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Abstract

The vitreous humour is a soft gel between the lens and the retina in the eye. It protects
the surrounding ocular tissues functioning as a shock absorber and a vessel for
oxygen and metabolite transport. Vitreous liquefaction leads to vitreous detachment
resulting in ocular tissue damage such as retinal detachment and vitreous
haemorrhage. Current treatment includes total vitreous replacement via pars plana
vitrectomy utilising silicone oil. Cataracts, inflammation, and retinal toxicity as a result
of silicone oil treatment have led to the need for a more effective long-term vitreous
substitute. It is essential to treat vitreoretinal diseases concurrently with vitreous
substitution. This study aimed to investigate and design the proposed concept of a
thermoresponsive, nano-enabled vitreous substitute for the treatment of retinal
diseases. An initial study in the selection of polymers for the hydrogel identified a blend
of natural and synthetic polymers. Hyaluronic acid with a blend of two poloxamers of
differing molecular weights were identified and optimisation allowed for their selection
prior to nanoparticle loading and characterisation. Poly(p,L-lactide-co-glycolide) acid
nanoparticles encapsulating triamcinolone acetonide were synthesised with a
spherical morphology and mean diameter of 153 nm allowing nanoparticle penetration
into the retinal layers from the vitreous. Hydrogel fabrication and nanoparticle loading
within the hydrogel was confirmed via physicochemical analysis. Gelation studies
indicated that hydrogels formed in nine minutes and 10 minutes for the unloaded and
nanoparticle-loaded hydrogels respectively. The hydrogels displayed in situ formation
properties and rheometric viscoelastic studies indicated the unloaded and loaded
hydrogels to have modulus values similar to those of the natural vitreous at 37 °C.
Administration of the hydrogels was possible via 26G needles allowing for clinical
application and drug release of triamcinolone acetonide from the nanoparticle-loaded
hydrogel indicated that a sustained drug release was visible over nine weeks. The
hydrogels displayed minimal swelling, reaching equilibrium swelling within 12 hours
for the unloaded hydrogel and eight hours for the nanoparticle-loaded hydrogel.
Biodegradation in simulated vitreous humour with lysozyme showed < 20%
degradation within nine weeks. Biocompatibility of both hydrogels was shown with
mouse fibroblast and human retinal pigment epithelium cell lines. Lastly, a pilot in vivo
study with a New Zealand White rabbit model displayed minimal toxicity with localised
drug release behaviour. In conclusion, the unloaded and nanoparticle-loaded
hydrogels developed in this research demonstrate their potential as vitreous
substitutes that function as drug delivery systems following vitrectomy surgery.
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Chapter 1 - Introduction

1.1. Background

The vitreous humour is a soft hydrogel that constitutes 80% of the eye. It is a fragile
gel that protects the lens and retina from shocks by absorbing and dampening the
vibrations (Alovisi et al., 2017). The major components of the vitreous are water,
collagen fibres, and hyaluronic acid (Yadav et al., 2021). Alterations in collagen,
oxidative damage, and enzymatic digestion lead to a collapse in the gel network of the
vitreous. These occur as a result of age causing the vitreous to liquefy (Tram and
Swindle-Reilly, 2018; Ankamah et al., 2020).

Vitreous liquefaction leads to varying degrees of posterior vitreous detachment (PVD)
as depicted in Figure 1.1 (Le Goff and Bishop, 2008). Posterior vitreous detachment
is a process whereby the vitreous humour splits away from the inner surface of the
retina (Le Goff and Bishop, 2008; Ankamah et al., 2020). It can result in vitreous
haemorrhage, cataracts, macular hole formation, retinal tears, and rhegmatogenous
retinal detachment (RRD) (Le Goff and Bishop, 2008; Sebag, 2018). The vitreous is
removed by pars plana vitrectomy (PPV) to treat pathologies such as RRD and
vitreous haemorrhage (Zhang et al., 2017; Shaikh et al., 2023). During PPV, the
vitreous is replaced by silicone oils, perfluorocarbon liquids or gas (Kleinberg et al.,
2011; Tram et al., 2020). Silicone oil is the most commonly used vitreous substitute,
however, silicone oil substitutes are known to cause many adverse effects such as
oxidative damage causing cataracts (Swindle et al., 2008; Kleinberg et al., 2011),
intraocular inflammation, elevated intraocular pressure (Davis et al., 2017) and direct

retinal toxicity (Januschowski et al., 2018).



Partial PVD “Complete” PVD

Figure 1.1 — Degrees of PVD from liquefaction to complete PVD (Le Goff and Bishop,
2008).

Proliferative vitreoretinopathy (PVR) can also occur as a result of scarring after retinal
detachment or retinal detachment surgery (Idrees et al., 2019). There is no effective
treatment for PVR currently, however, inflammation, cell proliferation, and fibrosis
have been therapeutic targets with the use of corticosteroids (e.g., triamcinolone
acetonide and dexamethasone), antiproliferative and antineoplastic agents (e.g. 5-
fluorouracil and daunorubicin) and anti-vascular endothelial growth factor (anti-VEGF)
agents (e.g. Bevacizumab) (Idrees et al., 2019; Charteris, 2020).

Regenerative medicine is a growing discipline that offers sophisticated solutions for
the repair, regeneration, and replacement of damaged tissues and cells. Several
approaches, including gene therapy, as well as stem cell and progenitor cell therapy
can be used. (Vacanti, 2006; Polykandriotis et al., 2010). Tissue engineering for tissue
regeneration is the development of biodegradable and biocompatible scaffolds for
long-term use (Doostmohammadi et al., 2020).

Scaffolds developed for ophthalmic tissue regeneration should mimic the extracellular
matrix (ECM) resulting in a scaffold that is porous, biodegradable, and biocompatible
(Matthyssen et al., 2018; Doostmohammadi et al., 2020). Scaffolds for vitreous tissue
engineering must be transparent and permeable to allow oxygen, metabolites, and

nutrients to diffuse. The natural vitreous acts as a viscoelastic fluid or gel to keep the



shape of the eye (Kleinberg et al., 2011; Davis et al., 2017) and a vitreous substitute

must simulate this.

Hydrogels are three-dimensional (3D) polymeric scaffolds that can swell in aqueous
solutions without dissolving and thermosetting hydrogels are a type of bio-responsive
hydrogel that swell to a gel in response to temperature (Kleinberg et al., 2011). Due to
their gelation at body temperature, thermosetting hydrogels can be designed to
produce an intraocular tamponade effect (Kleinberg et al., 2011; Liu et al., 2019).
Currently, there is a need for improved vitreous substitutes, and hydrogels are a

promising engineered substitute.

This study proposes to address the need for improved vitreous substitutes following
vitrectomy in patients, while simultaneously treating retinal diseases. The purpose of
this study is to design a bio-responsive, nano-enabled vitreous substitute for the

treatment of retinal diseases.

1.2. Rationale and Motivation

Limitations with current vitreous substitutes have stimulated a need for new vitreous
substitutes with reduced side effects (Chang et al., 2019). Thermo-responsive,
polymeric hydrogels undergo solution-gel (sol-gel) transitions in response to changes
in temperature (Soliman et al., 2019). Thus, a thermo-responsive hydrogel as a
vitreous substitute is advantageous as it can form a gel once it is injected into the eye.

Synthetic polymers have been considered a more ideal option for long-term substitutes
due to more prolonged degradation in comparison to natural polymers such as
hyaluronic acid which degrade relatively easily (Kleinberg et al., 2011). Chemical and
morphological modifications to natural polymers, such as the introduction of functional
groups on reactive groups and the introduction of other polymers to form polymeric
complexes, allows for changes in their degradation behaviour (George et al., 2019;
Tong et al., 2020).

The blood-retinal barrier, the posterior position of the retina, and the inner limiting
membrane of the eye present challenges for drug delivery to the retina. Intravitreal
drug delivery for retinal diseases has circumvented these challenges, however, it

carries its disadvantages. These include the risk of endophthalmitis, vitreous



haemorrhage and retinal detachment (Cabrera et al., 2019). Patient compliance, with
the use of intravitreal injections, decreases as a result of the increased frequency of
injections due to fast elimination from the vitreous (Huang and Chau, 2019). The
bioavailability of these drugs can be increased via encapsulation in polymeric
nanoparticles (Imperiale et al., 2018). Thus, intravitreal drug-loaded nanopatrticles are
a potential long-term delivery route for the treatment of retinal diseases.

A thermo-responsive hydrogel that functions as a vitreous substitute, as well as a long-
term drug delivery medium, is a novel system for retinal disease treatment. Due to its
long-term effects, patient compliance would increase, and adverse effects observed
with repeated intravitreal injections would decrease (Ghasemi Falavarjani and
Nguyen, 2013).

The bio-responsive vitreous substitute proposed in this study, as shown in Figure 1.2,
was a hydrogel composed of natural or synthetic polymers that simulated the
properties of the natural vitreous such as refractive index, light transmittance, and
viscoelastic properties. The hydrogel was able to be injected into the posterior
segment of the eye. This long-term vitreous substitute functioned as a carrier and
delivery system for drug-loaded nanoparticles in the treatment of retinal diseases.
Triamcinolone acetonide (a steroid used in the management of macular oedema) was
used as a model drug with the potential for other drugs such as anti-VEGF agents to

be delivered in the same system.
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Figure 1.2 - Schematic representation of the proposed bio-responsive, nano-enabled
vitreous substitute synthesis process. This figure was partly generated using Servier
Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0

unported license.

1.3. Aim and Objectives

This research aimed to develop a bio-responsive vitreous substitute which can also
function as a delivery system for the controlled release of triamcinolone acetonide-
loaded nanoparticles for the treatment of retinal diseases. To achieve the aim of this

study, the following objectives were completed:

1. To select appropriate natural or synthetic polymers and to synthesise a bio-
responsive vitreous substitute. To screen the formulated vitreous substitute based

on transparency and gel formation and to establish the bio-responsive thermo-

gelling behaviour of the substitute.

2. To synthesise nanoparticles (NPs), loaded with triamcinolone acetonide, to

achieve controlled drug release kinetics, and undertake characterisation studies of

the fabricated nanopatrticles.

3. To optimise nanoparticle loading in the synthesised vitreous substitute and

characterise the physicochemical and mechanical properties of the nanoparticle-

Drug-loaded
nanoparticles

In situ gelling of Vitreous substitute,
release of nanoparticles and drug
release



free and nanoparticle-loaded substitutes such as Fourier Transform Infrared (FTIR)
spectroscopy, optical transparency, turbidity, density, and rheological analysis.

4. To undertake in vitro drug release analysis and establish the polymer degradation
behaviour of the vitreous substitute.

5. To undertake in vitro compatibility analysis of the nanoparticle-loaded substitute.

6. To perform a pilot in vivo analysis using a New Zealand White (NZW) rabbit model

to determine the therapeutic efficacy of the nano-enabled vitreous substitute.

1.4. Overview of this dissertation

Chapter one of this dissertation provides an introduction and background to the
current study. The disadvantages of current vitreous substitutes and intravitreal drug
treatments are discussed, considerations of a vitreous substitute are presented, and
the rationale and motivation of this study are discussed. Lastly, the aims and

objectives of the study are highlighted.

Chapter two of this dissertation provides a comprehensive review of current clinically
used vitreous substitutes along with experimental polymeric vitreous substitutes. The
natural human vitreous and its components are discussed along with the properties to
consider for an ideal substitute. Additionally, this chapter provides the advantages and

disadvantages of all the materials presented.

Chapter three of this dissertation provides the preliminary design and proof-of-
concept for the vitreous substitute for this study by evaluating the ability of two
synthetic polymers to form a composite thermo-responsive hydrogel with the natural
polymer hyaluronic acid that is found in the native eye. This chapter presents the
preliminary formulations with various polymer concentrations and finally presents an

optimised composite polymer blend as a potential vitreous substitute.

Chapter four of this dissertation describes the characterisation of the nanoparticles,
the unloaded hydrogel and the nanoparticle-loaded hydrogel. Optical properties
(refractive index and transmittance), viscoelastic properties and physicochemical
properties are discussed to confirm the similarities between the hydrogels and to

confirm the fabrication of the formulations. Additionally, drug release, swelling and



degradation profiles are discussed. Lastly, a biocompatibility assay with a 3T3 and
hRPE cell line is presented.

Chapter five of this dissertation discussed the pilot in vivo study conducted using the
New Zealand White rabbit model. Methodologies of study design and surgical
procedures are discussed. The biocompatibility over 28 days using histomorphological
analysis is discussed and the drug release profile over the 28 days of investigation is

presented.

Chapter six of this dissertation presents the conclusions of this research. Perspective
recommendations with the formulated hydrogel and the field of vitreous substitution

are also presented.
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Chapter 2 - Literature review - Advances in polysaccharide- and synthetic

polymer-based vitreous substitutes

2.1. Introduction

The World Health Organisation (WHO) estimates that 2.2 billion people suffer from
vision impairment or blindness globally. Of these 2.2 billion, 1 billion people have
preventable causes of blindness or visual impairment (World Health Organisation,
2019). Blindness and visual impairment can be caused by, cataracts, glaucoma,
diabetic retinopathy, age-related macular degeneration (AMD), and retinal detachment
(RD) (Flaxman et al., 2017; World Health Organisation, 2019). The leading cause of
global blindness is cataracts, while glaucoma is the leading cause of irreversible visual
loss and second to cataracts as a cause of blindness globally (Giangiacomo and
Coleman, 2009; Kyari et al., 2013). Worldwide, an estimated 14 million people are
affected by age-related macular degeneration (Chappelow and Kaiser, 2008) and one-
third of people suffering from diabetes mellitus (285 million) are affected by diabetic
retinopathy (Lee et al., 2015). Pars plana vitrectomy (PPV) is one of the most
commonly used treatments for many retinal diseases especially RD (Vaziri et al.,
2016). During PPV the vitreous body is removed after which it is replaced with a
vitreous substitute (Murtagh et al., 2020). Certain types of RD can also be treated with
pneumatic retinopexy (PR) (Chan et al., 2008). PR is an outpatient procedure that
involves the induction of retinopexy around the retinal breaks or tears and intravitreal

injection of a long-acting expansive gas (Figure 2.1) (Gupta et al., 1997).
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Figure 2.1 - Endotamponade caused by an intraocular gas bubble during pneumatic
retinopexy. (A) Fluid enters behind the retina causing detachment (B, C) Retinal
reattachment is facilitated through gas bubble tamponade (D) Reattachment of the
retina. Reprinted with permission from (Su et al.,, 2015) Copyright 2015 American
Chemical Society.

The purpose of the vitreous substitute is to fill the vitreous cavity and to help reattach
the vitreous and the retina after vitrectomy surgery (Figure 2.2) by providing tension
on the eye and promoting healing (Kleinberg et al., 2011; Murtagh et al., 2020).
Silicone oil and gases are commonly used for medium and long-term tamponade
effects, while perfluorocarbons are utilised as intraoperative tamponades. Currently,
the only post-operative choice for long-term vitreous substitution is silicone oil
(Kleinberg et al., 2011; Vaziri et al., 2016). The optical clarity and chemical inertness
of these compounds are favourable, but many disadvantages and adverse effects

have prompted researchers to develop a vitreous substitute using polymers.
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Figure 2.2 - During vitrectomy surgery microsurgical instruments are placed in the eye
through incisions in the sclera. A suitable substitute is used to replace the native
vitreous (Astbury et al., 2008).

The development of an ideal vitreous substitute is one of the most intricate and difficult
disciplines of ophthalmic research and a suitable polymeric substitute is yet to be
developed. This review presents and critically evaluates current vitreous substitutes
with emphasis placed on developments in polysaccharide and synthetic polymer

hydrogels that show promise. For this review, a literature search was conducted for

the keywords ‘“vitreous substitute,” “artificial vitreous,” “experimental vitreous,”

“‘polymeric vitreous,” “vitreous mimetic,” “vitreous humour,” “retinal tamponade,”

” o«

“retinal detachment,” “silicone oil substitute,” and “hydrogel vitreous”. Databases
utilised for the search include SCOPUS, Google Scholar, and PubMed. Papers from
1950 were included in the search and references in the relevant articles were also

used. Articles in languages other than English were excluded.

2.2. The Natural Vitreous

The vitreous is a transparent, gel-like structure, with a volume of approximately 4
millilitres, occupying the majority of each eye (Snell and Lemp, 1997). The vitreous
provides a clear passage of light, provides oxygen transport through the eye, and also
functions to hold the retina in place, dampen eye movements, and create a barrier
against biochemical substances (Snell, 2000; Chirila and Harkin, 2016; Alovisi et al.,
2017). The gelatinous structure of the vitreous is based on the polysaccharide,

hyaluronic acid, and the peptide, collagen, which, along with 98% water, are the main
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components of the vitreous (Donati et al., 2014; Chirila and Harkin, 2016). Structural
stability of the vitreous is provided through the binding of water to proteins and
glycosaminoglycans (GAGs) (Alovisi et al., 2017). The proteins, GAGs, metabolites,
and cells found in the vitreous are shown in Table 2.1 (Donati et al., 2014; Alovisi et
al., 2017).

Table 2.1 - Biochemical composition of the vitreous (Donati et al., 2014)

Biochemical Group Molecule
Albumin
Proteins Transferrin (iron-binding protein)

Collagen (type Il, IV, V, VI, IX, XI)

Hyaluronic acid
Glycosaminoglycans Chondroitin sulfate

Ascorbic acid
Glucose
Lactic acid
Amino acids
_ Unsaturated fatty acids
Metabolites Prostaglandins
PGE2
PGF2 alpha
Prostacyclin
Thromboxane

Hyalocytes
Cells Fibrocytes/fibroblasts
Macrophages

The vitreous has a density of 1.0053 — 1.008 g/cm?, a refractive index of 1.3345 —
1.3348, and a pH of 7.0 — 7.4 (Donati et al., 2014). A high hyaluronic acid concentration
with suspended collagen fibres within the vitreous allows for the viscosity of the
vitreous (300 — 2000 cP) and absorbs the stress and strain created during the
movement of the eye during the day. The viscosity of the vitreous is highest close to
the posterior pole of the eye and decreases as you move anteriorly. (Chirila and
Harkin, 2016). Collagen, GAGs, and water in the vitreous ensure transparency and
support the mechanism responsible for vision and accommodation of the eye (Donati
et al., 2014; Chirila and Harkin, 2016). Ascorbic acid in the vitreous has been found to

act as a neovascularisation inhibitor, it can increase the proliferation of hyalocytes and
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act as an antioxidant to reduce free oxygen in the vitreous (Kleinberg et al., 2011;
Donati et al., 2014).

The vitreous humour is a viscoelastic gel or solid displaying both solid and liquid-like
behaviour. The storage shear modulus (G’) of the vitreous is higher than the loss shear
modulus (G”). The storage modulus represents the recoverable or elastic component
while the loss modulus represents the viscous component (Swindle et al., 2008; Tram
and Swindle-Reilly, 2018). Therefore, under static loading, the vitreous will respond as
an elastic body but during rapid unloading events, such as trauma, the vitreous will be

capable of dissipating substantial energy (Chirila and Harkin, 2016).

2.3. The Ideal Vitreous Substitute

The ideal vitreous substitute should have analogous viscoelastic properties to the
natural vitreous. It should maintain intraocular pressure within a normal range, and it
should be able to support the surrounding ocular tissue such as the retina without
causing toxicity (Kleinberg et al., 2011). Vitreous substitutes must be transparent and
permeable. The natural vitreous maintains the shape of the eye by behaving as a
viscoelastic fluid or gel (Kleinberg et al., 2011; Davis et al., 2017) and a vitreous
substitute must mimic this. An ideal vitreous substitute should also not degrade with
time (Chirila and Harkin, 2016).

