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Abstract

The ever-evolving photoacoustic imaging (PAI) technique and nanotechnology have shown
tremendous opportunities for improving various biomedical applications such as cancer diagnosis,
molecular imaging, and advanced drug delivery strategy. The utilisation of these techniques drives the
biomedical field into the next era by providing precise diagnosis and drug delivery strategies in different
biomedical applications. This thesis aims to address and tackle issues associated with corneal
neovascularisation (CNV) using PAI and nanotechnology to provide objective analysis and enhance
ocular drug absorption. Furthermore, a newly developed focal adhesion kinase (FAK) inhibitor was
investigated for its feasibility as a CNV treatment. This serves as a first attempt to lay a foundation for
its future application in ocular disease treatment.

In chapter three, the PAI technique was applied with in vivo alkali-induced CNV model to
examine its potential in identifying and quantifying haemoglobin species within the diseased cornea. In
vivo results demonstrated that the PAI could identify and quantify haemoglobin species based on their
corresponding wavelengths. Furthermore, the PA signal quantification revealed an increase across
different PA signal parameters, which matches the severity observed in the slit-lamp examination. Thus,
this offers an objective and quantitative approach for future ocular disease examination. Furthermore,
this study also demonstrated the feasibility of employing metformin eye drops to combat CNV.

Conventional ocular drug delivery approaches often suffer from poor bioavailability due to the
natural ocular barrier, which hampers the treatment outcome. In particular, hydrophobic drugs have
difficulty penetrating the cornea through topical administration and exert their medicinal effect. The
emergence of a polymeric nanoparticle drug delivery system is a potential solution to this problem. In
chapter four, we developed a polymeric nanocarrier conjugated with cell-penetrating peptides for
enhanced ocular drug delivery. The system employed a hydrophobic drug as a model drug while the
surface of the nanoparticle was modified with octa-arginine (Rg) peptide. The optimized nanocarrier
showed an overall negative charge (-6.55 + 0.94 mV) with size of 185.2 £ 4.45 nm. In vitro analysis
revealed the nanocarrier possessed sustained-release property while enhanced absorption was observed

with confocal microscopy. Furthermore, the cell-penetrating peptide assisted in the penetration of the
iv



nanocarrier to human umbilical vein endothelial cells (HUVECS) after incubation. Benefitting from
these properties, in vivo experiments with the nanocarrier, showed outstanding treatment performance
compared to control groups. Overall, the data presented in this work demonstrated the potential of
surface-decorated nanocarrier in the ocular drug delivery aspect.

In chapter five, the efficacy of a newly developed focal adhesion kinase (FAK) inhibitor (KX2-
4245) was investigated in the CNV model. Disruption of anti-angiogenic and pro-angiogenic factors in
the cornea leads to the sprouting of blood vessels, resulting in CNV formation. Several angiogenic
contributors, such as VEGF and FAK, have previously been identified. In this work, an MTT assay was
conducted to probe the cell viability after KX2-4245 treatment. Quantitative analysis revealed that no
cytotoxicity could be observed at a concentration of 2 nM or below. Furthermore, the KX2-4245 showed
an anti-angiogenic effect in the experimental CNV model and is well-tolerated through topical
administration. The data presented in this work lays a foundation for its future utility in treating ocular
diseases associated with angiogenesis.

Overall, these findings provide a solution to tackle existing problems associated with ocular

imaging and administration methods.
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1 Introduction

1.1 General Overview of Ocular Structure

In general, the eye can be broadly divided into anterior and posterior segments. The front section,
which occupies one-third of the eye, is known as the anterior segment, whereas the poster segment is
the remaining two-thirds of the globe. The anterior segment consists of various tissues such as the
cornea, conjunctiva, iris, ciliary body, aqueous humour and lens. The cavity between the cornea and
lens is the known as anterior chamber. The function of the anterior segment is to serve as a mechanical
barrier and allow light ray passes through into the posterior segment of the eye. The poster segment,
located back at the eye, comprises of sclera, choroid, vitreous, retina and optic nerve. The primary
function of this part of the eye is to detect light and transmit electronic signals to the brain through the
photoreceptor cells on the retina. Figure 1.1 illustrates the anatomy of ocular tissue including drug

administration pathway and their respected elimination routes.*
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Figure 1.1 Schematic illustration of ocular anatomy and drug delivery barriers

Drug(s) penetrate the cornea via a topical route (1). Conjunctival and sclera act as alternative paths
for absorption, which diffuses into the ciliary body (2). Systemic administered drug(s) diffuse from
the iris blood vessels into the anterior segment (3), which eliminates via aqueous humour outflow (4)
or iris venous blood flow by diffusion (5). Systemic drug(s) need to penetrate retinal pigment
epithelium and retinal capillary endothelium to reach vitreous humour and retina (6). Intravitreal
injection effectively delivery drug(s) into the posterior segment (7) which eliminates through blood-
retinal barrier (8) or by diffusion (9). (red: diffusion pathway; green: elimination route) Reprinted with
permission from ref. 1. Copyright 2005, Elsevier



1.2 Anatomical Structure of Cornea

The detailed anatomical structure of the cornea has been well-documented with histological
analysis in which the cornea exists as a multi-layer tissue. As the outermost layer of the eye, the cornea
constantly unveils itself to the external environment to face various foreign materials and pathogens
during our lifetime. It can be generally divided into three separate regions: central cornea, peripheral
cornea, and limbus. The cornea is a transparent, smooth, and avascular tissue with a convex and
spherical shape. The ocular transparency, smoothness and architecture are crucial for optimal vision.
Despite being a transparent tissue, the cornea consists of five different layers. These are epithelium,
bowman’s layer, stroma, Descemet’s membrane and endothelium. They stack on top of each other and
join together to form an intact cornea, as shown in Figure 1.2. The following sections will address the

detail of the individual layer and their corresponding function within the cornea.
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Figure 1.2 H&E image of rat’s cornea

Intact rat’s cornea showing epithelium, bowman’s layer, stroma, Descemet’s membrane, and
endothelium.



1.2.1 Epithelium Layer

As the cornea’s outermost layer, cells within the epithelial layer can be divided into three types:
superficial cells, wing cells and basal cells. Histological section revealed that the epithelial cells possess
a non-keratinized and squamous nature while closely packed next to one and other. An intact corneal
epithelial layer generally contains two to three layers of superficial cells, two to three layers of wings
cells and finally, a monolayer of basal cells.? The appearance of the superficial cells gradually turns flat

and exhibits irregular shape as they move toward the superficial surface of the cornea, as illustrated in

Figure 1.3.
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Figure 1.3 H&E image of rat’s corneal epithelium

H&E image reveals the structure of rat’s corneal epithelium

The irregular nature of superficial cells is mainly related to the presence of microplica on the
surface.® Furthermore, a charged and delicate glycocalyceal layer cover on top of the microplica
enhances the surface area and allows better interaction with the tear film on the surface of the cornea.
The presence of desmosomes between cell membranes also facilitates the epithelium cells to adhere to
each other and assist in forming a tight junction complex.* Therefore, the desmosomes and tight-packing
nature make the cornea nearly impermeable for tears or foreign material to enter intracellular space.
Underneath the superficial cells is location of wing cells; their function is to maintain the tight junction

property after the renewal of superficial epithelial cells every 7 — 10 days.® The final epithelial cells



within the epithelium layer are the basal cells which exhibit a columnar or cuboidal shape depending
on the location of the basal cells.* In this context, the basal cells within the central cornea are columnar,
whereas peripheral basal cells are in cuboidal shape. Moreover, these basal cells are the only epithelium
layer component that possesses cell mitosis capability.® Although the cornea is highly impermeable, the
gap channels between these tight junctions provide a pathway for the entrance of small molecules
through diffusion.* As a results, this tight junction complex hinders ocular drug absorption and will be

discussed later.

1.2.2 Bowman’s Layer

The Bowman’s layer is a smooth and fine layer which assists the cornea in maintaining its
overall shape. The type | collagen, type V collagen and proteoglycan condensed together to assemble
the Bowman'’s layer, which lies between the epithelium layer and stroma. This layer does not possess
regenerative property; thus, scar formation may occur if it is injured.* The presence of scaring may

result in compromised vision.

1.2.3 Stroma

Stroma, a transparent and bulky structural framework, accounts for approximately 90% of the
whole corneal thickness. This thick structural framework occupies the space between the Bowman’s
layer and Descemet’s membrane.” This space composes of many diverse cells, such as
glycosaminoglycans (GAGs) and proteoglycans (PGs). These essential components join together to
form a unique extracellular matrix (ECM) that is required to work synergistically for optimal vision.
Different types of cells and tissue can be found in this layer, such as fibroblastic cells, Schwann cells,
keratocytes and neural tissue. Despite the wide varieties of cells within the stroma, the predominant
composition is type I collagen.2 However, other types of collagens, such as type VI and type XIlI, are
present within the stroma. Although it is the bulkiest layer of the cornea, it retains a transparency nature
which is vital for visual acuity. The transparency is primarily due to the precise arrangement and

organisation of the ECM and fibres within the stroma layer.



The ECM is made up of GAGs and different types of collagens such as type I, Ill, V and V1.4
PGs are compounds with a protein as their core structure and are covalently coupled with one or more
side chains of GAG. GAGs are a family of unbranched polysaccharides which sub-divides into different
sulfated components depending on the repetition of the disaccharide units involved. These GAGs are
Karatan sulfate (KS), Chondroitin sulfate (CS), Dermatan sulfate (DS), Heparan sulfate (HS) and,
Heparin and Hyaluronan (HA), where sulfotransferase and epimerase participate during their

biosynthesis.®*°

The primary type of PG present in stroma is KS. It is predominantly in the central cornea region
and gradually becomes less towards the limbus region.!! Other types of PG, such as DS and CS, account
for a small portion. The KSPG is made up of galactose and N-acetylglucosamine, where the
disaccharides are repeatedly linked with each other and are sulfated at position six-carbon. Depending
on the linkage with the amino acid on the PG, this could result in different types of KS. The amino acid
that can be sulfated on the core protein includes asparagines, serine/threonine and serine, which gives
rise to type I, type Il and type 111 KS, respectively.'? Furthermore, the linkage among the KS also differs
between the species such that N-linked branched oligosaccharide, O-linked glycan and mannose-serine

linkages are observed in type I, type Il and type 1l KS.

Nemours studies have demonstrated that the cornea possesses a high amount of KSPGs,
particularly type | KSPG. In the cornea, these KSPGs exert their properties through bounding to a group
of molecules known as small leucine-rich proteoglycans (SLRPGs). These SLRPGs include keratocan,
mimecan, lumican, fibromodulin and osteoglycin. Upon bounding, the KS-SLRPG complexes regulate
various biological functions such as corneal wound healing and corneal development.'® Therefore, KS
deficiency would lead to corneal thinning. Furthermore, a study by Littlechild et al. revealed that CS
up-regulation was significantly enhanced as compensation for KS deficiency in an experimental mice
model.** Therefore, these have shown the importance of KS in a healthy cornea. Nevertheless, the
SLRPGs also indicated a role in organising corneal collagen fibres, which it is necessary for corneal

transparency.



Furthermore, corneal collagen fibres arrange themselves in a parallel bundle fashion and pack
in either layer or lamellae style. These collagen fibres are known as fibrils, and the density of these
fibrils vary across the cornea.* Throughout the whole cornea, the prepuillary corneal region contains a
higher density of collagen fibrils compared to the peripheral region.® This precise arrangement of
corneal fibrils notably contributes to structural integrity, mechanical strength, and corneal transparency.
Apart from the presence of PG and collagen fibrils, keratocytes are the predominant cell type within the
corneal stroma. These cells are the foundation of overall cornea function and are responsible for
collagen and PG secretion. In addition, they are also crucial in maintaining the hydration level of stroma

and ECM environment.

1.2.4 Descemet’s Membrane

Descemet’s membrane is a membrane that lays between the stroma and endothelium layer.
Studies have revealed that Descemet’s membrane contains four components within their overall

structure: collagen type 1V, nidogens, laminins and perlecan.6’

In the basement membranes, collagen type IV has been found as the primarily component and
comprises of six distinct a-chains.'® The collagen type IV interacts with the chains on the laminins and

thus, establishes a network and stabilises the membrane structure.

The structure of laminins, also known as heterotrimeric glycoproteins, has been well
documented.’® The laminins possess three distinctive chains, namely o, B, and y chain, and a wide
variety of trimer combinations has been identified in the past.*® The role of laminins in Descemet’s

membrane has been thought to associate with corneal development, repair process and regeneration.®

The nidogens consist of two species, namely nidogen-1 and nidogen-2. The difference between
these two sulfated monomeric glycoproteins is their molecular weight, where nidogen-1 is 150 kD and
nidogen-2 is 200 kD.?! In the basement membrane, the nidogens interact with diverse species such as
collagen type 1V, laminins and perlecan. These interactions are essential in preserving the structural

integrity of the basement membrane, which is responsible for its organisation and stabilisation.



Perclecan, heparan sulfate proteoglycan (HSPG), contributes to the basement membrane
stability and fabrication through binding with other molecules such as collagen type IV and laminins.??
The HSPG is specific to the basement membrane, with its structure containing one single chain and five

domains.

