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LAY ABSTRACT

Age-related macular degeneration (AMD) is a disease that causes central
vision loss. AMD occurs in different stages but can only be treated when blood
vessels begin to grow in the retina due to overexpression of a specific protein.
Current treatments require patients to receive injections to the eye every 2 months
and work by binding the overexpressed protein to stop vessel growth. An
alternative is RNA interference which halts protein production and is thus more
effective and long-lasting. This approach has not yet been implemented because
RNA is easily degraded by enzymes before reaching the retina. The current work
focused on developing a polymer to bind small interfering RNA (siRNA) and deliver
it to cells in the retina. Although much more testing is required, the results show
promise; the formulation was able to diffuse through the eye and successfully

delivered the gene into retinal cells without causing cell death.
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ABSTRACT

Age-related macular degeneration (AMD) is a retinal disease affecting over
200 million people that progresses to vision loss when left untreated. The
neovascular form can be treated by bimonthly intravitreal injections of biologics that
target vascular endothelial growth factor (VEGF) to inhibit dysregulated
angiogenesis. Injection risks and logistics lower patient compliance, however even
patients receiving optimal treatment can deteriorate.

RNA interference (RNAI) via the delivery of small interfering RNA (siRNA)
is under investigation as a therapeutic alternative. RNAi induces post-
transcriptional gene silencing, providing more potent and longer-lasting effects. It
has shown great therapeutic potential but is often limited by instability, reducing
efficacy. In the current work, a cationic block co-polymer was developed and
investigated as a delivery system for anti-VEGF siRNA to the posterior segment of
the eye. This thesis details the synthesis, characterization, in vitro, and ex vivo
testing of the polymer and the subsequent polyplexes formed between the polymer
and an antisense oligonucleotide (ASO).

pH-dependent polyplexes were formed which fully complexed the ASO at
1:1 and 10:1 ratios of polymer amine groups to ASO phosphate groups (N/P ratio).
Although an increased N/P ratio is often found to cause cytotoxicity, neither
formulation displayed a reduction in cell viability (p > 0.05). The polyplexes were

under 150 nm in diameter, with a slightly negative zeta potential.
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In comparison to the naked ASO, the 10:1 polyplexes achieved superior
transfection (p < 0.0001) into a human retinal pigment epithelial cell line (ARPE-
19). After 24 hours, 0.6 ug of the ASO delivered by the 10:1 polyplexes displayed
knockdown of the target protein (p < 0.05). Intravitreally administered polyplexes
were well distributed throughout the vitreous humour, retina, and choroid within 4
hours of administration in an ex vivo porcine eye. These materials show potential

for gene delivery in the treatment of AMD.
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1.INTRODUCTION

Age-related macular degeneration (AMD) is a vision threatening disease
that affects over 200 million patients above the age of 55. The neovascular (‘wet’)
form of AMD is less common but accounts for 90% of disease-related blindness.
Untreated, patients experience central vision blur and distortion, which can quickly
progress to complete and irreversible central vision loss. AMD occurs when lipids
accumulate below the retina, reducing blood flow to the retinal pigment epithelial
(RPE) and photoreceptor cells. These cells atrophy as the disease progresses and
do not have the ability to regenerate. Neovascularization is a hallmark of wet AMD,
where new vessels grow into the retina and can leak, causing hemorrhage. This
growth has been associated with overexpression of vascular endothelial growth

factor (VEGF).

The gold standard for treatment of wet AMD is intravitreal injection of anti-
VEGEF biologics. Barriers that protect the eye from harm also complicate treatment
approaches, and thus injection into the vitreous humour is the most effective
approach. By binding to VEGF proteins in the eye, anti-VEGF biologics inhibit
binding with the target receptors and prevent the protein from exerting its action,
thus limiting vessel growth. Due to the short half-lives of biologics, the average
injection frequency is 4-8 weeks. Intravitreal injections must be administered by a
specialist, have a not insignificant risk of complications, and are inconvenient for
patients and their caregivers. Appointments can be delayed for a variety of financial

and logistical reasons, however due to the fast progression of the disease, this can

1
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have a detrimental impact on the patient’s visual acuity. Studies have shown that
even patients receiving optimal care can experience deterioration [1]. Itis clear that

better treatment strategies for wet AMD are needed.

RNA interference (RNAI) is a prospective treatment approach for wet AMD.
It is a naturally occurring gene silencing pathway that can be externally triggered
by small interfering RNA (siRNA). siRNA forms a complex that binds and degrades
a specific sequence messenger RNA (mMRNA), preventing a target protein from
being formed. A single complex can degrade hundreds of mMRNA targets, thus RNAI
has the potential to be far more potent and longer lasting than currently approved
strategies. Since 2018, three RNAi-based therapeutics have received approval for

clinical use, however none are indicated for ocular diseases [2].

One obstacle faced by RNAi therapy is the inherent instability of RNA. RNA
is prone to degradation by enzymes; although enzymes are not typically found in
the eye, AMD causes a breakdown of the barriers that would typically restrict their
entry into the retina. The burden placed on the remaining RPE causes an increase
in reactive oxygen species (ROS), which can also degrade RNA. As a result,
carriers are necessary to ensure that siRNA reaches and enters its target cell
intact. Different types of carriers have been explored; however cationic polymers
have significant potential to overcome the limitations of other approaches. Cationic
polymers complex with negatively charged RNA (forming a polyplex) to facilitate
entry into the cell. They are also capable of endosomal escape, preventing the

otherwise unavoidable degradation of the therapeutic RNA.
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Cationic polymers are typically charge-dense, which can disrupt negatively
charged cell membranes and cause cytotoxicity. Block copolymers are an attractive
alternative because they consist of multiple monomers, allowing the properties of
the polymer to be tuned. This thesis is focused on the development of a novel block
copolymer for delivery of siRNA to the back of the eye. The polymer was designed
to incorporate a hydrophobic, hydrophilic, and cationic component. Polymers with
different component ratios were synthesized and characterized. The polymers
were combined with DNA and complexation was confirmed. In this study, DNA was
used as a substitute for RNA because of higher stability. The resulting polyplexes
were characterized to determine size and surface charge. It is hypothesized that
lowering the charge density and increasing the pH at which the cationic component
protonates will reduce charge related toxicity. This theory was assessed by
cytotoxicity assays in retinal cells. The ability of the polyplex to be internalized by
the cells was also measured. Another important factor is the ability of the
formulation to diffuse through the ocular tissue to the retina following injection into
the vitreous humour, which was assessed by an ex vivo porcine model. Ultimately,
a better understanding of the delivery of RNA based therapeutics to the ocular
tissue will lead to the clinical translation of siRNA therapeutics and better

treatments for patients worldwide.
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2. LITERATURE REVIEW

2.1 Anatomy and Physiology of the Eye

The eye, shown in Figure 1, is composed of an anterior and posterior
segment. The anterior segment consists of the cornea, ciliary body, lens, and
aqueous humour. The posterior segment accounts for 2/3 of the eye’s volume [3]

and consists of the vitreous humour, retina, choroid, sclera, and optic nerve head.

Ciliary body / Sclera
V Choroid
Cornea j \ 4

Aqueous humor—— &

Lens Gl 4
\ = Optic nerve
%, and retinal
X vessels
Vitreous humor Retina

Figure 1. Anatomy of the eye. Created in BioRender.

The tear film sits on the outermost surface of the eye and is composed of
lipid, aqueous, and mucin layers [4]. Underlying the tear film is the cornea, an
avascular tissue responsible for 80% of light refraction in the eye [5], [6]. The
cornea is formed by three layers, the outmost epithelium, followed by the stroma
and the innermost single layer of endothelial cells. The epithelium is composed of

stratified squamous epithelial cells and intracellular tight junctions that limit the
4
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entrance of foreign bodies [5], [6]. Posterior to the cornea is the aqueous humour,
a thin, clear liquid that maintains intraocular pressure (IOP) in the anterior segment
[5]. It is secreted by the ciliary body and drains into the systemic circulatory system
[5]. The remaining refractive power in the eye comes from the lens. With help from
the ciliary body, the lens is responsible for fine focus adjustment of light onto the

retina [7].

In the posterior segment, the vitreous humour is a transparent gel-like
substance composed of water, collagen fibers, and hyaluronic acid [3], [5]. It is
connected anteriorly and posteriorly to the apical surface of the retina, helping to
hold it in place [5]. The retina (Figure 2) is a vascularized tissue that takes in light
focused by the lens and converts it to neural signals that are sent to the brain for
processing [5]. It can be divided into the neural retina and the retinal pigment
epithelium (RPE). In the neural retina, photoreceptors convert photons into neural
signals [8]. They are supported by amacrine, horizontal, and bipolar cells, which
perform signal processing. The signal is then transmitted to the ganglion cells,
whose axons form the optic nerve, carrying the signal to the brain. [5], [8]. The RPE
is a monolayer of tightly packed cells on the basolateral surface of the retina with
virtually no regenerative capacity [5]. The RPE cells are responsible for light
absorption and provide support to the photoreceptors and underlying
choriocapillaris [5], [9]. The retina is also comprised of the macula, a circular area
in the centre that is responsible for highly detailed central vision, and peripheral

retina [5].
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Bruch’s membrane sits between the retina and the choroid, providing both
structural and functional support to the RPE [10]. It is an extracellular matrix (ECM),
consisting mostly of collagen and elastin, that regulates molecular exchange
between the retina and systemic circulation [10]. The choroid is a highly
vascularized tissue that supplies nutrients and oxygen to the retina consisting of
the choriocapillaris, vascular region, and suprachoroidal space [11]. The
choriocapillaris is a network of porous capillaries that are fed by larger vessels in
the vascular region [11]. Most posteriorly is the sclera, a tough collagenous tissue
that encircles the eye. It is continuous with the cornea anteriorly and the dural
sheath of the optic nerve posteriorly [5].