2.4. Current Vitreous Substitutes

During pars plana vitrectomy, the vitreous is removed to repair a retinal detachment
or clear a vitreous haemorrhage. Silicone oils, perfluorocarbon liquids, gases, air, and
balanced salt solutions are substitutes that are currently used following vitrectomy
(Kleinberg et al., 2011; Tram et al., 2020). These substitutes work as short-term or
long-term tamponades that keep the retina in place. Table 2.2 shows various gas and
liquid tamponade agents used. Polymeric vitreous substitutes are currently only used
for sustained drug delivery mainly for posterior segment diseases and have not yet

been employed as permanent vitreous substitutes (Swindle and Ravi, 2007).
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Table 2.2 - Tamponade agents used in the treatment of retinal detachment. (Adapted

from Vaziri et al., 2016)

Silicone Oil (SO) Chemical Viscosity Specific Interfacial Refractive
tamponades Composition (centistoke) gravity tension Index
(g/lcm?) (mN/m)
Conventional SO
1000 cSt SO 100% PDMS 1000 0.97 35 14
5000 cSt SO 100% PDMS 5000 0.97 35 1.4
Heavy SO
Oxane HD 88.1% 5700 cSt 3300 1.02 45 1.4
Densiron 68 Oxane/11.9% RMN- 1400 1.06
3 41 1.4
69.5% 5 000 cSt
PDMS/30.5% FsHs
Gas Chemical 100% gas 100% Tamponade Isoexpansile Interfacial
Tamponades formula expansivity maximum duration concentration tension
and gas (mN/m)
molecular expansion
weight
(g/mol)
Air N/A N/A N/A 5-7 days N/A 70
28.97
Sulfur SFs 2x 1-2 days 2 weeks 20% 70
hexafluoride 146.06
Perfluoro- CaFe 3x 1-3 days 4-5 weeks 16% 70
ethane 138.01
Perfluoro- CsFs 4x 3-4 days 8 weeks 14% 70
propane 188.02
Perfluorocarbon  Chemical Specific Viscosity (mPas) Interfacial Refractive Index
liquids formula gravity tension
and (g/cm?) (mN/m)
molecular
weight
(g/mol)
Perfluoro-n- CsF1s 1.76 1.20 55.0 1.3
octane 438.06
Perfluorodecalin  CioF1s 1.33 5.68 57.8 1.3
462.08

2.4.1. Gases

Vitreous substitutes with gases are used for pneumatic retinopexy and post-operative

endotamponade. These include the use of air and expansile gases such as sulfur

hexafluoride (SFs), perfluoroethane (C2Fs) and perfluoropropane (CsFs) (Marcus et al.,
1994; Gurunadh et al., 2010; Kleinberg et al., 2011).
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2.4.1.1. Air

Treatment of retinal detachment (RD) was first conducted by Ohm in 1911 using sterile
air in an intravitreal injection (Vaziri et al., 2016). Air is readily available, inexpensive
and does not need to be removed as it is replaced with aqueous humour once
absorbed (Donati et al., 2014). However, the refractive index of air is incompatible with
ocular tissue, and it has a decreased residence time (Marcus et al., 1994). Thus, air
is only used when no other substitutes are available (Kleinberg et al., 2011), but recent
studies show that air can be considered in vitrectomy for simple RD with sufficient
removal of subretinal fluid (Pak et al., 2017) and pars plana vitrectomy with a partial
air tamponade (Zhang et al., 2017).

2.4.1.2. Expansile Gases

Expansile gases such as SFs and CsFs are used more commonly for vitrectomy, and
both are heavier than air. These gases are also colourless, odourless, and nontoxic
rendering them ideal for use as vitreous substitutes (Donati et al., 2014; Alovisi et al.,
2017). The buoyancy of these gases maintains the position of the retina against retinal
pigment epithelium (RPE) (Neffendorf et al.,, 2018). Expansile gases will be
spontaneously reabsorbed in 6 to 80 days and replaced with aqueous humour as seen
with air, avoiding a secondary surgery for the removal of the gas (Thompson, 1992).
SFes expands within 2 days lasting for 1 to 2 weeks in the vitreous cavity while CsFs
expands within 96 hours and can last for 6 to 8 weeks (Lee et al., 1991; Vaziri et al.,
2016). This expansive property of these gases requires patients to avoid high altitudes
(including air travel) for 2 weeks and 6 weeks respectively following the administration
of these gases (Mateo-Montoya and de Smet, 2013). Adverse effects of expansile
gases include a raised intraocular pressure after surgery, cataract formation, foveal
sensitivity, and endothelial changes to the cornea (Kleinberg et al., 2011; Kanclerz
and Grzybowski, 2018; Scheerlinck et al., 2018). Temporary vision impairment due to
the difference in refractive indexes between the gas and surrounding ocular tissue is
also observed (Kanclerz and Grzybowski, 2018; Neffendorf et al., 2018). When
vitrectomy is performed under general anaesthesia, and these gases are used as a
tamponade, dinitrogen monoxide (N20) must be avoided. Studies show that due to the
strong diffusion tendency of N20, a rapid expansion of expansile gases is caused

leading to a fast increase in intraocular pressure and in some cases the retinal artery
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is occluded resulting in a temporary or permanent loss of vision (Hart et al., 2002).
Expansile gases are suitable short-term vitreous substitutes, but alternatives should

be used for long-term substitution.

2.4.2. Liquids

Liquid vitreous substitutes include balanced salt solutions (BSS), perfluorocarbon
liquids (PFCLs), semi-fluorinated alkanes, silicone oil and heavy silicones. They have
been studied and used as endotamponades that can respond to head movement

without being absorbed and degraded.

2.4.2.1. Balanced Salt Solutions (BSS)

Physical characteristics of balanced salt solutions (BSS) such as the refractive index,
density and optical transparency are similar to those of the aqueous humour (Donati
et al., 2014). These solutions are used as irrigating solutions rather than vitreous
substitutes and may change once injected due to proteins, metabolites, and cells in
the vitreous cavity (de Bustros et al., 1985; Asaria et al., 2001). Balanced salt solutions
have a low surface tension leading to no tamponade properties on the retina that are

required by an ideal vitreous substitute (Kleinberg et al., 2011).

2.4.2.2. Perfluorocarbon Liquids (PFCLSs)

Perfluorocarbon liquids (PFCLs) are chemicals in which fluorine atoms replace all the
hydrogen atoms (Yu et al., 2014). Because of their physical features such as high
specific gravity, low surface tension, low viscosity, and optical transparency, PFCLs
are an appropriate alternative for vitreoretinal surgery. (Peyman et al., 1995; Yu et al.,
2014; Eiger-Moscovich et al., 2017). Due to the long-term toxicity, PFCLs are limited
to intraoperative use where they flatten the retina temporarily allowing for the repair of
retinal detachments (Chang et al., 1989; Peyman et al., 1995; Vaziri et al., 2016). This
toxicity results in mechanical damage to cells, disorganisation of the retina, and ocular
inflammation (Peyman et al., 1995; Malchiodi-Albedi et al., 2002; Mertens et al., 2002).
The low viscosity of PFCLs allows for injection, removal, and tissue manipulation
(Peyman et al., 1995). PFCLs have a high oxygen solubility and a study with
perfluorotributylamine (FTBA) as a vitreous substitute in rabbits showed that FTBA
had a neuroprotective effect (Wilson et al., 1995).
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2.4.2.3. Semifluorinated Alkanes (SFAS)

Semifluorinated alkanes (SFASs) are physically and chemically inert, colourless, and
immiscible in water. SFAs have a lower specific gravity than PFCLs and this allows
them to produce less retinal damage than that observed with PFCLs (Matteucci et al.,
2007). SFAs can be used as long-term tamponades as their refractive index is close
to that of the vitreous in the human eye (Kirchhof et al., 2002; Roider et al., 2002).
Adverse effects linked with the use of SFAs include emulsification and cataract
formation (Kirchhof et al., 2002; Wetterqgvist et al., 2004). The solubility of SFAs in
silicone oil has led to their combined use to overcome the emulsification of SFAs alone
(Ozdek et al., 2011).

2.4.2.4. Silicone Oil

Silicone oil (SO) is the gold-standard for long-term vitreous substitution (Kleinberg et
al., 2011). SO is a polymerised liquid siloxane that is hydrophobic. SO polymers are
the most used vitreous substitute as they have high surface tension and viscosity, are
easy to remove, have low toxicity, and are transparent (Gurunadh et al., 2010; Barca
et al., 2014; Vaziri et al., 2016). These properties make SO substitutes the ideal long-
term vitreous replacement. SOs are used for complicated RD, in uncooperative
patients such as children and adults with physical impairment, and when postoperative
air travel is planned (Kim and Baumal, 2004; Kleinberg et al., 2011). Viscosities of
1000 to 5000 centistokes of SO are used (Barca et al., 2014). SO removal is typically
performed between 3-6 months after the initial surgery when the retina is deemed to
be adequately attached (Kleinberg et al., 2011; Barca et al., 2014). SOs have a
tamponade effect on the superior retina while preserving anatomical integrity because
of their high surface tension and low specific gravity (Azen et al., 1998).

Patients need to be monitored closely following SO administration as it has many
disadvantages. Its low specific gravity means that it is difficult for SO to tamponade
the inferior retina. SO has a refractive index higher than that of ocular tissue and thus
optical adjustments need to be made. Other disadvantages include emulsification,
increased intraocular pressure, intraocular inflammation, decreased choroidal
thickness, oxidative damage causing cataracts, and glaucoma (Kim and Baumal,
2004; Barca et al., 2014; Eibenberger et al., 2020; Kars et al., 2020). Complications
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that may arise following SO administration require the SO to be removed. Removal of
SO can also lead to recurrent RD, corneal abnormalities, hypotony, and a loss in the
clarity and sharpness of the patient’s vision (Xie and Lei, 2013; Eibenberger et al.,
2020).

2.4.2.5. Heavy Silicone Oil

Heavy silicone olil is created by mixing silicone oil and SFAs forming a homogenous
tamponade (Kleinberg et al., 2011; Donati et al., 2014). The combination of the two
creates an effective tamponade that is heavier than water and has minimal
emulsification in comparison to SFAs alone (Wettergvist et al., 2004; Joussen et al.,
2011). Heavy silicone oil has been used for complex RD involving inferior proliferative
vitreoretinopathy (Lim and Vote, 2008; Li et al., 2010; Ozdek et al., 2011).
Complications associated with heavy silicone oil include cataract formation,
emulsification, elevated intraocular pressure, and anterior segment inflammation
(Berker et al., 2007; Morescalchi et al., 2014).

2.5. Experimental Polymeric Vitreous Substitutes

Hydrogels are three dimensional (3D) polymers. Without dissolving, they can swell in
agueous solutions, and thermosetting hydrogels are a type of bio-responsive hydrogel
that swell to a gel (undergo sol-gel, solution-gel, transitions) in response to a change
in temperature (Kleinberg et al., 2011; Soliman et al., 2019). Due to their ability to gel
at physiological temperatures, thermosetting hydrogels can be developed to have a

tamponade effect in the eye(Kleinberg et al., 2011; Z. Liu et al., 2019).

Polymeric hydrogels have the potential to be the ideal vitreous substitute as they can
be injected as aqueous solutions, after which they form a gel in situ in response to a
change in temperature. An in situ gel is a solution that can transition into a semisolid
gel in response to a physiological change such as pH and temperature (Kleinberg et
al., 2011). This ability to form a gel in situ is advantageous as it overcomes the problem
of shearing and degradation when a hydrogel is injected through a small gauge needle
(Chirila and Hong, 1998; Swindle et al., 2008). Some disadvantages that need to be
overcome when using polymeric hydrogels include short degradation times (Kleinberg
et al., 2011), retinal toxicity (Davidorf et al., 1990; de Jong et al., 2000; Hwang et al.,
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2013), polymer fragmentation (Pruett et al., 1972, 1974; Chirila and Hong, 1998), and
an increased time to form a gel within the eye (Katagiri et al., 2005).

2.5.1. Natural Polymers (Polysaccharides and Proteins) - Structural Vitreous
Substitutes

Natural polymers are proteins (silk, collagen, gelatin, fibrinogen, elastin, keratin, actin
and myosin), polysaccharides (cellulose, amylose, dextran, chitin and
glycosaminoglycans) or polynucleotides. Natural polymers degrade relatively easily,
and thus synthetic polymers have been considered a more ideal option for long-term
substitutes due to more prolonged degradation (Kleinberg et al., 2011). However,
natural polysaccharides and proteins can be modified to retard their degradation
(George et al., 2019). These maodifications include chemical and morphological
modifications such as the introduction of functional groups on reactive groups and the
introduction of other polymers to form polymeric complexes (Tong et al., 2020).
Studies utilising natural polysaccharides and polymers for vitreous substitution were
conducted due to the similar molecular structures between these polymers and the
natural vitreous. The focus of these studies was to fabricate a vitreous substitute that
would mimic the structure of the natural vitreous in its chemical composition. Natural
polysaccharides and polymers such as hyaluronic acid and collagen are components
of the natural vitreous making them the ideal first choice to study for vitreous
substitution (Pruett et al., 1972; Necas et al., 2008).

2.5.1.1. Hyaluronic Acid

Hyaluronic acid (HA) is a natural polysaccharide that is found in the vitreous of the eye
(Necas et al., 2008). HA is biocompatible, mucoadhesive and biodegradable making
it ideal for ocular drug delivery (Y. Liu et al., 2019). Since the 1970s HA has been
studied as a vitreous substitute (Pruett et al., 1979). Through the extraction and
purification of sodium hyaluronate, a highly viscous, clear, and injectable HA solution
was derived. This solution was then found to be biocompatible in a clinical trial.
However, the study that was conducted could not substantiate its application following

vitrectomy surgery.

HA is an ineffective intraocular tamponade due to its short degradation time. Several

studies have been conducted to extend the degradation period and make HA a
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suitable vitreous substitute through the functionalisation of HA via crosslinking and
copolymerisation. To extend the degradation period of HA, it was crosslinked with
another chemical, adipic dihydrazide (ADH), by two different groups. Su et al. (2011)
oxidized HA to form oxi-HA after which a clear, colourless, and transparent hydrogel
was formed following cross-linking with ADH. This hydrogel had a refractive index
similar to that of the natural vitreous, the gel matrix could be maintained over 35 days,
and it was found to be non-toxic when evaluated on RPE cells. Preliminary studies of
this hydrogel in rabbits showed no significant irregular reactions for 3 weeks. Schramm
et al. (2012) assembled different hydrogels by crosslinking HA with ADH and by photo-
crosslinking HA with N-vinyl-pyrrolidinone and UV-light. Both hydrogels that were
assembled were clear, transparent, and found to have refractive indexes similar to that
of the natural vitreous. Degradation studies of the hydrogels showed only slight
degradation over 1 month. No toxicity was observed in RPE cells for the UV-
crosslinked hydrogels, however, the ADH crosslinked hydrogel showed mild toxicity
unlike that in the study by Su et al. Schramm et al. concluded that hydrogels based on

UV-crosslinked HA may be promising vitreous substitutes.

Healaflow® is a commercially available implant that is used in glaucoma surgery as a
space-filler to limit post-operative fibrosis (Roy et al., 2012). Itis a transparent hydrogel
that consists of over 97% water and crosslinked sodium HA, with a refractive index of
1.34. These properties of Healaflow® led researchers to study it as a vitreous
substitute following PPV in rabbits. Their findings indicated that the hydrogel
maintained its viscous structure for a few weeks following vitrectomy and following
long-term follow-up, retinal detachments were found to be self-limiting. These results
lead the researchers to believe that Healaflow® may potentially be an effective short-
term tamponade but more studies need to be conducted to prolong the structural
integrity of the hydrogel (Barth et al., 2016).

Enzymatic crosslinking of silk fibroin with HA has also recently been done to form a
hydrogel for vitreous substitution. Using horseradish peroxidase and H202, crosslinked
silk-HA hydrogels were formed. Crosslinking of these two polymers resulted in a
hydrogel that overcame the limitations placed on the individual polymers with
increased stability of the hydrogel and tunability of the rate of gelation of the hydrogel.
The resultant silk-HA hydrogel had a refractive index of 1.336 and light transmission
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of up to 91% (Raia et al., 2020) but more research needs to be done to improve
degradation and to assess the cytotoxicity of the hydrogels for it to be considered for

use as a vitreous substitute.

Vitreous substitutes based on crosslinked thiolated HA have also been studied. The
first study, by Schnichels et al. (2017), prepared two different hydrogels, soft (1% HA)
and strong (2.2% HA), from thiolated HA by the formation of disulphide bridges. The
researchers found that the thiol-modified HA had the capability to form stable
hydrogels by the natural formation of disulphide bridges without the addition of any
chemical crosslinkers. Both hydrogels displayed all characteristics required of an ideal
vitreous substitute. In addition to this, both hydrogels also showed superiority to
silicone oil in that cataract formation was less frequent with the hydrogels. The soft
hydrogel prepared by Schnichels et al. with 1% HA was then further studied by
Januschowski et al. (2019). The purpose of the second study was to characterise the
biophysical properties (intraocular pressure and retinal integrity) of the prepared
substitute. Their results showed no significant increase in intraocular pressure and no

significant toxicity which justifies in vivo studies of the hydrogel for biocompatibility.

Other modifications to HA include the introduction of other polymers to form polymeric
complexes. Nakagawa et al. (1997) used HA and collagen showing that the
concomitant use of collagen and HA is capable of a tamponade effect. Their study
showed that the mixture is safe and effective for 3 months in rabbit eyes as a vitreous
substitute. They also found that the half-life of collagen was enhanced by HA, but an
accumulation of collagen was seen on the retina. The concomitant use of HA with
gellan as a vitreous substitute has also been studied. The study found that although a
gel formed, its application was limited due to the diminished mechanical properties of
the gel. CaClz was added to form a crosslinked hydrogel which resulted in a substitute
that could act as short-term tamponade, circumventing the limiting rheological

properties displayed by the previous gel (Suri and Banerjee, 2006).

2.5.1.2. Collagen and Its Derivatives
In the 1960s, polygeline, a derivative of gelatin which itself is a derivative of hydrolysed
collagen, was implanted in rabbit and human eyes. A 3.5% solution initially was

opaque but remained clear thereafter for 3 months. However, RD and haemorrhages
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were seen in the rabbit eyes. The retention rate of polygeline decreased to 22.5% by
the tenth day and higher concentrations of polygeline cause white dots and
inflammation. Copolymerisation with other polymers caused cloudiness and it was
concluded that the inflammation caused by polygeline made it unacceptable as a
vitreous substitute (Oosterhuis et al., 1966). Studies conducted by Pruett et al. (1972,
1974) reported many adverse effects following the administration of collagen as a
vitreous substitute. These include inflammation, blurred vision due to opacification of

the vitreous, and decreased mechanical properties of the gel due to fragmentation.

As discussed previously, a study by Nakagawa et al. found that the hydrogel
copolymer of collagen and HA was capable of tamponade and the half-life of collagen
was enhanced by HA, but collagen accumulated on the retina (Nakagawa et al., 1997).
The use of methylated collagen was then studied to determine its efficacy in
overcoming previously found disadvantages with collagen. A solution of Type I/l
collagen and acidified anhydrous methanol was produced. This solution had no
surface tension preventing a tamponade effect making it unsuitable for retinal
detachment (Liang et al., 1998). Overall, the inflammation and ocular pain caused by

collagen and its derivatives render them unsuitable as vitreous substitutes.

2.5.1.3. Gellan Gum

Gellan gum is a microbial heteropolysaccharide used in the food industry. Gellan gum
can form a gel in situ and is capable of maintaining a gel structure at body temperature
(Giavasis et al., 2000; Osmatek et al., 2014). Suri and Banerjee (2006) studied
polymers of gellan gum and hyaluronic acid as discussed previously. The resultant gel
was crosslinked with CaClz which formed a stronger hydrogel that could be a short-

term tamponade.

2.5.1.4. Chitosan

Chitosan is a partially deacetylated derivative of the polysaccharide, chitin, and has
been extensively used due to its favourable biological properties (Huang et al., 2017;
Tang et al.,, 2017). An in vivo rabbit eye study with chitosan and HA showed no
significant effect on the intraocular tissue and no changes in the intraocular pressure

were observed. The intra-vitreous chitosan also had a longer biodegradation time than
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HA with similar inflammatory effects, making chitosan more suitable than HA (Yang et
al., 2008).

Hydroxypropyl chitosan, a derivative of chitosan, has enhanced solubility, stability, and
biocompatibility compared with chitosan (Peng et al., 2005; Huang et al., 2017). Jiang
et al. (2018) studied an in situ-forming hydrogel by crosslinking hydroxypropyl chitosan
with alginate dialdehyde. Properties such as the refractive index, light transmittance,
and density of the prepared hydrogel were comparable to that of the natural vitreous
and biocompatibility studies showed the hydrogel to be nontoxic. In vivo rabbit studies
showed that the hydrogel caused no change in intraocular pressure 90 days post-
operation. A minor decline in vision was seen along with a decrease in the densities
of photoreceptors in the eyes, indicating that further studies of this hydrogel need to
be conducted.

2.5.2. Synthetic Polymers — Functional Vitreous Substitutes

Some of the shortcomings of polysaccharides for long-term vitreous substitution have
led to more research into the use of synthetic polymeric hydrogels. The extensive
studies utilising synthetic polymers for vitreous substitution have centred on
reproducing the mechanical and viscoelastic properties of the natural vitreous. The
focus of these studies was to design a vitreous substitute that would mimic the function
of the natural vitreous. The synthetic polymers discussed below have varying chemical
structures and properties that allow for tuning of their functions. Synthetic polymers
are synthesised via chemical reactions such as polymerisation that utilise harsh
solvents and other polymers that could be incompatible with ocular cells. Therefore,
due to the use of polymers that may vary notably in composition from the chemical
make-up of the natural vitreous such as polyacrylamide (Nardo et al., 2017) and
polyethylene glycol (Hayashi et al., 2017), in addition to the chemical processes
involved in the synthesis of these polymers, intensive biocompatibility studies are
essential for clinical application of these substitutes (Davidorf et al., 1990; de Jong et
al., 2000).

