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ABSTRACT

Recent advances in drug delivery technology have amplified potential opportunities to
treat the debilitating diseases that affect the posterior segment of the eye in a less
invasive and more efficient manner. Current methods for drug delivery to the back of
the eye are hindered by many barriers and limitations. As a result, to treat the most
common posterior eye disease in the developed world, age-related macular
degeneration, patients require frequent intravitreal injections that are costly and highly
invasive. Considerable efforts have been directed towards developing new materials to
optimise drug delivery by reducing the frequency of the intravitreal injections.
Phospholipid-based liquid crystalline nanomaterials are of great interest as they are
biocompatible, process low toxicity and can encapsulate drugs with different
physicochemical properties. These materials also provide an opportunity to design
delivery systems that have the potential to release drug on-demand. Depending on the
liquid crystalline nanostructure, the rate at which drug is released can be manipulated
to induce a slow to fast drug release profile. An ideal stimulus to control the
transformation of the nanostructure is using near-infrared light as it can be applied
externally to safely penetrate through the eye to activate the release of drug from the
liquid crystalline system. This thesis presents phospholipid-based liquid crystalline
systems which have been rendered near-infrared light responsive by incorporation of
particular and molecular photoactuators. The utilisation of advance synchrotron small
angle X-ray scattering technique revealed changes to the lipid packing upon irradiation
and transformations between the different self-assembled nanostructures. The
nanostructures and where the photoactuators are located was verified using cryogenic
transmission electron microscopy. The effect of manipulating the nanostructure was
further explored by quantifying the release using affinity chromatography. The desirable
lamellar to bicontinuous cubic phase transformation was found to exhibit a slow to fast
release profile. A short thirty second exposure resulted corresponded to an almost
complete release of encapsulated drug. Although the system requires optimisation to
replace the repeated intravitreal injections with multiple light-activated doses for an
extended period of at least 6 months, the understanding achieved in this thesis was a
fundamental step to eventually translate these systems for pharmaceutical applications.

Xii
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Chapter One

1. A statement of the problem

Age-related macular degeneration is an inflammation of the macula that is estimated to
cause irreversible vision impairment and blindness in 196 million aged individuals by
the year 2020.! The exudative disease progresses due to choroidal neovascularization,
where new blood vessels rapidly grow and eventually damage the retinal pigment
endothelial layer that is responsible for maintaining the functionality of photoreceptor
cells, visual pigment transport and protection, formation of blood-retinal barrier in
conjunction with the vascular endothelium, and immune defence of the macula.? The
abnormal neovasculature has been predominantly attributed to an overexpression of
vascular endothelial growth factor (VEGF). Currently, only palliative treatment is
available which uses drugs that inhibit VEGF, also known as anti-VEGF drugs. The anti-
VEGF treatments are costly, highly invasive and requires bi-monthly bolus injections
directly into the vitreous humour of the eye owing to the limited uptake and ocular
penetration.3 Considerable efforts have been directed toward improving visual
outcomes by designing new therapeutic molecules and controlling relevant
pathogenetic factors.#5 The issue is not a shortage of good drugs but a lack of effective
drug delivery systems. Intensive research has resulted in potential innovative
nanotherapies that can provide a practical, more specific and less invasive approach to
revolutionise future pharmaceutical treatment.® In particular, self-assembled systems
such as lipid-based liquid crystalline materials have been rendered stimuli-responsive
through the incorporation of novel materials to activate drug release on-demand.” Such
systems have potential to reduce the frequency of intravitreal injections. Near-infrared
light is an ideal stimulus for ophthalmic applications as it can be easily applied
externally and can safely penetrate through biological components. Therefore, this
thesis focuses on designing a near-infrared light responsive liquid crystalline system for

on-demand delivery of the current anti-VEGF drugs.
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11.  About age-related macular degeneration (AMD)

Millions of people suffer from ocular diseases and AMD remains to be the leading cause
of irreversible vision impairment and blindness in Australia, the United States and
Europe.* 89 Treatment of ocular diseases is one of the most challenging due to numerous
anatomical and physiological barriers that limits the delivery of drugs (Figure 1.1). The
eye is a highly complex and protected organ divided into two segments: 1) Anterior
segment consisting of cornea, conjunctiva, iris, ciliary body, aqueous humour and lens;

2) Posterior segment including sclera, retina, choroid and vitreous humour.

. - . Sclera
Systemic administration

J\)

S

Topical administration

Conjunctiva

Local administration Tear drainage

) ] a\| Cornea
Blood-retinal barrier ‘ \Y .
ris
Macula —4 Lens| | .
) l—— Retina \ 7 Pupil
Choroid Y / Aqueous humor
\ )
i — \ N7 Blood-aqueous barrier
Optic nerve —2 \! Vitreous humour / qa

Ciliary muscle

Figure 1.1 Schematic of the eye and its barriers in ocular drug delivery.

The main challenge in ophthalmic drug delivery is to overcome the tight-
junctions of the blood-aqueous barrier and the blood-retinal barrier, which limits drug
penetrations to the anterior and posterior segment, respectively. Ophthalmic drugs can
be delivered via topical, systemic and local administration. Topical delivery in the form
of eye drops will require penetration through the blood-aqueous barrier. The blood-
aqueous barrier consists of the endothelium of the ciliary blood vessels and ciliary
nonpigmented endothelium, both preventing drug entry into the intraocular tissues
and aqueous humour.” Systemic delivery via intravenous injections requires drugs to
transport through the outer blood-retinal barrier, which is represented by the retinal
pigment epithelium (RPE), a layer underneath the neurosensory region of the retina.
The RPE is a “tight” ion transporting barrier that restricts transcellular transport of polar

solutes from the choroid, while the inner blood-retinal barrier including the
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endothelium of the retinal vessels, offers considerable resistance to systemic
penetration of drugs." As a consequence of the limited ocular penetration, local
administration such as intravitreal injections and ocular implants are more suitable for
posterior eye diseases. Local administered drugs can by-pass the barriers to deliver the

therapeutics directly into the vitreous cavity, near the site of action.

AMD is a posterior eye disease that affects the macular region of the retina
resulting in the loss of central vision by causing damage to the RPE. This layer is
responsible for nourishing the photoreceptors in the retina via the main blood supply
to the eye, the choroid vasculature, as well as removing waste products from
photoreceptor cells, and visual pigment transport and regeneration.”> The Bruch’s
membrane separates the RPE and the choroid layer which can thicken with age, slowing
the transport of metabolites and consequently the formation of subretinal deposits
called, ‘drusen’. The extent of accumulation of drusen under the RPE and the amount
of hypopigmentary or hyperpigmentary changes of the RPE are characteristics of

AMD.34 As the disease progresses, severe vision loss occurs in one of two forms:

1) Dry AMD or geographic atrophy, which results in a gradual reduction of
central vision over many years owing to the progressive atrophy of the RPE,

choriocapillaris and photoreceptors.

2) Wet AMD or neovascular AMD occurs due to choroidal neovascularisation
(CNV). This occurs when endothelial cells proliferate in the choroid and angiogenic
blood vessels enter the RPE through a break in the Bruch’s membrane and rapidly grow
under the retina into the subretinal pigment epithelium or the subretinal space as
illustrated in Figure 1.2."4 Leakage of fluids and bleeding from the vessels causes fibrous

scarring and leads to a rapid loss of central vision.
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Normal Retina Wet AMD

Retinal
Pigment
Epithelial
cell (RPE)

Retina

Choroid  Retinal Pigment Rapidly growing vessels break
Epithelial cell through the RPE, leading to
(RPE) leakages and haemorrhage

Figure 1.2 Schematic of normal retina vs. diseased retina with wet age-related

macular degeneration (AMD).°

1.2. Current treatments for wet AMD

There are only palliative treatments available for wet AMD. Until the early 2000,
photocoagulation and photodynamic therapies (PDT) with verteporfin (Visudyne®) was
used to prevent or delay loss of visual acuity in eyes that have CNV. Photocoagulation
is a thermal laser treatment that uses either krypton red (647 nm) or argon green (514
nm) laser. The lasers deliver intense photocoagulation burns that extend 100 pm beyond
the perimeter of the lesion.’>"® PDT was used as a minimally invasive treatment
involving light activation of light-sensitive molecules after intravenous administration
that localise in the neovasculature in the eye. Upon activation using a low-energy laser,
reactive oxygen species are produced and these destroy target cells resulting in closure
of the abnormal blood vessels.” Although these light-based treatments did delay the
development of CNV, they are restricted to well-defined classic lesions (about 50 % of
CNV lesion) and most cases required retreatments, which have been associated with
high risks of immediate visual loss and adverse effects.’> As such, these treatments have

been largely replaced with vascular endothelial growth factor inhibitors.

The abnormal neovasculature creating unusual leaky blood vessels has been
predominantly attributed to an overexpression of vascular endothelial growth factor
(VEGF), also known as VEGF-A. VEGF-A is a dimeric glycoprotein that interacts with

two tyrosine kinase receptors, VEGFR-1 and VEGFR-2 located primarily on endothelial
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cells.” To slow this progress, drugs that block this protein, anti-VEGF drugs, were
developed and was first approved for the symptomatic treatment of neovascular AMD
by the US Food and Drug Administration (FDA) in 2004. There are also other actives in
addition to the anti-VEGF based treatments that are currently in clinical development
to inhibit both VEGF and VEGF gene expression *°, such as tyrosine kinase inhibitors
and nucleotides. Corticosteroids and anti-inflammatory drugs such as triamcinolone **
22 have also been investigated for angiogenic ocular diseases, however, the risks of
elevated intraocular pressure, glaucoma and cataracts makes such treatment less
desirable.? It has been recently postulated that controlling cholesterol levels in the eye
via the use of statins or nucleic acid based therapies will also result in the successful

treatment of AMD 24,

Current FDA-approved anti-VEGF treatments including pegaptanib (Macugen™,
Eyetech and Pfizer), ranibizumab (Lucentis®, Genentech/Novartis) and aflibercept
(Eylea®, Regeneron and Bayer). The first anti-VEGF therapy, pegaptanib, was a 28-base
ribonucleic acid aptamer that was covalently linked to two branched 20 kD polyethylene
glycol moieties. The VEGF-A gene is organised into eight exons on chromosome 6p21
and alternate gene splicing can generate nine isoforms. Pegaptanib was developed to
bind and block the activity of the most prevalent isoform, VEGF 5. Pegaptanib stabilised
vision in 70 % of patients, which was better than the 55 % of patients that received
placebo in phase III randomised trail.>> However, there were cases of adverse events in
890 patients during the first year of the trial, with the most serious being
endophthalmitis (1.3 %), traumatic injury to the lens (0.6 %) and retinal detachment
(0.7 %), which lead to severe loss of visual acuity in 0.1% of patients treated with

pegaptanib.

Ranibizumab was the second anti-VEGF therapy approved by the FDA in 2006.
Ranibizumab is a recombinant, humanised monoclonal antibody fragment that
neutralises all forms of VEGF-A. Ranibizumab was shown to prevent vision loss and
improve mean visual acuity. At 12 months, 94.6 % of patients given 0.5 mg of
ranibizumab lost fewer than 15 letters, in comparison to 62.2 % of patients that received
placebo injections. In the same group that received ranibizumab, 33.8 % of the patient

was able to improve their visual acuity by 15 or more letters, as compared to 5.0 % of the
7
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sham-injection group.?® The benefit in visual acuity was maintained at 24 months, with
low rate of serious adverse events in the 716 patients. During 24 months of the trial,
endophthalmitis (1.0 %) and serious uveitis (1.3 %) was identified in patients given

ranibizumab.

Prior to the approval of ranibizumab, bevacizumab (Avastin®, Genentech) has
been used as an off-label alternative treatment. Bevacizumab is a full monoclonal
antibody that was approved for metastatic colon cancer in 2004. Similar to ranibizumab,
it binds to all isoforms of VEGF-A, and is derived from the same mouse monoclonal
antibody precursor. Early reports showed comparable efficacy to ranibizumab but at a

much lower price, leading to its use by some ophthalmologist.

Aflibercept, also known in the scientific literature as VEGF Trap-Eye, is the
newest anti-VEGF agent approved in 201 and now the most commonly used treatment.
It is a recombinant fusion protein, consisting of the binding portion of human VEGF
receptor 1 and 2 extracellular domains fused to the Fc portion of human IgGi.?” The
binding portions were selected due to their high affinity for VEGF-A, VEGF-B and
placental growth factor. Aflibercept has high binding affinity to all isomers of the VEGF-
A family, in particular, its affinity for VEGF.es is 94 times greater than ranibizumab and
approximately 120 times higher than bevacizumab.?® Also, in comparison to 48 kD for
ranibizumab and 148 kD for bevacizumab, aflibercept has an intermediate size of
approximately 115 kD.?9 Its size and high affinity increased the intravitreal half-life of
aflibercept (4.7 days), in comparison to the half-life of 2.88 days for ranibizumab,3° and
is estimated that the binding capacity 79 days after injection is equivalent to the bind
capacity of ranibizumab 30 days after injection.?® Although anti-VEGF drugs are
effective, they are large macromolecules that have limited uptake and ocular
penetration. Similar to the other anti-VEGF treatments, patients that received
aflibercept were identified with severe adverse events at similar frequencies, which is

the result of the frequent intravitreal injections.
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1.3. Limitations associated with anti-VEGF therapies

While the anti-VEGF drugs are effective in controlling the symptoms of neovascular
AMD, their delivery is far from efficient reducing patient compliance. Owing to the size
and a short residence time of anti-VEGF drugs, high concentration of anti-VEGF drugs
need to be administered directly into the vitreous humour on a regular basis. When
administered, elimination of drug may occur via the anterior or posterior route. The
anterior route eliminates the drug via diffusion into the aqueous from the vitreous
humour, aqueous turnover and uveal blood flow. The posterior route elimination
involves drug transport across the blood-retina barrier, which is dependent on the
permeability of the drug or active transport mechanisms.’ Large hydrophilic drugs are
primarily eliminated by the anterior route as they cannot penetrate across the blood-
retina barrier.3'32 The concentration of anti-VEGF drugs declines in an exponential
fashion over 29 days.3° Therefore, most of the administered drug in a single injection is

cleared without exerting a therapeutic effect within a month.

Many of the severe adverse events observed during clinical trials of anti-VEGF
treatments are due to the intravitreal injections, including risk of vitreous hemorrhage,
retinal detachment and the development of cataracts.3334 Intravitreal injections require
a high degree of sterility to prevent infection and if not performed correctly, can result
in endophthalmitis, which in extreme cases can require vitrectomy to treat. The
frequent intravitreal injections also carriers high financial burden for instance, both
aflibercept and ranibizumab costs approximately US$2000 per intravitreal dose.
Although, some ophthalmologists have used bevacizumab as the cheapest anti-VEGF
treatment at about US$50.35 Bevacizumab has not been subjected to formal clinical trials
and hence, remains an unapproved option not subsidised by health providers
consequently limiting its adoption. With aging populations in many industrialised
countries, the financial implications for health budgets of the individual as well as the
economy are critical, and likely to be unsustainable with the current long-term anti-
VEGF treatment regime. Given the current limitation of anti-VEGF therapies, there is
an urgent need for a more cost effective and safer alternative to the current intravitreal

treatments.
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1.4. Opportunities of emerging delivery systems for treatment of

AMD

Since the introduction of anti-VEGF therapy, substantial efforts have been made
towards improving the current treatments by reducing the frequency of intravitreal
administration. Since FDA approval in 2011, aflibercept quickly became the main
treatment for wet AMD as it was developed to reduce the treatment burden on patients
by increasing the dosing regimen to 8 weeks. Other options to extend the duration of
action have been investigated. One chemical entity that shows promise utilises
polyethylene glycol (PEG), which have been widely applied because of its long half-life
in the blood and low interaction with other organs.3® EYEoo1, is a PEG-conjugated
oligonucleotide that shows a high specificity and affinity to VEGFss and has an
estimated terminal half-life of 84 hours in the vitreous humour after intravenous
injection.3” However, stabilisation of vision was only seen in 26.7 % of patients at 3
months with only one dose.3” Considering the time required for clinical translation and
approval for new chemical entities, the limitations of anti-VEGF treatments are unlikely

to be overcome through molecular modification of the drug itself.

Individualised anti-VEGF treatment regimens such as ‘as-needed therapy’ and
the ‘treat-and-extend strategy’ have also been investigated to find a safer and more cost-
effective alternative to the traditional monthly treatments, however, the frequency of
treatment remains high for most patients.’ The main biopharmaceutical challenge in
the treatment of AMD therefore is to improve the delivery of the currently available
therapies. There is an increasing interest in the use of smart materials for active drug
delivery in order to selectively target the posterior segment of the eye. As a result, there
has been considerable effort directed towards the development of novel delivery
systems, in particular, sustained-release systems of already approved anti-VEGF drugs
to ultimately reduce the required frequency of intravitreal injections. Thus, novel

materials for more effective delivery of drugs are emerging to overcome these barriers.

Ideally, new proposed treatments for AMD aim to either reduce the frequency of

the highly effective but highly invasive intravitreal injections, or provide greater patient

10
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compliance via a safer route of administration. Much attention has been directed

towards implanted polymeric intravitreal devices 3® and liposomal systems (Table 1).

1.4.1. Polymeric delivery systems

Polymers are a popular means of modifying the availability of drug after administration
to provide a slow release effect. Drug-containing polymer systems for this purpose fall
into two general classes — non-biodegradable implants, and biodegradable implants.
Non-biodegradable implants have the advantage of providing very long term sustained
release of drug, however, the device is often limited by the need to be surgically
implanted, and removed and replaced when the drug load is depleted. Surgical
implantation procedures have also been known to cause other acute and long-term
complications such as retinal detachment and suprachoroidal and vitreous
haemorrhage.3® Therefore, non-biodegradable implants can only be practical if the
device can be tolerated within the eye for an extended period of time. On the other
hand, soft biodegradable implants do not require removal, and may be amenable to
injection as a non-surgical procedure. To date, there are four products on the market
for posterior segment delivery (Vitrasert®, Retisert®, Ozurdex® and Iluvien®), which uses
polymeric devices to provide a sustained release effect for small compounds. However,

there are no polymeric products currently available for the delivery of anti-VEGF drugs.

An alternative class of biocompatible polymeric devices for the delivery of anti-VEGF
drugs are hydrogels. Hydrogels have been investigated because like some conventional
polymer implants, they have a macroporous structure that sustains the release of the
macromolecular drugs after implantation.*° However, translation of hydrogels as drug
delivery systems in products is still in its infancy, where further studies are required to
completely understand the effect of the shape, size and site of placement of the hydrogel
implant on drug delivery. Although recent advancements in the field of polymeric
nanoparticle-based drug delivery have been shown to overcome some of the limitations
of the current anti-VEGF treatments in various preclinical studies.#' Substantial clinical

translation are required before these polymeric devices can become a product.

11
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Given the potential difficulties in translation of new polymeric systems for extended

treatment of wet AMD, it is our contention that new developments in drug delivery

approaches are more likely to come from lipid-based materials such as liposomes

(nanoparticles with a spherical bilayer structure which encloses an inner aqueous

compartment). There are more than two decades of research on liposomes and many

products already on the market, and of specific interest, a number of recent reviews

have summarised the developments of liposomal research in the field of ocular delivery

(Table 1). This thesis will focus on the potential for lipid-based systems, including

liposomes to improve the treatment of wet AMD with an emphasis on novel lipid-based

systems to provide on-demand drug delivery.

Table 1 Recent literature detailing liposomal systems for ophthalmic drug delivery.

Title of review Year Ref.
Light activated liposomes: Functionality and prospects in ocular drug delivery 2016 42
Liposomes in topical ophthalmic drug delivery: An update 2016 43
Delivery strategies for treatment of age-related ocular diseases: From a biological 2015 44
understanding to biomaterial solutions

Drug delivery techniques for treating age-related macular degeneration 2014 45
Liposomes and nanotechnology in drug development: focus on ocular targets 2014 46
Nanotherapy for posterior eye diseases 2014 47
Drug delivery implants in the treatment of 2013 48
vitreous inflammation

Liposomes for intravitreal drug delivery: A state of the art 2012 49
Recent applications of liposomes in ophthalmic drug delivery 2011 50
A review of implantable intravitreal drug delivery technologies for the treatment of posterior 2010 51

segment eye diseases

12
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Liposomes are one of the most commonly known lyotropic liquid crystalline
structures. They are vesicular nanoparticles that are spontaneously formed by the self-
assembly of amphiphilic phospholipids in excess water. The lipid bilayer encloses an
inner aqueous compartment that can encapsulate hydrophilic molecules, including
peptide and proteins, indicating their applicability to encapsulate anti-VEGF biological
drugs. The biodegradable and biocompatible nature of phospholipids makes these
attractive for ophthalmic delivery. There are nine clinical trials determining the safety
and efficacy of liposomal systems in treatment of ocular conditions including dry eyes,
ocular hypertension, glaucoma, intraocular retinoblastoma, blepharitis and macular
edema.>* Therefore, in comparison to polymeric devices which have only been used in
preclinical studies for ocular applications, this section will explain how liposomes can
provide a greater potential to improve the treatment of AMD via a number of
mechanisms, including sustaining drug release via extended intraocular retention time,
minimising adverse events through targeted delivery and reducing the invasiveness of

the anti-VEGF treatment.

1.4.3. Extending therapeutic duration by increasing drug retention
Liposomes have been shown to alter the biopharmaceutical behaviour of drugs in ocular
delivery.5354 Specifically for treatment of AMD, liposomes have been shown to sustain
release of actives (Table 2). Abrishami et al. showed liposomes could increase the
residence time of anti-VEGF biological drugs after intravitreal administration.
Liposomes containing bevacizumab were retained in the vitreous humour at five times
higher concentration than free drug over 42 days. These liposomal carriers are expected
to provide sufficient concentration of therapeutic drug for over 6 weeks.> Such a system
will have limited uptake given the current treatment, aflibercept requires retreatment
after 8 weeks. Although it provided a step change in reducing the frequency of
administration, a significantly longer duration (> 2 months) of drug retention at the site
of AMD will be more suitable. Other recent studies have shown that liposomal systems
can efficiently deliver the active to the site of action resulting in a reduction in CNV
area, however, the effect was recorded 14 days after laser photocoagulation because the

extent of CNV is usually the greatest and most favourable for observation at this time
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point. As such, sustained release was assumed from previous literature,4® and in some

cases, with the support of in vitro release studies.5¢57

Table 2 Liposomes intended to improve treatment of AMD by sustaining release of
active.

Description Route of Drug category  Observation Year Ref.

Administration

Negatively Subconjunctival Anti-VEGF A sustained release duration of 2017 58
charged liposomes  administration. 21 days in vitro
Surface modified  Topical delivery Anti- Improved the physical stability, 2012 56
liposomes inflammatory sustained release over 60 days
in vitro
Nanoliposomes Intravitreal Anti-VEGF Sustained bevacizumab in the 2009 55
injection vitreous body in vivo (in

rabbits over 40 days)

1.4.4. Selective delivery to the target site

Liposomal delivery systems have also been shown to provide enhanced delivery to the
site of action using various targeting ligands. Delivery of some therapeutic agents, such
as nucleotides, is generally problematic because it has difficulty penetrating biological
barriers resulting in low delivery efficiency at the target site.5° Problematic agents can
be encapsulated in ligand-conjugated liposomes to target specific cells at the site of
CNV, as detailed in Table 3. Recent in vitro data found that cationic PEGylated
liposomes modified with the RGD oligopeptide can efficiently carry siRNA for
downregulating VEGF expression in RPE cells,59% and a PEGylated liposomal system
has been shown to facilitate intracellular delivery of an anti-VEGF to RPE cells in rat
models.® Efficient delivery of actives selectively to the site of CNV allows enhanced
therapeutic efficacy causing significant reduction of CNV area. Currently, only
intravitreally administered formulations into rats have been investigated and thus, the

clinical benefits in extending the duration between injections remains uncertain.

14



Chapter One

Table 3 Liposomes used to improve treatment of AMD by enhancing cellular

interactions.
Description  Route of Drug Observation Toxicology Year Ref.
Administration category
Vector- Intravitreal Angiogenesis  Adenoviral vector Possible 2014 62
mediated injection inhibitor mediated liposomes systemic
liposomes efficiently delivered toxicity due to
tristetraprolin, suppressed  adenoviral
CNV invivo (rat) after 14  vectors
days and decreased VEGF
MRNA expression
Peptide Intravitreal Angiogenesis  YSA peptide selectively Toxicity at 2012 57
modified injection inhibitor targeted EphA2 in injection site
PEGylated neovasculatures, increased  may be due to
liposomes intracellular delivery oxygen
efficiency and enhanced radicals of
the therapeutic efficacy doxorubicin
against CNV in rats after
14 days
Peptide (in vitro) Nucleotide Efficiently carry siRNA, N/A 2011, 59-
modified downregulated VEGF 2013 60
PEGylated expression in RPE cells in
liposomes vitro
PEGylated Intravitreal Nucleotide Efficiently protected Cationic 2011 61
cationic injection SiRNA load, facilitated surface charge
liposomes intracellular delivery and may induce
caused a reduction of CNV  inflammation
area in vivo (rat) after 14
days
Peptide Intravitreal Tyrosine- Inhibitory effects of VEGF 2011 63
modified injection kinase SU5416 was enhanced and inhibition can
liposomes inhibitor sustained by APRPG- affect healthy
liposomes resulting in tissues

CNV reduction ex vivo (in
rats after 14 days)
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1.4.5. Providing a less invasive route of administration

Liposomes potentially allow a less invasive route of administration for anti-VEGF
treatment, avoiding intravitreal injections (Table 4). Firstly, liposomal formulations
have been studied for their effectiveness following topical administration.5® ©465
Although this route may not result in reduced frequency of administration, by avoiding
intravitreal injections, topical application of a liposomal formulation could provide a

significant improvement in patient compliance and safety.

Recently, a topically administered bevacizumab-liposome system has shown
potential as a non-invasive alternative for ocular instillation. Topical administration
such as eye drops, is the most common and arguably preferred therapeutic approach
owing to its non-invasive nature. Davis et al. showed, using in vivo rat and rabbit studies,
that liposomes can overcome the corneal barriers and enhance the delivery of
encapsulated bevacizumab to the posterior segment of the eye after topical application
by incorporation of an anionic phospholipid-binding protein, annexin As5.4 However,
ocular bioavailability of the drug is usually less than 5 % of the topically applied dose,
which confines the use topical administration to treating diseases that affects the
anterior segment of the eye.33 This is due to the limited volume of administration, rapid
tear drainage and the significantly hindered permeation of hydrophilic drugs and
macromolecules through physical barriers such as cornea, conjunctiva, blood-aqueous
barrier and sclera.®® The consequent low bioavailability of the drug would require
frequent administration, and the lack of control over the actual dose delivered to the
posterior segment can lead to higher systemic exposure, potentially limiting its use as

an approved AMD treatment.

