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Chapter 1: Introduction



1.1 Foreword

Before this thesis turns to the expected science and engineering, | wanted to briefly qualify what
is about to be read. The format of this work is somewhat unconventional and, | hope, therefore
better suited to telling the story | am trying to tell. I came to Dr. Sheardown’s group after an
undergraduate in molecular biology followed by a brief stint in philosophy. I had absolutely no
exposure to engineering, and had no idea how different the epistemological approach would be
from how | had been trained. As a result, a large portion — probably the majority — of my
graduate work will not be included in this thesis. It took me years to find my rhythm in a group
dominated by chemical engineers and materials scientists, and while | had some successes and
many dead ends, as I’m sure most graduate students do, most of what I produced was not refined
enough for any sort of publication. For example, by employing my knowledge of genetics, | had
hoped to create a novel, non-viral gene delivery system based on a cationic polymer
(polyethylenimine was my leading contender) which could alter its charge profile after
endosomal encapsulation and release its RNA cargo. | even co-authored a paper contributing to
this theme.[1] While this project ultimately failed, 1 would never call it, or other, similarly
incomplete machinations failures. Through them, I learned how to utilise my strengths,

collaborate to hedge against my weaknesses, and find my place in the lab.

Eventually, with mentorship from Dr. Sheardown and other senior members of the group, |
became useful as a sort of biology liaison to people who knew how to make biomaterials, but
were unable to properly test them. | did tissue culture, various immunoassays, and animal testing
for nearly every project created in both my lab and eventually a few others. While this sort of
work can often be rote and mechanistic, | strove to form a real understanding of why things were

done in certain ways, and how these processes could be modified to produce more scientific



value. It becomes difficult to create, as I had intended, a ‘sandwich’ thesis when a great deal of
my contribution came as small parts of many different projects. So while this thesis is inspired
by the sandwich model, it is structured more as an interconnected narrative where | move from
very general explorations of cell and animal work in biomedical engineering toward increasing
specificity and difficulty. Instead of simply reporting my results, | have editorialised them to try
and give the reader a sense of why | made certain decisions and why other options were not
pursued. The traditional paper structure was eschewed in favour of something deliberately more
prosaic. While reading this thesis, | hope its structure mirrors my progress through the PhD

program, and the reader can follow my journey.

1.2 The eye

The eye is an extremely fragile organ prone to an unusually large array of pathologies. The eye is
generally divided into two anatomical regions: the posterior and anterior segments. The globe of
the eye is surrounded by a tough coat of connective tissue called the sclera, which is colloquially
referred to as the white of the eye. The sclera is continuous with the cornea, a transparent
structure responsible for 70% of the refractive power of the eye, which, along the conjunctiva,
aqueous humour, iris, lens, ciliary body and trabecular meshwork makes up the primary anterior
structures. The cornea and conjunctiva are hydrated and lubricated with a stratified solution
which makes up the tear film. This film is highly structured and precisely regulated liquid
protected from evaporation by a thin lipid layer, and hydrating a mucin rich layer proximal to the
ocular surface. The posterior segment is composed primarily of an aqueous matrix called the
vitreous, the light sensitive retina, the capillary rich tissue supplying it with blood called the
choroid, and Bruch’s membrane separating the two. Unique among the tissues of the body, the

eye is made up of several cell types and tissues with particular characteristics and homeostatic



requirements. The cornea, for example, is the only purposefully transparent tissue in the body,
while the retina is made up of dozens of cell types, most of which derive from a neural lineage
with an extremely limited capacity for renewal. In short, the complexity, narrow metabolic
requirements, and limited self-renewal and self-correction result in an organ often in need of
medical intervention. Unfortunately, the eye is a very difficult organ to reach. Despite the
physical accessibility of the anterior segment, rapid tear turnover quickly removes any topically
applied therapeutic. Tight junctions between cells, as well as hydraulic pressure from the
aqueous humour conspire to further limit penetration and bioavailability: less than 5% of
topically applied drugs reach anterior structures.[2] The posterior segment is even less accessible
— less than 1% of a topically applied drug will typically reach posterior structures.[2] Outflow
from the posterior segment through the trabecular meshwork and Schlem’s canal ensures rapid
clearance of drug. The tight junctions of the blood retinal barrier ensure anything delivered into
systemic circulation will be ineffective at treating ocular tissues. Taken together, the eye is a
failure prone organ resistant to conventional treatment options in desperate need of biomedical

innovation.

1.3 Anterior segment

Barriers that pose a challenge to anterior segment therapeutics can be divided into two

categories. Static barriers include the tight junctions of the corneal epithelium and endothelium,
the thickness and density of the corneal stroma, and the blood—aqueous barrier made up of tight
junction separating systemic blood supply from the eye. Dynamic barriers include stromal flow,

lymphatic flow, and, most importantly, tear production and drainage.[3] Efflux pumps, such as



MDR1 [P-glycoprotein (P-gp)], the multidrug resistance protein (MRP), and the breast cancer
resistance protein (BCRP) expressed on cell membranes can actively remove drug that defeats
these static and dynamic barriers.[4] Along with these corneal barriers, the conjunctiva and tear

film represent a significant barrier to drug delivery.

1.3.1 Conjunctiva and tear film

The conjunctiva is so named by conjoining the eyelids with the eyeball. It is composed of 2
layers: the outer epithelia made of stratified epithelial cells and the inner stroma made of
substantia propria. The number of epithelial layers varies depending on anatomical location, but
is generally between 2 and 10.[5] It is a thin mucous membrane that covers the posterior surface
of the eyelids and is then reflected onto the eyeball, where it extends to the edge of the cornea.
This junction is indirect, with the conjunctiva forming a fornix on three sides of the globe and an
extendible plica on the fourth side. The fornixes and plica of the conjunctiva are loose arching
folds connecting the conjunctival membrane lining the inside of the eyelid with the conjunctival
membrane covering the eyeball. This arrangement allows the globe and eyelids to move
independently.[6] The conjunctiva, embedded with secretory goblet cells, helps with tear film
production through the production of electrolytes and mucins.[7] The outer apical epithelial cells
form tight junctions (zonula adherens) with a transepithelial electrical resistance of ~1.2
kQcm|[8], greatly impeding paracellular diffusion. The stroma is replete with nerves, blood, and
lymph vessels. The water content of this tissue is a barrier to hydrophobic compounds, while its
active blood and lymphatic circulation can remove drug from the local microenvironment. Only

hydrophilic drugs smaller than 20kDa are considered permeable across the conjunctiva. The



conjunctiva possesses esterase activity and expresses efflux proteins (P-gp)[9] further impeding

drug transport.

The tear film is a multi-layered liquid that coats the exposed surface of the eye to protect and
hydrate it. This tear film is the first barrier against drug delivery due to its structure,
composition, and its rapid turnover and drainage into the systemic circulation. Tear film
thickness over the cornea and conjunctiva ranges from 3-9 um, but the precorneal pocket can
hold a tear volume of approximately 30 puL until it overflows.[10] The tear film is composed of 3
layers: an outer lipid layer secreted by meibomian glands at the rim of the eyelids inside the
tarsal plate, a middle agueous layer, and an inner mucin layer.[11] The principal components
secreted into the tear film include electrolytes, glucose, immunoglobulins, lysozymes, and
lactoferrin. These components aid in lubrication, nourishment, maintenance, and repair of the
corneal epithelium.[12] The mucin layer, essential for the hydration and lubricity of the ocular
surface, is also a barrier to permeation. Mucins are large, negatively charged glycoproteins with
high water content due to sialic acid carbohydrate residues.[13] These hydrophilic, negatively
charged molecules can act to repel other negatively charge or hydrophobic molecules. An entire
class of mucus-penetrating drug carriers has recently come to prominence in the literature in an
effort to improve drug delivery across this barrier.[14-16] Under normal conditions, tear flow
turnover occurs at approximately 1.2 pL/min; this rate can increase dramatically during transient
receptor potential (TRP) channel stimulation caused by injury or irritation, resulting in ‘reflex
tears’ attempting wash out or dilute harmful substances.[17] The reflex response can be
particularly problematic when applying an irritating medication. Excessive tear production and

subsequent drainage through the nasolacrimal duct will often lower bioavailability to <5%.[18]



1.3.2 Cornea

Continuous with the conjunctiva, the cornea is a multilayered, transparent, avascular, highly
innervated tissue.[19] It is organized into three physiological layers: the epithelium, stroma, and
endothelium. Separating these layers are two membranes: Bowman’s layer (BL) and Descemet’s
membrane (DM).[20] The epithelium provides a similar function as elsewhere in the body — it
acts as an active barrier to external biological and chemical agents, as well as maintaining the
smooth geometry on the anterior surface of the eye. The epithelium is composed of 56 layers of
columnar cells derived from the epidermal ectoderm.[21] Mature epithelial cells form highly
lipophilic tight junction, which restrict hydrophilic drug entry into ocular tissues.[22] BL
separates the epithelium from the stroma, and consists of randomly arranged collagen fibres and
proteoglycan types | and I11. The stroma constitutes about 90% of the thickness of the cornea and
is an innervated tissue comprised of 300-500 aligned collagen lamellae superimposed one on
another in orthogonal orientations. Each layer is 1-2 um in thickness with uniform spacing
between them. It is this unique highly organized placement of collagen lamellae which is
responsible for optical transparency.[23] While the lipophilic epithelium may be permeable to
hydrophobic drug, the stroma certainly is not. In this way, with alternating hydrophobic and
hydrophilic barriers, the chemistry of a therapeutic becomes almost irrelevant — the cornea can
stop nearly anything from penetrating deeper into ocular tissues. The molecular components of
the stromal matrix are secreted by keratocytes which are scattered in between these layers
throughout the stroma. The stroma provides structural strength, shape, stability, and transparency
to the cornea.[24] Separating the corneal endothelium from the stroma is DM, a highly elastic

apparently structureless membrane that covers the inner surface of the stroma and is composed of



type VIII collagen.[25] Derived from the cranial neural crest,[26] the endothelium is a
monolayer of hexagonal cells organized in a tessellated mosaic on covering the posterior surface
of Descemet’s membrane. They uniformly cover the whole posterior corneal surface, and at its
periphery reach the trabecular meshwork (TM) in the angle between the cornea and iris root.[27]
Adjacent cells communicate through gap junctions and tight junctions, whereas the basal surface
is adhered to Descemet’s membrane by hemidesmosomes.[28] Tight junction protein ZO-1
forming supramolecular assemblies are found close to the apical domains of endothelial cells,
allowing the endothelium to function as a barrier, forming resistance to the permeability of
solutes and fluid through paracellular transport routes.[29] The endothelial layer also generates
osmotic pressure through ion transport mechanisms that counterbalances a continuous leak of
fluid into the corneal stroma. This movement is faciliated by integral proteins in the cellular
membrane, the aquaporins (AQP), which function as water selective channels.[30] This
continuous efflux of water across the endothelial cells into the aqueous is another mechanism by
which diffusing drug might be removed.[31] Transmembrane efflux pumps are expressed
throughout the cornea, but in particularly high abundance on its endothelium. Transport studies
conducted across the human and rabbit cornea demonstrated active involvement of drug efflux

pumps at the cell surface that restricts drug diffusion into ocular tissues.[32, 33]

1.4 Strategies to overcome anterior barriers

1.4.1 Prodrugs

Prodrugs are modified drug molecules designed to be therapeutically inactive until enzymatic or

chemical bioreversion into an active form.[34] These derivatives are typically synthesized via



ester, amide, or other enzymatically cleavable linkages providing the link between a drug and
promoiety.[35] Among the ocular tissues, the highest esterase activity has been found in the iris-
ciliary body followed by the cornea and aqueous humor, while the highest aminopeptidase
activity has been reported in lipophilic corneal epithelium and the iris-ciliary body followed by
the conjunctiva and the hydrophilic corneal stroma.[36] Lipophilic ester and transporter-targeted
prodrug approaches are by far the most popular. For example, timolol, a common anti-
hypertensive medication used to treat glaucoma, was found to have significant cardiac and
respiratory off target side effects due to systemic exposure from eyedrops. By creating a
lipophilic prodrug version using acetyl-, propionyl-, and butyryl- esters, timolol exhibited a 2 to
3-fold increase in corneal permeability and a 4 to 6-fold higher concentration in the aqueous
humour. This increase in bioavailability warranted a reduction in dosage and concomitant
reduction in side effects.[37] Recent prodrug research tends to be more focused on transporter
targeted moieties which take advantage of intramembrane peptide transporter assemblies within
the corneal epithelium.[38] For example, a series of dipeptide ester prodrugs modifying acyclovir
(ACV) and ganciclovir (GCV) were created to improve the clinical efficacy of these antiviral
drugs at fighting common eye infections such as herpes simplex. Prodrugs like valine-valine-
acyclovir, glycine-valine-acyclovir, tyrosine-valine-acyclovir, valine-tyrosine-acyclovir,
tyrosine-valine-ganciclovir, and valine-valine-ganciclovir all demonstrated enhanced
transcorneal permeability, achieving a higher ocular bioavailability.[39] These prodrugs
exhibited a higher antiviral efficacy while demonstrating less cytotoxicity.[40] Prodrugs have
been, and remain, a popular and reasonably effective method of improving drug penetration

through ocular barriers, improving tissue specificity, and increasing therapeutic bioavailability.



1.4.2 Poloxamers

Triblock copolymers possessing an A-B-A configuration of poly(ethylene oxide) poly(propylene
oxide)-poly(ethylene oxide) (PEO-PPO-PEO), referred to as poloxamers or by their trade name
Pluronics, are a family of materials which, due to their amphiphilic structures, can significantly
improve drug solubility and enhance the viscosity of topical formulations.[41] Poloxamer 407, a
copolymer with 101 unit PEO repeats sandwiching 56 units of PPO has been shown to enhance
the delivery of the nonsteroidal anti-inflammatory drug (NSAID) indomethacin.[42] In addition
to a nearly 3-fold increase in indomethacin levels in the agueous humour, anti-inflammatory
studies performed on an immunogenic uveitis model demonstrated a more rapid resolution of the
symptoms. Furthermore, most poloxamers are thermosensitive, a topic which will be discussed
in greater detail. Briefly, by heating properly formulated poloxamers above a lower critical
solution temperature (LCST) they undergo a solution to gel transition, greatly increasing in
viscosity. By applying a thermosensitive poloxamer to the surface of the eye, the gelation
prevents rapid clearance and increases bioavailability. In vivo efficacy studies in rabbits have
demonstrated the viability of this approach, showing a significant increase in the clinical efficacy

and concentration of several drugs.[43, 44]

1.4.3 Cyclodextrins

Cyclodextrins are a group of toroidal naturally occurring cyclic oligosaccharides that are
produced as a result of the bacterial breakdown of a-d-glucose polymers, such as cellulose. They
can form water-soluble complexes with lipophilic drugs, which 'hide" in the central cavity.

Cyclodextrins thus act as carriers by keeping hydrophobic drug molecules in solution and
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delivering them to a membrane surface where they escape from the cyclodextrin cavity into the
lipophilic membrane. Cyclodextrins have been used successfully to enhance the ocular delivery
of glaucoma drugs (ie carbonic anhydrase inhibitors, prostaglandin, pilocarpine),[45-47]

NSAIDs (ie indomethacin),[48] and antifungal drugs (ie voriconazole).[49]

1.4.4 Polymeric nanoparticles

This category is perhaps too varied to be described under a single subheading. Nevertheless, a
brief overview of polymer based nanoparticle delivery system will be provided. In general, drug
and particle can interact through adsorption, entrapment, encapsulation, or conjugation. The
enormous library of potential chemistries, sizes, and properties of polymers can provide
enhancement to less sophisticated alternatives, like liposomes, which can cause irritation and
toxicity.[50] Drug/polymer assemblies can provide controlled release through tuneable diffusion
across a membrane, dissolution, or physical erosion of the polymer carrier. By masking
hydrophobic drugs, nanoparticles can improve solubility while protecting against chemical or
enzymatic attack.[51] Common, FDA approved polyesters such has poly(lactic-co-glycolic acid)
(PLGA) or polycaprolactone (PCL) have been used extensively to encapsulate highly
hydrophobic drugs often applied topically to the eye. NSAIDs are a common class of anti-
inflammatory drugs where poor solubility, hydrophobicity, and generally low bioavailability
limit their usefulness in the eye. By packaging them in PLGA nanoparticles, NSAIDS can see
significantly enhanced corneal transport and clinical efficacy.[52] Natural polymers can be used

11



as well. Cyclosporine A (CycA)-loaded chitosan nanoparticles were successful in selectively
increasing CycA levels in the cornea by a factor of 2 and in the conjunctiva by a factor of 4 when
compared with a simple aqueous suspension.[53] Using polymeric systems to specifically target
cell binding ligands can be a highly effective approach. Hyaluronic acid (HA) is a
glycosaminoglycan which binds to CD44, a cell-surface glycoprotein overexpressed in most
ocular tissues, including the cornea.[54] By incorporating HA into nanoparticle systems, CD44-
mediated active transport through the corneal epithelium and endothelium can greatly enhance

drug transport across the cornea.[55]

1.4.5 Micelles

Micelles consist of amphiphilic compounds that generally self-assemble in aqueous media to
form organized supramolecular structures. Micelles are formed in various size (10nm to
1000nm) and shapes (spherical, cylindrical and star-shaped, etc.) depending on the molecular
weights of the core and corona forming blocks.[56] The self-assembly take place above certain
concentration, referred to as critical micelle concentration (CMC). The driving force of the self-
assembly and maintenance of supramolecular assembly is hydrophobic interactions of core
forming blocks for typical micellar structures. The corona-forming block is water soluble and
renders micelles soluble in the aqueous phase. Leveraging the hydrophobic core, micelles have
been utilized to enhance the water solubility of hydrophobic molecules.[57] Micelles can be
formed using a variety of starting materials. Polymeric micelles employ block copolymers with
distinct hydrophobic and hydrophilic regions.[58] Surfactant micelles can be formed by

molecules possessing a hydrophilic head and hydrophobic tail.[59] For the delivery of charged
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macrostructures like nucleotides or peptides, polyion complex micelles have been widely
investigated. This special class of micelles are formed by electrostatic interactions between
polyion copolymers, comprised of a neutral segment and an ionic segment, and an oppositely
charged ionic species which is typically the therapeutic in drug delivery applications.[60]
Micelles are perhaps the most commonly employed approach to formulate drug into a clear,
aqueous solution for ophthalmic application. For example, methoxy poly(ethylene glycol)-
hexylsubstituted poly(lactide) diblock copolymers were employed to encapsulate and deliver
CycA. Results from in vitro and in vivo studies showed that the formulation was transparent,

highly stable, biocompatible, and significantly improved clinical efficacy.[61]

1.4.6 Nanoemulsions

Nanoemulsions offer several advantages in ocular drug delivery, including the ability to
solubilise both hydrophilic and hydrophobic therapeutics, excellent stability, and viscous,
spreadable mechanical properties.[62] Furthermore, surfactants used to stabilise emulsions can
also act as penetration enhancers, thereby improving drug permeability across ocular tissues.[63]
Until the recent release of Shire’s Xiidra, Allergan’s Restasis was the only FDA approved
treatment for dry eye disease. Restasis is composed of 0.5% CycA held in an emulsion of
carbomer copolymer type A, a proprietary pentaerythritol allyl, castor oil, and the surfactant
polysorbate 80. The regulatory approval enjoyed by Restasis is testament to the impact of

emulsion drug delivery strategies.[64]

1.4.7 Cubosomes
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Some amphiphilic lipids can self-assemble to form curved bicontinuous liquid crystalline
materials in agueous media. These honeycombed structures have gained considerable attention
since they impart unique properties of practical interest.[65] Like an emulsion, cubosomes, being
dispersions of an inverted type bicontinuous cubic phase, separate two continuous aqueous
regions with a lipid bilayer have the ability to dissolve therapeutics of varying polar
characteristics. The drug release from cubosomes has shown enhancement in bioavailability by
solubilisation of poorly water soluble drugs, decrease in adverse effects, enhancement of
intracellular penetration, protection against degradation, and sustained drug release.[66] In the
ophthalmic space, cubosomes are a small but growing area of interest. Flurbiprofen (FB) was
loaded into cubosomes prepared using hot and high-pressure homogenization. In this study, FB
was able to permeate the cornea at nearly 3 times the concentration, providing significantly

greater clinical effect than FB in phosphate buffered saline.[67]

1.4.8 Mucoadhesives

The most pressing issue with conventional topical drug delivery to the eye is the short residence
time on the ocular surface preventing penetration to target tissues. One method to alleviate this
deficiency is to use materials that interact with ocular mucin. This essentially traps drug on the
ocular surface to increase the bioavailability of the drug and reduce losses due to lacrimal

drainage.

