leakage. There is no direct implication of the bile acids effects to the BLB. We could
only discuss the relation between bile acids and the BBB. It is thus important to
consider that G-CDCA, and UDCA are both reported to pass through the BBB. TGRS
activation reduces BBB permeability, and CDCA as well as LCA act as receptor
agonists. Hyo-DCA can also reduce microglial inflammation associated to TGRS
activation. The protective effect of some bile acids might be obscured by the cell-
damaging hydrophobic bile acids. With bile pool change, blood-barrier permeability
leads to accumulation of hydrophobic bile acids in the brain, effect associated with
cellular accumulation, damage, and cognitive decline including idiopathic hearing loss
to a degree. Another important role of bile acids is in modulating cholesterol levels.
Cholesterol is an integral element in auditory cell function, and some important
proteins in cholesterol homeostasis are linked to hearing loss. Moreover,
hypercholesterolemia itself is documented in affecting both cognition and to some
degree may lead to progressive hearing loss. Cholesterol chelation can reduce prestin
electromotility and bile acids should be taken in consideration and tested for similar
results. Hydrophobic bile acids can act as detergents at lower than micellar
concentrations. CDCA for example prevents cholesterol dependent membrane
caveolae formation. It is regarded that cholesterol overexpression and accumulation
increases hearing loss in disease models, however it is important to consider that CA
and UDCA supplementation in mice increases cholesterol production as well. Some
reports correlate age-related hearing loss with high cholesterol, notoriously Apo E/A
in murine studies. Although in some studies statin use improved hearing loss
thresholds and reduced spiral ganglion damage, the use of bile acid sequestrants that
lower cholesterol as well should be further examined. A long-term study on bile acid
sequestrants use shows association between CA and CDCA accumulation in brain
tissue and vascular dementia onset in men. Literature references are sought to bring
correlations of bile acids pool changes and effects in relation to known diseases that
enlist hearing loss side effects. Thus, bile acid implication on blood barriers,
cholesterol and associated proteins requires future research and can potentially be

useful for developing drug delivery strategies to prevent hearing loss onset.
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Target / Insult

Spiral ganglions and
hair cells of the organ
of Corti — gentamicin
toxicity

Cellular apoptosis
and ER stress —
gentamicin toxicity

Cochlea — cisplatin
toxicity

Cdh23"e! mutant
mice

Rat hearing —
cisplatin toxicity

Organ of Corti —
electrode insertion
trauma

In vitro, In vivo
model

Cochlea explants
and XBP1+/-
CBA/J mice

HEI-OCI1 cells and
BALB/c cochlear
explants

Sprague-Dawley
rats

C57BL/6]
homozygous
Cdh2 3erl/erl
representative of
non-syndromic
recessive deafness
DFNBI2 in
humans.
Sprague-Dawley
rats

Organ of Corti
explants from
three-day post-natal

Bile acid dose and
delivery route

500 mg/Kg S.C. after 3
hours - 3 and 6 days

<200 puM - 4 and 24
hours

100 mg/Kg I.P. - 5 days

100 mg/Kg L.P. every
other day for 8 weeks,

starting post-natal day 7.

Follow-up I.P. once per
week.

100 mg/kg I.P. for 3
days with or without
cisplatin, 5 mg/kg. ABR
taken 10 days from
treatment

50 uM, 100 uM or 200
uM

Bile acids
used
T-UDCA

T-UDCA

T-UDCA

T-UDCA

T-UDCA

T-UDCA

Effect

Prevents ER stress after gentamicin in
a compromised UPR model.
Improved hearing

Increased Bcl-2, Bip, CHOP
expression, promoted survival and
auditory hair cell count after
gentamicin exposure

Reduced hearing thresholds after
cisplatin toxicity

Low caspase-3/9 expression by week
10. Hearing loss onset and low
thresholds shift from 4 weeks to 12
weeks following T-UDCA treatment.

T-UDCA cisplatin-treated group had
protective effects; lower ABR
thresholds, higher HO1 and SOD2
expression, and low caspase 3
detection.

T-UDCA groups with reduced
morphological damage and reduced
apoptosis markers after electrode
implant

Reference

(102)

(103)

(95)

(101)

(94)

(316)
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Sprague-Dawley

rats
Sensory hair cells HEI-OCI cells, 500 mg/kg/day 1.P. for 3 | T-UDCA Reduced ABR thresholds of T- (133)
and organ of Corti Sprague-Dawley days or 0.5 mg/mL T.T. UDCA treated rats after I.P. and T.T.
explants — cisplatin rats, and explants in rats. 1 mM for compared with cisplatin. Increased
insult explants and 1.6 mM for hair cell survival, decreased CHOP,

cells caspase-12, calreticulin, UGGT1 and
OS9.

Autophagy and miR- | HEI-OCl1 10 uM UDCA UDCA reduced overexpression of (168)
34a levels — age- miR-34a-induced apoptosis
related hearing loss

Table 2.1.

Collection of references that have applied bile acids as treatment for cochlear morphology and functional hearing studies. A description of the
target and type of insult used to model the experiments. The bile acid type, dose and delivery route are presented at which effects were observed.
Abbreviations; subcutaneous, S.C.; intraperitoneal, I.P.; trans-tympanic, T.T.; B-cell lymphoma 2, Bel-2; binding immunoglobulin protein, Bip;

UDP-glucose ceramide glucosyltransferase-like 1, UGGT1; OS9 ER lectin, OS9; auditory brainstem response, ABR.

Target / Insult In vitro, In vivo Bile acid dose and Bile acids ‘ Effect Reference
model delivery route used
ER dependent Huh7 human liver | 400 uM/L - 18-24 hours | T-UDCA Inhibited elevated cytosolic (134)
apoptosis cell line calcium, and caspase-12 activation
caused by thapsigargin.
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Duodenum, ileum
and jejunum

Caco-2 cells

Muscarinic receptors

p53 activity

p53 activity

Non-alcoholic
steatohepatitis

BKca2+ channel

(Vdr(—/-)) mice
and wild-type mice
(Vdr(+/+))
C57BL/6J mice
Epithelial barrier
dysfunction

Chinese hamster
ovary cells,
macrophages

SNU-245
squamous
carcinoma,
HCT116 (ATCC)
human colorecta
carcinoma cells
HCT116 (ATCC)
human colorecta
carcinoma cells

Wistar rats’ tissue
and primary rat
hepatocytes
Sprague-Dawley rat
S-KO and C57BL/6
mice myocyte and
arteries

Gavage 0.3-0.8 mM/Kg

20 uM - 12 hours

100 uyM

100-500 pM/L

200 uyM

Gavage 250 mg/kg or
10-400 puM on cells.

45 uM

LCA

LCA

DCA, LCA
and
derivatives

DCA, UDCA

DCA

DCA

LCA

Weak VDR ligand. Increased
Cyp24al gene expression, but not
the Ca** Trpv6 transporter.

Upregulates SIRT1, Nrf2 and HO-1,
and activates the VDR against 100
ng/mL TNF-a for 24 hours.
Agonist/antagonist action on M,
Mz, M3. Less potent than atropine as
anti-muscarinic action. Can
determine macrophage pro-
inflammatory polarization

UDCA reversed DCA insult by
increasing p53 and BAX activity,
reduced ERK activity; as a tumour
suppressor effect.

Reduced p53 protein levels, p53
proteasome-degradation, partial
ERK stimulation promoting
tumorigenesis.
Concentration-dependent increase in
p53 with decrease in SIRT1

Causes reversible vasodilatation by
activation of BK channels f1
subunit.

(117)

(317)

(142, 144,

145)

(149, 150)

(151)

(152)

(318)
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BKca2+ channel

Purinergic receptors

Purinergic receptors

Intracellular
Calcium release

Vascular nitric oxide
production
associated with
cirrhosis

Smooth muscle
artery, pulmonary
artery, and
gallbladder cells
HEK293T cells
expressing rat
P2X2, P2X4 and
P2X7 receptors,
and Wistar rat
primary pituitary
gonadotrophs
expressing P2X2
and P2X4

Rat receptor cloned
in Xenopus laevis
oocytes

SCM1 human
gastric cancer cells

Human umbilical
and calf aortic
endothelial cells

100 uM and as low as 3
uM

3, 10-30 uM LCA and
analogues, 10-30 uM
CDCA, DCA and
UDCA

20 uM

600 and 1000 uM

100-750 pM

DCA, CA,
LCA and T-
LCA

LCA and
analogues

taurine-
conjugated -
LCA, -hyo-
DCA, -
CDCA

DCA

DCA,
CDCA, CA,
and taurine-
conjugates

Increase BK channel activity in cell-
attached or inside-out patch clamp
models.

LCA and structural analogue 4-
dafachronic inhibit ATP-stimulated
P2X5 and potentiate P2X4, including
P2X35 at higher doses.

Taurine-conjugated bile acids
inhibited P2X,. T-LCA potentiated
P2X4 and had more effect on human
P2X; than the rat homologue.
Effects not restricted to the taurine
moiety, but to the hydroxyl groups.
Induced intracellular calcium
concertation release from ER in a
concentration-dependent manner.
Concentrations of 100-500 uM that
induced apoptosis.

All show increased intracellular
calcium release, except CA. DCA
and CDCA increase nitric oxide
production that may involve
pathogenesis.

(114)

(129)

(132)

(136)

(137)
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Intestinal chlorine
secretion

Cholestasis ER stress
model

Sphingosine-1-
phosphate receptor 2

Table 2.2.

T84 colonic cell
line

BNL-CL2 and HL-
7702/L02
hepatocytes, bile
duct-ligated mouse
liver, HEK293 cells

Primary rat
hepatocytes and
S1P(2) (-/-) KO
mice

750 uM, 100 pM
minimum

200 uM

5-100 puM for cell
culture and 36 uM/100
g rat/hour for 3 hours
infusions

T-DCA and
TCA

DCA

TCA, T-
UDCA, T-
DCA, G-CA,
G-DCA

Induced intracellular calcium
currents followed by reversible
potassium and chlorine currents.
Effects not observed by TCA.
miR-199-5p protects against ER
stress caused by DCA. DCA might
promote cell death by IRE1a
activity.

Agonistic action on receptor. TCA
activity on SIPR2 is mediated by
ERK1/2 and AKT activation. The
addition of an antagonist on the

receptor represses bile acid activity.

(138)

(163)

(156)

Collection of bile acid references and their impact on tissues and cells other than the cochlea. A description of the target and type of insult used

to model the experiments. The bile acid type, dose and delivery route are presented at which effects were observed. Abbreviations; knock-out,

KO; tumour necrosis factor alpha, TNF-a; Bcl-2-associated X protein, BAX; zonula occludens-1/2, ZO-1/2; transient receptor potential cation

channel subfamily V member 6, TRPV6; extracellular signal-regulated kinase, ERK; inositol-requiring transmembrane kinase endoribonuclease-

la, IREla; protein kinase B, AKT; Sphingosine-1-phosphate receptor 2, SIPR2.

64



Figure 2.1.

Summary figure of bile acids and their discussed effects on modulating receptors,
inflammation, apoptosis, antioxidant response and endoplasmic reticulum stress
observe in other tissues as well in the cochlea. More information on the cochlear
effects is described in Table 2.1. The observed effects of bile acids in other tissues
are described in table 2.2 and correspond to an array of models (murine intestinal
cells, ovary cell and macrophages, oocytes and pituitary cells, myocytes and
arteries, human hepatocytes, endothelial cells, gastric cells and colorectal
carcinoma, squamous carcinoma). Abbreviations: vitamin D, VD; vitamin D

receptor, VDR; knock-out KO; hearing loss, HL; endoplasmic reticulum, ER; bile
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Figure 2.2.

Literature descriptions of bile acids and their effects on miR levels. Some miRs
expressed in the cochlea tissues show a positive or negative association with
hearing loss development (yellow box). The effects of bile acids from other
models (hypopharyngeal cells, plasma, intestine, hepatocytes, gallbladder
xerographs) are presented to highlight the possible implications of miRs on the
hearing organ. Bile acid therapeutic application could potentially modulate
hearing insult associated miRs. So far, UDCA has been used on auditory cell
cultures to reduce apoptosis associated miR-34a activity. Abbreviations: hearing

loss, HL; endoplasmic reticulum, ER; bile acid, BA.
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Figure 2.3.

Steroid structure of a bile acid listing the structural changes that form the main
human bile acid components: cholic acid (CA), chenodeoxycholic acid (CDCA),
deoxycholic acid (DCA), with lithocholic acid (LCA) and ursodeoxycholic acid
(UDCA) found in trace amounts. Mouse bile pool mostly contains CA and o/
muricholic acid (MCA). Bile acids are conjugated to glycine (G-) and taurine (T-
) to form bile salts that promote bile acid synthesis, and gallbladder excretion into
the intestines to facilitate lipid absorption. In terms of hydrophobicity,
unconjugated bile acids with multiple hydroxyl groups (-OH) are more

hydrophilic than taurine and glycine-conjugated bile acids.
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Target / Insult In vitro, In vivo | Bile acid dose and | Bile acids used | Effect Reference
model delivery route
Spinal cord | Sprague-Dawley | 10 pL T-UDCA Reduced neuroinflammation markers; | (100)
injury rats TNF-a, [L-14, IFN-Y, and IL-6
Cholestasis Swiss albino | 0.5% or 1% - 7 days CA, UDCA Both diets downregulated Oatp1/4 and | (248)
model mice increased glutathione. CA upregulate
mrp2, mdrla/b and increased
cholesterol and phospholipid levels.
mdrla and Mrp2 was also upregulated
by higher UDCA supplementation.
Diabetic C57BL/6 J mice | 100 mg/kg S.C. UDCA Protected the capillary wall and retinal | (245)
retinopathy integrity
Diabetic C57BL/6 mice | Gavage 15, 30 mg/kg for | UDCA Protected the retinal integrity and | (50)
retinopathy one month reduced inflammation of the blood-
retina barrier
Diabetic C57BL/6NCrSlc | In vivo 100 mg/kg L.P. in | UDCA Protected the blood retinal barrier | (246)
retinopathy mice. Pericyte | vitro 100 uM integrity, restored UPR and ER stress.
culture Protected pericyte viability
Cholestasis Sprague Dawley | 3 pg/day - 1- or 5-days | DCA CDCA in | Higher circulating bile acid increased | (55)
model or Dbile | rats. LLV. In vitro rat brain | vivo. CDCA, | blood-barrier =~ permeability. =~ BBB
acid treatment microvascular endothelial | DCA, G-CDCA, | markers occluding, ZO-1, ZO-2
cells (RBMECs) 10 uM | T-CDCA, or | downregulated by DCA CDCA chow
or 100 uM/ 24 hours UDCA in vitro
Severe jaundice | HBMEC  cell | 50 uM - 4 or 24 hours UDCA, G- | G-UDCA reduced capsase-3, IL-6. | (247)
model line UDCA UDCA, reduced cytokine release. Both
pass cell monolayers
Middle cerebral | BV2 cell lines, | Gavage 25, 50, 100 | Hyo-DCA Decreased inflammation markers in | (257)

artery occlusion

C57BL/6 mice

mg/kg/ 7 days in vivo. 100
uM in vitro

microglial cells via TGRS activation
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Hepatic
encephalopathy
model

Atherosclerosis

Nonalcoholic
steatohepatitis

Vasorelaxation

Table 2.3.

Literature references of bile acids and their impact on tissues, cells or organism used as disease model other than the inner ear. A description
of the target and type of insult used to model the experiments. The bile acid type, dose and delivery route are presented at which effects were
observed. Abbreviations; unfolded protein response, UPR; endoplasmic reticulum, ER; intra peritoneal, I.P.; knock-out, KO; tumour necrosis
factor alpha, TNF-q; interleukin 1 beta, IL-1B; interferon gamma, IFN-Y; interleukin 6, IL-6; inositol-requiring transmembrane

kinase/endoribonuclease la, IREla; multidrug resistance protein la, mrdla; multidrug resistance-associated protein 2, mrp2; zonula

C57Bl/6 or
cytochrome
p450 7A1 KO
(Cyp7Al(-/-))
mice

apoA-I
transgenic  and
C57BL mice

Human subjects
Sprague-Dawley

rats’ abdominal
aortas

occludens-1/2, ZO-1/2.

Fed before liver failure
with 0.2% CA, 0.3%
DCA, 3% UDCA

1% supplemented chow

UDCA 15 mg/kg/day for
6 months

100 uM for 1 hour, and/or
in combination with 10
mM cholesterol

CA, DCA,
UDCA

CA

UDCA

CA, CDCA

Induced liver failure, increased bile
acid cortex levels and induced
neurological decline, accentuated by
CA and DCA chow. Lipid lowering
drug fed mice and the (Cyp7Al(-/-))
reduced and delayed the effects.

CA reduced high-density lipoprotein
cholesterol, and reduced apoA-I
transcription and synthesis in apoA-I
expressing mice

High-density lipoprotein cholesterol
and apoA-I increased, reduced carotid
intima media thickness.

CDCA induced vasorelaxation. Both
CDCA and methyl-S-cyclodextrin
reduce abdominal aorta endothelial cell
caveolae formations, effects partially
restored by incorporating cholesterol

(319)

(309)

(315)

(274)
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Chapter 3

Ursodeoxycholic Acid and Probucol Spray Dried Formulations

3.1. Publications

The manuscript has been published in the Journal of Pharmaceutical Sciences

3. Corina M Ionescu, Bozica Kovacevic, Melissa A Jones, Susbin R Wagle, Thomas
Foster, Momir Mikov, Armin Mooranian and Hani Al-Salami - Probucol-
Ursodeoxycholic Acid Otic Formulations: Stability and In Vitro Assessments for
Hearing Loss Treatment. Journal of Pharmaceutical Sciences, 2024, 10:S0022-
3549(24)00159-X. DOI: 10.1016/j.xphs.2024.04.032.

3.2. Introduction

This Chapter focuses on UDCA as an excipient for probucol-based spray dried
microparticles. Since the conjugated T-UDCA is readily used and regarded for its
protective effects against ototoxicity, this Chapter will explore in part the safety of the
unconjugated UDCA and its effects on HEI-OCI1 cells. Probucol as an active
pharmaceutical ingredient for drug delivery applications requires pre-formulation
processing in order to increase water mixability, that can be achieved through the
addition of polymers and polysaccharides. The pre-formulation in the Chapter
composes of polyethylene glycol (PEG) and polyvinyl acetate (PVA) as well as f-CD
to increase probucol mixability, and PVP to decrease surface tension of the solution.
Pre-formulations require further processing before application, for example by spray
drying and formation of solid dispersions. There are few publications that use either
UDCA or probucol for solid dispersion through spray drying. However, in this chapter
both UDCA and probucol are used in pre-formulation to spray dry, and to assess UDCA
influence on particle shape, size, drug loading changes, and drug degradation. Besides
characterising the spray dried solid dispersions, it is important to determine the use of
probucol (F6), probucol-UDCA (F5) and UDCA (F7) dispersions on HEI-OC1 and
limitations against cisplatin-challenged HEI-OC1 groups (F5*, F6*, F7"). Cisplatin

inhibitory concentration (IC50) was calculated and can be found in Appendix II.
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3.3. Summary

Compared to other pre-formulations spray dried and presented in Appendix III, spray
dried probucol in combination with PEG, PVA, S-CD, and PVP result in spherical
particles that have minimal surface imperfections. The addition of UDCA with or
without probucol does not impact pre-formulation spray drying, and although drug
encapsulation efficacy percentage is increased by ~2% for probucol-UDCA particles,
the probucol content percentage minimally varies. Probucol can degrade to
diphenoquinone, spiroquinone and bisphenol that have known beneficial effects as
well. Since probucol degradation happens in oxidising condition, forced degradation
on probucol and probucol-UDCA particles was investigated as well (Appendix III for
chromatograms). UDCA and probucol-UDCA particles show high viability when
applied as treatment. However, the cisplatin-challenged groups decrease in viability
especially for HEI-OC1 treated with UDCA particles. The combination of probucol-
UDCA can restore cisplatin-induced cell loss, as well as it maintains ROS levels closer
to untreated cells. Lastly, to better understand the impact on spray dried probucol
particle formation, Appendix III includes an extended pre-formulation list

incorporating other bile acids and investigates the in vitro dissolution on HEI-OC1.

Publication 3

Abstract

Targeted drug delivery is an ongoing aspect of scientific research that is expanding
through the design of micro- and nanoparticles. In this paper, we focus on spray dried
microparticles as carriers for a lipophilic repurposed antioxidant (probucol). We
characterise the microparticles and quantify probucol prior to assessing cytotoxicity
on both control and cisplatin-treated immortalised auditory hair cells (HEI-OC1). The
addition of water-soluble polymers to 2% S-CD resulted in a stable formulation to
encapsulate probucol. UDCA was used as a formulation excipient to increase probucol
miscibility and microparticle drug content. Formulation characterisations reveal spray
drying suitable to obtain spherical UDCA-drug and probucol microparticles with a
mean size distribution of ~5-12 pm. Probucol microparticles show stable short-term
drug storage conditions accounting for only ~10% loss over seven days. By mimicking

cell culture conditions, both UDCA enriched (67%) and probucol only (82%)
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microparticles had probucol release observed within the first two hours. Furthermore,
probucol formulations with or without UDCA preserve cell viability and reduce
cisplatin-induced oxidative stress more so than UDCA containing microparticles.
Mitochondrial bioenergetics were assessed as well resulting in lower basal respiration
and non-mitochondrial respiration, and higher maximal respiration, spare capacity,
ATP production and proton leak within cisplatin microparticle co-treatments. Overall,
we present a facile method for incorporating lipophilic antioxidant carriers in polymer-
based particles that are tolerated by HEI-OC1 cells and show stable drug release,

sufficient in reducing cisplatin-induced reactive oxygen species accumulation.

Key words: cyclodextrin, probucol, HEI-OCI1, cisplatin, hearing loss, UDCA, drug
delivery.

Highlights

e CD, PVP, PVA and PEG can increase probucol solubility

e Spray drying represents a simple method to prepare probucol microparticles.

e Probucol-based microparticles can be dispersed in water solutions, allowing
for slow probucol release from the particle matrix.

e UDCA stabilises probucol microparticles and delays probucol release.

e Probucol-based microparticles show no cytotoxicity in permissive HEI-OCI
cells.

¢ UDCA in combination with probucol enhances probucol’s protective effects in

vitro against cisplatin.

3.4.1. Introduction

Cisplatin as a chemotherapeutic agent is used for treating multiple types of cancers
e.g., testicular cancer and ovarian cancer. Although with great efficacy against
neoplasms, cisplatin’s side effects include neurotoxicity, nephrotoxicity, and
ototoxicity leading to hearing loss in many patients (320). Mechanosensory hair cells
located in the organ of Corti are specialised in transducing and transmitting sound
pressure waves and are a critical target for insults associated with age-related, noise-
induced trauma or ototoxic drug exposures. Cisplatin cellular entry may be facilitated

by passive diffusion or by direct interaction with metal transporting membrane
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proteins (321). Once in the cytosolic compartment, cisplatin can form a non-diffusible
toxic cation that binds to DNA leading to cancerous cell apoptosis via mitochondrial-
mediated ROS damage. However, the production of ROS and subsequent apoptosis
observed in auditory cells may be independent of DNA damage (59, 320, 322, 323).
ROS accumulate in the cell depleting cellular antioxidant levels. Subsequent organelle
calcium release, endoplasmic reticulum degradation, lipid peroxidation, and nuclear
membrane dilation further aggravate cisplatin’s side effects (324). With cisplatin being
effective in clinical anti-cancer treatments, there is a growing need in finding
therapeutic strategies to reduce associated side effects including ototoxicity. Several
compounds have been tested pre-clinically, including sodium thiosulphate that actively
chelate cisplatin thus improving its excretion. Although efficient, sodium thiosulphate
could potentially interfere with cisplatin’s potency therefore it is administered 1-6
hours after chemotherapy (325). Other active compounds with thiol-groups (R-SH)
show promise in neutralising cisplatin’s side effects (326) and antioxidants to reduce
ROS cellular accumulation (327). Delivery strategies may improve tissue-associated
drug availability and decrease toxicity. There is growing evidence in both nano- and
microparticle to protect inner ear by using dexamethasone (31), curcumin (328), ROS-
sensing polymers (329), pH sensitive polymers (330) and gene delivery (331)
strategies for hearing-loss treatments. Particle toxicity studies are generally undertaken
on HEI-OCI1 cell cultures or organ of Corti explants and reflect well drug tolerable
concentrations (59). However in vivo access to the inner ear can be reached by trans-
tympanic injections that can limit the amount of drug administrated. A study shows
that particles are successful in reaching vestibular and cochlear structures by
surpassing the oval and round window (332). Overall, permeability is greatly influence
by the particle’s physical-chemical properties including size, surface charge and
surface composition such as polymers or proteins.