Anti-VEGF therapy has become the latest standard treatment for AMD, however,
long-term inhibition of VEGF has been associated with higher risks of mortality,
incident myocardial infarction, bleeding, and incident stroke,®” and is thought that the
previously used PDT treatment may be more suitable in this regard. However, similar
to topical administration, only 1 to 5 % of systemically administered drug enters the
vitreous chamber due to the blood-retinal barrier.® For drugs to cross these rate-

limiting barriers, it needs optimum membrane partition characteristics or be a substrate
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suitable for active transporters through the RPE or the endothelium of blood vessels.

Consequently, it is proposed that a compromise between the two may provide new

opportunities in therapy, where systemic administration of liposomes loaded with a

photodynamic therapy agent can be used to reduce the frequency of administration by

intravitreal injection through alternating therapeutic approaches to treatment. Recent

liposomal research successfully improved the previous liposomal PDT by reducing CNV

lesion size with minimal tissue damage.3-% Therefore, it has been suggested that

improvement of PDT or a combination therapy of alternating PDT and anti-VEGF

treatments may reduce the need for intravitreal injections and may be more suitable for

selected patients at risk from extended VEGF inhibition.

Table 4 Liposomes used to improve treatment of AMD by avoiding intravitreal

injections for administration.

iglrﬁ?n?gtration Description cDartlégory Observation Toxicology Year Ref.
Protein Anti-VEGF Annexin A5 enhanced No adverse 2014 64
associated permeation through the events
anionic retina after 5 days,
liposomes significantly enhancing
bioavailability in vivo
(rat/rabbits)
Surface Anti- Effective retinal delivery ~ N/A 2012 56
Topical delivery modified inflammatory  of diclofenac by
liposomes promoting non-corneal
drug penetration in vivo
(rabbits)
Submicron-  Potent free Inhibition of light- Low toxicity 2011 65,
sized radical induced and oxidative 70
liposomes scavenger stress-induced retinal
damage and prevented
shrinkage of the outer
nuclear layer
Single Photodynamic  Significantly reduced Low 2015 68
unilamellar  therapy (PDT) CNV lesions with inflammatory
liposomes minimal tissue damage reaction and
skin
phototoxicity
Cationic Photodynamic  Neovascular Less 2013 69
liposomes  therapy (PDT) obliteration as effective ~pronounced
Intravenous as Visudyne' but PDT-associated
Injections induced less tissue retinal damage
damage after 10 days
Peptide Angiogenesis  Targeted gene delivery Low possibility 2011 71
grafted inhibitor lead to a reduction in size  of systemic side
cationic and leakage of CNV in effects
polymerized vivo (rat) starting at 5
liposomes days after CNV creation
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In summary, intravitreal injections of anti-VEGF drugs remain the most effective
treatment option for AMD, yet, there are many limitations in terms of safety,
affordability and adherence. Lipid systems present alternative approaches to polymers
with clear capacity to improve the treatment of AMD. Especially in consideration of
their biocompatibility and translatability, the track record of safe use of liposomes in
other diseases provides a significant advantage over other materials. Liposomes have
been used in the design of safe and cost-effective delivery systems, but have not yet to
be made it into products for intravitreal delivery of anti-VEGF compounds to improve
treatment effectiveness or duration in the clinic for treatment of ocular diseases.
Although liposomal formulations are commercially available and the production
methods have been improving over time,?> their applications are usually limited by
development cost, the need to optimise the production method for new formulations,
limited delivery due to blocking by biological barriers, and of greater concern, their
unadjustable or uncontrollable release rate.”? Liposomes can either encapsulate the
drug and thus, must retain their drug payload with minimal drug leakage,’# or be
designed for burst-release, where the drug can be bound to the surface of the
nanocarriers using surface modifiers.”> For the encapsulation strategy, premature drug
leakage, the diffusion controlled release of the drug and the low permeability of large
macromolecules, limits their application as drug carriers. Liposomal formulation can be
designed to possess efficient and stable encapsulation with minimal drug leakage while
in circulation, such as Doxil®. These carriers however, may be cleared without releasing
their drug loading thereby reducing its therapeutic effect. In tumours, the
overexpression of phospholipases’ is mainly responsible for the breakdown of the
bilayer and release of the therapeutic payload.777% It remains uncertain whether
enzymatic activity would be sufficient in AMD to induce substantial leakage. Therefore,
there is likely to be a role to play for stimuli-responsive systems that enable ‘on-demand’

drug release.

1.5. Stimuli-responsive systems for ‘on-demand’ drug delivery
Controlling the release of drug can potentially reduce the frequency of intravitreal
injections, improve systemic safety by actively controlling the rate of drug release and

provide a less invasive treatment option. Stimuli-responsive systems have been explored
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in the context of ocular delivery to deliver drugs ‘on-demand’, when required.3® 79 These
‘smart’ materials have been designed to respond to an endogenous or external stimulus
to cause the initiation, increase, decrease or cessation of drug release from within the
matrix. Polymeric implants that are responsive to an electric current,® light® or a
magnetic field®? to achieve tuneable drug release have been explored for delivery to the
eye, however, translation of polymeric devices to viable treatments are still in their
infancy. This thesis will focus on lipid systems, particularly liposomes and other
lyotropic liquid crystalline materials, which have also been rendered stimuli-responsive,
and ongoing efforts to evaluate their application to the problem of AMD are discussed

below.

1.5.1. Stimuli-responsive lipid-based systems
Lipid-based liquid crystalline nanoparticles are soft materials with a complex internal
nanostructure that is formed by the self-assembly of some unique polar amphiphilic
lipids in excess of water. These structures have been demonstrated to be effective
carriers to improve the delivery of molecules with varying physicochemical
properties, 8286 provide the mechanism for sustained-release,®” and protection from
degradation when the drug is encapsulated. The most common liquid crystalline
structures include the lamellar phase (Ly), inverse hexagonal phase (H.) and the
bicontinuous cubic phase (V). Of these three structures, liposomes are the most
commonly known lyotropic lipid self-assembly presented as a spherical bilayer structure
resulting from the dispersion of lamellar phase (Ly). The critical packing-parameter
(CPP) concept, which was introduced by Israelachvili et al., can be used to understand
how the geometry of surfactants and lipids can dictate the type of self-assembled system

formed using Equation 1.
CPP =Vs/(ao 1) @)

Where, Vs is the hydrophobic chain volume, a, is the head group area and [ is
the hydrophobic chain length.8 This parameter is affected by different factors including
the concentration and chemical structure of the lipid as well as environmental factors
such as temperature,” water content,® ionic strength,%° and pH.9-9> When CPP is less

than 1, normal phases form, where the hydrophobic chains face towards the core of the
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structure. For values greater than 1, inverse or reverse phase forms such that the
hydrophobic chains faces away from the aqueous core (Figure 1.3). By convention,
curvatures are taken to be positive if the head group surface curves toward the
hydrocarbon. Normal phases have a next positive mean curvature (Type 1), while inverse
phases have negative curvature (Type 2). The sequence of phases exhibited by lipid
systems as thermodynamic parameters are changed tends to follow a monotonic

sequence of phases running from positive to negative curvature.

Inverse Phase Normal Phase

CPP>1 CPP21 CPP=1 1/2>CPP>1/3

Figure 1.3 Common self-assembled phases and their corresponding critical packing
parameter. The abbreviated phases are as follows: inverse micellar (L,), inverse micellar
cubic (I,), inverse hexagonal (H.), inverse bicontinuous cubic (V,), lamellar (L), normal
bicontinuous cubic (V.), normal hexagonal (H,), normal micellar cubic phase (I,) and

normal micellar (L,). Adapted from 9+,

These self-assembled phases can be modified to transition from one phase to
another depending on the packing of amphiphilic lipids, presence of additives and
environmental factors,® or in the context of on-demand drug delivery under a wide
range of stimuli. It is known that the phase structure being either “open” or “closed”
dictates the rate of drug release as illustrated in Figure 1.4.95 For example, the H, phase
displays a much slower release than V, phase owing to the smaller water channels and
closed rod-like micellar structure.% 9 Likewise, the closed nature of Ly phase, which
enables the encapsulation of drug, will show slow or no drug release in comparison to
the V. phase. It is envisioned that lipid-based systems can be designed to be responsive

and deliver drug ‘on-demand’. These systems will exhibit little or no drug release in the
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‘off state, but when stimulated, a phase transition occurs, activating release of drug until
it is switched off. This process can be repeated to release pulses of drug on demand, and
would be more suitable for long-term delivery. As such, the reversibility of the system
is an important attribute in order to provide pulsatile release for repeated treatments.
In other words, the liquid crystalline systems should have the ability to return to its

original, slow release state when the stimulus is removed.

120
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Figure1.4  Schematic illustrating how changing the lyotropic liquid crystalline
structure can control the release rate of drug. The lyotropic liquid crystalline structures
picture on the right are the fast releasing inverse bicontinuous cubic phase (V.), in
comparison to the slow releasing phases: inverse hexagonal phase (H.), inverse micellar
cubic phase (I,) and inverse micellar phase (L.). A range of methods can be used to
impart stimuli-responsiveness in these systems to switch between slow and fast

releasing structures.®

1.5.2. Stimuli to activate drug release
There are a number of scenarios where triggered release of drug from these lipid systems
for treatment of wet AMD may be foreseen to be advantageous, illustrated schematically
in Figure 1.5. In the simplest case, responsive liposomes would release their cargo
selectively when they encounter the stimulus either due to a change in the permeability
of the bilayers or via a transition of the phase structure. Temperature has been used as

a stimulus for on-demand drug delivery from lyotropic lipid systems,%¢97 however
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temperature-responsive systems are not considered practical for controlling release of
drug in the eye because of the lack of specificity in heat source leading to potential for
accidental activation of drug release. Alternatively, magnetic%® and light99°° sensitive
materials can be incorporated into the lyotropic liquid crystal matrix to enable external
control over drug release, making them more suitable for on-demand applications. For
ocular applications in the posterior segment, where the liposome has been intravitreally
injected, or been delivered via the systemic circulation as described above, light as a
trigger would be a useful stimulus. Light-sensitive liposomes have been extensively
studied previously for biological applications,'®* however, it does not appear that such

systems have been used in the treatment of AMD.

SEEEEE]

Figure 1.5 Schematic of how a NIR-light triggered lipid ‘depot’ could reduce the

Leaking
blood vessel

frequency of intravitreal injections by repeated triggered release of a dose of drug using

a laser, to replace regular intravitreal injections.®

1.5.3. Methods for imparting light responsiveness in materials

Light activation provides a very broad range of adjustable parameters such as
wavelength, duration, beam diameter and intensity that can be used to optimise and
control the dose of the actives released, when required. To this end, there are numerous
papers on ultraviolet (UV) activated liposomes systems.'°>°3 However, UV activated
systems risk damage to the eye through intense UV exposure. Specifically, UV-B (280-
315 nm) and UV-C (100-280 nm) are absorbed at the ocular surface, are poorly
transmitted through tissue such as the cornea, and consequently have not been shown
to be successful in vivo.’*4 With the suitability for clinical applications in mind, although

UV-A (315-400 nm) is able to penetrate pass the lens, the near infrared (NIR) region
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around 650 nm to goo nm that has the lowest absorption coefficient with water, lipids
and haemoglobin,'s is the best light source for triggered drug delivery. NIR irradiation
can penetrate tissues up to 50 mm deep,°® rendering it amenable for ophthalmic,

subcutaneous and deeper tissue applications.

Recent research has reported that liposomes can be made responsive to NIR
irradiation.°71°8 Several nanosized photothermal agents including gold nanoparticles*®
10910 and graphene derivatives™ have been explored as actuators as they can be tuned
to absorb light in the NIR range and have been shown to efficiently convert the light
into thermal energy to exhibit a change in the lipid structure. However, these particle-
based actuators present problems with uncertainty about their location relative to the
lipid material®® > or aqueous phase™, and the potential for the nanosized agents to
dissociate after administration, resulting in a reduction of the photothermal effect and
limiting the practicality of these materials. To overcome this concern, an alternative
small molecule photoactuator that can remain within the phospholipid structure and
can elicit a photothermal effect similar to other known nanosized agents may be more
desirable. Silicon 2,3-naphthalocyanine bis(trihexylsilyloxide) (SiNC) is of particular
interest as it is a low molecular weight photosensitiser currently under investigation as
a potential fluorescence imaging and phototherapeutic agent.”3"4 It is expected that
light-responsive systems will have utility for delivery to the posterior segment as
injectable ‘depot’ systems, as dispersed particles for ease of administration. The depot
strategy allows for storage of multiple doses of drug, replacing say 12 months
requirement of drug, but able to be administered as a single injection. The volume of
the single injection will be restricted to below 0.1 mL to avoid adverse events such as
increased intraocular pressure.”s The system will need to be optimised to release a fixed
dose of active repeatedly at intervals determined by symptom recurrence, throughout
the 12 month period by fine tuning the NIR exposure time and the concentration of NIR
agent in the system. Therefore, there at least exists potential to achieve a less frequent
administration in the treatment of AMD if pulsatile, repeat administration can be

achieved using a reversible stimuli-responsive lyotropic phospholipid-based systems.
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1.6. Hypothesis

The overarching hypothesis that come from the above introduction is that the internal
nanostructure of phospholipid-based systems can be rendered photo-sensitive through
inclusion of near-infrared light responsive agents to allow for stimuli-responsive drug

release of aflibercept via external activation.

a. That the light-activated phase transition are reversible to provide

pulsatile release of encapsulated drug.

b. That a small molecule photosensitiser will exhibit a similar photothermal

response to a particle-based actuator.

c. That a slow to fast release profile will be demonstrated by the lamellar to

bicontinuous cubic phase transition in the liquid crystal system.

1.7. Project Objectives

The aim of this project is to formulate an ‘on-demand’ drug delivery system that can be

externally and non-invasively activated to release encapsulated drug via light activation.
The aims to be achieved in order to address the above hypotheses are listed below:

1. Design a phospholipid-based system that will provide reversible transitions

between the lamellar and bicontinuous cubic phase.

2. Determine the effect of near-infrared agents on phase behaviour in the

phospholipid-based systems.

3. Determine the amount of drug encapsulated within the phospholipid-based
systems and whether drug release can be stimulated using near-infrared

irradiation.
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Chapter Two is a relevant materials and experimental techniques section that further
describes and justifies their use in this thesis. The experimental chapters, Chapter

Three, Four and Five, have been ordered systematically.

Chapter Three is the first experimental chapter that consists of a published article
entitled “Phospholipid-Based Self-Assembled Mesophase Systems for Light-Activated
Drug Delivery”. This chapter demonstrated that phospholipid-based systems could be
rendered photo-sensitive through the inclusion of a particle-based photoactuator, gold
nanorods. Although the NIR-activated phase transition was contrary to literature, NIR

light induced reversible disruption to the lipid packing.

Chapter Four builds on the previous chapter and probes the similarities and difference
of alternative NIR-responsive agents. This chapter contains a reproduction of the
publication entitled “Naphthalocyanine as a New Photothermal Actuator for Lipid-
Based Drug Delivery Systems”. The published article compared the photothermal effect
of the molecular photosensitiser, SiNC, to literature particle-based actuators, GNR and

graphene.

Chapter Five is a manuscript in preparation that investigated the release of the
commonly used anti-VEGF therapy, aflibercept, from a light-responsive phospholipid-
based system. Both the molecular and particle-based actuators were incorporated into
another phospholipid-based system, which was confirmed to exhibit the lamellar to
cubic phase transition. Upon near infrared irradiation, the phase transition occur which

corresponded to the activation of aflibercept release.

The thesis is concluded in Chapter Six with an overall summary of the project and

recommendations for future directions.
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Chapter Two

2.1. Materials

2.1.1. Lipid components

Phytantriol (3,7,11,15-tetramethylhexadecane-1,2,3-triol) was a gift from DSM Nutritional
Products (Kaiseraugst, Switzerland). 1,2-Dilauroyl-sn-glycero-3-phosphocholine
(DLPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino- (polyethylene glycol)-2000]
(PEG-DSPE) were purchased from Avanti Polar Lipids (Alabaster, USA). Lauric acid
(=98 %) and cholesterol from Sigma-Aldrich (St. Louis, USA).

Phytantriol (PHYT) is a generally recognized as safe (GRAS) excipient used in
personal care products and is an established platform known to be responsive to
photothermal stimuli. PHYT in excess water forms the bicontinuous cubic (V) in
ambient temperature, and transforms to the inverse hexagonal (H.) and inverse micellar
(L.) phase at high temperatures. PHYT with a minimum purity of 95 % was used to
ensure the phase transition occurs around 60 °C.' The release of hydrophilic compounds
from the V, phase have been shown to be significantly faster than from the H, phase.>
Although the phase behaviour will result in a release profile that is not ideal for on-
demand drug release application, its phase transition have been shown to be both
reversible and reproducible with the use of near-infrared (NIR) light activation to

particle-based photoactuators.

An ideal release profile would be a phospholipid system that can transition from
the L« to V. phase to exhibit a slow to fast release profile with an increase in
temperature, and ultimately upon the application of a NIR stimulus. Phospholipids are
the main component of cell membranes, therefore phospholipid-based carriers are
suitable drug delivery purposes because of their biocompatible and biodegradable
nature. When the phase behaviours of individual lipid species are studied, roughly half
of the naturally occurring lipids form non-lamellar phases.3 Due to the balance between
headgroup area and tail volume, which strongly dictates the packing of the lipid
molecules at the amphiphile/water interface, the formation of the V., phase is more
stringent and is less frequently encountered than the H, phase. There are limited known

phospholipid-based systems that exhibits the L« to V. phase transition.
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This thesis investigates two phospholipid systems: POPE system with 20 mol%

cholesterol, and DLPC and lauric acid (LA) at a 1:2 molar ratio.

1) In the first instance, POPE with increasing proportions of cholesterol was
investigated as the Ly to V, phase transition were previously identified at high
temperature in mixtures containing less than 30 mol% cholesterol.4 Specifically, V.
phases were observed for the POPE system with 20 mol% cholesterol at temperatures

above 60 °C.4 Consequently, it was this ratio that was utilised.

2) DLPC:2LA at 20 bar pressure was found to transition from L« to V. phase at 41
°C, and subsequently, a coexisting V,and H, phase was observed between 50 and 65 °C.
Due to their reported transformations being ideal for on-demand purposes, further

investigation into their phase behaviour and photothermal response was necessary.

2.1.2. Near-infrared responsive actuators
Methyl conjugated Gold Nanorodz™ with an aspect ratio of 4.2 (length, 42 nm; width,
10 nm) were purchased from Nanopartz (Loveland, USA). The measured surface
plasmon resonances (SPR) was 825 nm. PEGylated Gold NanoRods with an aspect ratio
of 4.3 (length, 47.8 nm; width, 11.2 nm) were purchased from NanoHybrids Inc. (Texis,
USA). The measured SPR was 814 nm. Silicon 2,3-naphthalocyanine
bis(trihexylsilyloxide) (SiNC) was purchased from Sigma-Aldrich (St. Louis, USA).

Gold nanorods (GNR) at the concentration of 0.3 nM and 3 nM were selected to
probe the photothermal response of particle-based actuators in phospholipid-based
systems. Recent studies using PHYT system have shown that the addition of 3 nM GNR
with a surface plasmon resonances (SPR) at 780 nm in water, induces heating of
approximately 50 °C when irradiated for 10 sec at 808 nm.5 A lower concentration was
also included, however, the change in phase structure was not observed on inclusion of

0.3 nM in the PHYT system.

SiNC was selected for its enhanced absorption in the 750-800 nm spectral range
and can be efficiently activated with NIR light to generate reactive oxygen species,
which have been shown to be useful for safe and effective photodynamic therapy (PDT)
and bioimaging.® SiNC has also been incorporated into the design of contact lenses.
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SiNC have been gaining attention as a functional pigment that absorbs lights and was

shown to have UV-blocking capabilities.”

2.1.3. General materials

Eylea® (Regeneron/Bayer) was a gift from Dr Devinder Chauhan (Ophthalmic Surgeon,
Retina Doctor). Pluronic® F108 stabilizer, 1-dodecanthiol (=98 %), glycine (=98 %) were
purchased from Sigma-Aldrich (St. Louis, USA). Tris Ultra Pure Grade with a purity
>99.9 %, was purchased from Astrala Scientific Pty Ltd (NSW, Australia). Hydrochloric
acid (1 M), dimethyl sulfoxide and dry tetrahydrofuran (THF) were purchased from
Merck (VIC, Australia). Phosphate buffered saline (PBS) at pH 7.4 was made using
analytical reagent quality salts including 137 mM sodium chloride (Chem-Supply,
Australia), 10 mM di-sodium hydrogen orthophosphate and 2.7 mM potassium
dihydrogen orthophosphate (APS Ajax Finechem, Australia). All materials were used
without further purification. Water used in these studies was obtained from a Millipore

Milli-Q purification system (Billerica, USA).

2.2. Methods

2.2.1. General preparation
A thin-film hydration method was used to prepare the lipid-based samples with and
without NIR-responsive actuators. Lipids and NIR-responsive agents were weighed in
the appropriate molar ratios and dissolved in chloroform or THF. The mixture was then
dried under a stream of nitrogen gas for 3 hr, then under vacuum overnight at 40-50°C
to ensure complete removal of solvent. The lipid mixture was hydrated with appropriate
volumes of PBS (with 1 w/w% Pluronic® F108 stabiliser, if required). Dispersed samples
were subjected to ultrasonication (S220 Focused-ultrasonicator, Covaris, USA) for 15
min (40 s pulses, peak power: 250.0 and duty factor: 30.2). The samples were allowed to

equilibrate for >24 hr prior to phase characterisation and release experiments.

2.2.2. Phase characterisation

The foundation for the work carried out during this project was phase characterisation
experiments of lipid-based formulations using small angle X-ray scattering (SAXS). The

phase behaviour of these lipid systems was evaluated at equilibrium and dynamically
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using time-resolved synchrotron SAXS to observe the effect of photothermal heating via
NIR activation. Subsequent techniques were later employed to confirm the morphology
of the system and to investigate the release of drug. Justifications of the chosen
techniques are provide provided below, further details are included in the experimental

chapters three, four and five.

2.2.2.1. Small angle X-ray scattering (SAXS)
The liquid crystal (LC) structures were assessed using SAXS to qualitatively identify and
confirm the internal nanostructure formed from various lipid compositions. SAXS
measurements were performed at the Australian Synchrotron.® SAXS has become the
most recognised technique for the characterisation of bulk and dispersed liquid crystals
and other colloidal structures in solution as it provides non-invasive morphological
information of structures.® Typically, SAXS with a scattering angle (8) of less than 10°,
provides structural information for samples in the size range of one to several hundreds
of nanometres in size. Moreover, synchrotron X-ray source delivers higher flux than
regular bench-top instruments, which enables probing of structures in a time resolved
manner. As such, synchrotron SAXS was the primary technique used throughout this
thesis to elucidate the structural evolution of these lipidic self-assembled systems in

real-time.

SAXS experiments probe the LC structure with a well-collimated X-ray beam at
a specific wavelength (1), which is then scattered according to the distribution of
electron densities in the samples. The variations in the intensity of the scattered X-rays
are measured as a function of the scattering angle (0), which results in a unique
scattering pattern.9 These scattering patterns can be described using the Bragg’s Law;

Equation 1:
2d sinf = ni (1)

Where d represents the interplanar spacing and n is an integer. The angular
scattering intensity provides morphological information on the structures with a spatial
dimension. The scattering pattern is often expressed as a plot of intensity versus the

magnitude of the scattering vector, q, by Equation 2 and these plots were reduced with
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the use of the in-house developed software package, scatterBrain". A silver behenate

standard (d-spacing = 58.38 A) was used for the q range calibration.
q = 4THSL'n(H/Z) (2)

The relative positions and spacing of the Bragg peaks correlate to fixed Miller
indices, which are used to identify the phase structures present.? The scattering vector
at which the peaks occur is then used to calculate the interplanar spacing, d, between

two reflecting planes of the liquid crystal phase according to Equation 3:

d=2m/q (3)

The mean lattice parameter of a system is a measure of the internal phase
structure and can be calculated using the calculated d value, the absolute position of
the peaks and applying the appropriate scattering law for the phase structure present as
shown in Table 1, with the exception of the inverse micellar phase (L.), which is

evidenced by a broad peak between 0.15 and 0.20 A.

Table 1 SAXS reflection laws of liquid crystal mesophases that was investigated
Name Space Group Spacing Ratios
Lamellar phase Le 1:2:3:4

Diamond Pn3m V2:v3:Y4:46
Bicontinuous cubic phase (V)

Primitive Im3m V2:v4:46:48
Inverse hexagonal phase (H.) P6m 1:V3:v4
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A global change in temperature cannot be detected upon irradiation of these
systems because the localized heating that causes changes in lipid packing is rapidly
dissipated through the material. In time-resolved measurements, the photothermal
effect requires the use of the apparent temperature (Tapp). By utilising the lattice
parameters calculated from the temperature-dependent equilibrium data, a calibration
plot of the lattice parameter vs. temperature can be used to convert the effect of
irradiation on the lipid systems to Tapp.”> The calculated Tapp acts as a measure of
disruption of lipid packing during irradiation, which is used to compare the magnitude
of change in lipid packing and effectiveness between the different near-infrared actuator

incorporated lipid systems.

a) Equilibrium experiments
The equilibrium lyotropic phase behaviour of LC systems have been well studied as
these systems can often be dispersed to form nanoparticles which retains the internal
structure of the nondispersed phase. As such, the equilibrium phase behaviour in an
excess of water were first investigated to confirm the nanostructures and the phase
transition temperature, which may vary due to the use of different sources of
phospholipids. The equilibrium experiments was also used to determine whether the
concentration of the added NIR-responsive actuators will affect the general phase
behaviour of the phospholipids. Briefly, the structure of dispersion samples were
determined with increasing temperature from 25 to 8o °C. The samples were allowed to
equilibrate for 10 min for every 5 degrees interval. One second acquisitions at 100 % flux
was used to ensure full resolution of peaks. The equilibrium results were then used to

construct a calibration plot for use in dynamic experiments.

b) Dynamic experiments
Dynamic experiments were conducted to monitor the change in structure upon NIR
irradiation. A Class IIIB fibre coupled laser system (Changchun New Industries, China)
with the power output at 400 mW and a wavelength (A) of 808 nm was used to
illuminate the samples externally. The acquisition time was reduced to 0.1 s at 20 % flux
to avoid radiation damage from the synchrotron beam during data accumulation. Data

was obtained at intervals of every 8-10 s data for up to 8 min in order to have a time-
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resolved indication of the effect of irradiation upon nanostructure. No change in
structure was observed for blank phospholipid samples when exposed to the same dose
of X-ray radiation. The SAXS scattering patterns were acquired before, during and after

near-infrared activation.