Other notable components within Descemet’s membrane include, but are not limited to collagen
type VIII, keratan, DS and fibronectin. Among these components, fibronectin is particularly important
for maintaining the architecture of Descemet’s membrane. Fibronectin has been shown to situate on
both interfaces of the Decrement’s membrane, where it comes into contact with the stroma and
endothelium. This acts as an adhesive to link up both layers and maintain the corneal structure.?® Besides,
the Descemet’s membrane is also responsible for corneal homeostasis and transparency. The supply of
nutrients and macromolecules is vital for the function of a healthy cornea. As an avascular tissue,
Descemet’s membrane’s porous hexagonal lattice configuration modulates the entry of crucial
molecules into the stroma. Therefore, the Descemet’s membrane and endothelial layer manage the

corneal transparency, hydration, and structural integrity under normal physiological conditions.?*

1.2.5 Endothelium Layer

The endothelium layer is the cornea’s innermost layer, and it is constantly in direct contact with
the aqueous humour. Underneath the cornea is the anterior chamber; it is filled with aqueous humour,
which serves as a critical ocular structural support and a nutrient reservoir for ocular tissues.?® The
endothelium layer is a monolayer with a leaky arrangement and possesses metabolically active cells
that exhibit hexagonal morphology (Figure 1.4).26 Due to their high metabolism, these cells are
abundant with mitochondria to serve their purpose. Studies suggested that the endothelium cell has
limited self-regenerative ability and is arrested in the G1 phase through cell cycle analysis.?’ The
underlying mechanism is currently unknown. However, endothelium division can be demonstrated
under culture conditions. Nevertheless, the existence of this layer is essential for corneal development
as it secretes collagen to form the Descemet’s membrane at the early stage of birth. Once the Descemet’s

membrane is mature, the newly secreted collagen by endothelium cells is not banded.?®



Figure 1.4 Image of human corneal endothelium

A confocal image of endothelium shows hexagonal morphology. Reprinted with permission
from ref. 26. Copyright 2015 Elsevier

In addition to corneal development, the endothelial layer is also responsible for maintenance of
stroma conditions through a process called deturgescence. The endothelium acts as a permeable barrier
and an efficacious pump simultaneously to osmotically remove excess water as well as modulate the
uptake of essential substrates from the aqueous humour. The deturgescence relies on the Na*K* ATPase
bounded on membrane and intracellular carbonic anhydrase pathway ion transport systems to control
the hydration level of the stroma.* The systems generate an osmotic gradient which develops a net flux
from the hypo-osmotic compartment to hypertonic aqueous humour. This process is crucial for corneal
transparency as it maintains a constant water content within the stroma.2 Disruption of this process will
result in corneal oedema, which leads to compromised vision. Thus, the property of the endothelium
layer is also referred to as pump-leak-mechanism.?® Overall, it has a profound effect on corneal

development and integrity owing to its contribution.
1.3 Corneal Neovascularisation Etiology

The function and health status of the cornea are undoubtedly vital for our vision. Any impairment

of a specific tissue part could lead to a significant decline in an individual’s visual acuity. In this thesis,



we will focus on one corneal disease, namely corneal neovascularisation (CNV). This section of the

thesis will explore the etiologies of CNV.

The nature of corneal avascularity and clarity is fundamental for optimal vision. Compromise of
this nature would lead to blurry vision or vision loss in severe case. Among different types of ocular
complications, corneal diseases are one of the most common causes of blindness worldwide, with most
cases presented with CNV. Under normal physiological conditions, the capillaries and venules stay at
the corneal limbus to supply essential nutrients to the cornea. However, new blood vessels sprout from
the pericorneal plexus and compromise the transparent nature of the cornea under CNV. Statistics
estimated that 1.4 million people develop CNV each year, with 12% losing their vision due to CNV.%
CNYV can result from the following pathological events: infection, use of contact lenses, chemical injury,
and inflammation. For example, the chlamydial infection blinded approximately 6 million people,
whereas onchocerciasis infection account for 270,000 blindness cases with 120 million people
worldwide at risk.? Herpetic keratitis, a viral infection, causes 500,000 incidents in the USA.% Pro-
longed usage of soft hydrogel contact lenses also reported having CNV features in 1.3% of 9 million
contact lens users.*® These etiologies lead to corneal opacification, blood vessel invasion, and surface
irregularity. Among these conditions, the surface irregularity causes higher severity as fluid and lipids
extravasation could further damage the corneal stroma architecture, thus decreasing corneal

transparency and visual acuity.

The cornea is avascular and immunological privileged under normal physiological conditions.?!
33 Corneal avascularity relies on the equilibrium state of angiogenic and anti-angiogenic factors. The
disruption of this balance would lead to the growth of new corneal vessels, which subsequently invades
or compromises the corneal homeostasis.** Furthermore, downregulation of certain anti-angiogenic
factors also accompanies CNV pathogenesis.®® Despite the unfavourable outcome, CNV can be a
physiologically healing reaction to traumatic, immunologic, infectious, allergic, anoxic, and
degenerative stimuli.®*36-3¢ |t is the chronic and sustained angiogenic response that would lead to
pathological CNV condition.®® Therefore, the CNV status must be well controlled and resolved to

prevent progression of pathological CNV condition.
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With the technological advancement in molecular biology, several key pathogenic factors in
CNV have been well explored in the past decade. These include, but are not limited to, vascular
endothelial growth factor (VEGF), matrix metalloproteinases (MMPs), fibroblast growth factor (0FGF),

and cytokines.
1.3.1 Vascular Endothelial Growth Factor

The vascular endothelial growth factor (VEGF) is a crucial biological molecule that provides
essential biological effect in various biological settings. The VEGF is a family consisting of five
different forms: VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental growth factors among
mammalian species.*® However, the poxvirus orf virus secretes and encodes only VEGF-E, which is
absent in human. The VEGF has been extensively investigated in the past to understand its role in
angiogenesis. Despite the different types of VEGF, VEGF-A has been identified and recognised as the
primary contributor to pathological angiogenesis. A wide variety of ocular cells could secrete VEGF,
such as corneal epithelium, corneal endothelium, keratocytes and retinal pigment epithelial cells.** In
addition, under injury or inflammatory settings, VEGF-C and VEGF-D can be secreted by macrophages,
contributing to angiogenesis.*> The VEGF exerts its biological effects through its interaction with
tyrosine kinase receptors, namely the VEGF receptor (VEGFR). The pathological angiogenesis
involvement of three distinct tyrosine kinase receptors has been identified and well-documented in the
past. It was found that VEGF-A binds to VEGFR1 and VEGFR?2 to propagate its angiogenic effects.*>
44 Despite having a higher affinity towards VEGFR1, the kinase activity between the combination of
VEGF-A and VEGFRL1 is considerably lower compared with the binding with VEGFR2. Upon binding
with VEGFR2, it induces dimerization and auto-phosphorylation which leads to the activation of
phospholipase C and gamma 1. This results in stimulating the PKC-Ca**-c-Raf-MEK-MAPK pathway,
% which facilitates and elicits numerous cellular responses such as endothelial cell proliferation,
migration, tube formation and blood vessel maturation. Various in vivo studies have also demonstrated

that upregulation of VEGF-A and VEGFR2 can be observed in cornea under vascularised or
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inflammatory state.*>° Therefore, VEGFR2 is considered as the fundamental signalling receptor

which drives angiogenesis through its interaction with VEGF-A.

The VEGF-B and placental growth factor only specifically bind with VEGFR1, whereas
VEGF-C and VEGF-D bind to VEGFR2 and VEGFR3. Despite the major pathological angiogenic
effect originating from the binding between VEGF-A and VEGFR2, other types of receptor binding
also contribute certain significance towards angiogenesis. A study by Tammela et al.>! demonstrated
that inhibition of VEGFR3 results in diminishing blood vessels density, branching and proliferation.
Moreover, they also discovered that VEGFR3 could induce and sustain angiogenesis even under
settings of inhibiting biological activities of VEGFR2. In addition, the group also revealed that
simultaneously inhibiting both VEGFR2 and VEGFR3 could result in a synergistic anti-angiogenic
effect.5! Thus, this indicates that angiogenesis is a multi-pathway driven status, and combined blockade

of different VEGF members may serve as an anti-angiogenic treatment strategy.

1.3.2 Matrix Metalloproteinases

The matrix metalloproteinases (MMPs) are a class of critical zinc-dependent enzymes that play
a crucial role in a wide variety of biological processes such as body growth (physiological process) and
CNV (pathological process).®> The MMPs are a large family of proteolytic enzymes that can be
generally divided into three different types: collagenase, gelatinase and stromelysin. In humans, eight
types of MMPs have been identified in the cornea: MMP-1, MMP-13, MMP-2, MMP-9, MMP-3,
MMP-10, MMP-7, and MMP-14.%3 The proteolytic activity of MMPs is a vital contributor to facilitating
the progression of CNV, where it degrades the ECM and generates spatial area for the endothelial cell
migration.>* Under ischemia condition, the Rho-associated protein kinase (ROCK) pathway is
upregulated through sonic hedgehog (Shh) protein. The Rho/ROCK pathway has a relationship with
angiogenesis as it affects various cellular activities such as endothelial cell migration and tube
formation.*® Studies have demonstrated that the Shh protein could upregulate the expression of MMP-

9, angiopoietin 1 (Ang 1) and VEGF. Thus, these angiogenic factors participate and contribute to
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angiogenesis.®*8 Among the different types of MMPs, the MMP-2 (gelatinase A) and MMP-9

(gelatinase B) are frequently investigated for their roles in corneal angiogenesis.

1.3.3 Structure of MMPs and Roles of MMPs in CNV

The MMP family members share some common structural features. They compose of a signal
N-terminal peptide, a catalytic domain, a pro-domain, a hemopexin domain and a linker. A schematic
MMP structural illustration is shown in Figure 1.5.%° The role of the signal N-terminal peptide is to
assist with peptide secretion. The catalytic domain is made up of B-sheets, a-helixes, calcium and zinc
ions. The pro-domain is an important part of the structure as it retains the MMP in an inactive status
and is removed upon enzyme activation. Finally, the hemopexin domain consists of a B-propeller, and

the linker is responsible for connecting the catalytic and hemopexin domain.5%60-66

+——— Hemopexin- like domain

<+——— Pro-domain

+——— Catalytic domain
Fibronectin domain ——

Figure 1.5 Schematic illustration of MMP general structure

General structure of MMP contains hemopexin-like domain, pro-domain, catalytic domain,
fibronectin domain and linker. This work by Laronha et al.>® is licensed under copyright 2020
MDPI Creative Commons Attribution 4.0 International License

A three-dimensional structure of MMP-2 is shown in Figure 1.6.%° Despite similar structural
features, the MMP-2 and MMP-9 slightly differ in their molecular structure. Studies have revealed that
MMP-2 and MMP-9 contain fibronectin type II domains in their catalytic domain.*® The incorporation

of the fibronectin domains allows these MMPs to bind to collagen (type I and type IV), gelatin and
12



elastin in both pro- and active forms,52%! thus fulfilling their roles in degrading the ECM and assisting
in pathological CNV progression. Apart from generating spatial distribution, these MMPs are also

capable of releasing angiogenic factors that modulates CNV progression.
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Figure 1.6 Structure of MMP-2

(a) MMP-2 structure where orange colour represents pro-domain; (b) 3D structure of MMP-2. The
figure is adapted and reprinted from Laronha and Caldeira’s work®® under the permission of
copyright 2020 MDPI Creative Commons Attribution 4.0 International License

However, studies have suggested that MMP-2 requires the presence of MMP-14 to modulate
CNV such that MMP-14 null mice result in CNV inhibition. It is suggested that the MMP-14 activates
the pro-MMP-2 (the inactive form of MMP-2) through a series of actions.®25” The MMP-14 acts as a
receptor for MMP-2, followed by the cleavage of the pro-domain from the MMP-2. Hence, this
indicates the importance of MMP-14 in modulating CNV. Moreover, the cleavage of inhibitory
cytokines (heparin affin regulatory peptide and connective tissue growth factor) by the MMP-2 also
assist in releasing active VEGFs, which contribute to angiogenesis.®® Furthermore, the MMP-9 are also

closely related to VEGF molecules. Research has suggested that the VEGF promotes MMP-9
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expression while MMP-9 increases VEGFs expression in epithelial cells.%® Therefore, these results

indicate that angiogenic factors could influence each other in CNV.