2.5.2.1. Poly(1-Vinyl-2-Pyrrolidone)
First studied by Scuderi in 1954, Poly(1-vinyl-2-pyrrolidone) (PVP) was the first
synthetic polymer to be studied as a potential vitreous substitute. Variable
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concentrations of PVP solutions were injected into rabbit eyes and no histological
reactions were seen but opacification in the eyes occurred (Scuderi, 1954).

Researchers subsequently studied a selection of PVP gels to select the most suitable
materials that have the potential to be vitreous substitutes through various
characterisation studies (Hong et al., 1996). The 1-vinyl-2-pyrrolidine monomer was
then chosen and polymerised with divinyl glycol as a crosslinker. The transparent
hydrogel that formed had a similar viscosity and density to the natural vitreous with a
refractive index of 1.339 and a shear storage modulus higher than the shear loss
modulus (Hong et al., 1996). The hydrogels were then tested in rabbit eyes.
Macrophages were present after 4 weeks indicating inflammation, and biodegradation
of the hydrogel was also seen (Vijayasekaran et al., 1996; Hong et al., 1998). PVP
hydrogels displayed similar properties to the natural vitreous, however, polymer
fragmentation from small-gauge needle injection resulted in a decrease in the

mechanical properties of the hydrogel (Chirila and Hong, 1998).

2.5.2.2. Hydroxypropyl Methylcellulose and Methylcellulose

One of the most abundant naturally occurring polysaccharides is cellulose and
synthetic modifications to cellulose are easily accomplished. These modifications have
resulted in polymers with improved properties (Tylkowski et al., 2017). Examples of
modified cellulose that have been used as potential vitreous substitutes include

hydroxypropyl methylcellulose and methylcellulose.

Hydroxypropyl methylcellulose (HPMC) is prepared by treating the alkali cellulose
fibres with propylene oxide and methyl chloride (Tylkowski et al., 2017). A solution of
HPMC was injected in rabbit eyes by Fernandez-Vigo et al. (1990). In their study, it
was observed that HPMC elimination occurred within 10 weeks after implantation
deeming the solution unsuitable for long-term vitreous substitution and the sealing of
retina holes in RD. The residence time of HPMC was controlled by varying the
molecular weight of HPMC in another study. The results indicated that HPMC with a
molecular weight of 120 kDa had a half-life of 38 days. However, HPMC was still
unsuitable for long-term vitreous substitution (Fernandez-Vigo et al., 1990).

Heating of cellulose fibres followed by treatment with methyl chloride or methyl iodide

forms methylcellulose (Tylkowski et al., 2017). Methylcellulose can form reverse
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thermo-responsive hydrogels that can undergo a sol-gel transition when heated
(Contessi et al., 2017). Katagiri et al. (2005) prepared a thermosetting gel with
methylcellulose mixed with polyethylene glycol. Various gel concentrations were
prepared until a final, optimised preparation, WTG-127, was used for further studies.
WTG-127 formed a gel at 36 °C and retained transparency upon gelation. However,
the time to form a gel was 50 min which resulted in the drifting of WTG-127 under the
retina through the retinal tear. WTG-127 is hydrophobic and could not provide a
tamponade effect. Thus, WTG cannot be a suitable long-term vitreous substitute, but

research can be done on the application of WTG-127 as a drug delivery medium.

2.5.2.3. Adcon-L

Adcon-L is a polymer that has been used in neurosurgery formed with proteoglycan
esters in gelatin saturated with water (Tribolet et al., 1998). Adcon-L was studied by
de Jong et al. (2000) as a vitreous substitute in rabbits. After 1-day ocular inflammation
was observed, lens capsules were thickened after 2 weeks, and after 3 weeks, corneal
opacity and additional thickening of the lens capsule were observed. Additionally, after
3 weeks, the hydrogels were no longer visible and retinal toxicity was indicated

rendering Adcon-L an unsuitable vitreous substitute.

2.5.2.4. Pluronic Polyol

An aqueous solution of pluronic polyol F-127 (PF-127) is liquid at low temperatures
forming a clear gel at physiological temperature. Davidorf et al. evaluated PF-127 in
rabbits as a vitreous substitute. Although it formed a gel in situ, severe retinal toxicity
was observed, making PF-127 clinically unsafe to use (Davidorf et al., 1990). Severe

retinal toxicity of PF-127 was also observed by Hwang et al. (2013).

2.5.2.5. Poly(N-Isopropylacrylamide)

Strotmann et al. (2011) studied a polyelectrolyte hydrogel composed of sodium
acryloyldimethyltaurate and acrylic functionalised poly(N-isopropylacrylamide)
macromonomer crosslinked with glycerol dimethacrylate. They observed that the
crosslinked polyelectrolyte was thermosensitive and enabled the hydrogel to form a
gel in situ and the developed hydrogel was also biocompatible. Following the
promising results from the 2011 study, Strotmann et al. (2013) investigated the stability

of the developed polyelectrolyte hydrogel against enzymatic biodegradation and
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conducted further biocompatibility studies. In this study, an absence of cell proliferation
was observed suggesting that the integrity of the retinal barrier is not affected by the
hydrogel. These studies, however, did not evaluate the optical and mechanical
properties of the hydrogel and further studies would need to be conducted to evaluate

the capability of these hydrogels as vitreous substitutes.

2.5.2.6. Polyacrylamide

Acrylamide is toxic and carcinogenic. However, polymerised acrylamide,
poly(acrylamide), is biocompatible, hydrophilic and viscoelastic making it an
advantageous polymer for vitreous substitution (Nardo et al., 2017). Reversible
hydrogels composed of acrylamide and bis(acryloyl)cystamine (BAC) with disulphide
crosslinkers were developed (Figure 2.3). Reduction of the disulphide bonds to thiol
groups resulted in the removal of the toxic monomer. As is needed with current
substitutes, following vitrectomy with this hydrogel, a patient would be required to
remain face down due to the swelling nature of the hydrogel (Aliyar et al., 2004). After
injection into human cadaver eyes as well as porcine eyes ex vivo, studies indicated
that the gel elasticity of the developed hydrogel was maintained (Foster et al., 2006;
Chirila and Harkin, 2016). Foster et al. (2006) also confirmed that the developed
hydrogels form gels in the eye and osmotic pressure in the vitreous cavity is generated.
Further studies showed that the addition of N-phenylacrylamide (NPA) to the
previously developed hydrogel increased biocompatibility. Rheological testing of the
new hydrogel indicated that the storage and loss moduli matched that of the porcine
vitreous (Swindle et al., 2008). In vivo rabbit studies of the hydrogel indicated no
inflammation or toxicity after 1 week (Swindle-Reilly et al., 2009). Recently, Davis et
al., (2017) incorporated acrylic acid into the hydrogel formulation. Various
concentrations of this hydrogel were developed and characterised. Results of this
study indicated that this new hydrogel could form a gel at lower concentrations while
remaining optically clear and biocompatible, thus making it an ideal potential for

vitreous substitution.
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Figure 2.3 - Polymerised acrylamide reversible hydrogel; (A) Polymerization and
crosslinking (B) reduction, and (C) in situ regelation. (Aliyar et al., 2004)

2.5.2.7. Methacrylamide

Liang et al. (2017) studied and formulated copolymers composed of methacrylamide
(MAM), methylacrylic acid and N’,N’-bis(methylacryloyl-cystamine) (BMAC).
Methacrylic acid increases the anionic charge of the copolymer system while also
increasing the swell ability. This allowed the researchers to modify the hydrogel to
have comparable mechanical properties to the natural vitreous. Liang et al. (2017)
modified the storage modulus of the hydrogel by changing the copolymer
concentration and thiol content. They found that the hydrogels with a lower BMAC
concentration were biocompatible while those with a higher concentration were not.
However, the biocompatible hydrogels with a lower BMAC concentration were too soft

to be used as vitreous substitutes.

2.5.2.8. Poly(Glyceryl Methacrylate)

Studies with Poly(glyceryl methacrylate) (PGMA) have been conducted by Daniele et
al. (1968) and Hogen-Esch et al. (1976). These studies both found that the resultant
hydrogel was soft and swelled with analogous optical properties to the natural vitreous.
The hydrogel in both studies was also biocompatible, however, the dehydration
process in the study by Daniele et al. was found to be too slow and the polymer has
been found to fragment upon injection (Daniele et al., 1968; Hogen-Esch et al., 1976;

Kleinberg et al., 2011) making PGMA unusable as a polymer for vitreous substitution.

2.5.2.9. Poly(Methyl 2-Acrylamido-2-Methoxyacetate)

Poly(methyl 2-acrylamido-2-methoxyacetate) (PMAGME) was used to formulate
hydrogels that would be stimuli-responsive by Chirila et al. (1994). Various polymers
and copolymers of PMAGME were synthesised and tested in rabbits. There was no
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fragmentation of the polymer when injected; however, the PMAGME hydrogel was
found to induce inflammation and scarring, along with being toxic to neural tissue
causing the shrinking of nerves in the eye. This study showed that PMAGME is an

unsuitable polymer for vitreous substitution.

2.5.2.10. Polyvinyl Alcohol (PVA)

Polyvinyl alcohol (PVA) has good optical properties which makes it an ideal polymer
choice for a vitreous substitute (Donati et al., 2014). PVA was investigated and studied
extensively by Yamauchi (1991). They first developed y-irradiated PVA hydrogels that
were injected into rabbit eyes and compared to a saline solution. Although the polymer
had effective optical properties, inflammation in the rabbit eyes was seen. Yamauchi
then formulated a PVA hydrogel mixed with chondroitin sulfate. This hydrogel
absorbed more water and displayed a transparency higher than that observed in the
previously formulated PVA hydrogel. However, they found that the PVA/chondroitin

sulfate hydrogel was less biocompatible than the first hydrogel.

Formulation of PVA hydrogels by gamma-irradiation was also done by Maruoka et al.
(2006). In this study, the polymer was autoclaved before gamma-irradiation and
injection into the eyes of crab-eating macaques. The purification improved the
biocompatibility of the PVA hydrogel. Although an increase in intraocular pressure was
seen 1-2 weeks after the operation, normal intraocular pressure and retinal activity
were seen after 3 months. Some vacuolizations of the inner retina and low toxicity
were observed following the operation, and difficulties were experienced with the
injection of the preformed hydrogel.

Methacrylated PVA (PVA-MA) hydrogels were synthesised by Cavalieri et al. (2004).
A photo-initiator in the PVA-MA polymer enabled the gel network to be formed when
irradiated. Changing the concentration of the photo-initiator as well as changing the
irradiation time controlled the degree of crosslinking. Low degrees of crosslinking
displayed partial degradation and the storage modulus of the hydrogel was higher than
that of the physiological vitreous. Low polymer concentrations could not form a gel and
high polymer concentrations formed gels that were much stiffer than the natural

vitreous making this hydrogel unsuitable as a substitute.
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Leone et al. (2010) and Lamponi et al. (2012) synthesised PVA hydrogels with a non-
toxic crosslinker, trisodium trimetaphosphate (STMP). Leone et al. synthesised
PVA/STMP hydrogels of varying concentrations to determine the hydrogel most similar
to the natural vitreous. The 1:8 (STMP/PVA) molar ratio hydrogel was recognised as
the most suitable following rheological testing and other characterisation tests. This
1:8 ratio hydrogel also showed suitable injectability with no change in its viscoelastic
properties. Biocompatibility studies of the STMP/PVA hydrogel were conducted by
Lamponi et al. Three ratios of the STMP/PVA hydrogel (1:4, 1.6, and 1:8) were
analysed for their effects on various mouse and human cell lines. The 1:8 STMP/PVA
hydrogel demonstrated the best biocompatibility to the cell lines used and
histopathology examinations of the retina showed no loss of tissue with all retinal
layers remaining intact. The hydrogels also demonstrated stability during swelling for
6 months at physiological temperatures indicating their suitability for long-term
substitution. The 1:8 STMP/PVA hydrogel also showed no change in its
biocompatibility following injection through a 19-gauge needle. The results from the
two studies conducted show promising results for the PVA/STMP hydrogels as long-

term vitreous substitutes.

2.5.2.11. Polyethylene Glycol (PEG)

Polyethylene glycol (PEG) is a polymer that is formed by radical polymerisation, and
it is hydrophilic. It is biocompatible, resistant to protein absorption, and can form
hydrogels making them a good polymer choice for vitreous substitution (Mukherjee et
al., 2019; Zarrintaj et al., 2020). In the last 10 years, researchers have extensively
studied PEG-based hydrogels as vitreous substitutes. Pritchard et al. (2011) studied
a 5% PEG solution in a rabbit-eye model. Seven days following PPV with a 20-gauge
needle showed no change in the translucence, however, complications such as
transient hypotony, retinal detachment, and cataracts were observed. The viscosity of
the substitute was also observed to have reduced over the follow-up period. All of
these complications were likely due to not using any crosslinker with the polymer.

Annaka et al. (2011) functionalised PEG with hydrophobic ends to develop a thermo-
responsive in situ-forming hydrogel. The hydrogel was clear, transparent, and

biologically and chemically inert. The hydrogel was shown to be rigid enough to act as
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a tamponade; it was nonabsorbable, nonbiodegradable, and injectable through a
small-gauge needle. In vivo testing of the hydrogel showed no retinal toxicity and
normal intraocular pressure. High polymer concentrations in the hydrogel resulted in
moduli higher than the natural vitreous; thus, more research is required for this
hydrogel to be a suitable vitreous substitute. A different approach was studied by Tao
et al. (2013). They developed a system composed of two PEG-based components.
Each PEG-based component had a different functionalised end group (thiol and active
vinyl). The two components were then mixed and injected into rabbit eyes where they
then crosslink in situ. The hydrogel, composed of the two components, has similar
mechanical and optical properties to the human vitreous. Furthermore, the hydrogel
was transparent and stable during the 9-month study period. No significant adverse
effects were observed during the in vivo rabbit study, demonstrating that chemically

crosslinked PEG hydrogels may be suitable long-term vitreous substitutes.

Chang et al. (2014) recognised drawbacks in the two-component hydrogel developed
by Tao et al. and noted that PEG with the active vinyl end group, PEG methacrylate
(a-PEG-MA), can form a gel via free radical crosslinking. This observation resulted in
the development of an in situ-forming hydrogel based on a-PEG-MA. The hydrogel
had a gelation time of 28 min and the stability at body temperature, gel swelling, and
gelation kinetics were regarded as suitable for a vitreous substitute. Preliminary in vivo
rabbit studies indicated that the hydrogel remained transparent at an acceptable
inflammation level. More studies need to be done to fully evaluate the potential of this

hydrogel as a vitreous substitute.

To overcome the swelling of hydrogels induced by degradation and high osmotic
pressure, Hayashi et al. (2017) designed a hydrogel with low polymeric
concentrations. The designed hydrogel, Oligo-Tetra-PEG, was developed in a two-
step process. The first step forms two Oligo-PEG clusters, Tetra-PEG-SH and Tetra-
PEG-MA, by stopping the crosslinking process before the gelation point. The second
step involved the mixing of the two clusters to form the hydrogel. By varying the initial
polymer concentrations, the researchers managed to control the gelation and
mechanical properties of the hydrogel. The osmotic pressure of the hydrogel was
lower than eye pressure and it was compatible with small gauge needle surgery. The
hydrogel showed biocompatibility before and after degradation and was able to
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function as a vitreous substitute, treating RD, for over a year in rabbit eyes with no
adverse effects seen. The results of this study make this Oligo-Tetra-PEG hydrogel a

potential long-term vitreous substitute.

Biodegradation in vivo due to hydrolases (Hong et al., 1998) resulted in Z. Liu et al.
(2019) designing a tri-component hydrogel (EPC) that can facilitate vitreous
regeneration during the biodegradation of the hydrogel. The EPC hydrogel was formed
by linking PEG, poly(propylene glycol) (PPG), and poly(e-caprolactone) (PCL) with
urethane bonds. By changing the polymer concentrations, the researchers were able
to tune the gelation temperature of the EPC hydrogel to form a gel at physiological
temperatures. The EPC hydrogel was able to form a gel in situ following vitrectomy
with a small gauge needle and the hydrogel achieved a surface tension high enough
to form across retinal tears. The hydrogel was biocompatible long-term, remained
optically clear, caused no intraocular pressure changes or inflammation, and restored
normal retinal architecture in RD models. Three months post vitrectomy, total
degradation of the hydrogels was observed; however, a vitreous-like body formed in
response to this degradation. The vitreous-like body displayed biophysical properties
similar to the natural vitreous (Z. Liu et al., 2019). This study indicates that EPC
hydrogel can function as a vitreous substitute and also enable the regeneration of a

vitreous-like body.

During vitrectomy, as the natural vitreous is removed, the oxygen balance in the eye
is disrupted, causing oxidative stress resulting in cataract formation. Tram et al. (2020)
addressed this as a design standard for a vitreous substitute. They designed a
hydrogel loaded with an antioxidant to function as a substitute. The hydrogel was
prepared by free radical polymerisation of PEG-MA and PEG-diacrylate (PEG-DA).
The resultant hydrogels showed comparable optical and mechanical properties to the
natural vitreous; it was injectable and showed biocompatibility with human ocular cells.
Vitamin C, an antioxidant, was added to the hydrogel to restore oxygen balance to the
eye. It was seen that the hydrogel with added Vitamin C had a synergetic effect in
protecting retinal and lens cells from reactive oxygen species, indicating that these
hydrogels had the potential to act as vitreous substitutes that can prevent the formation
of post-vitrectomy cataracts. This is the first reported hydrogel mimicking the chemical

function of the vitreous along with optical and mechanical functions.
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2.5.2.12. Other Synthetic Polymers

Other synthetic polymers have also been used to develop vitreous substitutes. Bohm
et al. (2012) designed hydrogels based on a mixture of polymeric B-cyclodextrin (B-
CD) and poly{(2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt)-co-[6-
(acrylamido)-N-adamantylhexaneamide]}. The two components of the mixture are
cytotoxic but the mixture of the two as a hydrogel was biocompatible. This hydrogel,
though biocompatible, is not suitable as a vitreous substitute as the administration of

the components is done individually and can lead to cytotoxic effects.

To circumvent the biodegradation of PEG, Chang et al. (2015) designed zwitterionic
hydrogel that forms in situ. Poly(MPDSA-co-AC), was designed as a copolymer
composed of sulfobetaine methacrylamide and acryloyl cystamine. In vitro studies
indicated that the hydrogel had suitable gelation properties, viscoelastic properties,
and light transmittance for use as a vitreous substitute. In vivo studies showed that the
hydrogel remained transparent and displayed no inflammation after 1 month. More
studies need to be conducted to assess the viability of this hydrogel as a vitreous

substitute.

A zwitterionic monomer unit, carboxybetaine acrylamide (CBAA) was used by Wang
et al. (2018). They synthesised a supramolecular copolymer hydrogel composed of
poly(N-acryloyl glycinamide-co-carboxybetaine acrylamide). The synthesised
hydrogel could hold a water content of greater than 98% and it was stable during
swelling by tuning the monomer ratios. The refractive index, modulus, and light
transmittance were similar to the physiological vitreous. In vivo rabbit testing indicated
that the hydrogel functioned as an ideal vitreous substitute without any adverse
effects. This novel approach for a vitreous substitute can be a potential substitute but

more studies are required.

Uesugi et al. (2017) evaluated a gel composed of a self-assembling peptide,
PanaceaGel SPG-127. The physical properties of the gel were comparable to those
of the natural vitreous, the gel was biocompatible, and no fragmentation following
injection through a 27-gauge needle was observed. Three months after administration,
the gel remained transparent, and no complications were seen. The researchers could

not verify the tamponade effect of the hydrogel and additional studies need to be
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conducted before this hydrogel can be a potential vitreous substitute (Uesugi et al.,
2017).

Xue et al. (2020) developed a more optically transparent hydrogel based on Poly[(R)-
3-hydroxybutyrate-(R)-3-hydroxyhexanoate]  (PHBHx). The  physicochemical
properties of this polymer along with its ideal machinability were the reason for this
choice. The PHBHx hydrogel demonstrated high light transmittance, good sol-gel
transition, and rheological properties as a vitreous substitute. Xue et al. (2020) showed
that increasing the concentration of PHBHXx resulted in hydrogel cloudiness. In vivo
rabbit studies showed that the hydrogel could maintain transparency when implanted
and displayed preservation of the retina and negligible inflammation of ocular tissue
over 6 months (Xue et al., 2020). This study can be a new direction for research on

vitreous substitutes.

2.5.3. Composite Polymers

Hydrogels composed of synthetic polymers alone may not provide a biomimetic effect.
Thus, researchers have studied composite hydrogels composed of a combination of
synthetic and natural polymers. Ideally, these composite hydrogels would hold the
biomimetic properties seen in hydrogels composed of natural polymers and the long-
term viability properties observed with synthetic hydrogels.

Lin et al. (2013) synthesised a copolymer of HA with Pluronic® F-127. It is an in situ
vitreous substitute with ideal chemical, rheological, and optical properties.
Biodegradation studies of this substitute indicated that the hydrogel maintained 60%
of its mass after 7 days and cytotoxicity studies with RPE cells indicated that the

hydrogel did not have any cytotoxic or adverse effects.