There are many natural and synthetic materials that have been found to be mucoadhesive in some
capacity. Categorically, the groups responsible for adhesion to mucin are non-ionic, anionic,

14



cationic, thiol, and phenylboronic acid polymers. Non-ionic polymers such as methyl cellulose,
hydroxypropyl cellulose, and hyaluronic acid typically form the weakest bonds with mucin,
although hyaluronic acid in particular can also bind to CD44 which is also prevalent on the
ocular surface.[68] Anionic polymers such as poly(acrylic acid), poly(methacrylic acid),
carboxymethyl cellulose, and alginate use carboxyl groups to form hydrogen bonds with
mucins.[69] Cationic polymers can interact electrostatically with negatively charged sialic acid
residues common in mucin molecules.[70] Thiomers are able to form disulphide bonds with
cysteine residues in mucin, creating a very long lasting and stable connection.[71] Phenylboronic
acid (PBA\) is a relatively new class of synthetic mucoadhesive polymers which can form
complexes with 1,2-cis-diols.[72] Modifying or creating a drug delivery vehicle to contain
mucoadhesive groups can greatly increase bioavailability of its cargo. In one example, CycA
encapsulated in a PBA modified micelle resulted in a 14-fold reduction in the amount of drug

applied to the ocular surface to achieve the same clinical effect.[73]

1.4.9 Mucin penetrating particles (MPPs)

MPPs take the opposite approach to mucoadhesion and view mucus as a barrier which must be
crossed to improve penetration into other ocular tissues. As the bulk viscosity of human mucus is
typically 10° to 10* times higher than water, it was long assumed that diffusion through mucus at
rates faster than mucociliary clearance was impossible.[74] However, a series of studies have
firmly established that particulates are capable of diffusing through low viscosity pores within
the highly elastic mucin fiber matrix at rates similar to water.[75] The strategy, therefore, when

creating MPPs is to minimize interaction with mucins through sufficient hydrophilicity and
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electrostatic neutrality.[76] Coating nanoparticles with low molecular weight PEG is by far the
most widely studied mucus penetrating strategy.[77] Another, more direct approach involves the
inclusion of mycolytic agents. No penetration approach is perfect, and the ‘stickiness’ and steric
hindrance imposed by mucin networks will always have some effect. For example, recombinant
human DNase (rhDNase) can hydrolyze DNA that forms dense entanglements with mucin
glycoproteins and other mucus constituents, thus destroying crosslinks and reducing
viscoelasticity.[78] N-acetyl-I-cysteine (NAC) is another common mucolytic which can
substitute free thiol groups for the disulfide bonds connecting mucin proteins.[79] Polystyrene
nanoparticles with a high density of low molecular weight (2kDa) PEG grafted to the surface

improve transit through mucosa by up to 3 orders of magnitude in the eye.[80]

1.4.10 Rings and lenses

All the strategies listed above assume a drug formation delivered via drop. Given the widespread
appeal of contact lenses, there has been a concerted effort to create a more reliable drug releasing
device from on-eye lenses and rings. In general, lens-based drug delivery devices can be
categorised as corneal lenses — the same type of lens as conventional contact lenses, hybrid
scleral/corneal lenses, or scleral rings depending on where they sit on the ocular surface. Corneal
delivery devices have the potential for excellent patient compliance if they serve a dual purpose
by providing vision correction. There has been a great deal of interest devoted to converting
conventional contact lenses into drug releasing depots. Perhaps the most sophisticated approach

involves the use of molecular imprinting to create drug-specific cavities for enhanced
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delivery.[81] This technique has been employed using a variety of lens materials, including
hydrogel[82] and as silicone hydrogel lenses.[83] In both cases, molecular imprinting can greatly
enhance drug loading, and allow much more control over release rate. Corneal/scleral lenses and
scleral rings are dedicated drug delivery devices, and have no overlap with refractive correction.
As scleral rings do not cover the cornea at all, they come with no possibility of disrupting vision,
and can circumvent some of the discomfort many lens users experience when contact is made
with the sensitive cornea.[84] While controlled release lens-based devices are an interesting and
growing field which may find a natural user base in existing contact lens wearers, they are
certainly more invasive and involved than a simple drop. It is unclear if their greater

pharmacokinetic properties will counteract their inconvenience.

1.5 Retina

The retina, like many other central nervous system structures, contains a huge diversity of
neuronal types. Mammalian retinas contain approximately 55 distinct cell types, each with a
different function.[85] The retina is organized into three layers of cell bodies referred to as the
outer nuclear layer (ONL), inner nuclear layer (INL) and the ganglion cell layer (GCL) which are
separated by two layers of neuropil — the outer plexiform layer (OPL) and the inner plexiform
layer (IPL). Retinal neurons comprise sensory photoreceptive cells (rods and cones),
interneurons (horizontal cells, bipolar cells and amacrine cells) and output neurons (retinal
ganglion cells (RGCs). There are many subtypes of each type of neuron that vary not only in

terms of their function and morphology, but also in their frequencies. Each cell type is
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distributed such that the entire retina has the full complement of cell types, and each subtype is
evenly tiled across the retina.[86] Underpinning this extremely complex and metabolically
demanding tissue is the retinal pigment epithelium (RPE), a pigmented monolayer of cells
arranged into a hexagonal, cobblestone-like mosaic anchored to Bruch’s membrane. The
vascular choriocapillaris, located on the other side of Bruch’s membrane, supplies the retinal
blood supply.[87] There are a huge variety of pathologies affecting the retina and associated
neural circuitry which are currently controlled with frequent intraocular injections. In an effort to
improve treatment efficacy, a number of alternative drug delivery platforms have innovated on

the status quo, and will be discussed below.

1.6 Posterior segment strategies

Before delving into posterior segment treatment strategies, it should be noted that all of the
approaches listed above, which aim to increase ocular permeation and bioavailability, also apply
to the back of the eye. Indeed, many drugs aimed at posterior conditions — glaucoma medications
for example — are typically delivered via eyedrop. However, due to the poor penetration to the
posterior segment, despite the most exotic innovations, some treatments require a more direct
approach. Typically, this is accomplished via direct injection into the vitreous, which, while
highly effective, is associated with significant risk, including retinal detachment, haemorrhage,
injection, cataract formation, and patient discomfort.[88] Furthermore, due to clearance from the
eye and the relatively short half-life of drug in vivo, scheduled injections are needed, often
monthly.[89] Novel drug delivery paradigms which can minimise injection frequency or forgo an

injection altogether represent a revolutionary innovation in ophthalmics.
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1.6.1 Implantable controlled release devices

Perhaps the most obvious solution to intravitreal drug delivery involves the use of an implanted
scaffold within the vitreal chamber. The scope of this enterprise is enormous, with many
intravitreal implants already in use. Some devices, such SurModics’ iconic I-vation implantable
drug delivery system is anchored to the outer wall of the eye. The I-vation device is shape like a
helical screw, which gives it a large surface area from which to elute drug, but also allows it to
self-fasten through the sclera without the use of sutures. It is made of a nonferrous metal alloy
covered in a proprietary copolymeric coating, and can deliver a variety of relevant therapeutics
for up to 2 years.[90] While the I-vation is firmly secured away from the visual axis, other
implanted devices are left to float free. The Posurdex system (now Ozurdex), which takes it
name from its role delivering dexamethasone to the posterior segment, is a bioresorbable
copolymer of lactic acid and glycolic acid impregnated with the corticosteroid dexamethasone.
The device is smaller than a grain of rice, and can release therapeutic quantities of
dexamethasone for up to 6 months following placement.[91] A similar but non-degrading device
called lluvien is able to release a continuous, appropriate dose of the corticosteroid fluocinolone
acetonide for over 36 months. However, as this device is non-degrading, they stay in the eye for
as long as the patient lives, and in some cases can cause serious problems as a result.[92]
Generally speaking, all implantable devices work in the same way, with differences in geometry,
method of insertion, and degradability. While there are certainly advantages and disadvantages to
the various approaches, it is still to early to predict how these devices will compare. For a
complete review of implanted intravitreal drug releasing devices, see the review by Barar et
al.[93]

19



1.6.2 Particles

Encasing pharmaceuticals in polymeric particles of various design can control and prolong
release as well as protect them from the degradative environment found inside living things.
Micro- or nanoparticles are typically small enough not to significantly interfere with vision even
when suspended in the vitreous (although cloudiness is not uncommon), and can provide
sustained release for weeks or even months.[94] Microspheres have been examined for
intravitreal administration by a number of groups with some success.[95] The size of these
particles seems to be their most critical parameter — particularly in the eye where inflammation
of any kind can be catastrophic. Microparticles larger than 10um, cannot be ingested by
phagocytic cells, which can lead a damaging immune response. Conversely, particles smaller
than 5um may undergo phagocytosis, leading to rapid degradation and a concomitant increase in
drug release, resulting in a shorter than desired treatment.[96] Likewise, nanoparticles have seen
some success in this space. Triamcinolone acetonide formulated in PLGA nanoparticles was able
to achieve a similar clinical effect with a much more lenient dosing schedule than drug alone in a
rabbit model of uveitis.[97] However, the potential immune interactions and off target effects of
nanotechnology are even more contentious than with larger microparticles; there are currently no

commercial formulations using these modalities.[98]

1.6.3 lontophoresis

lontophoresis is a non-invasive technology that increases the permeability of ocular barriers to
ionized drugs using electric current. Using this approach, no injection is required to force large
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amounts of drug into the posterior segment. However, as only a therapeutic is transported, the
problem of clearance and frequent redosing remains. lontophoresis devices are currently

undergoing clinical trials for a variety of indications with some success.[99]

1.6.4 In situ gelling systems

Polymers which can form gels after injection are an extremely attractive solution to intravitreal
drug delivery. Unlike the fixed-dose, rigid polymeric systems described earlier, in situ forming
gels can be mixed with drug and injected, creating drug releasing scaffolds of at arbitrary sizes,
and release rates. The use of intelligent materials that undergo a stimuli-induced phase transition
from liquid to gel thus offer an extremely flexible and elegant solution to posterior segment
therapeutics while staying within a minimally invasive envelope. There are numerous strategies
used to form gels, including changes in light, pH, temperature, or the interaction of previously
separate reactive groups. In the Sheardown lab, we are interested in the potential use of thermally
gelling biomaterials based on PNIPAAm, for minimally invasive posterior segment drug
delivery.[100] Thermosensitive hydrogels offer several unique advantages in this space, which
will be discussed in further detail in the following section. Other forms of stimuli responsive
materials have been used successfully in the back of the eye. PEG-anthracene grafted hyaluronan
hydrogels can crosslink or decrosslink in response to specific frequencies of light. These
hyaluronic acid photogels can be stimulated to both release drug when needed and stop drug
release when symptoms are under control, all with non-invasive UV exposure.[101]
Hydrophobic phase separation was used to create an injectable hydrogel system based on PEG

and a vitamin E (Ve) methacrylate copolymer for posterior segment therapeutics. The hydrogel
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forms immediately in an aqueous environment, driven by aqueous induced polymer chain
rearrangement and phase separation, which is a spontaneous process with water uptake. The
hydrogels can be customized to give the desired water content, mechanical strength, and drug
release kinetics simply by formulating the PEG-coVe polymer with an appropriate solvent
mixture or by varying the molecular weight of the polymer.[102] Poly(ethylene glycol)
methacrylate (PEGMA) materials are an intriguing category of in situ gelling system which rely
on a specialized injection device which keeps two reactive components separate until mixing
them just before injection. In one example, PEGMA precursor materials modified with either
alkyne or azide were designed to be injected through a double barrel syringe with a mixing head.
After injection, the ‘click chemistry’ reaction between the reactive groups would crosslink the

gel in situ, trapping therapeutic inside.[103]

1.6.5 Micro-Electromechanical Devices

While still considered futuristic by clinicians, micro-electromechanical (MEMS) drug delivering
systems may soon be incorporated into mainstream ocular drug delivery. If shrunk to an
appropriately small form factor, MEMS can rest on the surface of the eye and deliver drugs
through a canula or microneedle array.[104] Drug release profiles from MEMS devices are
actively managed and thus are not governed by diffusion like all previous examples. Moreover,
externally accessible, refillable reservoirs allow administration of subsequent doses without the
need for surgical intervention. One such device designed for intravitreal drug delivery uses
inexpensive glass capillary microneedles embedded in a flexible Polydimethylsiloxane matrix

and a remotely controllable electroosmotic pump.[105]
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1.7 Thermosensitive hydrogels

The biological application of hydrogels began with the use of poly(2-hydroxyethyl methacrylate)
(PHEMA) as a soft contact lens material in the early 1960s. Recently, hydrogels have gained
enormous traction as useful and versatile biomaterials. In general, hydrogels are considered to be
cross-linked 3-D networks containing covalent bonds, physical cross-links, hydrogen bonds,
strong van der Waals interactions, and crystallite associations. These various interactions can
ultimately lead to a very interesting effect: hydrogels can often self-structure with changes in
temperature. This temperature sensitivity can be divided into two broad categories: those that
phase separate from solution upon heating and those that phase separate upon cooling. The first
display a lower critical solution temperature (LCST) in their phase diagram, the latter an upper
critical solution temperature (UCST). Both types of systems possess an interesting potential for
use in biomedical applications due to their ability to respond to their environment. The
motivation behind research in this field is the development of appropriately named ‘smart’

materials that exploit this kind of responsivity.

While many common biomaterials leverage their UCST — gelatin or agarose for example — these
types of materials have not found a biomedical niche the way LSCT materials have.[106] LCST
materials are homogeneous at low temperatures, but when heated, aggregation of hydrophobic

groups induces phase separation and hydrogel formation.[107]

1.8 Natural polymers

1.8.1 Chitosan materials
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Chitosan is a polysaccharide made from chitin, the monomeric element found in the exoskeletons
of arthropods. When discussing naturally derived polymers, the aggregate biomass of chitin on
earth is second only to cellulose.[108] Chitosan alone is not thermosensitive, but can be made so
through the addition of glycerophosphate (GP)[109] At elevated temperatures, GP forms strong
hydrogen bonds with chitosan, which leads to gel formation through a variety of interactions,
including (1) electrostatic attractions between chitosan ammonium groups and the GP phosphate
group, (2) hydrogen bonds between chitosan chains, due to the decreased electrostatic repulsion
after neutralization of the ammonium groups by GP, and (3)chitosan-chitosan hydrophobic
interactions.[110] This chitosan-GP hydrogel system has an unusually long gelation time
(approximately 10 minutes), and is not ideal for applications requiring instantaneous gelation or
where a faster gelation is needed. To expedite this process, a derivative of chitosan, chitosan
chloride, can be used. Its improved solubility facilitates a gelation time of less than one
minute.[111] Gels of this type have been used to encapsulate mesenchymal stem cells (MSCs)
for delivery into acute injured kidney. Results show that these hydrogels improve the retention
and survival of grafted MSCs, as well as enhance the proliferation activity and reduce apoptosis
of host renal cells. Significant improvement of the renal function, microvessel density and
tubular cell proliferation were observed after treatment, indicating enormous potential as a cell
carrier for treatment of acute kidney injuries[112] Thermosensitive chitosan derivatives have
seen particular utility as a cell delivery scaffold for cartilage tissue engineering. Chondrocytes,
the cells responsible for producing and maintaining cartilaginous matrices, benefit an enormous
amount from the anchorage provided by chitosan delivery vehicles.[113, 114] Release kinetics
from chitosan scaffolds indicate a relatively rapid ejection of both protein and low molecular

weight drugs — complete release occurs within a few hours. [115] This significantly impedes

24



adoption of chitosan based drug delivery scaffolds when sustained therapeutic release is desired.
Exotic solutions, such as the encapsulation of a drug-loaded liposome within a chitosan-GP

matrix can greatly enhance retention time.[116] Potential toxicity is another concern of chitosan
based drug delivery systems. In vivo experimentation shows significant adverse inflammation in

response to these materials, which may limit their utility.[117]