An active API can be incorporated into formulations such as solid dispersions
produced by spray drying technique. To the best of our knowledge, our group show
interest in spray dried probucol-bile acids solid dispersions in the context of in vitro
applications on HEI-OCI1 cells (333). The use of polymers in the spray drying of feed-
stock such as PVP, PVA and PEG increases APIs dissolution (334). Spray drying
protocols developed for probucol or bile acids involve polymer-drug mixtures in
alcohol-solvent feed-stock solutions (335-337). Here we will explore the use of water-

based probucol-bile acid polymer mixtures for spray drying. Probucol (bisphenabid)
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is a bis-phenol antioxidant, anti-inflammatory compound used in some countries as a
cholesterol lowering treatment. Probucol’s application have branched out in the last
decade showing impressive effects as a neuroprotector (7) as well as conferring
antidiabetic benefits (338). Probucol treatment may lower lipid peroxidation levels and
increase antioxidant reserves, glutathione, catalase and SOD activity following
ischemic reperfusion (9). Probucol shows protective effects against oxidative stress
(339), decreasing levels of pro-apoptotic p53 protein and Bcl-2-associated X protein,
and increasing anti-apoptotic Bcl-2 (340) Furthermore, probucol derivatives such as
succinobucol and oxidised products hold similar results (341, 342). Bile acids are
endogenous molecules produced by the liver to aid digestion. Many references provide
evidence that bile acids are great antioxidants, however the dose-dependent tissue
damaging effects are well acknowledged. There is limited information on bile acids
and their otoprotective effects. For example, T-UDCA acid is found to reduce ER stress
(95, 134) and activate Nrf2 (94, 98). T-UDCA has been used to protect auditory cell
morphology after electrode implant (316) and ameliorates hearing loss (101) caused
by gentamicin and cisplatin-induced toxicity (94, 95, 103, 133). UDCA reduces pro-
apoptotic caspase-3 and p53 levels (187), two important proteins that if imbalanced
are associated with mechanosensory hair cell stress. Unconjugated UDCA confers
integrity to the blood-retina-barrier promoting pericyte cell survival in a diabetic
model (245), and could strongly modulate inflammation (247) and apoptotic markers
(150).

Throughout this paper, the authors aimed to produce stable probucol-loaded
microparticles that have potential beneficial effects in reducing oxidative stress in
HEI-OCI cells. For this aim, a cisplatin model representative for ototoxicity was
investigated. f-CD, PEG 6000, PVP and PVA were used to increase probucol
formulation water mixability prior to obtaining spray dried microparticles.
Formulation feed-stock rheology and surface tension was characterised before spray-
drying as well. Microparticles collected were characterised for zeta potential, particle
size distribution and surface morphology. Additionally, probucol functional groups as
well as the drug’s concentration, stability and degradation results are presented. The
addition of UDCA in formulations was evaluated by the effects observed on probucol’s
drug content and microparticle dissolution. Lastly, we tested the combination of water-
soluble polymers with $-CD to facilitate probucol in vitro applications in HEI-OC1

cells by cell proliferation, and mitochondrial energy production assays.
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3.4.2. Materials and Methods

S-CD (molecular weight 1134.98 (MW g/mol)), PEG (MW 5000-7000), PVP (MW
111.14), PVA (MW 14000), cisplatin (>98%), DMSO (99.7%, sterile), 2',7'-
dichlorofluorescin diacetate (DCF-DA; >97%), paraformaldehyde (PFA), and Hoechst
33258 were purchase from Sigma-Aldrich (Merck, Darmstadt, DE). Probucol powder
(>97%; MW 516) supplied from Beijing Natural-Med Biotechnology Co Ltd (Beijing,
China) and UDCA (>99%; MW 392) from Qingdao Yuanrun Chemical Co., Ltd
(Qingdao, Shandong, China). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; 98%) were purchased from Thermo Fisher Scientific (MA, USA).
DMEM, trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA; 0.25%) from
Biosciences, Gibco™, Dublin, IE). Phosphate buffer saline (PBS) from Fisher biotech
(WA, AU). Foetal bovine serum (FBS) from Serana (Brandenburg, DE). Seahorse XF
cell mito stress tests, and plates XFe/XF96 purchased from Agilent Technologies
(Santa Clara, CA, USA). Acetonitrile HPLC grade purchased from ChemSupply
(Gillman, SA, AU).

Caution: the following chemicals are hazardous and should be handled and disposed

appropriately; cisplatin, PFA, DMSO, DCF-DA, MTT.

Formulation Design

Powder components (2% S-CD, 2.3% PEG, 1.3% PVP, 0.8% PVA) were mixed with
either UDCA (0.3%), probucol (0.6%) or both in milli-Q water. The solutions were
stirred at ~500 rpm for 6 hours, then kept in a water bath at 50°C to fully dissolve S-
CD. Spray drying was done by passing the formulation solution through a 0.7 pm
nozzle on a Biichi Mini Spray Dryer (B-290 model, Flawil, CH). Inlet temperature set
at 150 + 2°C, 80% aspirator power, and 15% pump flow. Freshly spray dried

formulations were kept in glass vials at room temperature until further analysis.

Rheology, Surface Tension, and Zeta Potential

Prior to spray drying, the formulation’s rheological properties, zeta potential and
surface tension were analysed at room temperature (22 = 2°C) on a tensiometer (Sigma
703D, Biolin Scientific, Stockholm, SE) and viscometer (Visco-88, Malvern

Instruments, Malvern, UK). Viscosity, torque, shear stress and shear rate

75



measurements were recorded using a parallel-plate system (30 mm) at 20, 35, 61, 107,
187,327, 572 and 1000 rpm speed. Both spray drying feed-stock and post-spray dried
microparticle’s zeta potential was recorded using a zetasizer (3000HS, Malvern
Instruments, Malvern, UK). Serum-free cell culture media (reflective index 1.34) was
used as dispersant liquid for microparticles (1.25 mg/mL), and formulation feed-stock

remained undiluted. Analysis was carried at 25°C in a disposable folded capillary cell.

Particle Size Distribution

To determine the size distributions of the solid dispersions, samples were dispersed in
DMEM and analysed on a Mastersizer 2000 (Malvern Instruments, Malvern, UK). The
Hydro 2000SM model was used with dH>O as dispersion fluid agitated at 1890 rpm.
Recordings consisted of 12 seconds measurements with 12000 snaps per measurement
to generate 4 reports per sample (n = 3). Mean sample obstruction of 12.44 £ 2.7%.
The average particle size distribution in micrometres (d0.1, d0.5 and d0.9) was

recorded from the integrated software.

Probucol Concentration

Based on our previous protocol (33) probucol concentration from microparticles was
analysed on the Shimadzu HPLC instrument (SIL-20A model UV detector 245 nm
detection wavelength, Kyoto, JP) using a Jupiter 5 um C18, 300 A, 250 x 4.60 mm 5
p diameter (Phenomenex, Torrance, CA, USA). Samples consisted of UDCA-probucol
(F5), probucol (F6) and control UDCA (F7) microparticles as well as acetonitrile
blanks. Probucol were extracted from the microparticle matrix (1.25 mg/mL) with
acetonitrile, sonicated for 5 minutes and filtered through a 0.22 um Millex-GP syringe
filter (Sigma-Aldrich, Merck, Darmstadt, DE) to remove matrix precipitate. Filtered
samples and standards were placed in glass vials and 20 pL were injected into the
HPLC. Probucol peaks detected at ~7 minutes were integrated against a probucol
standard curve (1 —0.03 mg/mL; R’= 0.99998). Final drug concentration is presented

as probucol percentage.

Probucol Stability and Forced Degradation
To assess probucol within spray dried microparticles we performed temperature

stability and pH dependent studies. F5-6 microparticles were dispersed in 0.2 M HCI,
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NaOH or Na»O; solutions and incubated at 37°C for up to 48 hours. Short term shelf-
life stability was assessed for 1, 3 and 7 days at 22°C, 37°C or -20 + 2°C. Lastly, to
mimic probucol in vitro availability, 1.25 mg/mL of F5 and F6 were incorporated in
DMEM and continuously stirred at 140 rpm and 37 + 1°C. At different time intervals
(0.25,0.5, 1, 2, 3, 24 or 48 hours) aliquots were spun at 10* rpm for 5 minutes, sample
supernatant was collected and processed for HPLC analysis as described. Room
temperature samples were kept on the bench away from light (22°C), in a hot room at

37°C, or in the freezer to reach -20°C. Results were plotted as cumulative percentage.

Scanning Electron Microscopy

Spray dried particle surface topography/morphology was investigated via the use of a
field emission scanning electron microscope (SEM; Clara model, Tescan, Brno, CZ).
Small amounts of freshly spray dried microparticles were placed on carbon adhesive
tape and sputter coated with 5 nm platinum before analysing at 15 mm working

distance, 2 kV and 100 pA beam current.

Fourier Transform Infrared Spectrometry

The attenuated total reflection accessory (UATR; PerkinElmer, MA, USA) was used
to analyse spray dried microparticles. Small amounts of spray dried microparticle or
bulk probucol powder samples were used to register the absorbance spectra. ATR
spectrum generated on the fitted equipment software were normalised and converted

to Fourier-transform infrared (FT-IR) for interpretation (32).

Cell Culture

Model HEI-OCI cells were kindly received from Prof. Federico Kalinec (University
of California at Los Angeles, CA, USA), and Dr. Young Joon Seo (Yonsei University,
Korea). Cultures were kept and tested in permissive conditions at 33°C and 10% CO»
levels. Cells were grown with DMEM supplemented with 10% FBS. For experiments,
cells were detached from flasks using trypsin-EDTA, then seeded at a density of 2 x
10° cells/mL in 96 well plates. Seeded plates were grown overnight and treated for 24
or 48 hours in FBS enriched DMEM unless otherwise mentioned. Treatment consisted
of FI1-F7 dispersed in DMEM with or without cisplatin 13-35 pM. Corresponding

blanks, cisplatin and healthy controls were prepared for each plate. Microparticles F1-
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F7 were sterilised using a UV lamp for 20 minutes. Probucol quality remains

unaffected after sterilisation.

Cell Proliferation Assay

All spray dried microparticle were dispersed in DMEM and tested at 5, 2.5 and 1.25
mg/mL on permissive HEI-OC1 cells. F5-7 microparticles showed good tolerability
on HEI-OC1 at 1.25 mg/mL for 48 hours, thus this concentration was used for further
experiments.

For cisplatin co-treatment, a 3.3 mM cisplatin-PBS stock solution was used to prepare
13-35 uM dilutions in DMEM without FBS. Microparticle F5-F7 treatments were
applied 6 hour pre-incubation prior to 24 hours cisplatin exposure. We will refer to 24
hours cisplatin-treated groups as F5*-F7". MTT solution was prepared according to
manufacturer’s protocol at 0.25 mg/mL PBS. At the end of each time point, cell plates
were rinsed twice with 200 uL PBS and replaced with MTT-DMEM. Plates were kept
at 33°C for 2.5 hours. The supernatant was removed, and formazan crystals were
dissolved with isopropanol by agitating the plates on a rotary shaker for 5 minutes.
Absorbance for each well was measured at 560 nm on a Multimode plate reader
(EnSight, PerkinElmer, MA, USA). Results were normalised against healthy control
(100%) and blank wells (0%).

Cellular Antioxidant Assay

A modified version of the previously described antioxidant assay (343) was used to
determine cellular ROS accumulation. In sum, to assess probucol’s antioxidant effects
on cisplatin-treated HEI-OCI1 cells, microparticles were used at a concentration of 1.25
mg/mL. In this instance, F7 was set as a negative control, while F5 and F6 formulations
represented the experimental groups. Briefly, cells were treated with microparticles for
6 hours, media was then replaced with 35 uM cisplatin and kept for 24 hours at
permissive conditions. Cells were then incubated with 10 uM DCF-DA in DMEM
without FBS for 20 minutes. Cells were washed with PBS and immediately imaged on
an inverted Nikon epi-fluorescent microscope at 485 nm excitation and 535 nm
emission, 200 microseconds exposure time with 250 ISO. Fluorescence intensity was
quantified using ImageJ (344) based on multiple images from each group (n = 3).

Results were normalised against total cell numbers stained with Hoechst nuclear dye.
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Oxygen Consumption Rates and Extracellular Acidification Rates

Cells were seeded on 96 well plates (XFe96 FluxPak) and treated with 1.25 mg/mL
F5-7 microparticles dispersed in FBS rich DMEM for 6 hours. Treatment medium was
replaced with fresh DMEM or 35 mM cisplatin. After 24 hours, the plate was washed
with 200 pL phenol red free DMEM twice. Seahorse reagents were diluted as follows
—oligomycin (OMY; 100 uM), rotenone antimycin A (ROT/AA; 50 uM), and carbonyl
cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP; 100 uM) were dissolved in
phenol red free DMEM. Seahorse cartridges (XFe96 FluxPak) contained 20 uL. OMY,
22 pL ROT and 25 pL FCCP equilibrated for one hour. After analysis, each cell
population was recorded. Cells were fixed with 4% PFA for 10 minutes, stained with
nuclear Hoechst dye, and analysed in ImageJ. Seahorse results were normalised

against cell counts corresponding to each well using the inbuilt Wave 2.6.3 software.

Statistical Analysis

Statistical analysis as area under the curve, ¢ test, one-way ANOVA, normalization,
and graph representation was done on GraphPad Prism v.9 (GraphPad Software, San
Diego, CA, USA). Significant results were considered if p < 0.05 (*) and p < 0.01
(**). Each assay was performed in triplicate (n = 3). Error bars represent standard error

of the mean.

3.4.3. Results and Discussion

Formulation Characteristics; Rheology, Surface Tension

Regarding surface tension (figure 3.1.C), the addition of PVA (F4) to formulations
significantly decrease surface tension compared with control formulations (F1-F3, p <
0.0001). Rheological analysis (figure 3.1) shows viscosity reduces with increased
speed, suggesting that all formulations perform as non-Newtonian liquids. All
formulations present speed dependent rheological behaviour however this analysis
does not consider time-depended structural decomposition and regeneration to confirm
thixotropy. Shear stress increases in F5 opposed to F6 and F7 at 1000 rpm. Taking into
consideration the rheological data and reduced surface tension results showing

appropriate fluid conditions to be applied for spray drying.
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Particle characterisation analyses

SEM analysis shows that microparticles are round and smooth with no deposits (figure
3.3) Spray drying outlet temperature remained high around 58-65 % 3.61°C.
Mastersizer particle analysis shows a bimodal size distribution which is part may
corroborate SEM size variation findings. The overall span values relate to broad
sample distributions with an average 23.60 + 15.49 um and with only F2, F4, F5, F6
show a narrower size distribution. Half of the size distribution for F5-7 consists of 5-
43 pm (table 3.1) and show similarity with other reports (335). Our results require
further validation as we observed a high weight residual percentage of 23.6 &+ 15.49.
Zeta size analysis was performed in DMEM as dispersion fluid to better reflect in vitro
applications. Pre-formulation feed-stock zeta potential was recorded without dilution.
The results presented in table 3.2 show that spray drying feed-stock and microparticles
have weak negative charge reflective of the poor stability in solution and predictive of
particle aggregation. FT-IR peaks are summarised in figure 3.2; corresponding
probucol peaks around the 3631 cm™!, 2950 cm™!, 1422 cm! bands are not present in

the final microparticles, perhaps due to limited probucol content within the particles.

Drug Content, Release and Stability

HPLC was used to detect probucol concentrations within spray dried microparticles.
From a 10 mg sample size we calculated a probucol percentage of 6.49 % in F5, and
5.38 % for F6, respectively (table 3.3.iii). Consistent with our previous findings (345),
the addition of bile acids to formulations enhance drug encapsulation capacity (table
3.3.iv). In the current example, UDCA incorporated to F5 formulation resulted in
higher, non-significant encapsulation capacity compared to F6. In terms of probucol’s
stability once encapsulated, results suggest no clear significant degradation and drug
breakdown patterns over the study period at three temperature settings (-20, 22 and
37°C; figure 3.4.A). To note that after seven days probucol sample percentage reached
~90% for both F5 at -20°C and F6 at 37°C. We then performed forced degradation and
probucol microparticle release studies to replicate the in vivo environment.
Microparticles F5 and F6 show potential probucol degradation over a 24 hour period
in the presence of 0.2 M HCIl, NaOH and Na>O; (figure 3.4.C). Acidic conditions
suggest increased degradation by ~5% for both formulations; however, it is possibly

more significant for F5 (p = 0.004) compared to baseline. Similarly, basic condition

80



account for ~10% and 13% degradation increase for F5 and F6, respectively. This
would indicate that probucol’s in vitro availability is possibly limited by the
microenvironmental pH, and intra-cellular degradation conditions, which can
influence and dictate treatment dosage. Microparticles dispersed at 1.25 mg/mL in
DMEM were used to measure probucol dissolution (figure 3.4.b). Probucol release
was likely for F6 and F5 in the first 3 hours. A significant amount of probucol release
from microparticles within the first 2 hour marked by a 15% difference between F4

and F5.

Cell Viability

All formulations were dispersed in DMEM at a concentration of 5 mg/mL and
appropriate dilutions were made at 2.5 and 1.25 mg/mL. Treatments were applied on
HEI-OCI1 cell cultures for 48 hours to assess viability using MTT assay (figure 3.5.a).
For cisplatin 24 hours exposure, probucol-UDCA (F5), probucol (F6) or UDCA (F7)
microparticles were used at 1.25 mg/mL for 6 hours prior to the addition of cisplatin
(figure 3.5.b). F5 microparticle treatment presents the strongest protective effects
against cisplatin insult. HEI-OC1 cell survival after cisplatin exposure is significantly
increased for F6" and more so for F5". F7 UDCA microparticles are tolerated by HEI-

OCl cells, yet at the current tested dose fail to prevent cellular survival after cisplatin.

Cellular Antioxidant Assay

The cellular antioxidant assay principle is based on the proportional conversion of a
non-florescent dye precursor to fluorescent DCF in the presence of intracellular ROS;
the higher the stressor the more intense the DCF signal. Cells were pre-treated with
F5-7 for 6 hours prior to cisplatin application. ROS intracellular accumulation occurs
due to cisplatin toxicity (322). Cisplatin-treated cells for 24 hours seem to show a
significant increase in DCF signal compared to control (figure 3.6.a). The increase in
fluorescence signal and ROS accumulation reduces with probucol-microparticles
addition in culture. In fact, ROS is likely to be present in F5-7" treatments but with
less intensity than cisplatin control. F5 microparticles performed better than F6 in
reducing ROS levels. The DFC increase for F7* might reflect the previously discussed
MTT findings where F7 treatment alone cannot fully restore cellular proliferation after

cisplatin. Microparticles containing UDCA and probucol (F5) applied for 6 hours are
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probably sufficient to lower ROS accumulation in HEI-OCI1 cells after cisplatin

exposure.

Measurement of Oxygen Consumption Rates and Extracellular Acidification Rates

Following Seahorse analysis, cisplatin-treated HEI-OCI1 cells exhibited compromised
baseline mitochondrial respiration (figure 3.7), with limited maximal capacity and
non-mitochondrial respiration (figure 3.7.E, F). F6 and F7 treated cells followed by
F6', and F5 appear to have higher oxygen consumption rates (OCR) than control
(figure 3.7.B). Seahorse extracellular acidification rates (ECAR) reveal higher levels
in the cisplatin group compared to control and F5*-7" treatments groups (figure 3.7.A).
From plotting ECAR together with OCR (figure 3.7.B), there seems to be a notable
incline for HEI-OC1 cells to function in anaerobic conditions when treated with
cisplatin. A significant increase in ATP production is noted between F5 and F6 groups,
and F6 and F7*, respectively (figure 3.7.H). In terms of energetic percentage profile,
ATP production (figure 3.7.C) increases for cisplatin, F6 and F7. Proton leak (H") is
significantly higher in the control group (control, F5, F6, F7;) compared to cisplatin
treatments (figure 3.7.I). The similar ATP production between control and cisplatin
groups with a slight decrease for F5*-7*, along with no significance in maximal
respiration (figure 3.7.E) may possibly reflect minimal damage to mitochondria

during cisplatin treatment in the first 24 hours of exposure.

3.4.4. Discussions

In this paper we present spray dried solid dispersions composed of probucol-bile acid-
polymer water-based formulations that can produce spherical smooth microparticles
consistent with literature findings (335, 336). The surface imperfections (grooves and
depressions) seen in F1-F7 microparticles could be attributed to higher formulation
concentration rather than the drying rate since our outlet temperature showed minimal
variation (58-65 £ 3.61°C) (346). Pre-formulation feed-stock varies in zeta potential
depending on formulation type showing slight negative particle charge. Although our
analysis is qualitative, the close to neutral zeta potential as well as the feed-stock
turbidity point to unstable pre-formulation. PVP as well as PVA and PEG are common
spray dried polymer ingredient for APIs to increase drug solubility (334). Viscosity,

sheer thinning behaviour, surface tension and polymer solvent mixability are important
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factors in spray drying droplet formation and filament diameter evolution (347). High
surface tension requires more energy to form particles, and the addition of PVA is
anticipated to reduce solutions surface tension (348). We note a significantly decreases
in F4 surface tension by ~11 units compared to F3 and maintained similar values with
addition of probucol or bile acids into the pre-formulation.

All microparticles showed broad FT-IR peaks between 3200 — 3500 cm’!, consistent
with hydroxyl group bond stretching. Such groups are also found in f-CD, PVA, and
PVP dry powders. All formulations also showed a sharp peak around 2880-2900 cm™!.
This is characteristic of alkane C-H bond stretching. This bond stretching is also noted
in all the dry, separate powders. F3-7 show a sharp peak at 1650 — 1750 cm™.. This is
consistent with a peak at a similar position in UDCA, PVA, and PVP and suggests
C=0 bond stretching, consistent with aldehydes, ketones, and carboxylic acid
functions groups found in these chemicals. Interestingly, the sharp probucol peak at
3550 cm™! was not detected in any of the probucol containing formulations. This may
suggest that probucol may be incorporated within the A-CD-polymer matrix.
Consistent with previous findings from our group (345), the addition of bile acids to
formulations enhances drug encapsulation. Furthermore, UDCA may have influence
on polymer-drug ratio, formulation mixability, particle wettability and could decrease
drug aggregation thus impacting API dissolution (335, 336). Our results show that
UDCA potentially delayed probucol release from microparticles by ~14% in vitro in
the first 2 hours of treatment. This might be accounted by UDCA ability to maintain
stable APIs. It is known that under oxidising conditions probucol has the potential to
degrade to spiroquinone and diphenoquinone (342), with impurities detected in our
dissolution and forced degradation analysis. It is beyond the scope of the paper to
analyse probucol impurities, yet the question of whether spiroquinone and
diphenoquinone may hold the same beneficial effects in vitro or in vivo against
cisplatin as probucol remains an open question.