Three studies conducted since 2016 have evaluated a hydrogel composed of gellan
and poly(methacrylamide-co-methacrylate) that forms in situ. Santhanam et al. (2016)
considered 17 possible hydrogels with varying concentrations of the two polymers to
determine how each polymer affects the properties of the final hydrogel. The
developed hydrogels had optical and physical properties comparable to that of the
natural vitreous with a sol-gel transition temperature range from 35.5 to 43 °C.
Degradation studies showed that the hydrogels remained swollen for 4 weeks in vitro

and biocompatibility studies with RPE cells showed no toxicity. The hydrogel was
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found to allow for the optimising of swelling, mechanical properties, and transition
temperature to obtain hydrogels similar to the vitreous. Eleven of these hydrogels were
then further studied by Santhanam et al. (2019) and the two formulations that were
most similar to the vitreous were studied further. The concentrations of thiolated gellan
and poly(methacrylamide-co-methacrylate) in each of the two formulations were 0.9
gLt and 12 g-L?, and 1.5 g-L? and, 10 g-L* respectively. Both hydrogels were
compared to silicone oil and were found to be clinically acceptable as vitreous
replacements. The hydrogels were also biocompatible in rabbits and retained optical
clarity and physiological intraocular pressure. The researchers concluded that further
long-term in vivo studies of both hydrogels should be conducted (Santhanam et al.,
2019). Recently, Laradiji et al. (2020) further studied the two optimised hydrogels and
found them both to closely mimic the natural vitreous. Toxicity studies with various cell
lines show biocompatibility, and preclinical studies 4 months after pars plana
vitrectomy on rabbits showed no signs of inflammation. The lens was clear apart from
partial opacities at the site of surgery. None of the rabbits developed cataracts in the
four-month post-operative period. Further evaluation of the hydrogels is ongoing, but

it promises to be a superior alternative to current substitutes.

Morozova et al. (2016) synthesised a vitreous substitute composed of the
methacrylamide (MAM), methylacrylic acid and N’,N’-bis(methylacryloyl-cystamine)
(BMAC); however, unlike Liang et al. (2017) they also crosslinked gellan to the
copolymer system. They proposed that the addition of anionic charges and a structural
component that is fibrous would improve the structural integrity and the density of the
vitreous substitute. The synthesised hydrogels swelled and were reinforced by the
gellan fibres. Characterisation studies showed that the formulated hydrogel with
crosslinked gellan had similar water content, transport properties and responsiveness
to light to the natural vitreous. These results render this substitute a possible ideal

long-term vitreous substitute.

2.6. Foldable Capsular Vitreous Body
An alternative to in situ hydrogels has been studied and assessed by a group of
researchers. They developed a foldable capsular vitreous body (FCVB) that can be

implanted in the ocular cavity and filled. The capsule of the FCVB, with a thickness of
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0.01 mm, was composed of a liquid silicone rubber that was vulcanised once the FCVB
mold was dipped in it. The liquid silicone rubber material was a crosslinked mixture of
polyvinylsiloxane and polyhydrosiloxane (Gao et al., 2008). The developed FCVB
demonstrated good optical, mechanical, and biocompatible properties while effectively
mimicking the physiological and structural functions of the natural vitreous (Liu et al.,
2010; Chen et al., 2011; Lin et al., 2011). The FCVB can be filled with solutions or
hydrogels to regulate intraocular pressure, function as a tamponade for the retina, and
act as a vitreous substitute. It has been filled with SO, PVA and PEG (Figure 2.4)
(Wang et al., 2012; Chen et al., 2013; Feng et al., 2013). Twelve-month and three-
year follow-up studies of silicone oil (SO) filled FCVB show promising results. Retinal
reattachment was seen at the three-year follow-up. Although some fluctuations in
visual acuity were observed, no SO leakage or emulsification was seen, and no
glaucoma or other complications occurred (Lin et al., 2012, 2016). The FCVB has also
been studied as a drug delivery system (Liu, et al., 2010; Jiang et al., 2011, 2012;
Zheng et al., 2012). All the FCVB studies indicate an ideal vitreous substitute, and any

subsequent studies may result in a new therapeutic strategy for the treatment of RD.
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A — Preparation of FCVB implantation

B — Procedure of FCVB implantation
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Figure 2.4 - (A) Preparation of the FCVB. The airtightness of the FCVB capsule was
checked and the capsule was then three-folded like a spindle. (B) Procedure for the
implantation surgery. (a) PPV (b) Placement of the FCVB in the vitreous cavity. (c)
Injection of SO into the capsule (d) Fixing of the valve onto the sclera. (Lin et al., 2016)

2.7. Future perspectives on the design of an ideal vitreous substitute

2.7.1. Drug Delivery

Drug delivery to the retina is a challenge due to the position of the retina in the eye
along with the blood-retinal barrier. Intravitreal delivery of drugs for retinal diseases is
a direct drug delivery route, however, it still carries the risk of endophthalmitis, vitreous
haemorrhage, and retinal detachment (Cabrera et al., 2019). The quick drug
elimination from the vitreous requires frequent injections and this would decrease
patient compliance (Huang and Chau, 2019). Polymeric nanopatrticles retain drugs at
the site of absorption for extended periods thus increasing the bioavailability of ocular
drugs (Imperiale et al., 2018). Drug delivery via drug encapsulation in nanoparticles is
a potentially sustainable long-term delivery route for retinal disease treatment.

However, the uncontrolled burst release of drugs from encapsulation (Elsaid et al.,
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2016) and the frequent need for intravitreal injections (Xue et al.,, 2019) are
disadvantages to the use of nanopatrticles alone.

Using a vitreous substitute as a reservoir during drug delivery is a novel delivery
system that should be further studied. Such a system can be used long-term and thus
increase patient compliance while decreasing adverse effects such as intraocular
inflammation, endophthalmitis and intraocular pressure elevation seen in repeated
intravitreal injection administration (Ghasemi Falavarjani and Nguyen, 2013). The
ideal vitreous substitute should be compatible with therapeutic agents to treat common
adverse effects seen following vitrectomy such as cataract formation (Chirila and
Harkin, 2016; Tram et al., 2020). A vitreous substitute with high water content would
be able to facilitate drug delivery and drug diffusion through ocular tissues. A vitreous
substitute that can act as a drug delivery system will have to be similar to the natural
vitreous while also being compatible with therapeutic agents allowing the controlled

release of those agents.

2.7.2. Regenerative/Tissue Engineering

Regenerative medicine is a developing field that provides advanced solutions in the
repair, regrowth, and replacement of tissues, cells or organs that are damaged.
Several techniques can be utilised such as gene therapy, stem cell and progenitor cell
therapy and tissue engineering (Vacanti, 2006; Polykandriotis et al., 2010). Tissue
engineering for the regeneration of tissues consists of the development of scaffolds
and nano-scaffolds that are biodegradable and biostable for long-term use
(Doostmohammadi et al., 2020). Scaffolds for ocular tissue regeneration should have
the ability to mimic the extracellular matrix (ECM) and should be porous,
biodegradable, and biocompatible to improve the integration of the scaffold into the

ocular environment (Matthyssen et al., 2018; Doostmohammadi et al., 2020).

Regeneration of the vitreous humour (Figure 2.5) would solve many disadvantages
that are observed with current artificial vitreous substitutes such as lack of
biocompatibility with surrounding tissue, inadequate transport of nutrients and poor
biomechanical properties. The 3D structure of the vitreous is complex and would pose
a challenge in the regeneration of the vitreous. Some researchers have investigated

vitreal regeneration via hyalocyte control. The researchers controlled hyalocyte
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proliferation using growth factors and evaluated HA production (Nishitsuka et al., 2007;
Sommer et al., 2008). Regeneration of a vitreous-like body has spontaneously
occurred in rabbit eyes following the biodegradation of a PEG-based hydrogel (Z. Liu
et al., 2019) which, together with other research, brings researchers closer to

regenerating the natural vitreous.

A) E f@q . D) . 3] !
Figure 2.5 - Schematic diagrams illustrating the potential mechanism of vitreous body
regeneration following vitreous substitution. (A) Retinal detachment with a retinal tear.
(B) Vitrectomy (surgical removal of the vitreous). (C) Intravitreal injection of a gel
allowing for chorioretinal adhesion to occur. (D) The gel supports the retina as an ideal

vitreous substitute. (E) The vitreous substitute biodegrades and is replaced by a
regenerated vitreous body.

Challenges with vitreous regeneration are evident in ocular diseases, such as
proliferative diabetic retinopathy, that cause damage to the retina and its vasculature
(Lee et al., 2015). Damage to ocular tissues may affect hyalocyte and collagen
regeneration and thus vitreous regeneration. The hyaluronan-collagen network is
responsible for the gel nature of the vitreous, which is necessary for its function to
maintain the eye’s structure and as a shock absorber. This stiffness of the gel has also
been reported to impact stem cell differentiation essential for tissue regeneration
(Sommer et al., 2008).

2.8. Conclusions

The vitreous is an essential part of the eye. It has various functions, from filling and
shaping the eye to providing stability to the retina. Long-term vitreous substitution is
currently only performed using silicone oil while gas substitutes may be used as
temporary substitutes. Current long-term vitreous substitutes present disadvantages
that have led researchers to study and evaluate other substitutes that may be more
ideal. The ideal vitreous substitute must be comparable to the natural vitreous in
optical and mechanical properties, demonstrate long-term viability and
biocompatibility, and maintain transparency. Recent research on vitreous substitutes

has focussed on in situ-forming polymeric hydrogels that are injectable via small gauge
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needles. Hydrogels are an ideal choice for vitreous substitution because they are
biocompatible and can act as viscoelastic dampeners like the natural vitreous. Natural
polysaccharide-based hydrogels, although structurally similar to the natural vitreous
are unable to provide the correct mechanical strength required for vitreous
substitution; and synthetic polymer-based hydrogels, while able to function similarly to
the natural vitreous, have resulted in retinal toxicity. Manipulation of polymeric
hydrogels allows for the tuning of various properties to prevent adverse effects.
Substitutes composed of a mixture of natural and synthetic polymers are
advantageous as they have the biomimetic and increased degradation profiles
required for vitreous substitution. Polymeric hydrogels are a promising future as

vitreous substitutes to fulfil patient needs and surgeon requirements.
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Chapter 3 - Preliminary hydrogel design for vitreous substitution

3.1. Introduction

The ideal choice of material for any tissue engineering application is essential as it will
integrate with native tissue and will form the basis of native tissue regeneration (Da
Silva et al., 2020). The vitreous is described as being a fragile and transparent gel,
between the lens and retina of the eye (Nickerson et al., 2008; Tram and Swindle-
Reilly, 2018; Yadav et al., 2021). It is reported that the vitreous is predominantly
composed of water with collagen fibrils and hyaluronic acid (Sebag, 2002; Kleinberg
et al., 2011). As the vitreous liquefies with age, various diseases such as retinal tears
and detachment, macular hole formation, and cataracts occur (Sebag, 2018; Ankamah
et al.,, 2020), rendering it essential that a vitreous substitute formed with the

appropriate materials is used.

In recent years polymer-based hydrogels have been increasingly studied for tissue
substitution and regeneration. As discussed in Chapter 2, natural polymer-based
hydrogels have limitations such as poor mechanical strength and fast degradation
(Kleinberg et al., 2011), while synthetic polymers are limited by low biocompatibility
and poor cell-binding ability (Donati et al., 2014). Composite polymer blends of natural
and synthetic polymers have thus been used to overcome these limitations. Any
polymer used to create a hydrogel for vitreous substitution must satisfy the
requirements discussed in Table 3.1.

Table 3.1 - Summary of the requirements for the design of a vitreous substitute
(Kleinberg et al., 2011; Tram et al., 2020).

Hydrogel requirements Vitreous substitute requirements

Viscous Transparent

Shear thinning behaviour Biodegradable

Undergoes yield stress Biocompatible

Quick gelation Permeable to oxygen, metabolite, and
Injectability nutrient transport

Post-injection stability and flow Shape integrity of the eye

Polymer-based hydrogels are a promising strategy for vitreous substitution as
hydrogels have the ability to absorb water without dissolving and they can be

manipulated to fit biological specifications (Cooper and Yang, 2019; Mondal et al.,
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2020). Swelling of the hydrogel creates a soft polymer gel ideal for soft tissue
engineering as is the case with the vitreous. Furthermore, once the hydrogel has
reached swelling equilibrium, further expansion of the hydrogel does not occur (Wang
et al., 2021). This is important for vitreous substitution so that the hydrogel does not

cause damage to surrounding ocular tissue.

In situ-forming hydrogels are hydrogels that change phase in response to an external
stimulus (Al-Tahami and Singh, 2007; Almeida et al., 2012). This phase change from
liquid to semi-solid or solid is advantageous for injectable systems. The stimuli
responsible for the phase change can be temperature (thermo-responsive), light
(photo-responsive), pH, or enzymes (Almeida et al., 2012; Mahlumba et al., 2016; Lu
et al.,, 2019). Thermo-responsive in situ-forming hydrogels are ideal for vitreous
substitution.

The present study set out to design a polymeric, thermo-responsive in situ-forming
hydrogel vitreous substitute using the criteria discussed in Table 3.1 with consideration
to the hydrogel properties described above and rheological properties of the human
vitreous. It is proposed that the properties of the chosen polymers along with the
properties of the hydrogel formed will provide for a vitreous substitute that is similar to
the native vitreous discussed in Chapter 2. This work involved the preparation of
polymeric hydrogels through the blending of the natural polymer and native vitreous
glycosaminoglycan, hyaluronic acid (de Smet et al., 2013; Silva et al., 2017) with
synthetic polymers shown to exhibit good thermo-responsive properties, namely,

poly(N-isopropylacrylamide) (pbNIPAAmM) and Poloxamers.

3.2. Potential polymers for hydrogel vitreous substitute

3.2.1. poly(N-isopropylacrylamide) (pNIPAAmM)

Poly(N-isopropylacrylamide) (pNIPAAmM) based polymers have been used for many
tissues. Poly(N-isopropylacrylamide) is a thermo-responsive polymer that exhibits
solution-to-gel phase changes at around 32 °C (Lehmann et al., 2019; L. Wang et al.,
2021). To improve the temperature at which pNIPAAmM hydrogels form a gel they have
been copolymerised with hydrophilic monomers (Son and Lee, 2016). Poly(ethylene

glycol) (PEG) based polymers, specifically poly(ethylene glycol) diacrylate (PEGDA),
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have been used in scaffolds to mimic the ECM for many tissues. Despite being a
synthetic polymer, PEGDA is non-toxic, biodegradable, and biocompatible. Studies by
Zellander et al. (2014), McAvoy et al. (2018), and Tram et al. (2020) have shown the
biocompatibility of PEGDA with ocular tissue. Poly(ethylene glycol) diacrylate with a
MW of 700 Da was chosen due to its water solubility while PEGDA with a molecular
weight of 575 Da was selected as it has shown to have good thermoresponsive
properties. In this study, pNIPAAmM was co-polymerised with PEGDA to overcome the
brittleness observed with PEGDA hydrogels (Frost et al., 2019) and to improve the
thermo-gelling properties of pNIPAAmM.

3.2.2. Poloxamers

Poloxamers, also known by their trademark name, Pluronics®, are widely used
synthetic polymers in the preparation of hydrogels. Poloxamers are triblock
copolymers, poly(ethylene oxide)-b-poly(propyleneoxide)-b-poly(ethylene oxide)
(PEO-PPO-PEO), that undergo a reversible sol-gel transition in response to changes
in temperature (Moon et al., 2012; Ow and Loh, 2022). Features of poloxamers that
make them a popular choice for the design of hydrogels are their thermo-gelling
properties, solubilising capacity, and low toxicity (Shastri et al., 2010; Almeida et al.,
2013). Poloxamers also have good compatibility with other polymers and biomolecules
(Almeida et al., 2014; Fakhari et al., 2017) rendering them an ideal polymer choice for
this study. A variety of poloxamers with differing molecular weights of the PEO and
PPO blocks are available (Alexandridis and Alan Hatton, 1995; Singh-Joy and McLain,
2008). Variations between the molecular weights of the PEO and PPO blocks create
differences in the hydrophobic-hydrophilic ratio (Gioffredi et al., 2016). This allows for
the development of poloxamer hydrogels with their unique properties in terms of their
gelation concentration and gelation time. Common poloxamers and their properties
are shown in Table 3.2 (Jeong et al., 2012; Almeida et al., 2018). Of these poloxamers,
P188, P237, P338 and P407 are freely soluble in water (Russo and Villa, 2019). The
poloxamers, P407 and P188 are commonly used in ophthalmic administration
because of their good water solubility and clarity when in solution, optimal viscosity
and good biocompatibility with ocular tissues (Qi et al., 2007; Al Khateb et al., 2016;
Fathalla et al., 2017). Therefore, P188 and P407 were chosen for this study.
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Table 3.2 - Properties of common poloxamers (Jeong et al., 2012; Almeida et al.,
2018).

Poloxamer Average PEO Viscosity Melting Surface Hydrophilic-
Molecular (%"/v) (Pa.s) Point (°C)  tension Lipophilic
Weight (dyncm™) balance

(HLB)

P108 4700 80 0.26 48 52 >24

P122 1630 20 0.28 -26 46 7-12

P185 3400 50 0.18 27 46 12-18

P188 8400 80 1.00 52 50 >24

pP237 7700 70 0.70 49 44 >24

P238 11 400 80 2.30 54 48 >24

P335 6500 50 0.75 35 39 12-18

P338 14 600 80 2.80 57 41 >24

P403 5750 30 0.35 31 34 7-12

P407 12 600 70 3.10 56 41 18-23

3.3. Design approach for hydrogel development

In this study, a known synthetic polymer — pNIPAAm, P188 or P407 — was blended
with the natural polysaccharide Hyaluronic acid (HA) to create a composite hydrogel
(composed of a blend of a synthetic and natural polymer). Hyaluronic acid was chosen
as it is a component of the human vitreous. As highlighted in Chapter 2, HA is limited
by its short degradation time. To overcome this, HA was blended with pNIPAAmM and
P407 in an attempt to improve the degradation time of HA. A hydrogel would be
considered to be a successful candidate if it has a sol-gel transition temperature

greater than 30 °C while remaining transparent as a solution and a gel.

3.4. Materials and Methods

3.4.1. Materials

All chemicals were used as received from Sigma Aldrich (St Louis, MI, USA) and were
of analytical grade. These chemicals were Poly(ethylene glycol) diacrylate MW 575
(PEGDA 575), Poly(ethylene glycol) diacrylate MW 700 (PEGDA 700), N-
isopropylacrylamide (NIPAAm), ammonium persulfate (APS), N,N.N’,N’ tetramethyl
ethylenediamine (TEMED), cellulose dialysis tubing (MW cut-off 14 000 Da),
Poloxamer 407 (P407), Poloxamer 188 (P188), and hyaluronic acid sodium salt (from

Streptococcus equi).
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3.4.2. Evaluation of composite polymer blends

All composite polymer blends were formulated and assessed for their transparency
before and after gelation, and their ability to gel via the vial inversion test. For the
inversion test, 4 mL of all prepared formulations were placed in 10 mL glass vials.
These were then immersed in a water bath where the temperature was increased from
10 °C to 50 °C. The temperature and the time for the sol-gel phase change were
visualised by the inversion of the vial. The time and temperature at which no flow of

the sample was observed were considered to be indicative of the formation of the gel.

3.4.2.1. pNIPAAmM and HA composite blend

NIPAAmM (40 mg) and varying concentrations of HA (0.2%, 0.5%, 0.7% and 1% %“/\)
were dissolved in 1 mL of deionised water. Various concentrations, namely 1%, 5%,
10% and 20% /v, PEGDA 575 and PEGDA 700 (individually and in conjunction) were
added and gently mixed. APS (4 mg) and 20 pL TEMED (free radical crosslinking
agents) were added to the solution and the solution was gently vortexed
(Fisherbrand™ ZX3 Vortex Mixer, Fisher Scientific, Leicestershire, England). The
mixture was then dialysed at 4 °C for 24 hours to allow for NIPAAmM polymerisation

and crosslinking to occur as well as to remove excess crosslinker.

3.4.2.2. Poloxamer and HA composite blend

Poloxamer-HA composite hydrogels were fabricated by adding various concentrations
(0.2%, 0.5%, 0.7% and 1% “/v) HA in P188 and P407, either alone or in combination
with one another at concentrations shown in Table 3.3. The cold method (stirring at 4
°C) was used to dissolve the poloxamers and HA until completely dissolved.

Table 3.3 - Concentrations of Poloxamer 407 and Poloxamer 188 evaluated in this
study.

Concentration of P407 (% “/v) Concentration of P188 (% “/v)
10 5
15 10
20 15
25
30
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3.4.3. Statistical analysis

All analyses were conducted in triplicate (n = 3). All results were expressed as the
mean and standard deviation and data was analysed using Microsoft EXCEL. The
level of significance was determined using a student t-test. P values of less than 0.05
(p < 0.05) were considered as an indication of statistically significant differences. All

graphs were plotted using SigmaPlot 12.0.