1.8.2 Cellulose materials

The structural unit in plant cell walls, cellulose is the most abundant naturally derived polymer in
the world. It is a linear polymer with b-(1,4)-D-glucose as the repeating monomeric unit.[118]
While not in itself thermosensitive, several cellulose derivatives such as such as methylcellulose
(MC) and hydroxypropylmethylcellulose (HPMC) have an established biomedical precedent and
FDA approval. .[118] . At low temperatures, these polymers exist in a fully hydrated state with
minimal intramolecular interaction. When heated, interactions between the methoxy groups
result in gradual dehydration and ultimately gel formation.[119] While the LCST values of MC
and HPMC are physiologically irrelevant (45°C and 80°C respectively), gelation temperature can
be lowered both chemically and physically.[110] The addition of NaCl or a reduction of
hydoxypropyl content has been shown to result in physiologically useful LCSTs. Physically
blending cellulose based hydrogels with other materials can also improve their properties.
Blending hyaluronan and MC (HAMC), for example, has demonstrated rapid thermoreversible in
situ gelation, degradability and good in vivo tolerance. This combination has been used to
encapsulate and locally deliver both drugs and cells to fragile tissues requiring a minimally

invasive approach, such as the spine[120] and retina.[121]
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1.8.3 Xyloglocan materials

Xyloglucan, a hemicelluloses, has also been used as a thermosensitive gel. In its native form, the
xyloglucan polysaccharides do not form a gel. However, when some of the galactose residues
have been removed, xyloglucan exhibits temperature responsive behavior.[122] Upon heating,
xyloglucan aqueous solutions gel in two distinct stages. In the first, thin membranes form within
the hydrogel extremely rapidly. In the second, a three-dimensional network of thin membranes
form, resulting in a dramatic increase in the modulus, which is tunable based on
concentration.[123] Xyloglucan has been studied in a variety of biomedical contexts —
particularly as a drug delivery scaffold.[124] Xyloglucan materials have been used to aid in
axonal regrowth, which is an essential part of recovery from brain injury. To encourage axonal
sprouting, scaffolds can be used to support axon extension and provide an artificial cellular
microenvironment for neurones.[125] Thermally gelling xyloglucan, particularly when grafted
with poly-D-lysine (PDL), maintains and supports the differentiation of cortical neurones and

neural stem cells, and enhances the regenerative capacity of the brain.[126]

1.8.4 Elastin-like polypeptides

Elastin-like polypeptides (ELPSs) are synthetic elastin-inspired polymers with a pentapeptide

amino acid repeat structure, Val-Pro-Gly-Xaa-Gly, where the Xaa residue can be any natural
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amino acid except proline.[127] Above an LCST, ELPs form a gel through coacervative
aggregation, the properties of which can be manipulated through concentration, temperature,
molecular weight, and salt content.[128] ELPs are interesting biomaterial candidates as they
degrade into simple amino acid residues. Further, the Xaa residue gives the system enormous
tunability, allowing not only variable amino acid sequences, but functionalization with other
elements.[129] Using transgenic producers such as E.coli, the dispersity and composition of
ELPs can be precisely tailored to a variety of tasks.[130] Furthermore, ELPs can be easily
purified as a result of their thermogelling behavior.[131] ELPs have been used in several
different capacities as drug delivery vehicles for tumors. In one strategy, tumor tissues were
passively targeted by employing drug-conjugated ELPs which accumulate within permeable
tumor tissues following systemic delivery.[132] In another approach, ELP-drug conjugates were
engineered to gel between 37 and 42°C were immobilized in target tissues with externally locally
applied heat.[133] Direct injection has also proven successful; gelation within tumorous tissues
driven by physiological heat was able to produce a sustained release depot directly within the

tumor.[134]

1.9 Synthetic polymers

1.9.1 Poly(ethylene oxide)(PEO) materials

Triblock polyethers with a PEO-PPO-PEO configuration, known as Pluronics or Poloxamers are
a well studied group of thermosensitive biomaterials. Using a range of monomeric molecular
weights and block lengths, these copolymers can be engineered to phase transition from a liquid

to gel across a range of temperature and pH conditions.[135] The combination of hydrophilic
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ethylene oxide and hydrophobic propylene oxide units creates an amphiphilic molecule that can
self-associate into micelles above an LCST. As the temperature of the system increases, the PPO
chains become less soluble, and intramolecular hydrophobic interaction governs gel
formation.[136] Pluronic micelles typically possess a diameter ranging from 10 to 100 nm and
consist of a hydrophobic PPO-rich core and a hydrated, hydrophilic PEO-rich shell.[88] Pluronic
hydrogels have a fast dissolution rate, which makes long term delivery of therapeutic agents a
challenge. However, they are easily modified due to terminating hydroxyl groups, allowing
facile functionalization for a variety of applications. For example incorporating crosslinkable
groups can greatly improve stability.[137] Polyethers cannot be degraded easily in vitro or in
vivo, rendering Pluronic hydrogels non-degradable. This limits their applicability where

degradable materials are required.

PEO based polyester hydrogels are a different class of materials with comparatively improved
mechanical properties and which readily biodegrade. Polyesters such as polylactide (PLA),[138]
poly(lactide-co-glycolide)(PLGA),[139] polyglycolide(PGA)[140] and polycaprolactone
(PCL)[141] have been copolymerized to PEO to impart thermoresponsiveness. PEO containing
copolymers have attracted significant interest, and have been used in a variety of tissues for
many different reasons.[142] While generally well tolerated immunologically, degradation
products of these polyesters, such as PLA, PLGA, and PCL are invariably acidic, which can
significantly alter the pH of a tissue microenvironment, as well as having the potential to

provoke a severe inflammatory response.[143]

1.9.2 Polyacrylamide derivatives
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Many n-substituted polyacrylamides are thermosensitive. Polymers such as poly(N,N-
dimethylacrylamide),[144]poly(N-vinyl caprolactam)[145] and poly(N-(2-
hydroxypropyl)methacrylamide lactate)[146], for example, all undergo a reversible phase
transitions in response to elevating temperature. Poly(N -isopropylacrylamide)(PNIPAAmM) is by
far the most studied temperature sensitive polyacrylamide. Due to increasing hydrophobic
interaction between the n-substituted groups, it undergoes a rapid gelation when heated above its
physiologically relevant LCST of approximately 32°C. Unmodified, PNIPAAmM lacks relevant
properties for most conceivable biomedical applications. A variety of chemical modifications
have therefore been attempted to satisfy its many potential uses. One of the major limitations of
PNIPAAm is that it is nondegradable. Degradable materials facilitate their elimination following
the completion of their task without the potential of secondary surgical removal or infinite
residence times. Ultimately, it is desirable to preserve the thermal phase transition properties of
PNIPAAmM, while promoting eventual degradation and clearance from the body following a
therapeutic effect. Direct degradation of the PNIPAAmM molecule is typically undesirable, as
NIPAAm in its monomeric form is highly toxic, acting as a neurotoxin and having the potential
to cause birth defects.[147] A common strategy to accomplish this goal involves the
introduction of a hydrophobic group which participates in the gelation of the polymer, but which
are themselves hydrolytically labile. For example, NIPAAm-based polymers were synthesized
with 2-hydroxyethyl methacrylate-monolactate (HEMA-monolactate) groups. As the
hydrolytically labile lactate ester side groups were cleaved, the hydrophilicity of the copolymer
increased, raising the LCST. If the LCST is raised above body temperature, the thermoreversible
NIPAAmM-based copolymers revert back into liquid state, allowing clearance from the body with

no low molecular weight by-products.[148] Similar clearance mechanisms were imparted
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through crosslinking of degradable poly(amino acids) or copolymerization with dimethyl-

[gamma]-butyrolactone acrylate (DBA).[149]

1.9.3 Polyphosphazenes

Polyphosphazenes are emerging candidates as thermosensitive biomaterials. They are hybrid
organic-inorganic polymers with alternating nitrogen and phosphorus atoms joined by alternating
single and double bonds.[150] Polyphosphazenes are extremely versatile; attached to every
phosphorous group are two organic groups which can be modified to impart various
functionalities - including thermosensitivity. Polyphosphazene-based hydrogels have good
biocompatibility and their degradation products - ammonia, phosphate and ethanol - are non-
toxic.[151] Their fast in situ gelation, coupled with highly tunable degradation kinetics and in

vivo biocompatibility make polyphosphazenes intriguing materials.

1.10 Architecture

A critical factor when designing in situ forming hydrogel scaffolds is the type of polymeric
architecture that will be most suitable for the intended application. Besides simple bulk gels,
polymeric interactions can result in interpenetrating networks (IPNs), micelles, polymersomes,
and films. Hydrogel architecture can be divided into two general categories: physical and
chemical. Physical gels result from the entanglement of polymer chains or the spontaneous
ordering of micelles, whereas crosslinked gels are covalently bound.[152] The thermoresponsive

characteristics of these categories are different as well; crosslinked networks will swell or
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deswell in response to temperature, while physically linked gels undergo a sol-gel phase
transition. Covalently linked networks are often formed prior to implantation, but can also be

formed in situ via a two-part system where ingredients mix during implantation.

IPNs consist of two or more polymer networks that are bound through physical entanglement in
such a way that the networks can only be separated through bond breakage. IPNs are intriguing
materials due to the ability of each component of these networks to offer an independent set of
properties. Synergistic or otherwise complementary functionality across these different members
can produce effects greater than the sum of their parts. a powerful tool for drug delivery as each
polymer in the network can introduce specific properties, such as temperature-sensitivity, and
new properties can arise from the interaction of the various polymers within the network.
Furthermore, aggregate properties can often be tuned by simply altering the polymer ratio,
without the need for complex chemistry. IPNs have extensive precedent in drug and cell
delivery. As another example, a chitosan—PNIPAM interpenetrating network was able to
significantly increase loading capacity of the NSAID diclofenac compared to a pure PNIPAM
hydrogel while maintaining thermosensitivity necessary to regulate the release kinetics.[153]
Furthermore, a tissue engineering study found collagen—hyaluronic acid IPNs were able to more

acutely mimic extracellular matrix than either component alone.[154]

As discussed earlier, amphiphilic block copolymers can spontaneously assemble into micelles
with a hydrophilic corona and a hydrophobic core. Therefore, they are particularly useful at
masking and solubilising hydrophobic drugs. Micelles have found particular use as component of
chemotherapy, where they provide hydrophobic cancer drugs with the solubility needed to access
the blood stream.[155] As tumour vasculature is typically malformed and leaky, micelles loaded

with drug tend to accumulate there. Building thermoresponsivity into micelles has the potential
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to improve clinical efficacy in tissue microenvironments with different temperature profiles. For
example, PNIPAAm based thermoresponsive micelles have been created which alter their drug

release Kinetics as a result of temperature-driven deformation.[156]

Similar to micelles, polymersomes are another class of self-assembling particles made up of
amphiphilic components. Polymersomes have both a hydrophilic corona and core, with a
hydrophobic sphere sandwiched between them. Unlike a micelle, polymersomes allow the
encapsulation of both hydrophilic and hydrophobic therapeutics within its multi-layered interior.
Further, polymersome geometry provides rate controlling surfaces for both hydrophilic and
hydrophobic cargo, facilitating controlled release; hydrophilic drugs stored in the core will need
to diffuse through a hydrophobic layer, and drugs in the hydrophobic layer will need to penetrate
the hydrophilic corona.[157] PNIPAAmM containing polymersomes have been used in exotic
temperature sensitive drug delivery. For example, the chemotherapeutic drug doxorubicin was
packaged into PEG-PNIPAAmM polymersomes that could trap it when heated above their LCST,
but would disassemble upon cooling. These particles, after being deposited within the tumour,

could be cooled with a cryoprobe to release their cargo.[158]

Thermoresponsive films have enormous utility in tissue culture. Tissue culture plates coated with
a thermosensitive film can facilitate the delamination of intact cell sheets with intact extracellular
matrix by undergoing a gel-sol transition. Thus, while indirect, theremosensitive films are

essential for modern tissue engineering.[159]
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Chapter 2: Hyaluronic acid — sulfadiazine conjugate as a

treatment for dry eye disease

Scientific Contributions

Develop and characterize a mucoadhesive polymer composed of the disaccharide

hyaluronan and sulfadiazine

e Explore the dry eye market to understand the potential impact of disruptive
technologies in this space

e Demonstrate biocompatibility in vitro and in vivo

e Create and validate a dry eye model induced by benzalkonium chloride with

which to measure the effectiveness of this treatment

Publications from this work

e Hyaluronic acid — sulfadiazine conjugate as a treatment for dry eye disease
(manuscript in preparation)
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Abstract

Dry eye disease (DED) is a multifactorial disease affecting the ocular surface for which there is
no putative cure. Topical lubricants or drops are by far the most widely used therapy for DED,
but typically have a very low residence time on the ocular surface, and therefore provide
transient relief. Hyaluronic acid (HA) is the most common naturally occurring
glycosaminoglycan in the eye with an extensive pedigree in existing anterior segment
therapeutics. HA is shear thinning, highly lubricious, and can bind enormous amounts of water,
relieving DED symptoms. HA also binds CD44, a multifunctional cell surface receptor which
can increase goblet and epithelial cell survival while lowering inflammation. Sulfadiazine (SD)
is a broad spectrum antimicrobial which has been in use since the Second World War. It has
recently been identified as a potent matrix metalloprotease inhibitor (MMPi). Overactivity of
MMPs, particularly MMP-9, is so congruent with DED that it has become a de facto marker in
the clinic. By conjugating HA to SD, a novel formulation has been developed which
synergistically combines the mucoadhesiveness of HA with an active ingredient. HA-SDZ
materials are prepared by dissolving , 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), Hydroxybenzotriazole (HOBLt), and an excess of SD in 70% DMSO:30%
water. The solution is heated to 700C for 24 hours, and excess SDZ is precipitated by increasing
the water content. This formulation was tested in New Zealand White (NZW) rabbits which were
chemically induced to display DED symptoms by topically administering a 0.1% Benzalkonium
Chloride (BAC) solution twice daily for 14 days. These DED rabbits were rescued with HA-SD,
and their performance was compared to commercially available eye drop Systane Ultra. This
rescue is assessed using fluorescein staining with a slit lamp ophthalmoscopy, Schirmer's testing,

conjunctival impression cytology (CIC), and conventional histology. HA-SD performed at least
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as well as Systane Ultra at relieving DED symptoms after scoring on a modified Draize test. HA-
SD returned all relevant metrics (tear film, CIC, staining) to normal levels much faster than
untreated controls. While HA is a common ingredient in many ophthalmic formulations, this is
the first time HA has been used to tether an MMPi to the ocular surface for the treatment of

DED.
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2.1 Background

Dry eye syndrome (DES) is a multifactorial disease affecting the ocular surface and tear film for
which there is no putative cure. Dry eye symptoms typically reflect a series of distinct
pathological processes that interfere with tear film homeostasis and place the corneal epithelium
under hyperosmolar and inflammatory stress.[1] In mild or moderate forms of the disorder, DED
can be a persistent discomfort, and can affect functional visual acuity to such a degree that it
impairs normal daily activities;[2] In its more severe forms, DED can lead to corneal opacity and

blindness.[3]
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Figure 1 — The vicious cycle of inflammatory DED[4]
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Under normal conditions, the tear film forms a protective layer that hydrates and lubricates the
ocular surface. This heterogeneous coating is made up of an outer lipid layer shielding the
underlying aqueous layer and mucin.[5] The aqueous secretion is derived primarily from the
lacrimal gland and comprises the majority of the tear. The lipid layer on the outer surface of the
tear film is produced by holocrine meibomian gland secretions and acts primarily as a barrier
limiting evaporation of the underlying aqueous layer.[6] As a system, these elements establish a
protective and nourishing barrier for the eye. The meibomian and lacrimal glands contribute
many additional proteins which are involved in immunity, fatty acid metabolism, and the
physicochemical integrity of the tear film. Alterations in the protein composition of these
secretions can often reflect changes indicative of disease; disregulation of these paracrine

secretions form a great deal of the esoterica associated with DES.[7]

Because of the dynamic interplay between these constituents of the tear film, a breakdown in the
production of any one, or all, of these components can result in instability of the tear film,
reducing both the quantity and the quality of tears as seen in Figure 1.[8] The mechanisms
causing dry eye are traditionally attributed to either impaired lacrimal production causing
aqueous-deficient dry eye (ADDE) or excessive evaporation, often as a result of meibomian
gland dysfunction (MGD), causing evaporative dry eye (EDE). In early stages of the
pathogenesis of dry eye, only one system is typically dysfunctional; in more severe cases, both
the lacrimal and the meibomian glands may be compromised, resulting in a hybridized etiology
with signs of both ADDE and EDE. In some rare cases, neither the lacrimal nor meibomian
glands show signs of dysfunction despite apparent DES symptoms. These cases represent an

active field of research in corneal ophthalmology.
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A number of risk factors have been associated with the development of DES, including gender,
age, hormonal dysfunction, contact lens wear, off target drug effects, autoimmune disease
(particularly Sjogren's syndrome), and refractive surgery.[9-11]The estimates for the prevalence
of DES vary from 14.4% to 48% depending on how it is measured (Table 1). As Allergan is a
pharmaceutical company operating in this space, their 48% claim may not be entirely reliable.
Regardless, it is clear DES is extremely prevalent. DES is approximately twice as common in
women as men, and, like many other diseases, it increases in prevalence with age.[12, 13]
Because elderly populations are so female dominated, DES is positioned to become an
unprecedented unmet need as populations age. DES is also an extremely under-diagnosed
medical condition; while there is an estimated 60 million North Americans with DES, an

estimated 45 million have not been diagnosed.[14]

Table 1 — Reported prevalence of DED

Study Prevalence
Salisbury Eye Study 14.6%
Beaver Dam 14.4%
Blue Mountains 16.6%
Shihpai (East Asian cohort) 33.7%
Sumatra (South East Asian cohort) 27.5%
Allergan Survey 48.0%
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Despite poor performance, topical lubricants are by far the most widely used therapy for DES. In

a survey of DES sufferers, the average patient has tried at least 3 different brands of artificial

tears, and 97% remain dissatisfied and frustrated.[15] Besides topical lubricants, Allergan’s

Restasis, a cyclosporine-based corticosteroid ophthalmic emulsion, and Shire’s Xiidra, an T-cell

antagonist, are the only compounds approved for the treatment of DES. Despite an explosion of

interest and clinical trials, there are still no other viable pharmaceutical options available (Table

2).