Cytotoxicity, was observed in F1 microparticles containing only 2% f-CD, leading to
approximatively 50% proliferation compared to controls. Cyclodextrins are known to
interfere with cholesterol, which in turn affect the stability of mechano-protein prestin
in cochlear hair cells (271). However drug delivery strategies that include f-CD in
combination with drugs and other molecules can maintain treatment efficacy (349).
The addition of polymers such as PEG (F2-F7) was sufficient to reduce f-CD negative
effects. At 1.25 mg/mL F3, F4 show high viability, F5 peaking at 2.5 mg/mL whilst F2
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viability remains at roughly the same levels. F7 maximum viability was observed at
higher concentration (2.5 mg/mL). Probucol-UDCA microparticles (F5) show a slight
decline in growth after 48 hours at 1.25 mg/mL compared to 2.5 mg/mL (figure 3.5.A).
F5 and F6 show promising results in vitro in preserving cell proliferation after cisplatin
treatment (F5°, F6").

While there is a slight increase in spare respiratory capacity for cisplatin control and
cisplatin treatments, significant changes relate to F5 and F7, and F7 to F6 (figure
3.7.F). The increased trend might not be completely consistent with other findings
where spare reserve capacity decreases upon chemotherapy treatment (temozolomide
for U251 and UTMZ cells) (350). The cells’ ability to respond to stress corresponds
with an increased reserve capacity as well as an increase in ATP production and use.
ATP depletion in these reserves can potentially lead to cellular death. This correlation
can be better observed in figure 3.6.D where most of the bioenergetics profile for
cisplatin, co-treatments (F5-F7") and F5 show increased percentage values for spare
respiratory capacity. Group profile percentage (figure 3.7.C) for non-mitochondrial
respiration and relative values (figure 3.7.G) are different to published studies (351).
Moreover, the decrease in F5°-7° may be cross-referenced with the previously
described low CAA results within these groups. Perhaps taken in consideration along
with the CAA analysis; higher ROS levels (figure 3.6), and higher spare respiratory
capacity (figure 3.7.F) combined with low non-mitochondrial respiration (figure
3.7.G) values might potentially reflect a better chance of cellular HEI-OC1 survival

against cisplatin insult.

3.4.5. Conclusions

In conclusion, the presented formulations are suitable for spray drying purposes, which
represents a facile method to incorporate the lipophilic antioxidant probucol into
aqueous suspensions. Formulations based on f-CD, PEG, PVP and PVA improve
probucol’s mixability. UDCA added as an excipient minimally increased probucol
retention in microparticles and improved probucol release in vitro. Our observations
show that the formulation concentration and the spray drying conditions are favourable
to obtain probucol solid dispersions with minimal surface imperfections. The total drug
content is quantifiable by HPLC, with no degradation observed post-spray drying thus
ensuring probucol stability (see Supplementary I11.5 and I116). Addition of UDCA in

formulation with probucol (F5) increased drug load and delayed probucol release. The
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slower yet higher drug release to HEI-OC1 cells enhanced their survival and reduced
ROS cellular-accumulation ensuring the positive effects of probucol-based therapy. In
terms of HEI-OC1 mitochondrial oxygen consumption observed through Seahorse
analysis, control and microparticle treated cells have similar or higher basal
respiration, spare respiratory capacity, and maximal respiration levels. Probucol
microparticle treatments promoted HEI-OC1 energy-producing capabilities even
under cisplatin-induced stress by increasing the cell’s higher maximal respiration,
spare capacity, and lower proton leak and non-mitochondrial respiration. Survivability
of F5 treatments and combinations with cisplatin (F5"-F7%) follows the overall spare
respiratory capacity increase. More research is required to assess probucol-loaded

microparticle effects in vivo against cisplatin and other ototoxic insults alike.
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Figure 3.1.

Rheology and surface tension of pre-formulation mixture. (A, B) Rheological
results for F1-F7 feed-stock solutions, showing consistency between formulations
in viscosity with increased speed, and shear rate over sheer rate. (C) The
formulation surface tension significantly decreases with the addition of PVA

starting with F4 to F7. Error bars represent standard error of the mean; n = 3, (p <

87



Figure 3.2.

Normalised FT-IR spectra cover the range of 4000-400 cm™ at room temperature.
(A) powder formulation ingredients, including probucol (PB) where probucol-
specific bands peak at 3632 and 2957 cm-1. (B) Corresponding FT-IR spectra from
spray dried microparticles. Probucol specific bands are not present in F5 and F6.
This indicates that probucol may be present in quantities below the detection limit
or, the drug is well incorporated within the formulation matrix (no crystalline drug

structure — see figure 3.3 and Supplementary I11.12).
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Figure 3.3.

Scanning electron micrographs of solid dispersions post-spray drying. Particle surface is smooth with no surface deposits reflective of well-
optimised components with no presence of drug crystallisation. The limited outlet temperature variation (58-65 £ 3.61°C) prevented particle
deformities and ensured efficient drying; scale bar 5 um. Supplementary II1.3 shows particle shape uniformity regardless of the bile acid used.

For compresence, Supplementary II1.8-II1.11 contains more spray dried solid dispersion formulations that present coalesced particles.
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Figure 3.4.

HPLC quantification of F5 and F6 probucol content from post-spray dried microparticles. (A) Probucol shelf-life percentage availability
decreases insignificantly over the duration of one-week at room temperature (RT) 22°C, -20°C or 37°C. (B) Probucol relative release
(dissolution) shown as total percentage from 0.25, 0.5, 1, 2, 3, 24 and 48 hour time points at 37°C. Both formulations follow a similar release
pattern, however F6 has an increased release in the first 3 hours. (C) Cumulative forced degradation of F6 and F5 in 0.2 M HCIl, NaOH or
N20; for 6 and 48 hours at 37°C. This shows an increased probucol degradation in acidic solutions. Error bars represent standard error of the
mean, n = 3; *p < 0.05, **p < 0.0. Supplementary I11.4 and III.7 shows the effect of different bile acids on probucol microparticle content as

well as the variation in drug release patterns.
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Figure 3.5.

Solid dispersion microparticles in vitro application on HEI-OC1 for 24 and 48 hours. (A) MTT assay results following F1-F7 treatments 48
hours at three different concentrations (5, 2.5 and 1.25 mg/mL). Microparticle safety benefits from the inclusion of multiple formulation
components. Lower (1.25 mg/mL) probucol, yet higher (5 mg/mL) microparticle amounts are well tolerated by HEI-OCI cells; (B) 6 hours
pre-treatment with 1.25 mg/mL F5-7 without or with cisplatin (35 uM as F5*-7%) for 24 hours (p < 0.01). The probucol load within
microparticles is successfully released in culture and protects cells against cisplatin damage. Control (green), CDDP: cisplatin (stripe green),

F5-7 without CDDP (grey), F5-7" with CDDP (stripe green). Error bars represent standard error of the mean, n = 3, *p <0.05, **p < 0.01.
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Figure 3.6:

Cellular ROS accumulation detected after 24 hours via dichlorofluorescein signal (DCF); cells were pre-treated with 1.25 mg/mL microparticle
formulations for 6 hours, followed by cisplatin exposure. (A) Cell-normalised DCF quantified signal of (B) bright field and fluorescence
micrographs. Cisplatin increases ROS accumulation as seen through the increase in DCF signal. Probucol-loaded microparticles significantly
reduces DCF signal and ROS accumulation in HEI-OCI1 cells. Control (green bars), CDDP: cisplatin (stripe green bars), F5-7 without CDDP
(grey bars), F5-7" with CDDP (stripe green bars), scale bar 100 um, error bars represent standard error of the mean, n = 3, *p < 0.05.
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Figure 3.7.
HEI-OCI1 bioenergetics profile. (A) Extracellular acidification (ECAR) values.

Treatments show significant lower ECAR values similar to control, reflecting
normal metabolic activity and mitochondrial respiration. (B) Baseline respiration
OCR and ECAR correlation; dotted vertical lines mark control and cisplatin
groups. The cisplatin-treated group higher ECAR reflects an increased glycolysis
for energy production. (C) Bioenergetic profile representation for each group; non-
mitochondrial Oz consumption (striped light grey), ATP production (green), H+
(proton) leak (yellow) and spare capacity (orange). (D) Basal respiration reflects
the cell’s normal energy requirements. The F6 probucol formulation show elevated
energy levels. (E) Maximal respiration and (F) spare respiratory capacity reflect
the cell’s ability to respond to an increase energy demand such as stress. (G) Non-
mitochondrial respiration reflects cellular energy consumption during high-
demand cellular processes such as ROS production. (H) ATP production reflective
of mitochondria function and activity. (I) Proton (H") leak across the mitochondrial
membrane that is not contributing to ATP production. Lower values reflect more
oxygen contributing to ATP production, higher values suggest mitochondrial
disfunction. Control (green bars), CDDP: cisplatin (stripe green bars), F5-7 without
CDDP (grey bars), F5-7" with CDDP (stripe green bars). Normalised per 10* cells.

Error bars represent standard error of the mean, n = 4, *p < 0.05, **p < 0.01.
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Formulation d(0.1) (nm) d(0.5) (um) d(0.9) (um) Span
F1 0.095 +0.001 8.92 £ 1.08 694.26 + 187.67 77.48
F2 1047.64 + 10.01 1357.49 + 9.06 1675.063 £ 7.63 0.46
F3 2.16 + 1.31 4.22+2.52 10.82 +2.00 6.76
F4 130.65+2.79 226.60 +4.03 421.53 £25.05 1.28
F5 0.58 £0.04 5.64+£222 121.37 £116.25 17.69
Feo 0.62 +0.008 12.02 £0.06 28.67 £0.35 2.33
F7 0.97 £0.05 43.72 +44.15 257.50 =1 3.95 17.95

Table 3.1.

Mastersizer size distribution of post-spray dried microparticles. Size distributions are divided into three populations corresponding to less than
10% - d(0.1), 50% - d(0.5) and more than 90% - d(0.9) sizes. For F5, the majority of particles (50%) fit within the 5.64 um and more than 90%

are over 100 pm. The varied distribution corroborates SEM observations (figure 3.3); + standard error of the mean.
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Formulation Pre-spray drying Post-spray drying —
feed-stock (mV) microparticles (mV)

FI -4.21+-3.27 -3.67 = 0.66

F2 6.19+£0.41 -2.65 +0.40

F3 4.57+0.69 -2.77+0.29

F4 0.37+0.27 -1.49£0.38

F5 -0.41 £0.16 -1.41+0.34

Fé6 -0.22 £ 0.09 -1.33+0.23

F7 0.56 £2.07 -3.80 = 0.95

Table 3.2.

Zeta potential values for pre-formulation and post-spray dried microparticles. For microparticles, the dispersant liquid represents cell culture
media. The more neutral values recorded for the feed-stock zeta potential reflects poor particle stability within these mixtures and a tendency
to precipitate. In contrast, the negative values of the post-spray dried microparticles improves particulate repulsion in liquids. Pre-formulations

feed-stock and microparticle dispersions required an average of 19.08 + 21.58 respectively 69 + 25 zeta acquisition runs; table values represent

millivolts + standard error of the mean.
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iv.
ii. Production iii. Probucol
i. Formulation Encapsulation
Yield (%) Content (%)
Efficacy (%)
F1 B-CD 56.35
F2 B-CD + PEG 38.13
F3 B-CD + PEG + PVP 19.21
F4 B-CD + PEG + PVP + PVA 64.71
F5 B-CD + PEG + PVP + PVA + UDCA + 33.47 6.49 10.82
probucol
Fe B-CD + PEG + PVP + PVA + probucol 28.04 5.38 8.97
F7 B-CD + PEG + PVP + PVA + UDCA 18.51

Table 3.3.
Formulation components, production yield calculations, and probucol content and encapsulation efficiency; i. Formulation ingredients follow
a set of controls (F1-F4 and F7) as well as the experimental probucol and probucol-bile acid mixtures; ii. Percentage yield following spray-

drying; HPLC quantified probucol is used to calculate iii. drug content and iv. encapsulation efficacy from 1.5 mg/mL microparticle weight.



Chapter 4

Deoxycholic Acid as Excipient for Chitosan-Probucol Formulation Films

4.1. Publications

The work in this chapter is developed for publication as:

4. Corina M lIonescu, Bozica Kovacevic, Susbin R Wagle, Thomas P Foster, Armin
Mooranian and Hani Al-Salami - Secondary Bile Acid-Polymer Based Micro-Films
for Ear-Targeted Delivery of The Drug Probucol: Applications for Treating Hearing

Loss.

Graphical abstract 2. Chitosan-probucol and bile acids formulation.

Optical visualisation of chitosan-based membranes (films) containing micro sized
probucol crystalline deposits (micro-films) compared to chitosan, probucol and
deoxycholic acid (DCA) micro-films. The addition of DCA changes micro-film
swelling behaviour, decomposition patters and affect differently cell cultures.
Chitosan biocompatibility may have great advantages for future studies involving

micro-film middle ear delivery.

97



4.2. Introduction

Chapter 4 continues exploring the use of probucol on HEI-OC1 with a different bile
acid formulation. Previously discussed in Chapter II, DCA is regarded in literatures as
pro-apoptotic, proinflammatory, and can disturb membrane integrity. This Chapter
focus is on chitosan as the main pre-formulation component and takes in consideration
DCA’s known effects. DCA membrane permeation properties are paired with chitosan
because of the polysaccharide’s mucoadhesive and biocompatible properties. The use
of spray dried chitosan-probucol-DCA particles is however limited by poor
formulation dispersion into liquids (Appendix IV.2), therefore Chapter 4 characterises
micro-film formulations. The use of micro-films is advantageous for middle ear drug
targeting favouring prolonged drug exposure and improving drug release passage
through the round window membrane. Thus, the importance of micro-film properties
such as swelling, degradation and drug release are important and form the main points
of Chapter 4. The pre-formulation addition of ethanol containing transonic gel (TGel)
as well as f-CD were chosen to improve probucol mixability, and polypropylene
glycol (PG) for its humectant properties. Chitosan micro-film swelling was tested in
three aqueous conditions, as well as in direct contact cell culture with metabolites and
enzymes. Experiments are carried out on in vitro HEI-OC1 cells gown in co-culture
conditions with a macrophage cell line (RAW 264.7). Cisplatin induces HEI-OCl1
proinflammatory cytokine production (TNF-a, interleukine-1/, and interleukin-6 (IL-
6)) (352) subsequently aggravating cytotoxicity by macrophages recruitment.
Macrophage activation is reported as a possible means for noise and age-related
hearing loss, not only ototoxicity. Since probucol’s anti-inflammatory effects were
previously explored on macrophages, the Chapter investigates cytokine production of
co-cultured HEI-OC1 and macrophages together with probucol (F4), DCA (F5) and
probucol-DCA (F6) micro-films and their effects against cisplatin. Co-culture
conditions are more stressful for cells and can lead to an increase in cytokine
production even in control untreated cells, however it may better represent the cells’
reaction to the addition of both cisplatin and micro-films. For these experimental
conditions micro-films were placed on Transwell inserts in contact with the two cells
lines (Appendix IV). This approach, in part, limits in vivo application similarly to how

the round window would limit drug entry.
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4.3. Summary

The graphical abstract 2 summarise this Chapter’s findings. Firstly, the addition of
DCA increases probucol retention within chitosan films. Incorporating PG to chitosan
pre-formulation improves micro-film swelling. As a result, in combination with DCA
swelling is significantly increased for DCA and probucol-DCA micro-films. The
increase in swelling is marked by faster micro-film degradation in vitro, however
probucol release remains similar and extends for ~3 days for both micro-films.
Chitosan requires acetic solution to dissolve. The formulation homogenate dried as
micro-films were hydrated with PBS prior to in vitro application, however this crucial
step might minimise micro-film shelf storage (Appendix IV). Both cell types tolerate
micro-films in culture, with RAW 264.7 showing preferable proliferation condition for
DCA, and a decrease in macrophage size for probucol-DCA formulations. Unlike the
results presented Chapter III, the HEI-OCI cells tolerate probucol better than DCA or
probucol-DCA-containing micro-films especially when challenged with cisplatin.
Although the cisplatin conditions were previously optimised on HEI-OC1 (Appendix
IV), the same concentration of cisplatin leads a decline in cell population in co-
cultures. Appendix IV presents a variation to the micro-film pre-formulations
production by adding an additional step (ingredients ground mixing) to evaluate the

difference in micro-film drug content, appearance and swelling.

Publication 4

Abstract

Hearing loss is a serious medical condition with an increasing prevalence worldwide.
Ongoing research aims to develop safer therapies that can either prevent, treat, or
reverse hearing loss.

This study investigates DCA’s suitability in designing new micro-films that can be
used to deliver the lipophilic drug — probucol, into the middle ear by first assessing an
in vitro model representative for ototoxicity, and inflammation.

Probucol-chitosan formulation gels were prepared by homogenisation and dried to
form thin films (micro-films). Micro-film characterisation of polymer-matrix
interaction, surface analysis, swelling, and probucol release were recorded using high-

pressure liquid chromatography. /n vitro compatibility was carried out by applying the
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micro-films in culture with hearing representative cells (HEI-OC1), and a macrophage
cell line (RAW 264.7).

Probucol-chitosan-based films show micron-sized surface deposits when dried, and
after hydration. The probucol deposits appear well incorporated into the chitosan
matrix. DCA used as an excipient increased probucol’s formulation mixability, micro-
film swelling, drug release and matrix degradation. Probucol-only micro-films
performed better against cisplatin-challenged co-cultured cells in terms of viability and

showed a reduction of the interleukin-6 marker.

Key words: chitosan, bile acids, probucol, micro-films, ear delivery

Highlights:

e Probucol can be used together with chitosan to form malleable micro-films.

e The addition of DCA to the formulation increases micro-film swelling and
probucol release.

e Both probucol-chitosan micro-films with DCA are safe when applied to HEI-
OCl cells.

e Micro-films provide limited effects against the ototoxic agent, cisplatin;
however, may prove useful in reducing inflammatory cytokines in vitro.

e The use of chitosan-based films may prove stable and advantageous to deliver

probucol to the middle ear.

4.4.1. Introduction

Hearing loss is an ongoing social and economic burden primarily caused by age, noise-
exposure, certain diseases, genetic factors, ototoxic medication, and injury. Hearing
loss is classified as either sensorineural, conductive, mixed, or as auditory neuropathy
spectrum disorder. Side effects from an anti-neoplastic medication, cisplatin (CDDP),
used to treat an array of cancer types can lead to sensorineural hearing loss (SNHL) in
paediatric and adult patients during and after chemotherapy treatment (353, 354).
Cisplatin results in cellular stress and subsequent apoptosis. Research strategies that
focus on maintaining the non-regenerative sensory organ of Corti and spiral ganglion

cells are therefore required to combat hearing loss.
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Probucol is a lipophilic bis-phenol molecule containing two sulphur atoms
traditionally used as an antilipidemic drug. Poor water solubility yet high permeability
properties place probucol as class II drug in the BCS. Probucol has also demonstrated
useful antioxidant properties in both the kidney (8) and brain (7). The following review
(10) discusses more of probucol’s effects and its suitability for hearing loss research.
Probucol has a low water solubility of < 5 ng/mL and requires the addition of
excipients to improve in vitro and in vivo delivery (355). Studies show that oral
bioavailability is significantly increased once crystalline probucol is mechanically
reduced to an amorphous drug through ground mixture methods (15, 356) (see
Supplementary IV.11-15). The addition of polymers (356) further increases probucol’s
solubility and improves the drug’s pharmaceutical targeting potential. Previous studies
from our laboratory have used bile acids as pre-formulation excipients for probucol as
it increases particle rigidity and surface smoothness (32). Chitosan is a cationic
polysaccharide formed from alkaline N-deacetylation of chitin, the second most
abundant polymer in nature. Chitosan can be degraded by lysozymes and glycosidases
and has been widely used for its anti-inflammatory properties (357), antimicrobial
activity (358), low toxicity, mucoadhesive (359) and increased absorption properties
(360). Chitosan, in combination with methylated f-CD and sodium caprate, show
enhanced metformin (class III, BCS) and furosemide (class IV, BCS) permeation to
intestinal cells (361). Trans-tympanic application of the steroid dexamethasone (class
IT or I/III, BCS) in combination with sodium caprate significantly increases round
window membrane permeation, thus increasing dexamethasone accumulation in
cochlear tissue (76). Chitosan, as well as the use of non-steroidal drugs-based
strategies for inner ear delivery show great promise and require further attention.

Trans-tympanic and intra-bullar injections are two common procedures used for the
delivery of drugs to the cochlea. Both techniques are considered routine and have
reduced long-term impact on hearing ability (362). Short term for example, there is
evidence of temporary conductive hearing loss, however the majority of treatments are
removed through the Eustachian tube allowing recovery (363). The round window
membrane is one of the primary physiological barriers for trans-tympanic or intra-
bullar drug applications to enter the inner ear. Both nanoparticles derived from
chitosan and chitosan solution downregulate tight junction proteins of the round
window membrane, thus improving permeability (77, 364). Therapeutic applications

can increase the thickness of the round window membrane without affecting basilar
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hair cell numbers (365). It is important to consider that saline injections alone could
alter the normal histology of the round window membrane to such extent as thickening
the membrane and mobilising inflammatory cells (366). As opposed to traditional
trans-tympanic approaches, residue fragments of chitosan placed in the middle ear
cavity can persist in vivo for days or weeks (365, 367, 368). It is therefore important
to balance formulation preparations, as they may either persist without clearance and
cause toxicity, or clear faster than the time required for the APIs to pass the round
window membrane. Chitosan enzyme degradation could accelerate clearing, minimise
prolonged formulation-tissue contact, and favour controlled drug release during the
clearing process (369). Commercially available chitosan has several variations. These
include high, medium, and low molecular weight products. There are also water-
soluble chitosan derivatives that can be considered (367, 368, 370), however the
deacetylation degree of chitosan generally requires acidic conditions to dissolve.
Multiple studies show that nanoparticle (371), liposome stability (369) and more
importantly overall drug availability (372) is increased with the addition of chitosan in
formulation. Furthermore, middle ear chitosan applications provided otoprotection
against cisplatin in vivo (372). Cisplatin’s effects can aggravate in acidic conditions. It
is therefore important to consider how chitosan formulations pH changes and may
affect hearing thresholds (373).

Based on their critical micellar concentration, bile acids can self-assemble and form
nanosized particles in combination with chitosan (374, 375). DCA is a secondary bile
acid produced by gut bacteria through 7a-dehydroxylation of the primary bile acid,
cholic acid (201). Besides its importance in digestion and nutrient absorption, in excess
DCA can significantly increase intestinal permeability (376), increase blood-barrier
permeability (55), and negatively promote Golgi disassembly and induce endoplasmic
reticulum stress (139). The bile acid concentrations utilised as excipients is often less
than that found at physiological levels, thus reducing the chance of encountering
significant side-effects. The impact of formulations on cochlear resident macrophages
are crucial, as studies point to the negative effects of prolonged inflammation in
aggravating cisplatin, noise and age-induced hearing loss (377-379). Therefore, it is
important to observe the biocompatibility of drug formulations with macrophages. For
example, DCA can induce nitric oxide and macrophage polarization in vitro and in
vivo (145), thus requiring controlled concentration-dependent applications. The degree

of chitin deacetylation, as well as chitosan concentration, appear to influence
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macrophage phagocytosis, with previous research showing that chitosan
microparticles are internalised by RAW 264.7 cells and impact the pro-inflammation
signal response (380).