1.3.4 Fibroblast Growth Factor Overview

The fibroblast growth factor (FGF), a class of angiogenic factors, has been investigated
thoroughly since the 1980s. The FGF is important in normal physiological activities such as tissue repair,
cell proliferation and migration. Studies have identified more than 22 FGF family members in this class
of angiogenic factors, particularly the FGF-1, 2, 4, 5 and 8, that exhibit excellent capability in driving
angiogenesis.”"2 Among these five FGF members, the FGF-1 (acidic FGF) and FGF-2 (basic
FGF/bFGF) are more potent angiogenic factors and have revealed its angiogenic influence on
endothelial cells through in vivo experiments. The FGF-1 and FGF-2 express their effect on the
endothelial cell proliferation and are capable of arranging the cells into tube-like architecture, therefore
promoting angiogenesis. The FGF interacts with the four different tyrosine kinase receptors which
activate biological proteinases such as mitogen-activated protein kinase (MAPK), phosphoinositide 3
kinase (P13K) and the phospholipase Cy (PLCy) pathway.”*"® Multiple subgroups of MAPK, ERK1/2,
JNK1/2 and p38 alpha/beta have been identified in the past.”* The binding of FGF with the FGF
receptors (FGFRs) release biological signals to phospholipase C, which leads to the activation of PLC
y1. This activation results in vascular smooth muscle cell proliferation and migration through cleavage
of phospholipid phosphatidylinositol 4,5-bisphosphate.”” Consequently, these interactions stimulate
various cellular activities in angiogenesis. In addition, the FGF works with the HSPGs, where these
HSPGs protect and prevent the FGF from degradation.’® Therefore, FGFs act as a substantial stimulator

for the angiogenic process.

However, the precise mechanism of FGF in angiogenesis remains unclear. It is thought that the
FGFs induce other pro-angiogenic factors, provoking the proliferation and migration of endothelial
cells.” Moreover, the FGF also has the ability to express pro-angiogenic MMP, contributing to CNV
progression. Furthermore, the FGF may have an interdependent relationship with VEGF and function

in either one or combined mode: intracrine, autocrine or paracine.®® A study conducted by Chung’s
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group demonstrated the relationship between FGF and VEGF through the implantation of bFGF into
the corneal stroma.8 Their result indicated that the implantation resulted in an aggressive angiogenic
response. Moreover, they also treated the animals with either anti-VEGFR-2 or anti-VEGFR-3. The
animal that received anti-VEGFR-2 treatment revealed a significant reduction of angiogenesis, whereas
the group with anti-VEGFR-3 exhibited angiogenesis. Thus, the VEGF inhibition treatment indirectly

revealed the underlying association between FGF and VEGF.

1.3.5 Fibroblast Growth Factor(s) in Ocular Tissue

Among the ocular tissue, the epithelial cells, stromal fibroblasts, and endothelial cells can
produce mRNAs that encode bFGFs. These FGFs show a distinct function in their corresponding
anterior components. In the case of corneal epithelial cells, the FGF-2 acts in autocrine and paracrine
mode to stimulate the proliferation and wound healing processes.®? The FGF-2, however, promotes
stromal wound healing with the enhancement of cellular proliferation through the paracrine effect.®2 On
top of that, animal experiments also demonstrated that FGF increases the stromal fibroblast motility.3*
Furthermore, FGF also plays a role in the endothelial mesenchymal transformation and wound healing
of corneal endothelial cells.?® In addition, other FGF members also express their influences in the
posterior ocular segment. For instance, the regeneration and proliferation of lenses involve FGF-1 and
FGF-2,% while FGF-2, FGF-5 and FGF-9 have been shown to have a role in the proliferation and

regeneration of retina cells.®’

1.3.6 Role of Fibroblast Growth Factor(s) in Corneal Angiogenesis

Despite the large family of FGFs, the FGF-2 has been identified as the most common member
to motivate the progression of corneal angiogenesis.”” Chemical burn (i.e. alkali burn) is one of the
causes of CNV, and FGF-2 may have a role. Experimental data indicated that the presence of FGF-2
(in the epithelium, endothelium as well as substantia propria layer) manifests on the second day after
the injury.®® Correspondingly, the mRNA-296 upregulates the expression of FGF-23 following the
alkaline injury where the FGF-23 interacts with the cytokine-cytokine receptor.”” As a result, this

interaction induces inflammatory responses. Keratitis, an inflammatory condition, is another major
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cause of CNV, and it’s commonly related to either bacterial or viral infection in the eye. During viral
infection, the presence of immune cells and pathogens leads to the permeation of cytokines and pro-
angiogenic factors (i.e FGF-2) to the cornea.?® These contribute to further inflammation on the surface
of the cornea. Despite the removal of the virus in the late stage, the FGF-2 continues to mediate
cytokines (e.g. VEGF-1, IL-6) expression, which associates with and induces CNV.” The role of FGF-
2in CNV is illustrated in Figure 1.7.7
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Figure 1.7 Role and biological activity of FGF-2 in CNV

(a) Secretion of FGF-2 destabilise endothelial cell junctions. (b) Basal membrane and pericytes
disruptions. (c) Induction of blood vessel destabilisation. (d) Production of corneal epithelial cells
through autocrine or nuclear actions. (€) Src kinase activation. The figure by Chen et al.”” is licensed
under copyright 2020 Frontiers Creative Commons Attribution 4.0 International License

The increased level of FGF and other angiogenic factors shifted the dynamic state towards
angiogenic factors within the cornea. This imbalance state often leads to cornea angiogenesis and affect
the cornea’s clarity. Factors such as VEGF, FGF and chemokines lead to several undesirable events in
the cornea. In addition, these angiogenic factors trigger cascade events and signalling pathways upon
binding to the receptor of the corresponding vascular endothelial cells.”” This binding result in the
activation of Src kinase and enhances integrins expression through injury of endothelial cell junction.
Moreover, the complementary binding influences the behaviours of MAPK and phosphoinositide 3
kinase (PI13K), which promote endothelial cell proliferation. Additionally, the binding induces
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endothelial cells to secrete MMPs, disrupting basal membrane and promote pericyte detachment.
Furthermore, the endothelial cell releases Ang 2 and destabilizes blood vessels. This leads to the

formation of new blood vessels and causes unfavourable conditions on the surface of the cornea.

1.3.7 Cytokine in CNV

Inflammatory cytokines such as TNF-a, IL-1 and IL-6 have been shown to have significant
effects and role in chemical-induced CNV. These inflammatory molecules can result in a series of
biological events leading to corneal opacification and stromal scarring. Moreover, the inflammatory
reaction further damages the corneal structure by amplifying leucocyte recruitment to the damaged

cornea. Thus, the role of inflammatory molecules in CNV progression must not be underrated.

1.3.8 Role of Tumour Necrosis Factor Cytokine

The tumour necrosis factor cytokine (TNF-a), a 51 kDa soluble homotrimers, is a mediator that
causes tumour necrosis. However, it is the first mediator produced due to oxidative stress after chemical
injury at that ocular surface.®® The TNF-a initiates the acute phase of inflammatory response in the
ocular tissue by binding to tumour necrosis factor receptors (TNF-RI and TNF-RII). The binding
resulted in the stimulation of both innate and adaptive immune cells infiltrating the corneal injured site,
thus inducing CNV progression. Infliximab, an antibody against TNF- a, has been shown to alleviate
the CNV progression with a single intraperitoneal injection of 6.25 mg/kg.** The drug reduces the

immune cell infiltration after alkali injury on the corneal surface.

1.3.9 Role of Nuclear Factor-kB

The nuclear factor-kB (NF-kB) is a crucial transcription factor for the fabricating of other pro-
inflammatory cytokines. Its origin can be related to the superoxide generated during the ocular alkali
injury.®? The NF-kB consists of two forms (heterodimer and homodimer) which they bind to DNA to
induce cytokine upregulation (i.e. IL-1,6 and 8).%3* Thus, the NF-xB assists in provoking the cytokine

and play a role in angiogenesis, inflammation, and immune cell activation.
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1.3.10 Role of Interleukin-1p

In the early stage of ocular alkali injury, the activated NF-kB is responsible for the upregulation
of pro- IL-1B (17.5 kDa). The NLR family pyrin domain containing 3 (NLRP3) within neutrophils is
activated, which leads to caspase-1 initiating proteolytic cleavage of pro-IL-1B.% Subsequently, this
releases the active IL-1B to exert its inflammatory effect in damaged ocular tissues. Studies have
revealed that treatment with blockage of NLRP3 and NLRP3 antagonist (IL-1B-ra) improved corneal
clarity and transparency. These work by hindering the critical steps of NLRP3 and seizing the
inflammatory effect of IL-1P, respectively.®°” However, the antagonist does not significantly inhibit
CNV progression if applied after the angiogenesis had initiated for a while.*® This suggested that the
IL-1p is not necessarily required for sustaining the angiogenesis. Furthermore, it has been demonstrated

that the IL-1B causes CNV through induction of angiogenic factors such as VEGF-A.%

1.3.11 Role of Interleukin-6

Corneal epithelial damages induce the release of IL-1a, which acts as an inflammatory regulator
and facilitates Interleukin-6 (IL-6) production. It is suggested that IL-6 intracellular signalling might
relate to the epithelial cell migration in CNV progression. IL-6 initiates signal transducer
phosphorylation and plays a role in activating signal transducer and activator of transcription 3 (STAT3).
Consequently, it drives the corneal epithelial cells migration.1® Investigation demonstrated that the
presence of IL-6 membrane receptor (mIL-6-R) and soluble receptor (sIL-6-R mRNAS) were
recognized in both epithelial and fibroblast cells. Blockage of sIL-6-R with MR16-1, an antibody of IL-
6, resulted in a reduced vascularised area in CNV.1! Therefore, IL-6 may serve as a future therapeutical

target for corneal angiogenesis.

1.3.12 Role of Interleukin-8

In alkali-induced corneal injury, the damaged cells release extracellular RNA, DNA and ATP to
the surrounding. These extracellular substances are known as danger-associated molecular patterns
(DAMPs) and are recognized by immune cells (i.e. neutrophils, mast cells and macrophages).*

Subsequently, the immune cells will discharge interleukin-8 (IL-8). Before the IL-8 interacts with
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another receptor, its N-terminal domain must be cleaved by MMP-9 and transformed into the active
form.1%2 After corneal alkali-injury, the IL-8 in epithelial cells and stromal cells recruit neutrophiles and
expresses inflammatory effect through chemotaxis of immune cells (i.e. T lymphocyte, neutrophils and
basophils). The IL-8 is s a pleiotropic cytokine as it has different roles in inflammation and angiogenesis.
The presence of IL-8 inhibits apoptosis factors and thus, enhances the survival of endothelial cells.'%
In addition, it is also capable of amplifying endothelial cell proliferation and capillary tube formation

which are all vital for angiogenesis. Thus, the IL-8 presents a vast challenge for CNV treatment.
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Figure 1.8 Pro-angiogenic and anti-angiogenic factors in CNV

Summary of pro-angiogenic and anti-angiogenic factors acting on endothelium cells. The figure is
adopted from Feizi et al.*® under the permission of copyright 2017 Frontiers Creative Commons
Attribution 4.0 International License
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1.4 Clinical Evaluation of Corneal Neovascularisation

The negative impact of CNV on the ocular surface could be devastating to an individual’s visual
acuity. Thus, a reliable and accurate clinical investigative method is warranted to document and monitor
CNV. Common clinical instruments or methods employed for CNV investigation include slit-lamp
biomicroscopy, corneal angiography and so on. These methods have been employed clinically to

examine and assess the progression and treatment outcome of CNV.

1.4.1 Utility of Slit-Lamp Biomicroscopy

Slit-lamp biomicroscopy is a standard tool for ophthalmologists to examine a patient’s ocular
tissue such as eyelid, cornea, conjunctiva, lens and sclera. It can also magnify the view of eye tissues
and provide a detailed anatomical diagnosis of individual eye conditions. With the aid of slit-lamp
biomicroscopy, clinicians can obtain a better view of the cornea and examine its thickness. It is,
therefore, helpful for determining and investigating the cornea condition through various illumination
techniques.’® Illumination techniques such as diffuse illumination, indirect illumination and retro-
illumination have been widely employed to obtain and investigate anterior segment diseases. The
diffuse illumination technique allows an overall assessment of corneal condition, whereas the latter two
techniques allow clinician to detect lesions (e.g. neovascularisation) on the cornea. Slit-lamp
biomicroscopy equipped with a digital camera allows documentation of CNV through pixel
measurement, contrast enhancement and density threshold identification.!® Moreover, image
processing software (e.g. ImageJ) can further assist CNV evaluation. A semi-automated or manual
approach with image processing software can quantify vascularised areas.’®® However, the semi-
automated approach is preferred as it avoids potential inter- and intra-observer variability. In addition,
it might not be able to provide details on other vital information (e.g. localisation, origin and leakage),

which serves as necessary guidance for clinical judgement and decisions.%’

1.4.2 Evaluation of CNV with Corneal Angiography

Corneal angiography is a technique to visualize blood vessels and is particularly useful in
revealing details of CNV. This technique utilizes either or both fluorescein and indocyanine green (ICG)
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dye. To conduct corneal angiography, the patient receives an intravenous injection of the dye(s)
followed by an examination with scanning laser ophthalmoscopy.’” ICG is an aqueous soluble
tricarbocyanine dye with 800 to 810 nm as its peak spectral absorption, which is beneficial for choroidal
and retinal vasculature imaging.'®® Fluorescein allows visualisation of vessel maturity and leakage
behaviour, whereas ICG enables superior delineation of blood capillaries and detects deeper CNV. This
is particularly advantageous as it can overcome corneal scarring or haze that obscures the presence of
blood vessels.1% Several past investigation have proven its usefulness in identifying and assessing CNV
with a relatively safe profile in ophthalmic settings.'% 1° 111 Therefore, these dyes and techniques

empower clinicians to closely monitor and quantify CNV progression as well as treatment outcome.