Compound

Diquafosol tetrasodium 2%

RGN-259

Bromfenac

EGP-437

RX-10045

Lifitegrast

CFi01

Cyclokat

Rebamipide

Table 2 — Status of DED

Function

P2Y2 purinogenic agonist

Thymosin-p4 mimetic

NSAID

Corticosteroid

Synthetic resolvin

analogue

LFA-1 antagonist

A3AR mediated

Immunosuppressive

Mucin secretagogue
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Company

Santen

RegeneRx

Bausch + Lomb

EyeGate Pharma

Resolvyx

Pharmaceuticals

SARcode

Can-Fite BioPharma

Novgali

Otsuka-Acucela

Status

Failed

Failed

Failed

Failed

Failed

Phase Il

Phase Il

Phase Il

Phase Il



MIM-D3

Restasis X

ISV-101

Difluprednate 0.05%

Mapracorat

DE-101

LX214

Sodium Hyaluronate

Nerve growth factor

peptidomemetic

Immunosuppressive

NSAID

Corticosteroid

Glococorticoid receptor

agonist

Anti-inflammatory

Calcineurin inhibitor

CD44 ligand

Mimetogen

Allergan

InSite

Alcon

Bausch + Lomb

Santen

LuxBioscience

Alcon

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase |

Phase Il

To address this clear unmet need, an array of complicated and expensive treatments has emerged.

To address the symptoms of ADDE, a biomaterial device can be surgically implanted into the

lacrimal punctum to prevent proper tear drainage and increase the residence time of tear film on

the cornea. These devices come in all sorts of shapes and material compositions, and can be

temporary (resorbable) or permanent. These devices come with the chance of infection,

displacement, dacryocystitis, and only address the symptoms of ADDE DES, which is a minority

(14%) of cases (figure 1).[16]
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Aqueous Deficient DED

Non Conforming 19%
(o]

23%

Evapourative DED
38%

Mixed DED
27%

Figure 2 — Subtype of DED found through clinical evaluation in the United States. Note that

23% of cases are not aqueous deficient or evaporative in nature, and remain mysterious.

Recently, device based rather than drug based solutions have made an appearance in this space.
Lipiflow has become a popular option to address MGD. Lipiflow is an in-clinic device marketed
by TearScience designed to administer therapeutic levels of heat, pressure, and mechanical
manipulation with the goal of relieving meibomian gland obstruction. The device applies heat to
the palpebral surfaces of the upper and lower eyelids directly over the meibomian glands, while
simultaneously applying graded pulsatile pressure to the outer eyelid surfaces to express the
meibomian glands (figure 2). While studies have shown some efficacy,[17] Lipiflow is only
effective in cases where MGD is the cause of DES symptoms. Further, it does nothing to help
with meibomian gland infection, inflammation of the posterior eyelid margin, or metabolic

dysregulation causing MGD. In short, this complicated and expensive device may help with
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meibomiam gland obstruction, but is certainly not appropriate for most cases of DES.

Nevertheless, it is selling extremely well and breaking analyst expectations consistently.

Eye Cup Lid Warmer
Applies intermittent pressure Applies directional heat to
inner eyelid

to the outer eyelid

Insulated lid warmer shields
eye from heat and vaults
above the cornea to prevent
corneal contact

Rigid eye cup

Inflatable air bladder

Heat facilitates release of
secretion from obstructed
meibomian glands

Figure 3 — Schematic of the Lipiflow device by TearScience. The device works by massaging and

expressing meibomian glands to increase the production of protective tear film lipids

Oculeve is another device breaking new ground in the dry eye space. This implanted device
stimulates natural tear production by delivering neurostimulating micro-electrical pulses to
directly to the lacrimal gland. Tear delivery rates can be adjusted in situ with a wireless
controller. Oculeve has recently been acquired for US$125 million by Allergan, which has made
it clear they expect this device to be extremely successful. Like the Lipiflow, however, this

device is only capable of addressing a subpopulation of DED sufferers — in this case the aqueous
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deficient which are a minority of cases. Further, recent clinical data has shown some ambiguity

in outcome, particularly with corneal staining.[18]

Figure 4 — The Oculeve neurstimulation device for increasing tear production.

Autologous serum is the final category of DED treatment currently under consideration. Blood
serum and tear film are very similar in composition. Serum also contains several components
which are very expensive to produce in a pharmacological setting but which are nevertheless
necessary for proper tear film function. Key factors such as epidermal growth factor (EGF),
fibronectin and vitamin A, which support the proliferation, maturation, migration and
differentiation of corneal and conjunctival epithelia, as well as immunoglobulins, lysozymes and
complement, which have bacteriostatic properties are all found in abundance in serum.[19] By
harvesting and processing patient blood, a drop can be created which has been shown to be much

more effective than simple over-the-counter lubricating alternatives.[20] However, the cost for
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this sort of personalised medicine approach can often be prohibitive, and the underlying etiology
of their disease may result in deficiencies in blood serum in the same factors potentially missing
from tear film. These examples, including the Lipiflow, Oculeve, and autologous tear film,
coupled with the extensive list of drugs currently in development, hint at a market which is

lucrative and underserviced, receptive to increasingly elaborate and expensive solutions.

Currently, medical treatment for DES averages $1300 per patient per year in direct costs, and up
to $18,000 per year in productivity losses. The economic consequences of this disease are
devastating, representing hundreds of billions of dollars per year globally.[21] However, the
market opportunity is enormous. If top primary diagnosis codes are examined, DES tops all other
categories of eye disease by far (figure 3). The market for DES treatments is expected to grow
from $1.6 billion in 2013 to $5.5 billion in 2022 — a compound annual growth rate of 12%.[22]
To address the unmet need effective treatment of DES represents, and to capture some of the

enormous market potential therein, a novel hyaluronic acid based treatment has been developed.
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Detach ¢ Chalazion
Diabetes etachmen 3%

39% 3%

Glaucoma
9%

Dry Eye
38%

Conjunctivitis
14%

Cataract
30%

Figure 5 — Primary Dx codes for ophthalmology from CMS.gov

Hyaluronic acid (HA) is the most common glycosaminoglycan in the eye. HA is already widely
used in a variety of ophthalmic applications, including as an over the counter treatment for
DES.[23] HA has an immense arsenal of potentially beneficial applications for anterior segment
therapeutics. Most obviously, HA can stabilize tear film and increase lubricity by binding water.
HA has been shown to be mucoadhesive, which greatly increases its residence time in the eye
after administration.[24] In this project, this property is exploited to anchor another active
ingredient to the ocular surface, preventing its clearance, reducing the need for reapplication, and

increasing its efficacy. HA binds CD44, a multistructural, multifunctional cell surface receptor
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found on most cell types in the body — including epithelial cells which make up the corneal
surface and immune cells which surveil the eye. In aggregate, the effect exerted through this

receptor interaction improves corneal wound healing and downregulates inflammation.[25]

Sulfonamides (SAm) are a class of molecule which form the basis of several groups of drugs.
The SAm group is an extremely flexible moiety, and can interact with a variety of agonists. Most
well known for the antimicrobial properties of sulfa drugs, which prefaced the antibiotic
revolution in the 1930s, SAms are used as diuretics, diabetes treatments, and can manage
inflammation as a COX-2 inhibitor. In short, SAms have a long and successful precedent in
medicine. More recently, our lab has shown SAms can specifically inhibit the activity of matrix
metalloproteinases (MMPs).[26] Other groups experimenting with SAm based compounds have
since reported similar findings; MMP-inhibiting SAms are now an active field of research with
the goal of creating novel drugs to treat the spectrum of disorders in which MMPs are

implicated.[27, 28]

MMPs are a family of zinc containing hydrolases with broad proteolytic activity and highly
homogeneous structures. These enzymes are involved in the degradation of several extracellular
proteins including extracellular matrix (ECM) components, and also play a crucial role in tissue
remodelling and in regulating various biological and pathological processes. Dysregulation of
MMPs is highly relevant in many disease states, including DES. Recent findings have shown
DES correlates with significant upregulation and increased activity of MMPs in the tear film.[29]
In particular, DES has been associated with over-expression and increased activity of corneal
MMP-9, which is so strongly implicated in the disease it has become a clinically relevant de

facto marker for diagnosis. [30]
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We propose the combination of HA and a candidate SAm (sulphadiazine, [SD]) will result in
novel and highly effective treatments for DES. Greater than the clinical benefits of the
constituent parts, the mucoadhesive properties of HA will give the SAm sufficient time and
proximal concentration to function, solving a fundamental problem with drug delivered via eye
drop. To test this hypothesis, a preclinical animal model was developed using New Zealand
White rabbits (NZW), and a battery of optometric tests were devised to assess rescue from a

disease state.

2.2 Synthesis of HASD

HA of various molecular weights between ~5000 to ~1,000,000 was modified with sulphadiazine
(SD). If the molecular weight of HA affects function, this range of molecular weights, spanning

two orders of magnitude, will ensure any trends are obvious.

HASD materials were prepared by dissolving HA with an excess of SD molecules in 70%
DMSO0:30% water. The coupling reaction was initiated by activating the carboxylic acids on
each HA monomer with a combination of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) and Hydroxybenzotriazole (HOBt). The solution was buffered to pH 4.5,
heated to 70°C for 24 hours, and any excess of sulfadiazine (SDZ) was precipitated by increasing
the water content. A primary amine on the SD molecule reacts covalently with the activated
carboxylic acid, forming HASD. Materials were dialysed extensively, freeze-dried, and gamma

irradiated to sterilize for preclinical use. These materials were characterized by NMR.
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Figure 6 — Reaction schema for the synthesis of HASD

'H-NMR data (600MHz) indicates both SDZ and HA are present in the correct ratios. The peak

assignment and integration of the spectrum obtained can be seen in as seen in Figure 7.
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Figure 7 - 'H-NMR of HASD
2.3 Preclinical DES Model

Considering the complicated etiology, a huge variety of animal models have been created to
mimic the different pathophysiologic mechanisms of DED.[31] In brief, some of these models
include transgenic mice resembling Sjogren’s syndrome[32]; mouse models induced by
botulinum toxin B[33]or a desiccating controlled environment[34]; rat models induced by
evoked dacryoadenitis[35] or anticholinergic drugs[36]; rabbit models induced by closure of the
meibomian gland orifices[37], controlled environment [38], evoked dacryoadenitis [39],
preganglionic parasympathetic denervation[40], or removing of the lacrimal gland [41]; canine

models formed by canine distemper virus [42]; and monkey models by removal of the lacrimal

68



gland [43]. However, while all of these attempts produced eye dryness to some extent, none of

them mirrored the underlying etiologies of the human disease.

Benzalkonium chloride (BAC) is a common preservative used in ophthalmic formulations since
the 1940s. Only recently has there been any real interest in its safety.[44] It has ironically been
shown to destabilise tear film, induce drying of the eye, and worsen preexisting dry eye.[45]
BAC affects and inflames both the cornea and the conjunctiva, resulting in the closure and
dysfunction of lacrimal glands, inducing ADDE. However, it also possesses surfactant
properties, allowing it to solubilise the lipid phase of the tear film. When used in ophthalmic
formulations, this effectively increases drug penetration, making it a useful excipient. However,
it also destroys the evaporative protection of the tear film, inducing EDE.[46] BAC is therefore a
multipronged antagonist, both reducing tearfilm production and increasing evaporation while
causing the irritation and inflammation typical of severe DES. BAC also does not suffer from the
variability of surgical procedures, where the skill of the surgeon can greatly affect results. BAC
can therefore produce a very successful model of DES more in accordance with normative

etiology and pathophysiology than competing models.

To create this model, the left eye of a NZW was used for twice-daily topical administration of
0.1% BAC drops (used at a concentration range of 0.004%- 0.02% in topical multidose
solutions) for 14 days. The albino rabbit was chosen because its large eyes make it easy to
observe damage using conventional ophthalmetric tools and techniques. In addition, it has a large
conjuctival sac accentuated by loose lids which is able to easily accept test material and hold it

against the eye.
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2.4 Experimental Approach

A suite of qualitative and quantitative tests were used to track disease progression and rescue.
While not exhaustive, these tests were selected to provide enough information to accurately
describe the health of the cornea, conjunctiva, tear film, and other relevant anterior structures. In

all cases, the left eye was be the experimental eye, with the contralateral eye serving as a control.

Slit lamp ophthalmoscopy was used to perform thorough optometric exams at predetermined
time points throughout the treatment process. A modified Draize and Hackett-McDonald ocular
scoring was used to grade the health of the eye. This test uses a variety of metrics which convert
observations into a standardized numerical result. To enhance any potential damage or disruption
to the corneal surface, fluorescein and Rose Bengal stains were applied as an ocular dye strip.
Intact corneal epithelium with a normal layer of associated tear film will not stain: only a

damaged ocular surface binds these dyes.

Schirmer’s tear flow test was used to measurement aqueous tear production. A Schirmer’s filter
paper strip was inserted into the conjunctival sac location around the junction of the middle and
outer thirds of the lower lid and the eyelid were lightly held shut. Capillary action draws tear film
up the paper strip, and gives a numerical assessment, measured in millimetres, of how much tear

film is present. Tear film is perhaps the most significant abnormal feature of DES.
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Figure 8 — demonstration of Shirmer’s test.

Tonometry is a process by which intraocular pressure (IOP), measured in mmHg, can be
determined. Inflammation is a common feature of DES, which can lead to elevated IOP. A
Tonolab tonometer specially designed for rodent preclinical applications was used to assess
changes in IOP throughout treatment with gentle, painless, tangential contact with the corneal

surface.

Conjunctival impression cytology (CIC) is a technique used to remove a small section of the
superficial layers of the ocular surface epithelium. The cells thus removed can be subjected to
histological, immunohistological, or molecular analysis. While assessing the corneal epithelium,
CIC is also the best method available to assess the prevalence of conjunctival goblet cells, which
are the main source of ocular surface mucoproteins that lubricate and protect the ocular surface.
Polytetrafluoroethylene (PEFT) cell culture inserts were gently pressed against the temporal
bulbar and palpebral conjunctivas. The nature of the PEFT membrane forces cells to stick to it.
Once removed, this membrane with attached cellular material was fixed in 4% formalin, stained

with haematoxylin and eosin (H&E), and observed under a microscope to assess tissue health.

2.5 Creation of DED model

Before beginning a preclinical trial of HASD, extensive in vitro cell viability assays and
preliminary in vivo acute toxicology assays were performed to verify HASD was biocompatible.
Those tests will not be shown here, but were all satisfactory. While dosing animals with BAC to

induce DED like symptoms, measurements were taken to validate the model.
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Figure 9 — Twice daily administration of 0.1% BAC resulted in no significant alterations in
intraocular pressure of NZW rabbits. Error = 1 standard deviation, n = 12, p = 0.089, F ratio =

0.79.

While not a common clinical measurement for DED, ocular hypertension is often caused by the
inflammation present in dry eyes. Inflamed ocular tissues can reduce or even block outflow of
aqueous humour through the trabecular meshwork and Schlemm’s canal, raising IOP.[47]
Further, as HASD is hypothesized to reduce MMP-9 expression and therefore inflammation, 10OP
is a simple way to potentially assess a significant reduction in MMP-9 activity. As seen in figure
9, throughout the 14 days animals were dosed with 0.1% BAC, there was no significant change
in IOP. Further, the variance in measurement, even with each animal, was prohibitively large.

IOP was therefore discarded for future testing as a useful DED metric.

72



10

0 II II 'I

0 days 7 days 14 days

m
N w N (S} (<)) ~ [e4]

[EEN

B Experimental Eye  ® Control Eye

Figure 10 — Effect of twice daily administration of 0.1% BAC on tear volume. Error =1

standard deviation, n = 12. 7 days and 14 days are both significantly different with p<0.05

Schirmer's test, which measures tear volume by observing capillary migration along a
standardised strip of paper, is probably the most direct and most used assessment of DED. There
was a significant drop in tear volume as a result of BAC dosing, almost cutting normal values in

half.
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Figure 11 — Effect of twice daily administration of 0.1% BAC on ocular surface as examined

through a slit lamp.

A visual slit lamp ophthalmascopic examination was performed to corroborate the creation of
DED like symptoms in this model. Described in figure 11, healthy eyes (A, D) showed
significant increase in redness (limbal hyperemia), irritation, epithelial roughness, tear film
breakup, and neovascularisation at both the 7 day timepoint (B, E) and especially after the full 2
weeks (C, F). Fluorescein staining also increased to cover nearly the entire bulbar surface by 14
days (F), indicating a compromised corneal epithelium. Taken together, by the end of the 14-day

induction period, model symptoms were indistinguishable from genuine severe dry eye.
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Figure 12 — Oxford grading scheme for dry eye

There are numerous semi-quantitative grading schema for the assessment of DED, which can use
a variety of variables. For these experiments, data collected was converted onto the Oxford
Scheme. While this particular grading tool is perhaps less nuanced or specific than competitors,
it is by far the simplest and most reproducible between clinicians. The phenotype of the DED
being created in this model, the complexity of other assessment practices which might let
clinicians more accurately diagnose a sub-type of DED, is unnecessary. Figure 13 illustrates the

extent of corneal staining and redness numerically.
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Figure 13 — Oxford scheme grading for BAC dosed eye (left eye) and control eye (right eye) after
staining with Rose Bengal. Error = standard deviation, n = 12. Both 7 days and 14 days are

significantly different with p<0.05

CIC examination of the corneal surface can give a histological level of detail to the cornea
without sacrificing the animal. Figure 14 is an example of CIC staining across DED induction.
Samples are stained with Periodic acid-Schiff stain (PAS), which colours mucins and other
glycoproteins. This resolves mucin producing goblet cells in particular relief. As can be seen
starting at day 0 and progressing to day 14, the corneal epithelium becomes progressively
disrupted and decellular. By day 14, the epithelium is clearly fragmented, and very few goblet
cells remain. This destruction of the corneal epithelium forms part of the feedback system
(Figure 1) which can result in a progressive DED; without mucins to reduce friction and bind

water, symptoms worsen.
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Figure 14 — CIC staining throughout 0.1% BAC dosing. Day 0 (left) shows a normal cornea,

while day 7 (middle) and day 14 (right) show progressive decellularization and dysplasia of the

corneal epithelium.400x magnification.

By combining all of the data presented above, a very convincing model of DED was created and
characterised. Procedural order was extremely important throughout. The drop of alcaine
anaesthetic given to the animals before examination can mask corneal staining and dryness. It
can further be wicked up in Schrimer’s test giving falsely high readings. The preservatives used
in fluorescein swabs can cause irritation and themselves initiate higher than appropriate Oxford
scores. After optimising the order and timing of these various interventions, we have created a

very reliable and repeatable preclinical DED model.