3.5. Results and Discussion
3.5.1. pNIPAAmM and HA composite bend

3.5.1.1. pNIPAAM, PEGDA 575 and HA

As shown in Table 3.4, despite the various hyaluronic acid combinations tested with
pNIPAAmM and different concentrations of PEGDA 575, none of the resulting hydrogels
were good candidates for vitreous substitution. At low concentrations of HA and
PEGDA 575, the formulation did not change from its liquid consistency while
formulations with higher concentrations formed a gel/solid. The gel formed with HA
concentrations of 0.5%, 0.7% and 1% /v was a solid gel that could not be extruded
via a needle, while the gel that formed with PEGDA 575 concentrations of 10% and
20% Y/v had a cloudy colour. A higher concentration of the crosslinking agents could
not be used as that would lead to cytotoxicity. The colour change, from transparent to
cloudy, of the gel can be attributed to leaching out of pNIPAAmM (Egbu et al., 2018).

Table 3.4 - Evaluation of pNIPAAmM with PEGDA 575 as a potential composite polymer
hydrogel.

Concentration of Concentration of PEGDA 575 (%"/v)
HA (% W/v)
1 5 10 20

0.2 Formulation remains a liquid at Formulation forms a gel at temperatures

all temperature ranges studied (4 higher than 30 °C, and colour change
°C to 40 °C). when a gel is formed.
0.5 Formulation forms a cloudy gel immediately after the addition of APS and
0.7 TEMED. Cooling the formulation at 4 °C did not change the viscosity of the
1 gel.

3.5.1.2. pNIPAAmM, PEGDA 700 and HA

PEGDA 700 was selected as it displayed better water solubility than PEGDA 575 and
the longer PEG chains in PEGDA 700 improve its viscosity (Zhao et al., 2015). Table
3.5 depicts that as with PEGDA 575, at low concentrations of HA and PEGDA 700,
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the formulation remains a liquid. It was observed that at higher concentrations of
PEGDA 700 and HA, the hydrogel has sol-gel characteristics. However, the gel
formation also results in a colour change that is not suitable for a vitreous substitute
candidate.

Table 3.5 - Evaluation of pNIPAAmM with PEGDA 700 as a potential composite polymer
hydrogel.

Concentration of Concentration of PEGDA 700 (%"/v)
HA (%"/v)
1 5 10 20
0.2 Formulation remains a liquid at all ~ Formulation forms a gel at temperatures
temperature ranges studied (4 °C higher than 30 °C, and colour change
to 40 °C). when a gel is formed.
0.5 Formulation forms a gel immediately after the addition of APS and TEMED.
0.7 Cooling the formulation at 4 °C changed the viscosity to a liquid. Thereafter,
1 the liquid formed a gel when kept at room temperature (~22 °C). The

formulation changed colour when a gel formed.

3.5.1.3. pNIPAAmM, PEGDA 575, PEGDA 700 and HA

Since PEGDA 575 and PEGDA 700 individually could not produce a suitable hydrogel
with pNIPAAmM, a mixture of the two PEGDA polymers was tested in an attempt to alter
their chemistry. PEGDA 575 was maintained at a constant concentration of 10% “/v
while the HA and PEGDA 700 concentrations were varied. The results of this polymer
blend, shown in Table 3.6, are similar to the results of PEGDA 700 alone. A slight
increase in viscosity was observed at lower PEGDA 700 concentrations when blended
with PEGDA 575 in comparison to PEGDA 700 alone. However, these viscosity
changes are not enough for the hydrogel to be a successful candidate as a colour
change was observed as viscosity increased.

Table 3.6 - Evaluation of pNIPAAmM with PEGDA 575 and 700 as a potential composite
polymer hydrogel.

Concentration Concentration of PEGDA 700 (%"/v)
of HA (% Iv)
1 5 10 20
0.2 Formulation forms a gel Formulation forms a gel immediately after
immediately after the addition of the addition of APS and TEMED. Cooling
APS and TEMED. Cooling the the formulation at 4 °C changed the
formulation at 4 °C changed the viscosity to a liquid. Thereafter, the liquid
viscosity to a liquid. Thereafter, the formed a gel when kept at room
liquid showed a slight increase in temperature (~22 °C). The formulation
viscosity with colour change. changed colour when a gel formed.
0.5 Formulation forms a gel immediately after the addition of APS and TEMED.
0.7 Cooling the formulation at 4 °C changed the viscosity to a liquid. Thereafter, the
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liquid formed a gel when kept at room temperature (~22 °C). The formulation
changed colour when a gel formed.
10% “/v
Concentration of PEGDA 575

3.5.2. Poloxamer and HA blend

P188 and HA formulations at varying concentrations as shown in Table 3.7 were first
investigated. However, at all concentrations and with varying temperatures, the
formulations remained liquid. Thereafter, as depicted in Table 3.7, various P407
concentrations were studied with changing HA concentrations. At low concentrations
of P407, the formulation did not change in viscosity despite high HA concentrations,
while low HA concentrations with high P407 concentrations also remained liquid. Slight
viscosity increases were observed when the concentrations of HA and P407 were
increased, yielding liquid-like gels that were further studied as shown in Table 3.8.

Table 3.7 - Evaluation of Poloxamer 188 and Poloxamer 407 as potential composite
polymer hydrogels individually.

Concentration of Concentration of P188 Concentration of P407 (%"/v)
HA (%"/v) (%"/v)
5% 10% 15% 10% 15% 20% | 25% 30%
0.2 The formulation remains a liquid at all temperature ranges studied (4 °C to 40
°C).
0.5 The formulation remains a liquid at all temperature Formulation starts to
0.7 ranges studied (4 °C to 40 °C). increase in viscosity
1 above ~30 °C.

Following studies of HA with P407 and P188 individually, P407 at concentrations of
25% and 30% /v were mixed with varying concentrations of P188 and HA as depicted
in Table 3.8Table 3.8. Low P188 concentrations resulted in liquid formulations at
varying temperatures as seen when P188 was not mixed with P407. However, P188
concentrations of 10% and 15% Y/ with all HA concentrations and both P407
concentrations, showed formulations that increased in viscosity when the temperature
was increased. These liquid-like and solid gels were transparent and showed thermo-
responsive properties. Ideal results were seen when HA was at a concentration of
0.5% Y/, P407 had a concentration of 25% “/v and P188 concentrations were at 10%
and 15% “/v (depicted in green in Table 3.8Table 3.8). These two formulations formed

gels at temperatures within a physiological range and were transparent. Therefore,
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these two formulations were tested further to identify the preferred system for
nanopatrticle loading.

Table 3.8 - Evaluation of 30% /v Poloxamer 407 and 25% “/v Poloxamer 407 with
Poloxamer 188 as a potential composite polymer hydrogel.

Concentration Concentration of P188 (% “/v) Concentration of P188 (% “/v)
of HA (% “/v)
5 10 15 5 10 15
0.5 The formulation The formulation The formulation The formulation
remains a liquid at  begins to form a | remains a liquid at | begins to form a
all temperature gel from ~20 all temperature gel from ~30 °C.
0.7 ranges studied (4 °C °C. ranges studied (4 °C  The formulation
1 to 40 °C) to 40 °C). begins to form a
gel from ~20 °C.
30% /v 25% Wiy
Concentration of P407 Concentration of P407

3.6. Poloxamer and HA composite blend optimisation

The successful P407-P188-HA composite polymer blends (P1 and P2 shown in Table
3.9Table 3.9) obtained in the pre-formulation stage underwent further studies to
compare them to the natural vitreous. These were undertaken to obtain the index of
refraction, light transmittance, gelling time, and colour post-injection via a small gauge

needle.

Table 3.9 - Individual polymer concentrations in each composite hydrogel.

Polymer P1 (% “\) P2 (% “\)
HA 0.5 0.5
P407 25 25
P188 10 15

The refractive index of each hydrogel was determined using the Anton Paar
refractometer (Anton Paar OptoTec GmbH, Germany). It was observed that each
hydrogel formulation had a similar refractive index to the human vitreous (1.3349)
(Santhanam et al., 2016; Tram et al., 2020). P1 had a refractive index of 1.3350 £0.002
(p < 0.05) and the refractive index of P2 was 1.3336 +0.004 (p < 0.05). The
transparency of the hydrogels was determined using the Implen Nanophotometer
(NP80, UV//Vis spectrophotometer, Munich, Germany). The transparency of both
hydrogels within the visible spectrum was above 90% (p < 0.05) (shown in Figure 3.1)

which is an acceptable transparency, with P1 more transparent than P2. As with the
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human vitreous, the transmittance of both hydrogels dropped within the UV range
(~230 nm). These optical properties of the hydrogels are considered to be due to the

high water content of the hydrogels.
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Figure 3.1 - Hydrogel transparency in comparison to the human vitreous.

P1 with a lower concentration of P188 had a faster gelling time of nine minutes, while
P2 with a higher concentration of P188 had a gelling time of 16 minutes. These times
were determined by placing 4 mL of the liquid hydrogel in a glass polytop (maintained
for 2 hours at 4 °C) into an orbital Shaking Incubator (type LM-530-2, MRC Laboratory
Instruments Ltd, Israel). Displayed in Figure 3.2Figure 3.2 are the hydrogels once the
gel has formed. The formulations P1 and P2 were extruded into the glass polytops via
a 26-gauge needle. Figure 3.2Figure 3.2 (A) shows the gel formed from formulation
P1. The gel is transparent with no bubbles. Figure 3.2Figure 3.2 (B) shows that the
gel formed by P2, although transparent, forms bubbles when injected via a needle due
to poloxamer micelle formation as the total poloxamer concentration in P2 is higher
than that in P1.
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Figure 3.2 - Gel formation of each composite polymer blend. A) P1 B) P2.

These results indicate that P1, the hydrogel with a HA concentration of 0.5% Y/, a
P407 concentration of 25% /v and a P188 concentration of 10% “/v, had favourable
characteristics over P2 which had a higher P188 concentration. As such, P1 was
selected for nanoparticle incorporation due to its thermo-responsive gel formation
properties at physiological temperatures, its fast-gelling time, and its similarity to the

human vitreous in its transparency and refractive index.

3.6. Conclusions

The development of an in situ-forming hydrogel as an ideal vitreous substitute
presents many challenges. The choice of polymers for the fabrication of the hydrogel
was based primarily on the thermo-responsiveness and transparency of the hydrogel
that would form. In this chapter, various concentrations of two synthetic polymers
(PNIPAAmM and poloxamer) were tested with hyaluronic acid to form a composite
polymer blend in an attempt to fabricate a transparent hydrogel that would function as

a vitreous substitute.

PEGDA with a MW of 575 and 700 were tested at various concentrations with

pNIPAAmM, however, neither pNIPAAmM-PEGDA copolymer exhibited favourable
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hydrogel requirements. pNIPAAm formulations fabricated with both PEGDA 575 and
PEGDA 700 at low concentrations did not form gels and when gels formed at higher
concentrations, they were plagued by colour changes and gels that were unable to be
extruded via a needle. Both these characteristics suggested that the pNIPAAmM-
PEGDA copolymer hydrogel would not form an ideal vitreous substitute and any
further optimisation studies should be abandoned. It is likely, that with higher
concentrations of the crosslinking agents (APS and TEMED), a successful hydrogel
would form. However, the cytotoxicity of these agents at high concentrations would

render the fabricated hydrogel toxic and incompatible with the sensitive ocular tissue.

A suitable candidate for further optimisation was ascertained with the poloxamer-
based composite blend. An in situ-forming hydrogel fabricated from a blend of
hyaluronic acid with a concentration of 0.5% /v and two poloxamers (poloxamer 407
and poloxamer 188 with concentrations of 25% and 10% "Y/v, respectively) proved to

exhibit optical properties similar to the native human vitreous.

Since an ideal vitreous substitute is required to be a viscoelastic solid, transparent and
have a refractive index similar to the natural vitreous, this initial pre-formulation study
was necessary. Despite showing similar optical properties to the natural vitreous,
further characterisation is needed to consider this composite polymer blend as an ideal
vitreous substitute. These characterisations, followed by nanoparticle and drug

loading are discussed in Chapter 4.
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Chapter 4 - A thermo-responsive, nanoparticle-loaded hydrogel for vitreous

substitution and posterior segment disease treatment

4.1. Introduction

The vitreous is a clear, gel substance that occupies the majority of the posterior
segment of the eye (Kleinberg et al., 2011; Yadav et al., 2020). It is considered to be
an avascular and hydrated extracellular gel matrix (Chirila and Hong, 1998; Silva et
al., 2017). This gel matrix is composed mainly of water, collagen, and hyaluronic acid
(HA) constituting a volume of 4 mL (Swindle and Ravi, 2007; Donati et al., 2014). Type
Il collagen, a fibrous extracellular matrix (ECM) protein, has a rigid structure that forms
a network with HA in the vitreous (Le Goff and Bishop, 2008; Mishra et al., 2022). HA
is a glycosaminoglycan (GAG) that stabilises the collagen, creating an osmotic
pressure that creates the tamponade effect holding the retina in place (Nickerson et
al., 2005; Santhanam et al., 2016). This network formed by collagen and HA is
responsible for the behaviour of the vitreous as a viscoelastic solid allowing for the
absorption of shocks and vibrations experienced by the eye, thereby protecting the

surrounding intraocular tissues (Lee et al., 1992; Baino, 2011).

As discussed in Chapter 2, the current treatment for various vitreoretinal diseases is
vitrectomy, whereby the damaged vitreous is removed and replaced by silicone oil.
Other substitutes such as perfluorocarbon liquids and air are also used, however,
silicone oil is the first choice for substitution. Adverse effects associated with silicone
oil substitution such as cataracts and cytotoxicity have resulted in a need for a

substitute that can mimic the natural vitreous.

Vitreous substitution with in situ-forming hydrogels has been extensively studied.
These hydrogels have been studied with natural polymers, such as HA (Schnichels et
al., 2017; Januschowski et al., 2019; Raia et al., 2020), gellan gum (Suri and Banerjee,
2006) and chitosan (Yang et al., 2008; Jiang et al., 2018), and synthetic polymers such
as methylcellulose (Fernandez-Vigo et al., 1990; Katagiri et al., 2005), polyacrylamide
(Foster et al., 2006; Davis et al., 2017), polyvinyl alcohol (Maruoka et al., 2006; Leone
et al., 2010; Lamponi et al., 2012), and polyethylene glycol (Hayashi et al., 2017; Liu
et al., 2019; Tram et al., 2020). Advantages of in situ-forming hydrogels include the
ability to tune the mechanical and optical characteristics to mimic those of the natural
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vitreous, and the easy injectability of the substitute using current vitrectomy
procedures.

The in situ hydrogels for vitreous substitution studied to date have predominantly
focussed on native vitreous mimicry. They have mimicked the mechanical and optical
properties of the natural vitreous and the study by Tram et al. (2020) has also studied
a PEG-based hydrogel that releases an antioxidant. However, these studies have not
considered the treatment of any underlying posterior segment ocular diseases, or the
inflammation (endophthalmitis) caused by pars plana vitrectomy (Dave et al., 2014;

Cunha et al., 2021) that was observed as a result of those studies.

Intravitreal drug treatment is the most direct method of drug delivery to treat posterior
segment diseases. Despite advantages such as increased drug concentration and
decreased systemic effects (Edelhauser et al., 2010; Thrimawithana et al., 2011),
intravitreal injections have to be given frequently to maintain the therapeutic drug
window (Huang and Chau, 2019; Meng et al., 2019). This results in a higher risk of
ocular inflammation and cataracts. Therefore, long-term drug delivery using nano-
systems and hydrogel systems is being investigated. However, studies based on the
intravitreal delivery of drugs using hydrogels have focused on systems that combine
with the natural vitreous and are not vitreous substitutes (Awwad et al., 2019; Sapino
et al., 2019; Luaces-Rodriguez et al., 2020). Therefore, the objective of this study was
to fabricate a hydrogel with a dual purpose. The first is to function as a vitreous
substitute and the second is to treat posterior segment diseases by acting as a drug
reservoir with drug-loaded nanopatrticles resulting in sustained drug release, thereby
eliminating the need for frequent injections.

HA, a major component of the natural vitreous, is a linear polysaccharide that is
composed of repeating disaccharide units (p-glucaronic acid and N-acetyl-b-
glucosamine) that are linked via B-glycosidic bonds (Necas et al., 2008; Zhang et al.,
2021). As itis an endogenous substance in the eye, HA and HA-based hydrogels have
been widely studied for ocular administrations (Lajavardi et al., 2009; Yu et al., 2015;
Tang et al., 2019). HA-based hydrogels for vitreous substitution have been studied
using non-modified and modified HA. The integration of HA into hydrogel systems via

physical mixing can avoid cytotoxic effects that may occur due to crosslinkers in
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modified-HA hydrogels (Schramm et al., 2012; Zhang et al., 2021). The mixing of HA
with synthetic polymers that exhibit thermo-responsive properties can allow for HA-

based in situ-forming hydrogels.

As discussed in the previous chapter, poloxamers are synthetic triblock copolymers
composed of polyethylene oxide (PEO) and polypropylene oxide (PPO) (Gioffredi et
al., 2016; Russo and Villa, 2019). Poloxamers are available in a variety of molecular
weights that modify their gelation behaviour (Alexandridis and Alan Hatton, 1995;
Singh-Joy and McLain, 2008). Poloxamers undergo sol-gel phase transitions due to
the formation of micelles as a result of the organisation of monomers into ordered
structures as the temperature of the poloxamer solution increases (Dumortier et al.,
2006; Hsieh et al., 2020). Poloxamers display a reversible thermo-responsive
behaviour, whereby a sol-gel phase transition occurs around physiological
temperature (~37 °C) and a reverse gel-sol phase transition occurs around 50 °C
(Alexandridis and Alan Hatton, 1995; Almeida et al., 2018).

Vitreous substitutes composed of poloxamers have been studied. These studies were
conducted only with P407 and required large concentrations of P407 resulting in the
occurrence of ocular toxicity (Davidorf et al., 1990; Hwang et al., 2013; Lin et al., 2013).
Poloxamer-based hydrogels for ophthalmic administration with a combination of P407
and P188 were formulated and found to be non-toxic and non-irritating (Al Khateb et
al., 2016; Fathalla et al., 2017). This is likely because the addition of P188 will require
a lower concentration of P407 reducing the ocular toxicity of P407 (Kim et al., 2002;
Qi et al., 2007; Almeida et al., 2014).

Polymeric nanoparticles have been used for drug delivery for a considerable time as
they are relatively easy to prepare, they can efficiently incorporate a variety of drugs
and bioactive compounds within them and provide a controlled release of those
substances (Manzoor et al., 2012; Senapati et al., 2018). Poly(pL-lactic-co-glycolic)
acid (PLGA) is a biodegradable and biocompatible, FDA-approved polymer that has
displayed great potential in drug delivery (Danhier et al., 2012; Essa et al., 2020) and
it has been used to deliver many ocular therapeutic agents (Abrego et al., 2015; Elsaid
etal., 2016; Yan et al., 2018; Zhang et al., 2018). PLGA nanoparticles can control and

extend the release of drugs and biomolecules in the eye, however, intravitreal
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nanoparticles are free-moving within the vitreous resulting in an increased clearance
of the drugs (Sakurai et al., 2001; Wang et al., 2018; Huang and Chau, 2019).
Encapsulation of nanoparticles within hydrogels can provide the NPs with a stable
platform within the vitreous. This double-drug delivery system can also reduce the
initial burst release of drugs normally observed with nanoparticle drug delivery
(Thoniyot et al., 2015; Bisht et al., 2017; Osswald et al., 2017).

This study, therefore, formulated an in situ-forming hydrogel composed of the natural
polymer, HA, and a blend of different molecular weight poloxamers (P188 and P407).
Drug-loaded PLGA nanopatrticles were then encapsulated in the formulated hydrogel.
Triamcinolone acetonide, a corticosteroid drug used in the treatment and management
of uveitis, proliferative diabetic vitreoretinopathy and macular degeneration was used
for this study as a model drug (Munir et al., 2005; Gillies and Larsson, 2007; Couch
and Bakri, 2008). Thereafter, the nanoparticles and the hydrogel (unloaded and
nanoparticle-loaded) were characterised and assessed for viscoelastic properties,
optical properties, nanoparticle size and morphology, drug release characteristics, and

lastly, biocompatibility.

4.2. Materials and Methods

4.2.1. Materials

The materials used in this research were bought from Sigma-Aldrich (St Louis, MO,
USA). These materials include Poly(p,L-lactide-co-glycolide) (PLGA) (LA/GA=50/50,
MW=45 000), Poly(vinyl alcohol) (PVA) (MW=85 000-124 000, 99+% hydrolysed),
Dichloromethane, Ethyl Acetate, Triamcinolone acetonide, Poloxamer 407 (Pluronic
® F-127), Poloxamer 188 (Pluronic ® F-68), Hyaluronic acid sodium salt (from
Streptococcus equi), and Lysozyme (from chicken egg white) (~70000 U/mg).