1.5 Clinical Treatment Option for CNV

With the rapid development nature of CNV and difficulties in ocular drug delivery, CNV
treatment can be problematic. In general, CNV treatment aims to occlude blood vessel formation in the
cornea through either anti-angiogenesis or angioregression approach.!2 The anti-angiogenesis approach
focuses on ceasing neoangiogenesis at the beginning of CNV development, while the angioregression
therapy targets and induces reversion of immature or old blood vessels. Though many clinical
treatments are available, they all have different degrees of accomplishment in CNV treatment.

Therefore, the CNV treatment can be classified as either medical or surgical.

1.5.1 Medical Treatments

Medical treatment of CNV employs different types of medicine to achieve anti-angiogenesis.
This can be achieved through either topical administration or subconjunctival injection. Examples of
medical treatments include corticosteroids, nonsteroidal anti-inflammatory agents, anti-VEGF agents,

tyrosine kinase inhibitors and immunosuppressive agents.

1.5.1.1 Corticosteroids

Corneal angiogenesis could result from inflammation where inflammatory cells infiltrate the
cornea and act as potent angiogenic mediators. In this regard, anti-inflammatory medication would be

an adequate treatment option for CNV treatment. Corticosteroids are often considered as a first-line
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option for CNV treatment owing to their potent anti-inflammatory properties and ability to suppress
proliferation of corneal vessels. Several studies investigated the treatment efficacy in CNV with
different corticosteroids such as dexamethasone,®®!3114  cortisone,*>*'" prednisolone,'#118119 and
hydrocortisone.!*® Despite their potent anti-inflammatory properties, steroids must be applied at certain
time point to maximize their effects. It is suggested that administrating steroids before or immediately
after corneal insults would improve treatment efficacy.® The underlying anti-angiogenic effect of
steroids is thought to relate to their capabilities in inhibiting cell chemotaxis'®**2 and pro-inflammatory
cytokines inhibition such as TNF-o, IL-1 and IL-6.1242° Interestingly, an enhanced anti-angiogenic
effect was observed when cortisone was co-administered with heparin and cyclodextrins.t*-13* The
combination of cortisone and heparin acts as a new class of compounds known as angiostatic steroids.
This synergistic effect comes from a combination of modulating collagen metabolism, inducing
basement membrane dissolution, and promoting inhibition of plasminogen activator.'*>'* However, the
corticosteroids accompany some undesired side effects with prolonged usage. These side effects include

increased risk of superinfection, cataract and glaucoma.*’

1.5.1.2 Nonsteroidal Anti-inflammatory Agents

Nonsteroidal Anti-inflammatory Agents (NSAIDs) are another class of medication that exhibit
similar or better therapeutic effects against CNV without the common side effects of corticosteroids.
An enzyme, cyclooxygenase (COX), which expresses in normal blood vessels (COX-1) and new
endothelial cells (COX-2 isoform), has a role in angiogenesis.!3*® The COX-2 isoform can produce
eicosanoids that can modulate the expression of VEGF.} The COX transforms arachidonic acid into
prostaglandin (PG), which possesses pro-angiogenic properties.}*142 PG can be found in the cornea
during inflammation and wound healing process and thus, may serve as a target for anti-angiogenesis.®
143 144 145 The NSAIDs prevent the conversion of arachidonic acid to PG through COX inhibition.
Examples of NSAIDs that have shown anti-angiogenic properties include indomethacin, ketorolac and
flurbiprofen,114.120.141,144146.147 However, ocular side effects such as corneal ulceration and full-thickness

corneal melts have been reported, and the clinical efficacy of NSAIDs varied.**-%°* Thus, NSAIDs are
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not generally considered as a first-line treatment option for CNV and requires close monitoring when

prescribed.

1513 Anti-VEGF Agents

The advanced molecular understanding of CNV pathogenesis has led to the development of
anti-VEGF strategies. Studies have demonstrated that VEGF is one of the key mediators in the
angiogenic process. Several strategies have been employed to tackle the role of VEGF in the angiogenic
process, such as VEGF neutralizing antibodies, recombinant soluble VEGF receptor protein, and
soluble receptor antibodies.*®2*>* Despite various strategies, the present clinical option utilises VEGF
antibodies for anti-angiogenic treatment. Two notable and well-known anti-VEGF agents, bevacizumab
and ranibizumab, are often used in the battle against CNV clinically and experimentally. The difference
between the two is the molecular size of ranibizumab is smaller than bevacizumab’s. Bevacizumab is a
full-length antibody (149 kDa), while ranibizumab is the Fab fragment (48 kDa) and exhibits a higher
affinity towards the VEGF-A isoform.® These agents demonstrate higher treatment efficacy towards

blood vessels that are actively growing rather than established blood vessels.

Bevacizumab, also known as Avastin, is a recombinant humanized murine monoclonal anti-
vascular endothelial growth factor antibody developed by Genentech, Roche. It consists of 93% human
origin, and the rest are of murine origin. Upon administration, the drug binds to the VEGF-A isoform,
inhibiting the biological activities,'*®% therefore hindering its vital role in angiogenesis. Bevacizumab
can be applied through different administration routes such as topical administration and
subconjunctival injection.®®1% Depending on the route of administration, the frequency and
concentration may vary from one to another. While most studies demonstrated the anti-angiogenic
effect of bevacizumab, some researchers reported Bevacizumab has no effect.651% The diverse etiology
of CNV may be the reason behind the anti-VEGF agent treatment outcome. In the cases where
angiogenic cytokines are the root cause, administration of anti-VEGF antibodies may not express an
excellent treatment effect. 14167 However, angiogenic stimulus intensity and epithelial barrier also play
a role in determining anti-VEGF treatment outcomes.'*® Some researchers suggested that a combined

treatment strategy with other anti-angiogenic medication (i.e. platelet-derived growth factor B/PDGF-
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B or CD-36 receptor agonists) may further enhance the treatment outcome.%81%° When Bevacizumab is
given systemically for colorectal carcinoma treatment, it exhibits less systemic side effects (e.g.
hypertension and thrombosis).}"%" In vitro experimental data revealed that Bevacizumab is non-toxic
to human corneal cells.**” However, corneal epithelial defects have been shown to associate with topical
administration of Bevacizumab. It is thought that Bevacizumab disrupts the adhesion between the
corneal epithelium and basement membrane. In addition, Bevacizumab may also delay the wound
healing process; thus, the use of Bevacizumab may be problematic if applied in a cornea with existing

wounds.**® Therefore, Bevacizumab must be carefully considered prior to administration.

15.1.4 Immunosuppressive Agents

Several immunomodulatory medications have shown their capacity as an anti-angiogenic agent,
including cyclosporine A, sirolimus, and tocilizumab. These agents can be applied through either topical,
injection or systemic administration with promising results in reducing experimental CNV animal

models.

Cyclosporine A has shown to be an effective medication for immune disorders in ocular
diseases. VEGF-induced angiogenesis was suppressed by systemic administration of cyclosporine A in
in vivo and in vitro experimental angiogenesis model. The mode of the mechanism behind the scene
could relate to the inhibition of endothelial cell migration.t’? Furthermore, topical administration of
cyclosporine with a concentration of 0.05% even demonstrated a better treatment outcome than

Bevacizumab to impede immune-mediated CNV in the rabbit.}”

Sirolimus, also known as rapamycin, is an immunosuppressive agent capable of arresting cell
cycle progression (G1 to S phase), thus achieving T-cell activity inhibition through proliferation arrest.
This inhibitory effect was also demonstrated with everolimus, a derivative of sirolimus. Additionally,
sirolimus was able to inhibit T-cell proliferation even with co-stimulation under both T-cell receptor
activation and CD28 as well as I1L-2.1"4175 In mice model of alkali-induced ocular injury, both systemic
and topical application of sirolimus reduced the level of IL-6 and transforming growth factor beta (TGF-

B). As a result, the sirolimus demonstrated its ability to alleviate corneal opacity and CNV.1® In another
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chemical-induced CNV model in mice employed, everolimus was capable of reducing VEGFR-2 and
extracellular signal-regulated kinase 1/2 (ERK 1/2) expression, which are both critical factors for

angiogenesis.!’’

Tocilizumab, a fully humanised antibody, is an IL-6 antagonist which possesses the power to
reduce CNV in alkali-induced rat CNV models through the topical administration route. The mode of

action is to achieve blockage of inflammatory cytokine (IL-6) and thus diminish expression of VEGF.1"®

1.5.2 Surgical Options

Surgical treatment accomplishes angioregression using external energy to occlude blood
vessels, thus serving as an approach of CNV treatment. This approach use either laser or heat energy to

achieve corneal blood vessel occlusion and subsequently inhibit CNV.

1.5.2.1 Laser Thermal Cauterisation

Laser thermal cauterisation (LTC) uses laser sources to ablate established corneal blood vessels
and inhibit CNV inhibition. The LTC has been shown to possess a certain degree of success in both
experimental and clinical settings. The laser sources employed in CNV treatment is either an argon laser
(AL) or neodymium-doped yttrium aluminium garnet laser (Nd:YAG Laser). The key point of LTC in
treating CNV is to provide precise treatment to the affected area and reduce damage to adjacent tissues.
These can be controlled through laser power, duration, and timing. The principle behind the LTC relies
on light-induced thermal damage to the targeted tissue. The haemoglobin present within the corneal
blood vessels under CNV actively absorbs these energies and undergo coagulation, therefore, ablating

the corneal vessels.

15.2.2 Argon Laser Treatment

The AL clinical application primarily relates to treating lipid keratopathy (LK) and penetrating
keratoplasty (PK). The AL can be equipped with a slit-lamp biomicroscopy, which offers high
specificity to the targeted treatment area. Marsh et al. investigated the AL treatment efficacy of LK
with 63 cases and revealed that the blood vessel density was reduced by 49% and visual acuity improved

by 48%.%"® Another study includes 13 patients who underwent post-PK surgery and reported a positive
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treatment outcome of AL.*5! Of all patients, 8 out of 13 patients regressed CNV condition and reversed
graft rejection. In the same study, three patients received laser treatment before PK surgery, and two
patients had nil rejection over the follow-up period. The remaining two patients were reported to benefit

from the laser treatment with vessel regression and achieved partial corneal opacification alleviation.

Despite AL treatment’s success, certain complications are often associated with AL treatment.
First, blood vessels may be difficult to identify solely with slit-lamp during photocoagulation. Thus, the
process may require an angiogram to assist.®® The thermal-induced damage to the blood vessels may
also trigger an inflammatory response which leads to VEGF upregulation.*8! Furthermore, the high laser
energy may lead to undesired side effects and unwanted damages to adjacent tissues such as peripheral

corneal haemorrhage, iris atrophy, corneal thinning and pupillary ectasia.**%7®

1.5.2.3 Nd:YAG Laser Treatment

Similar to AL treatment, Nd:YAG laser also exhibits corneal blood vessel occlusion capability.
A case report by Sharma et al. examined the treatment efficacy of frequency-doubled Nd:YAG laser in
quiescent CNV of 30 eyes.'® The results revealed that 54.15% of vessels were occluded entirely,
partially occluded vessels accounted for 9%, while 35.14% were recanalised and two shunt vessels were
observed. Among all participants, 14% developed superficial corneal haemorrhage. With these data, the
group concluded that Nd:YAG is a safe and effective treatment for CNV. Though another report by

Parsa et al. documented a stromal haemorrhage after Nd:YAG treatment.'8

1.5.2.4 Fine Needle Diathermy

Fine Needle Diathermy (FND) is a surgical technique to occlude corneal blood vessels with an
external heat source. Briefly, this technique requires inserting a stainless-steel needle into the cornea
where the vessels are to be occluded. A diathermy probe will be brought in contact with the needle to
transfer heat energy to the area until a mild blanching of the area is observed.!3* One study examined
the treatment efficacy of FND on LK-associated CNV and found that more than 80% were successfully

treated. The group concluded that FND is a practical, low-cost, and safe technique for CNV treatment.*
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However, the cauterisation induced by FND may upregulate the VEGF; thus, combined therapy with

topical anti-VEGF medication may further improve treatment outcome.®

1.6 Photoacoustic Imaging

The technical advancement of photoacoustic imaging (PAI) in the past decade makes it a
promising tool for biomedical research. The PAI modality has been widely employed in various clinical
and experimental settings to obtain valuable molecular information where other conventional imaging
modalities fail to generate. The capability of PAI technique to achieve high spatial resolution and deeper
tissue penetration has gained numerous attention and popularities in the field of biomedical application.
Numerous efforts have been devoted to improving its function and properties in biomedical utility over
the past decades. Clinical and pre-clinical experimental application of PAI include breast carcinoma
imaging, dermatologic imaging, and ocular imaging. These investigations have demonstrated the great
ability of PALI in delivering astonishing results not only by providing tissue structural information but

also molecular information in relation to the pathological status or therapeutic outcome.