Light

To optic nerve ——

Ganglion cell —

Amacrine cell —
Bipolar cell —

Horizontal cell — .
I Neural retina

Photoreceptors <

-RPE

Bruch's membrane

+-Choroid

Figure 2. Structure of the retina and underlying tissues. Created in BioRender.
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2.2 Factors Influencing Drug Delivery to the Posterior Segment

Treatment of diseases affecting the posterior segment of the eye are
complicated by the static and dynamic barriers which protect the eye. Topically
administered therapeutics (eye drops) are lost due to blinking, nasolacrimal
drainage, and tear turnover [3]. Nasolacrimal drainage occurs at a rate of 1.45
ML/min to remove excess volume on the ocular surface [3]. The aqueous layer of
the tear film is completely replenished every 6 minutes [12], resulting in a rate of
elimination of 0.5 to 1.0 yL/min of therapeutics from the tear film [3]. As a result,
only 5% of the therapeutic remains on the ocular surface within 5 minutes of topical

application [3], [12].

To compensate, most eyedrop formulations are highly concentrated, which
can cause toxicity when drained into systemic circulation via the nasolacrimal
ducts; it is estimated that 80% of the active ingredient in eyedrops is absorbed
systemically [3]. Drug eluting contact lenses or formulations which attempt to
adhere to or penetrate the mucin layer of the tear film have been developed to
circumvent challenges associated with eyedrops [13]. These approaches can
achieve higher retention, however, tight junctions in the corneal epithelium prevent
hydrophilic molecules from diffusing through, while hydrophobic molecules are
limited by the hydrophilic stroma [5], [14]. As a result, negligible amounts of

therapeutic diffuse posteriorly to the retina [3].

The eye is also protected by the blood-retinal barrier (BRB) which prevents

immune and inflammatory molecules from entering the retina [15]. The BRB is
7
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formed by tight and adherens junctions between cells in the retinal vasculature and
RPE, regulating transport across the neural retina and choriocapillaris, respectively
[16]. While permeation through the BRB is possible, achieving therapeutically
relevant concentrations in the eye by systemic administration would result in

toxicity.

Posterior segment delivery is achieved most commonly by intravitreal
injection, which is both highly effective and invasive [5]. Other methods of injection
(periocular, suprachoroidal, subretinal) have also been developed that deliver the
formulation near the target site. However, these approaches still require the
therapeutic to cross various barriers to reach its target site; thus intravitreal

injection remains the gold standard [5].

Following intravitreal injection, therapeutics face additional barriers to
reaching the retina. Therapeutics must diffuse from the injection site to the target
site, driven by a concentration gradient [3]. This gradient is affected by active
transport of therapeutics across the RPE or diffusion across the lens. Therapeutics
that cross the retina can be eliminated by choroidal blood flow, while those that

cross the lens are eliminated by aqueous humour turnover [3].

Therapeutic mobility is limited by the viscosity and structure of the vitreous
itself, slowing diffusion particularly for higher molecular weight molecules [3].
Hyaluronic acid carries a negative charge and can slow movement of cationic
molecules through the vitreous via electrostatic interactions [3]. Another variable is

vitreous flow, driven by pressure and temperature gradients within the eye, as well
8
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as saccadic movement [17]. Flow is most impactful in cases of vitreous

liquefaction, which occurs naturally with age [17].
2.3 Age-Related Macular Degeneration

Age-related macular degeneration (AMD) is a progressive retinal disease,
preferentially affecting the macula. It is the leading cause of blindness in developed
countries, affecting patients over the age of 55 [18]. As of 2020, AMD is estimated
to affect 200 million people worldwide, with prevalence expected to increase as the
population ages [18], [19]. Although the precise pathogenesis is not well
understood, factors such as smoking, diet, and genetics increase an individual’s

risk of developing AMD [18].

AMD occurs when lipids and proteins (drusen) secreted by photoreceptors
accumulate in Bruch’s membrane [20]. These deposits hinder perfusion from the
choroid to the RPE, resulting in photoreceptor and RPE cell degeneration. AMD is
classified as early, intermediate, or late stage by the size of the drusen, with late-
stage AMD consisting of geographic atrophy (GA) (‘dry’) and/or neovascular (‘wet’)
AMD [18]. Early AMD is asymptomatic, with mild visual impairment beginning in

the intermediate stage [21].

Dry AMD is characterized by atrophy of the RPE, choriocapillaris, and
photoreceptors [18]. Patients experience central vision blur and distortion,
eventually leading to partial or complete central vision loss [18], [21]. Wet AMD is

characterized by choroidal neovascularization, and the growth of new blood
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vessels into the macula. This process can be attributed to overexpression of
vascular endothelial growth factor (VEGF), a protein that stimulates angiogenesis
[18], [22]. Wet AMD is categorized as exudative when the new vessels tear or
rupture, resulting in fluid accumulation or hemorrhage [18], [21]. While it can take
years for patients with dry AMD to develop complete central vision loss, wet AMD
can progress within a matter of weeks or months [18]. It is important to note that
AMD causes a breakdown of barriers in the eye. Loss of the BRB due to RPE cell
death allows immune and inflammatory molecules to permeate the retina, resulting
in a loss of immune privilege [15]. Figure 3 illustrates the physical changes that

occur in the retina at each stage of AMD.

It is estimated that 28% of cases will progress from intermediate to late-
stage AMD within 5 years [23]. Choroidal neovascularization accounts for only 10-
15% of AMD cases but is responsible for 90% of AMD-related blindness [24].
Notwithstanding the above, wet AMD is currently the only treatable form of the
disease. VEGF has received the most focus as a target for treatment, however as
the pathophysiology of AMD has become more clear, additional molecular targets
have been identified [18], [25]. AMD is believed to occur because of dysregulated
immune and homeostatic mechanisms in response to age-related changes [18],

[26].
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Figure 3. Physical changes observed in the retina, Bruch’s membrane, and the
choroid in each stage of AMD: a) normal retina, b) early AMD, c) intermediate AMD,
d) late AMD, dry/geographic atrophy, e) late AMD, wet/choroidal
neovascularization; (left) non-exudative, (right) exudative. Figure taken from
Fleckenstein et al. [18].
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The density of the choriocapillaris decreases with age, reducing perfusion
to the retina and allowing lipids and lipoproteins to accumulate [18], [27]. Matrix
metalloproteinases are responsible for ECM turnover, and their dysfunction results
in changes to the composition of Bruch’s membrane [18]. Aging is also associated
with mitochondrial dysfunction, which elevates the levels of reactive oxygen
species (ROS) [18], [28]. These changes place oxidative stress on the RPE and
may lead to the degeneration of RPE cells or photoreceptors [18]. Cell deterioration
or death triggers the release of pro-inflammatory molecules, which activate
macrophages and the complement pathway [18], [25], [26]. Complement factor H
has been shown to protect the RPE from oxidative stress, however uncontrolled
complement activation can cause inflammation and cell damage [18], [25].
Stimulation of the complement pathway and angiogenesis are both believed to be
attempts to restore homeostasis. Low-level activation of complement factors is part
of a para-inflammatory response to repair damage in the retina but is dysregulated
in AMD [18], [26]. Choroidal neovascularization decreases the rate of retinal
degeneration and may be an attempt to compensate for the loss of the
choriocapillaris [18], [27]. Pro-angiogenic factors that stimulate VEGF expression
have been found in lipoprotein deposits, with the loss of the BRB allowing VEGF
infiltration into the retina [18]. Although the cause of these maladaptive responses
is not clear, many genetic variants have been associated with AMD [18], [25], [26]
and further investigation may provide more insight into the pathogenesis of the

disease.
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2.4 Therapies for Wet AMD

Various treatment strategies can be used to slow the progression of wet
AMD, depending on which aspect of the disease is being targeted. Photodynamic
therapy (PDT) was first approved in 2000 for use in patients with wet AMD [29].
PDT uses a photosensitizer that accumulates in abnormal blood vessels and
activates clotting to seal off the vessels [22]. While PDT may still be used in
conjunction with other strategies, it is no longer a first line treatment for wet AMD
[22], [29]. Another approach is the delivery of small molecules, often
corticosteroids, that target inflammation. These therapeutics can be delivered
using a sustained release implant or by intravitreal injection, however the risks and
side effects associated with long-term use of steroids have spurred the
development of more effective therapies [30]. The first line treatment for wet AMD

is intravitreal injection of biologics that target VEGF.
241 Approved Anti-VEGF Biologics

There are currently six anti-VEGF biologics that may be used clinically to
treat wet AMD, however the most common are bevacizumab, ranibizumab,
aflibercept, and faricimab. They bind directly to proteins in the VEGF family
involved in angiogenesis (VEGF-A/B, and placental growth factor (PIGF)) and
prevent interactions with VEGF receptors (VEGF-R) on the surface of vascular

endothelial cells, inhibiting cell proliferation and angiogenesis [31].
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Bevacizumab is a 149 kDa full-length monoclonal immunoglobulin G (IgG)
antibody originally developed for use in cancer treatment [19], [22]. It is currently
used off-label for treatment of wet AMD, with dosing every 4 weeks [31].
Bevacizumab binds all VEGF-A isoforms [22], [31]. Ranibizumab is a 48 kDa
fragment of the same antibody used in bevacizumab [19], [22]. It was first approved
in 2006, with dosing every 4 weeks [31]. Ranibizumab binds all VEGF-A isoforms
[22], [31]. Aflibercept is a 115 kDa chimeric protein composed of VEGF-R binding
domains fused to the Fc domain of an IgG antibody [19], [22]. It was first approved
in 2011, with the first 3 doses administered every 4 weeks and subsequent dosing
every 8 weeks [31]. In 2023, a more concentrated dose was approved, with the
same frequency for the loading phase and subsequent dosing every 8-16 weeks
[32]. Aflibercept binds all VEGF-A, VEGF-B and PIGF isoforms [22], [31]. Faricimab
is a 149 kDa bi-specific monoclonal antibody that binds VEGF-A as well as
angiopoietin-2, another growth factor involved in angiogenesis [22]. It was
approved in 2022, with the first 4 doses administered every 4 weeks and

subsequent doses between 8-16 weeks [33].