2.6 Rescue from disease state

A variety of HASD variants were created by varying the molecular weight of the HA component.

After initial testing (data not shown) did not substantiate any performative differences between
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them, the HASD with 125kDa HA molecule was selected as the candidate to examine in the
disease model. Animals were given a 100uL drop of either HASD, phosphate buffered saline
(PBS), the leading over-the-counter dry eye drop Systane Ultra by Alcon, or nothing at all for 4
days. After the 4-day test period had elapsed, animals were reassessed to measure any

improvement.
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Figure 15 — Schrimer’s test showing DED rescue after 96 hours of treatment. Error = standard

deviation, n=3, ANOVA shows significant difference p = 0.014, F ratio = 1.63.

As seen in Figure 15, Schrimer’s test shows significant improvement from the 3.7 mm average
reading seen in Figure 10. At first glance, its seems as if a simple PBS drop was the best performer;
animals dosed with PBS had significantly more tear volume than HASD or the most effective
artificial tears on the market: Systane Ultra. However, this result is somewhat counterintuitive.

Excessive tears are produced in response to irritation when neural impulses in the cornea result in
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cholinergic parasympathetic response.[48] The abnormally high tear volume seen after PBS
instillation (2.9mm higher than controls) suggests the eye remains in distress and not that it has
recovered. Due to the cessation of BAC dosing, the eye has begun to recover, and is now able to
tear in response to its injury, but it has not healed These ‘distress’ tears are furthermore mostly
water and contain none of the rich metabolic or lubricating factors present in normal tears.[49]

Both HASD and Systane Ultra have returned tear volume very near to control levels, with no

significant difference between the two. Without any intervention, tear volume remains low.

Figure 16 — Slit lamp ophthalmoscopy using brightfield (A-D) and fluorescein (E-H) imaging
modes. Representative samples after treatment from PBS (A, E), HASD (B, F) Systane Ultra (C,

G) and no treatment (D, H).

As seen in Figure 16, slit lamp ophthalmoscopy corroborates Schrimer’s test. Eyes treated with
PBS continue to show neovascularisation and a great deal of corneal staining, although much of
the redness has abated. Eyes treated with HASD and Systane Ultra both appear almost totally
recovered - even healthy eyes will often have some small amount of staining. Untreated eyes

remain hyperemic and vascularised, and continue to stain throughout the cornea and conjunctiva.
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Figure 17 — Oxford scores after DED rescue. Error = standard deviation, n=3, ANOVA shows

significant difference p=0.01, F ratio = 1.61.

Oxford Scheme scoring further validates these results. No intervention produced the worst score,

followed by PBS, leaving HASD and Systane Ultra approximately equivalent again.

Systane Ultra Untreated

Figure 18, CIC after DED rescue. 400x zoom, scale bar = 100um.
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CIC completes this story. Both PBS and untreated eyes have few goblet cells and inconsistent

epithelium. HASD and Systane Ultra treated eyes clearly have a much healthier cornea.

2.7 Conclusion and future work

A preclinical rabbit model of DED was created and animals were treated with the conceptually
novel compound HASD to measure the clinical potential of this novel compound. While it
performed well — at least as well as the best artificial tear solution Systane Ultra — this
comparison is perhaps unfair to HASD. This model produced DED-like symptoms through the
use of a caustic chemical; none of the endocrine, morphological, or physiochemical causes found
in real world DED exist in this model. As HASD is designed to inhibit inflammation and tissue
remodelling by deactivating MMP-9, it is possible HASD could cure DED in people where
MMP-9 dysregulation is a causative factor. The best Systane Ultra can do is relieve discomfort
by increasing lubricity and providing moisture. While this may have done well within the context

of this model, HASD has enormous potential to improve on the status quo in human trials.

By far the biggest limitation of HASD is the inclusion of SDZ. While SDZ has an extensive
precedent in the eye, primarily as an antimicrobial agent on the World Health Organisation’s list
of essential medicines, approximately 3% of the population is allergic.[50] Furthermore, its low
solubility make it extremely cumbersome to work with — particularly in an industrial setting
where production efficiency becomes a central concern. MMPs catalyze the hydrolysis of
peptide bonds through stabilization of the cleaving water molecule and the transition state of the
substrate. This stabilization depends on a zinc ion chelated by three histidine residues in the
active site of the enzyme. Therefore, many groups capable of binding to this zinc can interfere

with MMP function, effectively inhibiting them. Swapping out this SDZ for a more appropriate
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compound, while keeping the lubricity enhancing, CD44 binding HA ought to be relatively
simple. Hydroxamate structures, for example, have been shown to bind zinc and act as an MMP
inhibitor (MMPI). Drugs based on these hydroxamate derrivatives, such as llomastat, have
already been used effectively as a cancer chemotherapy.[51] Further, the sulfonamide group in
SDZ is found in a library of other materials. A key component to the allergic response initiated
by SDZ is the arylamine group at N4. Other sulfonamide containing compounds do not
necessarily have this issue, and evidence suggests those allergic to SDZ have no cross-reactivity
with sulfonamindes that lack this arylamine group.[52] The list of suitable alternatives, many of
which are approved by the FDA in some capacity, is enormous. MMPIs based on thiols,
pyrimidines, pyrones, phosphorus and tetracycline have all been designed and validated in the
literature, often with specificity to MMP subtypes.[53] Finally, endogenous MMPIs, known as
tissue inhibitors of metalloproteinases (TIMPS) represent a relatively new area of exploration.
While perhaps more synthetically complex than other options, TIMPs obviously come with no
biocompatibility issues, and are extremely specific.[54] In short, HASD might have broader

appeal without SDZ, and there is certainly no shortage of potential replacements.
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Chapter 3: PolyNIPAAmM based cell delivery scaffold for

posterior segment cell therapy

Scientific Contributions

Develop and characterize a scaffold specifically engineered for cell delivery to the
subretinal space

Test this scaffold in a novel organotypic retinal model

Experiment with cell lines and stem cells as potential therapeutic agents

Develop the surgical capatity to implant scaffolds in the subretinal space of rodents
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Abstract

Diseases of the retina are a leading cause of vision loss, affecting more than 10 million people
worldwide. They are Incurable, progressive, increasing in prevalence and affect the entire age
spectrum. Current treatments can slow progression, but they are not curative. Stem cells offer
novel treatment possibilities by not just halting, but potentially reversing the progression of these
degenerative diseases and restoring vision. While many groups have made enormous progress in
generating pure cultures of useful stem cell lines for therapeutic use, much less emphasis has
been placed on companion bioengineered scaffolds to improve cell survival and functional
integration. Despite many studies showing regeneration of damaged retinal tissues using stem
cells, it is clear that cell based retinal therapies have not satisfied their immense potential.
Engineered biomaterial scaffolds are thus central to the realization of cell based regenerative

therapies in the eye.

To that end, a patented material for cell delivery to the retina has been created. This invention is
based around Poly(N-isopropylacrylamide) (PNIPAAmM), a thermoresponsive material which
undergoes a reversible transition from liquid to gel when heated above a lower critical solution
temperature (LCST). Harnessing this property allows the introduction of cell-loaded scaffolds
into the subretinal space through minimally invasive injections, forming a gel in situ and
providing cells with anchorage and protection. This approach diverges significantly from the
status quo where cells are either injected as a simple bolus or implanted on a rigid sheet requiring
extensive surgery. Ultimately, this approach could be used to facilitate a true realization of stem

cell therapies for retinal tissues and significantly improve cell survival and functional integration.
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3.1 Background

The retina, shown in Figure 1, is a highly specialized and interdependent tissue susceptible to a

host of progressive, degenerative conditions. While the mechanisms underlying these

degenerations are varied, ultimately, death of neuronal tissues within the retina characterizes the

major irreversible causes of vision loss.

Retinal ganglion cell——
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Figure 1 — The retina is a very complex peculiar tissue which has ten different layers, namely

retinal pigment epithelium (RPE), photoreceptor outer segments, outer limiting membrane, outer

nuclear layer, outer plexiform layer, inner nuclear layer, inner plexiform layer, ganglion cell
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layer, nerve fiber layer and inner limiting membrane. The cells and membranes of these layers
are interconnected and in constant physiochemical communication. Damage to any of these

layers can impair function of the retina, which can lead into visual impairment or blindness.

Retinitis pigmentosa (RP) is an umbrella term representing a spectrum of hundreds of potential
inherited genetic defects which cause developmental irregularities in the retina — particularly in
photoreceptors. RP is a leading cause of vision loss in children, but depending on specific
etiology can manifest at any age. Of particular note in the category of inherited retinal disorders,
while considered distinct from RP, is Stargardt’s macular dystrophy (SMD), which alone
accounts for 7% of all retinal degenerative diseases.[1] In RP, retinal degeneration typically
begins with the rods; it is peripheral and low-light vision which is lost first. Central vision is
often maintained for years or decades after first diagnosis. In SMD, it is typically the most
metabolically active photoreceptors — the cones responsible for central vision in the macula —
which are lost. By far the most prevalent form of SMD is caused by mutations in the 4" member
of the ATP-binding cassette, family A (ABCA4) gene. The ATP-binding cassette (ABC)
superfamily of genes codes for an enormous array of proteins specialized in the active transport
of various substrates across cell membranes. ABCA4, which localizes specifically in the retina,
participates in the retinoid cycle, through which the retina is able to recycle 11-cis-retinal,
thereby allowing phototransduction. In SMD, this recycling is attenuated, and a toxic chemical
(Di-retinoid-pyridinium-ethanolamine [A2E]) becomes trapped in the retinal pigment epithelium
(RPE) layer, eventually destroying it. ABCA4 mutations have been found in several forms of
RP, linking it with SMD in a continuum of retinal disease manifestations that present as distinct

clinical phenotypes based on the type of mutation present and the level of allelic heterogeneity.
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Accordingly, SMD results from partial but not complete inactivation of both alleles, allowing for
residual low level ABCA4 expression, whereas the variant of RP (RP19) in which this gene is
defective, the most severe of ABCA4-related conditions, would derive from the presence of two
null ABCAA4 alleles, fully inhibiting its expression. Photoreceptors damaged in this way will die
early in life, and even if it was possible, gene therapy at this stage would be useless, and only the

replacement of atrophied photoreceptor cells with heathy equivalents could offer a cure.

Diabetic retinopathy (DR) and diabetic macular edema (DME) are common microvascular
complications in patients with diabetes.[2] DR/DME are the leading causes of blindness in
working aged adults in the developed world.[3] The worsening diabetes epidemic suggests these
diseases will continue to be primary contributors to vision loss and associated functional
impairment for the foreseeable future.[4] Advanced stages of DR (proliferative retinopathies) are
characterized by a loss of pericyte cells, excessive growth of abnormal retinal blood vessels,
inflammation, and fluid accumulation. At any time during the progression of DR, patients with
diabetes can also develop DME, which involves retinal thickening in the macula, interstitial
separation, and often retinal detachment. DME represents a breakdown of the blood-retinal
barrier system due to leakage of dilated, hyperpermeable capillaries and microaneurysms.[5]
Early detection is by far the most successful form of control. However, this strategy is hampered
by the fact that the condition is generally asymptomatic at early stages. While laser
photocoagulation, a technique used to attenuate new vessel growth, as well as a slate of new anti-
vascular endothelial growth factor (VEGF) drugs are available to effectively manage DR/DME,
they come with severe drawbacks. Laser photocoagulation therapy destroys the retina around the

sites of ablation, thereby sacrificing some parts of the peripheral retina to save central vision[6].
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Anti-VEGF drugs require frequent intravitreal injections, which are associated with an increased
risk of complication and suffer from patient discomfort and compliance issues. Most importantly,
however, are cases of DR which go undiagnosed until significant vision loss has already

developed. In these cases, there is no treatment available.

Age-related macular degeneration (AMD) is the leading causes of irreversible blindness in the
elderly. The incidence of AMD is rapidly increasing as populations age. According to the
presence or absence of choroidal neovascularization (CNV), AMD can be generally divided into
two types: dry AMD and wet AMD. Dry AMD is primarily attributed to the accumulation of
subretinal lipophillic deposits called drusen which evoke local activation of chronic
inflammation and lead to atrophy of the retinal pigment epithelium (RPE). Eventually, the loss of
the RPE, which is necessary for metabolic homeostasis in the outer nuclear layer, results in the
permanent loss of overlying photoreceptors. Wet AMD is a neovasularization of the
choriocapillaris — the capillary network which supports the retina behind its basement membrane
(Bruch’s membrane). As with DR, these new vessels are fragile and poorly formed, resulting in
leakage and protein deposition underneath the macula. Wet AMD is a rare (>10% of cases)
progression of the disease which very rapidly destroys the macula through inflammation,
scarring, and physical disruption of this highly structured space.[7] The pathophysiology of
AMD is very similar to SMD described above, and the two conditions can be confused for each
other in a clinical setting.[8] Indeed, A2E, the same lipofuscin fluorophore which causes RPE
death in SMD is a primary component of drusen. Further, mutations in the ABCA4 gene are
highly correlative with development of AMD, and specific variants are often used clinically as a

potential marker of disease.[9]
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Collectively, the above retinopathic conditions affect hundreds of millions of people worldwide
across the entire age spectrum. It is estimated that 1 in 9 Canadians suffer irrevocable visual loss
by the age of 65 years, and 1 in 4 by the age of 75 years.[10] Visual loss places an enormous
burden of care on the affected individuals, their care-givers, and the health care system.[11]
Preventative strategies, such as dietary and lifestyle changes, can in some cases slow progression
of these diseases, but are not a solution. New anti-angiogenic drugs (eg Avastin, Lucentis,
Eylea, Macugen) have improved patient care but require regimented and frequent intraocular

injection — often for decades.[12]

While it may be tempting to address these diseases, all of which have strong genetic
concomitants, at the level of genes, it is important to note the extraordinary heterogeneity of
these conditions. There are over 500 disease associated genetic variants described so far, with no
upper limit yet hinted at.[13] Even the most common disease mutations (ie G1961E,
G863A/delG863 and A1038V, etc) account for tiny fractions of retinal dystrophies, making gene
intervention an unusually difficult therapeutic target.[14] In a modern context of CRISPR and its
associated technologies, gene therapy seems to have taken some of the momentum that used to
characterize stem cells. Modern gene therapy undoubtedly has an enormous role to play in
combating disease — even retinal disease. In fact, recent advances in gene therapy herald new
hope for slowing or reversing vision loss in patients with RP, and are presently in clinical trial
for a small number out of the hundreds of potential genetic defects.> Unfortunately, due to the
heterogenetity of RP, such gene therapies have very limited reach, and obviously gene therapies

are not useful in non-heritable conditions like DR/DME or AMD. In fact, the case can be made,
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that retinopathy in particular is too personalized, and too nested in developmental and
microenvironmental context for gene therapies to really function well in this space.

Given the importance of obvious importance of vision, and the complete lack of adequate
treatment to rescue damaged retinal tissues, there is a tremendous unmet need to replace cells

and repair and regulate their microenvironment.

Cell therapies in general, and stem cell therapies in particular, offer novel treatment possibilities,
not just halting, but potentially reversing the progression of degenerative diseases. The idea of
stem cell therapy was born out of one of the 20" century’s most prominent tragedies. The
nuclear bombings of Hiroshima and Nagasaki stimulated a surge of biomedical research aimed at
understanding and treating the effects of radiation exposure. It was discovered that bone marrow,
transplanted into lethally irradiated animals, could restore hematopoiesis and save their lives. In
the early 1960s, Till and McCulloch began analyzing bone marrow to find out which
components were responsible this unprecedented regeneration. They defined what remain the
two hallmarks of stem cells: self-renewal and an ability to differentiate into other cell types.[15]
Since this discovery, and particularly since the discovery of induced pluripotent stem cells
(iPSCs) by Takahashi and Yamanaka in 2006, stem cell transplantation as a means of replacing
or regenerating tissue has evolved rapidly, becoming foundational to modern regenerative

medicine.