1.6.1 Principle of Photoacoustic Imaging

Photoacoustic imaging (PAI), a hybrid imaging technique, combines optical illumination and
ultrasound (US) detection to offer deep penetration into biological tissues and delivery high-resolution
contrast images. PAI often employs a nano-second (ns) laser to illuminate biological tissues with a pulse
duration less than 10 ns. A continuous-wave (CW) laser can also be used to generate acoustic waves.
However, a pulse laser is more common as it provides a higher signal-to-noise ratio than excitation
induced by a CW laser.'® The optical absorption coverts energy into heat in the targeted tissues and
subsequently causes a temperature rise. Consequently, the rise of temperature results in a thermoelastic
expansion within the illuminated tissues and leads to acoustic wave emission, which is detected by an
ultrasonic transducer. The propagation of acoustic pressure waves lingers much longer in biological
tissues because sound scatters much lesser than light.8"18 Thus, acoustic wave detection provides

better spatial resolution compared to other traditional optical methods.
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The PAI capitalises on the photoacoustic effect from endogenous chromophores in biological
tissues or exogenous contrast agents. However, an exogenous contrast agent may be employed to
overcome problems where endogenous chromophores exhibit similar absorption spectra.#-1% Current
FDA-approved contrast agents demonstrating strong photoacoustic effects include indocyanine green
(ICG) and methylene blue.'®21*® Endogenous chromophores such as melanin, haemoglobin and lipid
exhibit their signature absorption spectra at specific wavelengths. These absorption spectra
measurement allows individuals to monitor and investigate physiological or pathological states. For
example, the change in haemoglobin status has been shown to associate with diseases such as cancer
and certain ophthalmic diseases.'**'* The ability to measure and quantify the haemoglobin content

without using an external contrast agent in PAI has drawn much attentions over the past decades.

Haemoglobin, an important molecule, exists in either oxy-haemoglobin (HbO2) or deoxy-
haemoglobin (HbR) in mammal blood with distinct absorption peaks at 750 and 850 nm, respectively.
The haemoglobin acts as a strong endogenous chromophore which allows examination of
microvasculature and haemodynamic status in biological tissue.'®® Moreover, the quantification of
HbO, and HbR through PAI allows the calculation of oxygen saturation (sO), a significant
characteristic of many diseases such as ischemia, hypoxia and hypoxemia. Therefore, the sO; acts as an
important parameter in assessing physiological status. The sO, can be derived from the following

equation (Eqg. 1), where [HbO2] and [HbR] refer to the concentration of the haemoglobin species.

[HbBO, ]

50, (%) = [HbO, ]+ [HbR]

x100% 1)

1.6.2 Advantages of Photoacoustic Imaging

Traditional optical tomography technique such as diffuse optical tomography and fluorescence
tomography has limited penetration depth compared with PAI. Moreover, PAI can sustain the high
spatial resolution within the entire field of view.¥ These properties make PAI a promising imaging
tool for achieving deeper tissue imaging without compromising image quality. Furthermore, PAI

utilises a non-ionizing energy source to illuminate and examine target tissues which adds a certain
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degree of safety level compared to X-ray computed tomography and positron emission tomography. In
addition, the feasibility of PAI to conduct molecular imaging without the use of exogenous contrast
agents under specific scenarios makes it stands out as a non-invasive imaging technique. Thus, this
imaging technique can derive anatomical and molecular information, which is important for
investigating physiological changes under pathological conditions. Finally, the PAI modality is
considerably less expensive compared to magnetic resonance imaging (MRI). These merits contribute

PAI becoming a next-generation advanced imaging modality.

1.6.3 PAI in Clinical Breast Imaging

With the merits of PAI, breast imaging with PAI has gained tremendous interest in research
and clinical translation. Breast cancer is one of the most commaon types of cancer occuring in women,
with new cases exceeding 2 million in 2018.1" Effective and accurate imaging is utterly vital for
diagnosis, staging and therapeutic monitoring. Despite repetitive exposure to ionising radiation, an X-
ray mammogram is the most common imaging technique to diagnose breast cancer. It is also worth
noting that the precision of an X-ray mammogram depends on the condition of the breast, as denser
breast would lead to reduced precision.%81% Ultrasonography is another technique to screen breast
cancer and distinguish between benign and malignant cysts.?®® Imaging techniques such as MRI and
other nuclear imaging modalities are usually employed to a lesser extent than X-ray mammogram and

ultrasonography.

It is well documented that angiogenesis and hypoxia are common hallmarks of a malignant
tumour.?%! The detection of haemoglobins through optical imaging alongside other imaging modalities
makes it an ideal and reliable diagnostic approach for breast cancer screening.?®? However, optical
imaging suffers from poor tissue penetration where light only penetrates approximately 1 mm in

biological tissues. This limits its clinical translation and utility.

With the emergence of PAI, the penetration depth can reach up to 4 cm and generate high-
spatial resolution images as well as provide functional imaging.?®® This imaging technique could

strongly influence clinical breast cancer screening.
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Figure 1.9 Illustration of hemispherical (HDA) breast imaging system

(a) HDA cup covered the breast and scanned in a spiral pattern. (b) PA image of a healthy breast
where the arrow indicates the deepest point from the skin surface. The figure is adopted and reprinted
from Toi et al.?** under Creative Commons Attribution 4.0 International license

Manohar et al. conducted one of the first clinical investigations of PAI in breast imaging with
Twente Photoacoustic Mammoscope. This breast imaging system employs a single near-infrared (NIR)
laser with a wavelength of 1064 nm for excitation and an ultrasound detector. The system undertook a
few updates to capture the photoacoustic (PA) signal and achieve a resolution of approximately 3.5 mm
from a 9 x 8 cm? field of view.?%® Using this PAI system, high-intensity lesions can be detected with
different types of appearances. These lesions can be broadly characterised as mass-like, ring-like, non-
mass or scattered. The pattern of the observed lesions in the PAI system shows a degree of similarity to
images acquired from dynamic contrast-enhanced MRI and histopathologic analysis of breast
malignancies’ vasculature. This PAI system has high accuracy in detecting lesions, with 32 of 33 lesions

successfully identified.2%®

The utility of PAI further pushes breast cancer screening to another level by overcoming the

difficulty associated with dense breast tissue. Breasts containing dense fibroglandular tissue often
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presents difficulty in cancer diagnosis with an X-ray mammogram. A volumetric three-dimensional PA
handheld probe has demonstrated a potential solution for such diagnosis.?°” Dean-Ben et al. investigated
the utility of PAI in screening volunteers with dense breasts and achieved sufficient image contrast
without compromising imaging performance. The group applied a single wavelength (800 nm) for
excitation and mapped a volumetric view of the vascular anatomy of the fibroglandular-dominated
breast. They also derived blood oxygenation parameters such as HbO,, Hb and total haemoglobin
content (HbT) with a tunable optical parametric oscillator laser to monitor multiple wavelengths.?%® The
PA images demonstrated vasculature and haemoglobin content within the dense breast offered high-
resolution imaging quality at depths beyond 2 cm. Therefore, PAI stands out as a promising tool for
breast cancer screening as well as assessing angiogenic process through investigating blood

oxygenation parameters.

1.6.4 PAI in Dermatologic Imaging

Skin is the largest organ in the human body and has a complex multilayer architecture. Despite
being easily accessible, skin disorders often rely on visual examination and biopsies followed by
histopathological analysis. Although these examination methods are the current gold standard in skin
diagnosis, these methods are either subjective or invasive. The non-invasive nature of PAI serves as a
potential complementary alternative for faster and objective diagnosis of skin disorders. In addition,
PAI can differentiate and monitor the skin components such as melanin and haemoglobins through their
respective wavelengths. Hence, PAI could act as a potential future diagnostic tool in the field of

dermatology.

Psoriasis and eczema are skin conditions caused by systemic inflammatory diseases that can be
potentially imaged and monitored through PAI. Augirre et al. visualised the psoriasis skin’s morphology,
architecture, and vasculature with raster-scanning optoacoustic mesoscopy (RSOM).2*® The group also
applied a single wavelength to identify and quantify inflammatory landmarks without exogenous
contrast agents. Under RSOM, psoriatic skin revealed increase in epidermal thickness, dilated and

elongated capillary loops. Moreover, the dermal vasculature became more extensive and denser, which
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matched the histological analysis. The inflammatory biomarkers derived from the PA signal correlated
with the clinical Psoriasis Area Severity Index (PASI) demonstrated the potential PAI utility for

objective diagnosis in dermatological conditions.

Chronic hyperkeratotic hand eczema has a similar clinical feature to psoriasis in which both
might display a thick scale on the palm. Therefore, similar clinical feature causes difficulty in
differentiating eczema from psoriasis. Zabihian et al. used high-resolution photoacoustic tomography
and optical coherence tomography (OCT) in examining eczema patients.?!® Patients with chronic
hyperkeratotic hand eczema displayed hypervascularisation where the demarcation of capillary loops
was smaller compared with healthy subjects. A significant difference in vascular patterns between
healthy and eczema patients was also revealed. Furthermore, patients with dyshidrotic hand eczema
exhibited narrower vascular plexus than healthy subjects. The deep penetration property of PAI
provides an in-depth physiological condition that OCT may not be able to provide. Therefore, the
combination of OCT and PAI provides extra valuable information to assist clinicians in diagnosing

dermatological diseases and monitoring treatment outcomes.
1.6.5 PAIl in Ocular Diseases

Despite the promising results in clinical breast and dermatological imaging, the progression of
PAI in ocular examination remains in laboratory settings. The eye is a fragile organ, and the delicate
photoreceptors at the posterior segment are highly vulnerable to external damage.?'! The constant eye
movement also adds an extra challenge to ocular imaging.?*? Furthermore, the optical power and
refractive index of both cornea and crystalline lens are essential to focusing light on the retina. These
contribute several obstacles to ocular imaging and must be overcome to achieve a successful imaging.
First, the laser intensity for ophthalmic imaging must be within the guidelines set by International
Commission on Non-lonising Radiation Protection (ICNIRP) broadband guidelines and American
National Standard for Safe Use of Lasers (ANSI).?*24 Qverexposure to inadequate laser energy can
potentially cause permanent damage to the retina through photochemical damage, thermoacoustic

damage and thermal damage.?'>2'® Second, an ideal and appropriate ocular imaging modality should
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possess non-invasive and non-contact nature. This is largely related to patient compliance. The modality
should avoid causing discomfort during imaging and prevent nausea induced by using exogenous
contrast agents through intravenous injection. Third, high-speed imaging process should be
implemented to avoid any eye movement as it will likely induce blurring, distortion, and motion

artefacts.

The abnormal change in retinal sO, and melanin concentration in retinal pigment epithelium
(RPE) has been demonstrated in some sight-threatening diseases such as diabetic retinopathy (DR),
glaucoma, and age-related macular degeneration (AMD). Thus, precise measurement of these factors is
essential for ocular disease diagnosis. Quantitative measurement of sO, and RPE melanin concentration
has drawn much attention and efforts in the past decades. Several techniques have been developed to
achieve these goals. Non-contact multi-wavelength fundus photography could provide a way to
investigate the retinal sO,.27-21% Unfortunately, the light scattering hinders its performance and results
in inaccurate measurements.??® Other methods including oxygen-sensitive microelectrode
measurements and fluorescence life-time imaging have been explored in detecting retinal partial
pressure of oxygen in experimental animal studies. However, the invasive nature limits their
progression and utility in clinical settings.???2? Visible-light optical coherence tomography (Vis-OCT)
is a non-contact modality that has been shown to successfully measure choroidal and retinal sO; with
high-resolution image quality.?2>-22°> Although it is able to provide ocular sO,, the sO, measurements at

other anatomical regions are yet to be verified.

Techniques such as spectroscopic fundus photography (SFP) and near-infrared
autofluorescence (NIR-AF) imaging have been exploited to investigate and measure in vivo RPE
melanin.??-228 The SFP relies on a mathematical optical model (MOM) to deduce the optical density of
melanin. However, the simplified MOM employed in SFP may not be able to truly reflect the actual
RPE melanin and result in unreliable measurement. The NIR-AF uses the coincidence from the
emission signal of melanin that is excited by AF and NIR to quantify its concentration.??® Unfortunately,

a precise mathematical model for melanin concentration in the NIR-AF technique is under development.
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Thus, the usability of NIR-AF in melanin quantification is currently limited. Therefore, a non-invasive

modality for accurately quantifying ocular sO; and melanin is warranted.