The following article aims to develop chitosan and probucol formulations for future
middle ear delivery application by first assessing probucol micro-film biocompatibility
in vitro. Two cell types (established auditory cell and macrophages cell lines) grown
in non-contact paracrine co-culture were used to assess proliferation, morphology, and
cytokine levels. Micro-film characteristics such as swelling potential, drug loading

capacity, probucol stability and dissolution were recorded as well.

4.4.2. Materials and Methods

Medium molecular weight chitosan, f-CD, PFA, trypsin-EDTA (0.25%), cell
proliferation reagent based on water-soluble tetrazolium salt, (WST-1), were acquired
from Sigma-Aldrich (Darmstadt, DE). Polypropylene glycol (PG; molecular weight
76.09) was purchased from PCCA (Matraville, AU). Transonic gel (TGel) was
purchased from Telic Group (Barcelona, ES). Acetic acid glacial was procured from
Ajax Finechem, (Sydney, Australia). Probucol powder is supplied by Beijing Natural-
Med Biotechnology Co Ltd (Beijing, China). DCA is supplied from Qingdao Yuanrun
Chemical Co., Ltd (Qingdao, Shandong, China). DMEM purchased from Biosciences,
(Dublin, IE). PBS acquired from Fisher biotech (WA, AU). FBS acquired Serana
(Brandenburg, DE). Hoechst 33342 (H1399) and Pierce bicinchoninic acid protein
assay kit (BCA) from ThermoFisher (Waltham, MA, USA). CytoPainter Cell Plasma
Membrane Staining Kit Deep Red Fluorescence (Abcam, Cambridge, UK).
Cytometric Bead Array flex kits for mouse monocyte chemoattractant protein-1
(MCP-1), tumour necrosis factor (TNF) and interleukin-6 (IL-6) were acquired from

BD Biosciences (North Ryde, AU).

Micro-Film Preparation

Formulations were homogenised for 3 minutes in Milli-Q with 1% acetic acid. Each
of the 6 formulations were prepared as follows: control F1 with £-CD only; control F2
with f-CD, TGel and chitosan; control F3 with f-CD, TGel, chitosan and PG; F4 with
all control component and probucol; F5 with all control components and DCA; F6

with all control components, DCA and probucol. Homogenised formulations were
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dried in 50 pL aliquots at room temperature (micro-films). The dried micro-films were
used for characterisation and in vitro studies. Cellular compatibility was performed by
coating the bottom outside surface of 6.5 mm Corning Costar Transwell cell culture

insert (Sigma-Aldrich, Merck, Darmstadt, DE) with F4, F5 and F6 formulation.

Infrared Spectroscopy

To investigate the intramolecular interactions of probucol and the formulation
components, we performed UATR (PerkinElmer, MA, USA) analysis on probucol
powder, a mixture of F6 powder component as well as dry micro-films. Generated
ATR spectra were normalised and converted to FT-IR spectra for interpretation

utilising the in-built software (32).

In Vitro Studies

RAW 264.7 (ATCC®, TIB-71™) purchased from ATCC (Manassas, VA, USA) and
HEI-OC1, from Prof. Federico Kalinec and Dr. Young Joon Seo, were used for
experiments. HEI-OC1 were grown in non-contact co-culture with RAW 264.7
macrophages in permissive conditions (33°C). Bottom side of Transwell inserts were
pre-coated with F4-F6 formulations. HEI-OC1 were seeded on inserts and RAW cells
were seeded on Transwell wells. Micro-films were UV treated and hydrated with PBS
20 minutes prior to in vitro culture seeding. Experimental groups consist of F4, F5 and
F6 formulations co-treated cells with or without cisplatin 3 uM (challenged). Control

cells remained untreated.

Micro-Film Swelling Measurements

F2-F6 micro-films were immersed in various aqueous solutions for 20 minutes. Micro-
film area was recorded using a stereo microscope (Nikon SMZ 745T, Tokyo, JP),
before and after 20 minute hydration. Milli-Q water, PBS, and DMEM were used as
hydration medium. Filtered DMEM media was obtained from HEI-OCI routine
passaging to better assess the swelling effects in vitro. Each sample was prepared in
four technical replicates in triplicate (n = 3). ImagelJ (344) was used to contour and
measure micro-film area. For consistent imaging, dry and hydrated films were place

between two glass slides when imaged.
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Scanning Electron Microscopy and Elemental Analysis

Dry micro-films were adhered to carbon taped aluminium stubs and sputter coated
with carbon or platinum at 5 nm thickness. Micrographs were acquired at 2 kV, 10 mm
working distance and 100 A current beam using a field emission SEM (Clara model,
Tescan, Brno, CZ). Energy Dispersive Spectroscopy (EDS) was performed using
(Oxford Instruments, Abingdon, UK) detector at 10 kV to acquire Ko sulphur peaks
and 20 kV for Ma peaks platinum characteristic for probucol and cisplatin,
respectively. Spectra were processed using the Aztec v.5.1 software (Oxford
Instruments, Abingdon, UK). EDS was acquired on dry micro-films and cell culture

media pre-hydrated micro-films.

High Pressure Liquid Chromatography

After formulation homogenisation, 50 pL of F4 and F6 homogenate as well as dried
micro-films were resuspended in acetonitrile to extract probucol. To compere the
accuracy of this extraction, dry micro-films were hydrated with Milli-Q water for 20
minutes followed by acetonitrile extraction (10:90). Suspensions were sonicated for 5
minutes and filtered prior to analysis on a 150 x 4.6 mm column (Luna 5 um, 100 A,
Phenomenex, Torrance, CA, USA) HPLC (SIL-20A model UV detector, Kyoto, JP).
For probucol dissolution studies, micro-films were incubated with HEI-OC1 in
complete DMEM prior to probucol extractions. Injection volumes were 20 pL for both

samples and standards (standard curve; 1 —0.015 mg/mL, R’ = 0.99998), n = 3.

Cell Density and Size

Three-day HEI-OC1 and RAW 264.7 cells co-cultures were washed with PBS prior to
4% PFA fixation. Cells were stained with nuclear (Hoechst) and plasma membrane
(CytoPainter) dyes to determine morphological phenotype changes associated with
macrophage activation, and to facilitate cell counting. After multiple PBS washes, the
cells on the insets and in wells were stained with Hoechst and CytoPainter Cell Plasma
Membrane Staining Kit in assay buffer according to manufacturer’s protocol. Inserts
were detached and mounted on glass slides with HEI-OC1 facing the coverslip. Slides
and wells were imaged with the Andor Dragonfly High Speed Confocal Microscope
System (Oxford Instruments, Abingdon, UK). Images were acquired on Imaris

analysis software (Oxford Instruments, Abingdon, UK). Cell population for each group
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was based on nuclei recordings and normalised against the control group (100%).
RAW 264.7 cell area contours were traced and recorded. Final measurements were

prepared in Imagel.

Inflammatory Markers Assay

Before preparing the cells for imaging, culture supernatant from three-day HEI-OC1
and RAW 264.7 cells in co-cultures were collected and placed on ice. Cell supernatant
was used to determine inflammatory markers using the Cytometric Bead Array Mouse
TNF, IL-6 and MCP-1 Flex Kits. Following reagent protocols, capture and detection
bead dilutions were mixed with 50 pL samples and analysed with the BD FACSCanto
Clinical Flow Cytometry System (Franklin Lakes, NJ, USA). For each standard and
samples 1500 fluorescent events were counted. Multiplexed samples were integrated
using kit standards from 2500-20 pg/mL. Results were normalised against total protein
concentration to account for cellular viability difference between groups. Total protein
concentration from cell culture supernatant were integrated using a 2000-25 pug/mL
standard curve following the Pierce BCA Protein Assay Kit. The cytokine ratio to total

protein was then calculated and expressed as [pg of cytokines]/[mg of total protein].

Statistical analysis
Data analysis was done using GraphPad Prism v.10 (GraphPad Software San Diego,
CA, USA). Graph representation, one-way ANOVA, normalisation, or t test were

prepared on the same software.

4.4.3. Results

Chitosan Micro-Film Characterisation

Except for F1, all chitosan-containing formulations formed thin malleable films that
were cut and analysed for surface deposits. F2 and F3 present similar crystalline
deposits that may represent undissolved f-CD. Mid-sections of F3 hold well defined
groves with uneven deposit patterns (figure 4.1-F3-a). F2, F5, F6 show smooth, well-
incorporated, dense layers, and probucol F4 micro-films appear thinner. Surrounding
the micro-films and around edges are uneven clusters including probucol crystals. On

the surface (figure 4.1-F4-c) as well as superficially embedded in the matrix (figure
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4.1-F4-d), these structures are likely probucol and f-CD. DCA containing micro-films
(figure 4.1-F5) are smooth-transparent, with minimal surface deposits.

To distinguish between probucol and other surface deposits, EDS was performed at 10
kV to detect sulphur Ka peaks. Results show (figure 4.2) that probucol is present on
the surface of F4 and F6 micro-films as expected, unlike F3 and F5 that do not contain
probucol. Large crystalline deposits characteristic for unhomogenised 5-CD on F3 are
not present after hydration (figure 4.2-E, I). Probucol crystals embedded within the
film matrix are still visible in less abundancy, even after hydration within F4 and F6
micro-films (figure 4.2-F, H, J, L).

Cisplatin adsorption from media culture was investigated at 20 kV to detect platinum
Ma peaks present form cisplatin. No conclusive results were made (figure 4.2-1-L)
possibly due to the low cisplatin concentration or the limited detection capacity of the
instrument (381). Interestingly, the micro-films cultured with HEI-OC1 show trace
elements adsorbed on the matrix surface from the short exposure (figure 4.2-E-L)
revealing sodium, potassium, or chlorine peaks.

FT-IR stretching vibration at the 3631 cm™! band (table 4.1) is likely to correspond
with free hydroxyl groups (382). In addition, medium bond C-H stretching at 2950 cm”
U'band, as well as medium O-H bending band at 1422 c¢cm! are further likely to be
associated with probucol. In the F6 powder mixture, and bulk probucol, these bonds
are distinctive. The addition of formulation excipients in both F4 and F6, and the
homogenisation time seem sufficient to incorporate probucol well without possible

interference from the chitosan matrix.

Micro-Film Swelling

Figure 4.3 depicts micro-films before and after hydration in PBS for 20 minutes.
Micro-film diameters were measured before and after hydration in three different
solutions. There are small to moderate variations between the formulations when
hydrated with PBS suggesting micro-film integrity is formulation-dependant (table
4.2). The addition of PG in F3 increases the film’s ability to absorb water compared to
hydrated F2 by ~130%. This pattern is also observed for DCA containing micro-films
(F5 and F6), with minimal impact on F4 probucol (~32%) compared to F2. Dry
probucol F4 micro-films seem rigid when handled and the reduced swelling could be
explained in part by probucol’s hydrophobic nature. Two-day old HEI-OC1 media

discarded from routine passaging was used to better asses the swelling effects in vitro.

107



Minimal swelling changes appear when micro-films are immersed in DMEM or PBS
for 20 minutes (table 4.2). However, after a three-day exposure to DMEM, micro-
films underwent intense degradation and thinning (figure 4.3-F5*, F6*). This shows
that in vitro exposure to cellular metabolites is crucial for designing chitosan-based

films, and that the addition of DCA reduces micro-film integrity.

Probucol Retention and Quantification

To quantify probucol from F4 (probucol only) and F6 (probucol-DCA) micro-films,
HPLC was performed. Firstly, it was important to establish the probucol content within
formulation homogenate prior to drying. Extracting probucol from micro-films with
acetonitrile is significantly inefficient (p < 0.001) for quantifying the total amount of
probucol in micro-films compared to F4 (figure 4.4-A) or F6 (figure 4.4-B)
homogenate. An additional step of hydrating the micro-films prior to acetonitrile
extraction is required to facilitate probucol release from the matrix and improve drug
loading and content as well as the release kinetics measurements. Figure 4.4-C
represents probucol release in vitro over a period of three days, with sample micro-
films collected at 3, 6, 24, 48 and 72 hours. Consistent with the degradation (figure
4.3-F6*) and swelling pattern in Milli-Q water of DCA micro-films (table 4.2) F6
micro-films show faster probucol release in the first 6 hours (50%). The final time
point in figure 4.4-C reveals less probucol for F6 relative to F4 can be explained from

the degraded stage at which the films were collected at.

Chitosan-Probucol Micro-Films and Cellular Compatibility

Cisplatin has known toxicity profiles against HEI-OC1 cells and represents a known
ototoxic compound that promotes hearing loss (383). Research has also shown that
macrophage inflammation could potentiate cisplatin toxicity in vivo (378). Although
there are more ideal co-culture round window models in literature, this experiment
represents a simplified method to establish preliminary conclusions (384). Images
acquired from the top insert (HEI-OCI cell layer — figure 4.5) and bottom wells (RAW
264.7 cell layer — figure 4.6) reveal that both cell types have been affected by cisplatin
(table 4.3). Cell population declined for both cell lines in presence of cisplatin, with
formulations providing little protection against the insult. Micro-film treatments alone

had minimal negative impact in cell culture with probucol showing substantial effects
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in preserving HEI-OC1 cells, while probucol-DCA showed better effects on RAW
264.7. Cisplatin is detrimental for both cell populations, however F4 appears to
promote viability for both HEI-OC1 and RAW 264.7 by ~12% and ~6%, respectively
(table 4.3). RAW 264.7 macrophage stimulation is highlighted by morphological
changes, such as increased cytoplasm size and the appearance of multiple
cytoplasmatic processes, with subsequent release of cytokines (385). If stimulated by
cisplatin, RAW 264.7 cells increase in size by ~300% compared to controls, regardless

of probucol and chitosan-based micro-films applications (table 4.4).

Cytokine Cellular In Vitro Release

To better evaluate the effects of chitosan-probucol micro-films on co-cultured HEI-
OC1 and RAW 264.7 cells, three cytokine markers were measured (table 4.5).
Probucol micro-film F4, showed a decrease by ~15% of MCP-1 levels compared to
control. In terms of cisplatin-challenged cells, the trend favours cisplatin groups with
lower TNF levels by ~35% while MCP-1 is reduced by ~22% compared to control.
Besides the difference in cell population that might account for higher levels, it is
important to consider that the increased control levels could be due to the co-cultured
conditions. The literature shows that contact versus non-contact RAW 264.7 cell
growth accounted for a similar trend, with higher cytokine levels in controls (386).
The addition of micro-films in culture minimally impacts the cells, importantly F6
appears to lower TNF (~3%) and MCP-1 (~15%) release. However, F6* cisplatin-
challenge increases MCP-1 by ~45% (F6"), compared to cisplatin alone. Probucol
micro-films F6 (~12%), and F4" (~42%) treatments have lower IL-6 than control,
although cisplatin shows a decrease in IL-6 as well. The decrease in IL-6 might account
for cell proliferation, and although not significant, there is a ~8% difference between

cisplatin and F4" treatments.

4.4.4. Discussions

Given that no band characteristic to probucol was detected in micro-films via FT-IR
analysis, it is likely that probucol is incorporated into the matrix (table 4.1). This can
be confirmed by SEM, EDS, and by HPLC. From SEM analysis there are noticeable
probucol crystals on the surface of F6 versus F4 surface that suggests DCA improves

probucol micro-film smoothness (figure 4.1 and figure 4.2). After three days
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hydration in DMEM, the films have a uniform yet rough appearance with small and
more distinct probucol deposits present on both F4 and F6 (figure 4.2) and could
explain, in part, the incomplete in vitro dissolution at 48 hours (figure 4.4-C; ~90%
for F6 and ~92% for F4). In terms of micro-film stability, probucol provides rigidity,
and limited chitosan film swelling (table 4.2). The addition of PG (F3) significantly
increases micro-film swelling in Milli-Q water in agreement with literature where
increased swelling properties highly influence construct degradation (387, 388).
Faster drug release from formulations could benefit poor soluble drugs for middle ear
delivery (29). Our DCA films show both slow release and degradation that require
further testing in vivo to determine the absorption patten when applied to the round
window niche. Another important element to consider, is that acidic conditions could
amplify cisplatin’s effects (373). Although the type of chitosan used for this study
requires acid to dissolve, rehydrating the micro-films in neutral buffers allows in part
in vitro and in vivo application that can be further improved by using water-soluble
chitosan derivatives (e.g. N-hexanoyl glycol chitosan (367)).

From the HEI-OC1 and RAW 264.7 cells co-culture, results suggest that HEI-OCl1
cells are more tolerant to F4 > F5 > F6 while the opposite pattern is valid for
macrophages (table 4.3). Cisplatin is known to reduce cell viability and increase
cellular oxidative stress (389, 390), that represents a possible protective mechanism
for probucol and could explain our observations, however, requires validation.
Furthermore, the morphological appearance of RAW 264.7 resembles controls when
exposed to chitosan micro-films, with few cytoplasmic processes and reduced cell
bodies (table 4.4). Typically, M1 pro-inflammatory macrophages are stimulated by
lipopolysaccharides or IFN-gamma cytokines, and can produce TNF-o, while M2
activated cells are stimulated by IL-4 and IL-10 to have anti-inflammatory effects
(391). Activated RAW 264.7 present a different morphology than cultured primary
macrophages or naive cells (392). Once RAW 264.7 are activated, the cells’ cytoplasm
expands and forms multiple processes, and cytokines are released (393). The
developed probucol micro-film in combination with an ototoxic stressor, such as
cisplatin is not sufficient to alleviate cisplatin’s effects. However, probucol (F4")
appears to protect HEI-OC1 the most (~12% difference from cisplatin control; not
significant). Cisplatin reduces cell population in both cell lines and increases RAW
264.7 activated morphology (figure 4.6-B). Cisplatin also activates inflammatory
caspases and leads to apoptosis in RAW 264.7 (394). Although minimal, chitosan-
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probucol-DCA micro-films (F6*; table 4.4) show a slight improvement against
cisplatin (~20% difference), this could explain the beneficial effect both chitosan and
probucol share. The literature shows that probucol exhibits anti-inflammatory effects
including reduced inflammatory markers (TNF-a, IL-6, IL-15) after RAW 264.7
lipopolysaccharide exposure (395). Similarly, chitosan-based microspheres and
chitosan solution can reduce both TNF-a and IL-1f (357, 396). In vivo, cisplatin
activates macrophages in a mixed population (M1 and M2) predominantly outside the
organ Corti leading to local neuroinflammation and a temporal shift in hearing
thresholds (378). In regards to hearing, macrophage activation after noise-exposure is
detrimental (379, 397, 398), and is associated with inflammation associated age-
related hearing loss (399). Both IL-6 and MCP-1 (better known as chemokine (C-C
motif) ligand 2; CCL2) are dominant cytokines associated with the inner ear. Studies
show that excessive inflammation, secondary to excess noise-exposure, and oxidative
stress can potentiate cochlear tissue to produce IL-6 and MCP-1 (400). IL-6 is a pro-
inflammatory cytokine produced by lateral wall cells, the stria vascularis, the spiral
ligament and spiral ganglion neurons. MCP-1 is a recruiter of monocytes to inflamed
regions and can further induce IL-6 production (401). Both cytokines are expressed in
vivo (402, 403), and in vitro in HEI-OCI1 cells (383). Although there is some
discrepancy in its persistence after short term noise-exposure, cisplatin increases both
IL-6 and MCP-1 expression (404). Our results show that probucol micro-films (F4)
may decrease IL-6 and MCP-1 in co-culture, while DCA micro-films (F5) could

decrease TNF production during cisplatin exposure.

4.4.5. Conclusions

Medium molecular weight chitosan gels are useful to incorporate the hydrophobic drug
probucol into malleable films. As an excipient, DCA proves useful in thinning chitosan
films and improves component miscibility and retention within the chitosan matrix.
Probucol increases micro-film matrix rigidity reflected through the minimal swelling
properties in Milli-Q water, and during prolonged in vitro exposure. In practice, a
decrease in swelling prolongs probucol’s availability so that the F4 probucol micro-
film matrix requires more than 72 hours to degrade. In hindsight, the addition of DCA
to the formulation increases micro-film degradation and probucol release. By adjusting
DCA'’s concentration, enhanced probucol release can be optimised to produce better

time-sensitive chitosan-probucol gels and films. Both cell lines proliferate well in
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presence of micro-films. Probucol F4 micro-films are more compatible with HEI-OC1
cells than with RAW 264.7 and maintain the cell’s population similar to control values.
Although RAW 264.7 cells thrive in presence of probucol-DCA F6 micro-films,
probucol as F4 promoted cellular survival after cisplatin-treatment, and although
minimal, reduces MCP-1 and IL-6 cytokine levels in co-culture. Further research is
required in testing the compatibility of probucol-chitosan micro-films in vivo in
combination with other bile acids, where impact on the round window morphology as

well as hearing thresholds can be further assessed.
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Figure 4.1.

Scanning electron micrographs of dry micro-film surfaces. F1 cyclodextrin control and chitosan formulations F2 to F6 with (a) cross-section
of micro-films, (b) edges, and (c, d) close-up view of deposits. The addition of DCA to F6 reduces surface deposit abundancy. Incorporating

DCA into micro-films (F5) improves the matrix uniformity. Scale bars (a, ¢, d) 20 um, (b) and F1 200 pm.
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Figure 4.2.

Scanning electron micrographs and EDS spectra. (A-D) Dry F3 to F6 formulation and elemental analysis showing sulphur peaks. (E-H) Micro-
films pre-hydrated one day in cell culture media without and (I-L) with cisplatin. Component deposits appear to decrease/detach in abundancy
after hydration. Unlike F3 which consists of water-soluble components, probucol sulphur rich deposits persist on the surface of F4 and F6. No

platinum peaks were detected. Scale bars 100 pm, 10 kV for probucol (sulphur EDS spectra) and 20 kV for cisplatin (platinum EDS spectra).
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Figure 4.3.

Representative dry micro-films F2-F6 before (left) and after (right) hydration in PBS. Right side of figure reveals degree of micro-film
degradation from cell media on F4*, F5* and F6* after three-days (hydration at 33°C). The micro-film degradation correlate with an enhanced

sustained probucol release in vitro. Scale bar 2.5 mm.
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Figure 4.4.

Probucol quantification and drug release in vitro. (A, B) Normalised probucol percentage content from homogenate (yellow), micro-films
hydrated with dH>O and extracted with acetonitrile (disk; orange), and micro-films extracted with acetonitrile only (disk-ACN; grey). (C)
Probucol’s percentage from in vitro cumulative dissolution on HEI-OCI1 cells over a 72 hour period. Hydrated probucol-DCA (F6) micro-films
exposed to HEI-OC1 cells show increased probucol release in the first 6 hours followed by a sharp probucol availability due to the accelerated
micro-film degradation (as seen in figure 4.3); Percentage results are normalised against F4 and F6 homogenate (100%); Error bars represent

standard error of the mean, n = 3 in four repeats; p < 0.001 (**).
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Figure 4.5.

Micro-film compatibility of HEI-OC1 co-cultures in Transwell plates at 33°C. The bottom insert membranes contains a thin layer of formulations
(F4, F5, F6). (A) Volume representation of HEI-OC1 grown on the top insert membrane treated without or (B) with cisplatin (CDDP). (C) Cross-

sectional view of insert membrane. Scale bars 100 um; nuclei (blue), plasma membrane (yellow). Complementary to Supplementary IV.5 —IV.8.
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" . Roechst

Figure 4.6.