The retina has unique advantages as a target for cell-based therapies. While advancements in
retinal surgery, imaging, and functional analysis have led to the development of once futuristic

treatment modalities such as bionic microelectronic implants, these devices are fundamentally
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limited by the biophysics they use.[16] The retina has become a reproducibly accessible tissue
with modern vitreoretinal surgical approaches refined for the transplantation of cells to specific
locations in the retina. The eye is highly compartmentalized which allows graft material to be
targeted to a specific microenvironment with no chance of ‘off-target’ effects. Similar to the rest
of the central nervous system (CNS), the eye is considered ‘immune privileged’ which may
reduce or eliminate any inflammatory or allogeneic response usually mounted towards
transplanted cells and any accompanying scaffolds. Perhaps most importantly, there are
numerous tools to measure ocular structure and function including optical coherence tomography
(OCT), various forms of angiography, confocal scanning laser ophthalmascopy (cSLO) and
electroretinography (ERG) which allow for extremely precise, non-invasive, and real-time
examination of function and structure. These advantages have led retinal disorders to the

forefront of clinical trials into cell-based paracrine and regenerative therapies.[17]

While new applications are being devised at an ever-increasing pace, in general, cell therapies to
the retina target either the RPE or the photoreceptor layer. The RPE is a hexagonal, monolayer of
polarized pigmented cells which serve many functions within the retina. Despite no direct
involvement in phototransduction, these cells are nevertheless essential for vision. The RPE
contact in tight junctions which form part of the blood-retina barrier (BRB), facilitating the
selective transport of metabolites to the photoreceptor layer, thereby controlling ionic
homeostasis essential for the electrically active tissues of the retina. The BRB also helps
establish the immune privileged nature of the eye, which is essential for its normal functioning.
Vision starts with the absorption of a photon by the chromophorell-cis retinal. This absorption

causes a trans-isomerisation, which the photoreceptors cannot re-isomerise back into 11-cis
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retinal. Performing this re-isomerisation and transport of 11-cis retinal back into the
photoreceptive layer is performed by the RPE. The light-sensitive photoreceptor outer segments
(POS) are continually being destroyed due to photo-oxidative damage. To maintain vision, the
POS are constantly renewed through phagocytosis of these oxidized fragments by the RPE.[18]
Dysfunction of the RPE can therefore be disastrous; as mentioned above, several retinal diseases,
including AMD and SMD, are in essence diseases of the RPE. Ultimately, degeneration of the
retina implies a decrease in photoreception. As seen in Figure 1, the neural retina contains
several cell types which group and process signals from photoreceptors to the optic nerve and
then the primary visual cortex. Unlike the RPE, which is a relatively simple epithelial
monolayer, a primary challenge when restoring the neural retina with new cells is functionally
integrating them into existing circuitry of enormous complexity. In addition to being directly
responsible for vision, of the neuronal retina cell types, photoreceptors are the most feasible
therapeutic target as they are connected in only one direction to the brain. In retinal diseases that
spare the inner retina, transplanted photoreceptors could reconnect to the inner retina and then
stimulate connections all the way to the visual cortex.[19] Despite a series of high profile
publications, including some clinical trials, which claim successful integration of PRs into the
outer retina,[20] it has become clear that this is not actually happening. What was previously
thought to be stem cell integration and differentiation has since been shown to be cell—cell fusion
between the donor stem cell and the host cell in these studies.[21] This process of material
transfer seems to account for the majority of ostensibly delivered cells within the host retina, and
raises the need to re-evaluate the cellular mechanisms underlying photoreceptor transplantation

and its relative contribution to rescue of retinal degeneration.[22]
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The rest of this chapter will therefore focus on the replacement of the RPE, which is a much less
complex system than the photoreceptive layer of the retina and its associated circuitry, and
whose feasibility is much less contentious in the scientific community. Using endogenous
progenitor populations, embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs),
several research groups have been able to guide differentiation into a cell that displays many
characteristics and morphological requisites of functional RPE tissue.[23-25] There are currently
several phase I/11 clinical trials in progress using stem cell-based therapies to restore the
RPE.[26, 27] While an enormous amount of research has been invested in stem cells — their
creation, characterization, application —a commensurate investment in engineered biomaterial
scaffolds to house these cells has lagged behind significantly. It is becoming increasing obvious
that for most clinical applications of stem cell technology, scaffolding is required to improve cell
survival and functional integration.[28] Typically, with the exception of haemocytes, cells are
delivered to target tissues one of two ways. In the first approach, cells can be delivered naked via
syringe as a bolus injection. While minimally invasive, this approach results in poor integration
into target tissues, no control over cell fate, migration away from the target area, massive cell
death and clinical inefficacy. Alternatively, cells can be seeded and expanded ex vivo on or
within an implantable biomaterial scaffold. While delivering cells from a scaffold addresses
many of the shortcomings of injection, tissues need to be surgically dissected for insertion — a
particularly undesirable requirement within the delicate tissues of the retina. Thus, a minimally
invasive delivery technique which, while injectable, offers the advantages of a biomaterial
scaffold could fundamentally transform cell delivery to the retina. To that effect, a series cell
scaffolds have been developed to improve cell survival and functional integration of graft tissue

for retinal therapeutics.
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3.2 Polymer Design

The challenge presented here was the creation of a cell scaffold perfectly tailored to the delivery
of cells to the subretinal space. Aside from an obvious requirement of biocompatibility, if such a
scaffold were to be invented purely as a fiction, without any need to conform to the realities of
chemistry, what would it look like? Such a scaffold would certainly need to be degradable. The
subretinal space is actually a misnomer — there is not normally a gap between the RPE and the
outer nuclear layer of the neural retina. The ease with which these layers separate and reintegrate
is one of the conveniences which make cell therapy to the retina so promising. However,
separating the retina from the RPE can carry the risk of a real detachment, and also quickly
results in ischemia as nutrients and waste are no longer able to diffuse quickly enough.[29]
Furthermore, the mechanism through which degradation occurs should not produce undesirable
byproducts. PLGA, a common scaffold material for cell delivery, degrades into its acidic
monomers, and can decrease local pH.[30] This is particularly problematic in a closed tissue
compartment with very limited diffusion. An ideal scaffold ought to be isovolumetric. It should
not collapse in volume, thereby expelling its cargo, nor should it swell, disrupting the delicate
subretinal space. One of the biggest advantages to cell scaffolding is the ability to control cell
fate and improve survival and functional integration through the addition of bound factors,
ligands, and other biologically relevant cues. However, to be useful in as wide a range of

delivery scenarios as possible, a perfect scaffold would need to be flexible and modifiable.
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Given these disparate requirements, Poly(NIPAAM-NAS- PEG-DBA) (PNNPD) was created.
The core of this technology is PNIPAAmM, an unusual material which exists as a liquid at room
temperature, but which forms a gel when heated above a lower critical solution temperature
(LCST) - 32°C for unmodified NIPAAm. By harnessing this property, a cell scaffold can form in
situ, and a cell/scaffold construct can be injected into the subretinal space instead of surgically
implanted. However, PNIPAAmM on its own is non-degrading, totally unoptimized to house cells,
and tends to expel its cellular cargo upon gelation (see chapter 2). PNIPAAmM was therefore
copolymerized with several other monomers to optimize its performance. N-acryloxysuccinimide
(NAS) was added to allow the bioconjugation of differentiation cues, survival enhancers, growth
factors, and binding ligands. Whatever is needed to improve cell survival and functional
integration can be easily added post synthesis, which was demonstrated by the addition of an
amine-modified fluorescein (Figure 2). The addition of polyethelene glycol (PEG) greatly
increased the water binding capacity of an otherwise hydrophobic polymer. Through the
incorporation of these hydrophilic domains, the resultant copolymer phase separates upon
gelation, producing alternating microregions of differing hydrophilicity (Figure 5). If self-
assembled into the correct geometry, these materials become transparent to light — an extremely
useful property when working in the eye. More importantly, however, PNNPD does not shrink
upon gelation, and therefore its cellular cargo remains encapsulated, overcoming one of the most
significant limitations of NIPAAM based polymers in general (see chapter 2). Finally, the
incorporation of Dimethyl-y-butyrolactone acrylate (DBA) facilitates a biocompatible
degradability. Intact, the lactone ring structure on DBA is relatively hydrophobic. However, it is

susceptible to hydrolytic attack resulting in a ring opening and a concomitant shift towards
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hydrophilicity. Because the gelation mechanism of PNIPAAmM is dependent on intramolecular
hydrophobic interactions, as the copolymer becomes more hydrophilic, it begins to reliquify and
become soluble. Once in solution, PNNPD can easily be cleared from the body through the renal
system, assuming that the molecular weight of the degraded fragments is such that it can be
cleared from the body. Taken together, PNNPD is a degradable, isovolumetric, transparent, in

situ gelling copolymer scaffold with the potential for facile customization.

Figure 2 — PNNPD after modification with 5-Aminofluorescein (Sigma-Aldrich, SKU 210626)

and viewed under a fluorescent microscope 20x.

PNNPD copolymers were synthesized via free radical polymerization. NIPAAm (80%) NAS
(4%), PEO (4%), DBA (12) and BPO (1%) were dissolved in a 10% (m/v) 1,4-dioxane monomer
solution. Dry nitrogen was bubbled through the solution for 15 min to displace oxygen, and the
flask was then sealed and subsequently heated to 70°C for 24 h in a temperature-controlled oil

bath with constant stirring to provide uniform mixing. Following the reaction, the polymer
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solution was cooled to room temperature and precipitated dropwise in an excess of anhydrous
ethyl ether. The copolymer was further purified by repeated precipitation from THF into
anhydrous ethyl ether. The resulting polymer was dried for 24 h in a vacuum oven at 50°C and

further purified by extensive dialysis in deionized water before being freeze-dried, and stored at -

20°C.
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Figure 3 — FT-IR spectra of PNNPD copolymer

As seen in Figure 3, the FT-IR spectra shows appropriate C=0 and N-H NIPAAm peaks at

1600cm™ and 1540cm respectively. There is an N-H stretching vibration at 3310cm, and

103



isopropyl peaks at 1360cm™, 1380cm™ and 1460cm™. The CH20 from the PEG is evident at

around 1100cm™. The carbonyl peak part of the DBA ring structure can be seen at 1780cm™.
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Figure 4 — H-NMR confirming structure of PNNPD

H-NMR was used to quantify copolymer molar content and verify structure as depicted in figure
4. PNNPD shows a NIPAAmM CH peak from the isopropyl group between 3.7 — 4.0 (b), a NAS
CH2 ring peak between 2.8 — 3.0 (d), a PEG CH2 peak at 3.4 ppm (c), and a DBA ring CH2 peak

between 4.0 — 4.4 ppm (a).
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Figure 5 — SEM micrograph showing the microstructure of gels. Scale bar = 100 pm.

Figure 5 is a scanning electron micrograph showing the ordered microstructure of PNNPD
defined by its hydrophobic/hydrophilic domains. Gels were formed by heating polymer solutions
(25% w/v in PBS) to 37°C for 48 hours and then rapidly immersing them in liquid nitrogen to
preserve their gelled morphology. The samples were then lyophilized and coated in 15nm of gold

to allow visualization of the microstructure.
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Table 1 — List of potential cell scaffold materials

pNNP;sD, 75.8:49:14.1: 5.2 35:2 Soft, translucent
pNNP5Dg 76.1:4.8:9.3:9.8 277 Stiff, opaque
pNNPsD;2 75.7:4.5: 6.7: 13.1 18.7 Stiff, opaque
pNAP;sD, 75.2:49:152: 4.7 36.9 Soft, translucent
PNAP;sDg 76.1:5.9: 8.8:9.2 28.3 Stiff, Opaque
pNAPsD;2 75:3::5:2:6:2: 133 20.8 Stiff, Opaque
pNNP4Dy4 75.4:4.7:15.4: 4.5 39.1 No gel
pNNP4Dg 75.9:4.6: 10.2: 9.3 30.9 Stiff, Opaque
pNNP4D12 75.3: 4.4: 7.3: 13.0 20.9 Stiff, Opaque
pNAPD4 76.0: 4.8:13.1: 6.1 41.8 No gel
pNAP4Dg 76.2:5.0:9.2: 9.6 32:3 Stiff, Opaque
pNAP,D;; 75.9:5.7:5.9: 12.5 22°1 Stiff, Opaque
pNNPy;Dy 76.2:4.7:13.1: 6.0 - No gel
pNNP;;Dg 76.0: 5.0: 8.3: 10.7 - No gel
pNNP;;Dy 76.0: 5.3: 5.7: 13.0 23.6 Stiff, transparent
pNAP;;Dy 75:7:5.113.9: 53 > No gel
pNAP;Dg 75.7:4.8:10.3: 9.2 - No gel
pNAP; Dy 75.8:4.8:6.6:12.8 26.8 Stiff, transparent

As seen in Table 1, arriving at PNNPD, which is, more specifically, PNNP11D1> was an iterative
and very delicate process. The PEG used to ensure scaffolds are non-shrinking, and the NIPAAmM
necessary for gelation are fundamentally opposed in function. The NIPAAm gels through

intramolecular hydrophobic interaction, while the PEG binds water and makes this process less
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energetically favorable. Therefore, of the dozens of material combinations tried, of which Table
1 is only an excerpt, only a single formulation produced a material of sufficient stiffness to be

considered a gel, and which had all of the characteristics required.

3.3 Organotypic in vitro model

Organotypic culture describes the ex vivo maintenance of a tissue which replicates its in vivo
architectural microenvironment. Organotypic culture methods therefore allow researchers to
characterize and manipulate complex tissues in a highly controlled in vitro setting. This approach
can therefore fill the gap between dissociated cell culture systems, which allow a high degree of
experimental reproducibility, control, and efficiency, and in vivo animal models that, with
varying degrees of success, can reproduce the complexities of disease processes. The retina is an
extremely intricate and interconnected tissue with an established precedent in organotypic
modeling.[31] In order to harness this modeling paradigm to validate PNNPD as a cell delivery
scaffold, novel organotypic ex vivo testing platform was created loosely based on the work of the

Martin lab at Cambridge University.[32]
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Figure 6 — Dissection of a rodent eye to create an organotypic culture model. An incision is
made Imm posterior to the corneal-scleral limbus. This incision is expanded until the anterior
segment has been resected. The ciliary body and trabecular meshwork is pulled away with
forceps. The lens is removed. Once the posterior cup has been isolated, the RPE layer, bound to
Bruch’s membrane with associated choroid is dissected away, leaving a hemisphere of neural
retina. The neural retina is dissected into 4 quadrants of roughly equal size for use in

organotypic modelling.

This protocol utilizes neural retinal tissue from adult Sprague Dawley rats. Most organotypic

retinal models utilize tissue from embryonic or neonatal animals which can remain viable in vitro
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for several weeks. However, adult rats greater than 1 year old are used for this study — obviously
an important consideration when modeling age-related neurodegenerative disorders.[33]
Depending on application, organotypic retinal culture methods can vary with regard to
preparation and orientation of the tissue in culture. This protocol allows tissue to breach the
media/air interface, where the outer nuclear layer is supported by a membrane. Nutrients diffuse
into retinal tissue from below, and media forms a thin film over the explant. This configuration
allows gas exchange from the air as well as minimizes tissue handling when maintaining
cultures. Most importantly, the entire neural retina is in a configuration that closely approximates
that found in vivo, unlike many organotypic equivalents which maintain floating, submerged, or

adherent cultures.[34, 35]

The neural retina is dissected away from an enucleated rat eye globe under sterile conditions, as
seen in Figure 6. During tissue isolation the optic nerve is transected to separate the retina from
the posterior eye-cup. The intact neural retina is sectioned into four quadrants, which are placed
on top of an adherent PET cell culture insert. In some cases, RPE tissue dissected from the neural
retina was placed on top of the cell culture insert to act as a control. These cultures are able to
reassociate and form an intact retina. A second well insert is placed on top of the explant,
creating a ‘sandwich’ with an adherent PET membrane on the bottom and a non-adherent PTFE
membrane on top to ensure flatness and stability. Non-control experiments did not have a layer
of RPE to support photoreceptor outer segments, which will quickly lead to neurodegeneration
similar to geographic atrophy seen in AMD. These cultures received an injection through a 32

gauge syringe of 150,000 RPE-J (ATCC CRL-2240) cells. This injection was handled in one of
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two ways: either cells were injected in media, or within the PNNPD scaffolding. Explants were
kept in culture for 7 days before being cryosectioned and examined immunohistochemically. The
difference in retinal health resulting from the method of delivery was useful not only for
validating the concepts buttressing PNNPD, but also as a convenient test bed for optimization for
future iterations. This method generates 8 roughly equally sized, triangular-shaped retinal
explants from a single rat. Explants cultured under these conditions were observed to maintain

healthy retinal morphology and viability for at least 17 days.

RPE-J Cells + Media

- RPE-J cells + PNNPD

PTFE Insert ———— ==y

Neural Retina

Harvested RPE ——————— il ¢ 1 o 1 o [ o [ o [ o

« D @ oive D @
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Media J

Figure 7 — Cartoon of organotypic culture. Control explants were grown with an intact RPE
layer and Bruch’s membrane harvested at the same time as the neural retina (left). RPE-J cells
were introduced into this model with the aim of sustaining the neural retina. In some cases, cells
were injected suspended in media (middle). Otherwise, they were injected within PNNPD

scaffolding. The two approaches were compared.
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By far the most difficult part of this model was delamination of the ‘sandwich’ during some part
of tissue processing for histology. With this admission, and an acknowledgment that
methodological improvement is crucial to any future success, some data was able to be gathered.
Seen in Figure 8 — a representative example from each of the relevant experimental categories
was successfully embedded in paraffin wax, sectioned, and stained with H&E. As can be seen,
RPE-J cells delivered into this culture model within PNNPD scaffolding were readily apparent as
a pigmented mass in the correct tissue microenvironment. While there does seem to be some
atrophy in the outer nuclear layer when compared with controls, this maybe have been caused at
least partially by the delamination of this structure discussed earlier. The bottom of this construct
certainly seems to have been truncated prematurely. Further, RPE-J cells, while relatively similar
to natural RPE, are nevertheless an immortalized cell line which may not be able to properly
support photoreceptors in this context. Otherwise, the inner nuclear layer and ganglion cells
appear normal and healthy. Without PNNPD as a scaffolding biomaterial, there was no obvious

sign of RPE cells at all, and tissues appear much more disrupted and irregular.
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Figure 8 — Histology of organotypic ‘sandwich’ after excision from well inserts with a razor
blade. (A) represents a control culture, where neural retina was grown on top of harvested
RPE/choroid. (B) is the result after RPE-J cells were delivered using PNNPD scaffolding. RPE

is clearly visible. Without scaffolding, there do not appear to be any surviving RPE-J cells (C).

In some cases, RPE-J cells were labeled with Qtracker cell labeling kit for contrast on a
fluorescent microscope. As seen in Figure 9, cells delivered with PNNPD can be clearly
identified growing within the organotypic model. Cells delivered without scaffolding have
almost no Qtracker signal, indicating either cell death, where membranes have degraded enough
for Qtracker to diffuse away, or cells were never able to find anchorage under the neural retina
and diffused away from the site of injection. In this model setting, therefore, PNNPD has

demonstrated a clear ability to enhance cell survival after injection.
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Figure 9 — fluorescent composite image of organotypic culture model. After excision, tissue
samples were cryopreserved in a bath of isopentane, itself immersed in liquid nitrogen. After
sectioning, samples were stained with DAPI. Where PNNPD was used to deliver cells, a
composite image of DAPI (A), the autofluorescence of the retina (B), and Qtracker (C), verifies
the presence of successfully transplanted RPE-J cells (D). Conversely, a similar composite
image of a culture where PNNPD was not used shows almost no Qtracker labelled cells are

present.
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3.4 In vivo modelling

Ultimately, PNNPD is expected to be a useful clinical tool used to enhance cell based therapies
to the retina. Subretinal injections of PNNPD were therefore performed in rats to test it in a
relevant tissue microenvironment. Subretinal injections are rarely used in a clinical setting,
although with an increase in exotic treatment possibilities of which PNNPD hopes to be a small
part, perhaps these injections will become more common. Presently, however, there are several
methods of reaching the subretinal space with no common standard. The method used in this
section, as shown in figure 10, is transscleral. It should be noted that since this work was done,

the transvitreal route has become my default, for reasons which will be discussed later.

Briefly, Lewis rats are used for these experiments, and are handled in accordance with the animal
research ethics board (AREB) as well as McMaster University guidelines for animal work. Rats
are anaesthetized with isoflurane gas by being induced at 5% with a 1L/min and maintained at
2% with a 200mL/min flow rate. Eyes are swabbed with iodine to minimize the risk of injection.
Lids are retracted, and eyes are proptosed for access. A small tattoo of nile blue stain is applied
to the nasal side of the sclera to allow orientation after enucleation. The temporal side of the
bulbar conjunctiva and temporal rictus muscle are resected to allow the eye greater range of
movement within its orbit. The eye is rotated towards the nasal side to expose the posterior
segment. The sclera is given a lancing incision with a 30-gauge beveled needed, and a 33 gauge
blunt tipped syringe is inserted at as shallow an angle as possible. The injection is performed

once the needle is forced into the subretinal space, implanting 2ul of copolymer. The use of
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albino animals in this case allows visual confirmation of the injection as there is no pigmented

RPE to obstruct vision, which can clearly be seen in the bottom panel of figure 10.