The encouraging results obtained in clinical breasts and skin with PAI have driven the
development of PAI in the ocular examination. Several groups have applied PAI to examine ocular
tissues in the past.?? Liu et al. utilised optical-resolution photoacoustic microscopy (OR-PAM) to image
mice with CNV.2° They used an excitation wavelength of 532 nm to image the cornea (Figure 1.10).
Initially, the signal of the corneal vessels was not clearly visible due to stacking with the signal from
melanin in the iris. The group conducted a B-scan of the corneal vessels and iris followed by a
segmentation to obtain a map of clear corneal vasculature. This study demonstrated the potential utility
of PAI to visualise CNV without the use of an exogenous contrast agent. Despite the ability to visualise
corneal vessels, the system requires a water tank to be placed on top of the object being scanned. The
role of the water tank is to relay the ultrasonic signal to the detector. However, this set-up hinders the

clinical application of PAI for ocular imaging.
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Figure 1.10 Image of a control eye with optical-resolution photoacoustic microscopy (OR-PAM)

(a) OR-PAM image of mouse eye. (b) B-scan image of the eye. (c) Anti-CD3L1 staining of the whole
cornea. Reprinted with permission from ref. 230. Copyright 2014 Elsevier
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Figure 1.11 Corneal blood vasculature of mouse eye

Photograph (left) shows the corneal vasculature of mouse eye; PA image (right) of the vasculature.
The figure is adapted and modified from Jeon et al.?®* with permission to reprint under Creative
Commons Attribution 4.0 International license

Photoacoustic imaging of the posterior segment is more difficult than anterior segment imaging.
The lens significantly attenuates ultrasonic signals leading to a poor signal-to-noise ratio (SNR) and
subsequently poor image quality. Hariri et al. demonstrated the utility of PAI to detect chorioretinal
oxygen saturation (CR-sO2) with rabbit ocular ischemia model.’® The group employed a commercially
available PAI modality, Vevo LAZER by FUJIFILM VisualSonics for the detection of CR-sO,. Briefly,
the system is equipped with a Q-switch Nd:YAG laser and linear array transducer for inducing laser
energy and detecting ultrasound signal, respectively. This system demonstrated the PAI utility in
monitoring the change of CR-sO; level under ischemia condition. However, this system could not

discriminate against individual blood vessels owing to limited spatial resolution.

The emergence of photoacoustic ophthalmoscope (PAOM) breaks through the obstacle of poor
image quality. Jiao et al. developed a non-invasive PAOM to image retinal blood vessels and retinal

pigment epithelium shown in Fig 1.12.%%2
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Figure 1.12 Visualisation of retinal pigment epithelium and retinal blood vessels with PAOM

(a) Image of retinal structure captured with PAOM. (b) Segmentation reveals retinal blood vessels
(labelled in red colour). (c) Overlaid pseudo-coloured imaged of retinal structure. The figure is
adopted from Jiao et al. 22 and reprinted under permission of Creative Commons Attribution-
Noncommercial-No Derivative Works 3.0 Unported License

Briefly, the design has two outputs: one output source acts as the excitation source, and the
other one is responsible for the compensation of laser intensity variation. An ultrasound gel was applied
to couple the eyelid and an needle ultrasonic transducer to detect the PA signal induced by the laser.
Numerous investigations have successfully utilized PAOM in posterior segment imaging and achieved
excellent image quality for retinal/choroidal vasculature and melanin in RPE.Z*2%7 Qverall, PAOM
possesses several outstanding properties over OR-PAM for ocular posterior segment imaging. First, the
imaging speed of PAOM is significantly faster than OR-PAM, which makes it an ideal imaging
modality for ocular examination. Moreover, this type of imaging modality does not require a water tank
to relay the ultrasound signal; instead, it only requires ultrasound gel to couple the object being imaged
with the transducer. Furthermore, the design of PAOM overcomes the attenuation problem associated
with lens where the needle transducer at the eyelid detects almost every ultrasonic signal. Thus, PAOM

can deliver images with a high SNR, making it a valuable imaging modality for retinal imaging.

1.7 Nanotechnology in Drug Delivery

CNV requires medical attention due to its potential to compromise visual acuity and,
subsequently, quality of life. Clinical treatment for CNV often employs topical corticosteroids as first-

line treatment. However, the structural barriers of the eye pose numerous challenges to ocular drug
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delivery. Common ocular drug administration routes such as topical administration and ocular injection
have their strengths and weaknesses. Over the past decades, tremendous efforts have been made to
overcome ocular drug delivery challenges through the use of nanomedicine. This section will review

the problem associated with ocular drug delivery and potential solution with nanomedicine.

f Intra vitreal route \

Intra cameral injection

Topical administration
—_—

Posterior juxta scleral injection

i

Sub conjunctival Injection
\

Figure 1.13 Schematic illustration of different administration routes

The figure is adapted and reprinted from Gorantla’s work?*! under the permission of copyright 2020
RSC Advances Creative Commons Attribution 4.0 International License

1.7.1 Administration Route for Ocular Drug Delivery

Common ocular drug administration routes include, but are not limited to topical administration,
subconjunctival injection and intravitreal injection. Each administration route has distinct merits and

liabilities; thus, the choice of ocular drug delivery method shall depend on the nature of the disease.

1.7.2 Topical Administration

Topical administration is the most common and preferred route for treating ocular diseases
owing to its non-invasive nature and excellent patient compliance. Topical administered drugs are often
formulated as eye drops, suspensions, and ointments and are generally absorbed through the corneal
surface and conjunctival cul-de-sac.?*® However, the physiological and anatomical barriers limit the

penetration and absorption of the applied drug, with 95% being wasted.?%2% Therefore, this leads to
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low bioavailability. Physiological barriers include blinking, nasolacrimal drainage, and lacrimation rate.
Corneal epithelium and stroma are considered as anatomical barriers, whereas dynamic barriers refer to
lymph flow, conjunctival blood and lachrymation.?** These barriers prevent entry of the applied drug,

thus contributing to low bioavailability.

Apart from these barriers, tear film also plays an important role in preventing drug absorption
through topical administration. Tear film, a natural lubricant, comprises of lipid, aqueous and mucus
layer. Under a normal physiological condition, the flow rate is approximately 1.2 mL per minute and
renews every 5 minutes. Upon topical administration, the induction of reflex stimulation leads to an
increase of lachrymation to approximately 300 mL per minute. This generates a high turnover rate of
the mucus layer and lacrimal fluid. Therefore, the applied drug is diluted and washed away upon
administration. Furthermore, the mucin within the tear film assembles a hydrophilic layer on the ocular
surface. This serves as a protective layer from cell debris and foreign materials. Consequently, this acts

as an additional layer for topically administered drugs.?2

Despite the numerous preventive mechanisms for drug permeation, topical administration is
still the most preferable route owing to its non-invasive nature. However, because of the low
bioavailability, frequent administration is required to retain drug concentration to exert therapeutic
effects on the ocular surface. Unlike eye drops, the sticky and thick nature of ointment can prolong the
surface retention time and thus, enhance the bioavailability. However, the physical property ointment
often results in blurred vision and compromises patient compliance. In addition, over secretion of
lacrimal fluid under an inflammatory state further compromised the efficacy of eye drops as it tends to
dilute the topically applied drugs.?*>243 All in all, topically administered drugs are effective in treating
ocular anterior segment diseases to a certain extent, whereas posterior diseases require another

administration route for efficient treatment outcomes.

1.7.3 Ocular Injections

Besides topical application, ocular injection is also a common route for administrating an ocular

drug. Figure 1.13 shows the different types of ocular injection sites. Intravitreal injection is one
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conventional way to administer ocular drug into the vitreous cavity. Due to limited space, only 20 — 100
pL of drugs in either solution form or suspension can be injected for therapeutic purposes. Furthermore,
a higher gauge needle such as 27 or 30 gauge shall be used during practice.?** The vitreous cavity is
filled with clear, viscous liquid known as the vitreous body. The composition of the vitreous body
contains hyaluronan and glycosaminoglycan, which plays a vital role in drug distribution. The
negatively charged glycosaminoglycan exerts electrostatic attraction towards drugs being administered
into the vitreous cavity and thus, this may affect the distribution.?*> Moreover, drug molecular weight
and pathophysiological condition also influence the drug distribution.?¢ The shape and molecular
weight of the drug have an impact on the retention time. Small molecular weight (< 500 Da) has a
shorter retention time, whereas large, linear (> 40 kDa) and globular (> 70 kDa) molecules exhibit a
greater retention time. The injection route can bypass the natural mechanical and physiological barriers
and increases drug bioavailability. However, the invasive nature can lead to severer complications such
as vitreous haemorrhage, retinal detachment, cataracts and infection.?*” Other injection routes such as
intracameral, subconjunctival and posterior juxta scleral are considered less invasive compared to

intravitreal injection although drugs administered through these routes have a shorter retention time.?*8

1.7.4 Nanomedicine in Ocular Drug Delivery

Chronic nature of various ocular diseases requires frequent drug administration regardless of
topical or injection routes.?*® The development of nanocarriers stands as a promising solution to
overcome current obstacles imposed by current ocular drug administration methods. Furthermore, the
smart nanocarriers are capable of providing targeted and sustained release therapy that conventional
administration methods fail to achieve.?*?! Nanocarriers are defined as particulate systems with
dimensions ranging from 10 to 1000 nm. However, a more recent definition describes nanoparticle as
a particle with novel properties which a bulk particle typically does not possess. Therefore, the
definition of a nanoparticle is not primarily based on its size but also considering its unique properties.??
The ultimate purpose of nanocarrier is to develop a clinically applicable formulation for disease
treatments. Thus, nanocarriers that are able to enhance drug solubility, precise delivery and improve

treatment efficacy shall be an attracting point. Many drugs (e.g. anti-cancer drugs) are often associated
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with poor water solubility, which requires unpleasant excipients (e.g. Cremophor EL) to dissolve the
active pharmaceutical compounds. Improving solubility through the use of nanocarrier shall increase

the safety profile, thereby diminishing toxic side effects while enhancing bioavailability.?3-2%

Nanomedicine can be generally categorised into polymer-drug conjugate and nanoparticulate
system. However, the boundary between these categories is not clear. Materials such as liposomes,
dendrimers, solid lipid nanoparticles have been widely investigated and utilised in the past. Among all
these, polymeric nanomaterial has exhibited great potential in different medical applications. Synthetic
polymer enables a flexible design that fits the intended purpose in a well-controlled and reproducible
manner.?®® Poly Lactide-coglycolide (PLGA), a synthetic polymer, has demonstrated outstanding
capability and is a valuable alternative for natural polymers such as chitosan and alginate.?5725
Regardless, different fabrication methods have been developed for assembling nanoparticles. These

methods include, but are not limited to single-/double-emulsion, and nanoprecipitation.

1.7.5 Single-/Double-Emulsion

The single-/double-emulsion methods are one of the most frequently employed methods for
synthesising nanocarrier to encapsulate drugs with different solubilities. The choice of method depends
on the hydrophilicity of the drug to be encapsulated. The single-emulsion method is preferred when the
encapsulated agent is hydrophobic, whereas double-emulsion method is used for hydrophilic drugs.
Regardless of the method, the system requires emulsifying a suitable organic solvent with an aqueous

solution.

In the case of single-emulsion, polymer and hydrophobic pharmaceutical compound are co-
dissolved in a water-immiscible, volatile organic solvent such as dichloromethane or chloroform. The
organic solvent is dropped into an aqueous solution containing a surfactant (e.g. polyvinyl alcohol
(PVA)) under vigorous homogenisation or ultrasonication to generate an emulsion.?*® Therefore, this
method is denoted as O/W (oil in water) emulsion. After emulsification, the organic solvent is removed
with continuous stirring at ambient temperature or under reduced pressure to form nanoparticles.

Quenching with a large amount of water or other medium is also a way of removing the organic solvent
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for nanoparticle formation.?®® The solidified nanoparticles are then collected and washed using
centrifugation or ultrafiltration, followed by freeze-dying for long-term storage.?®* Apart from acting as

a drug carrier, this method has recently been used for the preparation of vaccine.?

The double-emulsion method shares similar procedures with the single-emulsion, except this
fabrication process is used when the encapsulating agent is hydrophilic such as protein and peptides.
With this method, the active agent and polymer are first dissolved in aqueous and organic solvent,
respectively. The aqueous phase is mixed with the organic phase to produce a primary emulsion (W/O).
The resultant primary emulsion is emulsified into a second aqueous phase (W/O/W) to yield the
nanoparticles.?®® The nanoparticles are then isolated and washed with centrifugation or ultrafiltration to
remove unencapsulated pharmaceutical agents and surfactants. A recent in vivo experiment revealed
that insulin-loaded nanoparticles fabricated from this method could maintain normoglycaemia for 24
hours. This shows the capability of sustained-release property and enhances bioavailability through the

use of nano-formulation.264

Adjustment of experimental factors offers a certain degree of control in the size of nanoparticles
produced and amount of drug loaded. Factors to be considered during synthesis include drug-to-PLGA
ratio, choice of organic solvent, stirring speed/power of ultrasonication and surfactant concentration.
However, the double emulsion methods are often associated with some drawbacks when the
encapsulated target is either protein or peptide. Biological molecules are susceptible to denature at the
aqueous-organic phase, while the harsh stress induced by homogenisation or ultrasonication might
induce aggregation or cause protein tertiary structure to unfold.?®® Several excipients such as sugars,
polyethylene glycol (PEG), and bovine serum albumin (BSA) have been employed to minimise protein
denaturation during encapsulation.?6®-2%8 Despite preventive measures employed, the emulsion methods

still suffer from batch-to-batch variation, poor size homogeneity and variable release kinetic.?*°