In addition to the recommended dosing frequency, physicians may
implement a treat and extend regimen. Treat and extend follows the same loading
phase (typically the first 3 months), after which point the injection frequency may

be extended beyond the next scheduled dose to a maximum of 12 weeks [34].
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2.4.2 Limitations

Although anti-VEGF therapies were a breakthrough for wet AMD treatment,
there is still a need for more effective strategies [22], [31]. Current therapeutics
require injections every 4-8 weeks on average, with each injection having a
significant risk of complications such as retinal detachment and tears, increased
IOP, inflammation, and hemorrhage [22], [35]. Retinal detachment, where the
neural retina separates from the RPE, can occur if injections are performed
incorrectly [35]. More likely to occur in AMD patients are RPE tears, where the RPE
separates from Bruch’s membrane. The incidence rate for RPE tears can be as
high as 27%, which is greater than what would occur in the natural progression of
the disease [35]. Increased IOP can result from an injection volume that is too
large; due to the contained nature of the eyeball, even small volumes can spike
IOP [35]. Additional causes may include inflammation and damage to or blocking
of outflow pathways, resulting in fluid accumulation [35]. Inflammation can be
infectious (endophthalmitis) or sterile. Endophthalmitis is typically caused by a lack
of sterility which introduces bacteria such as Streptococcus and can cause
blindness if untreated [22], [35]. Sterile inflammation can be caused by temperature
fluctuations, mechanical shock, or protein aggregates induced by the presence of
silicone oil in the syringe [36]. Subconjunctival and subretinal hemorrhage may
occur following intravitreal injection and are often associated with a pre-existing

condition [35].
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Extraocular side effects may also occur as therapeutics that are eliminated
from the eye drain into systemic circulation. Systemic complications include blood
clots, heart attack, stroke, and gastrointestinal/kidney symptoms [22], [35]. While
the incidence rates of most intravitreal injection-associated complications are low
(no more than 0.67%, except for inflammation which can be up to 2.9%), the risk
increases with each injection, thus reducing injection frequency should reduce

complications [35].

Another factor that influences injection frequency is the half-life of the
therapeutic. The true intravitreal half-life is difficult to determine because it would
require invasive techniques. However, using preclinical and mathematical models,
the half-life of bevacizumab in the vitreous humour has been estimated between
4.3 and 6.6 days in animal models [37]. In humans, the vitreous half-life is
estimated at 6.7 days, with aqueous and serum half-lives up to 11.7 and 18.7 days,
respectively [31], [37]. Bevacizumab was found in the serum at a concentration of
1.58 nM following three doses, which is more than double the inhibitory
concentration of 0.67 nM [37]. Ranibizumab has an estimated vitreous half-life
between 2.8 and 4.0 days in animals, and between 4.8 and 9.0 days in humans
[31], [37]. Ranibizumab did not exhibit systemic accumulation [37]. Aflibercept is
reported to have a vitreous half-life between 2.2 and 4.6 days in animals, and 7.1
to 9.0 days in humans [31], [37]. The serum half-life of aflibercept was found to be

11.4 days, which indicates systemic accumulation [37]. Data on the intravitreal half-
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life of faricimab is far more limited, likely owing to its relatively recent approval,

however it has been estimated at 7.5 days [38].

In addition to complications, injections cause patient discomfort and place a
significant financial and logistical burden on both the patient and healthcare
system. As a result, many patients experience deteriorating vision despite initial
improvements in the first two years of anti-VEGF treatment [1]. Appointment
frequency places a significant scheduling burden on healthcare providers.
Underfunded healthcare systems may not have the resources to accommodate
patients within the necessary timelines, resulting in treatment delays [1].
Additionally, because patients cannot drive themselves to their appointments, they
must rely on friends, family or public transportation [39]. This may require taking
time off work and scheduling well in advance to accommodate appointment
frequency [39]. Managing transportation can be especially inconvenient for
patients in remote areas who may have to travel long distances to receive their
injections [39]. Patients may also stop treatment because of financial burden. While
the treatment cost varies with frequency and jurisdiction, it can cost up to $20,000

USD annually, not including transportation [1], [40].

Because wet AMD can progress very quickly, even small delays in diagnosis
or treatment can result in a significant loss of visual acuity which cannot be
regained [1]. Long-term outcome data has also shown that patients can still

progress to atrophy or fibrosis while receiving optimal anti-VEGF treatment [1].
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2.5 siRNA-Mediated Gene Silencing
2.51 RNA Interference

RNA interference (RNAIi) has emerged as a prospective treatment for wet
AMD in response to the limitations of anti-VEGF biologics. RNAI is a naturally
occurring biological process which acts as a cellular defence mechanism against
viral infection [41], [42]. It induces post-transcriptional gene silencing (PTGS),
preventing target messenger RNA (mRNA) from being transcribed into a protein

[41].

Endogenous RNAI is activated by the presence of long double stranded
RNA (dsRNA), such as a viral genome [42]. It is mediated by microRNA (miRNA)
or small interfering RNA (siRNA), each with a distinct pathway (Figure 4). The
miRNA pathway begins in the nucleus with transcription of a primary miRNA (pri-
miRNA) hairpin from the organism’s genome [43]. The Drosha enzyme processes
pri-miRNA into a smaller 55 to 70 base pair (bp) precursor miRNA (pre-miRNA)
hairpin [43]. The pre-miRNA is moved to the cytoplasm, where it is cleaved into a
22 bp miRNA duplex by the Dicer endonuclease [43], [44]. The siRNA pathway is
activated by dsRNA or short hairpin RNA (shRNA) in the cytoplasm [42], [44]. The
dsRNA/shRNA are processed by Dicer into 21 to 23 bp siRNA duplexes [44], [45].
Both siRNA and miRNA then bind a protein complex, activating the RNA-induced
silencing complex (RISC), and are unwound leaving only the antisense strand [41].
RISC then binds and cleaves the target mMRNA, which gets further degraded by

exonucleases [41], [45]. The key difference between the two molecules is that
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miRNA has imperfect pairing, allowing it to bind multiple target genes and repress
translation, while siRNA exhibits perfect pairing with one target gene [42]. Once

cleaved, mRNA is further broken down by exonucleases.
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Figure 4. RNA interference pathway for a) miRNA and b) siRNA. Created in
BioRender.

RNAI can be triggered by introducing synthetic RNA, most commonly 21 to
30 bp siRNA [46]. It is well suited for ocular applications because the eye is
isolated, with the back of the eye easily accessible by intravitreal injection, allowing
for localized delivery [31], [45]. The BRB maintains immune privilege, limiting

immunogenicity, and therapeutic efficacy can be monitored by pre-existing
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techniques [31]. Additionally, the RPE do not divide, resulting in stable expression
[31]. Studies have also shown that amplification occurs in RNAI, resulting in
sustained PTGS of the target mRNA even in the absence of initiating molecules
[41]. A single RISC can bind hundreds of mRNA molecules, interfering in the
production of hundreds of proteins [47]. As a result, injection volumes and

frequency can be decreased, reducing the risk of complications.
2.5.2 Clinical Progress

In 2018, the U.S. Food and Drug Administration approved patisiran, the first
siRNA based therapeutic, for clinical use [2], [48]. Patisiran is a siRNA therapeutic
that induces PTGS of the transthyretin gene, which is mutated in patients with
hereditary transthyretin amyloidosis [2], [48]. In 2020, two more siRNA therapeutics
received approval: givosiran, which targets the aminolevulinate synthase 1 gene
and lumasiran, which targets the hydroxyacid oxidase 1 gene [2], [49], [50]. While
these therapeutics are not indicated for AMD, they demonstrate the clinical success

of RNAI therapy.

In 2004, bevasiranib was the first RNAi-based therapeutic to enter Phase lli
clinical trials for wet AMD [51]. Bevasiranib was an intravitreal injection of naked
21 bp siRNA targeting VEGF-A mRNA [31], [51]. Around the same time,
AGN211745 entered Phase Il clinical trials. AGN211745 was an intravitreal
injection of naked 21 bp siRNA that targeted VEGF-R [31], [51]. Despite promising
safety data for both therapeutics, both clinical trials were terminated in 2009 due

to failure to meet their primary endpoints [31], [51]. While other siRNA therapeutics
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have undergone development for wet AMD, none have passed Phase lll clinical

trials because of obstacles related to stability, toxicity, and specificity [51].
2.5.3 Strategies to Increase Stability and Specificity

Because naked, unmodified RNA is inherently unstable, it can be
challenging to effectively deliver to target cells. RNA instability can result from
physical factors, or more likely, chemical degradation [52]. Chemical degradation
of RNA typically occurs by hydrolysis of phosphodiester bonds, catalyzed by
nucleases, water, or divalent cations [562]. Degradation can also result from

oxidation caused by ROS which are elevated in AMD [18], [52].

Chemical modifications of siRNA have been used to increase resistance
against enzymatic degradation [53]. There are three types of modifications:
phosphonate, ribose, and base. Phosphonate modification involves changes to or
replacement of the phosphate group, and results in increased hydrophobicity and
half-life [42]. Ribose modification involves replacing different parts of the sugar ring
and can increase stability and affinity for the target mRNA [42], [53]. Most
frequently, the 2’-hydroxyl group, which is a target for ribonucleases, is replaced
with 2’-methoxyl, although other options exist [42], [53]. Base modification by
substitution with more stable base analogs can help circumvent innate immune
recognition and subsequent inflammation, which can be particularly detrimental in
the eye [42], [53]. Several modifications have been implemented and tested, and

do not appear to impact the activity of siRNA [42].
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Specificity of the siRNA sequence is also an important consideration, as
non-specific binding can silence off-target genes [54]. Several strategies exist to
optimize the siRNA sequence, including selection of motifs, ratios between each
base, and location of the target site. siRNA length is another factor that can be
optimized [42], [54]. Some studies have shown RNA molecules of 30 bp or greater
to activate toll-like receptors (TLRs) in the immune system, although others have
demonstrated the same activation by 21 bp siRNA [54]. Independent of their
sequence, 21 bp siRNAs supress angiogenesis by activating TLR3 on the cell
surface, however this is accompanied by the undesired release of pro-inflammatory
molecules [55]. Generally, longer molecules exhibit lower stability, but shorter

molecules are more likely to exhibit non-specific binding [54].
2.5.4 Strategies to Sustain Delivery

While modifications to the siRNA molecule itself can help increase stability,
specificity, and reduce immune activation, strategies to increase half-life and
sustain delivery are needed. To have a therapeutic effect, sSiRNA must enter the
cytosol of the target cell. One siRNA molecule has a molecular weight of
approximately 13-16 kDa and carries a net negative charge [42]. Although siRNA
is smaller than currently approved anti-VEGF biologics, its molecular weight still
presents as a challenge to cell uptake [42]. Additionally, the cell membrane is a
negatively charged lipid bilayer, which acts as a barrier to passive diffusion

because of electrostatic repulsion and hydrophobicity [42], [53].
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Encapsulation of siRNA into vehicles, or vectors, is used to achieve more
controlled and sustained delivery [45]. Viral vectors have been successful in
multiple applications, but concerns related to their immunogenicity, limited packing
capacity, and potential to integrate into host DNA have driven the development of

alternative carriers [56].
2.5.41 Endosomal Escape

The main mechanism by which extracellular materials, including siRNA,
enter the cell is through the endocytic pathway [57], [58]. Endosomes are
membrane-bound vesicles that internalize extracellular material [58]. After
internalization, endosomes move towards the nucleus of the cell, dropping from
physiological pH to pH 5 as they mature [57], [58]. The final stage in endosome
maturation is fusion with transport vesicles containing hydrolytic enzymes [59]. An
important consideration in siRNA vehicle development is their ability to facilitate

effective endosomal escape, releasing siRNA into the cytosol before it is degraded.