Micro-film compatibility of RAW 264.7 cells co-cultures in Transwell plates at 33°C. The bottom insert membrane contains a thin layer of
formulations (F4, F5, F6). RAW 264.7 cells were grown in the bottom wells. (A) Confocal images of RAW 264.7 cells treatments without or
(B) challenged with cisplatin (CDDP) showing an increase in macrophage-activated-like morphology (enlarged cell size and cytoplasm

processes). Scale bars 50 pm; nuclei (blue), plasma membrane (yellow).
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Table 4.1.

Formulation

Main peak bands detected (cm™)

Probucol 3631.15 2957.85 1422.02 1234.77 1097.31
Powder mix | 3633.00 3305.72 2958.14 1150.51 1023.13
F1 3300.80 1152.40 1022.70

F2 3275.39 2925.38 1556.63 1151.55 1076.88
F3 3288.98 2923.76 1152.49 1077.24 1024.43
F4 3294.03 292391 1152.45 1077.34 1024.15
F5 3283.87 2923.69 1556.70 1077.32 1025.31
Fé6 3283.43 2924.63 1151.95 1078.05 1025.08

Normalised FT-IR peaks of probucol bulk powder, F6 powder mix, and dry micro-films post-homogenisation (F1-F6). Spectra are presented in

Supplementary IV.12.

120



Area after Area after Area after
Micro- | Area before

hydration in Milli- | hydration in PBS hydration in
films hydration (um)

Q water (%) (%) DMEM (%)
F2 35.79+0.42 *122+£2.02 **138 +£7.86 **138 £5.30
F3 32.56 £0.88 **256 £ 44.44 139 + 3.63 136 £3.02
F4 31.10 £ 0.68 **154 +7.98 **133+1.54 **142 +1.58
F5 37.38 £0.65 **261 £57.86 133 +£3.29 128 £2.07
Fé6 38.55+0.52 *221 +33.65 130+ 1.74 127 +2.71

Table 4.2.

Micro-film swelling measurements before and after hydration in Milli-Q water, PBS, and DMEM obtained from cell culture. The addition of

PG in F3 significantly increase the micro-film’s overall water absorption (> 250%). Although significant compared to the initial dry state, the

probucol F4 micro-films are more rigid in appearance and adsorb less water (> 150%); significance stars correspond to each formulation against

its area before hydration (100%), n =3, p < 0.05 (*), p <0.001 (**) £ standard error of mean.
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Treatment

HEI-OCI1 cell count (%)

HEI-OC1 significant results

Control
F4
F5
Fé6

CDDP
F4*
F5*
F6*

Treatment

Control

F4

F5
Fe

CDDP
F4*
F5*
F6*

Table 4.3.

100 + 15.06
106 + 16.77
98+ 17.54
83+17.50

27+2.07
390+4.85
27+ 6.70
19+3.92

RAW 264.7 cell count (%)

100 £6.78

76 + 8.20

109 + 8.02
120 +9.43

29+4.93
35+4.97
29 +£4.48
26 +£2.32

**CDDP, **F4", **F5", **F6"
**CDDP, *F4", *F4, **F6"
**CDDP, **F4", *F5", *F6"
*CDDP, *F5", *F6"

RAW 264.7 significant results
**CDDP, **F4", **F5", **F6"
*F35, ¥*F6, **CDDP, **F4", **F5",
>l<>l<F6Jr

**CDDP, **F4", **F5", **F6"
**CDDP, **F4", **F5", **F6"

Relative HEI-OCI1 cell populations represented as percentage. Micro-film

formulation groups and controls are treated without or challenged with cisplatin

(CDDP, F4*, F5%, F6"). Both cell populations decline in presence of cisplatin.
Probucol F4 negatively impacts RAW 264.7 population, while HEI-OC1 F4-

treated cells remain similar to control (~100%). Treatments with cisplatin in F4*

groups slightly improve cell population density. Significance is represented in the

column adjacent and considers only the same cell type; Control (C), n = 3 in

triplicates, p < 0.05 (*) p <0.001 (**) + standard error of mean.
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Treatment Area (um?) Area (%)
Control 224.07 +10.13 100 +4.52
F4 266.73 +32.50 119+ 14.50
F5 218.49 £ 13.97 97+6.24
Feé 218.84 +22.57 98 +£10.10
CDDP 927.26 +76.23 414 +34.00
F4* 936.68 + 76. 92 418 +34.30
F5* 978.59 £ 95.18 437 £42.50
F6" 879.07 £ 64.25 392 +£28.70
Table 4.4.

Macrophage-activated-like phenotype based on cell area (um?) measurements in

RAW 264.7 cell. Cisplatin increases cell area regardless of treatments. Groups were

treated with and without cisplatin (CDDP, F4", F5*, F6") and normalised against

control untreated cells (100 %); n = 3 in triplicates, + standard error of mean.

Treatment TNF (pg/mL) MCP-1 (pg/mL) IL-6 (pg/mL)
Control 1212 +98.59 3322 4+295.96 153 £ 14.61
F4 1495 + 366.23 2839 + 753.51 145 +£23.74
F5 1246 +206.93 3170 £ 412.08 161 £24.92
Feé 1177 +£251.94 2816 +432.10 134 £20.28
CDDP 790 + 128.78 2601 + 384.89 101 £7.77
F4* 1250 + 355.41 2696 +238.56 89 +7.87
F5* 1027 + 138.92 3463 +376.83 157 £21.05
F6* 1276 + 127.36 4112+ 121.80 158 £11.05
Table 4.5.

Cytokine markers release for HEI-OC1 and RAW 264.7 analysed from co-culture

supernatant. Cells were treated with F4-F6 microfilms without and challenged with

cisplatin (CDDP, F4*, F5*, F6"). Although not significant, F6 and F4'-cisplatin

micro-film treatments slightly reduce TNF and IL-6, respectively. Cytokine results

(pg/mL) are normalised against total sample protein levels (mg/mL); n = 3, +

standard error of mean.
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Chapter 5

Bile acids Self-Assembled Cyclodextrin Particles for Probucol Delivery

5.1. Publications

The work in this chapter is developed for publication as:

5. Corina M lIonescu, Thomas P Foster, Bozica Kovacevic, Susbin R Wagle, Armin
Mooranian and Hani Al-Salami - Cyclodextrin Probucol Bile Acid Particles and Their
Effects on HEI-OCI1 Cells.

Graphical abstract 3. Cyclodextrin complexation with probucol and bile acids.

Cyclodextrin complexation with bile acids is well-known in literature and better
described for p-cyclodextrin. The effects of probucol and o/f-cyclodextrin
inclusions are explored using scanning electron microscopy. The addition of bile
acids to the probucol-cyclodextrin mixtures is crucial for obtaining aggregates.
Both aggregate formation, drug retention and in vifro viability effects are

reflective of the bile acid type and their concentration used in formulation.
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5.2. Introduction

Chapter 5 will focus on CD as the main formulation ingredient. The polysaccharide
can form inclusion complexes with organic and bioactive molecules including BSC
class II drugs, and can self-assemble into particles and aggregate (1). There is limited
or no information on probucol, probucol metabolites and other phenol-like molecules’
interaction with CD in terms of the complexation mechanism and thermodynamics.
Besides the knowledge lacuna in complexation, this chapter will discuss the
morphological differences and uses of CD-probucol aggregates. Since probucol is a
small highly lipophilic molecule it may interact with cyclodextrin’s core. The addition
of bile acids will be used to assess probucol-CD self-assembled/aggregate formation.
Particle optimisation variables are detailed in Appendix V. Four cyclodextrins in
combination with six bile acids were used (CA, DCA, CDCA, UDCA, TCA, LCA) to

assess probucol-CD complexation aggregates.

5.3. Summary

Aggregate formation is limited for probucol and CD. Both CD and bile acid types are
important to determine aggregate formation. As a-CD forms less aggregates compared
to f-CD, the same drug-bile acid ratio is not sufficient for gamma-CD (y-CD) nor
hydroxy-propyl-f-CD aggregation (Supplementary V.6). After drying the
formulations, both a-CD and f-CD aggregates can be resuspended in liquids showing
strong negative zeta potentials. Nonetheless, the aggregates applied on HEI-OC1 cells
shows little variation between the CD type, but rather are affected by the bile acid type.
Minor HEI-OC1 viability was observed when aggregates were applied in culture with

an oxidative stressor.

5.4. Development

Chapter V formulations based on CD, probucol and bile acids aggregates can be further
optimised in preparation for in vivo applications. In appendix V (Supplementary V.7),
a fluorescently conjugated f-CD inclusion complex with probucol and bile acids is
presented. Appendix VI describes a patent for the organic synthesis of conjugated bile
acids and probucol filed by supervisor Dr Hani Al-Salmi, Dr Amin Mooranian, Dr
Giuseppe Luna et al. Newly synthetised molecules according to the patent — HAI,
HA2 and HA3 (LCA, CDCA and UDCA probucol conjugates), were used in the same

125



complexation formulation with f-CD. Similar to Chapter V results where fLCA-PB
shows the smallest aggregate formation, the new HA1 molecule (LCA-probucol
conjugate; Supplementary VI.6) result in nano-sized particles that can be used to test

probucol’s therapeutic use in vitro and in vivo.

Publication 5

Abstract

Drug delivery to the inner ear requires formulation development strategies that
improve both safety and efficacy. Here we develop formulations based on a and £
cyclodextrin for the antioxidant drug probucol. Bile acids were used as excipients to
improve probucol aggregate formation. Formulations were tested on auditory
representative cells — HEI-OC1.

We assessed complexation conditions to determine particle formation using six bile
acid excipients. Particle size, morphology and zeta potential were determined using
Malvern Zetasizer and scanning electron microscopy. Probucol drug concentration was
determined via HPLC prior in vitro viability measurements.

Our results show that 0.36-2% cyclodextrin and 0.04% probucol requires the addition
of bile acids to form hollow particles in 70% ethanol at high temperatures. Particles
vary in size and have negative charge. f-cyclodextrin results in abundant particle
formation compared to a-cyclodextrin. Significantly higher probucol drug content is
retained with pf-lithocholic acid, compared to o/f-chenodeoxycholic acid, o/f-
ursodeoxycholic acid and a/f-deoxycholic. In vitro viability form 24/48 hours show
varied results for all particles - a/f-chenodeoxycholic acid, a/f-ursodeoxycholic acid
and o/f-lithocholic negatively influence HEI-OC1 survival. Against hydrogen
peroxide-induced oxidative stress, a/f-cholic acid, a/f-deoxycholic acid, and -
lithocholic acid show minimal protective results. The combination of probucol and bile
acids with a/f-cyclodextrins proves advantageous for drug delivery, requiring further
optimisation in improving drug loading to maximise viability in oxidative stress

conditions.

Key words: bile acids; drug delivery; self-assembled particles; cyclodextrin; probucol;

HEI-OC1
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Highlights:

e Cyclodextrin complexation with probucol remains unknown

e Cyclodextrin complexation of probucol in presence of bile acids allows for
larger particle/aggregate formation in relation to the bile acid type and
concentration.

e Ursodeoxycholic acid shows the lowest aggregate probucol loading effect.

e Lithocholic acid has the highest drug loading in presence of f-cyclodextrin,
and show the smallest aggregate formations.

e Particle zeta potential remains negative regardless of bile acid and cyclodextrin
type used in formulation.

e HEI-OCI1 cell viability is positively influenced by higher probucol

concentration.

5.5.1. Introduction

CD is a toroidal shaped cyclic oligomer consisting of six (a-CD), seven (5-CD), or
eight (y-CD) glucose units. Because of the molecule’s hydroxyl groups, CDs are useful
agents to form complex inclusions with hydrophobic drugs. The complexes hold
several uses including compound separation (405), are used in food industry and the
advancement of drug-delivery formulation (406). Bile acids have been widely
researched for their affinity to certain CDs as the guest-host interactions are dependent
on non-covalent bonds to form stable complexes. For example, most bile acid-host
complexes designed for oral delivery are useful in part for sequestrating bile acids and
cholesterol alike. The use of a drug-CD complex is favoured by the bile acids’ ability
to displace molecules from the CD cavity, and represents a strategic method for drug
delivery to the gastro-intestinal track (407). CDs can also increase drug solubility and
formulation shelf-life by reducing precipitation (408). Formulation complexation can
be enhanced by prior mechanical milling of components (409). Not all drugs show
core interaction with CDs, and other phenomena may aid in the solubilisation effects
(410). As the guest-host interaction starts with the exclusion of water molecules from
the CD cavity, this phenomena is part dependent on CD’s moiety, ring conformation,
and size (411), and is governed by exothermic enthalpy that enhances with temperature
increase (412). For example, the strong inclusion complex attributed to LCA depends

on the bile ring structure and the absence of C7 and C12 hydroxyl groups (figure 2.3),
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in comparison, CA interacts with CD though the aliphatic chain (413). Bile salts-
conjugated with taurine and glycine, such as T-CDCA, G-CDCA and T-fpMC show
stronger affinity to f-CD than TCA and T-DCA, further emphasising the importance
of core interaction with bile acids at the steroid D-ring (C12 hydroxyl group) or C-ring
(hydrogen) (414, 415). Regarding affinity, bile acids display week interaction towards
a-CD compared to modified hydroxypropyl-a-CD or even to f-CD demonstrated by
minimal cavity displacement (416).

Several commercially available drug formulations incorporate CDs. Inclusion
complexation favours interaction with BCS class II and class IV drugs (1). Although
probucol’s anti-hyperlipidemic use is commercially unavailable in many countries, the
drug gained research interest for its antioxidant properties (7-9). For this reason,
probucol may serve as a possible drug delivery candidate to ameliorate several forms
of hearing loss, primarily those with an oxidative stress-induced mechanisms (155,
162, 169, 340, 417). As probucol is highly lipophilic, strategies that can increase its
solubility are required and include the use of mechanical milling and polysaccharides
use (355). There are however no notable references that could describe probucol-CD
inclusion complexes, and how the molecular interaction occurs. With no direct
interaction mechanisms, the probucol derivative succinobuccol together with modified
S-CD have been used to form ~110 nm particles that ameliorate metastatic cancer
phenotype (418). Previous papers from our group (including this thesis Chapter 3 &
4) focusing on bile acids as pre-formulation excipients show promising results in terms
of increasing dissolution, drug stability and water mixability for probucol formulations
(32). However, CDs especially 2-hydroxpropyl-f-CD have demonstrated toxicity
within the inner ear as it is shown to interact with lipid rafts and remove cholesterol
from the hair cell’s stereocilia, affecting hearing function (271). There is limited
research regarding CD delivery to the inner ear; one paper explores the use of modified
Na-carboxymethyl--CD for delivery of genes that proved to enhance dendrimer-
delivery to the inner ear (419). Other examples include dexamethasone - a
corticosteroid drug model against hearing loss — the drug’s complexation with CDs
through various methods can result in monodispersed (~105 nm; (420)) and
polydisperse (~20 nm - 60 um, ~400-900 nm; (421, 422)) particles.

In terms of particle formation and stability, f-CD can self-assemble in water and form
secondary aggregate structures. Class II drugs are unable to form hydrogen bonds in

water thus hindering solubilisation, and require entropy to break the water layer
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surrounding the molecule (412). By adjusting the solution temperature, solvent type,
mixing time, drug type, molar ratio, plus the addition of surfactants (423) or polymers,
all contribute to drug-CD interaction, and ultimately solubilisation, particle and
aggregate formation. Polymers, as well as alcohols, aid drug-CD solubility by
increasing the polarity and the dielectric constant of the complexation media.
Increasing the temperature, solvent concentration, and selecting the right solvent can
reduce aggregate formation (424, 425). Most aggregate formations are dependent on
the guest molecule properties, for example drug lipophilicity can increase the
formation of aggregates due to micelle-like structures (426). Sonicating the CD
solutions at room temperature increases complexation and secondary aggregate
formation (427). From self-assembled, dense or hollow aggregates, not all f-CD-drug
complexes form spherical particles; for example, oxadiazole-CD conjugates form
multi-stacked rod-shaped structures, with the disadvantage of retaining less drug after
filtration (428). The use of cross-linked chitosan CD can affect particle formation, and
one study recorded the formation of hollow spheres with a positive charged inner
cavity to be advantageous for entrapping specific drugs (429). Cross-linked CDs can
negatively affect bile acid absorption allowing for more drug-complexation, however
may pose a disadvantage by increasing aggregate size (430).

With this paper we explore a non-steroidal approach for inner ear therapeutic delivery
based on probucol. The antioxidant probucol in combination with a/#-CD and bile
acids particles were developed and characterised based on morphology, size, drug
loading and zeta potential. Scanning electron microscopy analysis was used to
determine particle formation, shape and size. We compare probucol particle formation
in presence of a- and f-CD with UDCA, CA, DCA, CDCA, TCA and LCA. We further
evaluate particle in vitro compatibility by metabolic activity as a measure of cellular
proliferation using a water-soluble tetrazolium salt assay (WST-1). For the in vitro
assessment we used the two culture stages of HEI-OCI1 cells; proliferative permissive
conditions (33°C, 24-48 hours), and differentiated non-permissive (39°C, 24-48 hours)
conditions challenged with or without mild oxidative stress by adding hydrogen

peroxide to cultures at 39°C for 48 hours.

5.5.2. Materials and Methods
Probucol powder is supplied by Beijing Natural-Med Biotechnology Co Ltd (Beijing,
China). CA, DCA, CDCA, UDCA, TCA were supplied from Qingdao Yuanrun
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Chemical Co., Ltd (Qingdao, Shandong, China). LCA (<95%) was purchased from
Cayman Chemicals (Ann Arbor, MI, USA). PFA, CDs (a-CD, S-CD), Cell
Proliferation Reagent (WST-1), trypsin-EDTA 0.25% and hydrogen peroxide 30%
(H202) were purchase from Sigma-Aldrich (Merck, Melbourne, AU). DMEM was
purchased from Biosciences, (GibcoTM, Dublin, IE), PBS from Fisher biotech (WA,
AU). FBS was from Serana (Brandenburg, DE). Hoechst 33342 (H1399; Thermo
Fisher, Waltham, MA, USA). Acetonitrile, HPLC grade, was purchased from
ChemSupply (Gillman, SA, AU).

Cyclodextrin Probucol-Bile Formulations

Probucol and bile acid concentration as well as the solution conditions were adapted
based on the literature (431-433). Formulation components (table 5.1) were
solubilised in 0, 50 or 70% volume per volume (v/v %) dH>O and ethanol, and mixed
at 1300 rpm for one hour at 37°C, 50°C or 70°C. The solution was kept on ice for
another hour followed by filtration using a 0.22 um syringe filter (Sigma-Aldrich,
Merck, Darmstadt, DE). The filtrate was dried using a concentrator (Thermo Savant’s
ISS110 Integrated SpeedVac, Thermo Fisher, Waltham, MA, USA) as 1 mL aliquots
that were later used for assays. Abbreviations are used for formulations as o/f-CD-

probucol (o/fCD-PB) and a/f-CD-bile acid type-probucol (e.g. a/fCA-PB).

Scanning Electron Microscopy and Elemental Analysis

After drying, samples were collected and placed on adhesive carbon taped aluminium
stubs. Samples were sputter coated with 5 nm platinum and imaged on a field emission
SEM (Clara model, Tescan, Brno, CZ). EDS (Oxford Instruments, UK) sulphur spectra
was acquired simultaneously, to confirm probucol presence on particle surfaces and
core. Both SEM and EDS was performed at 10 mm working distance, 2 kV (SEM) or
10 kV (for EDS) and 100 A current beam. EDS spectra created using AZtec v 5.1

software (Oxford Instruments, UK).

Particle Size and Charge Analysis
Multiple SEM images acquired were used to measure relative particle size using
ImageJ (344). Dynamic light scattering technique was implemented to measure

particle size distributions using the Zetasizer (Malvern Instruments, Malvern, UK).
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Zeta potential was also acquired using the Zetasizer. Dry particle samples were
dispersed in 1 mL distilled water, vortexed for 15 seconds and spun down for 10

seconds prior to analysis in disposable green capillary cells.

High Pressure Liquid Chromatography

Dried samples were extracted with 1 mL acetonitrile to quantify probucol. HPLC (SIL-
20A model UV detector, Kyoto, JP) was utilised to detect and quantify probucol within
samples and solvent blanks on a C18 column (Luna 5 um, 100 A, 150 x 4.6 mm,
Phenomenex, Torrance, CA, USA), 1 mL/minute flow rate and ~13 minutes retention
time. Samples were sonicated for 10 minutes prior to filtration and 20 pL was injected
and analysed against a probucol standard curve (0.015 — 1 mg/mL, R?= 0.99998). The
overall HPLC analysis as well as the production yield, drug content and encapsulation

efficiency calculations followed our previous publication (33).

Cell Culture

The HEI-OC1 cells were kindly received from Prof. Federico Kalinec (University of
California, CA, USA), and Dr. Young Joon Seo (Yonsei University, Korea). Cultures
were kept in permissive conditions at 33°C and 10% COz levels. Cells were grown
with DMEM supplemented with 10% FBS. For experiments in 96 well plates, cells
were detached from flasks using trypsin-EDTA, then seeded at 2 x 10° cells/mL.
Seeded plates were grown overnight and treated for 6 hours in FBS-free media,
followed by 24 or 48 hours in FBS rich DMEM. Experimental groups consisted of
treated (1.25 mg/mL for 6 hours) and treated-challenged cells (6 hours particles
proceeded by 1 hour 1 mM H20:). Experimental groups and appropriate controls
(unchallenged or challenged with 1 mM H>O> only) were tested at both permissive
(treatment applied next day from seeding; 33°C/10% COz) and non-permissive
(treatment applied after two weeks from seeding; 33°C/5% CO.) conditions. For
challenged groups, cells were exposed to H2O> to mimic oxidative stress conditions
(434), H2O> represents another stressor model for HEI-OC1 representative for age-

related senescence and hearing loss (435).
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WST-1 Assay

24/48 post-treatment, cells were incubated with 10% (v/v) WST-1 for 3 hours as per
manufacture protocol. Absorbance was determined at 420 nm on a Multimode plate
reader (EnSight, PerkinElmer, MA, USA). Results were normalised against healthy
control (100%) and blank wells (0%).

Statistical Analysis

Statistical analysis, ¢ fest, one-way ANOVA with Tukey test correction, normalization,
and graph representation were done on GraphPad Prism v.9 (GraphPad Software San
Diego, CA, USA). Significance was reported as follows; *p < 0.05, and **p < 0.01.
Assays performed in three particle replicates in triplicate (n = 3). Graph mean error

bars represent + standard mean error.

5.5.3. Results

Particle Formation Conditions

The addition of probucol in 70% ethanol with 2% p-CD results in few small
aggregates. At the same probucol 0.04% concentration with 0.137% DCA or CA,
complexation is dependent on CD type with f-CD resulting in particle formation
(figure 5.1.A). Probucol and 0.6% DCA at 37°C in water shows numerous S-CD
deposits, with minimal aggregate formation. With the increase in ethanol, the f-CD
deposits are still presents, although spherical uniform particles are more abundant at
70% ethanol (figure 5.1.B). Increasing solvent conditions to 70% ethanol and 70°C
further promotes particle formation at 0.6% or 0.36% £-CD. Even at 2% S-CD (figure
5.1. C, DCA), particles are formed with less abundancy and tend to coalesce (figure

5.1.0).