Retract Proptosa

Figure 10 — Transscleral subretinal injection.
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To track the progress of this subretinal injection, fundus ophthalmoscopy and optical coherence
tomography (OCT) were utilized. By looking at the fundus in Figure 11, the successful subretinal
implant can clearly be seen, particularly through contrast with a control eye. By taking an OCT
scan along the implant, there is an empty void. PNNPD essentially has the refractive index of
water; it is therefore unsurprising there is no optical scattering to produce an image. The bleeding
evident after implantation is potentially troubling. The eye is generally considered as an
immunologically privileged site. Both allogeneic and xenogeneic intraocular grafts can
potentially enjoy a prolonged survival when compared with similar grafts implanted into other
body sites.[36] By passing through the sclera and choroid, it is almost inevitable that transscleral
injections will produce bleeding and compromise the tight junction barriers that typically exist
between ocular tissues and systemic circulation. The leukocytes which migrate into the eye as a
result may produce potentially catastrophic inflammation. Further, the transscleral injection
method simply does not translate to the clinic; it is far to invasive. For these reasons, the
transscleral approach was abandoned after this study, in favour of a transvitreal implantation

route which will not be discussed further here.
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Figure 11 — Fundus ophthalmoscopy and OCT retinal images. A control eye (left column) shows
a healthy retina without any disruption to its subretinal space. Following a transscleral
subretinal injection of PNNPD, a retinal bleb can clearly be seen (top right), which is confirmed

using OCT (bottom right).

Unfortunately, as described in Chapter 2, PNNPD does not survive the fixation process
necessary for immunohistochemistry. Figure 12 shows a retinal section stained with DAPI taken
from an animal sacrificed 24 hours after receiving the implant. While there is no evidence of any
acute immune reaction, there is very clearly blood — mostly erythrocytes — pooling in the

subretinal space, which can be seen in more detail in the zoomed image.

117



Implant

Figure 12 — DAPI and retinal autofluorescene image of the retina. Blood (top left) can be seen in

the subretinal space.
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3.5 Conclusion and future work

Cell delivery to the back of the eye is in need of a transformative approach to enhance cell
survival and functional integration. By departing from the standard repertoire of accepted
scaffolding materials, with poly(lactide-co-glycolide) PLGA,[37] polycaprolactone,[38] and
poly(methyl methacrylate) (PMMA)[39] as popular choices, an enormous amount of in vitro and
in vivo work is required to validate and optimize this novel approach. To address this unmet
need, PNNPD was synthesized, characterized, and put through a comprehensive series of tests to
prove its biocompatibility and suitability for this application. An organotypic testing platform
was created using primary retinal tissue to refine PNNPD in a more controlled setting. 2 pl of
copolymer was successfully injected into the subretinal space with a 33-gauge syringe, utilizing
body temperature to drive the in situ formation of a solid scaffold directly within this delicate
microenvironment. While no deleterious changes were observed in retinal tissues after
implantation, further testing is required to elucidate the long term fate of implanted materials,

particularly as they degrade.

It was always my intention to test real cells in a disease model using PNNPD as a delivery
scaffold. Sodium iodate (NalOz) can be used to produce a very convincing model of dry atrophic
AMD and SMD by selectively depopulating the RPE, thereby inducing retinal degeneration.[40]
New RPE can then be implanted to rescue this disease state, restoring vision. We are, however,
not a stem cell lab, and an entire PhD can be spent optimizing precursor or progenitor cells for
this purpose. As PNNPD is not a thin sheet like many RPE scaffolds, cells for implantation

would need to be terminally fated to the RPE phonotype, while maintaining the flexibility to
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migrate to a site of injury and integrate into existing tissues. This was found to be a daunting task
for which there was not enough time. Advanced Cell Technologies, the world leader in human
embryonic stem cell derived RPE for transplant, had agreed to a material transfer agreement
(MTA) for their cells (MAO09 cell line). They were acquired by another company before any
could be sent, and the MTA was not honored. Recently, another collaboration has been
established with the CCRM, a federal incorporated organization specializing in stem cell biology
and regenerative medicine. As part of a postdoctoral fellowship, 1 hope to complete this project
by implanting RPE precursor cells into the subretinal space of a NalOz induced model of AMD.
In addition to what has been presented in this chapter, tracking functional recovery with
electroretinography would be essential. While | have injected cells into the subretinal space,

these results added nothing substantive to this narrative and so were not included.
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Chapter 4: Mucoadhesive phenylboronic acid based micelles

for controlled, sustained anterior segment drug delivery

Scientific Contributions

Develop and characterize a mucoadhesive copolymer that self assembles into
micelles. Much of the chemical development was performed by a MASc student
in the Sheardown lab.

Show mucoadhesivity and drug release in vitro and in vivo

Demonstrate biocompatibility in vitro and in vivo

Adapt a scopolamine-induced rodent dry eye model with which to measure the

effectiveness of these particles at rescue from this disease model

Publications from this work

Prosperi-Porta G, Muirhead B, Sheardown H. (2016) Phenylboronic-Acid-Based
Polymeric Micelles for Mucoadhesive Anterior Segment Ocular Drug Delivery.

Biomacromolecules.

Ben Muirhead, Kathleen Ingram, Heather Sheardown (2017) Mucoadhesive Drug
Delivery Micelles for Dry Eye Disease (manuscript in preparation for IOVS)
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Abstract

Despite their ubiquity, eye drops simply do not work very well. Barriers to bioavailability,
including rapid turnover of tears and impermeable tight junctions, bring about a requirement for
frequent dosing for drugs to achieve any clinical efficacy, resulting in systemic exposure, waste,
and poor performance. Mucoadhesive drug delivery vectors can anchor drug to the ocular
surface, greatly increasing bioavailability. To that end, poly(L-lactide)-b-poly(methacrylic acid-
co-3-acrylamidophenylboronic acid) block copolymer micelles were synthesized and
characterized to provide controlled, sustained release of therapeutics directly onto the ocular
surface. These micelles were shown to be biocompatible and mucoadhesive in vivo. A
scopolamine induced dry eye model was created and characterized, which could be rescued using

this technology.
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4.1 Background

The challenges with topical treatments for ocular diseases were discussed in some detail in
Chapter 3; those points will not be belaboured here. Briefly, while they are the de facto standard
for the treatment of tear film and ocular surface diseases, eye drops simply do not work very
well. The cornea contains tight junctions in both its epithelial and endothelial layers, ensuring
that anything applied to the surface has an extremely difficult time diffusing to a site of action.
Medication applied via drop is furthermore quickly flushed away from the ocular surface through
blinking and epiphora, resulting in systemic exposure, wasted drug, and compounding the
extremely low bioavailability in target tissues. In effect, less than 5% of a drug applied via drop
will be available to the anterior structures of the eye and less than 1% penetrates to posterior

structures.[1]

Lipid Layer
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Figure 1 — Cartoon of tear film.
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The tear film, depicted in Figure 1, is composed of an outer lipid layer, a middle aqueous layer,
and an inner mucin layer immobilized on the glycocalyx covering the corneal and conjunctival
epithelium.[2] A potential strategy to increase the bioavailability of a drug to ocular issues
involves targeting these immobile mucins anchored to the ocular surface. There are many
established materials capable of binding mucins, popular examples of which include polymers
such as chitosans,[3] cellulose derivatives,[4] thiomers,[5] and many others, not least of which
are hyaluronans used in the production of HASD discussed in Chapter 3[6]. However, these
cationic polymers typically rely on electrostatic interactions with negatively charged mucins to
facilitate binding. As discussed briefly in Chapter 3, one of the most consistent symptoms of
DED is hyperosmolar tear film as aqueous volume decreases. The ionic density can interfere
with electrostatic binding, making these cationic polymers ineffective — at least in the context of
DED.[7] Phenylboronic acid (PBA) is also mucoadhesive,[8] but forms a complex with 1,2-cis-
diol groups of sugar residues, such as sialic acids, common in mucins.[9] This affinity between
PBA and diols has precedent throughout the mucin-membranes of the body. Based on this, a
mucoadhesive copolymer micelle was developed to bind to the ocular surface and release cargo
over a prolonged period of time. While ultimately this platform might be useful anywhere mucus
exists, the current focus is on application for the treatment of ocular conditions. Ideally, any
pharmaceutical normally dosed via drop could be packaged within these mucoadhesive micelles
and provide prolonged controlled release while maintaining low costs, non-invasiveness and

simple self-administration, as seen in Figure 2.
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Figure 2 — PBA modified micelle binding to mucin on the ocular surface.

Due to the expertise and infrastructure developed to model and assess DED discussed in chapter
3, this indication was used to validate this approach. While these particles are designed as a
platform, capable of entrapping and releasing a wide variety of cargo, and targeting mucosal
membranes throughout the body, this approach needs to be validated in a specific area to
establish feasibility. As this laboratory specializes in ophthalmics, targeting the eye makes
obvious sense. Of all the ocular conditions which require a topically applied treatment (including
glaucoma, uveitis, ocular infections, etc), DED is by far the easiest to model, requires the least

sophisticated equipment to assess, and requires the least amount of time to measure
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improvement. Cyclosporine A (CycA) is the active ingredient in Restasis, one of only two
currently approved drugs prescribed to treat DED. Encapsulating CycA will therefore provide
direct comparison with the current DED state of the art. By binding to the ocular surface and
providing controlled release, a greatly reduced dosing schedule is theoretically possible, thereby
reducing systemic exposure and improving patient compliance. Escaping the pulsatile delivery
paradigm inherent to eyedrops, controlled release of a pharmaceutical within its therapeutic
window may greatly improve clinical efficacy as well. CycA in particular is a notoriously poor
performer, with the need for frequent dosing and an extended period of drop administration

necessary prior to clinical efficacy being observed.

4.2 Micelle synthesis and characterization

pLA-b-p(MAA-PBA) (LMP) copolymers were synthesized by RAFT polymerization. The
precursor monomers were selected to allow for degradation. All monomers selected have a
history of use in the eye. In a typical reaction procedure (80:20:1.4:0.2 molar feed ratio of
AA/PBA/pLA/AIBN), methacrylic acid (MAA; 192.9 mg, 2.24 mmol), PBA (107.1 mg, 0.56
118 mmol), poly(D,L-lactide) 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentoate (pLA-
CDP; 200.0 mg, 0.04 mmol), and AIBN (1.10 mg, 0.01 mmol) were dissolved in 5 mL of 90:10
1,4-dioxane/water to form a 10% (w/v) solution. The solution was degassed by performing three
freeze—pump—thaw cycles, followed by replacement of the atmosphere with dry nitrogen. The
flask was then heated to 70°C for 24 h under constant stirring. This copolymer is 20 wt % PBA
in the poly(MAA-co-PBA) block, and was isolated by precipitation into 10 times excess of cold

anhydrous diethyl ether and further purified by repeated precipitation into diethyl ether from
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tetrahydrofuran two additional times. The copolymer was then dried in a vacuum oven at 50 °C

S _S<

A T CHx(CH2)10CH;
0
NH

NH
S AIBN, 90:10 1 4-dioxane:H,O
W T CH> (CH )lOCH 70°C. 24 hrs

for 24 h before further use.

_OH

Figure 3 — Reaction schema for RAFT synthesized PBA modified micelles.

Micelles were formed by precipitation into purified water from acetone. In brief, 20 mg of LMP
copolymer was dissolved in 2 mL of acetone and then added dropwise to 6 mL of purified water
under constant stirring through a 30 G needle at a rate of 0.5 mL min* using a syringe pump.

The acetone/water solutions were then allowed to stir uncovered at room temperature for 48 h to
evaporate the acetone before subsequent use. The micelle concentration was adjusted by dilution

with purified water or further evaporation prior to characterization.
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Figure 4 — FT-IR spectra of PBA modified micelles.
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As seen in Figure 4, the broad stretch between 3520 and 3200 cm™ represents the alcohol of the

phenol group. The peak at 3030 cm™ is indicative of the aromaticity of the PBA.

105 9.5 85 7.5 6.5 55 45 35 25 15 0.5
Chemical Shift (ppm)

Figure 5 — H-NMR spectra of PBA modified micelles.

As seen in Figure 5, the micelle spectrum shows peaks at 6.5-7.5 ppm belonging to the CH ring

protons of the phenylboronic acid, peaks at 5.3 ppm from the methyl group on the polylactide,

and CH(MAA)/CH2(PBA)/CH3(MAA) polymer backbone peaks from 1-2 ppm.
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Figure 6 — TEM of micelle morphology. Scale bar = 100um

Dynamic light scattering (DLS) was used to determine the z-average diameter and dispersity of
these micelles. Micelles loaded with CycA showed a significant (p > 0.01) decrease in their
average z-diameter, as shown in Table 1. Its possible CycA was able to interact with the
hydrophobic PBA, creating intramolecular interaction responsible for the smaller size. TEM was
performed to confirm the approximate size and low dispersity described by DLS (Figure 6). This

scan confirms regular, spherical morphologies of appropriate size.
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Table 1 — DLS of micelle diameter

unloaded micelles CycA-loaded micelles
diameter £ SD (nm) dispersity diameter £ SD (hm) dispersity
59+29 0.29 44 + 3.8 0.34

Mucoadhesion was determined using Surface Plasmon Resonance. Briefly, SPR102-AU gold
sensors were incubated in 100 pL of 100 ng mL™* bovine submaxillary gland mucin for 24 hours
at 20°C and then rinsed with purified water to remove unbound mucin. SPR measurements were
conducted by flowing simulated tear fluid for 10 minutes to achieve a stable baseline. The
solution was then changed to a 1 mg mL™ solution of micelles for 50 minutes. At this point, the
solution was changed back to simulated tear fluid to assess mucoadhesion stability. All
measurements were conducted at a flowrate of 50 pL min, a temperature of 22°C, and a fixed
angle scan of 65.4°. As seen in Figure 7, micelles containing PBA adsorbed to the sensor much

more readily, and were much more resistant to removal during rinsing.
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Figure 7 — SPR using a mucin-coated sensor. Intensity is proportionate to bound micelles.

CycA release from micelles was determined using high performance liquid chromatography
(HPLC). Briefly, a 20 mg of the LMP copolymer was dissolved in 2 mL of acetone containing
1.5 mg/mL CycA. This solution was added drop-wise to 6 mL of purified water. The solution
was left under stirring for 24 hours to evaporate the acetone. 0.5 mL was removed and filtered
with Nanosep 10K Omega centrifugal to separate micelles from free CycA. The filtrate was
collected to determine entrapment efficiency (EE). 5 mL of non-centrifuged sample was then
added to 50 kDa MWCO dialysis tubes and placed in 15 mL of STF. At specified time points,
2.5 mL samples were removed and replaced with fresh pre-warmed simulated tear fluid (STF).
These samples were analyzed using HPLC with a 0.7 mL min isocratic flow rate of 80:20
acetonitrile:0.1% trifluoroacetic acid in purified water as the mobile phase, a 60°C column

temperature, a 20 pL sample injection volume, and a 210nm detection wavelength. Sample
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concentrations were determined based on a standard calibration curve of CycA in the mobile

phase (not shown).
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Figure 8 — Release curve for CycA from PBA modified micelles.

The release curve is characterized by a two-phase release, with an initial burst lasting ~24 hours
releasing ~40% of entrapped CycA, followed by a non-linear release of ~80% of entrapped
CycA over the next 13 days (Figure 8). While it is a contentious issue, the literature seems to
agree that mucins bound to the ocular surface will be shed and replaced within a week at
most.[10] If these micelles are to be bound to mucin, for this application at least there seems

little reason to prolong release beyond the curve seen here.

4.3 In vitro testing
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Cell viability data has typically been omitted from previous chapters due to its banality. In

general, and particularly with respect to PNNPD materials, cells were completely unaffected.

When grown with a human corneal epithelial cell line, the micelles showed a significant decrease

in viability as well as an increase in morbidity that was both concentration and time dependent.
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Figure 9 — MTT viability assay and calcein AM/ethidium homodimer-1 live/dead assay results.
The difference between all live and dead values is significant, p < 0.05, n =12, error bars =

standard deviation.