Endosomal escape occurs by four main mechanisms: osmotic rupture,
particle swelling, destabilization, and fusion (Figure 5). Osmotic rupture, also called
the proton sponge effect, occurs when a molecule protonates in response to pH
changes in the endosome [59]. This causes an influx of ions and water into the
endosome, building osmotic pressure, and resulting in rupture and release of the
contents [59]. Molecules containing a tertiary amine group with a hydrophobic
chain have demonstrated an ability to induce this effect [59]. Particle swelling is

similar to osmotic rupture and occurs when a vector swells in response to a drop
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in pH, exerting mechanical strain on the endosome [57]. Membrane destabilization
results from interactions between the vehicle and endosome membrane, altering
membrane tension and creating pores that allow the contents to escape [57], [59].
Finally, vehicles can fuse to the membrane, allowing the contents to be released;

this is often observed with viral vectors [57], [59].

Membrane Osmotic Particle Membrane
Fusion Rupture Swelling Destabilization

Figure 5. Mechanisms of endosomal escape: a) membrane fusion, b) osmotic
rupture, c) particle swelling, d) membrane destabilization. Taken from Smith et al.
[57].
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2.5.4.2 Lipid Nanoparticles

Lipid nanoparticles (LNPs) are formed by a spherical lipid monolayer with a
hydrophobic core [60]. Within the core are hydrophilic regions of encapsulated RNA
[60]. LNPs are composed of at least four types of lipids, one of which is an ionizable
cationic lipid (ICL) [60], [61]. ICLs facilitate RNA encapsulation and interact with
cellular components to facilitate transfection [61], [62]. They contain an amine
group with an acid dissociation constant (pKa) above endosomal pH, allowing
endosomal escape to occur by the proton sponge effect [60]. LNPs have shown
high efficiency and safety for RNA delivery, for example in the COVID-19 vaccines,
however additional optimization is needed to overcome accumulation, instability,

and LNP-induced inflammation and coagulation [60].
2.5.4.3 Polyplexes

Polyplexes are formed by electrostatic interactions between cationic
polymers and nucleic acids [63]. The cationic charge allows siRNA to be
encapsulated and facilitates endosomal escape [64]. Synthetic cationic polymers
such as poly(ethyleneimine) (PEI) have demonstrated high transfection efficiency
but lack degradability and have high charge density, which can destabilize cellular
membranes [58], [64]. However, PEl is still considered the gold standard for gene
delivery by a non-viral vector. Natural cationic polymers can also be used, such as
chitosan, which induce the proton sponge effect [53], [63]. Natural polymers exhibit
excellent degradability, but their ability to produce endosomal escape is more

limited, resulting in lower therapeutic efficiency [2], [53].
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Co-polymers are an attractive alternative to cationic homopolymers as they
combine several monomers which can provide greater control over physical and
chemical properties. Important factors to consider in co-polymer design include
polymer length, monomer distribution, charge density, immunogenicity, toxicity,
solubility, pKa, degradability, monomer properties, target specificity, stability,
retention in the eye, interactions with ocular tissue, and encapsulation efficiency

[65].
2.6 Rationale for Thesis

This thesis is focused on the development of a co-polymer that can form a
polyplex with nucleic acids. The co-polymer consists of a hydrophobic, hydrophilic,
and cationic component, each with a role in siRNA encapsulation and delivery.
Vitamin E was chosen as the hydrophobic component to facilitate interactions with
the lipid bilayer of the cell membrane. It also exhibits antioxidant and anti-
inflammatory properties, potentially serving an additional function to reduce the
elevated ROS in AMD [66]. Poly(ethylene glycol) (PEG) was selected as the
hydrophilic component as it has been used extensively for drug delivery
applications and has been shown to decrease particle aggregation and provide
“stealth”, reducing protein adsorption and immune recognition by forming a corona
around the polyplex [67]. Finally, a cationic component, (diethylamino)ethyl
methacrylate (DEAEMA), is included to electrostatically bind anionic siRNA.
DEAEMA contains a tertiary amine group, which is shown to induce the proton

sponge effect for endosomal escape. Above its pKa, DEAEMA is hydrophobic, and
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becomes hydrophilic when protonated [68]. At low pH, it also exhibits swelling
behaviour because of charge repulsion, which could help drive endosomal rupture
[68]. Because DEAEMA has a pKa close to physiological pH, it may be possible to

avoid the charge-density related toxicity observed with PEI.
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3. MATERIALS AND METHODS

3.1 Materials

Milli-Q grade ultrapure water (MilliQ) with a resistivity of 17.8 Q was
prepared using a Barnstead Nanopure Diamond water purification system (Thermo
Fisher Scientific; Ontario, CA). Phosphate buffered saline (PBS) was prepared by
dissolving Oxoid PBS tablets (ThermoFisher Scientific; Auckland, NZ) in MilliQ and
sterilized as needed by autoclaving at 115 °C for 15 minutes. Methacryloyl chloride
was purchased from Thermo Fisher Scientific (Ontario, CA). 2(N,N-
Diethylamino)ethyl methacrylate (DEAEMA) was purchased from Polysciences
(Pennsylvania, US) and purified as described in Section 4.2.2. (+)-§-tocopherol
(Vitamin E), recrystallized azobisisobutyronitrile (AIBN), bentonite, and
poly(ethylene glycol) 4-cyano-4-(phenylcarbonothioylthio)pentanoate (PEG
RAFT), were purchased from Sigma Aldrich (Ontario, CA). Spectrum Labs
Spectra/Por 3.5 kD molecular weight cut-off (MWCOQO) regenerated cellulose
dialysis membranes were purchased from VWR (Pennsylvania, US) and soaked in
MilliQ to remove glycerin preservative and trace impurities before use. Biotium
GelRed nucleic acid gel stain was purchased from dnature (Gisborne, NZ). 4%
paraformaldehyde (PFA) and Scigen Tissue Plus optimal cutting temperature
(OCT) compound were purchased from ProSciTech (Queensland, AU). Normal
goat serum was purchased from Abcam (Cambridge, UK). 1.4~1.7 mm Yttria
Stabilized Zirconia YSZ Micro Milling Media was purchased from MSE Supplies

(Arizona, US). Cyanine 3 (Cy3)-labelled Connexin4d3 (Cx43) antisense
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oligodeoxynucleotides (ASOs) 5'-GTA ATT GCG GCA GGA GGAATT GTT TCT
GTC-3', rabbit anti-Cx43 antibodies, and Triton X-100 were purchased from Sigma
Aldrich (Auckland, NZ). BlueJuice Gel Loading Buffer (10X), Axygen Agarose LE,
fetal bovine serum (FBS), Dulbecco's Modified Eagle Medium/Nutrient Mixture F-
12 (DMEM/F-12), 10X tris-borate-ethylenediaminetetraacetic acid (TBE) buffer, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Citifluor AF1
mountant solution, 4',6-diamidino-2-phenylindole (DAPI) and goat anti-rabbit Alexa
Fluor 488 secondary antibodies were purchased from Thermo Fisher Scientific
(Auckland, NZ). All other materials and reagents were purchased from Sigma

Aldrich (Ontario, CA/Auckland, NZ) and used as obtained.
3.2 PEG-co-VD Synthesis and Characterization
3.2.1 Synthesis of VEMA

Vitamin E methacrylate (VEMA) was synthesized from Vitamin E ((+)-6-
tocopherol) and methacryloyl chloride using a protocol adapted from Zhang et al.
[69]. Vitamin E (5 g, 12.4 mmol) and triethylamine (Et:N) (3.16 g, 31.2 mmol) were
dissolved in 75 mL of anhydrous tetrahydrofuran (THF). The reaction flask was
purged with nitrogen, while stirring, for 30 minutes. Methacryloy! chloride (1.62 g,
15.5 mmol) was injected through the septum, being careful not to introduce oxygen.
The reaction was carried out in the dark, first in an ice bath for 4 hours, then at
room temperature for an additional 18 hours. The reaction was terminated by

exposure to oxygen. Triethylamine hydrochloride salt was formed as a by-product
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and was removed by filtration. THF was removed in a rotary evaporator (Heidolph

Hei-VAP “The Collegiate”, VWR; Pennsylvania, US) at room temperature.