Bile Acids and Particle Formation

As 0.36% p-CD, probucol and DCA result in well-defined particles. We tested six bile
acids (table 5.1) in combination with either -CD and a-CD. Bile acids such as TCA
> UDCA > CDCA > DCA result in spherical particles when combined with a-CD and
probucol. However spherical particle formation is not successful for aCA-PB nor
aLCA-PB, with more CD deposits visible through SEM. All bile acids tested in

combination with f-CD and probucol form particles (figure 5.2) and have a smooth
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appearance except for JCDCA-PB particles that have a rugose surface. While the
smaller particles from STCA-PB appear to coalesce, SJLCA-PB has relative less

abundant, yet smaller particle.

Particle Size and Zeta Potential

We performed two sets of size measurements based on the collected SEM images and
the Zetasizer. The relative results are presented in table 5.2 for a-CD particles, and
table 5.3 for f-CD particles. Based on the high polydispersity index (PDI > 0.3), and
the difference between peak and average Zetasizer measurements, we can conclude
that the generated particles are all polydisperse. There is a noticeable size discrepancy
between measurements obtained from micrographs and zeta size, however both
indicate an uneven size distribution. Although there were no identifiable spherical
particles formed form aCA-CD and aLCA-CD (figure 5.2), zeta size distributions
were recorded and may reflect the smaller irregular sample deposits.

Based on the relative particle size acquired from SEM, a-CD particles ranged from
~1-2 pm size and S-CD showed larger particles of about ~1.8-4 pm. As SEM requires
sample coating, the true size of the particles (436) is not in accordance with the zeta
size measurements. The smallest particles recorded for aDCA-PB and SLCA-PB
averaged at 0.97 um and 1.18 pm respectively. The largest particles were recorded for
aUDCA-PB at 1.84 um and fCA-PB at 3.96 um, followed by fSTCA-PB and fUDCA-
PB. The average size reflective of the hydrodynamic size was low at ~0.8-2 um for a-
CD and 0.8-3.3 pm for 5-CD.

On average, a-CD samples required 12 + 0.11 zeta runs, respectively 13 + 0.41 runs
for f-CD to acquire good zeta potential reports (figure 5.3). Particles containing a-
CD; aCDCA-PB, aUDCA-PB and aTCA-PB show strong negative zeta-potential of -
33.12,-33.75,-32.71 mV, respectively. Significant values (p <0.01) appear for aDCA-
PB (-24.48 mV), as well as aLCA-PB (-25.32 mV) compared to aCDCA, aUDCA and
oTCA-PB (~-30 mV). Except for SUDCA-PB (-11.89 mV), all f-CD particles present

significant (p < 0.05) negative zeta-potential.

Probucol Concentration
All a-CD and B-CD particles had probucol peaks detected by EDS and quantified using
HPLC (Appendix V, Supplementary V.1 and V.2). Both types of CD formulations had
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a production yield ranging from 54 to 71% (table 5.4 and 5.5). Probucol encapsulation
efficiency showed little variation ~5-7%, however there were significant differences
in drug content recorded for aCA-PB against aCDCA-PB (p < 0.02), a?UDCA-PB (p
< 0.0001), aTCA-PB (p < 0.002). A similar significance difference is observed for
oDCA-PB compared to aCDCA-PB (p < 0.02), aUDCA-PB (p < 0.0001) and aTCA-
PB (p < 0.003) as well as aLCA-PB compared to aUDCA-PB (p < 0.003) and aTCA-
PB (p < 0.002). Although aCA-PB and aDCA-PB have abundant particle formations,
the higher probucol content could be the result of precipitate material after filtration,
that included free probucol that crystallised from the ethanol solution. From table 5.5
both SLCA-PB SCA-PB show significant ~0.7-0.8% increase in drug content
compared to SFDCA-PB (p < 0.04), FCDCA-PB (p < 0.001), SUDCA-PB (p < 0.0006)
and fTCA (p < 0.002), respectively.

HEI-OC1 and Particle Toxicity

We tested the ototoxicity of both a-CD and f-CD particles in vitro on a HEI-OCl1
murine cell model with and without H>Oz-induced oxidative stress. After the 24 and
48 hours incubation post-treatment at 33°C, both a-CD and S-CD particle formulations
follow a similar trend. HEI-OC1 cells treated with o/fCA-PB, aLCA-PB, o/fDCA-PB
or fDCA-PB show the highest viability at 24 hours (~80%; figure 5.4.A) with a slight
increase over the next 24 hours (figure 5.5.B). After 24 hours, a/fCDCA-PB,
o/fUDCA-PB and aTCA-PB showed negative effects on HEI-OC1 cells. However, in
permissive conditions (33°C) in the 48 hours timeframe, only some treatments showed
a minimal increase by ~7% («UDCA-PB and fTCA-PB), 10% («TCA-PB), and 22%
(FUDCA-PB). To mention that after 48 hours SLCA-PB treated cells recover in
viability by 20% compared with the initial 24 hours of treatment.

The 24 hours at 39°C after pre-treatment shows similar results to untreated cells for
control a/f-CDs, and formulations o/fCD-PB, a/fDCA-PB, a/fUDCA-PB, a/fLCA-
PB with more than 80% viability (figure 5.5). The addition of a/fTCA-PB in culture
decreased cell viability by ~60-70%, with o/fCDCA-PB showing the most negative
effects, similar to results in permissive conditions. Although there is no clear
significance between CDs in cell culture, the permissive and non-permissive
conditions show a slight viability variation for o/fDCA-PB and a/BCDCA-PB.

After 48 hours there is a difference in viability between control untreated, a/-CDs

control and o/f-CD formulation groups and challenged H>O». The control challenged
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with 1 mM H»Osreached 77.5% viability compared to control untreated cells. a/f-CDs
pre-treatments show minimal efficacy after H.O»-conditioning, expect for a/fCA-PB
that maintains the highest viability (95/80%; figure 5.6). While at 24 and 48 hours bile
acid treatments show similarities in effects, aDCA-PB, aUDCA-PB and aLCA-PB
treatments are significantly (p <0.01) less affected than challenged aCA-PB, aUDCA-
PB and aTCA-PB. Non-permissive conditioned HEI-OC1 cells were less affected by
o/fCA-PB, a/fDCA-PB, aUDCA-PB and aLCA-PB treatments showing more than
80% viability.

5.5.4. Discussion

In the present work, we have demonstrated that f-CD and probucol formulations result
in few undefined structures. However, upon the addition of DCA these structures form
spherical supramolecular aggregates. All CD samples contain various degrees of CD
residue sheets that the particles separated from. In fact, filtering the reacted CD
solution appears to form similar sheets, observed alongside CD particle aggregates
(437). Probucol’s high lipophilicity might explain the presence of large aggregates, or
even micelle-like structures according with previous reports on lipophilic drugs (426).
We first investigated 0.137% DCA or CA with a/f-CDs and determined that bile acid
concentration, CD type, and CD concentration are important for particle formation.
Similar to other reports (423, 424), particle formation increases with the addition of
ethanol (70%) and an increase in temperature (70°C). Low particle formation for a-
CDs (aCDCA-PB < aDCA-PB < aUDCA-PB and aTCA-PB), may be reflect in part
the smaller CD cavity that allows for weak bile acid complexation (416). The overall
particle size appears larger than other studies reported on various drug-CD
combinations (349, 419, 420).

Positively charged dexamethasone-CD nanoparticles have been shown to pass the
round and oval window to reach the cochlea and increase protection against
streptomycin (349). Although our particles show negative charge, the effects in vivo
might still be substantial. Better described in a review, particles that are around ~500-
700 nm with negative charge are more successful in reaching the inner ear after round
window applications. Based on SEM measurements, a-CD shows smaller particles
than f-CD, however the values are not consistent with the Zetasizer data. From the
elevated PDI (~0.5-0.7) all formulations appear to have a broad size distribution (438),
that is in part reflected by SEM. Particles, alongside CD sheets and clusters, might
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account for the higher PDI values considering the lower resolution power of Zetasize
in differentiating between shapes (439). In part, this may explain aCA-PB and aLCA-
PB’s average distribution size and PDI readings similar to the rest of the samples even
though no aggregates were detected in these samples. The low PDI (~0.5) for SLCA-
PB could be explained by LCA’s affinity to f-CD and complexation even at small
concentrations (0.05-0.5 mM) in aqueous water-solvent mixtures (440).

Although aCA-PB and aLCA-PB samples do not show particle formation, probucol
was quantified and samples are dispersed well in medium for in vitro application. The
HPLC content of all formulations shows similar encapsulation efficiencies, the total
drug content is significantly lower for a/fCDCA, o/fUDCA and a/fTCA. Curiously,
the same formulations show less in vitro viability, perhaps due to an increase in CD-
bile acid interaction. Further analysis is therefore required to determine the bile acid
content and complexation efficiency and how it affects inclusion size in presence of
probucol. Previous reports by Mohamed H. et al., (2017) found that a stronger guest-
host interaction is shown by increased CD cross-linking, leading to less bile acid
absorption. Moreover, they show that larger particles occur with the increase in cross-
linking (430), that is also seen in our results in relation to f-CD compared to a-CD size
differences. If for example the drug complexation occurs, it should be prior to bile acid
displacement (44 1), therefore influencing the relationship between the type of bile acid
ratio to probucol required for particle stability. Unfortunately, there are no available
references observing the guest inclusion complex of probucol nor its metabolites with
CD, let alone how the complex inclusion changes in the presence of bile acids.
Probucol is metabolised to bisphenol (4,4’-bis(2’6-di-tert-butyl-phenol) (442) which
is similar in structure to the pollutant bisphenol A and linear 4,4'-biphenol. Stronger
aqueous S-CD inclusions occur for the bent bisphenol A rather than the linear 4,4'-
bisphenol studied before (443, 444). Although these compounds are smaller than
probucol and lack the probucol’s characteristic fert-butyl groups, it is important to note
that molecules containing the zert-butyl moieties interact with the CD cavity and form
inclusions (445, 446).

As 2-hydroxypropyl-f-CD is regarded as an ototoxic compound (271), we therefore
assessed the effects of a/f-CD rich samples, with appropriate controls on HEI-OC1
cells. It is important to note that bile acids at higher concentration could show similar
effects in removing cholesterol — however the precise mechanism is outside the scope

of this paper. Although a/fCDCA, a/fUDCA and a/fTCA present negative effects on
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cell viability at both 33°C and 39°C, this could possibly be explained by the bile acids’
concentrations and effects observed on other models. For example, CDCA similarly to
methyl-f-CD and unlike CA, can affect caveolae formation (274). T-UDCA has
received attention for reducing endoplasmic reticulum stress associated with ototoxic
gentamicin in HEI-OC1 cells at 200 pM concentration (103). UDCA (10 uM) has also
shown the ability to reduce age-related autophagy in miR-34a-induced HEI-OC1 cells
(168). However, DCA (>100 uM) can induce apoptosis is some cells (447), and the
more hydrophobic LCA (50 uM) is reported to restore intestinal cells integrity by
modulating SIRT1, Nrf2 and HO-1 proteins in relation to oxidative stress (317). The
aforementioned proteins are modulated by probucol in various models (338, 417), and
further relate to age (155), noise (162) and diabetes-induced (169) hearing loss.
Therefore, the low bile acid complexation by aCD could possibly explain the
significant increased viability difference between aDCA, aUDCA and oLCA
compared to the H,O»-treated group (aDCA, aUDCA and alLCA). Although the
stressor used was chosen based on a previous report on oxidative stress-induced
senescence model for HEI-OC1 cells (434), the suboptimal H>Ox concentration had
significant impact on some of the particle treatments by further reducing viability
compared to H>O» control (p < 0.01). The possibility for better CD-bile-probucol
constructs remains open for further analysis that can overlook probucol dissolution
patterns and tissue permeability for improved probucol drug delivery outcomes in

HEI-OCI1.

5.5.5. Conclusions

In summary, this chapter shows that CD complexation with probucol is possible,
although aggregate formation is dependent on the addition of bile acids. CA, DCA,
CDCA, UDCA, TCA and LCA were used to assess probucol-CD particle construct and
their compatibility in vitro. First, we determined that the bile acid type and their
concentration is crucial for particle formation. For example, the same concentration of
CA or DCA shows particle aggregation and formation only for DCA. Moreover, higher
temperature and an increase in ethanol concentration improves particle formation. All
six bile acids added to S-CD-probucol formulations formed particles, and only four
were successful for a-CD. As expected, due to the smaller a-CD cavity, less abundant
and smaller particle aggregates formed compared to f-CD. The zeta particle charge is

mostly consistent through samples (negative ~ -30 mV) except for JUDCA-PB (-11
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mV). In terms of in vitro responses from HEI-OC1 cells, the low probucol loading for
o/fCDCA, o/fUDCA and o/fTCA related to a decline in cell viability. In general,
o/fCA, o/fDCA and o/fLCA did not affect HEI-OC1 cells at permissive (prolific
stage) or non-permissive (differentiated stage) conditions. aUDCA proves more useful
in non-permissive cells especially against mild oxidative stress conditions along with
aDCA and aLCA. Overall, further research is required to optimise particle size for
better in vivo applications and asses probucol-CD ability against other ototoxic

compounds in vitro and in vivo.
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Figure 5.1.

Scanning electron micrographs of probucol (PB) particle formation in different
conditions. Particle formation depends on temperature, probucol, CD, and ethanol
(EtOH) concentrations. (A) Probucol 0.04% with f-CD compared to 0.137% CA
a-CD, and 0.137% DCA (70°C, 70% EtOH). Complexation undergone at (B) 37°C
in 0, 50 or 70% ethanol (EtOH) impacts 0.137% DCA + S-CD particle formation.
(C) With higher 70°C EtOH S-CD and lower CD concentrations (0.36-0.6%),

particles appear more abundant with well-defined spherical shapes. Scale bars 10
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Figure 5.2.

Scanning electron micrographs of bile acid-probucol particle morphology. From
left to right are cyclodextrin-bile acid and probucol (PB) particles; a/fCA-PB,
a/fDCA-PB, a/fCDCA-PB, a/fUDCA-PB, o/fTCA-PB, a/fLCA-PB. Most
combinations formed spherical and abundant particulates except for a-CD mixtures
- especially aCA-PB and aLCA-PB. This reflects the higher complexation ability
of f-CD with lipophilic molecules such as probucol and bile acids. First row
represents particles obtained from a-CD, and second row p-CD particles,

respectively. Scale bars 10 um.

Figure 5.3.

Zeta potential measurements of a-CD (left graph) and f-CD (right graph) bile acid-
probucol (PB) particles. All formulation combinations show strong negative zeta
potential, expect for JUDCA-PB. Significance value *p < 0.05, and **p < 0.01;

error bars represent standard error of the mean, n = 3.
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Figure 5.4.

WST-1 viability intensity results from (A) 24 hours and (B) 48 hours. Control
untreated cells and a-CD or -CD particles 6 hour pre-incubation with HEI-OC1
cell cultures in permissive conditions (33°C). Although group mean results vary
greatly, the effects between a-CD or f-CD remain similar and do not affect
viability. Bile acid type appears to influence cell viability the most as a/fCDCA-
PB > a/fUDCA-PB > a/fTCA-PB show lower viability values than control; Error

bars represent standard error of the mean, n = 3.
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Figure 5.5.

WST-1 viability intensity results from 24 hours following a 6 hour pre-treatment
with a-CD and B-CD particles on HEI-OCI1 cells in non-permissive conditions
(39°C). Similar to the permissive conditions results from figure 5.4, a/fCDCA-PB
and a/fTCA-PB show the least viability revealing to the importance of bile acid
type on HEI-OCI1 cells. Control o/f-CD show minimal variation and similarities to
control untreated. Groups represent control untreated cells, control treated with a/f-

CDs (0.35%) and particle formulations. Error bars represent standard error of the

mean, n = 3.
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Figure 5.6.
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WST-1 viability intensity results from 48 hours following a 6 hour pre-treatment

with a-CD and f-CD particles and 1 hour stressor (1 mM H202) on HEI-OC1 cells

in non-permissive conditions (39°C). Some a-CD treatment groups (aDCA-PB,

aUDCA-PB, aLCA-PB) conditioned with H>O> show a significant decrease in

viability compared to the starting conditions. The variation might be attributed to

the difference in probucol drug load (see table 5.4). The lower viability observed

for -CD may be reflective of the stronger interaction between these bile acids and

cyclodextrin. Groups represent control untreated cells, control treated with o/f-

CDs (0.35%) and particle formulations unchallenged or challenged () with H2O,.

Significance value *p < 0.05, and **p < 0.01; Error bars represent standard error

of the mean, n = 3.
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0-CD and f-CD formulations

Formulation | Cyclodextrin (%) | Probucol (%) Bile acid | Bile acid
abbreviation (%) type
CA-PB 0.36 0.04 0.081 CA
DCA-PB 0.36 0.04 0.137 DCA
CDCA-PB | 0.36 0.04 0.176 CDCA
UDCA-PB | 0.36 0.04 0.371 UDCA
TCA-PB 0.36 0.04 0.257 TCA
LCA-PB 0.36 0.04 0.076 LCA
Optimisation steps
Formulation | Cyclodextrin (%) | Probucol (%) Bile acid | Bile acid
abbreviation (%) type
PB 0.6 0.04 0 n/a
aCA-PB 0.6 (a-CD) 0.04 0.137 CA
aDCA-PB 0.6 (a-CD) 0.04 0.137 DCA
SDCA-PB 0.36 (p-CD) 0.04 0.137 DCA
SDCA-PB 2 (p-CD) 0.04 0.137 DCA
Table 5.1.

Formulation ingredients and ratios. Bile acid, cyclodextrins (a/f) and probucol

concentrations as percentage weight per volume concentrations (w/v %). The

mixtures optimisation corresponds with figure 5.1 and Supplementary V.4-V6.
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Table 5.2.

Formulation SEM size (um) | Zetasize Zetasize peak PDI
average (um) (um)

aCA-PB NA 0.80 + 0.04 0.61 +0.05 0.57+0.03
aDCA-PB 0.97+0.01 1.68 £0.33 0.30+0.06 0.70 £ 0.09
aCDCA-PB 1.61£0.02 0.72 +£0.03 0.45+0.03 0.61 +£0.03
aUDCA-PB 1.84 £0.02 0.85+0.03 0.41+£0.02 0.64+0.03
oTCA-PB 1.11 £0.01 227 +£0.65 0.32+0.07 0.79 £ 0.06
aLCA-PB NA 0.70 £ 0.96 0.53 £ 0.05 0.58 £0.07

a-CD probucol particle size

Size measurements obtained from micrographs and dynamic light scattering Zetasize recordings of a-CD-based bile acid-probucol (PB)

formulation; SEM size, zeta size with the first peak measurements and PDI. High PDI and the variable size recordings corroborate with the

SEM observations from figure 5.2 where aggregate formations appear to vary in size. The lower PDI in aCA-PB and aLCA-PB is contradicts

the SEM recordings, showing no spherical particles present within these samples. SEM total count; aDCA-PB = 392, aCDCA-PB =158,

aUDCA-PB = 565, aTCA-PB = 920. Values represent um, n = 3, + standard error of the mean.
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Table 5.3.

Formulation SEM size (um) | Zetasize Zetasize peak PDI
average (um) (um)

SCA-PB 3.96 +0.24 3.32+0.53 0.67 £ 0.04 0.91 +0.06
SDCA-PB 2.53+£0.31 1.40+0.28 0.43 +£0.04 0.75+0.06
SCDCA-PB 243+0.13 0.80 = 0.08 0.48+£0.13 0.60 £ 0.06
SUDCA-PB 3.85+0.58 1.23+0.17 0.51+0.08 0.65+0.04
STCA-PB 3.62+0.14 1.36 +0.78 0.31+0.03 0.81+0.03
SLCA-PB 1.18 £ 0.01 0.48 £0.27 0.45+0.04 0.50+0.02

S-CD probucol particle size

Size measurements from micrographs and dynamic light scattering Zetasize recordings of S-CD-based bile acid-probucol (PB) particles; SEM

size, zeta size and the first peak and PDI. High PDI and the variable size recordings corroborate with the SEM observations from figure 5.2

where aggregate formation appears to vary in size. The smallest size measurements attributed to SLCA-PB reflects on LCA’s interaction with

S-CD, and the formation of a stronger inclusion complexation. SEM total count; JCA-PB = 972, fDCA-PB = 1171, fJCDCA-PB = 2273,
SUDCA-PB = 1820, STCA-PB =417, FJLCA-PB = 374. Values represent um, n = 3, + standard error of mean.
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Formulation | EDS Production Drug Content (%) | Drug

sulphur yield (%) encapsulation

spectra efficacy (%)
aCA-PB Yes 71.98 +£3.28 a1.28 £ 0.09 7.03 £ 0.65
aDCA-PB Yes 60.69 + 6.22 1.27£0.17 6.31 £0.39
aCDCA-PB | Yes 60.47 £ 1.65 a%0.90 + 0.02 5.38+0.16
aUDCA-PB | Yes 60.82+£2.75 | 0.64 +0.02 5.80+0.38
aTCA-PB Yes 58.93+£2.23 | %081 +0.03 5.75+0.37
aLCA-PB Yes 60.99 + 3.29 °1.20 + 0.06 5.57+0.50
probucol concentrations from a-CD particles

Table 5.4.

Particles yield, probucol content and encapsulation efficacy of a-CD represented
as percentages. Confirmation of EDS spectra for sulphur (S) energy peak (~2.3
keV) in probucol (PB) particle surfaces. EDS spectra can be observed in
Supplementary V.1 and V.3. Drug quantification values for aDCA-PB, aCDCA-
PB, aUDCA-PB, aTCA-PB and aLCA-PB correspond to 563 £ 50, 505 + 31, 430
+ 10, 464 + 30, 460 + 30, 446 + 40 pg/mL, probucol concentration respectively.
Probucol peaks are quantifiable by HPLC and show minimal degradation occurring
during the formulation development method (see Supplementary V.9). Significance
pairs are denoted by 2, ®, ¢ and the significance value are *p < 0.05 and **p < 0.01;

n =3, + standard error of mean.
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Formulation EDS Production Drug Content | Drug

sulphur yield (%) (%) encapsulation

spectra efficacy (%)
SCA-PB Yes 56.29 + 1.64 1.21+£0.07 5.09+0.27
SDCA-PB Yes 54.00 £2.02 | *0.97+0.07 6.31 +£0.39
SCDCA-PB Yes 64.11+£3.77 |¥70.74 £ 0.04 5.97+0.38
SUDCA-PB Yes 56.12+£1.08 | 270.68 +0.07 6.17+£0.38
STCA-PB Yes 60.21+£3.43 | 370.76 + 0.04 5.59+0.56
SLCA-PB Yes 6431 +16.19 | *1.56 +0.31 6.03 £ 0.69

probucol formulation concentrations from f-CD particles

Table 5.5.

Particles yield, probucol content and encapsulation efficacy of f-CD represented

as percentages. Confirmation of EDS spectra for sulphur (S) energy peak (~2.3

keV) in probucol (PB) on particle surfaces. EDS spectra can be observed in
Supplementary V.2 and V.3. Drug quantification values for fCA-PB, fDCA-PB,
SCDCA-PB, SUDCA-PB, fTCA and SLCA-PB probucol corresponds to 407 £ 22,
367 £ 19, 478 + 30, 494 + 30, 448 £ 45, 482 £ 55 pg/mL, probucol concentration

respectively. Drug content percentage significance pairs are denoted by ? and the

significance value are *p < 0.05 and **p < 0.01; n = 3, + standard error of mean.
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Chapter 6

General discussion, conclusions, limitations and future perspectives

6.1. Discussion and Conclusions

Probucol as a lipophilic antioxidant could represent a strong candidate for inner
ear drug delivery. However, the drug requires formulation preparation to improve
therapeutic efficacy. In general, formulation application improves drug delivery
compared to drug solution applications. This thesis presents three different
formulations that prove useful to maintain probucol stability and allow for a slow drug
release. The use of bile acids as excipients enhances probucol content retention within
formulations and allows for sustained drug release.