2.2.2.2.Cryogenic transmission electron microscopy (cryo-TEM)

Cryo-TEM was used to verify the nanostructure formed by the different phospholipid-
based dispersions with and without NIR responsive elements. Cryogenic method was
chosen over normal TEM as it avoids introducing artefacts that can form during sample
preparation such as the staining, fixation and adsorption process. Cryo-TEM is a
common technique used to visualise the nanostructure of self-assembled systems. The
images captured the disposition of the NIR-responsive agents relative to the lipid bilayer
and confirmed the vesicular morphology in the absence of Bragg peaks in the SAXS data.
The cryo-TEM experiments were conducted by Associate Professor Eric Hanssen at the
Bio21 Molecular Science and Biotechnology Institute (Melbourne). This technique
requires the sample to be vitrified to preserve their structure in their native
environment. Briefly, dispersed samples are loaded on a carbon grid supported by a
copper grid. The sample is then blotted dried to obtain a thin liquid film, which is then
immediately quenched in liquid ethane at -180 °C and transferred to liquid nitrogen at
-196 °C to ensure immediate vitrification. The grid is then viewed by electron
microscopy at low doses to prevent sample damage. The detailed method can be found

in Chapter Five, section 5.6.

2.2.3. Drug release experiment
Current methods that have been used to measure drug release from lipid-based systems
includes the use of dialysis and pressure ultrafiltration. Both methods utilise a
membrane with a specific molecular weight cut-off (MWCO) to separate the smaller
free drug molecules from the lipid carriers that are generally 100 nm in size. A recent
release study using dialysis found that ex vivo transport experiments showed slower
ranibizumab transport kinetics in comparison with in vitro results.B It is expected that
greater difference will be seen in vivo as the release obtained using equilibrium dialysis

is often dictated by diffusion through the artificial membrane. Samples are removed

41



Chapter Two

from the receptor compartment at appropriate time intervals, generally in hours or days,
making it difficult to resolve the actual release of drug from the delivery system. As a
consequence, pressure ultrafiltration that utilises a constant stream of inert gas to apply
pressure at a constant flow rate of around 1 mL/min, provides benefits over the
commonly use dialysis methods.’* However, the temporal resolution of the pressure
ultrafiltration method is limited by the time, which is in the order of minutes, taken to
remove a sample of sufficient volume for analysis. Generally, to ensure that the
concentration of drug in the ultrafiltrate sample is representative of that in the free
solution, the initial volumes are discarded which will be the void volume of the
apparatus. Although both techniques have been used previously, it was deemed

unsuitable for the release studies of aflibercept.

The main problems encountered using the above method was co-elution of the
liposomes and aflibercept. Aflibercept is a dimeric glycoprotein with a protein
molecular weight of 96.9 kD (C438He788Nu6401304552, 2 X 431 amino acids). It contains
approximately 15% glycosylation to give a total molecular weight of 15 kD. A MWCO of
over 100 kD not only allowed the drug to cross through the membrane, but also the
liposomes, which are polydispersed soft materials. Therefore, an alternative purification
method was designed in order to conduct a release experiment that can selectively

separate and quantify free aflibercept.

Affinity chromatography is a common technique used to purify anti-bodies. The
method designed to separate the free aflibercept utilises Protein A Spin Trap (GE
Healthcare Australia Pty. Ltd., Australia). Each spin unit consist of a small scale pre-
packed column with Protein A Sepharose™ High Performance resin designed for rapid
purification of IgG antibodies due to the high affinity for the Fc portion. Free aflibercept
with exposed Fc portion binds to Protein A, allowing the aflibercept-encapsulated
carriers to be separated and collected for further activation studies. The general method
is summarised in Figure 2.1. Briefly, the process involves incubating the liposomal
dispersion to allow binding of the free aflibercept to Protein A in PBS pH 7.4. After
collecting the encapsulated liposomes, the free aflibercept can then be eluted using 400
pL of the acidic debinding buffer. To preserve the integrity of the protein, the eluate is

collected into 100 pL of neutralising buffer. The neutralised eluate is then quantified
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using UV-Vis spectrometry at 280 nm, which measures the aromatic amino acids

(mainly tyrosine and tryptophan) in the protein.

Although Enzyme-Linked Immunosorbent Assay (ELISA) is commonly used to
determine the efficacy of anti-VEGF drugs, it was not used in this experiment. ELISA is
a convenient and precise method with commercial products such as the Invitrogen
Human VEGF ELISA kit (Life Technologies, USA) that is readily available with a
sensitivity of <5 pg/mL. However, each assay will typically take 4 h to perform and the
presence of anti-VEGF drugs may interfere with the measurements.”> Therefore, UV-Vis
spectrometer was used in this instance as the absorbance data can be obtain within

minutes. The full experimental method can be found in Chapter Five, section 5.4.3.

Step 1. Remove storage solution Step 2. Equilibrate Step 3. Separate loaded liposomes

—_—

— I
— 1. Resuspend medium ‘
3 4

Equilibrate column with ‘LH.J<] 1. Incubate 250 pL dispersion
(',JI 2. Detach & save bottom cap 400 p‘L PBS pH 7.4and |L 1 for 4 min while mixing
= the buffer was removed 2. Centrifuge for 30 s at 100 x g
= by centrifugation prior b - *Collect loaded liposomes*
' to binding <

NB. Secure caps tightly

Step 4. Wash Step 5. Elute bound Eylea Step 6. Eluate is measured

using UV-Vis spectrometer

Eylea standard cure

Remaining loaded

ar

liposomes were washed 4l 1. Add 400 pL 0.1 M glycine pH f:
with 400 ML PBS pH 7.4 \‘] 2.7 & mix by inversion Foa

) and collected after \ /.J 2. Centrifuge and collect eluate g:‘. - T
centrifugation = ] into 100 plL 1M Tris-HC| pH 8.8 i

xe Cascrstretion el

The mass of bound Eylea was calculated

NB. Repeat elution steps five times from the absorbance at 280 nm

NB. Repeat wash steps five times

Figure 2.1 Schematic of drug release experiment for aflibercept (Eylea®).

Table 2 The concentration and pH of the buffers used in the release studies.
Binding Buffer Phosphate buffered saline (PBS), pH 7.4 (See 2.1.3)
Debinding Buffer 0.1 M glycine-HCI, pH 2.7
Neutralising Buffer 1M Tris-HCl, pH 9.0
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Prologue to Chapter Three

Chapter Three

Phospholipids can be rendered photo-responsive with gold nanorods, allowing external

activation of drug release that can be used in various applications such as ocular

delivery. This chapter introduces the potential of a phospholipid-based system that was

recently reported to exhibit the desirable phase behaviour for stimuli-responsive drug

release and the work presented has been published as: Dy, J. D.; Fong, W.-K.; Salentinig,
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3.1.  Abstract
The manipulation of the structure of phospholipid-based mesophases to induce a slow
to fast drug release profile has potential for use in therapeutic situations where
continuous absorption of drug is not desirable and, to reduce the frequency of injection
for short acting or rapidly cleared drugs in treatments for diseases such as macular
degeneration. This study had two aims; firstly to confirm the phase behaviour of 20
mol% cholesterol in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE),
which was previously reported to transition from lamellar (slow release) to bicontinuous

cubic (fast release) phase with increasing temperature. Contrary to literature, no
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bicontinuous cubic phase was observed but a transition to the inverse hexagonal phase
occurred at all POPE:cholesterol ratios investigated. The second aim was to render these
mesophases responsive to near-infrared laser (NIR) irradiation by incorporation of gold
nanorods (GNR) incorporated into the POPE system to induce photothermal heating.
The inclusion of 3 nM GNR in POPE systems induced reversible disruption of lipid
packing equivalent to increasing the temperature to 55 °C when irradiated for 30 s. This
study confirmed that although the previously published phase behaviour was not
correct, GNR and NIR can be used to manipulate the self-assembled mesophases in
phospholipid-based systems and highlights the potential for a phospholipid-based

light-activated drug delivery system.

3.2. Introduction

Many amphiphilic lipids such as phospholipids and monoglycerides spontaneously self-
assemble to form ordered thermodynamically stable liquid crystalline (LC) mesophases
in excess water. Lipid-based LC systems have been gaining interest in the field of drug
delivery, the most common being the lamellar (L) phase which forms nanoparticles,
termed liposomes, when dispersed. Liposomes composed from phospholipids are
suitable drug delivery vehicles as they are biocompatible, possess low toxicity and can
encapsulate both hydrophilic and lipophilic drugs.' However, their rapid clearance from
circulation by mononuclear phagocyte system (MPS) limits their utility in vivo.
Polyethylene glycol (PEG) grafted lipids are often used to provide a non-fouling coating
to the nanoparticle to inhibit protein binding and reduce non-specific removal from the
circulatory system by decreasing uptake by MPS.? The consequent long circulation
behaviour can assist particle uptake through the leaky vasculature in tumours, termed
the enhanced permeation and retention (EPR) effect. The nanoparticles can readily
permeate and be retained within the tumour site due to the poorly formed leaky
vasculature with gaps up to several hundreds of nanometres in size and compromised
or absent lymphatic drainage.3 There is increasing evidence that the EPR effect may be
relevant not only in tumour tissues but also in inflammation.> 4 Hence, having a stimuli-
responsive element included in stealth particles to activate release at a specific location

may provide improved selectivity and reduce toxicity. In order for this LC system to be
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more responsive, it is critical to actively control the rate of drug release, which may be

achieved through the manipulation of self-assembled nanostructures.

Previous studies have shown that the nanostructure of the mesophase in self-
assembled lipid systems is important in determining the drug release rate due to the
state of the aqueous channels being either open or closed.> The inverse hexagonal (H.)
phase displays a slower release than the bicontinuous cubic (V,) phase due to the
smaller water channels and closed rod-like micellar structure.> ¢ Likewise, the closed
nature of the Ly phase when it is dispersed as liposomes, enables the encapsulation of
drug, and is expected to provide slow or no drug release in comparison to the V. phases.
Thus, it is hypothesised that through the manipulation of the self-assembled
nanostructure from Ly to V, phase, drug release can be triggered to switch “on” and “off”,
and may have potential in providing external control over drug delivery. Consequently,
systems that can be triggered to exhibit this phase behaviour may be particularly useful

for on-demand drug delivery.

Temperature has been used as a stimulus to induce transitions between LC
structures and has provided an avenue to manipulate drug release.”? However, there is a
major limitation to using temperature directly as the stimulus, as there is no specificity
in the heat source which leads to a high potential for accidental activation of drug
release. Previous studies have shown that incorporation of gold nanorods (GNR) into
the lipid matrix can provide remote heating through the photothermal effect and trigger
the phase transitions upon near-infrared (NIR) irradiation.® NIR radiation has been
reported to penetrate tissues up to 50 mm deep,® suggesting a light-sensitive LC system
has potential for various applications such as ophthalmic, subcutaneous and deeper
tissue applications. Hence the broad aim of this study was to develop LC systems which
will undergo the lamellar to cubic phase transition when stimulated with a NIR laser

(Figure 3.1).
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Figure 3.1 Schematic of desired liquid crystalline system with a phase transition
from lamellar phase (L«) to bicontinuous cubic phase (V.) and its corresponding drug

release profile controlled using NIR laser and GNR.

In previous studies, GNR were embedded in phytantriol cubic phase and
irradiated with NIR however, the reversible transition from V, to H, obtained provides
a fast to slow drug release profile, which is not useful for stimulated drug delivery
purposes.® Therefore, it is necessary to explore other lipid systems. It was reported that
the 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) + cholesterol
system in water transitions from Ly to either H, or V, phase with increasing temperature
depending on cholesterol content (Figure 3.2)° Specifically, as reported in the literature
phase diagram in Figure 3.2, a system containing POPE with 20 mol% of cholesterol was
expected to exhibit a Ly to the diamond V, phase (Pn3m with the ratio of reciprocal d-
spacing of v 2:v3:v 4:v6:48:v9:v10) at approximately 6o °C (represented by the
arrow in Figure 3.2), which should exhibit the desired drug release profile, and
PEGylation of the lamellar particles should provide favourable circulation behaviour.
Hence in this study, the phase behaviour of these lipid systems was evaluated using
small angle X-ray scattering (SAXS) at equilibrium and dynamically using time-resolved
synchrotron SAXS observed the effect of photothermal heating via NIR activation of
encapsulated GNR. The equilibrium phase diagram for the POPE + cholesterol in water
systems was first investigated to determine the robustness of the baseline phase
behaviour with different source of POPE and cholesterol. The effect of subsequent
addition of PEG-phospholipid to the lipid mixture on the phase behaviour was then
evaluated and finally, the responsiveness of the system on incorporation of GNR to NIR

irradiation was then demonstrated.
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Figure 3.2  Literature phase behaviour of the POPE + cholesterol system in excess
water with increasing cholesterol (mol% cholesterol in POPE + cholesterol mixture).

Reproduced with permission from Ref®.

3.3. Materials and Methods
3.3.1. Materials
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (PEG-DSPE)
was purchased from Avanti Polar Lipids (Alabaster, USA). Cholesterol was purchased
from Sigma-Aldrich (St. Louis, USA). Methyl conjugated Gold NanorodzTM with an
aspect ratio of 4.2 (length, 42 nm; width, 10 nm) were purchased from Nanopartz
(Loveland, CO). The measured surface plasmonic resonance (SPR) is 825 nm.
Phytantriol (3,7,11,15-tetramethylhexadecane-1,2,3-triol) was a gift from DSM Nutritional
Products (Kaiseraugst, Switzerland), with a minimum purity of 95%. All materials were
used without further purification. Sodium chloride (Chem-Supply, Australia), di-
sodium hydrogen orthophosphate and potassium dihydrogen orthophosphate (APS
Ajax Finechem, Australia) and HCI (1M) (Merck, Australia) were of analytical reagent
quality. Water used in these studies was obtained from a Millipore Milli-Q purification
system (Billerica, USA). Phosphate buffered saline (PBS) was prepared by dissolving 8.0
g of sodium chloride, 0.19 g of potassium dihydrogen phosphate and 2.38 g of disodium

hydrogen phosphate in sufficient water to produce 1000 mL and the pH adjusted to 7.4.
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3.3.2. General procedure for LC preparation

Lipids were weighed in the appropriate mole ratios (0-40 mol% cholesterol in POPE +10
mol% PEG-DSPE) dissolved in chloroform. The mixture was then dried under a stream
of nitrogen gas for 3 hr, then under vacuum overnight at 40°C to ensure complete
removal of solvent. The lipid mixture was then hydrated in a 201 (w/w) ratio (for
dispersion) or a 1:1 (w/w) ratio (for bulk) with PBS and was allowed to equilibrate for
>24 hr before investigation using SAXS. Gold nanorod solution was diluted with PBS to

0, 0.3 and 3 nM concentration and was added to the dried bulk lipid sample.

3.3.3. Phase characterisation of POPE and cholesterol systems

The LC structures were assessed using small angle X-ray scattering (SAXS) to
qualitatively identify and confirm the internal nanostructure formed from various lipid
compositions. SAXS measurements were performed at the SAXS/WAXS beam line at
the Australian Synchrotron.” The synchrotron X-ray beam was tuned to a wavelength
of 1127 A (1.0 keV) at a camera to detector distance of 1034.97 mm which gave the g-
range 0.0176 < q < 1.016 A7, where q is the length of the scattering vector, defined by q =
(41/A) sin(0/2), isthe wavelength and 8 the scattering angle. A silver behenate standard
(d-spacing = 58.38 A) was used for the q range calibration. The 2D SAXS patterns were
acquired within 1 s using a Pilatus 1M detector with active area 169 x 179 mm? and with
a pixel size of 172 um. Equilibrated dispersion samples were transferred into 1.5 mm
diameter glass capillaries, placed in the temperature controlled capillary holder and the
SAXS profiles were determined with increasing temperature. Acquisition time for
equilibrated samples was 1s. Bulk samples were used in dynamic activation experiments
which allow detection of phase changes when stimulated using NIR in real time. A Class
IIIB fibre coupled laser system (MDL-808) with the power output at 400 mW at a
wavelength A = 808 nm (Changchun New Industries, China) was mounted 20 cm from
the sample at a tangential angle to the X-ray beam and samples were illuminated
remotely by a computer control system. Scattering patterns were acquired for 1 s, every
10 s for 2 min. The two dimensional scattering patterns were integrated into the one-
dimensional scattering function I(q) using the in-house developed software package
scatterBrain. Scattering curves are plotted as a function of relative intensity, I, versus q
and phase structures were identified by indexing the Bragg peaks to known relative
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spacing ratios.'> The apparent temperature (Tapp) of the matrix during irradiation in the
presence or absence of GNR was determined using a ‘calibration’ plot of the lattice

parameter vs. temperature of the matrix from the equilibrium SAXS results.®

3.4. Results and Discussion

3.4.1. Phase behaviour of POPE and cholesterol dispersions

The phase diagram for the POPE and cholesterol systems in excess aqueous solution
was determined using SAXS (Figure 3.3). The lamellar (L) phase in excess water was
found to transition to the inverse hexagonal (H.) phase in excess water with increasing
temperature and the phase transition temperature reduced with increasing cholesterol
concentration. From the literature (Figure 3.2), POPE with cholesterol in the
concentration range between 10-30 mol% was reported to transition from Lq to V. at
approximately 60 °C; in this study, the V. phase was not observed.'* On reflection, there
are apparent inconsistencies between the SAXS profiles presented by Wang et al
reproduced in Figure 3.4A. The figure shows coexisting phases from around 50 °C up to
the highest temperature, which is not reflected in the derived phase diagram,

dominated by the single L, phase (Figure 3.2).

Additionally, an unusual peak in Figure 3.4A can be noticed at high temperature
and was indexed as a peak that corresponds to the V, phase. However, this peak was not
observed in recent data (Figure 3.4B) suggesting that the unusual peak may be an
artefact of impurities in the sample or a detector/integration anomaly, resulting in
inaccurate phase identification. The pure POPE sample was found to transition to the
H. phase above 70 °C, as previously reported. The addition of 20 mol% of cholesterol
provided a similar effect to that on addition of 2.5 mol% of vitamin E, such that the H,
peak first appeared at 44 °C.B This implies that cholesterol, like vitamin E, is able to
reduce the transition temperature to close to physiological temperature.’> 4 This is
unfavourable in this drug delivery system as an unintentional phase transition may
occur in vivo. Therefore, subsequent dynamic studies were conducted with POPE alone

without added cholesterol, where the phase transition occurs at higher temperature.
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Figure 3.3  Phase behaviour of the POPE + cholesterol system in excess water with

increasing cholesterol (mol% cholesterol in POPE + cholesterol mixture) in this study.
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Figure3.4  Small-angle X-ray scattering profiles for 20 mol% cholesterol in POPE
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annotations of peaks in Figure 3.4B indicate the lamellar phase at low temperatures
(peaks at spacing 1, 2, 3, 4), and the inverse hexagonal phase at high temperature (1, V3,
V4).
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3.4.2. Effect of PEG-lipid in POPE dispersions

As mentioned, polyethylene glycol (PEG) grafted lipids can be incorporated into
liposomes to assist in targeted drug delivery and longer circulation of rapidly cleared
drugs. Therefore, the effect of addition of PEG-DSPE at 10 mol% to the POPE system
was also investigated. This level of PEG-lipid is commonly used to provide a ‘stealth’
coating for liposomes as it has been shown to decrease MPS uptake by 90%.' The
addition of PEG-lipid was found to facilitate dispersion and stabilize the Ly phase. POPE
with 20 mol% of cholesterol formed the H, structure at approximately 30°C, 40°C lower
than pure POPE. With the addition of PEG-lipid, both POPE systems with and without
cholesterol formed the L. phase. Unexpectedly, both systems did not exhibit the phase
transition to Hz phase at high temperatures (Figure 3.5) despite the differences in phase
transition temperature, suggesting that the Ly phase was highly stabilized due to the
addition of the PEG-lipid. It should also be noted that the Ly peaks became more defined
with increasing temperatures suggesting that multi-lamellar structures were likely to be
present. The critical packing-parameter (CPP) concept can be used to understand how

the Lo phase was formed using Equation 1,

Equation 1: CPP = 21

Vs
Qo

Where, Vs is the hydrophobic chain volume, a, is the head group area and [ is
the hydrophobic chain length.’> The geometry of the POPE formed lamellar structure
(1/2 = CPP < 1) due to the double hydrophobic tail, whereas the geometry of the PEG-
lipid form more spherical micellar structures (CPP < 1/3) since the a,is large. At higher
temperature, the steric repulsion of the large PEG-lipid head group decreases,

increasing the CPP, causing more ordered lamellar structures to form.
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3.4.3. Effect of GNR on phase behaviour without irradiation in bulk

liquid crystalline systems

The effect of GNR incorporation on the equilibrium phase behaviour of the bulk LC
systems was evaluated in order to be able to quantify the effect of laser-activated
photothermal heating.® The phytantriol LC system was used to compare the effect of
incorporating the hydrophilic GNR with previous studies using hydrophobic GNR.
Consistent with previous literature,® the presence of GNR did not substantially change
the lattice parameter, phase structure or transition temperature for the phytantriol
system despite the difference in hydrophobicity (SI 1 and 2). Likewise, the addition of
GNR to the POPE system did not significantly influence the phase behaviour of the
matrices as illustrated in Figure 3.6A, as all three matrices transitioned from Lq to H.
phase upon an increase in temperature. The incorporation of GNR did however have a
subtle effect on the phase transition temperature causing the formation of a region of
coexisting L. and H, phases in excess water to occur at lower temperature
(approximately 5 °C lower) and broadening of the temperature range for the mixed
phase region. The lattice parameters vs. temperature calibration plots for determining
the apparent temperature on laser irradiation are shown in Figure 3.6B. A noticeable
difference was observed in the lattice parameter for the H. phase of the POPE systems
at high temperature, but not for the L. phase (Figure 3.6). This suggests that the changes
in lattice parameter for the H2 phase are affected by the addition of GNR, although the
exact relationship with change in GNR concentration is not yet clear. The calibration
curves can thus be applied to any GNR concentration up to 3 nM to estimate the
apparent temperature of the matrices during irradiation in the L. phase region, or at the

specific concentrations measured in the H, region.
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3.4.4. Effect of NIR irradiation
The effect of irradiation of the matrices containing GNR on the nanostructure of the LC
systems was finally evaluated using time-resolved SAXS. Figure 3.7 illustrates that

incorporation of GNR imparted photo-sensitivity to the lipid systems.
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Figure 3.7  Effect of NIR laser irradiation on apparent temperature (Tapp) of the POPE

system in excess water containing o nM (®) and 3 nM () GNR.

In the absence of GNR, the Ly phase was observed for the POPE systems in excess
water on irradiation, precluding non-specific heating by the laser, which is consistent
with previous studies.® Inclusion of a low concentration of GNR (0.3 nM) in POPE did
not induce a change in phase structure on irradiation (see SI) therefore a higher
concentration (3 nM) was used in further experimentation. For the POPE system in
excess water, a photothermal heating effect was observed, and 30 s of irradiation
induced disruption of lipid packing equivalent to increasing the apparent temperature
to 55 °C. The duration of irradiation required to achieve this level of disruption was
much greater than previous reports for the phytantriol system.® This may be due to the
use of different GNR functionality and/or difference in heat capacity of the material.*®
It has been reported that the GNR can be tuned by varying the size and aspect ratio of
the gold nanoparticles to absorb at a specific wavelength,”” which will allow
optimization of the photothermal effect and prevent accidental activation. In this study,
the SPR peak of the GNR was measured to be 825 nm (SI 3), meaning that the
photothermal heating is expected to be less effective when irradiated using the 808 nm

NIR diode laser.
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The study was further extended to investigate the reversibility of POPE, PEG-
lipid and GNR system in excess water. Figure 3.8 clearly shows that the nanostructure
of the mesophase pre-irradiation is of Ly phase at 30 °C. Upon irradiation, the system
retained its Ly structure until 20 s of exposure. The peaks are broad in the dynamic study
due to the lack of time for the structures to fully equilibrate. It is also evident that the
peaks corresponding to the H2 phase are forming at 20 sec. By utilising the lattice
parameters calculated from the equilibrium phase behaviour, the Tapp of the matrix at
different irradiation times were calculated. The presence of H, peaks corresponds to a
Tapp of 70 °C. Therefore, 20 s of irradiation was shown to induce an increase of about
40°C in the PEGylated POPE and GNR system. Upon cessation of irradiation, the system
returned only partially to the initial L« phase however, complete reversibility of the
system was not observed suggesting further equilibration time may be necessary due to
a supercooling effect as reported previously.®® PEGylation was incorporated as it may
increase the residence time of the phospholipid-based carriers when delivered to the
site of inflammation, such as the macula for age-related macular degeneration.
However, PEGylation negates the phase transition upon heating and may not be

necessary when delivering intravitreally.
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Figure 3.8 SAXS scattering data for POPE and PEG-lipid system in excess water with
3 nM GNR at equilibrium temperatures (30, 55 and 70 °C) and after NIR irradiation.
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3.5. Conclusion

This study presents the phase behaviour of the cholesterol / POPE system in excess
water. Contrary to previous reports, the H2 phase was observed rather than the reported
L« to V, phase transition between 10-30 mol% cholesterol. The addition of cholesterol
(20 mol%) was shown to reduce the transition temperature by 40°C when comparing to
the pure POPE + water system. The addition of PEG-lipids to the POPE system in excess
water facilitated dispersion and stabilized the L. phase. Addition of a low concentration
of GNR to the phospholipid systems imparted photo-sensitivity without compromising
the integrity of the mesophases. The phase transition resulting from the photothermal
heating was reversible for the non-PEGylated POPE + water system. These findings
suggest the potential of this biocompatible composition as a photo-responsive system

suitable for drug delivery.
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3.8. Supplementary Information
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Figure SI 3.1 Effect of GNR on equilibrium structure of PHYT bulk system.

a) Temperature dependent phase diagram and b) the lattice parameter of the lipid
systems in the presence of o nM (©), 0.3 nM (v) and 3 nM (©) GNR is plotted against

thermostat-controlled temperature. Corresponding phases are indicated as follow:

dashed line for H, phase and a solid line for V, phase.
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Prologue to Chapter Four

Near-infrared (NIR) light is the safest source for ophthalmic applications. There are
many NIR-responsive agents investigated to control the release of drugs from lipid
carriers because the localised photothermal heating would not affect the surrounding
tissues of the eye. However, their photothermal effect is often limited due to their size.
In this chapter, a molecular photosensitiser and the currently used nanosized NIR-
responsive agents were incorporated into established lipid platforms, including the
POPE+Chol system mentioned in Chapter Three, to compare the photothermal effect
in hope to overcome the existing limitations. Although the phase behaviour of the lipid
platforms investigated in this chapter is not ideal for on-demand drug delivery, the
photo-activated phase transitions were found to be reversible suggesting the potential
for the agents investigated to be useful photoactuators. This chapter contains a
reproduction of the following publication: Du, J. D.; Hong, L.; Tan, A.; Boyd, B. J,,
Naphthalocyanine as a New Photothermal Actuator for Lipid-Based Drug Delivery
Systems. Journal of Physical Chemistry B 2018, 122 (5), 1766-1770.
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4.1. Abstract

One approach to address the substantial global burden of ocular diseases such as aged
related macular degeneration is using light-activated drug delivery to obviate the need
for highly invasive and frequent need for costly intravitreal injections. To enable such
systems, new light responsive materials are required. This communication reports the
use of silicon 2,3-naphthalocyanine bis(trihexylsilyloxide) (SiNC), a small molecule
photosensitiser as a new actuator for triggering light responsive lipid-based drug
delivery systems. Small angle X-ray scattering was used to confirm that the addition of
SiNC imparted light sensitivity to the lipid systems, resulting in a complete phase
transition within 20 s of near infrared irradiation. The phase transition was also
reversible, suggesting potential for on-demand drug delivery. When compared to the
phase transitions induced using alternative light responsive actuators, gold nanorods
and graphene, there were some differences in phase behaviour. Namely, the phytantriol
with SiNC system transitioned directly to the inverse micellar phase, skipping the

intermediate inverse hexagonal structure. The photodynamic properties and efficiency
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in controlling the release of drug suggest that SiNC-actuated lipid systems have

potential to reduce the burden of repeated intravitreal injections.