The crude product was resuspended in 20 mL dichloromethane (DCM) and
poured into a separatory funnel with 20 mL of MilliQ. The funnel was sealed and
agitated for 3 minutes, with venting every 30 seconds to relieve pressure build-up.
The water and DCM phase were left to settle until a clear phase boundary was
visible. The water was removed, and the DCM phase was returned to the funnel.
This process was repeated an additional 4 times with 20 mL of a saturated sodium-
chloride solution in place of MilliQ. Each time, the aqueous phase was removed,
and organic phase returned. The rinsing process was repeated twice more, once
with slightly acidic water (25 yL 0.1 M hydrochloric acid in 20 mL MilliQ), and a final
time with 20 mL MilliQ. The organic phase was collected, and a rotary evaporator
was used to remove the DCM. Purified VEMA was stored at -20 °C, wrapped in foil
to prevent light exposure, until needed. Methacrylation was confirmed by proton
nuclear magnetic resonance spectroscopy ('H NMR) (Avance 600 MHz
Spectrometer, Bruker; Massachusetts, US) with chloroform-d (CDCl:) as the

solvent.
3.2.2 Inhibitor Removal from DEAEMA

Phenothiazine inhibitor was removed from DEAEMA by adsorption onto
bentonite clay, as described by Beihoffer et al. [70]. Briefly, DEAEMA (2 g, 10.8
mmol) was added to a small beaker with MilliQ (2g, 111.0 mmol) and hydrophobic

bentonite (0.4 g, 2.2 mmol). The mixture was left to stir at 500 rpm for 30 minutes.
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The clay was removed by filtration. DEAEMA was separated from water by density

using a volumetric flask and used immediately.
3.2.3 RAFT Polymerization

The PEG-b-(VEMA-co-DEAEMA) (PEG-co-VD) polymer was synthesized
by reversible addition-fragmentation chain transfer (RAFT) polymerization. Two
formulations were investigated, with different VEMA:DEAEMA ratios (Table 1).
Both reactions used a chain transfer agent (CTA):monomer molar ratio of 1:70.
PEG-RAFT, VEMA, and uninhibited DEAEMA were dissolved at 10% w/v in a
mixture of 50% THF, 40% acetonitriie (MeCN), and 10% PBS. An AIBN stock
solution was made in MeCN and added at a CTA:initiator ratio of 5:1. Formulation
1 contained a 1:6 molar ratio of VEMA:DEAEMA (termed PEG-co0-V1sDss) and
formulation 2 contained a 3:1 molar ratio of VEMA:DEAEMA (termed PEG-co-
V7sD2s.) The reaction flask was sealed and purged with nitrogen for 1 hour, while
stirring. The mixture was left in an oil bath at 65 °C for 24 h. The reaction was
terminated by exposure to oxygen and was left to cool to room temperature. A

rotary evaporator was used to remove the reaction solvents.

Table 1. Amount of monomer, initiator, and solvent used in each PEG-co-VD RAFT
synthesis. Reagents were dissolved at 10% w/v in 50% THF, 40% MeCN, and 10%
PBS.

VEMA DEAEMA PEG AIBN Volume
(g, mol) (g, mol) (g, mol) (mg, mol) solvent (mL)
Formulation 1 1.18 2.78 0.50 8.21 5
PEG-C0-V1sDes 2.5E-3 15.0E-3 2.5E-4 5.0E-5
Formulation 2 3.09 0.41 0.25 4.10 4
PEG-c0-V7sD2s 6.6E-3 2.2E-3 1.3E-4 2.5E-5
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PEG-co-VisDss was purified by dialysis using a 3.5 kDa regenerated
cellulose dialysis membrane against 50% water, 50% acetone, changing once per
day for 2 days. An additional two rounds of dialysis were completed in MilliQ to
remove residual acetone before freeze drying (FreeZone 2.5 L benchtop freeze
drier, Labconco; Missouri, US). PEG-co-VsD2s was resuspended in 25 mL THF and
precipitated in 75 mL MilliQ. The mixture was centrifuged at 4500 rpm for two 10-
minute intervals, and unreacted VEMA was removed from the top. The polymer
mixture was left overnight to allow the THF to evaporate, then freeze dried. PEG-
co-VD composition was confirmed by "H NMR, with CDCI; as the solvent. Polymer
molecular weight was analyzed by gel permeation chromatography (GPC) using a
Waters 2695 Separations Module (Waters; Massachusetts, US), fitted with a Jordi
Fluorinated divinylbenzene mixed-bed column, and calibrated with polystyrene
standards. Measurements were taken with THF containing 2% MeCN as the eluent

at a flow rate of 2.0 mL/min.
3.3 Polyplex Formation and Optimization

Polyplexes were formed between PEG-co-VD and Cy3-labelled Cx43
antisense DNA (Mn 9815 Da) by flash nano-precipitation using DNAse free
materials. A polymer stock solution was prepared at 1.75 uM in acetone. DNA was
dissolved at 2.5 uM in sterile PBS at either pH 4.5 or pH 7.4. 4 mL of DNA stock
solution was transferred to a centrifuge tube and vortexed. While vortexing, the
PEG-co-VD stock was added dropwise at either a 1:1 or 10:1 molar ratio between

polymer amine groups and DNA phosphate groups. Formulations containing
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polymer (1:0, 10:0) or DNA (0:1) only were also formulated as controls. Once the
two phases were combined, the solution was vortexed at maximum speed for an
additional 30 seconds, then left overnight to allow the acetone to evaporate. The
tube was left unsealed, but loosely covered with tin foil to minimize Cy3
photobleaching. The next day, formulations were adjusted to pH 7.4 using 0.1 M
sodium hydroxide (NaOH). All formulations were stored at 4 °C with minimal light
exposure. Particle size and zeta potential were analyzed using a ZetaView TWIN
(Particle Metrix; Bavaria, DE) and processed in Particle Metrix Software Suite
(version 1.4.2.1). Samples were diluted to 1 mL in PBS (0.5% PBS for zeta
potential measurements) prior to analysis. Measurements were acquired at the
following settings: scatter mode, 640 nm laser, temperature 25 °C, sensitivity 80,

and shutter 150.
3.4 Agarose Gel Electrophoresis

The encapsulation efficiency of the polyplex formulations was analysed by
gel electrophoresis using a protocol adapted from Aydin et al. [71]. 1X TBE buffer
was prepared by diluting 10X buffer with MilliQ. 50 mL of 1X TBE buffer was
combined with 500 mg agarose powder to form a 1% agarose gel. The mixture was
boiled in the microwave for 60 seconds until the agarose was dissolved, then
allowed to cool slightly. 5 pL of 10,000x GelRed nucleic acid stain was added to
the agarose mixture, and the solution was poured into a casting tray with a comb.
The gel was left for 1 hour to solidify, then placed in the electrophoresis unit and

submerged in 1x TBE buffer. 10 pyL of polyplex formulation (containing 10% DNA
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loading buffer) was loaded into each well. After 50 minutes at 95 V, the gel was
removed from the chamber and the bands were visualized under UV light

(ChemiDoc MP Imaging System, Bio-Rad; Auckland, NZ).
3.5 Cell Interactions

Human adult retinal pigment epithelial (ARPE-19) cells (American Type
Culture Collection; Virginia, US) were cultured in DMEM/F-12 containing 10% heat

inactivated FBS at 37 °C with 5% CO2 and 95% relative humidity.
3.5.1 Cell Viability

Cells were seeded into a 96-well culture plate at a density of 25,000
cells/well and left to adhere for 72 hours. The media was removed, and cells were
treated with 100 pL of each treatment formulation. Positive controls were treated
with 5% dimethylsulfoxide (DMSO) in serum-free DMEM/F-12, while negative
controls were treated with serum-free DMEM/F-12. Cells were incubated with their

respective treatments for 24 hours.

Lactate dehydrogenase (LDH) release was assessed using a commercially
available kit (CyQUANT LDH Cytotoxicity Assay, ThermoFisher Scientific;
Auckland, NZ) as per manufacturer instructions. Briefly, 50 uL of treatment media
was removed from each well and transferred to a new 96-well plate, then mixed
with 50 pL of the LDH assay reaction mixture and left covered at room temperature.
After 30 minutes, 50 pL of the provided stop solution was added to each well.

Absorbance was measured at 490 nm, with background subtraction at 680 nm
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using a SpectraMax i3x Multi-Mode Microplate Reader (Molecular Devices;

California, US).

Metabolic activity was measured using an MTT assay. Any remaining media
was removed from the well plate and replaced with 100 pL of 0.5 mg/mL MTT in
sterile PBS. The plate was covered and incubated at 37 °C for 4 hours, at which
point the MTT solution was removed. 200 yL of DMSO was added to each well and
left covered at room temperature for 15 minutes to dissolve formazan crystals.

Absorbance was measured at 570 nm with background subtraction at 650 nm.
3.5.2 Immunocytochemistry

Cells were seeded into an 8-well chamber slide at a density of 50,000
cells/well and left to adhere for 72 hours. Spent media was replaced with 250 pL
of treatment and incubated at 37 °C with the cells for 24 hours. Serum-free
DMEM/F-12 was used as a negative control. After 24 hours, the treatment was
removed, and the cells were fixed with 200 uL of 4% PFA for 10 minutes. Fixation,
along with all future incubation steps, was conducted at room temperature. Cells
were washed between incubation steps with 200 puL of PBS for two cycles of 5
minutes each, unless otherwise specified. The PFA was removed, and cells were
incubated for 10 minutes with 100 uyL of 0.05% Triton X-100. To prevent non-
specific antibody binding, the cells were blocked for 1 hourin 100 yL of 10% normal
goat serum (NGS) in PBS. Blocking was followed by overnight incubation at 4° C
with 100 pL of rabbit anti-Cx43 (1:2000 in 10% NGS), with no washing between

steps.
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The next day, the cells were washed for two cycles of 10 minutes, then
incubated in the dark for 2 hours with 100 pL of goat anti-rabbit Alexa-488 (1:500)
and DAPI (1:2000) in PBS. Cells were washed for two 10-minute cycles, mounted
using Citifluor anti-fade solution, and sealed with clear nail polish. Fluorescence
images were taken on an Olympus FV4000 confocal laser scanning microscope
(Olympus; Pennsylvania, US) with a 60X objective and scan rate of 1 ps/pixel.
Excitation wavelengths of 561 nm, 488 nm, and 405 nm were used for Cy3, Alexa
488 and DAPI, with laser power of 20%, 1.5%, and 0.5% respectively. Six images
were taken per well and processed in ImageJ, version 1.54g (National Institutes of

Health; Maryland, US).
3.6 Tissue Interactions

Porcine eyes were collected from a local butcher (Dahua Supermarket;
Auckland, NZ). Eyes were obtained 3 days post-slaughter and were still in the orbit
at the time of collection. Fragments of the porcine skull, containing the eyes, were
transported back to the lab on ice. The eyes were enucleated and placed in a 12-

well plate containing 1 mL PBS to keep them hydrated.