1.7.6 Nanoprecipitation

Nanoprecipitation, also known as the solvent displacement method, is an easy and mild

fabrication process for nanoparticle formation with high reproducibility.2’® The method relies on mixing
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a water-miscible organic solvent into an aqueous phase. In general, the precursor material (e.g. polymer)
and substance to be encapsulated are dissolved in a polar and water-miscible organic solvent such as
DMSO, acetone and acetonitrile.?’2-27¢ The resultant mixture is dropped into the aqueous phase under
stirring, which may contain surfactants. Although the use of surfactants can enhance the stability of a
colloidal suspension, their presence is not necessary in some cases.?’” Upon addition, the organic solvent
rapidly diffuses into the aqueous phase, which leads to the instantaneous formation and precipitation of
nanoparticles. The nanoparticle properties can be controlled by the molecular weight of precursor
material, precursor material-to-drug ratio and solvent choice.?”® Aside from the easy processing, this
method also offers well-defined nanoparticle size as well as narrow size distribution, which emulsion
methods have problems achieving.?”® This method is frequently employed to produce polymeric
nanoparticle with size of 100 nm.?® Despite the above advantages, this method is preferred for
encapsulating hydrophobic agents rather than hydrophilic drugs. The nanoparticle produced with this
method can either be nanospheres or nanocapsules.?®* The production of nanospheres or nanocapsules
depends on the phase in which the active agent is dissolved. If the active substance is dissolved in the
organic phase where the nanomaterial precursor is, the resulting nanoparticle product will be
nanospheres. Nanocapsules can be obtained upon dispersion of emulsion into the aqueous phase when
the drug is first dissolved in oil, followed by emulsification with an organic solvent.?8228 Several
research groups have used this method to encapsulate aldendronate sodium for osteoporosis, while a

modified protocol was used to encapsulate simvastatin with a PLGA hybrid nanocarrier. 28428

Regardless of the method employed for nanocarrier fabrication, nanotechnology stands out as
a potential formulation for ocular drug delivery. Advantages of nanocarrier includes improving active
agent solubility, enhancing drug delivery, and reducing toxicity. However, the high surface area-to-
mass ratio of nanoparticles deserves a thorough investigation to examine its potential toxicity.
Furthermore, when a bulk material changes into a nanoscale, the material may acquire unexpected
toxicological properties.?® Nevertheless, a statement in Schrur’s nano-toxicology editorial notes that
arbitrary experimental conditions and inconsistent experiment results complicates the determination of

safe profile.22®¢ Common materials used in drug delivery are chitosan, PLGA, and liposomes. Despite
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the well-documented safety profile of these materials, long-term nanoscale safety requires a

comprehensive investigation for pharmaceutical utility.

1.8 Drug Discovery and Potential Candidate for Ocular Diseases

Angiogenesis, triggered by several cellular signal pathways, can be observed in various
devastating diseases. Existing clinical treatment for ocular angiogenesis commonly involves the use of
monoclonal antibodies and corticosteroids. However, these agents either suffer from high cost, rigorous
storage condition, or unpleasant side effects. Thus, there is an urgent need to expand the arsenal for an

effective treatment of ocular angiogenic diseases.

1.8.1 Tyrosine Kinase

Tyrosine kinase is part of the phosphotransferases family that transfers a phosphate group from
adenosine triphosphate (ATP) to target substrates. This transfer enables signal transmission from
cellular surface to cytoplasmic components, thus regulating physiological functions. In the human
genome, 90 out of 518 protein kinases are tyrosine kinases.?®’” The tyrosine kinase comprises of around
30 families and can be categorised into receptor and non-receptor (cytoplasmic) tyrosine kinase. The
category of the tyrosine kinase has a specific role in its function. Receptor tyrosine kinase is crucial for
extracellular signal transduction, whereas non-receptor tyrosine kinase is responsible for relaying

intracellular communication.

A receptor tyrosine kinase possesses three domains: a C-terminal intracellular domain, am N-
terminal extracellular ligand-binding site and a transmembrane domain. The receptor tyrosine kinase
has a unique bi-lobar structure to exert its functionality. The first lobe is between the N- and C-terminal,
whereas the second lobe lies in the C-terminal domain. The N- and C-terminal lobe allows ATP binding
capacity, while the lobe on the C-terminal domain is an activation loop, which is also known as the
DFG motif. D, F, and G denotes the amino acid combination at the beginning, i.e. aspartic acid,
phenylalanine and glycine, respectively. Hence, this loop is named after the combination of amino acids.
The conformation of this loop is important for anti-angiogenic medication to exert its power. The

extracellular ligand-binding site regulates its kinase activity through the autophosphorylation of
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tyrosine residues.?®® Moreover, other phosphorylation sites are also responsible for controlling protein
interactions. Once activated, the receptor recruits signalling protein, which activates signalling pathway
and results in biological responses.?® These biological responses are important for cell proliferation,

migration, survival, differentiation, and vascular permeability.

1.8.2 Involvement of Tyrosine Kinases in Angiogenesis

The family of tyrosine kinase is well known to possess an important role and function in
regulating the angiogenic process. Stimulation of the corresponding tyrosine kinase leads to a cascade
of signalling pathway in endothelial cells and results in angiogenesis. Src homology 2 (SH2) domain-
containing proteins are important molecules that trigger the activation of tyrosine kinases. Examples of
signalling molecules include PLC vy, growth factor receptor bound protein 2 (Grb2), T-cell specific
adaptor protein (TSAd) and focal adhesion kinase (FAK).2%°-2°2 Therefore, inhibition of the tyrosine

kinase family serves as a potent strategy for anti-angiogenesis.

1.8.3 Tyrosine Kinase Inhibitors

The interaction of VEGF and receptor tyrosine kinase (RTK) triggers biological activities,
which leads to angiogenesis. As a result, blockage of this type of ligand-receptor binding would be an
approach to achieve anti-VEGF treatment. One approach is to utilise monoclonal antibody (e.g.
bevacizumab), which acts on either the secreted molecules or cell surface. Another approach is to
employ a small hydrophobic molecule to achieve anti-angiogenesis.?®® These molecules are mostly
hydrophobic and can penetrate the cell membrane easily. Upon entry, these inhibitors interact with the
intracellular signalling molecules or receptor domain. The underlying principle of this strategy is to
impede VEGF activities through the inhibition of intracellular signalling pathways and, thus arresting
angiogenic response. These agents inhibit a wide variety of RTK such as VEGFR-1, VEGFR-2 and

FGFR-1. Drugs in this class of inhibitors include sunitinib, sorafenib and lapatinib (Figure 1.14).
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Figure 1.14 Chemical structure of sunitinib, sorafenib, and lapatinib

Sunitinib, an FDA-approved medication, is intended for the treatment of metastatic carcinoma.
It is an exceptionally potent RTK inhibitor (RTK-i) which selectively targets epidermal growth factor
receptor (EGFR), VEGFR-2, FGF-1 and platelet-derived growth factor receptor-f (PDGFR-p).2%42%
Sunitinib demonstrated its effectiveness in diminishing angiogenesis in an experimental inflammation-
induced CNV model. The proposed mechanism is to block the VEGF-2 and VEGFR-2 pathway.?*
Other studies also found that sunitinib is capable of reducing the level of VEGFR-2 and is three times
more potent than bevacizumab through an in vivo experimental CNV model.X”"?°" However, in vitro
epithelial cytotoxicity was observed when the concentration of sunitinib is above 3.3 pg/ml. Therefore,

topical administration safety and dose profiles are yet to be determined.?%®
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Sorafenib, an inhibitor of VEGFR-2 and PDGFR, demonstrates its capability to reduce in vivo
animal CNV through oral administration. It is thought that it inhibits both VEGFR-2 and extracellular
signal-regulated kinase (ERK) phosphorylation.?®**® Despite its anti-angiogenic property, sorafenib

also shows a higher degree of in vitro toxicity than sunitinib.?®

Lapatinib is an RTK-i used to treat human epidermal growth factor receptor 2 (HER-2) positive
breast cancer. It works by inhibiting EGFR and human epidermal growth factor receptor 2 (HER-2).3%
This drug has shown to be effective in reducing experimental in vivo animal CNV through oral
administration. Moreover, lapatinib is more effective in treating experiment CNV compared to
trastuzumab, a HER2 inhibitor. Upon oral administration, the drug decreases VEGF expression in

corneal epithelial and stroma.3%

Despite RTK-i demonstrating its potent anti-angiogenic property, most studies were conducted
in experimental CNV models. Further studies are needed to confirm their clinical utility and safety.

Nevertheless, RTK-i stands out as a promising reagent for future CNV treatment options.

1.9 Motivation of Research

Accurate and objective diagnosis with effective drug delivery is crucial for ocular disease
treatment. Unfortunately, current clinical ocular examination techniques for CNV are either subjective
or unable to provide in-depth molecular information. In addition, ocular drug administration methods
suffer from poor absorption profile, low bioavailability, repetitive administration frequency and
invasive nature. The current advancement in imaging modality and nanotechnology offers a promising
opportunity to break through the obstacles that exist in ocular examination and drug delivery system,

while this work also investigates a potential drug candidate for ocular anti-angiogenesis.

In this thesis, | investigated the potential utility of PAI in monitoring CNV progression and
treatment outcomes through non-invasive quantification of molecular species. A fast and objective
analytical method with a non-invasive nature provides a new pathway to monitor CNV progression by
investigating of hemodynamic and sO- levels with PAI modality, thus, offering a more comprehensive

examination of CNV progression and treatment outcome.
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Secondly, a polymeric nanoparticle drug delivery system was developed to enhance ocular drug
delivery, while the CNV treatment outcome was monitored by PAI. This polymeric nanoparticle drug
delivery system utilises an FDA-approved biocompatible material with surface decoration to further
enhance the retention time and penetration ability with peptides. This shall enhance ocular drug

bioavailability.

Finally, the anti-angiogenic property of a newly developed hydrophobic drug was investigated
with an experimental CNV model. Clinical approach for CNV treatment usually involves the use of
steroid, which might induce undesired side effects such as elevation of intraocular pressure (I0P). The

safety and efficacy of a newly developed tyrosine kinase were examined through in vivo experiments.

Overall, this thesis aims at searching for an advanced imaging technique, a nanoparticle delivery

system and a new drug candidate for treating and monitoring CNV with the following objectives:

1. To investigate the utility of PAI in monitoring CNV progression and treatment outcome

through hemodynamic and sO; quantification.

2. To investigate the utility of an advanced nanoparticle drug delivery system for CNV treatment

combined with a non-invasive PA imaging technique

3. Toinvestigate the safety and efficacy of new drug candidate in CNV treatment

1.10 Scope of Work

This work aims to tackle current complications associated with ocular disease diagnosis and drug
administration route. Additionally, this work also examines the efficacy of a newly developed anti-
angiogenic drug candidate for CNV treatment. Objective diagnosis and effective drug delivery are
crucial for the treatment of ocular diseases. PA imaging can detect and monitor the presence of
molecular species within a tissue and thus provide in-depth information regarding the disease status.
The emergence of nanomedicine in the past decades has shed lights on resolving various biomedical

problems such as poor drug bioavailability and enhanced absorption. However, the application of these
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technologies is still not available in clinical practices. As such, chapter 1 reviewed the ocular structure

and CNV while these advanced techniques are also reviewed.

Chapter 2 elucidates two common nanoparticle (NP) fabrication processes to synthesize
polymeric NP (Mal-PEG-PLGA NPs) used in this work. The method for CPP conjugation on the surface
of the NP is also presented. Furthermore, the chapter introduces standard analytical instruments for NP

characterisation and PA modality used in this work.

Chapter 3 studies the feasibility of utilising PAI for monitoring CNV progression and treatment
outcome using Metformin eye drops. This study investigates the possibility of PAI in detecting
haemoglobin species that are only present in diseased cornea. This function is rarely seen in
conventional clinical practice unless coupled with exogenous contrast agents. Moreover, data obtained
using PAI may provide an objective quantification to reflect disease condition that the traditional
technique fails to achieve. Thus, PAI may set up a new pathway to objectively monitor CNV disease

progress and respect treatment outcome.

Ocular drug delivery has been a major obstacle for formulation scientists due to the protective
nature of ocular tissues. Chapter 4, looks into the synthesis of Rs-conjugated PEG-PLGA NP through
nanoprecipitation method. Different analytical techniques are employed to characterise and examine
the size, zeta potential and drug encapsulation of Rs-PEG-PLGA NP. In vitro cell uptake experiment is
also studied with Re-PEG-PLGA/Rh. Finally, treatment efficacy is compared with free FK506, Re-PEG-

PLGA/FK506 and PEG-PLGA/FK506 using an experimental CNV model.

Chapter 5 will investigate the efficacy of a newly developed anti-angiogenic drug (KX2-4245)
in CNV treatment. Prior to in vivo CNV model, an in vitro experiment was conducted to elucidate the
cytotoxicity profile of KX2-4245. After determination of concentration, the drug will be tested in
experimental in vivo CNV model and compared with an anti-VEGF drug. In addition, other drug
concentrations will also be applied to the ocular surface to elucidate potential in vivo toxicity toward

the corneal surface.
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Chapter 6 will summarize the works in this thesis and present potential future direction of these

techniques in the field of ophthalmology.
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2 Methodology

This chapter will discuss nanoparticle surface modification method and the techniques utilised to

examine and evaluate the chemical and physical properties of the nanoparticle produced.

2.1 Nanoparticle Surface Modification

Surface modification of polymeric nanoparticles can be achieved through electrostatic or
covalent attachment. However, due to high stability and site selectivity, conjugation of cell-penetrating
peptides onto the surface of the polymeric nanoparticles prefers using covalent attachment. The

conjugation relies on the reaction between maleimide and thiol group as illustrated in Figure 2.1.