4.2. Introduction

Age-related macular degeneration (AMD) is a chronic eye disease that requires bi-
monthly intravitreal injections to deliver inhibitors of the vascular endothelial growth
factor (anti-VEGF) to slow the neovascularization that causes irreversible vision
impairment and blindness in patients.! The highly invasive, frequent and costly
treatments are a substantial global burden, estimated to affect 196 million older people

by 2020, increasing to 288 million by 2040.2

Considerable efforts have been directed towards reducing the burden of the
current anti-VEGF treatment.3# Lipid-based liquid crystalline nanostructures including
the lamellar phase (Lo), bicontinuous cubic phase (V,), inverse hexagonal phase (H.)
and inverse micellar phase (L) are of increasing interest for ophthalmic delivery due to
their biocompatibility and the ability to control drug release. Depending on the state of
the aqueous channels being either open or closed, the release of encapsulated drugs can
be either fast or slow, respectively.57 The inverted phase structures are of particular
interest in drug delivery applications due to their potential for encapsulation of
hydrophilic compounds in the internalized aqueous compartments, and because of
their thermodynamic stability to dilution, which together confer favourable controlled

release properties.

Recently, photo-sensitive ‘actuators’ have been incorporated into these
structures to control the rate of drug release through manipulation of the nanostructure
via an external light source.3'> Materials that have a strong absorbance in the near-
infrared (NIR) region are of particular interest as near infrared light can safely penetrate
biological tissues due to its low absorption coefficient with water, lipids, and
haemoglobin, and the penetration depth of up to 50 mm deep suggests potential for
activation of systems implanted into the back of the eye. Several nanosized
photothermal agents including gold nanoparticles’3’> and graphene derivatives® have
been explored as actuators as they can be tuned to absorb light in the NIR range and

have been shown to efficiently convert the light into thermal energy to exhibit a change
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in the lipid structure. However, these particle-based actuators present problems with
uncertainty about their location relative to the lipid material'7*® or aqueous phase®, and
the potential for the nanosized agents to dissociate after administration, resulting in a

reduction of the photothermal effect and limiting the practicality of these materials.

Naphthalocyanine is a low molecular weight photosensitiser currently under
investigation as a potential fluorescence imaging and phototherapeutic agent.’93 It is
hypothesized in this study that this small molecule photosensitiser will be embedded
within the lipid structure to elicit a photothermal effect similar to other known
nanosized agents, enabling activated release of encapsulated anti-VEGF therapy. This
determines the potential use of SiNC as an actuator in two heat-sensitive lipid systems
based on phytantriol (3,7,11,15-tetramethylhexadecane-1,2,3-triol)?42¢ and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine mixed with cholesterol (POPE)?7, that were
previously investigated using particle-based photothermal agents. Phytantriol forms a
bicontinuous cubic phase in excess water which transitions to an inverted hexagonal
phase at elevated temperatures, while the POPE system transitions from a lamellar to

an inverted hexagonal phase at elevated temperatures.

4.3. Materials and Methods
Phytantriol (PHYT; 3,7,11,15-tetramethylhexadecane-1,2,3-triol) was purchased from
DSM Nutritional Products (Kaiseraugst, Switzerland). 1-Palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine (POPE) was purchased from Avanti Polar Lipids (Alabaster,
USA). Silicon 2,3-naphthalocyanine bis(trihexylsilyloxide) (SiNC) and cholesterol were
purchased from Sigma-Aldrich (St. Louis, USA). Lipid dispersions were prepared by
dissolving PHYT with 5 mol% SiNC and POPE with 20 mol% cholesterol and 10 mol%
SiNC in THF and the solution was then dried under a stream of nitrogen gas for 3 h,
then under vacuum overnight at 50 °C to ensure complete removal of solvent. Blank
lipid samples were prepared in the same manner without SiNC. The peak absorbance of
SiNC in lipid systems was observed around 790 nm (Refer to Figure SI 4.1). The lipid
film was then hydrated in a 20:1 (w/w) ratio with PBS containing 1 w/w% Pluronic® F108

stabiliser at pH 7.4. The lipid dispersions were allowed to equilibrate for 24 h before
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investigation using small angle X-ray scattering (SAXS) at the Australian Synchrotron

to qualitatively identify the internal nanostructure formed in situ.?®

The synchrotron X-ray beam was tuned to a wavelength of 0.954 A (13.0 keV) at
a camera to detector distance of 964.4 mm which gave the g-range of the scattering
vector from 0.0176 to 1.016 A, A silver behenate standard (d-spacing = 58.38 A) was used
for the q range calibration. For equilibrium measurement, samples were transferred into
1.5 mm diameter glass capillaries and the 2D SAXS patterns were acquired using a
Pilatus 1M detector with active area 169 to 179 mm? and with a pixel size of 172 um. For
the temperature-dependent results, the samples were placed in a temperature-
controlled capillary holder, and heated from 25 to 8o °C at 5 °C intervals with
equilibration for 10 min at each temperature prior to acquisition. The acquisition time
was 1 s at 100 % flux. In time-resolved measurements, a Class IIIB fibre coupled laser
system (MDL-808) with the power output at 400 mW at 808 nm (Changchun New
Industries, China) was mounted 5 cm from the sample at a tangential angle to the X-ray
beam and samples in a temperature controlled capillary holder were allowed to
equilibrate for 10 min at 37 °C before they were illuminated remotely by a computer
control system. SAXS patterns were collected before, during and after laser activation.
The acquisition time was o.1 s at intervals of every 8-10 s at 20 % flux for 2 min to avoid
radiation damage from the synchrotron beam during data accumulation. The two
dimensional scattering patterns were integrated into the one dimensional scattering
function I(q) using the in-house developed software package, scatterBrain.? Scattering
curves are plotted as a function of relative intensity, I, versus q and phase structures
were identified by indexing the Bragg peaks to known relative spacing ratios.3°3' The
lamellar phase (L) shows reflections at spacing ratios of 1:2:3:4, bicontinuous cubic
phase (V) can be identified by the reflection spacing of v 2: v3: v 4:+ 6 (Pn3m),
inverse hexagonal phase (H.) has a spacing ratio of 1: v 3: v 4 and inverse micellar phase
(L,) is evident by a broad peak between 0.15and 0.20 A. The apparent temperature (Tapp)
of the lipid system during irradiation was determined using a calibration plot of the
lattice parameter vs. temperature using the temperature-dependent SAXS results,
where the lattice parameter is a measure of the internal phase structure calculated from

the relative peak positions.
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4.4. Results

The effect of NIR irradiation on the nanostructure was evaluated using time-
resolved small angle X-ray scattering (SAXS). After reduction to express the SAXS data
as intensity versus magnitude of the scattering vector, the structures were identified by
the spacing of the Bragg peaks and lattice parameters were calculated by the relative
positions of the peaks. Figure 4.1 illustrates the time dependence of NIR irradiation on
structure when SiNC is incorporated in the PHYT and POPE systems. The PHYT + SiNC
system (Figure 4.1A) transitioned from the bicontinuous cubic phase (indicated by the
indexed peak positions at v 2, v 3, ¥ 4, ¥ 6) to the inverse micellar phase (characterised
by the broad hump at q~o.17 A*) with less than 10 s irradiation, and reverted back to the
original cubic phase within 30 s of ceasing the irradiation. The POPE + SiNC (Figure
4.1C) system was less sensitive than the PHYT system, retaining the equilibrium Ly
structure (indicated by peaks at spacing ratios 1:2:3) until 20 s of irradiation. The system
converted to the H, phase, indicated by the peaks at ratios 1: v 3: v 4. Approximately
40 s after ceasing the irradiation, the H. transitioned back to the starting Ly structure.
No change in structure was observed upon irradiation for lipid systems without SiNC,

as evident in Figure 4.1B and D.

To better understand the dynamic behaviour of these systems, and to determine
any effect of the SiNC on self-assembly in the absence of NIR light, equilibrium
temperature ramps were conducted in the presence of SiNC, where the SAXS patterns
were acquired at fixed increasing temperatures, and the lattice parameter calculated for

the phases present at each temperature.
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The equilibrium phase behaviour of the PHYT-based cubic phase in the presence
of SiNC is seen in Figure 4.2A, where a phase transition from the V, phase to the L,
phase occurred at approximately 55 °C. Previous temperature ramps studied in the
absence of, and on inclusion of the hydrophobic gold nanorodsiy and graphene
nanosheets™ as the photothermal actuator showed an intermediate H, phase between
approximately 45 and 65 °C (Figure 4.2B and C). It is known that an increase in
temperature induces the formation of more hydrophobic structures due to an increase
in the effective volume of the hydrophobic tails.3> However, it is also known that the
formation of the H, phase is energetically disfavoured due to the requirement to fill
geometric voids at the vertices where hydrophobic tails meet in the structure between
the hexagonally packed water-filled rods.33> The transition directly to the L, phase
without transitioning through the disfavoured H, structure has been observed
previously for PHYT-based dispersions in the absence of hydrophobic additives,34 but
not for bulk phase samples which was the format for the comparator gold nanorod and
graphene containing systems. This suggests that SiNC does not act as a hydrophobic
additive, essentially leaving the packing of the lipids unaffected until irradiated with

NIR light.
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By utilising the lattice parameters calculated from the temperature-dependent
equilibrium data in Figure 4.2 as a calibration curve, the effect of irradiation on the
lipid systems can be converted to the apparent temperature (Tapp) of the lipid system at
each acquisition time (Figure 4.3). The Tapp is @ measure of disruption of lipid packing
under the stimulus, and allows comparison of efficiency (magnitude of change in lipid
packing) and effectiveness (required concentration) across different photoactuator
systems. It should be noted that a global change in temperature cannot be detected on
irradiation of these systems - the localised heating that causes changes in lipid packing

is rapidly dissipated through the material.

The magnitude of change in Tapp suggests that a much lower concentration of
SiNC might be able to be used to stimulate the phase transition of both PHYT and POPE
systems. The L, peak for the PHYT + SiNC system at 60 s of irradiation corresponded to
a Tapp of 80 °C (Figure 4.3A). Therefore, 60 s irradiation of the PHYT system with SiNC
induced an increase of approximately 40 °C, which is similar to the previously studied

PHYT + graphene system (Figure 4.3C).

Similar to the PHYT + SiNC system, the POPE + SiNC system showed a rapid
increase in Tapp of 40 °C within 30 s of irradiation (Figure 4.3B). The actuation by SiNC
in this case was more effective than inclusion of gold nanorods at 3 nM in past work,
which reached a maximum increase of 25 °C with 30 s of irradiation (Figure 4.3D). SiNC
is proposed to provide a greater photothermal effect as its photothermal effect can more
readily affect the lipid molecules as it is embedded within the lipid structure, whereas
the other actuators would suffer some dissipation of heat through the aqueous regions

and as a result, be overall less effective actuators.
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4.5. Conclusion
In conclusion, the molecular actuator, SiNC, was shown for the first time to impart
photothermal sensitivity to lipid systems. The SiNC-containing lipid systems required a
shorter irradiation time to elicit a complete phase transition than the equivalent systems
containing gold nanorods or graphene. The lipids studied in this communication were
selected because they are established platforms known to be responsive to other
photothermal stimuli. It is recognised however that their phase behaviour will result in
a release profile that is not ideal for on-demand drug release application, as they tend
to transition to the slow-releasing inverse hexagonal and inverse micellar phase
structures. An ideal release profile would be a lipid system that can transition from the
Ly to V, phase to exhibit a slow to fast release profile with an increase in

temperature/NIR stimulus, and such lipid systems are currently under investigation .
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Prologue to Chapter Five

Chapter Five

A stimuli-responsive system have potential to overcome the current limitation of anti-

VEGF treatment by reducing the costly, highly invasive and frequent intravitreal

injections. In this chapter, a phospholipid and fatty acid system was investigated as the

previous phospholipid-based system investigated in Chapter Three did not exhibit the

desired phase behaviour. To gain insight to the release profile of the phospholipid and

fatty acid system upon near infrared irradiation, aflibercept was encapsulated and the

release of aflibercept was evaluated using an affinity chromatography method. The work

is presented as a manuscript in preparation.
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5. Light-Activated Release of Aflibercept from a Phospholipid-
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5.1. Abstract

Intravitreal injections of aflibercept are currently used for the treatment of aged-related
macular degeneration. The treatment-associated burden reduces patient compliance
that can lead to blindness. This paper reports a light-sensitive phospholipid-based
system that can provide a more sustainable and less invasive treatment for this chronic
disease. The results confirms that the activation of incorporated near-infrared (NIR)
responsive agents, namely gold nanorods and silicon naphthalocyanine, can control the
release of aflibercept from phospholipid-based vesicles. The almost complete release of
aflibercept from the vesicles can be activated when exposed to 30 s of NIR irradiation
causing a phase transition to the bicontinuous cubic phase. The dynamic release of
aflibercept was quantified with the use of affinity chromatography, enabling rapid
analysis. Further studies are required to optimise the light-sensitive systems,
nonetheless, such a system has the potential to become less invasive and provide a depot

for controlled drug delivery over time.
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5.2. Introduction

Aflibercept (Eylea®) is a recombinant fusion protein consisting of the binding portion
of human VEGF receptor 1and 2 extracellular domains fused to the Fc portion of human
IgG1. Currently, aflibercept is used to treat neovascular age-related macular
degeneration (AMD) and is administered via intravitreal injection with a loading dose
of three monthly injections followed by a dose every eight weeks thereafter.! The
multiple intravitreal injections are necessary due to the high clearance rate from the
posterior segment of the eye, and as a consequence, the active exhibits short intraocular
retention time.>3 AMD is the most common chronic eye disease that causes blindness
in older adults residing in developed countries.# The disease causes degenerative
changes in the retinal pigment epithelial cells that promotes the development of chronic
inflammation in the retina and choroid.> Most severe vision loss occurs as the disease
progressively damages the retinal pigment epithelium due to choroidal
neovascularization at the site of inflammation. Aflibercept is a palliative treatment that
inhibits the action of vascular endothelial growth factor (VEGF), the predominant cause
of choroidal neovascularisation.® Although intravitreal injections are effective, they
have low patient compliance due to associated risks of other ocular problems and are
likely to be unsustainable due to the long term financial burden for the individual, their
families and the economy.” An on-demand controlled release delivery system can
address these limitations by extending the dosing frequency of aflibercept, while
reducing the frequency of the intravitreal injections and their corresponding treatment-

associated side effects.®

This paper proposes the use of a self-assembled phospholipid-based liquid
crystalline (LC) nanostructured particle that can be activated to release intravitreally
administered drugs when required. Specialised lipids self-assemble in aqueous
environments to form particles with complex internal nanostructures that control the
release rate of drugs depending on the nanostructure formed; specifically the open or
closed nature of the aqueous channels.® This study investigates the utility of a
phospholipid-based system as a stimuli-responsive drug delivery matrix that can
transition from the closed lamellar (L«) phase to the open bicontinuous cubic (V)

phase. Specifically, a system based upon the combination of 1,2-dilauroyl-sn-glycero-3-
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phosphocholine (DLPC) and lauric acid (LA) at a 1:2 molar ratio was investigated as
show in Figure 5.1. Under pressure (20 bar), DLPC:2LA dispersions at 41 °C were found
to form the V. phase with the Im3m space group corresponding to spacing ratio v2: V4:
V6, which later transitions to the Pn3m V2 phase, with a spacing ratio of v2: V3: V4:V6,
coexisting with the inverse hexagonal (H.) phase.® The DLPC:2LA system is expected
to exhibit little or no drug release as the drugs are encapsulated in the closed L«
structure, however, drug release can be triggered via a phase transition to the open V.,

structure.
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In this study, near-infrared (NIR) light sensitive agents were incorporated into
the DLPC:2LA system in order to provide a mean for on-demand manipulation. NIR
light has been proposed as a biocompatible stimulus due to its safety profile and
penetration depth of up to 50 mm," leading to its used in ophthalmic therapies'. Two
types of NIR-responsive agents, a small molecule photosensitiser namely silicon 2,3-
naphthalocyanine bis(trihexylsilyloxide) (SiNC)3, and plasmonic gold nanorods
(GNR)," have been incorporated into phospholipid-based LC system to impart
photosensitivity. It is hypothesised that upon NIR irradiation, the photothermal heating
effect will cause a phase change, and subsequent release of a unit dose of drug,

mimicking the repeat injections. Hence, the frequency of injections will be reduced by
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replacing the repeated injections with a non-invasive on-demand release strategy.
Ideally, the repeated intravitreal injections will be replaced by the light-activated doses

for an extended period of at least 6 months.

5.3. Material
1,2-Dilauroyl-sn-glycero-3-phosphocholine (DLPC) with >99% purity was purchased
from Avanti Polar Lipids (Alabaster, USA). Silicon 2,3-naphthalocyanine
bis(trihexylsilyloxide) (SiNC), lauric acid (LA), tris(2-carboxyethyl)phosphine
hydrochloride (=298%), 1-dodecanthiol (=98%) and glycine (=98%) was purchased from
Sigma-Aldrich (St. Louis, USA). Tris(hydroxymethyl)aminomethane, Ultra Pure Grade
(>99.9 %) was purchased from Astrala Scientific Pty Ltd (NSW, Aus). PEGylated Gold
NanoRods (GNR) with an aspect ratio of 4.3 (length, 47.8 nm; width, 11.2 nm) were
purchased from NanoHybrids Inc. (Texas, USA), with the measured surface plasmonic
resonance (SPR) of 814 nm. Eylea® (Regeneron/Bayer) was a gift from Dr Devinder
Chauhan (Vision Eye Institute, AUS). HClI (1 M), dimethyl sulfoxide and dry
tetrahydrofuran were purchased from Merck (VIC, Australia). Sodium chloride (Chem-
Supply, Australia), di-sodium hydrogen orthophosphate and potassium dihydrogen
orthophosphate (APS Ajax Finechem, Australia) were of analytical reagent quality. All
materials were used without further purification. Water used in these studies was

obtained from a Millipore Milli-Q purification system (Billerica, USA).

5.4. Methods

General procedure for the preparation of lipid dispersion

A thin-film hydration method was used to prepare the lipid dispersions with and
without a NIR-responsive agent. Briefly, DLPC and LA at 1:2 mole ratio were weighed
and dissolved in the absence of the NIR-responsive element with THF. The NIR
responsive formulations had either 3 nM hydrophobised GNR in THF (Figure SI 5.1) or
10 mol% SiNC in THF, added to the lipid solution. The mixture was then dried under a
stream of nitrogen gas for 3 h, then under vacuum overnight at 50 °C to ensure complete
removal of solvent. The lipid mixture was subsequently hydrated with PBS (pH 7.4) at

1:9 (w/w) ratio in order to obtain a 10 % w/w lipid dispersion. The mixture was then
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homogenised by ultrasonication (S220 Focused-ultrasonicator (Covaris, USA)) for 15

min (40 s pulses, peak power of 250 and duty factor of 30.2).

5.4.1. Structural analysis of lipid dispersions using small angle X-ray

scattering (SAXS)

The lipid structure in excess water was probed using small angle X-ray scattering (SAXS)
at the Australian Synchrotron.’> The temperature-dependent and time-resolved
activation experiments were conducted according to the methods previously
described.'# 6 The synchrotron X-ray beam was modified to a wavelength of 0.954 A
(13.0 keV) at a camera to detector distance of 964.4 mm, which gave the q-range of the
scattering vector from 0.0176 to 1.016 A For the temperature-dependent experiments,
results were acquired after 10 min equilibration at 5 °C intervals from 25 to 8o °C, with
an acquisition time of 1 s at 100 % flux. The time-resolved experiments were activated
using a Class IIIB fibre coupled laser system (MDL-808) with the power output at 400
mW at 808 nm (Changchun New Industries, China), that was mounted 5 cm from the
sample at a tangential angle to the X-ray beam. The samples were allowed to equilibrate
for 10 min at 37 °C in a temperature controlled capillary holder before they were
illuminated remotely by a computer control system for 30 to 60 s. Time-resolved results
were acquired every 10 s, 0.1 s acquisitions at 20 % flux to avoid radiation damage from
the synchrotron beam during data accumulation. SAXS patterns were collected before,
during and after laser activation. The resultant scattering patterns were converted to a
plot of relative intensity (I) versus the magnitude of the scattering vector (q). The ratio

of reciprocal spacings of the Bragg peaks were indexed to elucidate the lipid structure.

5.4.2. Morphology of nanostructures using cryogenic transmission

electron microscopy (cryo-TEM)
The vesicular structures of lipid dispersions was further verified using cryo-TEM.
Samples were diluted by 20-folds with PBS (pH 7.4) and vitrification process was
conducted using a Vitrobot Mark III (FEI, Eindhoven, Netherlands) to maintain an
ambient humidity of 80% and the temperature at 22°C. Briefly, aliquots (3 pL) of the
sample were pipetted onto copper grids (200-mesh) coated with perforated carbon film

(Lacey carbon film: ProSciTech, Qld, Australia), which were rendered hydrophilic via
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glow discharge using nitrogen. After 15 s adsorption time, the grid was blotted for 2 s
and plunged into liquid ethane cooled by liquid nitrogen. Frozen grids were stored in
liquid nitrogen until required. The samples were examined using a Gatan 626
cryoholder (Gatan, Pleasanton, CA, USA) and Tecnai F30 Transmission Electron
Microscope (FEI, Eindhoven, Netherlands) at an operating voltage of 300 kV. A low dose
electron dose of 10-15 electrons/A? was used for all imaging and the images were

recorded using a FEI CETA 4k x 4k CMOS camera.

5.4.3. Encapsulation and release of aflibercept loaded vesicles
Aflibercept (Eylea®) diluted with PBS to 4 mg/mL, was added to lipid dispersions with
and without NIR-responsive actuators at a 1:1 ratio to obtain a 5 % w/w lipid dispersion,
which was then extruded 21 times through a 100 nm membrane filter (Avanti Polar
Lipids, USA) to promote encapsulation of aflibercept. The SiNC lipid dispersion was

centrifuged at 7378 x g for 10 min prior to extrusion to remove excess solid SiNC.

The free aflibercept was then separated from the aflibercept-loaded vesicles
using Protein A Spin Trap (GE Healthcare Australia Pty. Ltd., Australia), a small scale
pre-packed column with Protein A Sepharose™ High Performance. The columns are
designed for rapid purification of IgG antibodies, such that the Fc portion of aflibercept
will bind to the Protein A. The affinity purification is coupled with UV-Vis spectrometry
to enable rapid analysis for in situ activation and quantification of the fusion protein.
Briefly, the storage solution was removed from the column, and was washed three times
using 400 pL PBS (pH 7.4) via centrifugation for 30 s at 100 x g. After the final wash spin,
ensuring complete removal of PBS, 250 uL of aflibercept-lipid dispersion (5 w/w% lipid,
2 mg/mL aflibercept) was applied onto the washed column, was sealed by capping the
end and incubated for at least 4 min with gentle mixing. The aflibercept-encapsulated
vesicles were collected via centrifugation for 30 s at 100 x g for subsequent activation
studies. The column was then washed four times with 400 pL PBS to collect the
remaining aflibercept-encapsulated vesicles. The free aflibercept was debound from the
Protein A column by eluting four times using 400 pL 0.1 M glycine solution (pH 2.7) into
100 pL of neutralising solution (1 M Tris-HCl, pH 8.8). To quantify the amount of free

aflibercept, the eluates were transferred into UV transparent 96-well plates and the UV
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absorbance at 280 nm was measured using an Enspire® Multilabel Plate Reader
(PerkinElmer, USA), which detects the aromatic amino acids (mainly tyrosine and
tryptophan) in the protein. The mass of free aflibercept were determined for each eluate
using a standard curve (Figure SI 5.2), which was constructed using known
concentration of aflibercept diluted with Glycine/Tris buffer (1:4) at pH ~7. The
encapsulation efficiency (%EE) was 27 + 4.5 % (n=4) for GNR-vesicles and 40 + 20 %
(n=4) for SiNC-vesicles (Figure SI 5.3), which was calculated using Eq.1.

(Applied—Free aflibercept (mg))
Applied aflibercept (mg)

Eq.1. %EE =100 X

The aflibercept-loaded vesicles were subjected to o or 30 s NIR irradiation using
a Class IIIB fibre coupled laser system (MDL-808) with the power output at 400 mW at
a wavelength of 808 nm (Changchun New Industries, China) and the free aflibercept
was quantified using the Protein A column described above. All activation experiments
were done within 2 days after the initial encapsulation process. The percentage released

was calculated using Eq. 2.

Free aflibercept (mg)

Eq. 2. % Release = 100 X :
Encapsulated aflibercept (mg)

Free aflibercept in PBS solution (2 mg/mL) was quantified in the same manner
to act as the positive control showing a 96 + 1.3 % recovery (Figure 5.5, Free Eylea
Solution). All samples were conducted in triplicates (n=3). Statistical differences
between the data sets were assessed using a one-way ANOVA post-hoc Tukey analysis

of variance.

5.5. Results and Discussion

5.5.1. Phase behaviour of DLPC:2LL A
The phase behaviour of DLPC:2LA dispersions were determined using SAXS (Figure

5.2). DLPC:2LA system was confirmed to transition from vesicles (dispersed L. phase)
to coexisting V. and H, phase in excess water above 40 °C. The transition temperature
is similar to the literature value around 41 °C however, the coexistence with H, phase
with the spacing ratio 1:v3:V4, was only observed between 50 to 65 °C. This slight

difference in phase behaviour may be attributed to the experiments being performed at
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ambient pressures as opposed to the 20 bar pressure used in the literature studies™.
Pressure suppresses the movement of the hydrocarbon chain, more so than the head
group section, favouring the formation of structures with less negative curvature (V,
phase).”” The Ly to V, + H, transition temperature of the lipid only matrix is close to
physiological temperature, which may limits its use “as is” due to the possibility of
accidental activation. However, the encapsulation of aflibercept into the DLPC:2LA
system showed an increase in the phase transition temperature to 50 °C, suggesting that
the amphiphilic nature of the aflibercept protein makes it surface active, and
consequently, the protein associates strongly with the lipidic bilayer. In Figure 5.3, the
addition of NIR-responsive agents in DLPC:2LA system was also investigated and
consistent with previous literature, GNR did not change the phase structure or
transition temperature.# Conversely, the incorporation of SiNC did have a subtle effect
on the phase structure, causing the formation of the coexisting H, phase to occur at a
higher temperature. This slight change in the lipid packing may be attributed to the
small molecule being embedded within the phospholipid structure, which is different
to the SiNC and phytantriol-based system from literature.B3 Further investigation into

the morphology of the light-sensitive DLPC:2LA vesicles are required.
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Figure 5.2  Temperature sequence of X-ray diffraction patterns for DLPC:2LA-water

dispersions from the this study at atmospheric pressure.
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Control w.Eylea w. GNR w. SiNC

Figure 5.3  Temperature-dependent phase behaviour of DLPC:2LA system in excess
water (control), DLPC:2LA with aflibercept (w. Eylea), DLPC:2LA with gold nanorods
(w. GNR) and DLPC:2LA with silicon naphthalocyanine (w. SiNC).