4.2.2. Synthesis of the poloxamer and hyaluronic acid hydrogel

The thermo-responsive hydrogel optimised in the previous chapter was formulated
according to the cold method. Briefly, known concentrations of Poloxamer 188,
Poloxamer 407 and Hyaluronic acid were mixed in deionised water on magnetic
stirring at 4 °C for 12 hours. The solution was kept at 4 °C overnight for complete

homogenisation.
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The solution was then equilibrated before visual inspection of gelation, after which a
vial inversion test was performed. For the inversion test (Niu et al., 2019), 4 mL of the
prepared formulation was placed in a 10 mL glass vial. It was then immersed in a water
bath with a temperature of 37 °C. The time at which no flow of the sample was
observed was considered to be the formation of the gel and the sol-gel phase change
was visualised by the inversion of the vial. The temperature of gelation was also
measured. The sample (4 mL) was placed in a transparent 10 mL vial with a magnetic
bar. The temperature at which the bar stopped moving signified the gelation
temperature. The gelation temperature was further confirmed as the temperature at
which the gel remained intact after the vial was inverted for 60 seconds.

4.2.3. Preparation of PLGA nanoparticles and loading of nanoparticles in the
hydrogel

Triamcinolone acetonide was encapsulated into PLGA nanoparticles using a double-
emulsion solvent evaporation method. Various formulations were prepared and
screened to determine the correct organic mixture ratio for nanoparticle synthesis.
Triamcinolone acetonide of known mass was added to 2 mL of an organic mixture of
ethyl acetate and dichloromethane (various ratios of 1:1, 1:2, 1:3, 2:1, and 3:1)
containing 10 mg PLGA (slow stirring). This prepared solution was transferred,
dropwise with a 26-gauge needle, into a 20 mL PVA solution (1% "“/v) and stirred for 5
minutes. The solution was sonicated in an ice bath for 6, 20-second cycles (130 Watt,
20kHz, 50% Amplitude) with a probe sonicator (Sonics, Ultrasonic Processor,
VCX130, Newtown, CT, USA). Thereafter, the solution was stirred for 48 hours for
evaporation and the hardening of the triamcinolone acetonide-loaded nanoparticles.
The nanoparticles were collected via centrifugation and washed with deionised water
after which they were lyophilised (Labconco FreeZone 12 Console Freeze Dry,
Kansas City, USA).

For nanoparticle loading within the hydrogel, the optimised nanoparticles were
prepared as above. Following lyophilisation, nanoparticles were resuspended in
deionised water. The polymers for the hydrogel were mixed in the resuspended

nanoparticle solution rather than deionised water, as above.
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4.2.4. Nanoparticle characterisation

Triamcinolone acetonide-loaded nanoparticles and unloaded nanoparticles were
screened based on their diameter size, particle dispersity, surface charge, and
encapsulation and loading of the drug. The Zetasizer NanoZS (Malvern Instruments
Ltd., Worcestershire, UK) was used to determine the nanoparticle size, polydispersity
index (PDI) and surface charge. The PDI was used as an indicator of dispersity where
values < 0.5 indicate monodisperse particles and = 0.5 indicated polydisperse
particles. The nanoparticle formulations were resuspended in deionised water (1 mg
of the formulation in 1 mL water) and analysed using dynamic light scattering (DLS).
The sample temperature was maintained at 25 °C and samples were diluted and
sonicated prior to the measurement. The nanoparticle formulations were screened
based on their size, PDI and surface charge. Formulations with favourable results,
namely particle size < 200 nm, PDI < 0.2, and a negative surface charge, were then
screened based on the encapsulation efficacy and drug loading capacity. All

measurements were conducted in triplicate.

The encapsulation efficiency of the nanoparticles was calculated using
Equation 4-1.

Encapsulation ef ficiency (%) = % x 100 Equation 4-1
o

Where Wo is the initial mass of triamcinolone acetonide and W. is the mass of
triamcinolone acetonide loaded in the nanoparticles. Encapsulation efficiency is the
percentage of drug that is entrapped in the nanoparticle with respect to the amount of
drug that was used in the nanoparticle preparation. Quantification of encapsulation
efficiency via determination of the W. was performed using a UV/Vis
spectrophotometer (Lambda 25, PerkinElmer, MA, USA).

The surface morphology of the formulation selected (based on the above parameters)
was then determined. Lyophilised samples of the drug-loaded, and unloaded
nanoparticles were redispersed in deionised water and one drop was placed on an
aluminium stub and allowed to dry for 24 hours. Samples were coated in a vacuum

with one layer of gold using a sputter coater to induce induction. A field emission
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scanning electron microscope (Zeiss, Jena, Germany) under an argon atmosphere

was used to analyse the morphology of each sample.
4.2.5. Physicochemical characteristics of the nanoparticles and the hydrogel

4.2.5.1. Molecular transition and interaction analysis

Fourier Transform Infra-Red (FTIR) analysis was conducted on all pure polymers,
lyophilised unloaded and loaded nanopatrticles, and unloaded and loaded hydrogels.
The molecular transitions and interactions were identified using a PerkinElmer ATR-
FTIR (Spectrum 2000, Waltham, MA, USA) fitted with a single reflection diamond
MIRTGS detector. FTIR spectra (20 scans per spectrum) were obtained using a
wavelength range of 4000-650 cm-?, a resolution of 4 cm™, and a constant pressure of
110 psi.

4.2.5.2. Thermal transitions and properties analysis

The thermal properties of the pure polymers, the lyophilised unloaded and loaded
nanopatrticles, and the lyophilised unloaded and loaded hydrogels were determined
using a Differential Scanning Calorimeter (DSC) (Mettler Toledo DSC, STARe system,
Schwerzenback, Switzerland) and a Thermogravimetric analyser (TGA) (PerkinElmer,
TGA 4000, Llantrisant, Wales, UK). Thermally-induced phase transitions of the
samples were determined using the DSC in an inert N? atmosphere. Samples were
prepared and weighed into aluminium crucibles (3-10 mg), sealed (with a small,
pierced hole to allow for pressure dissipation) and lastly, heated at a rate of 10
°C/minute over a range of 0-300 °C. The thermograms were plotted as a function of
heat flow against temperature. Degradation temperatures of the samples were
determined using the TGA as the percentage weight change over a temperature range
of 30-900 °C with a heating rate of 10 °C/minute. Samples were maintained in an inert
N2 environment and degradation thermograms were plotted as percentage weight

against temperature.

4.2.5.3. Crystallinity analysis
The crystallinity of the samples was determined using a benchtop MiniFlex 600 X-Ray
Diffractometer (Rigaku, Tokyo, Japan). The pure polymers, the lyophilised unloaded

and loaded nanoparticles, and the lyophilised unloaded and loaded hydrogels were
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finely packed onto the sample holders with double-sided tape. CuKa radiation (15 mA,
40kV) was employed on the samples which underwent a 26 scan range between 5-

60° at a rate of 5°/minute.

4.2.6. Viscoelastic measurements of the hydrogel

The viscoelastic properties of the loaded and unloaded hydrogels were determined
using the ThermoHaake MARS Modular Advanced Rheometer (Thermo Fischer
Scientific, Karlsruhe, Germany) pre-equipped with a temperature-controlled bath
allowing for temperature control of the sample chamber. Strain sweep, shear rate
ramp, frequency sweep and temperature ramp measurements were conducted. All
measurements were conducted in triplicate using a parallel plate with a gap

measurement of 0.052 mm and measuring geometry of C35/1° Ti.

Hydrogel formation in the simulated vitreous humour (SVH) was evaluated using the
ElastoSens™ Bio2 (Rheolution, Montreal, Quebec, Canada). The real-time in situ
formation of both hydrogels was evaluated in triplicate to assess the soft mechanical
properties of each hydrogel. The experiment was conducted by placing 3 mL of
formulated hydrogel (unloaded and loaded) in 1 mL of SVH to mimic the in vitro
environment during administration. The shear storage (G’) and loss (G”) modulus of
both hydrogels was measured as a function of time at a constant temperature of 37
°C.

The injectability of the hydrogels with a 26-gauge (26G) and 31-gauge (31G) needle
was studied using the TA-XT2 Texture Analyser (Stable Micro Systems, Surrey, UK).
All measurements were conducted in triplicate with the sample temperature at 10 °C
(refrigerator storage temperature) in compression mode. A needle (26G or 31G) was
fitted into a 3 mL luer-lock syringe and placed vertically in the holder with the needle
facing downwards. Manual syringe injection was mimicked using a P/50R cylinder
probe aligned to the plunger plate for volume displacement. Compression of the
syringe plunger using the probe (compression speed of 1 mm/s and distance of 20
mm) expels the hydrogel from the syringe and the maximum force was recorded
(Cilurzo et al., 2011; Zhang et al., 2018).
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4.2.7. Optical properties of the hydrogel

The refractive index of the unloaded and loaded hydrogels was measured in triplicate
using the Anton Paar refractometer (Anton Paar OptoTec GmbH, Germany) and the
transmittance of the hydrogels was determined using the Implen Nanophotometer
(NP80, UVI/IVis spectrophotometer, Munich, Germany). The transmittance of the
hydrogels was measured at 37 °C at a wavelength range of 200-950 nm.

4.2.8. In vitro drug release studies

In vitro drug release analysis was done using dialysis membranes in a simulated
vitreous humour (SVH) buffer solution (4 mL). Analysis was conducted on drug release
from the nanopatrticle-loaded hydrogel as well as the loaded nanopatrticles alone until

an equilibrium release state was reached.

4.2.8.1. Preparation of standard solutions for the construction of a standard
curve

A serial dilution of Triamcinolone acetonide (TA) was carried out in 40% ethanol at
known concentrations (0.04 — 0.0009375 mg/mL). Full ultraviolet spectroscopy (UV-
Vis) absorbance readings were taken on a spectrophotometer (Lambda 25 UV/Vis
spectrophotometer, PerkinElmer, MA, USA) and the lambda-max (A-max) of TA was
confirmed at 240 nm. Thereafter, the absorbance of the aliquots from the TA dilutions

was read (n=3).

4.2.8.2. In vitro drug release

An orbital shaker incubator was used to incubate all samples for the duration of the
drug release studies at a constant temperature of 37 °C. Samples of 1 mL were
withdrawn at each time point for analysis and replaced with 1 mL of fresh SVH solution
to maintain sink conditions. Samples were analysed using a spectrophotometer
(Lambda 25 UV/Vis spectrophotometer, PerkinElmer, MA, USA) in the same
conditions used for the preparation of the calibration curve. The concentration of
Triamcinolone acetonide released was determined using a calibration curve

constructed from absorbance measurements of known drug concentrations.
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4.2.9. Swelling and degradation profile determination

The swelling behaviour of the unloaded and loaded hydrogel was studied with all
experiments conducted in triplicate. The swelling ratio of the hydrogels was measured
by the immersion of the hydrogels in SVH at 37 °C in an orbital shaker. The weights
of the swollen hydrogels (Ws) were measured every hour until equilibrium was reached
and each sample was allowed to dry (Wb). The swelling ratio was calculated according
to Equation 4-2, and the equilibrium
ratio was determined as the ratio at which no further change in hydrogel mass

occurred.

The degradation profiles of the unloaded and loaded hydrogel were determined with
experiments conducted in triplicate. The degradation of the hydrogels was determined
by immersing the hydrogel in SVH with lysozyme solution (10000 U/mL) at 37 °C in an
orbital shaker. The weights of the hydrogels were measured at a specific time point
for 60 days. The lysozyme-SVH was replaced every 48 hours. Degradation of the

hydrogels was determined using Equation 4-3.
Swelling ratio = WsWp Equation 4-2
D
. We— Wy .
Degradation (%) = — X 100 Equation 4-3
0

Where Wo is the initial weight of the hydrogels prior to immersion and W is the weight
of the hydrogels at each time point after immersion.

4.2.10. In vitro cell biocompatibility

Biocompatibility of the drug and the unloaded and loaded hydrogels was evaluated in
an NIH/3T3 (mouse fibroblast) (ATCC) and an hRPE (human retinal pigment
epithelium) (ATCC) cell culture. NIH/3T3 cell maintenance was achieved in Dulbecco's
Modified Eagle Medium (DMEM), with 10% Fetal Bovine Serum (FBS) and 1%
penicillin/streptomycin antibiotic at 37 °C, 95% humidity and 5% CO2. hRPE cell
maintenance was achieved in DMEM/Hams F12 containing 10% FBS and 1%

penicillin/streptomycin antibiotic at the same environmental conditions as the NIH/3T3
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cell line. Culture mediums were replaced every 2 days until cell confluence (90%) was
reached. Cell lines were seeded with a seeding density of 5x104 cells/mL.

The sterile hydrogels (0.5 mL) and drug solution (UV sterilisation for 12 hours) at
various concentrations were incubated for 48 hours and 72 hours with the cells in 96-
well plates at 37 °C, 95% humidity and 5% CO2. An MTT cell viability assay was
conducted using an MTT-based Roche Cell Proliferation kit. 10 uL MTT solution was
added to each well and the plates were incubated at 37 °C, 95% humidity and 5% CO:
for 4 hours. Thereafter, 100 pL MTT solubilising agent was added to dissolve the
formazan crystals overnight. A multi-plate reader (BioTek, USA) was used to
determine the absorbance of the plates at 570 nm. The relative cell viability was

calculated using Equation 4-4.

Cell Viability (%) = jzﬁ x 100 Equation 4-4

Sc

Where Abss is the absorbance of the sample and Absc is the absorbance of the control

(no treatment).

4.2.11. Statistical analysis

All analyses were conducted in triplicate (n = 3). All results were expressed as the
mean and standard deviation and data was analysed using Microsoft EXCEL. The
level of significance was determined using a student t-test. P values of less than 0.05
(p < 0.05) were considered as an indication of statistically significant differences. All

graphs were plotted using SigmaPlot 12.0.

4.3. Results and Discussion
A nanoparticle-loaded hydrogel was successfully fabricated. An optically transparent
and clear soft-gel (Figure 4.1) was obtained that underwent sol-gel phase transition at

physiological temperatures.
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Figure 4.1 - Sol-gel phase transition with the vial inversion method. A) Sol-gel
transition of the unloaded hydrogel B) Sol-gel of the nanoparticle loaded hydrogel.

Gel formation was observed to occur at ~33 °C for the unloaded hydrogel and ~36 °C
for the nanoparticle-loaded hydrogel. The temperature of gel formation for the
nanoparticle-loaded hydrogel is favourable as it is similar to physiological
temperatures. Gel formation of the nanoparticle-loaded hydrogel occurred at a higher
temperature than that for the unloaded hydrogel due to interactions between the
nanoparticles and the micelles formed during the sol-gel transition. A higher
temperature is needed to overcome these interactions for gel formation. Figure 4.2
displays the time taken for gel formation at 37 °C from 10 °C. These times of nine
minutes (0.6 minutes) for the unloaded hydrogel, and eight minutes (0.2 minutes)
for the loaded hydrogel, are clinically advantageous. Vitreous substitution with current
tamponades requires patients to remain face-down post-vitrectomy (Kim and Baumal,
2004; Kleinberg et al., 2011). This fabricated hydrogel would form almost immediately
post-vitrectomy increasing patient compliance.
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Figure 4.2 - Time required for gel formation at 37 °C.

4.3.1. Nanoparticle size, surface charge and surface morphology
Particles with a diameter of less than 200 nm have been proven to penetrate from the
vitreous to the retinal layers (Huang and Chau, 2019). Therefore, nanoparticles formed

were screened to have a diameter of < 200 nm with a PDI of £ 0.2.

Previously, PLGA nanoparticles for ocular administration (< 200 nm) were prepared
for lipophilic drugs using the solvent-evaporation method (Esmaeili et al., 2007;
Javadzadeh et al., 2010). Various solvents have been used for the fabrication of PLGA
nanoparticles and PLGA nanoparticles for ocular administration utilising acetone, ethyl
acetate and dichloromethane (Ding and Zhu, 2018). Acetone was not used in this
study as patrticles formed with acetone would likely yield larger particles than those
formed with dichloromethane due to the water miscibility of acetone (Essa et al., 2020).
Dichloromethane is reported to be a favourable solvent in the formation of PLGA
nanoparticles (Mohammadi-Samani and Taghipour, 2015; Abd El Hady et al., 2019),
however, due to the cytotoxic nature of dichloromethane, ethyl acetate was used to
decrease the concentration of dichloromethane in the formulation. Table 4.1 includes
the various solvent ratios used and shows that lower dichloromethane concentrations

with ethyl acetate are favourable for the fabrication of nanoparticles with a size < 200
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nm and a PDI < 0.2. The negative surface charge observed for all the nanoparticle
formulations is attributed to the carboxylic acid end groups of PLGA.

Table 4.1 - Size, dispersity, and surface charge of PLGA nanoparticles in various
solvent ratios.

PVA Organic mixture Particle size PDI Particle surface
concentration ratio (EA: DCM) (diameter) (nm) charge (mV)
1% Wy 11 184 +4.1 0.205 + -31.3+0.8
0.035
1.2 245+2.6 0.247 -43.5+£0.2
0.005
1:3 235+ 3.4 0.263 -26.4+0.4
0.003
2:1 145+25 0.187 -26.3+0.1
0.020
31 134+1.0 0.155 + -25.1+0.5
0.006

Nanopatrticles with a solvent ratio of 2:1 and 3:1 (ethyl acetate: dichloromethane) both
had the necessary particle size and PDI. Thus, to choose the formulation for
entrapment within the hydrogel, the encapsulation efficiency with triamcinolone
acetonide (TA) of both formulations was tested. Figure 4.3, illustrates that the
formulation with a 3:1 ratio of ethyl acetate: dichloromethane had better drug
encapsulation of 97.500% (£ 1.523%) while encapsulation within the 2:1 formulation
was 78.123% (+ 2.271%).

100 -
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Encapsulation Efficiency (%)
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Figure 4.3 - Encapsulation efficiency of the 2:1 and 3:1 (EA: DCM) nanopatrticle
formulations.
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The PLGA nanoparticle formulation with a 3:1 solvent ratio (ethyl acetate:
dichloromethane) was chosen for encapsulation within the hydrogel. The particle size
and PDI of the unloaded nanopatrticles (Figure 4.4A) and the TA-loaded nanopatrticles
(Figure 4.4 B) were 133.7 nm (£ 1.0 nm) PDI = 0.155 (£ 0.006) and 153.1 nm (+ 2.4
nm) PDI = 0.179 (x 0.020), respectively. The surface charge of both the unloaded and
loaded nanoparticles was negative due to the PLGA (Figure 4.4C & D).
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Figure 4.4 - A, B) Particle size distribution and C, D) Zeta potential distribution of the:
A, C) unloaded and B, D) TA loaded PLGA nanoparticles.

SEM micrographs, Figure 4.5, show the spherical morphology of the fabricated
nanoparticles. Slight particle size increases are noted between the unloaded
nanoparticles (Figure 4.5 A) and the drug-loaded nanoparticles (Figure 4.5 B). The
particles are visualised to be dispersed with no drug crystals visible unlike those noted
by Gomez-Gaete and co-workers in 2007. The lack of drug crystals shows entrapment
of the drug and this should eliminate the burst release of the drug from the
nanoparticles as reported in previous PLGA nanopatrticle studies (Gomez-Gaete et al.,

2007; Javadzadeh et al., 2010; Sabzevari et al., 2013).
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Figure 4.5 - SEM micrographs of the A) unloaded PLGA nanoparticles and B) TA-
loaded PLGA nanoparticles.

4.3.2. Physicochemical properties of the nanoparticles and the hydrogel

FTIR spectra of the PLGA nanoparticles, and native triamcinolone acetonide and
PLGA are shown in Figure 4.6. Triamcinolone acetonide (TA) nanoparticle fabrication
was confirmed by FTIR. Unloaded and TA-loaded PLGA nanopatrticles displayed IR
absorption bands characteristic of the PLGA polymer (indicated by the black arrows).
These bands include C-H bending at 3002 cm™* and 2956 cm™, the C-O ester double
bond at 1760 cm, and C-O stretching at 1091 cm. Lactide-lactide (1456 cm?),
glycolide-glycolide (1429 cm) and lactide-glycolide (1394 cm™) bands of the PLGA

monomers were also visible as a triple-peak (marked by the black box).

The FTIR spectrum of pure TA showed the characteristic H-bond hydroxyl stretching
IR absorption band at 3398 cm™!, carbonyl stretching at 1706 cm™ and C-F stretching
at 1057 cm. These TA IR absorption bands (indicated by red arrows) are also visible
in the TA-loaded nanoparticles. Polymer and drug interactions did not take place as
new peaks were not visible and shifts in existing peaks were not observed. The
presence of these peaks suggests that TA was successfully encapsulated in the PLGA

nanoparticles.