The eyes were oriented within the wells such that the optic nerve was
located inferoposteriorly (Figure 6). The transverse and sagittal planes were
identified, and the eye was injected with 100 uL of polyplex formulation containing
0.3 pug ASO in the left superior quadrant. A 0.5 inch, 31-gauge needle was fully
inserted 3 mm posterior to the limbus and oriented towards the optic nerve [72].

The plunger was depressed firmly, with even pressure, until the formulation had
36



M.A.Sc. Thesis - A. Monteiro; McMaster University - Chemical Engineering

been fully ejected. Immediately after injection, the eyes were moved to a shaking

water bath at 37 °C and 50 rpm.

c) Superior

a
L 4

Limbus

Right

Inferior

Figure 6. Orientation of porcine eyes in 12-well plate. a) anterior view, b) posterior
view, highlighting location of optic nerve (circled) within well plate, ¢) schematic
showing landmarking for intravitreal injection and subsequent dissection, created
in BioRender.

At 5-minute, 2-hour, or 4-hour timepoints, eyes were removed from the
water bath and flash frozen using liquid nitrogen, then placed in a -20 °C freezer
overnight. The next day, the frozen eyes were sectioned into four quadrants, along
the sagittal and transverse planes. The vitreous humour was collected from each
quadrant and left to thaw. The retina and choroid were also collected. Thawed
vitreous samples were centrifuged for 15 minutes at 4 °C and 15,000 rpm. Retina
and choroid samples were combined with 500 uL of MilliQ and 0.5 g of YSZ micro

milling media and homogenized using a Precellys Evolution tissue homogenizer
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(Bertin Technologies; Montigny-le-Bretonneux, FR). Samples were homogenized
at 6,800 rpm for 2 cycles of 30 seconds each, centrifuged (15 minutes, 4 °C, 15,000
rom), and 100 pL of supernatant was collected. 100 pL of the supernatant from
each sample was added to a 96-well plate and Cy3 fluorescence was quantified at
excitation and emission wavelengths of 555 nm and 590 nm, respectively
(SpectraMax i3x Multi-Mode Microplate Reader, Molecular Devices; California,

us).
3.7 Statistical Analysis

Statistical analysis was performed using a one-way ANOVA with Tukey’s
test. A p-value < 0.05 was considered statistically significant. Data were analysed
using GraphPad Prism version 9.3.1 (GraphPad; Massachusetts, US), and are

presented as mean * standard deviation.
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4. RESULTS AND DISCUSSION

4.1 Synthesis and Characterization of PEG-co-VD
4.1.1 Vitamin E Methacrylation

A method adapted from Zhang et al. was used to methacrylate Vitamin E
[69]. VEMA was formed through a condensation reaction between methacryloyl
chloride and the hydroxy group on Vitamin E (Figure 7). Successful methacrylation
was confirmed by 'H NMR (Figure 8). The peaks at 5.70 and 6.30 ppm (a, B)
correspond to the aromatic hydrogens, while the peaks at 6.66 and 6.71 ppm (y,
0) correspond to the vinylic hydrogens on the methacrylate group. The degree of

methacrylation was determined by integration to be greater than 90%.

HO
TEA, anhydrous THF

0°C for4 h, RT for 18 h

Figure 7. Reaction scheme for Vitamin E methacrylation.
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Figure 8. "H NMR spectrum for VEMA
4.1.2 Polymer Composition

PEG-co-VD was synthesized by free radical polymerization (Figure 9) at two
different ratios of VEMA to DEAEMA, with a CTA:monomer ratio of 1:70. "H NMR
was used to determine polymer composition (Figure 10, 11). The peak at 3.64 ppm
corresponds to the methylene hydrogens (a) of PEG, the peak at 0.86 ppm
corresponds to the methyl hydrogens (b) on the alkyl chain of VEMA, and the peaks

at 2.56 and 2.70 ppm correspond to the methylene groups (c, d) of DEAEMA.
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Figure 9. Reaction scheme for RAFT polymerization of PEG-co-VD.

Formulation 1 (PEG-co-VsD2s) was synthesized with a feed ratio of
PEG:VEMA:DEAEMA of 1:52.5:17.5, then purified by precipitation followed by
centrifugation, which produced a 2-phase supernatant. It was initially hypothesized
that the bottom phase contained polymer, while the top phase contained unreacted
monomers. 'H NMR analysis and integration of both the top and bottom phases of
the supernatant (Figure 10) revealed that although unreacted monomers
preferentially partitioned to the top supernatant phase, they could be detected in
both phases. Additionally, the presence of sharp peaks between 5.50 and 6.71 ppm
in both phases, which correspond to the methacrylate groups in VEMA and
DEAEMA, indicated very low monomer conversion, which could be a result of early
termination or unfavourable kinetics. Due to unsuccessful polymerization, this

formulation did not undergo further testing.
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Figure 10. "H NMR spectrum for PEG-co-V75D2s (top: top phase of supernatant,
bottom: bottom phase of supernatant. The areas in red highlight the presence of
peaks from methacrylate double bonds, indicating incomplete polymerization.

The molar ratio of Formulation 2 (PEG-co-VisDss) was determined by 'H
NMR integration to be 1:8.6:60 of PEG:VEMA:DEAEMA (feed ratio 1:10:60). The
absence of peaks corresponding to vinylic hydrogens on the VEMA and DEAEMA
methacrylate groups, which would appear between 5.50 and 6.71 ppm (Figure 11),
confirm polymerization and the removal of unreacted monomers from the final

product. The yield was calculated to be 78%, indicating high monomer conversion.
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Figure 11. "H NMR spectrum for PEG-co-V1s5Dgs. The area in red highlights the
absence of peaks corresponding to the methacrylate double bond, confirming
polymerization and purification of the polymer.

The molecular weight (Mn) of PEG-co-VisDss determined by 'H NMR and
GPC was 17.2 kDa and 1.2 kDa, respectively. It is well documented in literature
that molecular weight determination of block copolymers by GPC is complicated
by differences in properties between the blocks and against the calibration
standards [73], [74]. Interactions between the polymer and the mobile and/or
stationary phase delay elution time and result in an apparent molecular weight that

is lower than the true value [73]. Given that the PEG block of the polymer alone
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has a known Mn of 2 kDa, it is clear that GPC is not an accurate method for
determination of PEG-co-VD molecular weight. Therefore, the molecular weight of

PEG-co-VisDss was assumed to be 17 kDa.
4.2 Formation and Characterization of Polyplexes
4.2.1 Complexation Efficiency with DNA

The ratio between positively charged amine groups in the polymer (N) and
negatively charged phosphate groups in the backbone of DNA/RNA (P) is an
important consideration in the formulation of polyplexes. As the N/P ratio increases,
it would be expected that transfection efficiency and cytotoxicity would also
increase. Typically, the lowest N/P ratio required to achieve complete complexation
is desired as free DNA is easily degraded in the body, reducing efficacy of the
treatment. In this work, polyplexes with N/P ratios of 1:1 and 10:1 were
investigated. Polyplexes were formed by nanoprecipitation, with PBS as the
aqueous phase and acetone as the organic phase. Acetone was selected because
it was able to dissolve PEG-co-VisDss and does not denature DNA [75]. The
formulations were prepared at either pH 4.5 or 7.4 and adjusted as needed to a
final pH of 7.4 prior to additional testing. Nanoparticles without DNA were formed
with PEG-co-V1sDss at the same concentrations used in the polyplexes, denoted 1:0

and 10:0. A solution containing only DNA (0:1) was also prepared as a control.

Agarose gel electrophoresis was used to evaluate the complexation

efficiency of each formulation. The movement of molecules through an agarose gel
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in response to an applied electric field is dependent on both size and charge.
Molecules carrying a net negative charge are pulled through the gel, towards the
positive electrode. Additionally, while larger molecules are restricted by the cross-
linked agarose, smaller molecules can move more quickly. The electrostatic
interactions between polymer and DNA during polyplex formation result in a larger
molecule with a net neutral charge, which moves slowly or not at all through the
gel. The gel contains a nucleic acid dye which permits the visualization of DNA
under UV light. The presence of a band indicates incomplete complexation, where
unbound DNA remains in solution, whereas the absence of a band indicates

complete complexation.

The results of the gel electrophoresis are shown in Figure 12, with
superscripts indicating the pH at which the formulation was prepared. These results
show that although free DNA was still present in solution, some complexation is
observed with the polyplexes formed at pH 7.4 This is likely due to the partial
protonation of PEG-co-VisDes at pH 7.4. Literature has shown that pKa increases
with the degree of ionization, so it is not unexpected that the PEG-c0-VisDes
polymer would have a higher pKa than the DEAEMA monomer [76]. A molecule at
its pKa will be 50% protonated, and given that the pKa of DEAEMA is 7.3, PEG-co-
VD is expected to be more than 50% protonated at physiological pH. Additional

testing is required to determine the exact pKa of PEG-co-V1sDsgs.

At pH 4.5, PEG-co-V:sDss is likely fully protonated, providing more sites for

complexation with DNA. This is supported by the absence of bands corresponding
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to both 1:1 and 10:1 formulated at pH 4.5. Since complete complexation of DNA is
desired to minimize degradation and off-target effects, the polyplexes formed at pH
4.5 were chosen for further testing. Additionally, while a lower N/P ratio is typically
selected to reduce cationic charge density, both the 1:1 and 10:1 formulation
underwent additional testing in order to assess the impact of higher polymer

concentration on polyplex performance.

0:145  1:174

Figure 12. Agarose gel electrophoresis used to evaluate complexation efficiency
of PEG-co-VD with DNA at different N/P ratios. Superscripts indicate the pH at
which the formulation was prepared. Bands were visualized under UV light. Green
boxes indicate formulations that achieved complete complexation between
polymer and DNA.
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4.2.2 Size and Zeta Potential

The polyplexes were characterized to determine size and zeta potential
(Table 2). Interestingly, the presence of DNA does not appear to have any impact
on particle size, with all formulations reporting an average diameter between 134
and 139 nm and a negative zeta potential. Particles formed without DNA were
expected to form larger particles because of charge repulsion, however this was
not observed with the PEG-co-V:sDss nanoparticles and is believed to be the result

of charge stabilization by PBS ions.