5.5.2. Effect of NIR agent on the morphology

The nanostructure of the particles was further investigated using cryo-TEM in order to
confirm the vesicular structure of the formulations (Figure 5.4). The incorporation of
SINC with and without aflibercept, displayed a polyhedral faceted lipid bilayer
morphology, which is similar to previously explored temperature-sensitive liposomes
loaded with magnetic resonance imaging contrast agents.'®" The faceting indicates that
addition of the small molecules caused the lipid bilayer to become more rigid.>° A recent
study has found that addition of cholesterol, which is known to increase the packing
and rigidity of phospholipid bilayers, can double the encapsulation efficiency in
comparison to just phospholipid vesicles.?> The average encapsulation for SiNC-vesicles
(around 40 %) was found to be similar to the reported cholesterol-vesicles (about 43
%)>2. The control, DLPC:2LA vesicles are spherical (Figure 5.4C) and the spherical
structure is maintained when GNR are incorporated (Figure 5.4 D, E and F). Although
the spherical morphology of the liposome is maintained in the presence of GNR, the
distribution of the GNR varies which may result in a reduction in photothermal effect.
Therefore, the use of the smaller SINC may provide a more consistent effect despite the
change in morphology. The photothermal effect of these NIR-responsive phospholipid
systems were further investigated by quantifying the release of encapsulated aflibercept

when irradiated.
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Figure 5.4  Difference in morphology of DLPC:2LA liposomes with A) SiNC, B) SiNC
with aflibercept, C) aflibercept only, and D, E and F) aflibercept with GNR. Rigid faceted

lipid bilayers are present in A and B. (scale bar = 100 nm)

5.5.3. Effect of NIR irradiation on phase behaviour

The effect of irradiation on the nanostructure of aflibercept-loaded DLPC:2LA system
containing NIR agents was evaluated using time-resolved SAXS. No change the vesicular
structure were observed upon NIR irradiation of DLPC:2LA vesicles in the absence of
NIR-responsive agents, as evident in Figure SI 5.4. Figure s5.5 illustrates that
incorporation of both GNR and SiNC imparted photo-sensitivity to the phospholipid-
based vesicles. Within 30 s of irradiation, both NIR agents induced a disruption of the
lipid packing to form the V. phase, equivalent to increasing the apparent temperature
to above 60 °C as shown in Figure 5.5. The duration of irradiation required was similar
to the previous reports for the 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
system with gold nanorods.*# The reversibility of the photothermal effect was evident
such that after a short relaxation period, the activated phase transition to the V, phase
returned to the starting vesicle structure. The GNR incorporated system took less than
1 min to transition from the V. phase back to vesicles, which is faster than the system
with SiNC, taking about 4 min. This may be caused by the supercooling effect, which
suppresses the phase transition after heating.? While the inverse hexagonal H., phase

was only observed in the later irradiation cycles for the GNR incorporated system.>*
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Figure 5.5  SAXS scattering profile of time-resolved activation of DLPC:2LA with a)
gold nanorods (GNR), which transitions from L. to V,/H,, and b) silicon

naphthalocyanine (SiNC), exhibiting a phase transition from Ly to V..
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5.5.4. Effectiveness of NIR activation

A significant release of aflibercept was observed only upon NIR irradiation as illustrated
in Figure 5.6. The addition of NIR-responsive agents to the DLPC:2LA vesicles
demonstrated a slight increase in release of aflibercept without NIR irradiation,
however, this change is not statistically significant in comparison to the control.
Previously, activation of bacteriochlorophyll, using 800 nm light at 300 mW,
corresponded to 100 % liposomal content released in 20 min.?> The light-mediated
release from liposomes with gold nanoparticles have also been shown to require
approximately 30 min to reach 60-8o % content release.?® In this study, a short 30 s
exposure resulted in over 8o % release. The activation of GNR-vesicles significantly
boosted the release of the loaded aflibercept (p=0.0008) 90 + 9.8 %, which is higher than
the activated SiNC-vesicles (84 + 8.1 %, p=0.0014). Activating the phase transition to the
fast releasing V. phase is essential for effective release. Slower release were observed in
previous studies involving phosphatidylcholine-based (egg lecithin and 1,2-distearoyl-
sn-glycero-3-phosphocholine) liposomes due to their a strong tendency to maintain the
Lu structure, thereby releasing the contents via an increase in the permeability of the
liposomal membrane.?” The polyhedral faceted morphology of SiNC-vesicles did not
affect the efficacy of the NIR activation however, the concentration of NIR agent and
their absorption at the 808 nm wavelength used may have caused the photothermal
heating to be less effective. The greater release observed may be attributed to the peak
absorbance of the NIR-responsive agents in the phospholipid-based system. The
absorption maximum of GNRs was measured to be 832.5 nm with a maxima at 1.4 A.U.,
which was higher than SiNC, with a maximum about 1 A.U. at 791 nm, when measured
using UV-Vis spectrometry (see Figure SI 5.5). Similar high release of encapsulated
contents with an initial release of 87.5 + 14.4% (on day one) was reported for cholesterol-
vesicles.?® In the control formulation in this study, aflibercept remained encapsulated
in the DLPC:2LA vesicles without NIR-responsive actuators, after 14 d, indicated by the
similar background release detected. Although, further studies are required to increase
the loading capacity of the light-sensitive vesicles while reducing the overall volume in

order to deliver a bolus dose that can last for an extended period, this study confirmed
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that NIR irradiation can be used to externally activate the release of drugs from the

light-sensitive DLPC:2LA vesicles.
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Figure 5.6  Release of aflibercept (Eylea) from DLPC:2LA vesicles (Control), passive
release (Control after 14 days), DLPC:2LA vesicles with gold nanorods (GNR-vesicles)
and silicon naphthalocyanine (SiNC-vesicles) with and without NIR irradiation, and the

recovery of aflibercept (Free Eylea Solution) (n=3).

The release experiments employed a novel method for the quantification of
aflibercept. It has been demonstrated that Protein A spin columns can be used as an
alternative assay to rapidly quantify the dynamic release of anti-VEGF drugs. Although
statistical significant results (p<o.0001) were obtained within 20 min using the Protein
A spin columns, this affinity assay requires further optimisation. The current method
removed the free aflibercept within minutes of incubation however, it utilises
centrifugation that caused leakage from the encapsulated vesicles, owing to the friction
through the resin. A low centrifugation speed of 100 x g was used throughout the

experiment that resulted in a background release of around 30 %. This can be improved
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by utilising a longer affinity column coupled with a peristaltic pump to control the flow

rate of the buffer solution.

5.6. Conclusion

The DLPC:2LA system was confirmed to transition from the slow releasing lamellar (L)
phase, to the fast releasing bicontinuous cubic (V) phase. The incorporation of NIR-
responsive actuators, GNR and SiNC, imparted NIR light sensitivity to the phospholipid-
based systems. The vesicles with SiNC exhibited facettings, which is different to the
spherical morphology of the control DLPC:2LA vesicles and the vesicles with GNR,
which resulted in an increase in encapsulation. NIR light activation was crucial to
activate the release of aflibercept from the light-sensitive vesicles. Such systems have
potential to reduce the frequency of intravitreal injections, improve systemic safety by
actively controlling the rate of drug release and provide a less invasive treatment option

suitable for ocular delivery.
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5.9. Supplementary Information

Hydrophobisation of PEGylated gold nanorods

PEG stabilised gold nanorods with a LSPR of 808nm (25 pL, Nanohybrids, TX, USA)
were dispersed in THF (975 pL). The samples were then washed twice by: sonication (5
min) and centrifugation (10 min, 4150 x g) before the supernatant was aspirated and
replaced with fresh THF. After the second wash, dodecanethiol was added at a rate of
9.4 pL/mL. Hydrophobisation was then initialised by sonicating the gold nanorods for
10 min before overnight incubation. Both PEGylated and hydrophobised GNR dispersed
in THF (1 mL) were loaded into a quartz cuvette (0.5 cm) and were analysed by an
absorbance scan from 400 - 1000 nm on the UV-visible spectrophotometer (UV-2700,

Shimadzu). The concentration of gold was calculated using the Beer Lambert Law:
Eq. 3. A=¢elc

Where A = absorbance, € = extinction coefficient (interpolated from 29), | = path length
and c = concentration. As evident in Figure 5.4, the hydrophobisation process have a
batch-to-batch variation, which can result in a reduction of photothermal effect to 808

nm.
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Figure SI 5.1 Confirmation of hydrophobisation by comparing the absorbance scan of

PEGylated GNR (Blue) and hydrophobised GNR (Red) in THF.
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Figure SI 5.3 Encapsulation efficiency of DLPC:2LA samples with GNR, SiNC and
without photoactuators (Control) (n=4)
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Figure SI 5.4 SAXS scattering profile of time-resolved activation of aflibercept-loaded

DLPC:2LA without NIR-responsive agents.
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Chapter Six

6.1. Summary of Findings

Considerable efforts have been directed towards improving the current treatments for
age-related macular degeneration (AMD) to reduce the substantial global burden
caused by this chronic ocular disease. As mentioned in Chapter One, the approach
explored in this thesis has been to design a delivery system that can reduce the
frequency of the highly invasive and costly intravitreal injections using a pulsatile
release strategy. The biodegradable and biocompatible nature of phospholipids, and
their ability to self-assemble in excess water to form nanostructures that can be
manipulated to control the release of various encapsulate drugs, makes them attractive
for ophthalmic delivery. This thesis presents the phase behaviour of light-responsive
phospholipid-based liquid crystalline materials that can be externally activated to

release a commercially available anti-VEGF drug.

The overarching hypothesis that come from the above introduction is that the
internal nanostructure of phospholipid-based systems can be rendered photo-sensitive
through inclusion of near-infrared light responsive agents to allow for stimuli-

responsive drug release of aflibercept via external activation.

a. That the light-activated phase transition are reversible to provide

pulsatile release of encapsulated drug.

b. That a small molecule photosensitiser will exhibit a similar photothermal

response to a particle-based actuator.

c. That a slow to fast release profile will be demonstrated by the lamellar to

bicontinuous cubic phase transition in the liquid crystal system.

The reversibility of a phospholipid system, 20 mol% cholesterol in 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE), was investigated in Chapter Three.
The phase behaviour of the POPE-based system was previously reported to transition
from L« to V, phase with increasing temperature. It was hypothesised that such a system
will exhibit a slow to fast drug release profile upon external manipulated in order to
activate drug release when required. Contrary to literature, no V., phase was observed,
instead, a transition to the inverse hexagonal (H.) phase occurred between 10-30 mol%
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cholesterol. The H, phase has been shown to exhibit a much slower release rate than V,
phase, due to the smaller water channels and closed rod-like micellar structure.
Although the POPE-based system did not exhibit the ‘ideal’ phase transition from Ly to
V., the Ly to H, phase transition was thought to still have the potential to function as a
reversible pulsatile release system and was thus pursued as a proof-of-concept to
determine whether phospholipid-based mesophases could be rendered responsive to
near-infrared laser (NIR) irradiation. Low concentrations of gold nanorods (GNR) were
incorporated into the POPE-based system to induce photothermal heating upon
activation. The inclusion of 3 nM GNR in the POPE systems induced reversible
disruption of lipid packing, which was found to be equivalent to increasing the apparent
temperature of the matrix to 55°C when irradiated for 30 s. The addition of polyethylene
glycol was investigated as it may increase the residence time of the phospholipid-based
carriers when delivered to the site of inflammation however, it was found to negate the
phase transition, exhibiting partial reversibility. An incomplete phase transition will
restrict the change in the rate of drug release. This will limit the drug release from the
system however, a PEGylated system may not be necessary when delivering
intravitreally. Nevertheless, this chapter confirmed that although the previously
published phase behaviour was not correct, GNR and NIR could be used to manipulate
the self-assembled mesophases in phospholipid-based systems, and highlighted the
potential for a phospholipid-based light-activated drug delivery system.

The use of photo-sensitive ‘actuators’ can provide control over the rate of drug
release from lipid-based systems. As such, this thesis focused on incorporating NIR-
sensitive materials as this wavelength of light can safely penetrate through some
biological barriers and light stimuli can be easily applied externally. The practicality of
particle-based actuators, like GNR, may be limited by the reduction of the photothermal
effect due to the uncertainty about their distribution relative to the lipid bilayer, and
their potential dissociation from the lipid-based carrier after administration. Therefore,
alternative NIR light responsive materials were also investigated in order to overcome
the issues with particle-based actuators. Although, not included in the main body of

this thesis, alternative NIR-responsive agents, namely graphene nanoparticles and

106



Chapter Six

donor-acceptor Stenhouse adducts, were utilised and the corresponding publications

are included in the Appendix.

In Chapter Four, the photothermal effect on lipid-based systems for alternative
NIR-responsive agents were evaluated. Specifically, a molecular actuator, silicon 2,3-
naphthalocyanine bis(trihexylsilyloxide) (SiNC), was compared to particle-based
actuators, GNR and graphene. The addition of SiNC within the lipid structure imparted
light sensitivity to phytantriol and phospholipid-based liquid crystalline mesophases.
Toxicity is not anticipated as the increase in temperature was observed only locally,
where the NIR-responsive agents are located on the lipid-based carriers and not
globally, suggesting that photothermal heating would not cause damages to
surrounding tissues. The SiNC-containing lipid systems required a shorter irradiation
time to elicit a complete phase transition when compared to the phase transitions
induced using particle-based actuators. The photodynamic properties, efficiency in
controlling the phase structure and ultimately, the release of drug, suggest that SiNC-
actuated lipid systems have potential to reduce the burden of repeated intravitreal
injections. The lipids studied in this chapter were known to transition to the slow-
releasing H. phase and inverse micellar (L.) phase structures. They were selected
because they are established platforms known to be responsive to other photothermal
stimuli, however, their phase behaviour will result in a release profile that is not ideal
for on-demand drug release application. Consequently, a phospholipid-based system
with potential to exhibit a slow to fast release profile was investigated in the final

experimental chapter of this thesis.

The studies in Chapter Five confirmed that a different phospholipid system
based upon the combination of 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) and
lauric acid (LA) at a 1:2 molar ratio exhibited the ideal phase transition. It was found
that activation of the aflibercept-loaded DLPC:2LA vesicles with 30 s NIR irradiation
triggered the phase transition to the V, phase and the change in structure corresponded
to an almost complete release of encapsulated an anti-VEGF drug. Specifically, the
release of aflibercept, encapsulated in DLPC:2LA vesicles with either GNR or SiNC was
quantified using the Protein-A Spin Trap. Although significant differences between the

release from the control and light-responsive systems was observed, further
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optimisation of the method is required. The first suggestion is to reduce the multiple
wash sequence when debinding the anti-VEGF drug. This can be achieved by adding an
incubation period to allow the resin to equilibrate and reach the low pH that is required
for debinding. The wide deviation is due to batch-to-batch variability when purifying
individual liposomal samples of 250 pL. Larger affinity columns attached to a peristaltic
pump can control the flow rate of the buffer solutions and allow greater loading volumes
of liposomal dispersions. This will ultimately reduce the background release while
increasing the reproducibility when purifying the encapsulated liposomes. The
complete recovery of aflibercept should also be investigated to confirm that the
concentration of drug in the supernatant and inside the vesicles adds up to 100 %. This
can be achieved by destroying the loaded vesicles using a surfactant solution such as
Triton X-100. Nonetheless, the current release results confirmed that the closed L
structure exhibits little or no drug release as the drugs are encapsulated within the
phospholipid-based vesicles, and fast drug release can be triggered via a phase transition

to the open V, structure.

Overall, the hypotheses were well supported by the conclusions reported in this
thesis. The identification of the systems proposed in this thesis is the initial step towards
a viable on-demand drug delivery product. Although only one activation cycle was
obtained in this thesis, such a system can potentially half the required injection
frequency. However, further development is required to translate these phospholipid-

based systems into actual products.

6.2. Future Directions
There is a growing market to develop novel ophthalmic drug delivery technologies to
deliver commercially available drugs in a more cost effective, efficient and patient
friendly manner. As mentioned in Chapter One, pulsatile light-responsive drug delivery
systems have potential to reduce the frequency of intravitreal injections (as illustrated
in Figure 1.5) and will help to avoid complications and poor compliance associated with
the current treatment for AMD. The system described in this thesis exhibited a
complete burst release of the encapsulated drug, resulting in a maximum of 40% of the

recommended therapeutic dose (2 mg) currently administered intravitreally. Due to the
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limitation of the current aflibercept intravitreal injections as mentioned in Chapter
One, the concentration is in excess and may not necessarily be relevant when utilising
the depot strategy. Currently, the system described in Chapter Five have potential to
half the frequency of injection as it can be activated once. Further studies are required
to verify the efficacy of the system and for it to be practical for pulsatile delivery, this
system requires further optimisation in order to deliver multiple doses for an extended
period of at least 6 months. It should also be noted that the addition of aflibercept
causes an increase in the phase transition temperature as illustrated in Figure 5.2.
Therefore, further studies may be required to determine whether a higher concentration
of aflibercept is necessary. This is because upon activation, the aflibercept concentration
will reduce and may reach a point where the drug loading is completely released due to
the drop in transition temperature. Given that the volume of the single injection is
restricted to 0.1 mL to avoid adverse events such as increased intraocular pressure,
multiple doses can only be achieved by increasing the concentration of encapsulated
drug and optimising the duration of irradiation time to obtain the required unit dose
per light treatment. This can be achieved by utilising active drug loading methods with
higher concentration of aflibercept stock solution, and adjusting the power of the
radiation source. After optimising this system, it is highly possible that the system will

show therapeutic results in future studies.

While these light-responsive systems are designed for in vivo applications and
biocompatible phospholipids and NIR elements were used, the compatibility of the
combination of the biocompatible materials with relevant biological components are
not well understood. The logical progression to translate these new technologies with
existing drug into products will require stringent validation using cell culture and/or
animal models to conduct ex vivo and in vivo experiments. Further investigations are
required to determine whether there will be changes in activity of the drug, stability of
the formulation and safety of the light-sensitive nanomaterial in vivo. There have been
a number of developed animal models of choroidal neovascularization (CNV) which
provide an intermediate step between in vivo experimentation and human clinical
trials.! There are rodent and non-rodent species such as rabbits and primates, however,

there is a number of differences in ocular anatomy of common animal models to human
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as listed in Table 1. The species that have the most comparative weight of the vitreous
humour and length of vitreous path to human (3.9 g and 1.65 cm) is pig at 3.6 g and 1.70
cm, respectively.> To test the efficacy of the system as a treatment for AMD, it will best
to use the currently accepted disease model of the leaky neovascularization
characteristics, which is the laser-induced CNV mice model.3 While animal studies are
deemed necessary, the number of animals used during the whole development process
should be reduced when possible. To this date, no standard in vitro ocular models are
available for studying drug release, permeation, absorption, and ocular toxicity.
Considerable efforts have been focused on developing in vitro models derived from
human cells however, regular 2D cell-based in vitro experiments cannot adequately
recreate the in vivo complexity of the eye.# A recent study have demonstrated the
possibility of a 3D spheroid culture with corneal endothelial layers.5 This suggests that
a robust 3D ocular biomimetic platform can be established and will most likely be the

future for preclinical research in ophthalmology.

Table 1. Ocular anatomy of common animal model species

Eyes Axial Length Corneal Anterior Chamber Lens Thickness Ref.
from (mm) Thickness (mm) Depth (mm) (mm)
Human 23.92 0.55 3.05 4.0 6
Monkey 17.92 0.55 3.24 2.98 7
Dog 20.8 0.64 4.29 7.85 8
Rabbit 18.1 0.4 2.9 7.9 9
Rat 6.29 0.26 0.88 3.71 10
Mouse 3.37 0.1 0.25 2.0 11

Alternatively, there is a possibility to modify the current phospholipid system to
remove the need of intravitreal injections altogether. With the present safety concern
of repeated intravitreal injections and long-term anti-VEGF inhibition mentioned in
Chapter One, selective delivery to the target site is crucial. Systemic administration of
free drug with the intention of treating the posterior segment is currently limited by
lack of access of anti-VEGF molecules to the site of disease due to the blood-retina
barrier and limited circulatory half-life. One opportunity that is gaining interest is using

‘passive’ targeting of liposomes to the site of AMD. Liposomes in the ‘naked’ unmodified
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state (Figure 6.1, left hand side) are rapidly cleared from circulation, whereas those that
have been surface modified with a ‘stealth’ polyethylene glycol (PEG) coating display
extended systemic residence times. The circulation time could be extended from 30 min
to 24-48 h.”? Stealth liposomes avoid non-specific removal from the circulatory system
by the mononuclear phagocyte system (MPS).3 The PEG coating and consequent long
circulation time has been shown to assist particle uptake through leaky vasculature in
tumours, attributed to the enhanced permeation and retention (EPR) effect. These
nanoparticles can extravasate into tumour sites due to the poorly formed, leaky
vasculature, where gaps up to several hundreds of nanometres in size can occur, and in

the absence of lymphatic drainage can be retained in the interstitial tissues.™

Stealth Liposomes
= long circulation

Naked Liposomes
= rapid removal

Figure 61 Schematic comparing liposomes behaviour depending on their surface

characteristics. Reproduced with permission from *.

In the case of AMD, the leakiness of the blood vessels that leads to the
symptomatic obscuration of vision may present an opportunity for delivery via the EPR
effect that is not present in healthy retinal tissues (Figure 6.2). It has been reported that
the anatomical characteristics of wet AMD are similar to tumour sites, such that the
blood vessels formed during CNV exhibit hyper-permeability with little drainage. For
instance, fluorescently labelled polymer (PVA) was shown to accumulate in the retinal
tissues of mice with CNV compared to control non-CNV mice.’* Along similar lines,
fluorescent labelled polyion-complexes, PEG-micellar particles approximating 50 nm in
size, have also been shown to accumulate in ocular tissues of rats with induced CNV
after intravenous administration.” Consequently, it could be hypothesized that
systemically administered stealth liposomes may deliver anti-VEGF drugs systemically

to the macula at greater concentration than administering free drug alone, although the
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potential and level of drug accumulation has yet to be realised. The release of the drug
from the liposomes will need to be considered due to the low permeability of large
macromolecules. As mentioned previously, the overexpression of phospholipases in
tumours is responsible for the breakdown of the bilayer and release of the therapeutic
payload. It remains uncertain whether enzymatic activity would be sufficient in AMD
to induce substantial leakage. Therefore, a stimuli-responsive system such as the one
described in this thesis, may be essential for the translation of these lipid carriers to

therapeutic products.
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Figure 6.2  Schematic showing the accumulation of stealth liposomes via EPR effect.

Reproduced with permission from *.

In conclusion, light-responsive lipid-based systems are an emerging technology
that can transform the future for pharmaceutical treatments. Since the discovery of
liposomes in 1964,™® significant progress have been made towards commercialisation of
further liposomal formulations including improvements in production methods, their
colloidal and chemical stability, and their drug encapsulation efficiency. However, their
uncontrollable release rate limits their application in long-term drug delivery. The
concept to utilise a stimulus to activate and control the release from drug carriers was
first introduced for polymeric system around the year 2000."92° Applying a stimulus to
lipid-based system have only occurred in the past decade. As such, it is still a novel field
and the understanding achieved in this thesis was a fundamental step to eventually
translate these systems to products. Future research into these materials will be of great
interest and it will be exciting to witness future treatments that utilises this technology
to provide a more sustainable, less invasive and longer lasting treatment for other

chronic diseases.
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Abstract Recent advances in drug delivery technology have
amplified potential opportunities to treat the debilitating diseases
that affect the posterior segment of the eye in a less invasive and
more efficient manner. Current methods for effective drug de-
livery to the back of the eye are hindered by many barriers and
limitations. As a consequence, considerable efforts have been
directed towards developing new materials to selectively deliver
drug directly to the target site. This review focuses on lipid-
based delivery systems which show promise in improving treat-
ment for the most common disease of the posterior segment of
the eye in the developed world, age-related macular degenera-
tion, with an emphasis upon on-demand delivery systems as
they have greater potential to overcome the current limitations.
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Introduction

Treatment of diseases that affect the posterior segment of the
eye remains highly challenging due to the numerous anatomical

P< Ben J. Boyd
ben.boyd@monash.edu

Drug Delivery, Disposition and Dynamics, Monash Institute of
Pharmaceutical Sciences, Monash University (Parkville Campus),
381 Royal Parade, Parkville, VIC 3052, Australia

Department of Health Sciences & Technology, ETH Ziirich,
8092 Ziirich, Switzerland

ARC Centre of Excellence in Convergent Bio-Nano Science and
Technology, Monash Institute of Pharmaceutical Sciences, Monash
University (Parkville Campus), 381 Royal Parade,

Parkville, VIC 3052, Australia

Published online: 18 May 2016

and physiological barriers which normally protect the eye
from harm, such as the cornea and conjunctiva, the blood-
aqueous barrier, the blood-retinal barrier and the barrier effect
imparted by the inner limiting membrane that lines the neuro-
sensory retina/vitreous interface. In particular, age-related
macular degeneration (AMD) is the leading cause of irrevers-
ible vision impairment and blindness in Australia, the USA
and Europe. It is a disease that affects over 30 million people
worldwide [1-3]. The preferred therapeutic approach for drug
delivery to the eye is eye drops; however, for delivery to the
posterior section of the eye, periocular injections, systemic
intravenous injections and intravitreal injections are typically
required, the latter being the most effective technique as it
delivers therapeutics directly into the vitreous, near the site
of action. Although intravitreal injections are effective, they
are highly invasive and have many limitations including
patient non-compliance issues and risk of vitreous haemor-
rhage, retinal detachment and the development of cataracts
[4-6]. Thus, novel materials for safer and more effective
delivery of drugs are emerging to overcome these barriers.
This review focuses specifically on lipid nanotherapies for
the treatment of wet AMD (Fig. 1). Briefly, this disease affects
the macular region of the retina resulting in the loss of central
vision by causing damage to the retinal pigment epithelium
(RPE), a layer underneath the neurosensory region of the ret-
ina. The RPE is responsible for nourishing the photoreceptors
in the retina via the main blood supply to the eye, the choroid
vasculature, as well as removing waste products from photo-
receptor cells, and visual pigment transport and regeneration
[8]. The Bruch’s membrane separates the RPE and the choroid
layer which can thicken with age, slowing the transport of
metabolites and consequently the formation of subretinal de-
posits called ‘drusen’. The extent of accumulation of drusen
under the RPE and the amount of hypopigmentary or
hyperpigmentary changes of the RPE are characteristics of
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Normal Retina

Fig. 1 Schematic of normal
retina vs. diseased retina with wet
age-related macular degeneration
(AMD). Adapted with permission
from [7]

Choroid

AMD [4, 9]. In addition, it has been recently shown that age-
ing impairs the ability of macrophages to effectively efflux
intracellular cholesterol, which leads to higher levels of free
cholesterol within ageing macrophages, resulting in a pheno-
type of monocyte that promotes vascular proliferation [10]. As
the disease progresses, severe vision loss occurs in one of two
forms: (1) dry AMD or geographic atrophy, which results in a
gradual reduction of central vision over many years due to the
progressive atrophy of the RPE, choriocapillaris and photore-
ceptors, (2) wet AMD or neovascular AMD occurs due to
choroidal neovascularisation (CNV). This occurs when endo-
thelial cells proliferate in the choroid and angiogenic blood
vessels enter the RPE through a break in the Bruch’s mem-
brane and rapidly grow under the retina into the subretinal
pigment epithelium or the subretinal space as illustrated in
Fig. 1 [4]. Leakage of fluids and bleeding from the vessels
cause fibrous scarring and lead to a rapid loss of central vision.