FTIR spectra of the hydrogels and their polymers are shown in Figure 4.7. Poloxamer
407 and Poloxamer 188 displayed similar FTIR profiles due to their similarities in their
composition. Both showed characteristic hydroxyl stretching bands at 3400 cm and
C-O-C stretching at 1085 cm™. These bands (indicated by the light green arrows) were
also prominent in the final unloaded and nanoparticle-loaded hydrogels. The FTIR
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spectrum of HA displays characteristic IR absorption bands at 3318 cm (hydroxyl
stretching), C-O-C stretching at 1151 cm™ and 1024 cm, amide bands at 1530 cm*
and 1565 cm%, and carboxylic bands at 1605 cm™* and 1405 cm. HA hydroxy groups
and a carboxylic band are visible in the unloaded and loaded nanoparticle spectra
(purple arrows) indicative of the presence of HA in the hydrogels. The nanoparticle-
loaded hydrogel also displays a peak at 1760 cm™! (yellow arrow) indicative of a C-O
ester bond related to the PLGA within the nanoparticle system. HA and nanoparticle
bands in the hydrogels had lower transmittance values due to the high amount of
poloxamer in comparison to HA. Similar results have also been observed in physically
mixed poloxamer gels (Rangabhatla et al., 2016). Shifts in peaks were not visible and
new peaks were absent. This confirms that chemical interactions between the
hydrogel and nanoparticles did not take place.
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Figure 4.6 - FTIR spectra of PLGA, triamcinolone acetonide and the unloaded and
loaded nanoparticles.
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Figure 4.7 - FTIR spectra of both poloxamers, hyaluronic acid, the loaded
nanoparticles and the unloaded and loaded hydrogels.

DSC analysis was performed on the unloaded and loaded PLGA nanoparticles, TA,
and PLGA (Figure 4.8). PLGA displayed an endothermic peak at 51.14 °C indicative
of its glass transition (D’Avila Carvalho Erbetta et al., 2012). PVA displayed an
endothermic peak at 227.84 °C associated with the melting point. This endothermic
peak was then visible in the unloaded and loaded PLGA nanoparticles. A sharp
endothermic peak at 295.87 °C was observed for TA due to the melting point of the
crystalline state of TA (Garcia-Millan et al., 2017). This sharp endothermic peak was
not visible in the TA-loaded PLGA nanoparticles, which may indicate a shift to a more
amorphous form leading to increased solubility of the drug in the nanopatrticle (Salama
et al., 2016; Garcia-Millan et al., 2017) or due to solid state interaction by heating
(Pandit et al., 2017; Alkholief et al., 2019).

The DSC thermograms of the hydrogels and their constituents are shown in Figure
4.8. The DSC thermograms of Poloxamer 407 and Poloxamer 188 displayed
endothermic peaks at 57.66 °C and 55.27 °C respectively. These are indicative of the

melting temperature of poloxamers. The unloaded and loaded hydrogels displayed the
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same peak. However, these peaks had slight shifts in comparison to the pure
polymers. This would be a result of the physical mixing of HA and the nanoparticles in
the hydrogels. The DSC thermogram of HA displays a gentle endothermic peak at 133
°C and a steep exothermic peak at 238 °C indicative of the degradation of HA. This
exothermic peak is visible in the unloaded and loaded hydrogel thermograms and the
PLGA nanoparticle degradation is also visible in the thermogram of the loaded
hydrogel. The high concentration of poloxamer, as with the FTIR spectra, reduces and

masks peaks that were visible in the thermogram of the nanopatrticles.
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Figure 4.8 - DSC thermograms of all polymers, triamcinolone acetonide and all
nanoparticle and hydrogel formulations.

TGA thermograms (Figure 4.9) were then correlated to the DSC thermograms.
Complete degradation of all prepared formulations (nanoparticles and hydrogels)
occurred with major weight loss occurring between 270 °C and 500 °C for both

nanoparticle formulations and between 375 °C and 500 °C for both hydrogel

96



formulations. The degradation of the nanoparticle formulations is congruent with the
DSC thermograms where the start of an endothermic peak is visible towards 300 °C
in the thermograms. The TGA thermograms also display a decreased degradation rate

for the nanoparticle-loaded hydrogel in comparison to the unloaded hydrogel.
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Figure 4.9 - TGA thermograms of the unloaded and loaded nanoparticles and the
unloaded and loaded hydrogels.

The XRD patterns of the prepared nanoparticle formulations, TA and the pristine
polymers are shown in Figure 4.10. PLGA and PVA display amorphous surface
characteristics while TA shows various crystalline peaks. The unloaded nanopatrticles
display an amorphous structure similar to the structure seen with pure PLGA. An
amorphous structure is also visible for the drug-loaded nanopatrticles; however, some
TA peaks were visible. This amorphous structure of the loaded nanoparticles is
attributed to the decreased drug crystallinity and solubilisation in PLGA during the

synthesis of the nanoparticles.

The XRD pattern of the unloaded hydrogel displayed in Figure 4.10 is very similar to
that of the pure poloxamer polymers. However, differences in structure are visible
between 23° and 29°. The loaded hydrogel displays characteristics similar to the
unloaded hydrogel except for changes visible between 30° and 54°. The changes in
the unloaded hydrogel are attributed to HA while changes in the loaded hydrogel are

due to the presence of the nanopatrticles. The intensity of these changes is low, likely
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due to the lower HA and nanoparticle concentrations in comparison to that of the

poloxamers.
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Figure 4.10 - X-Ray Diffractograms of the polymers, drug and nanoparticle and
hydrogel formulations.

4.3.3. Viscoelastic measurements of the hydrogel

The unloaded and loaded hydrogels displayed similar viscoelastic properties to the
natural vitreous. It is necessary to determine the Linear viscoelastic range (LVR) to
better understand the linear behaviour of the hydrogels. A strain sweep analysis was
conducted to find the LVR of both hydrogels. Figure 4.11 (A) shows that the LVR for
both hydrogels was below a strain of 10%. The study was conducted at a constant
frequency of 1 Hz as variations in modulus are easily detected at this frequency. G’

(storage modulus) and G” (loss modulus) decreased above a 10% strain and the loss
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modulus for the loaded hydrogel became larger than the storage modulus. This
suggests that the hydrogel became more liquid. As a result, a 1% strain was used to

conduct all subsequent rheology studies on both hydrogels.
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Figure 4.11 - Rheological data for the unloaded and loaded hydrogels. A) Strain sweep
experiments, B) Shear rate ramp experiments, C) Frequency sweep of the loaded
hydrogel and D) Frequency sweep of the unloaded hydrogel.

Shear thinning of both hydrogels was observed with a decrease in viscosity as the
shear rate increased (Figure 4.11 B). This behaviour is ideal for extrusion via a needle

for the administration of the gels.

The storage modulus of the natural vitreous is reported to range from 1-7 Pa while the
loss modulus is reported to range between 0.3 and 1 Pa (Tram and Swindle-Reilly,
2018; Schulz et al., 2019). However, these studies were conducted on the in vitro
vitreous and do not represent the modulus of the in vivo vitreous. The properties of the
human vitreous change after removal from the eye (Santhanam et al., 2016) and a
study conducted by Zimberlin and co-workers (2010) demonstrated that the modulus
of the in vivo vitreous is higher than that of the in vitro vitreous. The study by

Santhanam et al. (2016) shows that a suitable vitreous substitute should have a
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modulus above 100 Pa. Frequency sweep studies were conducted on both hydrogels
at a constant temperature of 37 °C (Figure 4.11 C & D). Table 4.2, displays that the
average modulus of both hydrogels is > 100 Pa. These modulus values are also
favourable for vitreous substitutes as they indicate that the hydrogels would not pass

through retinal tears (Yadav et al., 2021).

Table 4.2 - Average storage and loss moduli of the unloaded and loaded hydrogels.

Storage modulus (G’) (Pa) Loss modulus (G”) (Pa)
Loaded hydrogel 132.593 £ 0.320 110.889 + 0.038
Unloaded hydrogel 99.503 + 0.024 108.581 £ 0.011

Temperature ramp studies were conducted on both hydrogels to assess their
behaviour with changes in temperature (Figure 4.12). The storage modulus (G’), loss
modulus (G”), and viscosity of the hydrogels were assessed at a temperature range
of 10-50 °C. The loaded hydrogel (Figure 4.12 A & C) displays a cross-over of G’ and
G” at 36.496 °C (x 0.014 °C). this cross-over is indicative of the temperature at which
the behaviour of the hydrogel becomes that of a gel rather than a solution. Between
temperatures of 33 °C and 35 °C an increase in G’ and viscosity show the beginning
of the sol-gel phase change. This phase change is visible in Figure 4.12 B and C for
the unloaded hydrogel between 29 °C and 32 °C, with a G’-G” cross-over occurring at
a temperature of 33.688 °C (x 0.021 °C). The crossover temperature of the
nanoparticle-loaded hydrogel is favourable over that of the unloaded hydrogel as it is
similar to physiological temperature demonstrating gel formation at physiological

temperature.
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Figure 4.12 - Temperature ramp data of both hydrogels between 10 °C and 50 °C. A)
Modulus of the loaded hydrogel, B) modulus of the unloaded hydrogel, C) viscosity of
the loaded hydrogel and D) viscosity of the unloaded hydrogel.

The ElastoSens™ Bio2 technique for rheological studies measures the real-time
properties of the hydrogel in a non-destructive manner. The analysis of the hydrogels
is conducted via gentle mechanical vibrations passing through the hydrogel samples
that are held within confined holders and the response to the vibrations is detected by
a laser. It is important to assess the interaction between the hydrogel (unloaded and
loaded) and the native vitreous. Therefore, SVH was prepared to assess this
interaction. Figure 4.13 shows the storage modulus (G’) and loss modulus (G”) of both
hydrogels in SVH over 3 hours. The initial increase of the shear storage modulus and
loss modulus of both hydrogels shows the mixing of both hydrogels with the SVH which
is evidence of in situ hydrogel formation. The unloaded hydrogel (G’average = 467.01 Pa
+ 1.286 Pa) and the loaded hydrogel (G’average = 600.62 Pa + 2.356 Pa) display

101



properties of soft hydrogels as their modulus was less than 1 kPa. Both hydrogels
formed immediately after exposure to the SVH at 37 °C. Maximum gelling and modulus
values were achieved in 10 minutes (x 0.885 minutes) for the unloaded hydrogel and
18 minutes (x 1.05 minutes) for the loaded hydrogel. This was then maintained for the
duration of the experiment. These results are for real-time experiments and are thus
incomparable to those obtained via the rheometer. However, the gelling times are
comparable to those observed in the vial inversion test.
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Figure 4.13 - Real-time modulus changes of the unloaded and loaded hydrogels. (A)
Storage modulus (G'), (B) Loss modulus (G")

The injectability of both hydrogels (Figure 4.14) was conducted with 26-gauge (26G)
and 31-gauge (31G) needles. Pars plana vitrectomy is commonly conducted using 23-
, 25- and 27-gauge needles (Schweitzer et al., 2009; Rizzo et al., 2015; Otsuka et al.,
2018) and intravitreal injections are commonly administered with 26-, 27-, 30- and 31-
gauge needles (Pulido et al., 2007; Haas et al., 2016; Loureiro et al., 2017). Due to
availability, 26G and 31G needles were used for this study. Figure 4.14 shows that
injection of the hydrogels was possible with both needles, however, a greater force
was required for administration with the 31G needle (Figure 4.14 B) than with the 26G
needle (Figure 4.14 A). As pars plana vitrectomy and intravitreal injections utilise 26G
needles and for ease of administration, injection of the hydrogels via 26G needles is

preferable.
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Figure 4.14 - Maximum force required by A) 26G and B) 31G needles for hydrogel
administration.

4.3.4. Optical properties of the hydrogel

The hydrogels had a transparency of >90% (p < 0.05) at 37 °C within the visible
wavelengths (Figure 4.15). Although the unloaded hydrogel had a higher
transmittance than the loaded hydrogel (most probably due to slight nanoparticle
interference), both were optically similar to the natural vitreous which allows for 90%
of light between 300 and 1400 nm (Boettner and Wolter, 1962). The transmittance of
both hydrogels also behaved similarly to the natural vitreous with a drop in

transmittance between a UV range of 0-230 nm.
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Figure 4.15 - The transmittance of the hydrogels between 200 and 900 nm.

The refractive index of the unloaded hydrogel was 1.3350 (x 0.002) and the refractive
index of the loaded hydrogel was 1.3352 (+ 0.003). Both of these are similar to 1.3349
which is the refractive index of the natural vitreous. Silicone oil, the most used vitreous
substitute (Thacker et al., 2021), has a refractive index of 1.405 (Smith et al., 1990).
This has resulted in refractive errors in patients receiving silicone oil as a substitute
post-vitrectomy (Eibenberger et al., 2020).

4.3.5. In vitro drug release
Drug release studies were conducted to determine the release profile of TA from the
PLGA nanopatrticles and the nanoparticle-loaded hydrogel. A calibration curve (Figure

4.16) was constructed to determine the release concentrations of TA.
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Figure 4.16 - Calibration curve of triamcinolone acetonide.

Figure 4.17 shows the in vitro release profiles of TA from the nanoparticles and the
nanoparticle-loaded hydrogel. The drug release profiles show that release of TA from
the nanoparticle-loaded hydrogel is slower and over an extended period; whereas the
release of TA was faster from the nanoparticles alone which would result in faster

clearance of the drug from the vitreous (Huang and Chau, 2019).

50% of TA was released from the nanoparticles within the first day of administration
while the remaining TA was released over 7 days. Vitreous substitution can cause
inflammation post-vitrectomy (Dave et al., 2014; Cunha et al., 2021) and an initial burst
release ensued by a slow release of TA from a vitreous substitute would be
advantageous for the treatment of the initial acute inflammation. Inflammation due to
long-term substitution may also occur and the steady, long-term TA release observed
in the loaded hydrogel would allow for treatment of the inflammation. Vitreoretinal
diseases such as uveitis, proliferative diabetic vitreoretinopathy and macular
degeneration require treatment with TA. Therefore, TA release from the hydrogel is

beneficial.
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Figure 4.17 - Drug release profiles from the nanoparticles and the loaded hydrogel.

4.3.6. Swelling and degradation

The swelling ratio of the unloaded and loaded hydrogels was determined after
incubation of the hydrogels in simulated vitreous humour (SVH) buffer solution at 37
°C. This was continued until equilibrium swelling was reached as shown in Figure 4.18.
Equilibrium swelling was reached within 12 hours for the unloaded hydrogel and 8
hours for the loaded hydrogel. The loaded hydrogel reached equilibrium swelling in
less time than the unloaded hydrogel due to the presence of the nanoparticles. The
total hydrogel volume in the nanoparticle-loaded hydrogel is marginally less attributed
to the decreased time taken for equilibrium swelling. This is advantageous as the

administration of the hydrogel into the vitreous body should not affect intraocular
pressure.
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Figure 4.18 - Swelling ratio profile of the unloaded and loaded hydrogels in simulated
vitreous humour at 37 °C.

Biodegradation studies (Figure 4.19) were conducted with the use of lysozyme which

acts as a general ocular enzyme at 37 °C. The studies were conducted for up to 63

days to assess the long-term degradation behaviour of both hydrogels. Although a
weight loss of the hydrogels was observed, this degradation was less than vitreous
substitutes reported by Baker et al. (2021) and Yu et al. (2022) where the hydrogel
mass decreased by 60% in 56 days and 40% in 14 days, respectively. The long-term

stability of hydrogels as vitreous substitutes is important to avoid frequent injections

and degradation in vitro. Resistance to enzymes as shown with both hydrogels is

essential for long-term administration.
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Figure 4.19 - Degradation profiles of unloaded and loaded hydrogels at 37 °C.

4.3.7. In vitro cell biocompatibility

Biocompatibility studies were conducted on 3T3 and hRPE cell lines. Both cell lines
were utilised as previous studies of potential vitreous substitutes have used both cell
lines (Santhanam et al., 2016; Lin et al., 2017; Jiang et al., 2018; Yadav et al., 2021).
Studies with the hRPE cell line are particularly important as clinical administration of
the hydrogels in the vitreous body would result in direct contact between the substitute
and retinal pigment epithelium. The MTT cell viability assays (Figure 4.20) showed
that the unloaded and loaded hydrogels were not toxic to either cell line over 48- and

72 hours. Particularly noteworthy, is the promotion of cell growth with the 3T3 cell lines.
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Figure 4.20 - Cell biocompatibility with A) 3T3 cells after 48 hours, B) 3T3 cells after
72 hours, C) hRPE cells after 48 hours and, D) hRPE cells after 72 hours.

4.4. Conclusions

The study assessed the potential of PLGA nanoparticles entrapped in a hyaluronic
acid-poloxamer blend hydrogel as a vitreous substitute. The study prepared unloaded
and nanoparticle-loaded hydrogels that displayed similar optical and viscoelastic
properties to the natural vitreous. Rheological studies showed the ability of the
hydrogels to form in situ, and both hydrogels can be injected via similar gauge needles
as those currently used clinically. Furthermore, the hydrogels demonstrate excellent
swelling and degradation behaviour furthering their potential to be suited as vitreous
substitutes. Additionally, the nanoparticle-loaded hydrogel showed long-term drug
release of TA and thus has the potential for delivery of other ocular therapeutics for
the treatment of posterior segment diseases. Lastly, both hydrogels displayed

biocompatibility with two cell lines including a retinal cell line. It is concluded that the
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developed nanopatrticle-loaded hydrogel has the potential as a long-term drug delivery
system and both hydrogels (the unloaded and loaded) have the potential to act as

vitreous substitutes.
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Chapter 5 - Pilot in vivo rabbit biocompatibility study

5.1. Introduction

In vitro results of toxicity, biodegradation and cell behaviour are known to vary under
in vivo settings (Jurga et al., 2011). In vivo analysis enables the assessment of the
clinical translational potential of the fabricated nanoparticle-loaded hydrogel under in
vivo conditions. To assess the full safety of the hydrogel an in vivo assessment is
essential. In vivo pilot studies, such as the study reported in this Chapter, allow for the
assessment of the biocompatibility of therapeutic agents while minimising the number

of animals used.

Studies on the vitreous of various animals have been conducted to assess their nature
and composition in relation to the human vitreous (Suri and Banerjee, 2006; Silva et
al., 2017; Shafaie et al., 2018; Tram and Swindle-Reilly, 2018). These studies have
shown that the vitreous humour of the rabbit has many similarities to the human
vitreous. Additionally, the rabbit model has been used for various ophthalmic surgery
evaluations as the rabbit eye is larger than the rodent eye and, thus, the ocular tissues,
including the vitreous, are larger allowing for easier surgical procedures (Abdo et al.,
2017; Clippinger et al., 2021; Daniels et al., 2021). This is especially advantageous for
surgeries involving the posterior segment of the eye. In vivo studies of various
intravitreal injections as well as pars plana vitrectomies with polymeric vitreous
substitutes have been conducted using the New Zealand White (NZW) rabbit model
(Du Toit et al., 2014; Yu et al., 2015; Yang et al., 2019; Kim et al., 2020; Xue et al.,
2020; Huang et al., 2021). Therefore, established protocols and data are available for
comparative analysis to determine the efficacy of the fabricated hydrogel. Thus, NZW
rabbits were used as the animal model for this study.

The purpose of this chapter was to conduct a pilot, in vivo study of the nanopatrticle-
loaded hydrogel. The unloaded hydrogel was not assessed as the purpose of the pilot
study was to assess the preliminary biocompatibility of the entire system (nanopatrticle-
loaded hydrogel). The study assessed the biocompatibility and in vivo drug release

profile of the hydrogel over 28 days.
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5.2. Materials and Methods

5.2.1. Animal Procurement

The New Zealand White (NZW) rabbits (male and female, weight 2.5-4.5 kg) utilised
in this study were procured from the Wits Research Animal Facility (WRAF) of the
University of the Witwatersrand. Ethics clearance for this study was obtained from the
Wits Animal Ethics Screening Committee, ethics clearance number: 2021/03/07/C
(Appendix A). Ethics clearance for this pilot study was granted through umbrella ethics

granted to Mrs Uwaezuoke as a co-worker.

5.2.2. Animal preparation and care

Fifteen NZW rabbits of both sexes were used for the pilot in vivo study involving
intravitreal vitreous removal, vitreous replacement, and subsequent biocompatibility
testing. NZW rabbits were individually housed, and cages were maintained at room
temperature (25 °C). The rabbits were fed a commercial diet and water was given ad
libitum. The NZW rabbits were allowed to acclimatise to the environment one week
before the surgery and weighed weekly. A weight loss of 15% or more of its body
weight would result in the removal of the rabbit from the study. All procedures
conformed to the South African standard for the use and care of animals for scientific
purposes and were conducted following the standard operating procedures (SOPs) of
the WRAF.

5.2.3. Experimental design and surgical protocol

Rabbits were grouped according to their similarity in weight in groups of three for each
time point (Days 5, 7, 14, 21 and 28). Surgery and intervention were conducted in the
left eye and the right eye of each rabbit would serve as the negative control (no
intervention). Each rabbit was injected with 500 pL of the formulated hydrogel after the
removal of the same amount of native vitreous with the procedure discussed

henceforth.