The type of bile acid however determines the effects observed during
formulation characterisation and can act as viability modulators in vitro. Although the
bile acid ratio to probucol is low, an effort was made to understand the extent bile acids
may have on the inner ear. The review outcome is presented in Chapter 2 and reflects
a lack of resources describing bile acids applications to the inner ear, however, possible
bile acids targets that should be considered for future research. The literature review
provides useful information on the previous applications of T-UDCA and UDCA to
the inner ear. Within the same review, DCA is referenced highly for its cytotoxicity,
however these effects depend on the type of tissue and concentration at which the bile
acids are applied in vitro or in vivo. For this reason, Chapter III and Chapter IV focuses
on UDCA and DCA formulation stability.

Spray drying probucol from a water-based polymer with UDCA proves
efficient in obtaining solid dispersions. Upon visual inspection, these probucol-UDCA
and probucol particles vary in size yet appear similar to control formulations. Drug
retention, encapsulation efficiency and drug release are slightly improved for
probucol-UDCA compared to probucol particles. The beneficial effect of probucol-
UDCA is more noticeable and significant against cisplatin-induced ROS accumulation
in HEI-OC1 cells. Cell culture viability and increased mitochondrial bioenergetics
improved as well.

In terms of probucol-chitosan homogenate dried as films, the addition of DCA
to the homogenate improves film stability, probucol incorporation and allows for

sustained drug release patters by improving film water adsorption and allowing for
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chitosan degradation. Regardless, probucol formulation films slightly improved in

vitro HEI-OC1 against cisplatin-induced toxicity.

Reducing probucol particulate size is essential for improving dissolution,

regardless of formulation composition (448-450). A minimal formulation consisting of

CDs, probucol and bile acids was thus optimised. a/fCD-probucol particle formation

requires bile acid at various concentrations to form stable aggregates. Probucol is

retained within the particles, and the construct is suitable for in vitro applications on

HEI-OCI cells. Regardless of CD type, the CDCA, UDCA, TCA with CD-probucol

particles show a negative effect on HEI-OCl cells viability.

6.2. Summary Findings

Probucol’s antioxidant effects are maintained irrespective of drug formulation
as seen in Chapter II1.
Probucol’s slower release from the formulation matrix improves the drug’s
protective effect in vitro.
Probucol formulations are stable (no degradation) if homogenised in acidic
conditions (23°C), spray dried from water suspensions (150°C) or exposed to
ethanol (70°C).
Bile acids and their effects are not fully explored for inner ear therapeutics.
Bile acids as excipients for probucol enhance formulation outcomes.
o Improve probucol content, drug encapsulation and forced degradation
for spray dried solid dispersions.
o Increase chitosan micro-film malleability, water adsorption, and
probucol retention within the matrix.
o DCA increases chitosan micro-film sustained drug release (3 days after
cell culture).
o Drug lipophilicity (LCA) is optimal to reduce CD-based aggregate
particle size.
o Improve CD-probucol particle formation and drug retention.
o Ensure viability for HEI-OCI cells exposed to cisplatin (UDCA).
o Significantly reduce reactive oxygen species accumulation in HEI-OC1
after cisplatin exposure (UDCA).

Bile acid limitations on formulation outcomes.
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o Bile acid type and concentration may affect HEI-OC1 viability and
require thorough screening.

o Probucol-DCA chitosan films do not improve cell viability.

o Drug release is influenced by bile acid lipophilicity rather than

concentration.

6.3. Limitations

The current study limitations are three-fold. Firstly, the lack of permeation
testing using in vivo or in vitro models. Secondly, the absence of probucol powder
controls for experiments. Lastly, lack of prolonged formulation characterisation.
Additionally for each chapter a subset of limitations are discussed and open for further
research.

Drug permeability results from in vivo models through the round window
membrane offer a better understanding on drug permeation and tests should consider
the following variables (microenvironmental pH, formulation degradation, tissue
metabolite, tight junction expression). In an attempt to understand probucol inner ear
permeability, Appendix VI contains permeation predictions for probucol, bile acids
and CDs compared to dexamethasone. Readers can observe the Brain Or IntestinalL
EstimateD permeation method (BOILED-Egg) (451) based on the SwissADME (452)
online platform, as well as FluidSim V5 (453) inner ear drug entry predictions
developed by Dr Alec Salts (454).

Another limitation present is not adequately testing probucol powder in cell
culture as dissolution control. As probucol remains trapped on the surface tension
barrier in culture media, drug availability to the cellular layer is limited, and
formulation design is crucial to maintain probucol suspension in water. Appendix VI
contains HEI-OC1 viability graph for probucol, and some metabolite solutions
dissolved in DMSO.

Formulation characterisation as FT-IR, DSC, and HPLC drug degradation are
important to determine formulation stability. Since all formulations were prepared,
characterised and tested in vitro within a week of production, important long-term
stability data is lacking (six months). This aspect is important not only for
commercialisation purposes but also for transportation.

Chapter 2 provides future research directions to test bile acids. The literature review

revealed possible molecular targets for bile acids within the inner ear.
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Chapter 3 requires a better design for assessing in vitro outcomes. Spray dried solid
dispersions were resuspended in culture media to maximise probucol contact with
cells, however it is not reflective of inner ear applications. The study could benefit
from prolonged contact to probucol, and different cisplatin-induced stress exposure
time-points. Although all spray dried formulations are dispersed in aqueous solutions,
the formulation might be prone to clearing from the middle ear if applied in vivo.
However, the neutral particle zeta potential could provide better particle agglomeration
on round window membrane surface thus delaying the clearing process.

Chapter 4 investigates DCA only. Other bile acids required testing to assess micro-
film degradation patterns in vitro. Rather than co-culturing macrophages and HEI-
OCl, a different culture exposure model should be considered. For example, media
collected from macrophages challenged with cisplatin for different days should be
used to grow HEI-OCI cells. In this fashion, probucol treated HEI-OC1 excludes stress
from direct co-culture, and both cytokine production stress irrespective of cisplatin can
be assessed.

Chapter 5 lacks information on bile acid concentration retained within the particulate
CD-probucol. More SEM information is required to assess aggerate stability over time.
Transmission electron microscopy can be implemented to understand probucol-bile
nanoaggregates formation within the initial hour of preparation and before and after
filtration or sonication. Additional information should focus on molecular docking,
both for probucol, probucol and bile acids, and future synthetic molecules (HA1, HA2,
HA3). Drug stability and degradation patters require further testing for this chapters
and represents the main design limitations. Drug loading and viability could be
correlated with the bile acid loading concentrations. To quantify bile acid loading
concentration, a mass spectrometry method should be developed. As for in vitro

testing, a viability gradient based on bile acid loading and probucol loading is required.

6.4. Future perspectives

The methods presented can be combined to form long-term stable formulations
for in vivo application. For example, chitosan films would be better retained at the
round window membrane. Therefore, an increase in probucol concentration can be
obtained by incorporating solid dispersions rather than probucol powder into the
chitosan homogenate. This could improve controlled release by further delaying

probucol release from the CD-probucol-bile particles and the chitosan films.
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To continue the study theme, the following formulations would be used in vivo;
SUDCA-PB, pLCA-PB, SCD-HAI1, and probucol powder all in absence or in
combination with chitosan. The low drug loading of SJUDCA-PB has larger particle
aggregates, while SJLCA-PB shows high drug loading and small particles and can be
compared to determine particle transport, cellular uptake and toxicity levels. The
smallest particles are obtained for SCD-HA 1 mixtures (Appendix V). Probucol powder
should be considered the baseline for permeation to compare all particle aggregates.
Chitosan film formulation should be used and compared for its ability to enhance and
prologue drug permeation. Besides the round window membrane permeability in vitro
model, a BLB permeability in vitro model (455) could be considered as well for
nanoaggregates (f/CD-HA1) as an alternative delivery route.

A future direction for bile acid-probucol interaction would focus on obtaining
synergistic effects from probucol and bile solutions. Synergy refers to the dynamic
increase in treatment potency conferred by the two or more drugs in combination. /n
vitro synergy studies on HEI-OCI1 cultures are limited to the type of solvent used for
drug solutions, requiring a different cell culture or ex vivo model to better understand
synergistic probucol-bile effects.

Cellular uptake studies that follow dissolution patterns may be important to
determine drug toxicity levels. Cells can be subjected to either drugs in solution or in
formulations to assess the cellular uptake concentration — assessed through HPLC by
quantifying probucol from the cell culture layers. Drug uptake can then be compared

with direct (in media) or indirect membrane permeability.
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Graphical abstract 4. Future perspectives.

Drug entry for formulations applied to the middle ear could enter the inner ear
through the round window membrane (composed of three cellular layers).
Formulation clearing from the middle ear exerts pressure in developing drug
delivery strategies that improve drug entry. Hydrophilic compounds in the form of
drug solutions applications show a burst drug entry lasting for hours. Lipophilic
drugs such as dexamethasone can remain in contact for longer with the round
window membrane allowing for sustained release and drug entry. With the addition
of dexamethasone in formulations, drug entry is further prolonged. Probucol’s
lipophilic nature may allow the drug to remain in contact with the round window
membrane. However, the permeation and entry pattern, as well as the clearing rate
of probucol solution or in formulation remain unknown. Within this thesis, three
methods for obtaining probucol formulation in combination with bile acids as
stabilisers are presented. The use of polymers, polysaccharides and bile acids in
formulation can increase probucol solubilisation, influence formulation stability,
and increase drug loading and release patterns. Formulation behaviour and drug
release are important factors that influence drug absorption. The thesis results show
that probucol-bile acid formulations present limited toxicity in vitro on auditory
hair cells (in normal or in oxidative stress condition) and could be used in the future

to determine drug tissue permeation in vivo.
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Appendix III

The Appendix is an extension of Chapter 3 and contains Supplementary figures.

Supplementary II1.1.

Cisplatin inhibitory concentration (IC50) for HEI-OC1 at 24 hours grown on 96 well
plates or 24 well plates. MTT results with a,d) raw data collected from the multimode
plate reader (560 nm). Normalised results were calculated from raw readings in
GraphPad Prism using control mean as 100%, and blank mean as 0%. The IC50 curve
c,f) for cisplatin was calculated using the nonlinear regression (curve fit) with dose-
response inhibition equation on GraphPad Prism. Cisplatin stock solutions were
prepared at 1 mg/mL (3.3 mM) in PBS and filtered with syringe filters (456). Stock
solutions are stable for approximatively a month at 4°C (457). Appropriate dilutions
were prepared from stock solution in DMEM for experiments. Cisplatin instability was
recorded on some optimisation experiments examples within the later Appendixes.
This was observed by higher than 50% viability in CDDP groups. Viability variation
for CDDP can also be influenced by cellular seeding density. HEI-OC1 were seeded
at 2 x 10° cells/mL density according to protocol (59).
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Supplementary I11.2.

Probucol formulations improve HEI-OC1 viability against cisplatin. Spray dried solid
dispersion F5 (probucol-UDCA) and F6 (probucol) gradient dilutions as treatments on
HEI-OC1 cells after 48 hours culture (complementary for figure 3.5). Based on
previous HPLC drug quantification from F5 and F6, spray dried solid dispersions were
weight and dispersed in 8 mL DMEM at a set drug concentration of 1.4 mM
(representing the spray-dried feed-stock concentration of 0.6%). a) F5 and F6
treatments and control untreated cells. b) F5 and F6 treatments and cisplatin (CDDP;
F5+, F6+) in cell culture. Treatments at 181 uM (F5) and 352 uM and 181 uM (F6)
show significant increased viability (<95%) in relation to control untreated and control

CDDRP. Error bards represent standard error of the mean, n = 1, **p < 0.002.
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Supplementary II1.3.

Scanning electron micrographs of spray dried solid dispersions containing probucol
(PB) in combination with CA, DCA, TCA, UDCA, CDCA, LCA. Formulation
components are presented in Chapter 3 (2% B-CD, 2.3% PEG, 1.3% PVP, 0.8% PVA,
0.3% bile acids, 0.6% probucol mixed in milli-Q water) are spray dried at the same
conditions; 150°C inlet and 58-65°C outlet temperature with 80% aspirator power.

Scale bars 5 pm.
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Supplementary I11.4.

Probucol-bile acid drug content and in vitro treatments. a) Drug content from probucol-
bile acid (CA, DCA, CDCA, UDCA, TCA and LCA) and probucol only (PB) solid
dispersions (as seen in Supplementary I11.3). HPLC (SIL-20A model UV detector,
Kyoto, JP) solid dispersions samples were extracted with 100% acetonitrile at 1
mg/mL. Analysed using a C18 column (Luna 5 pm, 100 A, 150 x 4.6 mm,
Phenomenex, Torrance, CA, USA) at 1 mL/minute flow rate and ~13 minutes retention
time, n = 3. b) HEI-OCI viability after six hours pre-treatment with solid dispersion
followed by 24 hours culture at 33°C. Spray dried probucol solid dispersions drug
loading variation does not affect HEI-OC1 survival. Error bars represent standard error

of the mean, n = 2*p < 0.03, **p < 0.002.
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Supplementary IIL.5.

Probucol chromatograms, drug intensity and degradation (complementary to figure
3.4, table 3.3). A) Probucol peak integration (red line), retention time ~13.4 minutes.
B) Probucol chromatogram from F5 feed-stock solutions after homogenisation (0
hours) or stirring for 3, 6 and 24 hours, and associated C) drug concentration showing
drug content variation, but no significance in probucol after spray drying (n =2 in four
technical replicates). D) Solid dispersions of probucol F5, F6 and control F7 (DCA
only). Chromatogram intensity differs for F5 and F6 and formulations show different
concentrations. Control F7 shows that the initial peak intensities around 2-5 minutes
correspond with formulation matrix ingredients. E) Solid dispersion chromatograms
before and after 20 minute UV exposure. F) Probucol forced degradation from F5 and
F6 solid dispersions in HCl, Na;O2 and NaOH solutions after 6 hours. Probucol
impurity/metabolite peaks are at ~11 minutes after HCI degradation, and at ~7 minutes

for Na,O: degradation. The additional peaks do not interfere with probucol integration.
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Supplementary II1.6.

Probucol chromatograms from spray dried solid dispersions (complementary for
Supplementary II1.3 and Supplementary II1.7.). A) Probucol (PB) spray dried solid
dispersions and B) CA-PB solid dispersion dissolution chromatograms for 0.25, 0.5,
1, 2, 3, 6, 24 and 48 hours. Probucol retention time ~13 minutes. Peak intensity

decreases with dissolution time and differs for both formulations.

172



Supplementary II1.7.

Probucol-bile acid (CA, DCA, CDCA, UDCA, TCA, LCA) and probucol (PB) solid
dispersion dissolution patterns. A. Percentage values of cumulative release over time
(48 hours). Spray dried particles were kept in co-treatment culture with HEI-OC1 cells.
Particles were resuspended in DMEM at 20 mg/mL. At each time point (0.25, 0.5, 1,
3, 6,24, 48 and 72 hours), 1 mL aliquots were collected, spun at 10* rmp for 5 minutes,
then supernatant was processed for HPLC by acetonitrile extraction (1:1). 1 mL
DMEM was added to cell culture for each aliquot collected. Samples were filtrated
prior to analysis on HPLC (SIL-20A model UV detector, Kyoto, JP) using a C18
column (Luna 5 pm, 100 A, 150 x 4.6 mm, Phenomenex, Torrance, CA, USA) at 1
mL/minute flow rate and ~13 minutes retention time. B. Area under the curve
calculated from the cumulative probucol release (A). This shows that the more
lipophilic bile acid (LCA > CDCA > CA) formulations have a significantly higher
probucol release compared to probucol-UDCA (F5 formulation presented in Chapter
IIT). Values represent mg/mL probucol, error bars represent standard error of the mean,

n =2 in three technical replicates. *p < 0.05, **p <0.01.
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Supplementary I11.8.

Spray dried solid dispersion formulation optimisation using *acacia polymer. Scanning
electron micrographs of formulations, a) containing f-CD 2% acacia 1.5%, b) with
LCA 0.05% or c) LCA 0.05% and probucol (PB 0.1%). d) Solid dispersions at 50 mg,
20 mg, 10 mg, and 5 mg in 8 mL DMEM applied as treatment on HEI-OC1 cells for
24 hours, with or without cisplatin (+CDDP). Error bars represent standard error of the

mean, n = | in eight technical replicates. Scale bars 10 pm. “Purchased from Sigma
Aldrich, AU
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Supplementary I11.9.

Spray dried solid dispersion formulation optimisation using *methyl cellulose polymer
(MC). Scanning electron micrographs of formulations, a) containing f-CD 2% MC
1.5%, b) with LCA 0.05% or ¢) LCA 0.05% and probucol (PB 0.1%). d) Solid
dispersions at 50 mg, 20 mg, 10 mg, and 5 mg in § mL DMEM applied as treatment
for HEI-OC1 cells for 24 hours, with or without cisplatin (+CDDP). Error bars
represent standard error of the mean, n = 1 in eight technical replicates. Scale bars 10

um. *Purchased from Sigma-Aldrich, AU.
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Supplementary I11.10.

Spray dried solid dispersion formulation optimisation using ethyl cellulose polymer
(EC) or starch (Sigma-Aldrich, AU). Scanning electron micrographs of spray dried a)
formulation containing S-CD 2% EC 1.5% with LCA 0.05% and probucol (PB 0.1%)
and b) -CD 2% starch 1.5% with LCA 0.05% and PB 0.1%. c¢) Solid dispersions at
10 mg in 8 mL DMEM applied as treatment for HEI-OC1 cells for 24 hours, with or
without cisplatin (CDDP; +). Error bars represent standard error of the mean, n =1 in
eight technical replicates, ***p < 0.0002. Scale bars 10 pm. “Purchased from Sigma-
Aldrich, AU.
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Supplementary I11.11.

Scanning electron micrographs of spray dried solid dispersion formulation
optimisation and in vitro viability results of suspensions (SD) and feed-stock (gel). a)
a-CD 2%, *poloxamer 407 3%, TGel 3%, PEG 2.3%, “tween 0.2% and PB 0.1%. b) -
CD 2%, poloxamer 407 3%, TGel 3%, PEG 2.3%, *tween 0.2% and PB 0.1%. ¢) -
CD 2%, poloxamer 407 3%, TGel 3%, PEG 2.3%, *tween 0.2% and PB 0.1%. In vitro
HEI-OCI1 cell treatments for 24 hours, with or without cisplatin (CDDP; +). Error bars
represent standard error of the mean, n = 1 in eight technical replicates, *p < 0.03,
kikkn < 0.0001. Scale bars 20 uM (left) and 10 pM (right). *Pruchased from Sigma
Aldrich, AU.
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Supplementary I11.12.

Differential scanning calorimetry (DSC) for F5 and F6 spray dried solid dispersions in
relation to powdered probucol (PB). Dry nitrogen was used as inert gas at 20 mL/min
flow rate. Measurements were carried out on a Netzsch instrument (3500 Sirius,
Netzsch, Selb, Germany) from 20-160°C at a heating rate of 20°C/min. Probucol
powder and samples were placed in pierced aluminium pans for measurements. DSC
thermogram for probucol powder (blue) show an endothermic peak at 125°C. The lack
of endothermic peaks for F5 (green) and F6 (purple) could either results from
insufficient drug within the samples or may represent a transition of the drug from
crystalline (endothermic peak) to amorphous state (F4, no peak), and a higher

interaction with the polymeric matrix.
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Supplementary I11.13.

Seahorse normalisation process (complementary for figure 3.7). As per the assay
instructions, seahorse results should be normalised against cell count or total protein
concentration for each well. a) Obtained Seahorse raw results were b) normalised per
10* cells. At the end of the assay, experimental plates were fixed with 4% PFA and
stained with Hoechst dye (blue) 2 pL/mL (from 10 pg/mL stock) and ¢) imaged using
an inverted microscope in six frames to capture the full plate. d) Using ImagelJ, the
nuclei contour was masked to count cells. Step ¢) and d) were repeated for each well
and results were input in the analysis Wave 2.6.3 software to obtain the b) graphs.
Image c) represents a control well, and image e) a cisplatin-challenged well. The three
equidistance circles within the wells (characteristic to the Seahorse plates) were

excluded from cell counting analysis.
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Supplementary I11.14.

Cellular antioxidant assay (CAA) curve based on DCF fluorescence measured every
10 minutes for 2 hours (complementary for figure 3.6). The protocol is based on Wolfe
and Liu’s (2017) method (343). a) In a 96 well plate HEI-OC1 were pre-treated with
F5, F6 or F7 formulations dispersed in DMEM, washed, incubated with 10 pM DCF-
DA for 10 minutes and then washed again. PBS was added to each well to minimise
fluorescence reading, and cisplatin (CDDP) was added to each well except control.
The conversion of DCF-DA to DCF was recorded on the multiplate reader for 2 hours
at 485 nm. DCF-DA conversation to DCF is proportional to ROS cellular accumulation
after an insult (e.g. CDDP). To avoid inter-well fluorescence signal leaching, cells were
grown on Corning® 96 well black microplates (Sigma Aldrich, AU). Cell viability and
cell count is similar to control untreated within the first 6 hours pre-treatment for each
group. Following the same counting steps described in Supplementary II1.13., at the
end of the CAA reading, plates were fixed with 4% PFA, stained with nuclear dye and
counted. Cell counts from each well were used to b) normalise CAA results against
10 cells to better reflect DCF intensity values per group cell population. Blank wells
contained PBS with DCF-DA and no cells. Control wells contained cells and PBS only.
Area under the curve for b) was calculated using GraphPad Prism for each group for
statistic comparison. Error bars represent standard error of the mean, n = 1 in six

technical replicates, *p < 0.03.
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Appendix IV

The Appendix is an extension of Chapter 4 and contains Supplementary figures.
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Supplementary IV.1.

Cisplatin inhibitory concentration (IC50) for HEI-OC1 at 48 hours grown on 24 well
plates. In practice, cisplatin concentration varied greatly, and the working
concentration was adjusted to be below the IC50 in order to obtain 50% viability after

48 hours (~5 uM) and 3 uM for extending the assay at 72 hours.

181



Supplementary IV.2.

Scanning electron micrographs of spray dried solid dispersions based on the
formulations presented in (Chapter IV). a) Chitosan 0.4% was dissolved in 1% acetic
acid prior to mixing in -CD 2%, TGel 3%, PG 1.1%, DCA 0.08%, probucol (PB)
0.3% to form the spray drying feed-stock solution. b) The same formulation
components were used to spray dry without the addition of chitosan nor acetic acid. c)
The chitosan solid dispersions were resuspended in DMEM at 10 mg/mL and mixed.
Because of the chitosan in formulation, solid dispersions swell and precipitate upon
DMEM resuspension. The phenol red pH indicator present in DMEM reveals a rapid
change in colour reflective of acetic conditions (red > pink > yellow). In cell culture,
an acidic environment can aggravate cisplatin effects in vivo (373). d) Solid
dispersions without chitosan nor acetic acid dispersed in PBS (10 mg/mL) do not

precipitate immediately. Scale bar 10 um.
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HPLC probucol chromatograms from F4 and F6 micro-films formulations

(complementary for figure 4.4.). Chromatograms for detecting probucol peak intensity

from A) F4 and B) F6 dissolution at 2, 6, 24 and 48 hour time points showing an

increase in probucol detection with time. C) F4 and F6 probucol stability from dry

micro-films kept at room temperature at day-0 from drying, and after two weeks from

drying; drug peaks decrease with increased storage time and may be accelerated by the

1% acetic acid added to the formulation. D) Probucol chromatograms from gel (fresh

homogenised formulation) and hydrated micro-films (disk); the gel and hydrated

mico-film drug peak is similar, showing little variation. E) Standard calibration curve

for probucol at 1 mg/mL (top standard point) and 0.00115 mg/mL (lowest standard),

R?=0.99997, probucol retention time ~13 minutes.
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Supplementary 1V.4.