Problems associated with current treatment for wet
AMD

Currently, only palliative treatment is available for wet AMD.
The abnormal neovasculature creating unusual leaky blood
vessels has been predominantly attributed to an overexpres-
sion of vascular endothelial growth factor (VEGF). To slow
this progress, drugs that block this protein, anti-VEGF drugs,
were developed. The use of anti-VEGF drugs has been report-
ed since early 2000s in the treatment of neovascularization in
cancer and in more recent times for the symptomatic the treat-
ment of neovascularization in wet AMD [11].

Anti-VEGF drugs are currently delivered as a bolus intra-
vitreal injection directly into the vitreous due to limited uptake
and ocular penetration [12—-14]. Although the injection is not
painful, the major issues to date are, firstly, the short intraoc-
ular retention time of the actives due to the high clearance rate
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from the posterior section of the eye. Anti-VEGF drugs have a
short residence time in the vitreous humour, thus requiring
high frequency of intravitreal administrations, in some cases
monthly injections for life. Direct injections of anti-VEGF
drugs provide a high local concentration in the ocular tissue,
which declines in an exponential fashion over 29 days with a
half-life of 2.88 days [15], meaning that most of the adminis-
tered drug is cleared without exerting any therapeutic effect.
Secondly, the injections require a high degree of sterility to
prevent infection and, if not performed correctly, can result in
endophthalmitis, which in extreme cases require vitrectomy to
treat. Long-term anti-VEGF treatment also carries a high fi-
nancial burden, for instance, Lucentis® (Genentech/Novartis)
costs about US$2000 per treatment [16]. With ageing popula-
tions in many industrialised countries, the financial implica-
tions for health budgets of the individual as well as the econ-
omy are critical and likely to be unsustainable with the current
treatment regime. This highlights the need for a cost-effective
drug delivery approach that can deliver an effective dose to the
ocular treatment site whilst minimising side effects.

Current FDA-approved treatments including pegaptanib
(Macugen™, Eyetech and Pfizer) [12], ranibizumab
(Lucentis®, Genentech/Novartis) [13] and aflibercept
(Eylea®, Regenoron and Bayer) [14] have been shown to
successfully control the symptoms of wet AMD when deliv-
ered monthly up to 2 years; however, safety and cost concerns
still remain. An option to improve the safety and impact on
patients receiving anti-VEGF treatment is to reduce the fre-
quency of intravitreal administration. In the absence of a
sustained-release material, this would involve increasing the
residence time and therapeutic duration of action of the ‘free’
antibody treatment, which is difficult to achieve, as antibody
treatments typically have short residence times in body tis-
sues. The latest anti-VEGF drug, aflibercept (Eylea®,
Regenoron and Bayer), was developed to reduce the treatment
burden on patients by increasing the dosing regimen to
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8 weeks. This is possible due to the higher binding affinity of
the molecule in the eye, allowing for a more targeted treatment
[14]. However, the high cost (~US$1850 per dose) remains a
limiting factor for adoption of this treatment. Bevacizumab
(Avastin®, Genentech), a treatment approved for metastatic
colon cancer in 2004, has been used as an off-label alternative
treatment due to the alleged comparable efficacy with
ranibizumab but at a much lower price, where one intravitreal
dose of ranibizumab (~US$2000) is at least 40-fold higher
than the cost of bevacizumab (~US$50) [16]. However,
Avastin® has not been subjected to formal clinical trials and,
hence, remains an unapproved option not subsidised by health
providers consequently limiting its adoption. Individualised
anti-VEGF treatment regimens such as ‘as-needed therapy’
and the ‘treat-and-extend strategy’ have also been investigated
to find a safer and more cost-effective alternative to the tradi-
tional monthly treatments; however, the frequency of treat-
ment remains high for most patients [17].

There are also other actives in addition to the anti-VEGF-
based treatments that are currently in clinical development to
inhibit both VEGF and VEGF gene expression [18], such as
tyrosine kinase inhibitors and nucleotides. Corticosteroids and
anti-inflammatory drugs such as triamcinolone [19, 20] have
also been investigated for angiogenic ocular diseases; howev-
er, the risks of elevated intraocular pressure, glaucoma and
cataracts make such treatment less desirable [21] and have
been excluded from this review.

The main biopharmaceutical challenge in the treatment of
AMD therefore is to improve therapy from a patient’s perspec-
tive, which will involve reducing the frequency of, or remov-
ing altogether the need for, intravitreal injections. This is
unlikely to be overcome through molecular modification of
the drug itself. It has been recently postulated that controlling
cholesterol levels in the eye via the use of statins or nucleic
acid-based therapies will also result in the successful treatment
of AMD [22]. However, as these drugs have systemic effects
and considering the time required for clinical translation, there
is an increasing interest in the use of smart materials for active
drug delivery in order to selectively target the posterior section
of the eye. As a result, there has been considerable effort
directed towards the development of novel delivery systems,
in particular, sustained-release systems of already approved
anti-VEGF drugs to ultimately reduce the required frequency
of intravitreal injections.

Opportunities and limitations of emerging delivery
systems for the treatment of AMD

Since the introduction of anti-VEGF therapy, substantial ef-
forts have been made towards the development of new mate-
rials to more effectively deliver anti-VEGF drugs in a less
invasive manner and at a lower cost. Ideally, new proposed

treatments for AMD aim to either reduce the frequency of the
highly effective but highly invasive intravitreal injections or
provide greater patient compliance via a safer route of admin-
istration. Much attention has been directed towards implanted
polymeric intravitreal devices [23] and liposomal systems
(Table 1), with the latter being of specific interest due to the
biocompatibility of the lipid materials and the ability for con-
trolled drug release.

Polymers are a popular means of modifying the availability
of drug after administration to provide a slow release effect.
Drug-containing polymer systems for this purpose fall into
two general classes—non-biodegradable implants and biode-
gradable implants. Non-biodegradable implants have the ad-
vantage of providing very long-term sustained release of drug;
however, the device is often limited by the need to be surgi-
cally implanted, and removed and replaced when the drug
load is depleted. Surgical implantation procedures have also
been known to cause other acute and long-term complications
such as retinal detachment and suprachoroidal and vitreous
haemorrhage [32]. Therefore, non-biodegradable implants
can only be practical if the device can be tolerated within the
eye for an extended period of time. On the other hand, soft
biodegradable implants do not require removal and may be
amenable to injection as a non-surgical procedure. To date,
there are a number of products on the ocular delivery market
using polymeric devices to provide a sustained-release effect
for small molecule steroidal compounds; however, to date,
there are no products using these systems for anti-VEGF
drugs. An alternative class of biocompatible polymeric de-
vices for the delivery of anti-VEGF drugs is hydrogels.
Hydrogels have been investigated because like some conven-
tional polymer implants, they have a macroporous structure
that sustains the release of macromolecular drugs after implan-
tation [33]. However, translation of hydrogels as drug delivery
systems in products is still in its infancy, where further studies
are required to completely understand the effect of the shape,
size and site of placement of the hydrogel implant on drug
delivery. A recent study has also reported that some charged
polymeric nanoparticles can penetrate the vitreal barrier and
reach the inner retinal structure [34].

Given the potential difficulties in translation of new poly-
meric systems for extended treatment of wet AMD, it is our
contention that new developments in drug delivery ap-
proaches are more likely to come from lipid-based materials
such as liposomes (nanoparticles with a spherical bilayer
structure which encloses an inner aqueous compartment, see
Fig. 2). There are more than two decades of research on lipo-
somes and a number of recent reviews have summarised the
developments of liposomal research in the field of ocular de-
livery (Table 1). This review will focus on the potential for
lipid-based systems, including liposomes to improve the treat-
ment of wet AMD with an emphasis on novel lipid-based
systems to provide on-demand drug delivery.
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Table1 Recent reviews detailing

liposomal systems for ophthalmic Title of review

Year  Ref.

drug delivery

Delivery strategies for treatment of age-related ocular diseases: from a biological understanding 2015 [24]

to biomaterial solutions

Drug delivery techniques for treating age-related macular degeneration 2014 [25]
Liposomes and nanotechnology in drug development: focus on ocular targets 2014 [26]
Nanotherapy for posterior eye diseases 2014 [27]
Drug delivery implants in the treatment of vitreous inflammation 2013 [28]
Liposomes for intravitreal drug delivery: a state of the art 2012 [29]
Recent applications of liposomes in ophthalmic drug delivery 2011 [30]

A review of implantable intravitreal drug delivery technologies for the treatment of posterior 2010  [31]

segment eye diseases

Liposomes as delivery systems for improving
the treatment of AMD

Amphiphilic phospholipids often self-assemble to form lipid
bilayers that, when dispersed, can form vesicular nanoparti-
cles termed liposomes. The bilayer encloses an inner aqueous
compartment that can encapsulate hydrophilic molecules, in-
cluding peptide and proteins, indicating their applicability to
encapsulate anti-VEGF biological drugs. The biodegradable
and biocompatible nature of phospholipids makes these attrac-
tive for ophthalmic delivery. There are nine clinical trials de-
termining the safety and efficacy of liposomal systems in the
treatment of ocular conditions including dry eye, ocular hy-
pertension, glaucoma, intraocular retinoblastoma, blepharitis
and macular oedema [35]; however, none are for the treatment
of AMD specifically. This section will explain how liposomes
can potentially improve the treatment of AMD via a number
of mechanisms illustrated schematically in Fig. 2, including
sustaining drug release via extended intraocular retention
time, minimising adverse events through targeted delivery
and reducing the invasiveness of the treatment by providing
an alternative route for administration of anti-VEGF drugs.

Fig. 2 Schematic showing the
rationale by which liposomes may
improve ocular delivery,
depending on their surface
characteristics

Sustaining drug release

via extended intraocular
retention time
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= rapid removal

Extending therapeutic duration by increasing residence
time of drugs

Liposomes have been shown to alter the biopharmaceutical
behaviour of drugs in ocular delivery [36, 37]. Specifically
for treatment of AMD, liposomes have been shown to sus-
tain release of actives (Table 2). Abrishami et al. showed
liposomes can increase the residence time of anti-VEGF
biological drugs after intravitreal administration.
Liposomes containing bevacizumab were retained in the
vitreous humour at five times higher concentration than
free drug over 42 days. These liposomal carriers are ex-
pected to provide sufficient concentration of therapeutic
drug for over 6 weeks [39]. However, such a system might
have limited uptake unless a significantly longer duration
(>2 months) of drug retention at the site of AMD could be
achieved, to provide a step change in reducing the frequen-
cy of administration. Other recent studies have shown that
liposomal systems can efficiently deliver the active to the
site of action resulting in a reduction in CNV area; howev-
er, the effect was recorded 14 days after laser photocoagu-
lation because the extent of CNV is usually the greatest and

Stealth Liposomes
= Jong circulation

Providing a less invasive
route of administration

Minimising adverse
events through selective

i.e. topical and
delivery to the target site P

intravenous delivery
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Table 2 Liposomes intended to improve treatment of AMD by sustaining release of active drug

Description Route of administration Drug category

Observation Year Ref.

Surface-modified liposomes Topical delivery

Nanoliposomes Intravitreal injection Anti-VEGF

Anti-inflammatory Improved the physical stability, sustained release

2012 [38]
over 60 days in vitro

Sustained bevacizumab release in the vitreous body in vivo 2009 [39]
(in rabbits over 40 days)

most favourable for observation at this time point. As such,
sustained release was assumed from previous literature
[29] and, in some cases, with the support of in vitro release
studies [38, 40].

Selective delivery to the target site through enhanced
cellular interaction

Liposomal delivery systems have also been shown to provide
enhanced delivery to the site of action using various targeting
ligands. Delivery of some therapeutic agents, such as nucleo-
tides, is generally problematic because it has difficulty pene-
trating biological barriers resulting in low delivery efficiency
at the target site [41]. Problematic agents can be encapsulated
in ligand-conjugated liposomes to target specific cells at the
site of CNV, as detailed in Table 3. Recent in vitro data found
that cationic PEGylated liposomes modified with the RGD
oligopeptide can efficiently carry siRNA for downregulating
VEGF expression in RPE cells [41, 43] and a PEGylated
liposomal system has been shown to facilitate intracellular
delivery of an anti-VEGF to RPE cells in rat models [44].
Efficient delivery of actives selectively to the site of CNV
allows enhanced therapeutic efficacy causing significant re-
duction of CNV area. Currently, only intravitreally adminis-
tered formulations into rats have been investigated and, thus,
the clinical benefits in extending the duration between injec-
tions remain uncertain.

Providing a less invasive route of administration

Liposomes potentially allow a less invasive route of ad-
ministration for anti-VEGF treatment, avoiding intravitre-
al injections (Table 4). Firstly, liposomal formulations
have been studied for their effectiveness following topical
administration [38, 47, 49], which is the most simple and
relatively non-invasive method for ocular drug delivery.
Although this route may not result in reduced frequency
of administration, by avoiding intravitreal injections, top-
ical application of a liposomal formulation could provide
a significant improvement in patient compliance and safe-
ty. Recently, a topically administered bevacizumab-
liposome system has shown potential as a non-invasive
alternative for ocular instillation. Davis et al. showed
using in vivo rat and rabbit studies that liposomes can

overcome the corneal barriers and enhance the delivery
of encapsulated bevacizumab to the posterior segment of
the eye after topical application by incorporating an an-
ionic phospholipid-binding protein, annexin A5 [47].
However, ocular bioavailability of the drug is usually
<5 % of the topically applied dose attributed to limited
volume of administration, rapid tear drainage and the
physical barriers such as the cornea, conjunctiva and
sclera [52]. The consequent low bioavailability of the
drug would require frequent administration, and the lack
of control over the actual dose delivered to the posterior
section can lead to higher systemic exposure, potentially
limiting its use as an approved AMD treatment.

Photodynamic therapy as an approach to reduce
administration frequency

Anti-VEGF therapy has become the latest standard treatment
for AMD; however, long-term inhibition of VEGF has been
associated with higher risks of mortality, incident myocardial
infarction, bleeding and incident stroke [53] and is thought
that the previously used photodynamic therapies (PDT) may
be more suitable in this regard. However, PDT drugs such as
verteporfin (Visudyne®) have been known to have high risks
of immediate visual loss and adverse effects [54], as such,
have been largely replaced by anti-VEGF therapies.
Consequently, it is proposed that a compromise between the
two may provide new opportunities in therapy, where system-
ic administration of liposomes loaded with a photodynamic
therapy agent can be used to reduce the frequency of admin-
istration by intravitreal injection through alternating therapeu-
tic approaches to treatment. Briefly, PDT is a minimally inva-
sive treatment involving light activation of light-sensitive
molecules after intravenous administration that localise in
the neovasculature in the eye. Upon activation using a low-
energy laser, reactive oxygen species are produced and these
destroy target cells resulting in closure of the abnormal blood
vessels. Recent liposomal research successfully improved the
previous liposomal PDT by reducing CNV lesion size with
minimal tissue damage [46, 48]. Therefore, it has been sug-
gested that improvement of PDT or a combination therapy of
alternating PDT and anti-VEGF treatments may reduce the
need for intravitreal injections and may be more suitable for
selected patients at risk from extended VEGF inhibition.
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Table 3  Liposomes used to improve treatment of AMD by enhancing cellular interactions

Description

Route of administration Drug category

Vector-mediated
liposomes

Peptide-modified
PEGylated
liposomes

Peptide-modified
PEGylated
liposomes

PEGylated
cationic
liposomes

Peptide-modified
liposomes

Intravitreal injection

Intravitreal injection

In vitro

Intravitreal injection

Intravitreal injection

Angiogenesis inhibitor

Angiogenesis inhibitor

Nucleotide

Nucleotide

Tyrosine-kinase
inhibitor

Observation Toxicology Year Ref.
Adenoviral vector-mediated ~ Possible systemic 2014 [42]
liposomes efficiently toxicity due to
delivered tristetraprolin, adenoviral vectors
suppressed CNV in vivo
(rat) after 14 days and
decreased VEGF mRNA
expression
YSA peptide selectively Toxicity at injection 2012 [40]

targeted EphA2 in
neovasculatures,
increased intracellular
delivery efficiency and
enhanced the therapeutic
efficacy against CNV in
rats after 14 days

Efficiently carry siRNA,
downregulated VEGF
expression in RPE cells
in vitro

site may be due
to oxygen radicals
of doxorubicin

N/A

2011,2013 [41,43]

Efficiently protected siRNA  Cationic surface 2011 [44]
load, facilitated charge may induce
intracellular delivery and inflammation
caused a reduction of CNV
area in vivo (rat) after
14 days

Inhibitory effects of SUS416  VEGF inhibition can 2011 [45]
was enhanced and affect healthy tissues

sustained by APRPG
liposomes resulting in
CNYV reduction ex vivo
(in rats after 14 days)

Passive targeting via systemic circulation to avoid intravitreal
injection

With the present safety concern of repeated intravitreal injec-
tions and long-term anti-VEGF inhibition mentioned in the
previous section, selective delivery to the target site is crucial.
Systemic administration of free drug with the intention of
treating the posterior segment is currently limited by lack of
access of anti-VEGF molecules to the site of disease due to the
blood-retina barrier and limited circulatory half-life. One op-
portunity that is gaining interest is using ‘passive’ targeting of
liposomes to the site of AMD. Liposomes in the ‘naked’ un-
modified state (Fig. 2, left-hand side) are rapidly cleared from
circulation, whereas those that have been surface modified
with a ‘stealth’ polyethylene glycol (PEG) coating display
extended systemic residence times. Stealth liposomes avoid
non-specific removal from the circulatory system by the
mononuclear phagocyte system (MPS) [55]. The PEG coating
and consequent long circulation time has been shown to assist
particle uptake through leaky vasculature in tumours, attribut-
ed to the enhanced permeation and retention (EPR) effect.
These nanoparticles can extravasate within tumour sites due
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to the poorly formed leaky vasculature, where gaps up to
several hundreds of nanometers in size can occur, and in the
absence of lymphatic drainage can be retained in the
interstitial tissues [56]. In the case of AMD, the leakiness
of the blood vessels that leads to the symptomatic obscura-
tion of vision may present an opportunity for delivery via
the EPR effect that is not present in healthy retinal tissues
(Fig. 3). It has been reported that the anatomical character-
istics of wet AMD are similar to tumour sites such that the
CNV vessels exhibit hyperpermeability with little drainage.
Fluorescently labelled polymer (PVA) accumulated in the
retinal tissues of mice with CNV compared to control non-
CNV mice [57] (Fig. 4). Along similar lines, fluorescent-
labelled polyion complexes, PEG-micellar particles ap-
proximating 50 nm in size, have also been shown to
accumulate in ocular tissues of rats with induced CNV after
intravenous administration [58]. Consequently, it could be
hypothesised that systemically administered stealth lipo-
somes may deliver anti-VEGF drugs to the macula at greater
concentration than administering free drug alone, although
the potential and level of drug accumulation has yet to be
realised.
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Table 4 Liposomes used to improve treatment of AMD by avoiding intravitreal injections for administration

Description Route of Drug category Observation Toxicology Year Ref.
administration
Single unilamellar liposomes Intravenous Photodynamic Significantly reduced CNV lesions ~ Low inflammatory 2015 [46]
injections therapy (PDT) with minimal tissue damage reaction and skin
phototoxicity
Peptide-associated anionic Topical delivery Anti-VEGF Annexin A5 enhanced permeation ~ No adverse events 2014 [47]
liposomes through the retina after 5 days,
significantly enhancing
bioavailability in vivo (rat/rabbits)
Cationic liposomes Intravenous Photodynamic Neovascular obliteration as effective Less pronounced 2013 [48]
injections therapy (PDT) as Visudyne® but induced less PDT-associated
tissue damage after 10 days retinal damage
Surface-modified liposomes  Topical delivery = Anti-inflammatory Effective retinal delivery of N/A 2012 [38]
diclofenac by promoting
non-corneal drug penetration in
vivo (rabbits)
Submicron-sized liposomes  Topical delivery Potent-free radical Inhibition of light-induced and Low toxicity 2011 [49, 50]
scavenger oxidative stress-induced retinal
damage and prevented shrinkage
of the outer nuclear layer
Peptide-grafted cationic Intravenous Angiogenesis inhibitor Targeted gene delivery leads to a Low possibility 2011 [51]
polymerised liposomes injection reduction in size and leakage of systemic side
of CNV in vivo (rat) starting at effects

5 days after CNV creation

In summary, liposomes have potential to effectively
deliver anti-VEGF compounds in a less invasive manner.
However, the release of the drug then becomes a concern
due to the low permeability of large macromolecules. In
tumours, overexpression of phospholipases is mainly re-
sponsible for the breakdown of the bilayer and release of
the therapeutic payload. It remains uncertain whether en-
zymatic activity would be sufficient in AMD to induce
substantial leakage. Therefore, there is likely to be a role
to play for stimuli-responsive systems that enable ‘on-
demand’ drug release.

Stimuli-responsive lipid systems for ‘on-demand’
drug delivery

Controlling the release of drug can potentially reduce the fre-
quency of intravitreal injections, improve systemic safety by
actively controlling the rate of drug release and provide a less

Wet AMD

Normal vasculature
© o o] o e/ o)
L O M O ] D\DOFI

Leaky vasculature

Choroid neovascularisation

Fig. 3 Schematic showing the accumulation of stealth liposomes via
EPR effect

invasive treatment option. Stimuli-responsive systems have
been explored in the context of ocular delivery to deliver drugs
‘on-demand’, when required [23, 59]. These ‘smart’ materials
have been designed to respond to an endogenous or external
stimulus to cause the initiation, increase, decrease or cessation
of drug release from within the matrix. Polymeric implants
responsive to an electric current [60], light [61] or a magnetic
field [62] to achieve tunable drug release have been explored
for delivery to the eye. Lipid systems, particularly liposomes
and other lyotropic liquid crystalline materials, have also been
rendered stimuli responsive, and ongoing efforts to evaluate
their application to the problem of AMD are discussed below.

Liposomes are the simplest case of lyotropic lipid self-
assembly presented as a spherical bilayer structure resulting
from the dispersion of lamellar phase (L,). Other self-
assembled geometries have been identified to form from bio-
compatible lipids in water, a number of which are illustrated in
Fig. 5 to the right of the graph, and these lyotropic lipid sys-
tems have also been demonstrated to be effective carriers to
improve the delivery of molecules with varying physicochem-
ical properties [63—66] and also provide protection from deg-
radation when the drug is encapsulated. Lyotropic liquid crys-
talline matrices are soft materials with a complex internal
nanostructure formed by the self-assembly of some polar am-
phiphilic lipids in excess of water and provides the mechanism
for sustained release [67]. The most common liquid crystalline
structures include inverse hexagonal phase (H,) and the
bicontinuous cubic phase (V). These self-assembled phases
can be modified to transition from one phase to another
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Fig. 4 Accumulation of
fluorescent-labelled polymer in
retinal tissues after intravenous
administration to mice with CNV,
due to an EPR-like effect. The
accumulation of RITC-PVA (b)
and free RITC (d) in the
subretinal space. RITC was
strongly detected by fluorescence
microscopy in an eye with RITC—
PVA injected (b). The area stained
with RITC corresponded with
CNV revealed as the staining of
fluorescein in a late phase of
fluorescein angiography (a). Most
of free RITC was not retained in
the CNV lesion (d), whereas the
fluorescein leakage was intense
(¢). Reproduced with permission
from [57].

depending on the packing of amphiphilic lipids, presence of
additives and environmental factors [68], or in the context of
on-demand drug delivery under a wide range of stimuli.

It is known that the phase structure being either “open” or
“closed” dictates the rate of drug release as illustrated in Fig. 5
left-hand side [63]. For example, the H, phase displays a much
slower release than V, phase due to the smaller water channels
and closed rod-like micellar structure [63, 69]. Likewise, the
closed nature of L,, phase, which enables the encapsulation of
drug, will show slow or no drug release in comparison to both
H, and V, phases. It is envisioned that lipid-based systems can
be designed to be responsive and deliver drug ‘on-demand’.
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Fig. 5 Schematic illustrating how changing the lyotropic liquid
crystalline structure can control the release rate of drug. The lyotropic
liquid crystalline structures on the right are the fast releasing inverse
bicontinuous cubic phase (V), in comparison to the slow releasing
phases: inverse hexagonal phase (H,), inverse micellar cubic phase (I,)
and inverse micellar phase (L,). A range of methods can be used to impart
stimuli responsiveness in these systems to switch between slow and fast
releasing structures. Adapted with permission from [63]
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These systems will exhibit little or no drug release in the ‘off’
state, but when stimulated, a phase transition occurs, activating
the release of drug until it is switched off. This process can be
repeated to release pulses of drug on demand and would be
more suitable for long-term delivery.

There are a number of scenarios where triggered release of
drug from these lipid systems for the treatment of wet AMD
may be foreseen to be advantageous, illustrated schematically
in Fig. 6. In the simplest case, responsive liposomes would
release their cargo selectively when they encounter the stimulus
either due to a change in the permeability of the bilayers or via a
transition of the phase structure. Phase transitions in lyotropic
lipid systems have been induced previously by modifying the
lipid packing using stimuli such as temperature [70], water
content [69], ionic strength [71] and pH [72, 73]. Temperature
has been used as a stimuli for on-demand drug delivery [70]
from lyotropic lipid systems [69]; however, temperature-
responsive systems are not considered practical for controlling
release of drug in the eye, due to lack of specificity in heat
source leading to potential for accidental activation of drug
release. Alternatively, magnetic- [74] and light-sensitive [75,
76] materials can be incorporated into the lyotropic liquid crys-
tal matrix to enable external control over drug release, making
them more suitable for on-demand applications.