All surgeries were performed with sterile technique and with sterile equipment (Figure
5.1 A) as used routinely for human subjects, by an ophthalmologist. An
ophthalmological examination of the rabbit eyes was conducted prior to the surgery to
ensure that no ocular abnormalities were observed. General anaesthesia was induced

with an intramuscular (IM) combination of ketamine and xylazine (40 mg/kg and 10
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mg/kg respectively). The rabbits were then appropriately positioned on the operating
table. The body temperature of the rabbit was maintained by a heating cushion and
skin electrodes were placed to monitor physiological parameters. A wire speculum
was inserted in the left eye (Figure 5.1 B) after which the eye was washed with several
drops of 5% povidone/iodine and 0.2 mL lignocaine, local anaesthetic was instilled. A
26-gauge needle and 1 mL syringe were used to puncture the eye, 2.0 mm posterior
to the superior-temporal limbus where the needle would be visible in the pupil area.
Vitreous humour (500 pL) was gently aspirated (Figure 5.1 C) after which the syringe
was replaced with a 1 mL syringe containing 500 pL of the loaded hydrogel (Figure
5.1 D). The needle and syringe were held in place for about 30 seconds to allow for
the hydrogel to increase in viscosity, to prevent reflux, and to ensure no vitreous
haemorrhage occurred. Once the needle was withdrawn, direct pressure was placed
on the site of injection. All formulations were sterilised via UV sterilisation overnight.
An anaesthetic reversal agent was administered IM to each rabbit, and they were then
placed in their cage for recovery. Following surgery, qualitative cage-side observations
were conducted following the rabbit grimace scale (Figure 5.2) (Keating et al., 2012)

and their weight was measured weekly.

Figure 5.1 - Surgical procedure for intravitreal injection of the loaded hydrogel. A)
Sterilised surgical equipment, B) Wire speculum in the left eye to enable better visual
field for aspiration and administration, C) Aspiration of native rabbit vitreous, D)
Administration of the loaded hydrogel.
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Orbital Tightening

R « 4

Not Present (0) Moderately Present (1) Obviously Present (2)

The eyelid is partially or completely closed. The globes themselves may also be drawn in toward the
head so that they protrude less. If the eye closure reduces the visibility of the eye by more than half, it
would be scored as ‘2’ or ‘obviously present’.

Cheek Flattening

. |

LS

Not Present (0)

Moderately Present (1) Obviously Present (2)

Contraction around the muzzle so that the whisker pads are pressed against the side of the face. The
side contour of the face and nose is angular and the rounded appearance of the cheeks to either side of
the nose is lost.

Nose Shape

n &2

i

Not Pre_sent (0)

Moderately Present (1)

Obviously Present (2)

The nares (nostril slits) are drawn vertically creating a more pointed nose that resembles a ‘v’ more than
a ‘U’. The tip of the nose may also be tucked under towards the chin exaggerating this appearance.

Whisker Position

Not Present (0) Moderately Present (1) ) Obviously Present (2)

Whiskers are straightened and extended horizontally or pulled back toward the cheeks instead of the
normal position where whiskers tend to have a gentle downward curve.

Ear Position

Not Present (0) Moderately Present (1) Obviously Present (2)

Normally the ears are roughly perpendicular to the head, facing forward or to the side, held in an
upright position away from the back and sides of the body with a more open and loosely curled shape.
In pain the ears rotate away from normal position to face towards the hindquarters, tend to move
backward and be held closer to the back or sides of the body and have a more tightly folded or curled
shape (i.e. more like a tube).

Figure 5.2 - Rabbit Grimace Scale. This image was reused from Keating et al. (2012)

under

the

terms of the Creative Commons  Attribution

(http://creativecommons.org/licenses/by/2.0).

License
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5.2.4. Euthanisation

Three NZW rabbits were euthanised at each time point (day 5, day 7, day 14, day 21
and day 28). Before euthanisation, 1 mL of blood was taken from each rabbit and
centrifuged (Eppendorf centrifuge 5804, Hamburg, Germany) for blood serum drug
release studies. An overdose of IV sodium pentobarbital (> 50 mg/kg, 2 mL) was
administered via the ear marginal vein for euthanisation followed by enucleation
(removal of the eyeball) of the control eye (right eye) and the treated left eye. Aqueous
humour and vitreous humour were aspirated from the treated eye and maintained at -
80 °C for analysis. The remaining enucleated ocular tissue was immersed and fixed in

10% Y/v buffered formalin for histomorphological analysis.

5.2.5. Histomorphological analysis

The enucleated eyes (fixed in 10% V/v formalin) were sent for analysis to IDEXX
laboratories (Johannesburg, South Africa). The eyes were cut according to the IDEXX
SOP (IdexxSA-AP-SOP-26) and processed in an automated tissue processor
according to the histological tissue processing SOP (IdexxSA-AP-SOP-27).
Thereafter, sections of the tissue were cut (IdexxSA-AP-SOP-30) and the slides
produced stained in an automated Haematoxylin and Eosin tissue stainer (IdexxSA-

AP-SOP-205) prior to histological evaluation.
5.2.6 Drug release studies

5.2.6.1. Preparation of standard solutions for the construction of a standard
curve

A serial dilution of TA was carried out in 40% V/v ethanol at known concentrations
(0.031 — 0.0062 mg/mL). A full ultraviolet spectroscopy (UV-Vis) absorbance reading
was taken on the Implen Nanophotometer NP80 (Implen, Minchen, Germany) and
the lambda-max (A-max) of TA was confirmed at 240nm. Thereafter, the absorbance
of the aliquots from the TA dilutions was read (n=3).

5.2.6.2. In vivo drug release analysis
Aspirated and frozen blood serum, aqueous humour, and vitreous humour were
thawed and centrifuged (Eppendorf centrifuge 5804, Hamburg, Germany). The

concentration of TA was evaluated by UV-Vis (Implen Nanophotometer NP80, Implen,
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Minchen, Germany) at a wavelength of 240nm as established previously. The
absorbance readings were used with the calibration curve to determine the release of
TA.

5.2.7. Statistical analysis

All analyses were conducted in triplicate (n = 3). All results were expressed as the
mean and standard deviation and data was analysed using Microsoft EXCEL. The
level of significance was determined using a student t-test. P values of less than 0.05
(p < 0.05) were considered as an indication of statistically significant differences. All

graphs were plotted using SigmaPlot 12.0.

5.3. Results and Discussion

5.3.1. Animal post-operative survival, recovery, and behaviour

All the animals survived the intravitreal administration of the loaded hydrogel. Rabbits
were awake and responsive within an hour post-surgery and the lights of the room
were left off to allow for acclimatisation of their treated eye. The rabbits were checked
routinely, and no signs of infection were observed. Partial tightening of the orbit of the
treated eye was observed in some rabbits on the first-day post-surgery, reducing
thereafter within the first week and not present in the last 3 weeks of the study. This
may be due to light sensitivity and tissue sensitivity as a result of the intravitreal
injection. The rabbits did not lose weight throughout the study and no obvious markers
of discomfort were observed. This substantiates that the intravitreal administration of
the nanoparticle-loaded hydrogel is technically feasible in the New Zealand White

rabbits, and it is tolerated by the animals.

Macroscopic changes in the treated eye at each timepoint shown in Figure 5.3 are
easily compared to the normal untreated rabbit eye in Figure 5.4. The treated eye of
the rabbits euthanised 5 days post-surgery displayed macroscopic signs of
inflammation, retraction of the orbit, engorgement of the iris vessels, and small
amounts of blood in the anterior chamber. These are likely due to trauma from the
surgical procedure. Iris vessel engorgement was reduced in the treated eyes of the
rabbits that were euthanised 7 days post-administration and no blood was seen in the

anterior chamber of the eye. Inflammation was still macroscopically visible with a slight
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retraction of the orbit of the treated eye. Inflammation was not macroscopically visible
in the rabbits euthanised on days 14, 21 and 28 indicating that the inflammation seen
in the first two groups may have been due to the surgical procedure and TA release
from the hydrogel would have assisted in the decreased of inflammation. These results
are comparable to those reported by Swindle-Reilly et al. (2009) and Uesugi et al.
(2017) with no significant inflammation or gel opacity reported. One of the rabbits
developed a cataract due to the perioperative touching of the lens while three rabbits
developed a cataract likely due to the hydrogel causing protein or fibre breakdown in
the lens of those eyes (Barth et al., 2019).

Figure 5.3 - Macroscopic view of the treated rabbit eye A 1-3) Day 5, B 1-3) Day 7, C
1-3) Day 14, D 1-3) Day 21 and E 1-3) Day 28
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Figure 5.4 - Macroscopic view of the untreated rabbit eye.

5.3.2. Histomorphological analysis

Haematoxylin and eosin (H&E) staining was conducted for the histomorphological
analysis and the general histologic observation of the enucleated ocular tissues
(Figure 5.5). Morphological changes to the cornea were only observed in the
enucleated eyes of the rabbits on day 5 suggesting this may relate to the surgical
procedure. Mild inflammation was seen in the bulbar conjunctiva only in the eyes
enucleated on day 5, likely due to the changes observed in the cornea. The sclera and
periocular soft tissue of all the enucleated eyes were histologically normal and no signs
of scleritis were observed. Changes to the choroid were observed for most of the eyes
with mild to moderate choroiditis. These changes are proposedly due to ischaemia
and not necrosis as typical necrosis signs were not observed. The surface and
superficial layers of the optic disc displayed inflammation due to its contact with the
vitreous. Lens capsule protein fibres were visible in the vitreous body in some eyes.
This may be of surgical origin or due to the piercing of the globe for aspiration of
aqueous humour and vitreous humour for in vivo drug release studies. Lastly, the inner
retinal surfaces that are in close proximity to the vitreous body displayed retinitis.
Figure 5.5 depicts the changes in the retina over the 28 days of the study. The retina
showed mild inflammation on day 5 increasing to moderate inflammation by day 28.
Five (5) enucleated eyes from day 7 to day 28 (two on day 7 and one each for days
14-28) displayed tombstoning of the outer retinal epithelial cells indicative of retinal
detachment. Studies by Jakobsson et al. (2015), Ben Yahia et al. (2016), and Yasuda
et al. (2016) reported retinal detachment following intravitreal injections. Inflammation

to the ocular tissues occurs post-intravitreal surgery in the majority of the studies and
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was expected (Swindle and Ravi, 2007; Barth et al., 2019). Histomorphological
analysis of rabbit eyes following vitreous substitution conducted by Swindle-Reilly et
al. (2009), Uesugi et al. (2017), and Santhanam et al. (2019) demonstrated
inflammatory cells localised to the site of vitrectomy and tissues in contact with the
vitreous humour similar to those observed in this study. These studies also reported
no degenerative changes observed in the retina with H&E staining.

=

Figure 5.5 - Histological slides at each time point. A) Negative control eye showing
the retina, choroid, and sclera at 10x magnification, B — F) hydrogel administered eyes.
B) Day 5 shows the retina at 20x magnification, C) Day 7 shows the retina at 20x
magnification, D) Day 14 shows the choroid and sclera at 20x magnification, E) Day
21 shows the optic nerve, retina, choroid and sclera at 4x magnification, F) Day 28
showing the retina at 40x magnification.
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5.2.3. In vivo drug release

Figure 5.6 displays the calibration curve for TA used to analyse the UV-Vis absorbance
readings obtained for the blood serum and aspirated vitreous humour and agueous
humour of the studied rabbits. Figure 5.7 depicts the concentration of drug measured
in the blood serum, vitreous humour, and aqueous humour at all the euthanisation
time points. Minimal amounts of drug were found in the blood indicative of localised
drug release. Higher drug release in the blood serum on days 5 and 7 is likely due to
perioperative bleeding leading to drug release in the systemic circulation. Drug release
within the vitreous and aqueous humour indicates localised drug release with ocular
tissues with a release for the duration of the study (28 days). Intravitreal TA has a
minimum effective concentration (MEC) of 2 mg/ml (Williamson & O’Donnell, 2005)
and a large therapeutic window (Tao & Jonas, 2011). Thus, the drug release levels
achieved in this study are equal to or above the MEC and were maintained within the
therapeutic window.
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Figure 5.6 - Calibration curve of triamcinolone acetonide.
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Figure 5.7 - In vivo drug release in the vitreous humour, aqueous humour, and blood
serum.

5.4. Conclusions

The objective to inject the nanoparticle-loaded hydrogel into an NZW rabbit model was
successfully achieved with no loss of life, no post-operative infection, no complete
vision loss in the treated eye, and moderate inflammation. As noted in Chapter 4, the
hydrogel was easily injectable with a 26-gauge needle and formed in situ (no leakage

of the vitreous from the site of injection).

While the loaded hydrogel achieved success in many areas, the limitations with
surgical equipment prevented the assessment of the potential of the hydrogel to
function as a vitreous substitute. This also resulted in some issues with intraocular

needle placement leading to post-operative inflammation.

In vivo drug release analysis showed the localised release of drug in the vitreous and
aqueous humour throughout all the days of the study indicating that the hydrogel
remained in the vitreous. Histomorphological analysis showed higher inflammation in

the first week, reducing thereafter for the remaining 3 weeks. This may be due to the
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initial inflammation as a result of the surgical procedure, followed by the anti-
inflammatory effect with the release of the corticosteroid drug over the 28 days thus

reducing intraocular inflammation.

Although these results are promising, a definitive conclusion on the in vivo behaviour
of the hydrogel cannot be reached as the study was a pilot study. To fully understand
the in vivo behaviour of the loaded hydrogel and to assess its ability to function as a
long-term vitreous substitute, further comprehensive in vivo studies would need to be

undertaken.
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Chapter 6 - Conclusions and recommendations

6.1. Conclusions

The vitreous is essential to the proper functioning of the eye. Various clinical
vitreoretinal diseases such as posterior vitreous detachment, retinal detachment,
vitreous haemorrhage, and uveitis are due to vitreous dysfunction. Vitrectomy is fast
becoming the treatment of choice for these diseases making the need for a suitable
vitreous substitute essential. Current substitutes work well as short-term tamponades,

but an improved long-term tamponade is necessary.

The goal of this research was to design and fabricate a polymeric vitreous substitute
that exhibited similar physicomechanical and optical properties to the natural vitreous.
An additional aim was to entrap drug-loaded nanoparticles into the substitute to allow

for the treatment of vitreoretinal diseases.

The literature review extensively discussed current clinically used vitreous substitutes
along with experimental natural and synthetic polymer-based hydrogel substitutes.
Using the review as a guide, a combination of natural and synthetic polymers was
chosen for the design and fabrication of a new vitreous substitute. During the pre-
formulation and optimisation phase, a composite hydrogel composed of hyaluronic
acid and a poloxamer blend was formulated as a potential vitreous substitute.

The optimised hydrogel was further characterised and nano-enabled with drug-loaded
PLGA nanopatrticles. The hydrogel displayed in situ-forming properties and was
transparent. FTIR, DSC and TGA analysis confirmed the formation of the hydrogel
with hyaluronic acid, poloxamer and the PLGA nanoparticles. The physicomechanical
and optical properties of the nanoparticle-loaded hydrogel also were similar to those
of the natural vitreous. The hydrogel demonstrated injectability via a 26G needle and
retained its properties post-injection. Cytocompatibility studies using 3T3 and hRPE
cell lines demonstrated the biocompatibility of the nanoparticle-loaded hydrogel and
this was further demonstrated with an in vivo rabbit model. All of these properties
confer numerous advantages for the developed hydrogel to perform as a vitreous

substitute.
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6.2. Recommendations

The current dissertation provided a comprehensive evaluation of the design,
fabrication and characterisation of a nanoparticle-loaded hydrogel that functions as a
potential vitreous substitute. It is recommended that further studies of this hydrogel
include the loading of collagen (type Il) to further improve the biomimetic properties of
the substitute. Studies may also be conducted to improve and decrease the
degradation rate of the hydrogel. Other drugs, such as anti-VEGF drugs and peptides,
may be loaded instead of triamcinolone acetonide (TA) or simultaneously with TA to
evaluate the ability of the substitute as a tamponade and treatment for other

vitreoretinal diseases.

Comprehensive in vivo rabbit studies are recommended. The studies may include a
pars plana vitrectomy along with slit lamp, fundus, and ERG examinations. These
studies may also be conducted in conjunction with current clinically used vitreous

substitutes.

As discussed in Chapter 2, regeneration of the vitreous humour would allow for
improved biocompatibility with surrounding ocular tissue and better biomechanical
properties. Regeneration of the vitreous is complex and future studies should focus on
this.
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Appendix B

Design and engineering of a bio-responsive, nano-enabled vitreous substitute for the treatment of
retinal diseases.

Naik, K.%, Choonara, Y.E.%, du Toit, L.C.2 and Ally, N.2

lwits Advanced Drug Delivery Platform Research Unit, Department of Pharmacy and Pharmacology,
School of Therapeutic Sciences, Faculty of Health Sciences, University of the Witwatersrand,
Johannesburg, 7 York Road, Parktown, 2193, South Africa

Division of Ophthalmology, Department of Neurosciences, School of Clinical Medicine, Faculty of
Health Sciences, University of the Witwatersrand, Johannesburg, 7 York Road, Parktown 2193, South
Africa

Limitations with current vitreous substitutes have stimulated a need for new vitreous substitutes with
reduced side effects. The ideal vitreous substitute should have similar viscoelastic properties to the
natural vitreous. It should maintain intraocular pressure within a normal range, and it should be able
to support surrounding ocular tissue such as the retina without causing toxicity. The thermoresponsive
vitreous substitute formulated in this study is a hydrogel composed of a pluronic blend mixed with
hyaluronic acid. Drug delivery to the retina is a challenge due to the position of the retina in the eye
along with the blood-retinal barrier. Therefore, PLGA nanoparticles have been synthesised for the
intravitreal delivery of drugs for retinal diseases. The nanoparticles possessed an average size of about
150nm and an average zeta potential of negative 25mV, and the hydrogel formed a gel at physiological
temperatures (37°C). Nanoparticles were subsequently loaded into the hydrogel. The long-term
vitreous substitute is proposed to function as a carrier and delivery system for drug-loaded
nanoparticles with triamcinolone acetonide (a steroid used in the management of macular oedema)
employed as a model drug. Temperature ramp studies of the loaded hydrogels demonstrated a
solution to gel transition at physiological temperatures. Further studies are underway for the

comprehensive evaluation of this system as a potential vitreous substitute.
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Abstract: The vitreous humour is a gel-like structure that composes the majority of each eye. It
functions to provide passage of light, be a viscoelastic dampener, and hold the retina in place.
Vitreous liquefaction causes retinal detachment and retinal tears requiring pars plana vitrectomy for
vitreous substitution. An ideal vitreous substitute should display similar mechanical, chemical, and
rheological properties to the natural vitreous. Currently used vitreous substitutes such as silicone
oil, perfluorocarbon liquids, and gases cannot be used long-term due to adverse effects such as poor
retention time, cytotoxicity, and cataract formation. Long-term, experimental vitreous substitutes
composed of natural, modified and synthetic polymers are currently being studied. This review
discusses current long- and short-term vitreous substitutes and the disadvantages of these that have
highlighted the need for an ideal vitreous substitute. The review subsequently focuses specifically
on currently used polysaccharide- and synthetic polymer-based vitreous substitutes, which may
be modified or functionalised, or employed as the derivative, and discusses experimental vitreous
substitutes in these classes. The advantages and challenges associated with the use of polymeric
substitutes are discussed. Innovative approaches to vitreous substitution, namely a novel foldable
capsular vitreous body, are presented, as well as future perspectives related to the advancement of
this field.

Keywords: retinal detachment; vitrectomy; vitreous substitute; in situ hydrogel; polysaccharide;
synthetic polymers; artificial vitreous

1. Introduction

The World Health Organisation (WHO) estimates that 2.2 billion people suffer from
vision impairment or blindness globally. Of these 2.2 billion, 1 billion people have pre-
ventable causes of blindness or visual impairment [1]. Blindness and visual impairment
can be caused by, cataracts, glaucoma, diabetic retinopathy, age-related macular degenera-
tion (AMD), and retinal detachment (RD) [1,2]. The leading cause of global blindness is
cataracts, while glaucoma is the leading cause of irreversible visual loss and is second to
cataracts as a cause of blindness globally [3,4]. Worldwide, an estimated 14 million people
are affected by age-related macular degeneration [5] and one-third of people suffering
from diabetes mellitus (285 million) are affected by diabetic retinopathy [6]. Pars plana
vitrectomy (PPV) is one of the most commonly used treatments for many retinal diseases,
especially RD [7]. During PPV the vitreous body is removed and replaced with a vitreous
substitute [8]. Certain types of RD can also be treated with pneumatic retinopexy (PR) [9].
PR is an outpatient procedure that involves the induction of retinopexy around the retinal
breaks or tears and intravitreal injection of a long-acting expansive gas (Figure 1) [10].
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