Table 2. Average size and zeta potential of polyplexes and nanoparticles. Data is
presented as mean + SD.

Formulation Average Diameter (nm) | Average Zeta Potential (mV)
1:1 139.4 + 8.6 -16.4+0.9
10:1 139.6 £ 9.3 -14.7+0.5
1:0 136.5+ 16.7 -30.5+3.2
10:0 1344 +5.7 -24.4 +0.3

Size and charge play an important role in the colloidal stability of a
nanoparticle suspension. Stability is affected by both electrostatic and steric factors
[77]. When placed in an ionic solution, charged particles attract counterions which
form a liquid layer known as the electrical double layer, illustrated in Figure 13. The
inner layer consists of counterions strongly bound to the particle surface, while the
outer layer contains more loosely bound ions. The electrical double layer creates
a boundary between the particle and bulk solution; ions within the boundary move

with the particle, while those outside do not. The electrical potential at this
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boundary, known as the slipping plane, is the particle’s zeta potential. Zeta potential
is affected by factors such as pH, particle concentration, and ionic strength. This is
different than surface charge, which is a measure of charge density on the particle
surface. Zeta potential values of + 30 mV generally indicate a stable dispersion
with enough repulsion to prevent particle aggregation [77]. With respect to steric
stability, particles greater than 200 nm often aggregate in the absence of stabilizers

[78].

Anionic

Particle

Figure 13. Schematic illustrating the electrical double layer formed around charged
particles in solution. Zeta potential is measured at the slipping plane.

In addition to stability, the impact of polyplex size and zeta potential on
ocular kinetics and cytotoxicity must be considered. Following intravitreal injection,

the polyplexes must diffuse through the vitreous humour and inner limiting
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membrane (ILM) before reaching the RPE [79], [80]. Due to variations in particle
properties and composition, there is no clear optimal size indicated in the literature,
however there is general agreement that nanoparticles with a diameter smaller
than 200 nm are ideal for ocular delivery. Particles smaller than 510 nm have
demonstrated unrestricted diffusion throughout the vitreous humour, indicating that
they are able to move through pores in the cross-linked vitreous [81]. A comparison
of 20 nm and 200 nm particles revealed that, while 20 nm particles could cross the
BRB and readily diffuse from the injection site, they were also cleared more rapidly
[82]. In comparison, 200 nm particles could persist in the ocular space for up to 2

months in rats and were well distributed throughout the vitreous [82].

As with particle diameter, there is no optimal zeta potential for ocular
delivery. While cationic particles may be restricted by interactions with the vitreous
or ILM, they have shown superior retinal penetration to anionic particles [79]. On
the other hand, anionic particles are able to diffuse to the retina more rapidly, but
are also cleared more rapidly [79]. As has previously been discussed, particle
charge also governs cellular interactions; highly cationic particles can destabilize
cell membranes, causing cytotoxicity, while highly anionic particles may be

repelled, preventing cellular uptake.

Similar systems have undergone preclinical testing; in one study, branched
PEI polyplexes with average diameter 259.8 nm and zeta potential -41.2 mV
demonstrated therapeutic effects of delivered siRNA for up to 2 weeks, with

localization to the RPE and choroid [83]. In this case, the polyplexes were also
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decorated with HA to increase transfection. In another study, siRNA-loaded PEI
polyplexes with diameter 260.7 nm and zeta potential -4.98 mV were able to inhibit

choroidal neovascularization without causing any toxicity [84].

Based on similar ocular delivery vehicles, the polyplexes developed in this
work are within a reasonable range with respect to particle size and surface charge.
However, to determine colloidal stability, additional testing is required. Since the
zeta potential results were obtained using PBS as a buffer, they cannot be used to
infer stability in physiological conditions. For a more accurate representation, a

solution that mimics both physiological pH and ionic strength should be used.
4.3 Impact on Cell Viability

An MTT assay was conducted to assess cellular metabolic activity. After 24
hours of incubation with the polyplex formulations, ARPE-19 cells were exposed to
the water soluble MTT reagent, which is reduced by mitochondrial dehydrogenases
into water-insoluble formazan crystals. This reaction is marked by a colour change

from yellow to purple, which can be detected by absorbance at 570 nm.

The cells were incubated with the 1:1 and 10:1 polyplex formulations at two
doses of 0.3 and 0.6 ug DNA. The 1:0 and 10:0 nanoparticles were dosed such
that the polymer concentration matched the corresponding polyplex formulation at
the high dose of 0.6 ug DNA. 0:1 was used as a control at a dose of 0.6 ug DNA.
5% DMSO in DMEM-F12 was used as the positive control, while negative controls

received only serum-free DMEM-F12 as treatment.
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As shown in Figure 14, there is no statistically significant difference between
the polyplex or nanoparticle formulations and the control group (p > 0.05). These
results indicate no reduction of cell metabolic activity or cytotoxicity caused by the
formulations. Surprisingly, there is no change in cell viability between the 1:1 and
10:1 formulation, and thus it can be assumed that there is no toxicity associated
with a higher polymer concentration. These results also suggest that the zeta

potential of the polyplexes is within an acceptable range with respect to cytotoxicity.

150

100

%Cell Viability

]
o

Figure 14. Cell viability results from the MTT assay. Data is scaled relative to the
negative control. Subscripts indicate dose of DNA in pg. Polymer and DNA only
controls were dosed to match 0.6 pg polyplexes. Error bars represent standard

deviation.
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Although the MTT assay is frequently used to infer cell viability, the nature
of the assay and the fact that it measures metabolic activity rather than viability
suggests that the data may provide a false conclusion. Metabolic activity and
viability can be proportional, but certain conditions cause an increase in
mitochondrial activity and number, resulting in an inflated apparent viability [85],
[86]. Anti-oxidants (such as Vitamin E) have been shown to interfere with the MTT
assay [85], so a secondary assay was conducted to validate the results obtained

by the MTT.

LDH is a cytoplasmic enzyme responsible for the reversible conversion
between lactate and pyruvate by reduction of the NAD enzyme from NAD+ to
NADH. It is released upon damage to the cell membrane, which occurs during
pyroptosis and necroptosis, modes of programmed cell death [87]. Although both
mechanisms are inflammatory-associated deaths resulting in cell lysis, necroptosis
occurs in response to infection, while pyroptosis is triggered by damage associated
molecular patterns or environmental irritants [88]. These mechanisms are seen as
pro-infammatory; the release of intracellular materials in response to an
inflammatory insult is used to alert and activate the immune system [89]. In
pyroptosis, the inflammasome pathway is activated by cell stressors, followed by
activation of the caspase-1 enzyme, which in turn activates cytokines and cleaves
gasdermin D [88], [89]. Gasdermin D binds the plasma membrane, creating pores

and releasing the contents of the cell [89].
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After incubation with ARPE-19 cells for 24 hours, treatment media was
removed from the cells and exposed to the LDH reagent, which contains the
diaphorase enzyme and a tetrazolium salt. In the presence of NADH, diaphorase
reduces the colourless salt into a red formazan dye, which can be detected by

absorbance at 490 nm. The results of the assay are shown in Figure 15.
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Figure 15. Cell viability results based on release of LDH. Data is scaled relative to
the negative control. Subscripts indicate dose of DNA in pug. Polymer and DNA only
controls were dosed to match 0.6 ug polyplexes. Error bars represent standard
deviation.
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The absence of a discernible trend or significant difference between any of
the treatment groups (p > 0.05) seems to suggest an interaction between LDH and
the polyplexes. It is possible for the MTT and LDH results to provide conflicting
results if the formulation does not induce pyroptosis, since cell death by apoptosis
alone would not cause cell lysis and LDH release, however this would present as
a false negative on the LDH assay. One study investigated the use of PEG to
protect LDH during the freeze-thaw cycle, and found that a strong interaction
occurs between the polymer and enzyme [90]. The LDH-A isoform has also been
shown to bind single-stranded DNA, however this binding can be inhibited by

NADH [91].

To verify the presence of an interaction with the PEG-co-VD polyplexes, the
LDH assay was repeated on growth media incubated with ARPE-19 cells for 3
days. The media was removed from the cells, then combined with various polyplex
formulations before the assay was performed. These results (Figure A.1) show a
significant (p < 0.05) difference between each group, confirming that an interaction
is occurring between free LDH and the formulation. Further investigation is required
to determine the nature of the interaction and the impact it would have on polyplex
performance. Ultimately, in vivo testing would be required to conclusively

demonstrate the lack of toxicity of the particles.
4.4 Transfection and Knockdown Efficiency

Polyplexes were loaded with Cx43 ASOs and incubated with ARPE-19 cells

for 24 hours in chamber slides. Cx43 is the most well studied protein in the
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connexin family and is abundant in the eye [92], [93], [94]. Connexins assemble to
form hexameric membrane pores called hemichannels [92], [93]. When
hemichannels between adjacent cells connect, they form gap junctions, which
allow for intercellular molecule transfer [92], [93]. ASOs are single-stranded DNA
molecules that directly bind mRNA and inhibit translation [95]. Although they have
a different mechanism to siRNA, both molecules are able to knock down
expression of a target protein [95]. An ASO was used in this work in place of siRNA

due to greater stability and lower cost [96].

The ability of the polyplexes to transfect ARPE-19 cells and knock down
Cx43 expression was evaluated. After incubation with polyplexes, the cells were
fixed, stained and cover slipped. Cell nuclei were stained with DAPI, while Cx43
was stained with Alexa Fluor 488. The Cx43 ASO was tagged with Cy3, which
permitted visualization of cellular uptake. Fluorescence was visualized by confocal
microscopy, with five to six images taken per well. Representative images for each
formulation are shown in Figure 16, demonstrating that the strongest Cy3 signal
was detected for the 10:1 formulations. The images were then analyzed in ImageJ

to quantify the strength of the Cy3 signal (Figure 17).
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Figure 17. Cy3 signal, expressed as % area, obtained by fluorescent microscopy.
Subscripts indicate dose of DNA in ug. Error bars represent standard deviation.