For ocular applications in the posterior segment, where the
liposome has been intravitreally injected, or been delivered via
the systemic circulation as described above, light as a trigger
would be a useful stimulus. Light-sensitive liposomes have
been extensively studied previously for biological applications
[77]; however, it does not appear that such systems have been
used in the treatment of AMD. Light activation provides a very
broad range of adjustable parameters such as wavelength,
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Fig. 6 Schematic of how a NIR
light-triggered lipid ‘depot’ could
reduce the frequency of
intravitreal injections by repeated
triggered release of a dose of drug
using a laser, to replace regular
intravitreal injections

Leaking
blood vessel

duration, beam diameter and intensity that can be used to opti-
mise and control the dose of the actives released, when re-
quired. To this end, there are numerous papers on ultraviolet
(UV)-activated liposome systems [78, 79]. However, UV-
activated systems risk damage to the eye through intense UV
exposure, and UV is poorly transmitted through tissue such as
the cornea, and consequently have not been shown to be suc-
cessful in vivo. With the suitability for clinical applications in
mind, the near-infrared (NIR) region around 650 to 900 nm that
has the lowest absorption coefficient with water, lipids and
haemoglobin [80] is the best light source for triggered drug
delivery and PDT. Recent research has reported liposomes
can be made responsive to NIR irradiation [81, 82]. Of partic-
ular interest, light-sensitive gold nanorods (GNR) have already
been shown to provide remote heating to lyotropic lipid sys-
tems and trigger the phase transitions upon NIR irradiation [75,
83]. NIR irradiation can penetrate tissues up to 50 mm deep
[84], rendering it amenable for ophthalmic, subcutaneous and
deeper tissue applications. Such stimuli-responsive systems are
considered to have utility for delivery to the posterior segment
as injectable bulk ‘depot’ systems, rather than as particles. The
bulk depot allows for storage of multiple doses of drug, replac-
ing, for example, 12 months requirement of drug normally
administered as 12 separate injections, with a single injection.
The volume of the single injection will be restricted to below
0.1 mL to avoid adverse events such as increased intraocular
pressure [85]. The detail behind such a system will clearly need
to be elaborated, requiring evaluation of the dose per volume
constraints, optimised to release a fixed dose of active repeat-
edly at intervals determined by symptom recurrence, through-
out the 12-month period by fine tuning the NIR exposure time
and GNR concentration in the system. However, at least a
potential exists to achieve less frequent administration in the
treatment of AMD if pulsatile, and repeat administration can be
achieved using stimuli-responsive lyotropic lipid systems.

Conclusion

To this date, intravitreal injections of anti-VEGF drugs remain
the most effective treatment option for AMD, yet there are
many limitations in terms of safety, affordability and adher-
ence. Liposomes have been used in the design of safe and

SEEEEE

cost-effective delivery systems, but have not yet made it into
products for intravitreal delivery of anti-VEGF compounds to
improve treatment effectiveness or duration in the clinic for
treatment of ocular diseases. Stealth liposomes may offer an
alternative approach for systemic delivery taking advantage of
the enhanced permeability of the neovasculature in wet AMD.
Lyotropic liquid crystal systems have potential to also address
problems with treatment of AMD, as they can be rendered
stimuli-responsive and drug release can be stimulated readily
using light, for example. Overall lipid systems present alter-
native approaches to polymers with clear capacity to improve
the treatment of AMD, especially in consideration of their
biocompatibility and translatability with the track record of
safe use of liposomes in other diseases providing a significant
advantage over other materials.
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ABSTRACT: The ability of donor—acceptor Stenhouse
adducts (DASAs) to function as a green light responsive
switch for lipid-based liquid crystalline drug delivery systems
was investigated. The host matrix comprising phytantriol cubic
phase was selected due to its high sensitivity toward changes in
lipid packing. Small-angle X-ray scattering demonstrated that
the matrix undergoes rapid and fully reversible order—order
phase transitions upon irradiation with 532 nm light,
converting between the bicontinuous cubic phase and reversed
hexagonal phases. This approach shows promise for use as an
actuator for the development of visible wavelength light-
activated, “on-demand” drug delivery systems.

B INTRODUCTION

Photochromic molecules are compounds that undergo isomer-
ization when exposed to irradiation with a specific wavelength
of light. The different isomers possess distinct chemical,
physical, and optical properties, such as the absorbance
wavelength, molecular volume, and molecular charge.[ The
characteristics of these molecules can often be utilized to tune
properties of the host material.”® Representative photo-
switchable molecules include azobenzenes," ° spiropyrans,”
and diarylethenes.”'’ Although these compounds generally
have excellent photochemical characteristics, their isomer-
ization often requires UV irradiation. Since UV light has been
shown to have damaging effects on biological tissues and has a
short penetration depth, visible (450—750 nm) or near-infrared
(NIR) (750—900 nm) light is more desirable for in vivo
applications.''* Efforts to develop visible light sensitive
molecules include altering the substituent groups within
azobenzene'*™"* and spiropyran'® derivatives.

A new class of visible-light-responsive photoswitchable
molecules, donor—acceptor Stenhouse adducts (DASAs),
have drawn a lot of recent attention.'’ " These molecules
undergo reversible isomerization in toluene upon irradiation
with visible light, converting between an extended, hydro-
phobic, and intensely purple colored triene form to a compact,
zwitterionic, and colorless cyclopentenone form (Figure
1A)."”"® The significant changes in molecular shape and
physicochemical properties associated with this isomerization
process make DASAs attractive candidates for the use as
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Figure 1. (A) Photoswitchable behavior of DASAs. (B) Molecular
structure of the alkylated DASA, D1. (C) Molecular structure of
phytantriol.

actuators in systems including “on-demand” light-triggered
drug delivery systems. However, to translate these compounds
into useful actuators for use in a drug delivery context, their
behavior in aqueous environments is important to understand,
and with the growing interest in lipid-based liquid crystals as
drug delivery systems, their ability to actuate changes in these
systems is of interest.

Lipid-based lyotropic liquid crystalline (LLC) mesophases
are ordered, thermodynamically stable nanostructured materials
that are formed from amphiphilic lipids in excess water. The
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Figure 2. (A) Absorbance spectra of D1 in toluene (4 pg mL™") upon cold LED light irradiation (12 mW cm™). (B) Multiple cycles of
photoswitching of D1 in toluene (4.5 yg mL™"). The absorbance was monitored at 570 nm every 10 s. The solution of D1 was exposed to cold LED
light for 2 min (green) and then kept in the dark for S min (gray). (C) Absorbance spectra of D1 doped into phytantriol-based LLC matrix (0.06%
w/w) upon irradiation with green light (532 nm, 57 mW cm™). (D) Absorbance of D1 doped in phytantriol-based LLC matrix during irradiation

(green) and after irradiation (gray).

lipids can self-assemble into one-, two-, and three-dimensional
mesophases, such as the lamellar (L,), hexagonal (H,), and
bicontinuous cubic phases (V,).>' The V, and H, mesophases
are of most interest in the field of drug delivery.””** The H,
phase is composed from cylindrical micelles that are packed in a
hexagonal lattice with a negative mean curvature toward the
aqueous interior.”* The V, phase comprises two separate,
continuous, but nonintersecting hydrophilic regions, divided by
a lipid bilayer, which are contorted into a periodic minimal
surface with zero average curvature.””** This phase possesses
extremely high viscosity due to its regular structural
connectivity, which is an advantage for slowing diffusion.”®
Liquid crystals are capable of incorporating a diverse variety of
therapeutic cargos”®”’ and have excellent biocompatibility.”*

Different LLC mesophases provide dramatically different
rates of drug release, so stimuli-responsive versions of
mesophases may provide on—off drug release behavior. The
use of stimuli including pH>” and temperature,” which reflect
physiological differences in disease states such as cancer and
inflammation, have been reported. The manipulation of these
factors disturbs the lipid packing and so can induce a phase
transition, dramatically altering the release rate of encapsulated
cargo. To overcome the practical drawbacks of these stimuli,
the use of noninvasive stimuli like irradiation is drawing
increasing attention, with the aim to spatially and temporally
control the drug release in a noninvasive manner.” ~

In this contribution, we investigate the effect of photo-
isomerization of an alkylated DASA molecule, D1 (Figure 1B),
upon the lyotropic self-assembly of a host cubic phase matrix
based on phytantriol. Phytantriol (Figure 1C) is one of the
most commonly used materials for preparing stimuli responsive
lipid-based liquid crystalline matrices as the molecule itself has a
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relatively high resistance to chemical degradation or oxidation.
Additionally, phytantriol forms the V, phase in excess water,
whose structure and dimensions are very sensitive to changes in
lipid packing, particularly when dopant molecules insert at the
interface, where they can have the greatest impact upon lipid
self-assembly.””** Hence, phytantriol-based cubic phase was
used in this context as a host for studying the photo-
isomerization of D1 to understand the potential benefits and
drawbacks of using DASAs as photoswitches in lipid systems
more generally. Small-angle X-ray scattering (SAXS) was used
to detect changes to self-assembly induced by photoisomerism
of D1 upon irradiation, while spectroscopic investigations were
undertaken to examine the photoisomerization behavior of D1.

B EXPERIMENTAL SECTION

Materials and Methods. D1 was synthesized following the
methods described by Helmy et al,,'”'® with only minor modifications
(the full synthesis is described in the Supporting Information).

The liquid crystalline samples were prepared by predissolving D1 in
chloroform and adding to phytantriol to give the desired final
concentration of DI. This mixture was then homogenized by
vortexing. The chloroform was subsequently removed under vacuum.
Mcllvaine’s buffer (pH 4.8) was then added to the lipid phase with a
ratio of 1:1 (w/w) to ensure full hydration of the LLC matrix.*"** A
control sample without D1 was also prepared. The samples were
heated transiently to 70 °C to enable vortex mixing (X3) and then left
to equilibrate for 70 h before SAXS measurements.

Absorption Spectrophotometry. Absorption spectra (400—600
nm) were measured on a Cary-50 spectrophotometer at a scan rate of
720 nm s~ The instrument was fitted with a Peltier temperature-
controlled cell. For photoswitching experiments in solvent, a solution
of D1 in toluene (4 ug mL™") was placed in a quartz cuvette (Hellma
Analytics, 100-QS, 20 mm) and irradiated with a cold LED light (12 W
cm™?) from above. For photoswitching experiments in LLC matrix, the
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D1-doped phytantriol-based liquid crystal (0.06%, w/w) was loaded
into a 3D printed chip (1 mm depth). The chip was placed in a quartz
cuvette (Hellma Analytics, 100-QS, 20 mm) and irradiated with green
light laser (532 nm, 57 mW cm™) from the side.

Small-Angle X-ray Scattering (SAXS). SAXS experiments were
performed on the SAXS/WAXS beamline of the Australian
Synchrotron.** All liquid crystalline samples were loaded into a flat
stainless steel metal plate (96 sample positions with a thickness of 0.5
mm) sealed on both sides with Kapton tape, which was attached to a
thermostated heating block and mounted on the SAXS/WAXS
beamline. An X-ray beam wavelength (4) of 1.0322 A (12 keV) was
passed through the sample, and the 2D scattering patterns were
collected on a 1M Pilatus detector with an acquisition time of 10 ms
every 10 s. The computer software ScatterBrain Analysis was used to
reduce 2D scattering patterns to the one-dimensional scattering
function I(q). The d-spacing of the liquid crystalline lattice was derived
from Bragg’s law (2d sin @ = nl), where n is an integer, A is the
wavelength, and 0 is the scattering angle. The absolute location of the
peaks allows for the calculation of mean lattice parameter, g, of the
matrices, from the corresponding interplanar distance, d (d = 27/q),
using the appropriate scattering law for the phase structure. Detailed
information about sample loading and analysis is reported in the
Supporting Information.

B RESULTS AND DISCUSSION

Spectrophotometric Analysis of Photoisomerization
Behavior of D1 in Toluene and in LLC Matrix. The
photoswitchable capacity of D1 was first examined in toluene
solution. Upon irradiation with a white LED light (12 mW
cm™2), a rapid color change from purple to light pink was
observed, associated with a decrease in absorbance at 4, =
570 nm (Figure 2A) and corresponding to the isomerization of
D1 from the triene form to the cyclopentenone form (Figure
1A), as has been reported previously.'”'® A photostationary
state was reached within 20 s of irradiation. D1 was then found
to fully revert back to the triene form (within 2 min) upon
removal of light (Figure 2A and Figure S3B). Multiple
photoswitching cycles of D1 in toluene were conducted
under ambient conditions, including a prolonged irradiation
of 30 min (Figure 2B). The results precluded significant
material degradation, indicating D1 exhibits substantial fatigue
resistance.

D1 doped into the phytantriol LLC matrix was also initially
purple in color (4, = 560 nm) and exhibited a decrease in
absorbance upon exposure to green light irradiation (532 nm,
57 mW cm™?) (Figure 2C), consistent with phototriggered
cyclization of the triene form of D1 to its cyclopentenone form.
The decrease in absorbance accompanying photoisomerization
was slower than in toluene, perhaps due to the microviscosity of
the bilayer comprising the cubic phase hindering the rate of
molecular rearrangement of D1. Nevertheless, it was complete
after S min irradiation time. In contrast to the rapid and full
reversion seen in toluene, there was limited reversion of D1 to
the triene form in the LLC matrix (Figure 2D). A likely
explanation is that the zwitterionic headgroup of the colorless
cyclopentanone form of D1 partitioned into the surrounding
aqueous phase, preventing reversion to the colored triene form.
It has already been shown that the photoswitching of DASAs
from their triene to cyclopentenone forms is irreversible in
protic solvents (e.g,, methanol and water).'”*’

SAXS Analysis of D1-Doped LLC Mesophases. Effect of
Addition of D1 on Equilibrium Phase Behavior of LLC
Mesophases. The SAXS scattering profiles of different phases
formed from phytantriol—water systems with increasing
temperature are well-known and hence allow precise structure
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identification and detection of subtle changes. LLC matrices
doped with increasing concentrations of D1 (0, 0.13%, 0.25%,
2.5%, and 5%, w/w) were prepared. The effects of D1 on the
temperature-dependent structure of the phytantriol cubic phase
in the absence of irradiation were examined via a temperature
ramp experiment. All samples were heated from 25 to 65 °C
and SAXS scattering patterns recorded at various temperatures
(Figure SS). The phytantriol—water matrix prepared without
D1 showed a phase transition from the V, phase to the H,
phase at 50 °C and then to the reverse micelle (L,) phase at 65
°C (Figure 3). These phase transitions and the measured lattice
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Figure 3. Influence of D1 on the temperature-dependent phase
behavior of phytantriol-based LLC matrix. Lattice parameter versus
temperature plots for LLC matrix doped with increasing concen-
trations of D1 (% w/w): phytantriol only (0%) (black line with filled
circles), 0.13% (pink line with cross), 0.25% (blue line with up
triangles), 0.5% (red line with diamonds), 2.5% (green line with down
triangles), and 5% (orange line with stars). Symbols corresponding to
the V, (Pn3m space group), H,, and L, phases are labeled on the plot.

parameters are consistent with those previously reported.”**>**
When D1 was added at concentrations of 0.13% and 0.25%,
there was no influence on the liquid crystalline structure or the
V,-to-H, phase transition temperature. Increasing the concen-
tration of D1 to 0.5% resulted in slightly reduced lattice
parameters but did not affect the transition temperature.
Doping of the LLC matrix with 2.5% or 5% D1, however,
produced a significant reduction in phase transition temper-
atures, with these systems existing in the H, and L, phase,
respectively, at around 45 °C.

Effects of Irradiation upon Nanostructure. Time-resolved
SAXS was used to study the dynamic phase behavior of the
LLC systems with and without D1 upon exposure to green
light (532 nm, 57 mW cm™?). A schematic of the dynamic
irradiation experiments is shown in Figure 4.

The SAXS profiles recorded of the structures before
irradiation, after 60 s of continuous irradiation, and 1 or §
min after irradiation was completed are compared in Figure S.
The full profiles with six frames acquired every 10 s during
irradiation and two frames acquired every 1 min after
irradiation are shown in Figure S6. The scattering profiles
show that all samples exhibited the Pn3m type of V, cubic
phase prior to irradiation at 37 °C, with peaks at spacing ratios
of \/2:\/3:\/4:\/6:\/8:\/9. When exposed to visible light
irradiation, the phytantriol-only control sample exhibited no
significant change in its scattering profiles (Figure 5a). For
samples containing <0.5% D1, the peaks in the diffractograms
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Figure 5. Influence of irradiation (532 nm, 57 mW cm™2) on D1-doped phytantriol-based LLC matrix. SAXS scattering profiles for the LLC matrix
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SAXS profiles are at 0 s (black line) and 60 s irradiation (pink line) and after irradiation was ceased (green line). Peaks in the SAXS profiles that

indicate the presence of the H, phase are marked with an asterisk.

exhibited a clear shift to higher g values, and a new series of
peaks assigned to a H, phase appeared after 10 s of irradiation
(spacing ratio 1:\/ 3:\/ 4, indicated with an asterisk in Figure
Sb—d). Increasing the concentration of D1 led to a greater
change in the phase of the LLC matrix. Irradiation of the 2.5%
D1 sample led to complete conversion to H, phase not
achievable at the lower concentrations (Figure Se), while at 5%
D1 there was melting of the H, phase to partially form the
inverse micellar L, phase (Figure Sf). This phase progression
(V, to H, to L,) is well-known on heating of the phytantriol—
water cubic phase, but such a significant level of disruption by a
photochromic compound indicates its high potential utility in
these systems, as discussed below.
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The relaxation behavior of the samples after irradiation can
be divided into two types. For samples containing <0.5% D1,
complete reversion to the V, phase occurred within 30 s,
indicating that irradiation of D1 induced a completely
reversible effect on the liquid crystalline structure. (Figure S7
shows the changes in the scattering profiles of one D1-doped
sample upon two cycles of irradiation.) For samples containing
higher concentrations of D1, only partial return to the V, phase
was observed. We believe that the effect here is irreversible, as
the profile did not show any obvious changes over a 5 min
period.

Figure 6A illustrates the changes in lattice parameter upon
irradiation, with increasing concentration of D1. The lattice
parameter of the phytantriol-only control sample remained
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Figure 6. Effects of irradiation (532 nm, 57 mW cm™2) on (A) the lattice parameter of phytantriol-based LLC matrix containing 0%, 0.13%, 0.25%,
0.5%, 2.5%, and 5% D1 (w/w); (B) the ratio of intensity of first peak for V, phase to that of H, phase, as an indication of proportion of the two
phases present. (C) The equivalent temperature of the samples during irradiation (green) and after irradiation (gray). Symbols corresponding to the

V, (Pn3m space group), and H, phases are labeled on the plot.

constant throughout. For samples containing <0.5% D1, the
lattice parameter of the V, phase decreased from 63 to ~60 A
upon irradiation, while for samples containing higher levels of
D1, it did not change. The lattice parameter of the visible light-
induced H, phase was similar for the samples containing 0.13%,
0.25%, 0.5%, and 2.5% D1 (46—48 A) and consistent with
previous reports for the H, phase in phytantriol—water
systems.zg’ss’B'7

Figure 6B shows the increase in the ratio of intensity of the
first peak for the V, phase to that of the H, phase (see
Supporting Information for calculation) versus irradiation time
for each sample (except for the 5% D1-doped sample, whose
phase behavior was distinctly different from the others). It is
clear that increasing the concentration of D1 promoted
formation of H, phase upon irradiation.

The equivalent temperature is derived using the temperature
ramp as a calibration curve to describe the degree of disruption
of packing under irradiation “equivalent” to a direct temper-
ature change.’’ Figure 6C shows changes in the equivalent
temperature versus irradiation time for samples containing
<0.5% D1, based on the measured lattice parameter of the V,
phase. After 60 s of irradiation, the 0.25% and 0.5% D1-doped
samples exhibited disruption of lipid packing equivalent to
increasing the equivalent temperature from 37 °C (63 A) to 44
°C (61.1 A) and 47 °C (59.9 A), which is just below the
complete transition temperature observed in the temperature
ramp (50 °C, see Figure 3). This effect on packing is similar to
that previously reported for gold nanorod-doped or graphene-
doped liquid crystalline systems, where the gold nanorods and
graphene provided rapid photothermal heating effects to the
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system upon NIR irradiation.””** From a potential in vivo
application point of view, a distinct advantage of using a
photoisomerization process (as for D1), rather than a
photothermal heating effect to achieve a light-triggered phase
change, is that it can avoid local hyperthermal effects on tissues.

The disruption observed upon irradiation is understood to
result from the photoinduced isomerization of D1. When
doping hydrophobic molecules into the phytantriol V, phase,
they are expected to reside within the bilayer region, imparting
a more negative curvature on the lipid packing and potentially
inducing the formation of the H, phase at equilibrium. This
effect has been seen previously for vitamin E acetate loaded into
phytantriol V, phase. On the other hand, conversion to the
more hydrophilic form would lead to less negative critical
packing parameter, therefore normally be expected to drive the
packing away from the H, phase toward the V, phase or even
further to lamellar packing. However, the opposite effect was
observed with addition of D1 in this case. We anticipated that
D1 in its initial extended triene form is likely to reside fully
within the phytantriol bilayer due to its hydrophobic nature.
The disruption, however, is not sufficient to induce the phase
transition due to the small molarity of D1. Although the
irradiation generated the more hydrophilic cyclopentenone
form, the consequent bulkier structure may induce greater
disruption of the bilayer than the linear, yet more hydrophobic
form, if it is still retained in the bilayer. This is in line with the
photochemical response of mesophases incorporating alkylated
spiropyran molecules.”>**

The spectroscopic data (vide supra) indicate that once D1
has undergone photoinduced conversion to the zwitterionic
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cyclopentanone form within the LLC matrix, the bulk of it is
unable to revert to the initial triene form. As noted earlier, a
possible explanation is that the hydrophilic headgroup of D1 in
its cyclopentanone form tends to partition into the aqueous
phase after irradiation was ceased, since protic surroundings are
known to favor this isomer.'”*" The fast reversion of most of
the D1-doped LLC samples back from the coexisting H, phase
to the V, phase upon cessation of irradiation is consistent with
this proposal, since the matrix might otherwise be expected to
remain in the H, phase if the cyclopentanone form was retained
fully within the bilayer.

We speculate that the photoisomerization of D1 may also be
accompanied by heating effects which would account for
structural reversibility without essential spectroscopic reversi-
bility. This photothermal property has reported previously for
an azobenzene-functionalized liquid crystal polymer.”® Hence,
when the D1-doped LLC samples are irradiated, the observed
phase changes may be at least partially associated with an actual
increase in temperature.

The study here has confirmed the hypotheses that (1) visible
light has sufficient penetration to trigger the isomerization of
the DASA doped into lyotropic liquid crystals and (2) the
isomerization (likely together with a photothermal effect)
provides sufficient disruption of the packing that it may be a
useful photoactuator for future deployment in actual drug
delivery systems. As already well reported, the phase transition
of the phytantriol/water system from V, phase to H, phase
represents a change from fast release pattern to slow
release.””*° Hence, to achieve the goal of using light to trigger
a slow-to-fast release pattern, DASAs will be incorporated into a
more appropriate lipid system in future, with desired transitions
enabled by the findings in this article. Future work will also
involve using DASAs with alkyl chains of different length or
bulky alkyl chains, which could induce greater steric effects and
hence greater disruption of packing within the lipid bilayer.

B CONCLUSIONS

We have demonstrated that DASAs have a possible role as
actuators for photoswitching in lipid-based drug delivery
systems. Upon irradiation with 532 nm light, D1 can induce
a rapid and reversible phase transition within a phytantriol-
based liquid crystalline system, with the impact on phase
behavior being dependent on the concentration of DASA. The
photochemical behavior of the D1 compound in a LLC
environment, however, is not straightforward, with spectro-
scopic studies indicating a degree of irreversibility in the
photoswitching process. It is likely that the DASA systems
impart, at least in part, a photothermal effect in addition to a
photoisomerization effect on lipid packing. Further studies
investigating the incorporation of structurally varied DASAs
into different liquid crystalline systems are underway to obtain
systems that display a complete phase transition upon visible
light irradiation. It is anticipated that this approach has
potential to enable control of drug release rate from LLC
matrices and hence the development of novel, visible light-
sensitive, “on-demand” drug delivery systems.
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1. Materials and methods

All chemicals were purchased from Sigma-Aldrich Pty, Matrix Scientific, or Merck Group Ltd and used
without purification. All solvents were reagent grade. Flash chromatography was carried out using
Merck 38 Silica gel 60, 230-400 mesh ASTM. Thin layer chromatography (TLC) was performed on
Merck Silica Gel 60 F254 plates. TLC plates were visualized using a UV lamp at 254 nm or through the
use of KMnO, or ninhydrin staining agent. ’H and **C nuclear magnetic resonance (NMR) spectra
were recorded using an Avance Ill Nanobay 400 MHz Bruker spectrometer coupled to the BACS 60
automatic sample changer at 400.13 MHz and 100.61 MHz, respectively. Data acquisition and
processing was managed using Topspin software package version 3. Additional processing was
handled with MestReNova software (PC). Chemical shifts (6) were measured in parts per million
(ppm) referenced to an internal standard of residual solvent. Spectroscopic data are given using the
following abbreviations: s, singlet; d, doublet; dd, doublet of doublets; t, triplet; q, quartet; m,
multiplet; br, broad; J, coupling constant. Analytical high-performance liquid chromatography (HPLC)
was carried out on an Agilent 1260 series modular HPLC equipped with the following modules:
G1312B binary pump, G1316A thermostated column compartment equipped with an Agilent Eclipse
Plus C18 3.5 um, 4.6 x 100 mm column and a G1312B diode array detector. The following elution
protocols were used. “PP gradient”: 0-10 min, gradient from 5% buffer B/95% buffer A to 100%
buffer B (buffer A = 99.9% H,0, 0.1% TFA, and buffer B = 99.9% ACN, 0.1% TFA); flow rate = 1 mL
min™. “PP hydrophobic”: 0-10 min, gradient from 80% buffer B/20% buffer A to 100% buffer B
(buffer A =99.9% H,0, 0.1% TFA, and buffer B = 99.9% ACN, 0.1% TFA); flow rate = 1 mL min™. High-
resolution mass spectrometric (HRMS) analyses were performed on a Waters LCT TOF LC-MS mass
spectrometer coupled to a 2795 Alliance Separations module. All data were acquired and mass
corrected via a dual-spray Leucine Enkephaline reference sample. Mass spectra were generated by
averaging the scans across each peak and background subtraction of the TIC. Acquisition and
analysis were performed using the MassLynx software version 4.1. The mass spectrometer
conditions were as follows: electrospray ionization mode, desolvation gas flow of 550 L h™,
desolvation temperature of 250 C, source temperature of 110 C, capillary voltage of 2400 V, sample
cone voltage of 60 V, scan range acquired between 100-1500 m/z, one sec scan times and internal
reference ions for positive ion mode (Leucine Enkephaline) of 556.2771.