Probucol chromatograms form micro-film extractions (complementary for figure 4.4). A) Probucol peaks from hydrated F4 and F6 micro-films
showing different intensities. Probucol chromatograms as seen from B) F4 and C) F6 in vitro dissolution over 1, 3, 6, 24 and 48 hours. The

impurity/degradation peaks with retention times of ~ 5, 7 and 11 minutes do not interfere with probucol integration at ~13 minutes.
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0.01% PLO coating with 2 x 10° cells/insert 24 h from seeding
A1

Hoechst

Hoechst
Cell plasma cytopainter

Supplementary IV.5.

Cell culture inserts coating condition to facilitate cell growth (complementary for
figure 4.5). Cell culture inserts required coating to promote cellular attachment on the
plastic surfaces. Culture inserts (see Supplementary I'V.8) were treated with A1) 0.01%
*poly(L-ornithine) (PLO) for 1 hour at 33°C. After drying, the inserts were washed 3
times for 10 minutes with PBS to remove excess polymer. HEI-OCI1 cells were then
seeded at the standard density per each insert (2 x 10° cells as 100 pL per insert/well).
After growing for 24 hours the cells on inserts were fixed with 4% PFA for 10 minutes
then washed 3 times for 10 minutes with PBS, stained with Hoechst 2 uL/mL before
detaching the insert membrane using a scalpel blade, rinsed with PBS 3 times 10
minutes. Panel A1) shows the cut insert membrane placed on a coverslip (4x objective)
with A2) cell nuclei as seen through the inverted microscope and A3) close-up on the
40x objective. B1)*Rat collagen coating solution was compared with B2) 0.01% PLO
and show similar attachment. B3) Without pre-coating there are few cells attached to
the insert membrane. B) micrographs were procured using the Dragonfly confocal
microscope to facilitate the Cell Plasma Cytopainter detection (ab219942; Abcam
Cambridge, UK). After multiple PBS washes, both attached cells on insets and wells
were stained with a mixture of 10 pg/mL Hoechst and 2 pL/mL the CytoPainter Cell
Plasma Membrane Staining Kit in manufactures assay buffer for 20 minutes, then
washed three times with PBS. Inserts were detached and mounted on glass slides with
HEI-OCI facing the coverslip. “Pruchased from Sigma Aldrich, AU. Scale bars A1,2)
200 pm, A3) 50 um, B) 100 pm.
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Control F1 F2 F3

Control PTO F4 F5 F6

Supplementary IV.6.

Cellular attachment and growth of RAW 264.7 macrophages on control uncoated, and
PTO coated wells with F1-F6 gel formulations. After homogenisation, 10 pL
formulation homogenate (as described in Chapter 4) were dried on 96 well plates. Plate
wells were hydrated for 20 minutes in PBS then coated with 0.01% PTO for 1 hour at
33°C, then washed 3 times x10 minutes. Cellular attachment is inhibited by all
formulations except F1 (f-CD 2% in 1% acetic acid homogenate). Chitosan
formulations (F2-F3) minimise cellular attachment, which is more evident for F5, F6

containing 0.08% DCA. Scale bars 100 pm.
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24 hours

48 hours

Supplementary IV.7.

Cellular attachment and growth of HEI-OC1 cells on control uncoated, and PTO coated wells with F1-F6 gel formulations. After homogenisation,
10, 20, 30, 40, 50 and 100 pL formulation homogenate (as described in Chapter 4) were dried on 96 well plates. Plate wells were hydrated for 20
minutes in PBS then coated with 0.01% PTO for 1 hour at 33°C, then washed 3 times x10 minutes. This type of formulation contact is not
physiologically possible, but rather shows the formulation concentrate the cells can sustain. For HEI-OC1 grown on a F6 formulations base, cell
attachment is possible at 10 and 20 pL homogenate in the first 24 hours from seeding. After 48 hours, cells proliferate in presence of 10, 20 and 30

pL homogenate. Cellular morphology is affected, and confluency is not reached after 48 hours. Scale. bars 50 um, inverted brightfield micrographs

at 10x objective.
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Supplementary IV.8.

Corning® Transwell® 6.5mm with 3.0 pm pore polycarbonate membrane inserts, 24
well plate detail (complementary for figure 4.5. and 4.6). Well inserts remain
suspended in cell culture media without reaching the bottom of the well. Prior to cell
seeding, F2-F6 formulations were dried on the bottom side of the insert, then hydrated
in PBS for 20 minutes. HEI-OC]1 cells were added to the insert, and RAW 264.7 were

seeded in the well compartment, and grown in co-culture at 33°C.
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Supplementary IV.9.

Flow cytometry gating strategy and fluorescent bead signal (complementary for table
4.5). A) Standard curve for Pierce bicinchoninic acid protein assay kit (BCA) protein
concentration (562 nm) used to normalise cytokine results. B, C) gating strategy. D)
Fluorescent bead signal from sample F4 treatment, E) top standard, F) control
untreated sample, and G) blank with beads only. IL-10 assays beads fluorescence was
not detected in the standards. Interferon-y (IFN-y) was not detected in analysed

samples.
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Supplementary IV.10.

Bead Array flex kit quantification for mouse monocyte chemoattractant protein-1

(MCP-1), tumour necrosis factor (TNF) and interleukin-6 (IL-6). Raw quantification

results complementary for table 4.5. Error bars represent standard error of the mean, n

3, *p < 0.03.
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Supplementary IV.11.

DSC for probucol micro-films in relation to powder probucol (PB). Dry nitrogen was
used as inert gas at a flow rate of 20 mL/min. Measurements were carried out from 20-
160°C at a heating rate of 20°C/min. DSC thermogram with probucol powder (yellow)
show an endothermic peak at 125°C. A) Chapter 5 micro-films with probucol (F4, F6)
and blanks micro-film (DCA; F5) were analysed. Blank and F4, F6 micro-films lack
endothermic peaks, highlighting the probability of having obtained amorphous
probucol in F4 and F6 formulations. B) Formulation components were milled using a
glass laboratory mortar and pestle to obtain a ground mixture (GM) of probucol-
chitosan prior to homogenisation. GM represent a method used to obtain amorphous
probucol form and it is referenced in literature to increase drug dissolution and
absorption properties (356). We note that both A) and B) formulations do now show
the characteristic melting point peak which could either results from insufficient drug
within the samples or may represent a transition of the drug from crystalline

(endothermic peak) to amorphous state.
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Supplementary IV.12.

Infrared spectroscopy spectra from probucol, probucol mixtures and micro-film
formulations (complementary for table 4.1). Marked by dashed lines, the FT-IR free
hydroxyl group (OH) stretching vibrations at 3631 cm™! together with the medium C-
H stretching at 2957 cm!, and O-H bending at 1422 cm™! are prominent within the
probucol powder. A) By mixing the formulation ingredients with probucol, the
probucol characteristic stretching and bending bands are still visible on spectra and are
less noticeable once the formulations are homogenised (F4, F6). B). Formulation
components were milled using a glass laboratory mortar and pestle to obtain a ground
mixture (GM powder mix). Probucol-chitosan prior to homogenisation have less
visible probucol characteristic spectra bonds and are similar to the formulations
obtained from the GM powder mix (GM-F4, GM- F6). This is to show that both
homogenisation, and ground mixing the components before homogenisation has

similar impact for probucol-matrix interaction within this chitosan-based formulation.
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Supplementary 1V.13.

Drug content and micro-film swelling of ground mixture (GM) components prior to
formulation homogenisation (complementary to figure 4.4 and table 4.2). A) Probucol
quantification from GM F4 and B) GM F6 micro-films. Drug concentration from
homogenate represents 100% drug content. Probucol extraction is important for
quantify the highest amount of drug from micro-films. Significant lower drug content
is extracted from dry micro-films using acetonitrile (film-GM ACN), and the total drug
increases if the micro-films are allowed to swell in Milli-Q water for 20 minutes (film-
GM) prior to acetonitrile extraction. B) Micro-film swelling after 20 minutes hydration
in Milli-Q water, PBS and DMEM. Dry films measurements represent 100%;
significant swelling for F4 191.57 + 32.99%, F6 248.99 + 2.75% in water. Compared
to figure 4.4 and table 4.2, the use of probucol-chitosan GM for homogenisation
significantly decreases the amount of probucol release from the matrix after 20 minutes
hydration (A), and significantly increases swelling for GM F4 (B; by 36%). Error bars
represent standard error of the mean, n = 3 in three technical replicates, *p < 0.0005,

*%p < 0.0001.
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1)

2)  F4GM - dry disk F4 GM - hydrated F6 GM - hydrated F6 GM - hydrated

Supplementary 1V.14.

Scanning electron micrographs of formulation components milled using a glass laboratory mortar and pestle to obtain a ground mixture (GM) of
probucol-chitosan prior to homogenisation (complementary to figure 4.1 and 4.2). 1) Micro-film surface details of F4 GM and F6 GM formulations.
2) Dry (A,C) and hydrated (B,D) (DMEM) micro-film capturing sulphur rich regions characteristic to probucol (~2.3 keV) using EDS analysis.
Scale bars a) 30 pm, b) 200 pm, c,d) 100 pm, 2) 100 pm.
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Supplementary IV.15.

EDS spectra analysis from micro-film surface of two F4 formulation combinations
(complementary to figure 4.2). A) F4 formulation presented in figure 4.2 with two EDS
spectra obtained from the surface deposit (spectrum 154) showing a sulphur peak. The
matrix region (spectrum 155) has no sulphur peak detected. B) F4 GM formulation
components were milled using a glass laboratory mortar and pestle to obtain a ground
mixture (GM) of probucol-chitosan prior to homogenisation. Both spectra collected
from the matrix surface (spectrum 8) and from the crystalline surface deposit
(spectrum 9) show the characteristic sulphur peak. Probucol peak ~2.3 keV, Scale bars
100 pm.
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Appendix V

The Appendix is an extension of Chapter 5 and contains Supplementary figures.

Supplementary V.1.

EDS spectra for aCD-PB formulations showing probucol characteristic peaks for
sulphur at ~2.3 keV (complementary for figure 5.2). Scale bars 5 pm («TCA-PB), 10
um (aCA-PB, aDCA-PB, aCDCA-PB), 25 um (aUDCA-PB).
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Supplementary V.2.

EDS spectra for fCD-PB formulations showing probucol characteristic peaks for
sulphur at ~2.3 keV (complementary for figure 5.2). Scale bars 2.5 pm (STCA-PB)
and 10 pm.
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Supplementary V.3.

EDS spectra for sulphur (S) energy peak (~2.3 keV) to confirm probucol (PB) presence
within the particle matrix. Point analysis spectra with C, O, Pt and S peaks
(arrowhead). Samples were platinum (Pt) sputter coated; background spectrum 41,

scale bar 2.5 pm.

198



a) Filter > dry b) Filter > dry ¢) Filter > dry supernatant

d) Filter > dry > H,0 rinse >dry o) Filter > dry > EtOH rinse > dry

BDCA-PB

BDCA-PB

Supplementary V.4.

Scanning electron micrographs of SCD-PB formulation aggregates obtained with
different drying variations. a, b) Formulations were prepared as described in Chapter
V. After filtration, formulations undergone drying in the concentrator. ¢) Formulation
filtrate was spun and dried. d) Formulation filtrate was dried; the precipitate was rinsed
with water before drying again. e¢) Formulation filtrate was dried; the precipitate was
rinsed with ethanol before drying again. Except for the ethanol rinse step (e) particle

aggregates are visible in abundancy. Scale bars 10 pm.
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a) PDCA-PB

b) BCA-PB

+NasP;0,0

10 pm
Supplementary V.5.

Scanning electron micrographs of SCD-PB formulation optimisation (complementary
to figure 5.1). Probucol 0.04% (PB) and the cross-linker sodium tripolyphosphate
(NasP3010) were combined with a) 0.137% £-CD or b) 0.081% a-CD. The cross-linker
helps with particle aggregation, however particle tend to coalesce. ¢) 0.04% PB and
0.137% pS-CD aggregate formation is possible with the addition of methyl cellulose
3.3%, however the polymer leads to aggregates agglomeration and irregular surface

appearance. Scale bars 10 pm.
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a) yCDCA-PB b) hydroxy-propyl-BCDCA-PB

Supplementary V.6.

Scanning electron micrographs of CD-PB formulation optimisation. a) CDCA 0.176%
with y-CD and probucol (PB) results in few larger aggregates that are not fully
separated. b) CDCA 0.176% with hydroxy-propyl-f-CD and PB shows minimal

aggregate formation. Scale bars 20 pm.
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Supplementary V.7.

Scanning electron micrographs of amine-f-CD conjugated with fluorescein
isothiocyanate (FITC). "Amine-f-CD was conjugated with FITC according to a
developed protocol by Chen et al., (2015) (458). Briefly, amine-$-CD and FITC were
dissolved in anhydrous dimethylformamide for 48 hours at 4°C. The reaction was
evaporated using the BUCHI R-205 rotary evaporator (Flawil, CH), and the precipitate
was dissolved in Milli-Q and dialysed for 24 hours. The dialysed fraction was freeze
dried (Dynavac FD3, Dynapumps, AU). The freeze-dried material was combined with
S-CD and DCA as previously described (Chapter V). With a larger aminated-FITC p-
CD, the addition of DCA results in larger particles compared to SDCA-PB (figure 5.1).
It is predicted that the functional changes in CDs impact drug inclusion complex
formation (415). This is indeed evident through the larger relative particle size (3.88
um). “purchased from Cyclolab, Budapest, HU, #*purchased from Sigma Aldrich, AU.
n = 1. Scale bars 10 pm.

202



Supplementary V.8.

Infrared spectroscopy spectra from probucol powder and a/f-bile acid-PB
formulations Marked by dashed lines, the FT-IR free hydroxyl group (-OH) stretching
vibrations at 3631 cm™! together with the medium C-H stretching at 2957 cm™!, and O-
H bending at 1422 ¢cm™! are prominent within probucol powder. Some bonds (3631 cm
") remain visible within formulations («¢CA-PB, SCA-PB, SDCA-PB, SUDCA-PB,
SLCA-PB).
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Supplementary V.9.

Probucol chromatograms from o/f-bile acid-PB formulations. Probucol retention time
~14 minutes. Few impurity peaks occurring before 13 minutes with minimal intensity

that do not interfere with probucol integration.
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Appendix VI

The Appendix contains Supplementary figures on patented bile-probucol synthesis.

Supplementary VI.1.

HA1, HA2 and HA3 reaction and molecular structure (adapted from the patent filed in
December 10 2021 by Hani Al-Salami, Armin Mooranian, Giuseppe Luna, Anton
Dolzhenko, John Mamo, Ryu Takechi, Virginie Lam. Bile acid conjugates. Provisional
patent, Australia, 2021904008, P117109.AU).

HA1, HA2 and HA3 are new molecules based on conjugated bile acids with probucol.
HA1, HA2 and HA3 were produced according to the patented protocol and used to
create f-CD aggregates. The steps in obtaining HA1 start with 1) the protection of
lithocholic acid (LCA) with anhydrous acetic anhydride. 2) The protected lithocholic
acid is chlorinated using SOCI; and 3) combined with pre-reacted probucol with #-
BuOK to obtain HA1 (conjugated LCA with probucol). The same 1-3) steps are used
to create 4) HA2 (conjugated CDCA with probucol) and 5) HA3 (conjugated UDCA
with probucol). Reagents and solvents purchased from Sigma Aldrich or Honeywell

Research Chemicals, AU.
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Supplementary VI.2.

Scanning electron micrographs of f-CD particle aggregation for HA1, HA2 and HA2.
Based on Chapter V method, f-CD 0.137% with either 0.3% HA1, HA2 or HA3 were
mixed to obtain aggregates. Relative particle size measurements were recorded based
on micrographs using Imagel. Particle size is as follows; 1.98 + 0.02 pm for fCD-
HAL1, 1.44 = 0.01 pm for SCD-HA2, 1.65 + 0.004 pm for fCD-HA3. Error bars

represent standard error of the mean, n = 1, **p <0.0001. Scale bars 10 um.
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Supplementary VI.3.

Scanning electron micrographs of JCD-HA1 and fJCD-HAZ2 particle aggregation size
optimisation. Based on the method presented in Chapter V to create the SCD-HA1 and
PCD-HA2 presented in Supplementary VI.2. An additional step was added to the
method. By sonicating the aggregate mixture prior to filtration allows the guest
molecules to interact better with f-CD (427). The stronger drug-f-CD interaction
results in smaller aggregate relative size; from 2.85 + 0.01 um to 0.75 + 0.003 um for
SCD-HAL, and form 1.98 &+ 0.006 um to 1.29 £+ 0.005 um for SCD-HA3 respectively.
Error bars represent standard error of the mean, n = 1, **p < 0.0001. Scale bars 10

pm.
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Supplementary VI.4.

Scanning electron micrographs fCD-HA1 aggregates incorporated into chitosan
matrix (complementary to Supplementary V.2 and Chapter IV micro-films). Chitosan
micro-films homogenate (as described in chapter IV) was used to incorporate SCD-
HA1 aggregates. After drying the homogenate (50 pL), micro-film surface shows
various sized round-aggregates uniformly incorporated into the matrix. Scale bar 10

pm.
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Supplementary VL.5.

Scanning electron micrographs of spray dried solid dispersions containing S-CD 2%
and HA1. Scale bars 10 pm. a) HA1 0.05%, acacia 1.2% and PEG 2% spray dried
suspensions show larger particles with rugous surface appearance. b) HA1 0.3%, PVP
1.3% and PVA 0.8% show better results on particle appearance. Both formulations
dispersed into DMEM and applied to HEI-OC1 cells in culture show the HAI
concentration difference is not affecting viability in control formulation treated cells,
nor cisplatin (CDDP) treaded groups (+). Error bars represent standard error of the
mean, n = 1, *p <0.03, ***p <0.0002, ****p <0.0001.
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Supplementary VI.6.

Scanning electron micrographs of homogenised emulsions of 0.1% HA1, HA2 and PB
and their effects in vitro. The aliphatic alcohol phytantriol (PTO) 3.3% and a) HA1, b)
HAZ2, c¢) probucol (PB) were homogenised with PBS. The resulting formulations were
dried on aluminium stubs and imaged using SEM. a-c) Micrographs show nano-sized
particulates. €) A volume of 2.5 pL of each formulation was added to HEI-OC1 cell
culture, the viability effects are similar to control. With the addition of a stressor
(CoCly; 6 hours pre-treatment 400 mM, (459)), HA1 and PB, but less for HA2 show
reduced viability similar to CoClz control. Error bars represent standard error of the
mean, n = 1, *p <0.03, **p < 0.002, ***p < 0.0002, ****p <0.0001, n = 1, Scale bar
S pm.
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Supplementary VI.7.

Zeta potential measurements for HA1, HA2 and PB emulsions (complementary to
Supplementary IV.6). 3.3% phytantriol (PTO) or glycerol monooleate (GMO) were
homogenised with HA1, HA2 or probucol (PB) in PBS. The emulsions’ zeta potential
was measured. Each formulation shows strong negative zeta potential, predictive of a
strong particle repulsion within the samples (in part corroborated by the dispersed
particles observed through SEM in Supplementary IV.6). The strong negative potential
in cell culture allows for less cellular interaction and may contribute to less cellular
uptake minimising toxicity (26). Error bars represent standard error of the mean, n =

1, *p <0.03, **p < 0.002, ****p <0.0001.
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Supplementary VI.8.

Probucol, probucol metabolites, HA1 and HA2 in vitro application and optimisation.
a) Probucol (PB) and metabolites; spiroquinone (SPQ) and benzoquinone (BZQ)
dissolved in DMSO applied as 0.1% solutions at 25, 17, 10 and 6 pM for 6 hours. b)
PB, HA1 and HA2 dissolved in DMSO and applied as 0.05% solutions, with or without
stressor (cisplatin; CDDP). Cells media was then replaced with fresh DMEM, and cells
were grown for another 24 hours. A similar decrease in viability for drug treatments is
observed with c¢) 4 hour drug pre-treatment and 12 hour CDDP exposure. d) 3.3%
glycerol monooleate (GMO) and phytantriol (PTO) control-emulsions in PBS with or
without CDDP for 24 hours. ) HA1 0.1% GMO emulsion applied as 2.5, 10, 30, 40
pL, and control GMO emulsion with or without CDDP applied in culture for 24 hours.

Error bars represent standard error of the mean, n = 1, *p < 0.03, ****p <0.0001.

212



Supplementary VI.9.

SwissADME BOILED-Egg plot (452) drug diffusion. The log P method developed by
Wildman and Crippen (WLOP) of bile acids and dexamethasone and dexamethasone
phosphate are plotted against the topological surface area of the molecules. Drug
passive diffusion prediction to the gastrointestinal (white area) and BBB (yellow area)
can be estimated. For the inner ear entry through the BLB by systemic drug
administration, drugs require a similar WLOGP (~1-6) and TPSA (0-80) to the BBB
predictions. Probucol would fit outside of this graph on the WLOGP axis because of
the higher value of 9.91.
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Supplementary VI.10.

FluidSim5 probucol diffusion pattern simulation through the round window
membrane. Based on SwissADME EGG-Plot (452), water partition coefficient and
drug molecular surface area were input into FluidSim (453, 454). To generate the
diffusion patterns through the round window membrane of a known molecule applied
as a clinical hearing loss treatment (dexamethasone), the six bile acids used for this
thesis as excipients, and probucol were plotted in the graph. Analysis parameters were
set for 100 pg/mL drug solutions, round window drug contact time 180 minutes,
intratympanic measurement with default settings (elimination, permeation and volume
entries) using the guinea pig prediction model. Middle ear concentration prediction
decreases for all molecules at a similar rate, unlike dexamethasone (orange line). Drug
entry prediction for scala tympani, scala vestibuli, and organ of Corti is higher for
dexamethasone, followed by LCA (red line), CDCA (dark blue line), UDCA (dashed
blue line), and CA (purple line). Probucol entry prediction is lower, similar to DCA.
Round window membrane entry prediction can be associated in part with the
molecule’s characteristics. The bile acids (low molecular weight, higher lipophilicity)
that show similar and higher diffusion rate to dexamethasone are also referenced to
cross the BBB. The current FluidSim simulation does not consider the middle ear
clearance pattern specific for probucol, thus requires future analysis in vivo to allow

for better simulations.
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Supplementary VI.11.

FluidSim5 HA1, HA2, HA3 and o/f-CD diffusion pattern simulation through the
round window membrane. The same parameters set for Supplementary VI.9. were used
to generate the prediction pattern for round window membrane permeation and entry
to the scala tympani, scala vestibuli and organ of Corti of dexamethasone (orange line),
0-CD (red line), f-CD (brown line), probucol (purple line), HA1 (blue line) HA2, and
HAZ3 (dashed blue line). As expected, due to the larger molecular weight (<1000) the
diffusion and permeation prediction of HA1, HA2, HA3 and o/f-CD (hydrophilic

compound) is very low.

Molecular structures were drawn using ChemSketch v2 (ACD/Labs Toronto, CA)
Graphs were prepared using GraphPad Prism v§-10.
Figures and illustrations were arranged/drawn using Adobe Illustrator (v. 26-28).

Micrographs brightness and contrast were corrected using Photoshop (v. 25).
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