Cy3 quantification confirms that the 10:1 polyplexes were able to achieve
superior cell uptake relative to the naked ASO (p <0.0001). There is no statistically
significant difference between the negative control and ASO or 1:1 polyplexes,
even at the high dose of 0.6 pg. These results show that the 10:1 polyplexes were
successfully able to transfect into cells and facilitate endosomal escape, releasing
the ASOs into the cytoplasm. Although both the 1:1 and 10:1 formulation were able
to fully entrap the DNA, there is a clear difference in transfection ability between

the two formulations. This is believed to be the result of excess cationic polymer in
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solution, which has been shown to increase therapeutic efficacy in similar delivery
systems [97]. The 10:1 polyplexes were further analyzed to determine knockdown
efficiency.

Gap junctions are dynamic structures, constantly undergoing disassembly
and reformation [93]. This is due to the short half-life of Cx43, which has been
reported between 1.5 and 5 hours [93], [98]. It is expected that following
knockdown of Cx43, gap junction clusters, known as plaques, will become more

diffuse in appearance as Cx43 is degraded but not replaced [99]. Cx43 expression

was analyzed in ImagedJ and quantified to determine plaque size and number

(Figure 18).
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Figure 18. Gap junction plaque size (left) and number (right) determined by
quantification of Cx43 expression. Subscripts indicate dose of DNA in ug. Error
bars represent standard deviation.
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Figure 18 shows that for a 0.3 ug dose of DNA delivered via the 10:1
polyplexes, the size of gap junction plaques increases (p < 0.05), with no change
in plaque number (p > 0.05). Previous studies assessing knockdown efficiency of
the Cx43 ASO reported a similar observation, with Cx43 levels increasing after
ASO delivery, before sharply dropping off [99]. This result is believed to be caused
by gap junction remodelling as Cx43 is redistributed but not replaced, giving the

plaques a larger surface area, and thus apparent particle size.

As shown in Figure 19, the gap junctions of cells that received the negative
control appear to be more aligned, creating ‘strings’ of Cx43 around the cells. In
comparison, the gap junction plaques of cells that received the 10:10.3 formulation
appear more diffuse, with less defined boundaries between the cells. It is
hypothesized that the 0.3 ug dose was insufficient to achieve knockdown in 24
hours, or that its effect was short-lived, with Cx43 expression returning by 24 hours.
Additional timepoints are required to confirm. In comparison, the 0.6 ug dose was
able to lower Cx43 expression in 24 hours (Figure 18), observed as a decrease in
gap junction quantity (p < 0.05), but not size (p > 0.05). This finding does not align
with qualitative analysis which shows a marked decrease in both the quantity and
strength of the Cx43 signal (Figure 19). It is possibl e that the parameters used for

quantification required additional optimization.
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Figure 19. Qualitative comparison of gap junction plaques after 24 hour incubation
of ARPE-19 cells with the negative control 10:1 polyplexes. Subscripts indicate
dose of DNAin ug.

Previous studies have reported that the N/P ratio needed for siRNA delivery
is often lower than for DNA[97]. This can likely be attributed to differences between
ASOs and siRNA (single vs double stranded, action in nucleus vs cytoplasm). In
addition, each polymer system will require a different N/P ratio, with values in
literature ranging between 2:1 and 40:1 for optimal therapeutic effect [100], [101].
Additional investigation is also required to determine the duration and degree of
the therapeutic effect, as well as optimal dosing. It is recommended that further

optimization be conducted using siRNA for the most relevant results.

Arecent publication by Cheng et al. demonstrated sustained knockdown (up
to 80% reduction) of the Huntingtin protein for 4 months in pigs and 6 months in
rats after intravitreal administration [102]. The anti-Huntingtin siRNA was
chemically modified but was not delivered using a vector. Based on these results,

and given the differences in efficacy observed between naked and encapsulated
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ASOs in the present study, it is possible that encapsulation of modified siRNA in
the PEG-co-VD polyplexes could further prolong the period of sustained gene

knockdown.
4.5 Diffusion in the Posterior Segment of the Eye

An ex vivo porcine model was used to evaluate the ability of the polyplex
formulation to diffuse throughout the vitreous humour and retina. Porcine eyes
were injected intravitreally with 100 pL of polyplex formulation, then incubated at
37 °C in a shaking water bath. Saccades are estimated to occur 2 to 3 times per
second, reaching angular velocities of up to 600 deg/s [103]. Although saccadic
movement could not be replicated in this study, the water bath was set to rotate at

a constant speed of 50 rpm (equivalent to 300 deg/s) to simulate eye movement.

At 5 minutes, 2 hours, or 4 hours post-injection, eyes were flash-frozen and
sectioned into quadrants. The amount of DNA in each of the vitreous humour
quadrants (Figure 20), as well as within the retina and choroid (Figure 21) was

quantified by fluorescence (calibration curve in Figure A.2).
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Figure 20. Amount of DNA in each quadrant of the porcine vitreous humour based
on Cy3 fluorescence 5 minutes (.), 2 hours (), or 4 hours (a) post intravitreal
injection. Q1 is defined as the left superior quadrant at the time of injection and the
location of injection. Q2, Q3, and Q4 were assigned in a clockwise direction from
Q1. Error bars represent standard deviation.

As expected, at the 5-minute timepoint, the majority of the fomulation is
located in Q1, with negligible amounts in the remaining three quadrants. This
supports diffusion as the main mechanism of distribution throughout the vitreous,
as opposed to by the force of injection. At 2 hours, there is no statisically significant
difference in the amount of DNA located in any of the four quadrants, however more
DNA was detected in Q1 and Q4 than Q2 and Q3. This suggests that diffusion is
more limited in 2 hours, whereas gravity may assist in distributing the formulation

from Q1 to Q4. By 4 hours, the DNA is well distributed throughout the vitreous
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humour. This is not unsurprising, as this outcome has previously been

demonstrated with sub-200 nm particles [82].

Quantification of the retinal and choroidal tissue revealed the presence of a
fluorescent signal 4 hours post administration. These results align with distribution
data in the vitreous and suggest that between 2 and 4 hours, the polyplexes are
able to diffuse through the vitreous and begin to penetrate the posterior ocular
tissues. The choroid and retina were collected together due to the delicate nature
of the tissues, so it is not possible to determine distribution between the two layers.
However, this result suggests that the polyplexes are an appropriate size and
charge for distribution in the eye. Additional timepoints are required to determine

kinetics after 4 hours.
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Figure 21. Amount of DNA in both the retina and choroid based on Cy3
fluorescence following intravitreal injection. Error bars represent standard
deviation.

While these results provide an indication of how the formulation may behave
after injection into the eye, there is still a significant amount of variability in the data
obtained. Due to the age of the eyes at the time they are received, it is likely that
the vitreous humour had already begun to liquefy, which is expected to accelerate
the rate of diffusion. Although the vitreous humour of AMD patients is likely partially
liquified due to their age, there is no way to determine the degree of liquefaction or
its impact on this study. The state of the retina and BRB were also not known.
Additional limitations of the model include the lack of clearance mechanisms or
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pressure and temperature gradients, accurate simulation of saccadic eye
movements, and the absence of immune and inflammatory molecules that are
often present in AMD. These limitations may be overcome by the use of an in vivo

model of wet AMD.
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5. CONCLUSIONS

In this work, a novel block co-polymer was developed to encapsulate siRNA
for the treatment of wet AMD. The polymer was designed with hydrophilic,
hydrophobic, and cationic blocks. PEG was used as the hydrophilic block due to
stealth properties and an ability to reduce particle aggregation. Vitamin E was used
as the hydrophobic component, to assist with cell uptake and reduction of ROS.
DEAEMA was used as the cationic component, containing a tertiary amine with a
pKa of 7.3, to electrostatically bind siRNA. An ASO was used in place of siRNA for

testing owing to its greater stability and comparable knockdown abilities.

Successful polymerization of the PEG-co-VD polymer was confirmed by
NMR. The molar ratio was determined to be 1:8.6:60 of PEG:VEMA:DEAEMA, with
an Mn of 17 kDa. The polymer was then complexed with the ASO and pH-
dependent polyplex formation was observed. Gel electrophoresis confirmed that
the ASO was fully encapsulated in polyplexes formed at pH 4.5 at both a 1:1 and
10:1 N/P ratio. Polyplex size and zeta potential were then characterized by
nanoparticle tracking analysis. The 1:1 polyplexes had an average diameter of
139.4 nm and zeta potential of -16.4 mV, while the 10:1 polyplexes had an average

diameter of 139.6 nm and zeta potential of -14.7 mV.

An MTT assay revealed no significant cytotoxicity after 24 hour incubation
of ARPE-19 cells with either the 1:1 or 10:1 formulations at doses of 0.3 and 0.6
pg of the ASO. An LDH assay was conducted to support the MTT results, but

revealed an interaction between the LDH enzyme and formulations. Additional
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investigation is required to determine the impact of this interaction on therapeutic
efficiency. Immunocytochemistry was used to assess transfection and knockdown
efficiency. Compared to the naked DNA alone, the 10:1 polyplexes showed
superior transfection efficiency (p < 0.0001). A 0.6 pg dose of the ASO delivered
by the 10:1 polyplexes showed significant (p < 0.05) knockdown of the target

protein in ARPE-19 cells at 24 hours.

The polyplex formulations were intravitreally administered into ex vivo
porcine eyes to evaluate their ability to diffuse throughout the posterior segment.
After 4 hours, the polyplexes were well distributed throughout the vitreous humour
and could also be detected in the choroid and retina. Further investigation is
required, including performance in vivo, however the PEG-co-VD polyplexes show
promise as a delivery vehicle for gene silencing in the posterior segment of the

eye.
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Figure A.1. Measured LDH release in media combined with polyplex formulations
after removal from cells. Data is scaled relative to the negative control. Subscripts
indicate dose of DNA in ug. Polymer and DNA only controls were dosed to match
0.6 ug polyplexes. Error bars represent standard deviation.
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Figure A.2. Calibration curve for DNA quantification based on Cy3 fluorescence.
Line of best fit: y = 4121189x + 20713, R? = 0.9997.
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