In this case, as seen in Figure 9, significant decreases in viability and cell death, along with a
significant decrease in living cells was observed. As a class, it has often been observed that
nanomaterials interfere with various cellular functions and can induce both apoptotic and

necrotic cell death at relatively low concentrations.[11] While that is a plausible explanation in
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this case, it is also important to note that the percentage of cells actually dying remains quite low.
Interestingly, the data seems to describe a trend of recovery. In all cases, cells were affected the
most after 24 hours, but then seemed to recover after 72 hours. The 1 mg dose of micelles
moreover had a lesser effect than the 5mg dose, indicating a dose dependent toxic response. To
put these findings into context, a visual comparison between the worst cast live/dead result (5mg,
24 hours) and a control is given in Figure 810. As can be seen, despite the several-fold increase
in dead cells, the numbers are still relatively insignificant. Coupled with the fact that even the
1mg dose is much larger than would be seen in a clinical setting, these micelles were deemed

safe for further experimentation and eventual human use.
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Figure 10 — An ethidium homodimer-1 stain (left) and a calcein AM stain (right) showing the
dead and living HCECs within the worst performing testing category (Figure 9) and a control.
Despite significantly more cell death, in both cases dead cells are a negligibly small minority of

the overall culture. n = 12, error = standard deviation, p<0.05

4.4 In vivo testing

To verify the mucoadhesion by SPR described in Figure 46, an in vivo assay was developed.
Initially, micelles were to be loaded with something easily detectable — probably some form of
fluorescein — and applied to the ocular surface in the same fashion as if they contained a
therapeutic. However, this approach would not measure how long the micelles were bound, but
rather how long their fluorescent cargo was releasing. Therefore, to measure micelle binding
directly, the particles themselves were modified with 5-aminofluorescein (Figure 11). Briefly,
micelle copolymers were modified with 5-aminofluorescein using carbodiimide mediated
coupling. In a typical reaction procedure, 53.5 mg of copolymer was dissolved in 5 mL of dry
dimethyl sulfoxide in a sealed 25 mL round bottom flask containing a stir bar and covered in
aluminum foil to avoid exposure to light. To this solution, 5-aminofluorescein (FA; 31.3 mg,
0.16 mmol), N,N'-Dicyclohexylcarbodiimide (DCC; 66.7 mg, 0.60 mmol), and 4-
Dimethylaminopyridine (DMAP; 6.2 mg, 0.05 mmol) were added to achieve molar ratios of

100:30:110:10 for MAA:FA:DCC:DMAP respectively. The solution was sealed and left to stir
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for 24 hours, after which the solution was placed in a 3.5 kDa dialysis tube and dialyzed in
DMSO for 8 solution changes. At this point, the dialysis tube was transferred to acetone to
remove DMSO for 2 acetone changes. Next, FA-modified copolymer in acetone was diluted to
achieve a 20mg mL™* solution, which was added dropwise into stirring purified water at a volume
ratio of 1 mL acetone:6 mL purified water. The copolymer/acetone/water solution was allowed
to stir uncovered, but protected from light for 24 hours to allow the majority of the acetone to
evaporate and the micelles to form. Next, the micelle solution was transferred to 3.5 kDa MWCO
dialysis tubes for a final purification in water to remove any acetone or other water soluble by-

products for 3 cycles.
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Figure 11 - Carbodiimide-mediated coupling of 5-fluoresceinamine to micelle copolymer

Rat eyes were given a single instillation of 50ul FA modified micelles. While some micelles
were modified with PBA, and therefore mucoadhesive, some were not. As seen in Figure 12, 4
hours post instillation, fluorescent PBA containing micelles continued to fluoresce strongly,
while fluorescent micelles without PBA had no detectable fluorescence. This finding verifies not
only that these micelles are mucoadhesive as designed, in a living, blinking eye, but that it is the
PBA which is responsible for this property. After 4 hours, this fluorescent signal could no longer

be observed. As a platform, this technology is designed to greatly reduce the dosing frequency
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necessary to achieve clinical efficacy. The DED treatment Restasis, mentioned earlier, required
twice daily instillations to be effective. Ideally, a dosing schedule of once per week could be
achieved with this technology, as described elsewhere in the literature.[12] This conjecture
seems ambitious given the apparent disappearance of these mucoadhesive micelles after only 4
hours. However, it is likely micelles remain on the surface of the eye, and this assay is simply
not sensitive enough to detect them. Most of the mucins present in the tear film are soluble in its
aqueous phase, as seen in Figure 1. Along with intramembrane mucins, glycocalyx are long
chain molecules that immobilize some mucin to the corneal surface. Formed by corneal cells,
glycocalyx migrate out from the surface of the corneal microvilli to form a hydrophilic network
that holds mucin on the ocular surface.[13] While some portion of instilled micelles will bind to
aqueous mucins which are quickly flushed away, some other portion will find and adhere to
these more permanent mucins and remain for much longer. Despite losing the fluorescence
signal, it remains entirely likely there are sufficient micelles remaining to deliver therapeutic
levels of drug. A future experiment using radioisotope carbon-14 would have the sensitivity to

determine how many, if any, of these micelles remain for longer periods of time.
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Figure 12 — 50puL of fluorescently labelled micelles instilled onto a rat eye. Some eyes (left) were
instilled with micelles which did not contain PBA, while others (right) did contain PBA. After 4
hours, unmodified micelles were no longer fluorescing, indicating they had been washed away.

Only the PBA modified micelles continue to fluoresce on the ocular surface.

Given the somewhat ambiguous cell toxicity data, these micelles were assessed with a full
battery of toxicity testing. A short, 24 h initially, assessment was performed which did not show
any acute toxicity (data now shown). For a more thorough assessment, eyes were dropped twice
daily for a period of two weeks. The micelle dosage given was significantly higher than what
would be expected in a clinical setting to ensure that at whatever concentration, the data shown
are transferable and conservative. This clinical dosage was roughly calculated based on the
recommended dosage of Restasis, which comes as an emulsion containing 0.5mg mL™* CycA.
Based on the paper published about these particles, they were shown to have an entrapment
efficiency of >99%.[14] Therefore, a solution of 5mg mL™ was chosen so as to provide 10 times

the amount of CycA that Restasis prescribes. Furthermore, as we anticipate a reduction in dosing
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from twice per day to once or twice per week, the dosing regimen undertaken during this study
represents a 7 to 14-fold overdose. There are also likely intangible benefits to consistent,
controlled release which would probably further reduce dosage requirements, but even ignoring
that possibility, this toxicology study has conservatively applied 70 to 140 times more micellular
particle to the ocular surface than would be necessary were it being used to carry drug. If these

particles do not cause any irritation or damage at this concentration range, they could be assumed

safe for their intended purpose.

Figure 13 — Ocular toxicity of 20% PBA micelles on the ocular surface of Sprague-Dawley rats.
H&E histology (left), slit lamp examination (middle-left), fluorescence imaging (middle-right),
and OCT (right) were performed on the cornea. Test eyes (top row) show no significant

difference from control eyes dosed with PBS (bottom row).

As seen in Figure 13, eyes treated with twice daily instillations of 5mg mL™* (top row) show no
significant difference from control eyes treated with PBS on the same dosing schedule (bottom

row). In these representative images, corneal histology, slit lamp ophthalmoscopy, corneal

144



staining, and corneal OCT show no obvious signs of inflammation or other damage, suggesting

excellent biocompatibility on the ocular surface.

Once it was established that these micelles are benign, they could be tested in a DED model,
similar to HASD in chapter 3. Unlike the hypothesized MMP-9 inhibition capabilities of HASD,
which could be a counter for the inflammation found in all subtypes of DED, the CycA
encapsulated by these micelles targets a much more specific etiology. Cyclosporines belong to
the group of compounds known as calcineurin inhibitors, which also includes tacrolimus and
voclosporin. The drug binds to various cyclophilin isoforms found in lymphocytes, and this
complex inhibits calcineurin, ultimately preventing it from activating the transcription product of
interleukin-2. Because IL-2 is necessary for T-cell replication, cyclosporine is a potent inhibitor
of T-cell proliferation and thus drastically downregulates T-cell-mediated immune
responses.[15] When applied topically, CycA can reverse the suppression of tear production
associated with DED derived inflammation. Consequently, CycA is only effective in the subset
of DED sufferers who are aqueous deficient. Our previous model used the cationic surfactant
benzalkonium chloride which, due to its nature, is able to dissolve or emulsify the lipid layer of
the tear film. As a result, an animal model induced as described in Chapter 3 would could not be

rescued with CycA, regardless of how it was packaged.

Scopolamine is an anticholinergic agent that blocks the activity of the muscarinic acetylcholine
receptor.[16] The effect of this pharmacological blockade on the lacrimal glad is a significant
decrease in tear production. Along with being a very good model of generalized aqueous

deficient DED, scopolamine is a near perfect proxy for Sjogren's syndrome, in which
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autoimmune mediated inflammation specifically disrupts lacrimal gland production.[17] To
create this model, scopolamine was administered to female Sprague Dawley rats via an
implanted microsomotic pump (0.1 mg/day, Alzet model 1002). After shaving the animal, an
incision was made in the scapular region of the back. A hemostat was used to create a space for
the pump, which was then inserted under the skin (Figure 14). This treatment was combined with
a desiccating environment, including a reduction in humidity to <30% and multidirectional
airflow from fans. While not necessary to induce DED symptoms, a desiccating environment
produces a much more accurate model than simply reducing tear production. Animals are kept in

this state for up to 28 days until predetermined endpoints are met.

-~

Figure 14 — Insertion of an Alzet model 1002 microsmotic pump under the scapula of a Sprague

Dawley rat.

To measure the impact of this model, along with recovery, slightly different metrics were used
than described in chapter 3. A modified Schirmer’s test was employed to measure tear volume.

Normal test strips were cut lengthwise into thirds, as rats do not produce enough tear volume to
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resolve a measurement on conventional Schirmer strips. As described in Figure 15, there was a
significant decrease in tear volume 2 days after model induction which remained for 4 weeks
compared with control. While tear volume itself decreases very rapidly, this does not necessarily
indicate the DED model has reached an endpoint. It takes time for this lack of moisture to
produce inflammation, and the subsequent cascade of pathological changes which resembles
clinical DED. If tear film alone is used to characterize recovery, as it often is in industrial
settings which do not want to complicate their drug trials with the esoterica of a more realistic
DED, then animals would be ready to use perhaps 5 days post induction. In this case, a more
mature DED model will be allowed to develop to improve clinical congruency as much as

possible.
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Figure 15 — Scoplamine treated rats (blue, n=9) had significantly less tear production than
control rats (orange, n=3). Error bars = standard deviation, all time points after day 0 are

significantly different, p<0.05.

Tear film osmolarity is a new addition to this testing suite since Chapter 3. One of the most
persistent problems with DED is its inconsistent presentation at clinics. Some patients complain
of a gritty feeling while others complain of a stinging pain. Some people have a reduced tear film
breakup time, and others have corneal thickening and ocular inflammation. Perhaps the most
confounding symptoms is excessive watering, which, of course, has a somewhat oxymoronic
relationship with ‘dry eye’ disease. One of the few characteristics essentially every case of DED
has in common is hyperosmolar tears. In fact, tear hyperosmolarity is now one of the de facto
definitions of DED according to the Definition and Classification Subcommittee of the
International Dry Eye Workshop (DEWS).[18] Tear film osmolarity (TFO) provides a
quantitative, objective, repeatable measure of DED presence and severity, and is considered the
‘gold standard’ of DED diagnosis in the clinic.[19] Until recently, measuring TFO was a
cumbersome process which was essentially impossible in rodents due to their relatively low tear
volume. The TearLab corporation has developed a ‘lab on a chip’ which measure TFO in
seconds with a single use testing chamber. Because this device only requires 10 nL of tear fluid,
it has worked well in this rat model. As seen in Figure 16, TFO quickly climbs from a trail
average of 291.2 mOsmol L to a peak of 327 mOsmol L™ after 5 days. Perhaps equally
relevant, the variance in the scopolamine treated cohort is significantly greater than in the control
cohort. The average standard deviation of each data point, excluding day 0, for the scopolamine

cohort was 6.96; the average for the control group was 2.44. It seems that in addition to
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increasing the TFO, this scopolamine model also increase flattens its distribution, which is

reported in the literature as a phenomena in human DED.[20]
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Figure 16 — TFO after DED induction with scopolamine. Error bars = standard deviation, all

time points after day 0 are significantly different, p<0.05

Corneal redness and irritation were evaluated using a rodent-customized slit lamp. Corneal
staining was measured using ophthalmic fluorescein strips and an anterior segment lens for a
Micron Phoenix ophthalmoscope. These results are presented in Figures 17 and 18 respectively
using a modified Draize and Oxford Scheme. In both cases, scores increase after induction with

scopolamine, although not as dramatically as with Schirmer’s test or TFO.
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Figure 17 — Modified Draize assessment of corneal irritation. Control n=3, Scopolamine n=9.

Error bars = standard deviation all time points after day 0 are significantly different, p<0.05.
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Figure 18 — Oxford Scheme assessment of corneal staining. Control n=3, Scopolamine n=9.

Error bars = standard deviation all time points after day 0 are significantly different, p<0.05.

Corneal histology and conjunctival impression cytology samples were taken, but have not yet
been processed for publication. Taken together, a scopolamine based model of DED in rats has
been developed and characterized to compare the ability of CycA containing micelles against
Restasis to treat this condition. Before these treatment approaches were compared, it was decided

to measure what effect, if any, these micelles have on this model.
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Figure 19 — Combined tear volume (left axis) and TFO (right axis). Micelles did not improve
tear volume or tear osmolarity over doing nothing, whereas Restasis brought values back to
normal. n = 3, error bars = standard deviation. No intervention and Micelles categories were

significantly different from their normal values, p<0.05.

Combined on Figure 19 are tear volume and TFO measurements under various conditions. The
DED model was induced, after which animals were left to recover after removing the micro-
osmotic pump and desiccating conditions for 7 days. In some cases, nothing was given to the
animals to speed their recovery (no intervention column). In other cases, micelles without any
loaded CycA, or Restasis, a known treatment for DED was given to speed recovery (micelles and
Restasis columns). This recovery was compared with normative values from animals which had
not been induced with DED (normal value). With both tear volume and TFO, micelles had no
effect on this DED model. While Restasis did show significant improvement in both TFO and

tear volume, instilling micelles was equivalent to doing nothing at all. This result is completely
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expected, as without being loaded with CycA, micelles should not have any therapeutic effect.
This is further corroboration of the data presented in Figure 13, which demonstrates how benign

these particles are.
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Figure 20 — Combined modified Draize scheme (left axis) and Oxford corneal staining scheme
(right axis). Restasis partially rescued the DED model, significantly reducing staining and
irritancy close to normal levels. Micelles were not significantly better than doing nothing.

Restasis and normal values cate n = 3, error bars = standard deviation, p<0.05.

Similarly, with slip lamp and fluorescent examination, micelles offer no benefit, but also no

disadvantage to doing nothing at all, as seen in Figure 20.
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4.5 Conclusions and future work

Mucoadhesive micelles could offer a revolutionary increase the bioavailability of topically
applied ophthalmic drugs. By packaging drug within these particles, dosing can be greatly
reduced, thereby reducing off-target systemic exposure so common with traditional drops.
Furthermore, by providing prolonged, controlled release, pharmaceuticals can be kept within
their therapeutic window, escaping chronic over- and under-dosing so emblematic of pulsatile
drug delivery. 20% PBA poly(L-lactide)-b-poly(methacrylic acid-co-phenylboronic acid)
copolymer micelles were synthesized by reversible addition-fragmentation chain-transfer
polymerization. These micelles have shown excellent mucoadhesion and the ability to
encapsulate and deliver cyclosporine A. While cell viability did show some change to cell
viability and morbidity, there was insufficient cytotoxicity to suggest any real danger. Animal

studies have further confirmed the benign immunological characteristics of these particles.

The decision to create these particles using RAFT polymerization was, in hindsight, a bad one.
Any scaling to industrial levels of production would be quickly stymied by this multi-pot,
cumbersome approach. It is therefore a priority to transition this technology to free radical
polymerization, while keeping properties sufficiently consistent for eventual regulatory approval.
The proverbial elephant in this chapter also needs to be addressed: how do these particles
compare with current options — particularly Restasis — at treating DED. In other words, do they

work? Unfortunately, due to production issues outside of my control, we have only recently been
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able to produce a sufficient quantity of CycA loaded micelles for animal testing. A DED study is

currently underway, and results are expected by the end of the second quarter 2017.
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Chapter 6: Conclusions and future work

159



Either through collaboration or the pursuit of my own ideas, numerous ophthalmic biomaterials
were created and tested. PNIPAAmM based thermosensitive hydrogel materials were perhaps the
most consistent thread in this thesis. Two PNIPAAmM derivatives, one modified with collagen, the
other with PEG, NAS, and DBA were used as case studies to highlight the development of a
biocompatibility testing platform now in use in the Sheardown lab. Not just the materials
themselves, but also degradation products and extratables were tested with cell types relevant to
ocular tissue microenvironment. An assay to measure cell ejection driven by intramolecular
hydrophobic in situ gelation was developed. An in vitro immunoassay using the THP-1 cell line
was created to provide meaningful insight into the interaction between materials and monocytes.
While this assay may not have been definitive, it may still serve as a simple check before
materials transition into animal models. Extensive histology was performed using a variety of
staining techniques to better understand the foreign body response to soft materials. Ultimately,
PNNPD materials were injected into the vitreous to assess their feasibility as a drug releasing

scaffold.

Building on this in vivo expertise, a novel dry eye disease therapeutic, HASD, was synthesized
and validated in a BAC induced rabbit dry eye model. By combining the mucoadhesivity and
CD44 activation of hyaluronic acid the matrix metalloproteinase inhibitory capacity of
sulfadiazine, it was hypothesized a synergistic and highly effective treatment for dry eye disease
might result. By looking at tear volume, corneal staining, and conjunctival impression cytology,
HASD was significantly more effective at rescuing disease models than simple rinsing, and at
least as effective the most effective artificial tear solution currently available. By complexing a

160



different MMPI, it might be possible to achieve even greater clinical efficacy with less potential

for deleterious side effects.

Along with its potential as a drug releasing device, PNNPD materials hold enormous potential as
a cell delivery scaffold. Despite several retinal cell therapies in clinical trials, the potential of cell
replacement cannot be realized without appropriate scaffolding to provide guidance and improve
cell survival and functional integration. PNNPD was chosen after dozens of iterations as an ideal
ophthalmic cell delivery scaffold due to its transparency, degradability, tunability, and static
gelation volume. A novel organotypic ex vivo retinal model was created to refine and accelerate
the scaffold material design process. A suite of ophthalmic techniques, including optical
coherence tomography and fundus imaging, were employed to assess the surgical viability of

PNNPD as a subretinal cell carrier.

Due to their simplicity, eye drops serve as a ubiquitous front-line intervention for many ocular
diseases. Unfortunately, eye drops simply do not work very well. Most medication applied via
drop is flushed away from the ocular surface after the first blink, resulting in systemic exposure,
wasted drug, and low bioavailability in target tissues. A mucoadhesive micelle was created using
RAFT polymerisation with a lactic acid core and a methacrylic acid corona, and functionalized
with phenylboronic acid to facilitate mucoadhesion. This drug delivery platform has been spun
off into a company with which we hope to commercialize this technology for a variety of
indications. As a proof of concept, a scopolamine-induced dry eye model was created with which
these micelles could be compared against Restasis, the current market leader in the dry eye

space.
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Future work will focus on completing what has been begun. A new PNNPD iteration has been
created which is loosely crosslinked before gelation using azide/alkyne ‘click’ chemistry. Upon
gelation, this scaffold is much stiffer and less porous than conventional PNNPD. This new
version is designed to more effectively encapsulate and slowly release protein based anti-VEGF
drug which are ubiquitously used to control neovascularative retinal pathologies. PNNPD
materials will also be used to deliver stem cells to the subretinal space. In collaboration with
CCRM, a retinal pigment epithelial precursor line will be generated and used to treat a sodium
iodate induced model of dry age related macular degeneration. OptimEyes was created to
commercialize the mucoadhesive micelles, and so work on them will be ongoing outside the
scope of this thesis. Dry eye animal studies are expected to be complete by May of 2017, with
first in human trials beginning soon after. As these micelles are a platform, capable of providing
controlled release and increased bioavailability wherever mucosal membranes exist, other

indications will also be assessed in the future
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