2. Synthesis of D1

D1 was synthesized following the methods described by Helmy et al.,' with minor modifications.
Furfural was reacted with barbituric acid through a Knoevenagel condensation to obtain the
furylidene-barbituric acid 3. Helmy et al. reported that treating 3 with dioctylamine (1 equiv.) in
tetrahydrofuran affords the triene form of D1 as a purple solid, which can be purified by washing
with cold diethyl ether. However, we consistently obtained a viscous liquid. Attempts to purify D1 via
silica gel chromatography were hampered by the fact that D1 appeared unstable on silica gel. Using
halogenated solvent and ethyl acetate for elution could stabilize D1 to some extent, affording D1
with 85% purity by analytical HPLC (245 nm).
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1 2 3
5-(Furan-2-ylmethylene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (3): Fufural 1 (2.16 g,
22.5 mmol) was added dropwise to a solution of barbituric acid 2 (2.34 g, 15 mmol) in EtOH (30 mL)
and the mixture refluxed overnight. After cooling to room temperature, the mixture was
concentrated under reduced pressure and the residue taken up into H,0 (20 mL) and washed with
EtOAc (3 x 30 mL). The organic layers were combined, washed with H,0 (20 mL), dried with
anhydrous Na,SO, and concentrated under reduced pressure. The crude residue was purified by
silica gel flash chromatography (EtOAc/petroleum spirits) to yield the product as a yellow solid. Yield:
2.68 g, 76%. 'H NMR (400 MHz, CDCl5): & 8.61 (d, J = 3.8 Hz, 1H), 8.40 (s, 1H), 7.83 (d, J = 0.9 Hz, 1H),
6.72 (d, J = 2.9 Hz, 1H), 3.38 (s, 3H), 3.37 (s, 3H). **C NMR (101 MHz, CDCls): § 162.52, 160.91,
151.45,151.23, 150.50, 141.03, 128.11, 115.24, 111.50, 29.06, 28.30. HRMS (ESI) m/z calcd. [M+H]",
M = C11H19N,04: 235.0713, found: 235.0718.
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5-((2Z,4E)-5-(dioctylamino)-2-hydroxypenta-2,4-dien-1-ylidene)-1,3-dimethylpyrimidine-
2,4,6(1H,3H,5H)-trione (D1): Dioctylamine 4 (0.36 g, 1.5 mmol) was added dropwise to a suspension
of the activated furan 3 (0.35 g, 1.5 mmol) in THF (5 mL). The color of the mixture rapidly changed
from yellow to pink, then to dark red. Stirring at room temperature was continued until the reaction
was judged to be complete by analytical HPLC (PP, hydrophobic). The solvent was removed under
reduced pressure and the crude residue was purified by silica gel flash chromatography (1:1 - 2:1
EtOAc/CH,Cl,) to yield D1 as a viscous purple oil. Yield: 0.51 g, 71%. *H NMR (400 MHz, CD,Cl,): &
7.29 (d, J = 12.2 Hz, 1H), 7.04 (s, 1H), 6.81 (d, J = 12.4 Hz, 1H), 6.08 (t, J = 12.3 Hz, 1H), 3.41 (m, 4H),
3.29 (s, 3H), 3.26 (s, 3H), 1.67 (m, 4H), 1.40-1.22 (m, 20H), 0.89 (t, J = 6.6 Hz, 6H). *C NMR (101
MHz, CD,Cl,): 6 165.62, 163.55, 158.62, 151.86, 146.73, 137.86, 103.48, 98.02, 58.31, 50.27, 32.28,
29.72, 29.67, 29.64, 29.43, 28.58, 28.47, 27.66, 27.45, 26.94, 23.16, 14.39. HRMS (ESI) m/z calcd.
[M+H]*, M = C,7H45N;50,: 476.3483, found: 476.3467. [M+Na]'": 498.3302, found: 498.3276. Analytical
HPLC: 85% purity (254 nm).



Figure S1. 'H and *C NMR spectra of 5-(furan-2-ylmethylene)-1,3-dimethylpyrimidine-
2,4,6(1H,3H,5H)-trione (3) in CDCls.
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Figure S2. 'H and "*C NMR spectra of 5-((2Z,4E)-5-(dioctylamino)-2-hydroxypenta-2,4-dien-1-

ylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (D1) in CD,Cl,.
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3. Analysis of photoswitching behavior of D1 in toluene

A solution of D1 in toluene (4 pg mL™") was placed in a quartz cuvette (Hellma Analytics, 100-QS, 20
mm) and irradiated with a cold LED light (12 W cm?) from above. The absorption spectra was
measured periodically using an Agilent Cary 50 UV-Vis spectrophotometer, with a recording time of

approximate 20 s.
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Figure S3. Absorption spectra of D1 in toluene (4 pg mL™) before (A) and after (B) cold LED light
irradiation (12 mW cm™?).

4. Absorbance of DASA in liquid crystalline matrix over time

We investigated the stability of D1 in phytantriol-based liquid crystalline sample by absorbance
measurements. The sample was presented to the green laser beam as a fully hydrated thin layer on
the inside of a quartz cuvette. The result is shown below in Figure S4 A, showing some initial
decrease in absorbance then a plateau after approximately 5 hr and was constant for three days (72
hrs). All SAXS measurements were undertaken at 70 hr after preparation. It is possible that the
thickness of the layer may decrease over time due to gravity inducing the decrease in absorbance.
To address this problem, we doped D1 into liposomes that were prepared from DLPC and lauric acid
with the same buffer that was used in this manuscript. The absorbance change of D1 in liposome
over time is shown in Figure S4 B. As can be seen from the plots below, the absorbance of D1 also
plataeued after 5 hours. Even though a drop on the absorbance occurred, the remaining triene form
of D1 after a long term still induced sufficient disruption on the nanostructure of the host material
upon irradiation.
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Figure S4 (A) The absorbance of D1 doped into phytantriol-based liquid crystalline (0.02 %, w/w)
matrix was monitored over time. The sample was presented to the beam as a fully hydrated thin
layer on the inside of a quartz cuvette (Hellma Analytics, 100-QS, 20 mm). (B) The absorbance of D1
doped into DLPC/lauric acid-based liposome (4 %, w/w) matrix was monitored over time.

5. Structural characterization of LLC phases using small angle X-ray scattering (SAXS)
5.1 Temperature-dependent phase behavior

Phytantriol-based bulk phase samples were loaded into a flat stainless steel metal plate (96 sample
positions with a thickness of 0.5 mm) sealed on both sides with Kapton tape, which was attached to
a thermostated heating block and mounted on the SAXS/WAXS beamline at the Australian
Synchrotron. The holder was equilibrated at 25 °C for at least 30 min before acquiring the first
scattering pattern, with 10 min equilibration at each 5.0 £ 0.2 °C temperature increment from 25 to
65 °C, with the actual temperature recorded to within 0.2 °C with a thermocouple. Radiation with
wavelength (A) of 1.0322 A (12 keV) was selected and an acquisition time of 0.5 s was used. The 2D
scattering patterns were collected on a 1 M Pilatus detector, which covered the q range of interest
from 0.0021 to 1.0986 A™, where q = 4m sin(6/A) and 0 is the scattering angle.

5.2 Dynamic irradiation experiments

Time-resolved irradiation experiments using synchrotron SAXS were conducted to assess the
efficiency and reversibility of phase transitions induced by D1.

Bulk sample matrices prepared in Mcllvaine's buffers (pH 4.8) containing varying concentrations (0,
0.13%, 0.25%, 0.5%, 2.5% and 5%) of photochromic additive D1 were loaded into a flat stainless steel
metal plate (96 sample positions with a thickness of 0.5 mm) sealed on both sides with Kapton tape
and irradiated with green light (200 mW, 532 nm) at 60 s exposure times. The green light was
delivered to the samples using an MGL-532(FC)-1W laser and fiber optic cable, with the end of the
fiber optic cable positioned approximately 5 cm from the sample at a slight tangent to the X-ray
beam. The irradiation studies were conducted at 37 °C at the SAXS beamline at the Australian
Synchrotron, with the samples mounted inside a temperature controlled capillary holder. The 2D
scattering patterns were acquired for 0.5 s every 10 s for the first 1 min, then every minute for 3



min, using a 1 M Pilatus detector (active area 169 x 179 mm? with a pixel size of 172 um) located 956
mm from the sample position.

The computer software ScatterBrain Analysis was used to reduce 2D scattering patterns to the
one-dimensional scattering function I(q). The d-spacing of the liquid crystalline lattice is derived
from Bragg’s law (2d sin 8 = nA), where n is an integer, A is the wavelength, and 0 is the scattering
angle). Since the scattering profiles of the V,, H,, and L, phases have been well characterized using
SAXS, by observing the difference in relative positions of the Bragg peaks, correlated by the Miller
indices of known phases, we can confirm the phase identity of the system being analyzed. The V,
phase with Pn3m spacegroup has the Bragg reflections v2:V3:v4:V6:V8:V9, etc., while the H, phase
can be identified by the Bragg reflections 1:V3:v4, etc. The L, phase is identified by a singular
characteristic broad peak. The absolute location of the peaks allows for the calculation of mean
lattice parameter, a, of the matrices, from the corresponding interplanar distance, d (d = 2rt/q),
using the appropriate scattering law for the phase structure. For cubic phases, a = d(h? + k> + Iz)l/z,
while for the H, phase, a = 4d/3(h” + kz)l/z, where h, k, and | are the Miller indices for the particular

structure present. Since the L, phase shows only one broad peak, d is termed the characteristic
distance.”

6. SAXS analysis of the effects of D1 on the nanostructure of phytantriol-based LLC systems
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Figure S5. The influence of D1 on the temperature-dependent phase behavior of phytantriol-based
LLC matrix. Phase behavior of LLC matrix doped with increasing concentrations of D1 (%w/w): (A)
phytantriol-only (0%), (B) 0.13%, (C) 0.25%, (D) 0.5%, (E), 2.5%, and (F) 5%.
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Figure S6. SAXS scattering profiles of phytantriol-based LLC matrix doped with increasing
concentrations of D1 (%w/w): (A) 0.13%, (B) 0.25%, (C) 0.5%, (D), 2.5%, and (E) 5%. The matrices
were exposed to 60 s of green light (532 nm, 57 mW cm™). The SAXS profiles are recorded at 0 s and
every 10 s during 60 s irradiation, and after irradiation ceased.
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7. Phase-switching kinetics
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Equation: R =a/(a+b), where R is the relative amount of V, phase, a is the intensity
of the first peak for the V, phase, and b is the intensity of the first peak for the H,
phase.

Figure S9. Schematic showing how relative amount of V, phase is approximated from the intensities
of peaks corresponding to the V, and H, phases in the SAXS scattering profile. Example for D1 (0.25%
w/w)-containing phyantriol-based LLC sample after 60 s of irradiation (532 nm, 57 mW cm). The
peaks that correspond to the H, phase are marked with an asterisk.
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ABSTRACT: Lipid packing is intimately related to the
geometry of the lipids and the forces that drive self-assembly.
Here, the photothermal response of a cubic liquid-crystalline
phase formed using phytantriol in the presence of low
concentrations of pristine graphene was evaluated. Small-
angle X-ray scattering showed the reversible phase changes
from cubic to hexagonal to micellar due to localized heating
through irradiation with near-infrared (NIR) light and back to
cubic after cooling.

B INTRODUCTION
Amphiphilic lipid molecules are capable of forming highly

structured liquid-crystalline (LC) matrices in the presence of
water,"? other surfactants,>* and a range of nanoparticles.s’é
The ability of these lipid molecules to form such structures
opens up a range of potential applications such as LC
templating for enhanced photocatalytic”® and photother-
mal”™"" conversions as well as many well-established roles in
drug delivery and release strategies."*” "

Nanoparticles such as gold and graphene derivatives have
been explored in recent years as photothermal agents,'®™"’
particularly in biomedical applications because of their high
optical absorption in the near-infrared (NIR) region'® along
with the inherent advantages associated with the substantial
surface area to volume ratio provided by nanoscale materials.
Graphene, as a truly 2D material, shows great promise in
photothermal applications because every atom in the material is
exposed and hence can absorb incident radiation, unlike 3D
materials where the internal “dead volume” does not contribute
to light absorption. Defect-free graphene or pristine graphene
also has an ultrahigh thermal conductivity leading to enhanced
heat distribution. There has hence been many proposed uses
for graphene in biomedical applications such as thermal ablative
therapy®® and stimuli-responsive drug delivery”"** because of
these attractive photothermal properties.

The photothermal ability of graphene can be directly
demonstrated by introducing the nanosheets into the lipid

-4 ACS Publications  © 2015 American Chemical Society 6605

NIR Irradiation Of Homogenous
Lipid / Graphene Dispersion

Graphene Induced Photothermal Liquid
Crystal Transitions

LC dispersion. Defects of the graphene sheets must be
minimized during production in order to maximize the
polyaromatic structure, allowin% for greater NIR light
absorption and thermal transport.”> Surfactant-assisted liquid-
phase exfoliation of graghite is highly suited to the production
of defect-free graphene”*** and has been used herein.

Synchrotron small-angle X-ray scattering (SAXS) allows the
direct determination of the structural evolution of these lipid
systems through the identification of phase transitions
occurring during NIR exposure. The phytantriol—water system
provides a useful, chemically stable tool for proof of concept of
photothermal phase behavior (Figure 1). This system forms a
bicontinuous cubic phase (Qy) at low temperatures and
transitions to a reversed hexagonal phase (Hj) at higher
temperatures with incremental decreases in the lattice
dimension during the heating process in excess water
environments. Further temperature increases result in the
formation of an isotropic reverse micellar phase.*®

B EXPERIMENTAL SECTION

The LC phytantriol matrices were prepared by incorporating aqueous
pristine graphene suspensions stabilized by the triblock nonionic
copolymer surfactant Pluronic F108 (PEO,,,PPO,,PEO,,;) into neat
phytantriol in a ratio of 1:1 (% w/w) as described in the Supporting
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Figure 1. (Left) Phytantriol molecular structure, a chemically stable lipid used for all photothermal experiments (carbon, blue; oxygen, red). (Right)
Schematic diagram showing the change in phase upon photothermal heating of the phytantriol—water liquid crystal.
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Figure 2. SAXS pattern for the phytantriol 0.5 g-L ™' F108-graphene
parameter of 0.5 g-L ™' graphene phytantriol.
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dispersions at (A) 25 °C, (B) S0 °C, and (C) 65 °C and (D) the lattice

Information (SI). Surfactant-stabilized graphene was prepared using a
procedure described by Notley** (preparation and characterization of
graphene details provided in the SI). Information on the SAXS
experiments conducted at the Australian Synchrotron is also provided
in the SL

B RESULTS AND DISCUSSION

Initial SAXS patterns of the cubic phase in the presence and
absence of graphene were collected with 100 ms snapshots to
preclude any effect on the packing structure of the phytantriol
due to the presence of the nanosheets (Figure S4). These
preliminary scattering snapshots indicated that the graphene
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sheets did not significantly alter the initial packing at room
temperature because there were no identifiable changes to the
collected SAXS patterns. With average lateral dimensions in the
range of 100—500 nm it is likely that the sheets are too large to
interact with the nanostructure itself and more likely that the
sheets are present in the aqueous phase. The positioning within
the aqueous phase is further supported when the surfactant
employed is considered. Surfactant molecule F108 would
impart strong hydrophilic properties to the sheets with the
PPO segments adsorbed to the basal planes while the PEO
segments would be exposed in solution. Furthermore, the high
flexural stiffness of graphene would suggest that the particles

DOI: 10.1021/acs.langmuir.5b01308
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Figure 3. SAXS pattern for the phytantriol 0.5 g-L™! F108-graphene dispersions after (A) 0, (B) 15, and (C) 50 s of 400 mW 808 nm exposure and

(D) 60 s after the laser was switched off.

cannot bend to fit the shape induced by the LC template.
Attempts to determine the location of the molecularly thin
graphene sheets relative to the liquid crystals are ongoing.

To further investigate any impact of graphene on the
structure of the self-assembled phytantriol systems in water and
to enable the construction of a lattice parameter versus
temperature calibration plot, a temperature ramp was
conducted where the samples at equilibrium were incrementally
heated and the structure at each temperature was determined
using SAXS. The transitions shown in Figure 2 are readily
identified by their Bragg peak positions in the diffractograms.
Fi§ure 2A shows the Bragg reflections at a spacing ratio of
21/2,31/2,4172,61/2,81/2.:91/2 \which indicates a reversed “double
diamond-type” cubic phase, with a Pn3m space group, which
consists of contorted bilayers that partition hydrophobic and
hydrophilic regions into continuous but nonintersecting
spaces.'*>” At approximately S0 °C, Figure 2B shows
reflections at a spacing ratio of 1:3"2:4"% indicating a
transition to the reversed hexagonal phase which is a dense
packing of water-filled rods, arranged on a 2D hexagonal lattice
and separated by lipid bilayers. Finally, Figure 2C shows the
transition to the isotropic reversed micellar phase, characterized
by a singular broad peak. Figure 2D indicates the temperature-
dependent changes in the structure and lattice parameter. The
temperature ramp showed that the cubic phase converted
almost completely to a Hy; phase between 45 and 50 °C.
Between 60 and 65 °C the characteristic hexagonal-phase peaks
disappeared as the lipid dispersion converted to the Ly phase.

6607

The photothermal studies were performed by exposing the
graphene/phytantriol bulk dispersion to NIR radiation while
collecting 100 ms SAXS patterns periodically over 60 s.
Scattering snapshots were collected for a 2 min cool-down
period after irradiation was stopped, mapping the reversibility
of the phase transitions. Full transitions in excess water from
reversed cubic space group Pn3m to the reversed hexagonal
phase and through to a fluid isotropic reversed micellar phase
were observed over the 60 s exposure period and are shown in
Figure 3. The maximum temperature for this system was
achieved after approximately 40 s, corresponding to a heating
effect of over 35 °C and a dispersion temperature of 58.5 °C.
Full reversibility of the LC phase formation was shown by
capturing periodic SAXS snapshots once the laser irradiation
was ceased and the samples were allowed to cool and returned
to room temperature.

Using the calibration curves of lattice parameter versus
temperature established via the temperature ramp study” using
the approach described by Fong et al, the apparent
temperatures (Tapp) of the sample during irradiation could be
determined. The key phase-transition boundaries, Qy; to Hy; to
Ly, were identified as occurring at 52.29 and 72.08 °C for the
irradiated 0.5 g-L™" graphene phytantriol dispersions. Figure 4
shows the irradition-induced heating curve for the 0.5 g-L™'
graphene phytantriol dispersion calculated from the collected
scattering patterns and the lattice parameter calibration curves.

Key reasons to explore the use of graphene as a
photothermal agent include the advantages of the surface area
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Figure 4. Apparent temperature (T,,,) of irradiated 0.5 gL' F108-
graphene phytantriol dispersions as a function of irradiation time
calculated from the equilibrium lattice parameter versus temperature

calibration curve.

to volume ratio presented by such materials and the excellent
thermal transport properties. It is clear from Figure 3 that the
high absorptivity of NIR radiation of the graphene sheets leads
to rapid temperature increases within the liquid-crystalline
matrix. No heating or any phase transitions were observed upon
equivalent irradiation of the phytantriol—water system in the
absence of graphene (Figure SS). Previously it was shown that
gold nanoparticles can induce phase changes in LC materials
upon irradiation with NIR light.* Typically the optical density
in the infrared region is tuned through controlling the particle
size and shape; however, recent studies have demonstrated that
at high temperatures a loss of the target morphology can occur,
rendering the tunable absorbance potentially impractical for
some photothermal applications.”® Gold nanoparticles are
highly efficient photothermal transducers, though they are
relatively expensive, but the costs associated with graphene are
continually decreasing and are already significantly less than for
gold of a given mass. Another distinct advantage of using
graphene in photothermal applications comes from the particle
geometry. Statistically, it is more likely that an incident photon
will be absorbed by a 2D sheet than a 3D particle for a given
volume of particles. This allows reduced light flux to be used to
generate the same amount of heat and a greater chance of
effectiveness in deeper tissues in biomedical applications.
Graphene is hence an interesting alternative to gold nano-
particles in photothermal applications.

Ensuring the graphene particles are evenly distributed
throughout the dispersion is critical as any aggregation or
inhomogeneity can act to either decrease the efficiency of NIR
absorption or show exaggerated heating effects due to a higher
localized concentration of photothermal transducers. A
previous study on gold nanorods dispersed in a phytantriol—
water LC dispersion produced via the same method showed a
homogeneous distribution.® In addition the entire LC graphene
dispersion was irradiated during the experiment, removing
potential nonrepresentative increases in temperature and
localized phase changes.

This system of photothermally stimulated phase transitions
could be optimized by lowering the required phase-transition
temperature through small alterations to the lipid compositions,
such as the addition of GMO which has been previously
demonstrated.’ A lower phase-transition temperature will
subsequently reduce the required concentration of graphene
to heat the system (or alternatively allow a reduced light flux)
and increase the overall efficiency of target applications.
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The findings from this study demonstrate that exfoliated
graphene is an efficient NIR photothermal agent that is highly
capable of inducing full phase transitions in phytantriol lipid LC
systems. The temperatures achieved represent a significant
advance toward using graphene to produce phase changes due
to light stimulation in other lipid liquid-crystalline systems.
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Graphene Exfoliation

The graphene suspension was prepared via surfactant assisted liquid exfoliation. 1 % w/w of
graphite flakes was added to a 0.1 % w/w F108 MilliQ solution and was sonicated with the
Q700 Qsonica ultrasonicator with a 13mm diameter probe attached at an amplitude of 40 for
4 hours. The suspension produced was then centrifuged at 1500 rcf for 5 min. Previous
studies have shown that this length of sonication and subsequent separation through
centrifugation results in highly concentrated aqueous suspensions of single and few layer

graphene [1].

Following this, the supernatant was decanted and the graphene suspension and particles
characterised. The concentration of graphene was 0.524 mg/mL determined from absorptivity

at 660 nm using an extinction coefficient of 2460 L g'1 m’ [2].

Graphene Characterisation

Raman spectra of the dried F108-graphene particles deposited on a glass slide were measured
using an alpha 300A Raman (Witec) with a laser wavelength of 532nm. Three distinct peaks
at 1352.96, 1584.77 and 2701.60 cm™ corresponding to the D, G and 2D modes are observed.
The presence of the D peak at 1352.96 cm’ indicates the presence of non-sp2 carbon

principally from edge defects as previously described for measurements on particles with



nanometre lateral dimensions [3]. Furthermore the 2D peak has shifted in comparison to
graphite and is Lorentzian in shape indicating that the sample is highly exfoliated. The
relative intensities of the G to 2D peak also indicated that the measured sample is of single to

few layer thickness [4].
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Figure S1. Raman spectra showing the characteristic peak position and shapes for exfoliated

graphene sheets.

Particle sizing measurements were performed using the dynamic light scattering (DLS)
technique driven by a 90Plus Particle Size Analyzer (Brookhaven Instruments). The mean
lateral diameter measured was 344.3nm. It is of importance to note though that DLS gives the
equivalent sphere hydrodynamic radius. Clearly, the geometry of the graphene sheets
deviates significantly from this model and hence DLS cannot distinguish on the basis of

particle thickness.
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Figure S2. A representative particle sizing multimodal size distribution graph, the poly disperse

nature of the dispersions should be taken into account when a single lateral size is stated.

The light absorption of the graphene suspension was investigated using UV-visible
spectrophotometry. The spectrum for the F108-graphene is shown in Figure S3. The peak in
absorptivity was observed at 270 nm indicating that the graphene sheets have few to no basal
plane defects [5]. Furthermore, there is significant absorption across all wavelengths
investigated here showing the highly conjugated nature of the carbon bonding of the
graphene particles again providing compelling evidence for the lack of significant defects.
For this particular study, absorption of light in the IR region (wavelength of the incident laser
used was 808 nm) is of great importance. As can be seen from the data in Figure S3, the
graphene particles strongly absorb light of this wavelength promoting the efficacy of this

material in photothermal applications.
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Figure S3. Absorbance spectrum for 0.0131 g.L”' F108 (100 fold dilution of stock suspension)

stabilised graphene suspension showing the characteristic peak at 270nm.

The photoresponsive liquid crystalline nanoparticles where prepared by dispersing a graphene
suspension stabilised by a triblock copolymer F108 (Purchased from Sigma Aldrich,
Australia, and used without further purification), into phytantriol at a ratio of 1:1. The
phytantriol (a gift from DSM Nutritional Products (Singapore) and used without further
purification) was warmed in a 60 °C drying oven in order to allow easy handling and 500 mg
was weighed into 4 mL glass vials. A 0.524 g.L"' (determined via the extinction coefficient
2460 L g'lm'1 [2]) suspension of F108 stabilised graphene suspension was prepared in MilliQ

filtered water and appropriate volumes were added to the respective lipid samples.

After addition of the aqueous graphene phase to the lipids, the samples were heated to 75 °C
for 30 min, followed immediately by 10 sec vortexing (whilst warm and viscosity is
minimised). The samples are then allowed to cool to room temperature (approximately 15
min on the bench) and the heating, vortexing, cooling steps are repeated (3 times). Samples

are placed on a “roller” overnight to allow equilibration and then stored at 4 °C.



SAXS Experimental Data

Dynamic SAXS data was collected on the SAXS/WAXS beamline at the Australian
Synchrotron [6]. An X-ray beam with a wavelength of 0.103 A (12 keV) was selected. A
silver behenate standard (d-spacing = 58.38 A) was used for the q range calibration. The
scattering patterns were acquired using a Pilatus 1M detector with active area 169 x 179 mm®
and with a pixel size of 172 pm. The total g range for the instrument configuration was 0.02

<g<1.00A"

Bulk (50 mg) samples were loaded into capillary holders, sealed with Kapton tape and
mounted in front of the X-ray beam with the 400 mW 808 nm laser positioned 12 mm from

the sample in order to achieve full sample coverage.

The 100 ms acquisition time was selected in order to minimise the potential of any radiation
damage. Due to the high flux of the synchrotron radiation the resolution of the diffractograms

obtained were all more than sufficient.
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Figure S4. The two series presented represent the initial SAXS snapshot for (4) 0.5 g L F108
graphene phytantriol and (B) graphene free phytantriol water dispersion
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Figure S5. The three series presented here are for the phytantriol in MilliQ 1:1 (A) prior to laser

exposure, (B) after 1 minute of exposure and (C) after a two minute “cool down” period.

Surfactant Selection

A range of preparation methods for lipid liquid crystalline systems have been previously studied with
a number of different parameters including in the presence of surfactants such as F127 [7] and other
amphiphillic lipids such as glyceryl monooleate (GMO) [8]. The systems produced via these
preparation methods have been confirmed, usually by SAXS, to be stable and reproducible. It has
been shown that phytantriol in the presence of high concentrations of large and high hydrophobe
lipophobe balance (HLB) pluronic surfactants such as F127 (PEO;o;PPOs¢PEO,¢), will maintain its
Qy Pn3m structure [9] and have greater stability [10]. The non-ionic surfactant F108
(PEO4,PPO44PEQ,4;), which is larger than the F127 copolymer studied previously and of a similar

HLB, was selected for exfoliation of the graphene.
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