Maleimide

Maleimide-thiol conjugate
O
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Figure 2.1 Conjugation of maleimide and thiol

2.2 Characterisation Techniques

2.2.1 Dynamic Light Scattering (DLYS)

Dynamic Light Scattering (DLS) is a common spectroscopy technique for determining particle

size distribution. The instrument equips a laser which emits monochromatic incident light that collides
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into a solution containing particles in Brownian motion. The collision results a Rayleigh scattering
pattern where size distribution can be obtained based on the particle size. As the scattering pattern
correlates to the size of the particle and thus, size distribution can be acquired through a build-in
mathematical algorithm. Briefly, polymeric nanoparticles were diluted with MilliQ water and subjected
to a DLS instrument (Zetasizer Nano, Malvern Instruments Ltd.), as shown in Figure 2.2. Default
settings were used to conduct each measurement and the settings were as follows: temperature: 25°C;
equilibration time: 120 seconds; measurement angle: 173° Backscatter (NIBS default); number of

measurements: 3.

Zeta potential was also measured with the same instrument. Electrophoresis is the motion of
particle under the influence of an applied electric field. The interaction between the particle surface
charge and applied electric field causes the particle to move with a medium. The particle movement
direction and velocity are the function of the applied electric field, particle surface charge and the
medium. The Doppler shift in the scatter light can provide information regarding the particle velocity.
The particle velocity is proportional to the strength of the applied field and the particle electrical
potential, therefore optical measurement can assist in the measurement of zeta potential. Default settings
were used to measure zeta potential and the settings were as follow: temperature: 25°C; equilibration

time: 120 seconds; measurement duration: automatic; number of measurements: 3.
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Figure 2.2 A photograph of Zetasizer Nano instrument for DLS measurement

2.2.2 Transmission Electron Microscopy (TEM)

Another techniqgue commonly utilised to examine the morphology of nanoparticle is
Transmission electron microscopy (TEM). A JEM-1210 (JEOL Ltd., Tokyo, Japan) was used to
investigate the morphology and size of the polymeric nanoparticle. The system operated at 200 keV,
giving off a high voltage electron beam that interacts with the sample on the carbon grid. Electron
signals were generated upon interaction and, subsequently, collected to construct an image to reveal
particle morphology as well as the size can be obtained. To perform TEM, a drop of polymeric
nanoparticle solution is transferred onto a carbon grid and air-dried. Once dried, the sample grid is

placed inside the TEM instrument for imaging procedures.

2.2.3 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared (FTIR) spectroscopy is extensively employed to identify functional
groups of a chemical compound. Each functional group has a distinct vibrational and stretching mode

corresponding to a specific infrared (IR) energy; thus, the characteristic IR peaks could reflect the
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groups within acompound. With the merit of this technique, it stands out as an easy and quick analytical
method to verify successful conjugation. To prepare a sample for FTIR, analyte and dried potassium
bromide (KBr) power were mixed and ground to produce a thin pellet. The KBr acts as a sample carrier
in the IR measurement, and it is optically transparent in the wavenumber (4000 — 400 cm'*). Therefore,
avoid interference in IR absorbance. The pellet was quickly measured to avoid absorbing surrounding
moisture, leading to an unwanted intense O-H stretching band. FTIR spectra of the samples were

collected using NICOLET iS50 FT-IR (Thermo Scientific, USA) with an IR range of 500 — 4000 cm™.

Figure 2.3 A photograph of NICOLET iS50 FT-IR for structural characterisation

2.2.4 Ultra-performance Liquid Chromatography-Tandem Mass Spectrometry
(UPLC-MS)

Ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS) is an

analytical technique to separate and determine chemical compounds within a sample. In this work, this
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technique was employed to quantify the amount of drug encapsulated inside the polymeric nanoparticle.
Agilent 1290 UPLC — Agilent 6460 electrospray ionisation triple quadrupole mass spectrometer
equipped with a Zorbax Eclipse Plus C18 column (Agilent; 2.1x50mm; 1.8 um) was used to determine
the encapsulation content. The column temperature was maintained at 45°C, and the flow rate was set
as 0.3 mL/min. The two predominant precursor ions produced were sodium adducts [M+Na]*. The peak
areas of the selected mass transitions were used for the quantification of FK506 (m/z 826.5—616.0)
and ascomycin (m/z 814.5—604.2). Fragmentation of FK506 and ascomycin was set as 100 V and 160

V, while the collision energy for optimal fragmentation was 35 eV for both compounds.

Figure 2.4 UPLC-MS for determination of drug loading and encapsulation efficiency

2.3 Photoacoustic Imaging (PAI) Instrument

The combination of ultrasound and photoacoustic imaging modality offers numerous

opportunities to investigate various biomedical applications such as cardiology and vascular biology.
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Furthermore, a PAI modality simultaneously captures ultrasound and photoacoustic images to provide
anatomical and molecular information at a specific wavelength. With these advantages, the Vevo LAZR
Photoacoustic Imaging System (FUJIFILM VisualSonics) was utilized to capture ultrasound and PA
images of ocular tissues. Transducers LZ-250 (21 MHz) and MS-550D (32 MHz) were used to record
ultrasound, PA signal and doppler signal. The resultant signals acquired were combined in one image

for further analysis.

Figure 2.5 A photograph of FUJIFILM VisualSonics Vevo LAZR Multi-modality Imaging Platform
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3 Invivo PA Imaging for Monitoring CNV Progression and
Treatment Outcome with Metformin Eye Drops

3.1 Introduction

Accurate and objective examination techniques are crucial for monitoring ocular diseases.
Corneal neovascularisation (CNV) is a sight-threatening ocular condition that could affect corneal
transparency and visual acuity. A reliable ocular examination technique and treatment are vital to assist
a physician to provide necessary treatment for an individual with ocular diseases. Traditional ocular
examination often employs a slit-lamp and corneal angiography to access blood vessels on the diseased
cornea. Although both equipment/techniques can provide the status of the cornea, these techniques
come with certain disadvantages. A slit-lamp equipped with a digital camera can capture the condition
of an ocular surface image during ocular examination and undergo computerised analysis. However,
image analysis requires high image quality for further processing.*®® Furthermore, a computerised
analysis could be subjective to a certain extent. Thus, it might not be able to deliver representable results.
On the other hand, corneal angiography could reveal blood vessels on the cornea using of chemical dyes
such as fluorescein or indocyanine green.07:30%43% This technique can identify blood vessels even with
corneal scaring which is generally difficult to visualise with slit-lamp examination. However, potential
side effects associated with administration of chemical dyes must not be neglected. Patients with liver
or renal dysfunction and those at risk of anaphylaxis must pay extra cation when receiving corneal
angiography.3® As a result, there is a need to establish a technique with non-invasive and objective

nature for future ocular examination.

With the promising results demonstrated by preclinical and clinical PAI technique in various
biomedical applications, it stands out as a promising technique for ocular examination.*°”-*% |t has been
utilised to image ocular vasculature in recent studies with encouraging results.*%° However, studies

mostly focused on vessel visualisation rather than haemoglobin and sO; quantification.

Metformin, an FDA-approved hypoglycemic agent, exhibits anti-angiogenic effects in different

invitro and in vivo experimental cancer models.?1%-3!° The anti-angiogenic property is also demonstrated
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in various ophthalmic disease models such as choroidal neovascularisation, oxygen-induced retinopathy
(OIR) and diabetic retinopathy (DR). However, these investigations utilise intraperitoneal injection or
oral gavage as an administration method.316-31° Thus, conventional ophthalmic drug administration
routes with metformin are yet to be determined. Liu et al. recently reported the co-administration of
metformin and levofloxacin using hydrogel through subconjunctival injection is effective in

demolishing CNV.3%

To this end, this study aims at investigating the following objectives with PAI and slit-lamp to
(i) assess the efficacy of topically administered metformin against CNV, (ii) examine in vivo CNV

model haemodynamic status, and (iii) quantify sO- levels in CNV.

3.2 Experimental Details

3.2.1 Invivo Alkali-induced Rat CNV Model

Health SD rats (n=24; Male; 200-300 g; Age 6-14 weeks) were employed in this investigation.
Prior to all experimental procedures, general anaesthesia and corneal anaesthesia were induced by 3%
isoflurane inhalation and tetracaine eye drop (Bausch & Lomb Pharmaceuticals, Inc). Additionally,
topical administration of 1% tropicamide was given to the experimental eye for pupil dilation. Once the
corneal surface numbness was achieved, a circular filter paper previously soaked in 1.0 M sodium
hydroxide solution was placed on the central cornea under a microscope for 30 seconds. After removing

the filter paper, the corneal surface was quickly rinsed with 10 mL of PBS.

Immediately after the rinse, rats were randomly divided into four groups (n = 6 per group) and
received 50 pL of solution for 14 days. Topical administration of saline and metformin eye drops with
different concentrations (4, 40 and 200 mg/mL) was given to the injured eye 4 times per day. Eyes were
evaluated and examined by slit-lamp microscope on day 0 (pre-op), 4, 7 and 14. Corneal images were
taken and analysed automatically with ImageJ software (Wayne Rasband, National Institutes of Health,

USA). The corneal vascularised area was measured and presented as mean percentages + SD.
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3.2.2 Invivo PAI on Ocular CNV

Vevo LAZR Photoacoustic Imaging System (FUJIFILM VisualSonics) was utilized to capture
B-mode ultrasound images, PAI and Doppler sonograph. The system is equipped with a tunable
Nd:YAG laser system (OPOTEK Inc. 680-980 nm, 20Hz repetition rate, five ns pulse width, 50 mJ
pulse peak energy) to imitate acquisition and excite tissue with optical pulses to generate the PA effect.
The following parameters were used for this study: Transducer LZ-250, Frequency 21 MHz, Depth:
14.00 mm, Width: 23.04 mm, Wavelength: 750/850 nm, Threshold HbT: 20, Acquisition: sO2/HbT. A
different transducer was employed to record Doppler sonography: Transducer MS-550D, Frequency
32 MHz, Pulse Repetition: 4 kHz, Depth: 10.00 mm, Width: 14.08 mm, Beam Angle: 0°, Sensitivity:
4, Wall Filter: Low. Photoacoustic/Doppler signals and ultrasound scans were acquired simultaneously

and combined into one image in both transducer settings.

The animals were imaged at designated time points to acquire PA and doppler images for further
analysis. Prior to imaging procedures, animals were anesthetised with inhalable anaesthetic and
tetracaine eye drops. Once animals were anaesthetised and placed on a heated platform, a layer of
ultrasound gel was applied over the cornea. Transducers were then carefully aligned and examined the
cornea at 750 and 850 nm wavelengths to acquire HbR and HbO2 PA signals. Acquired data
(haemodynamic data, sO2 and doppler signals) were then analysed with a built-in oxygenation-
haemoglobin measurement package in workstation software (Vevo LAB, FUJIFILM VisualSonics,
Toronto, Canada). Quantification of haemodynamic status, sO2 level and doppler signals were
accomplished by tracing the cornea as the region of interest. The sO2 levels were calculated from pixels
with an estimation of oxygen saturation, and resultant data were reported as average %s02. The Doppler

signals were treated in the same way as sO2, except the data were presented as percentage of vascularity.

3.2.3 Histological Analysis

At the end of the study period, all animals were euthanised, and ocular tissues were obtained
for histological analysis. Immediately after enucleation, eyeballs were fixed in paraformaldehyde 4%

solution and sectioned for H&E and CD31 analysis.
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3.2.4 Statistical Analysis

All data were analysed with GraphPad Prism 5 (GraphPad Software Inc.) and expressed as mean
+ standard deviation. Student’s t-test and one-way ANOVA (for multiple group comparison) were

performed with *p < 0.05 considered statistically significant, whereas ns represent no significance.

3.3 Results and Discussion

3.3.1 Metformin Eye Drops Exhibit Anti-angiogenic Effect and Reduce Experimental
CNV

This work studied the feasibility of PAI as a tool for CNV progression and treatment outcome
with metformin eye drops. PAI technique monitored and quantify the sO to deliver an objective
assessment of CNV and treatment outcome. Our data demonstrated that metformin 40 mg/mL was

effective against CNV while PAI provide a non-invasive and objective analysis of the outcome.

3.3.1.1 Colour Images and Computerised Quantitative Analysis

In this study, a well-established alkali-induced CNV model was employed to investigate the
therapeutic efficacy of metformin eye drops against experimental CNV. Topical administration is the
most convenient and non-invasive route for ocular drug delivery.?243 Ocular absorption is generally
hindered by the ocular anatomy and several other factors, and thus, we examined three different
concentrations to probe the potential therapeutic range. The metformin concentrations employed in this
study were 0, 4, 40 and 200 mg/mL which are designated as control, low, medium, and high

concentration groups.

The representative colour images obtained with a slit-lamp revealed newly formed blood
vessels in saline and metformin 4 mg/mL groups on day 4. The blood vessels continued to sprout and
reach the central cornea on day 14 in the control and metformin 4 mg/mL group. Quantitative analysis
demonstrated an increased vascularised area throughout the whole study period in both groups. The
calculated mean vascularised area in saline group were 49.01 % + 9.42, 51.52 % + 10.91 and 68.52 %

+9.69 on day 4, 7, and 14 respectively.
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The metformin 4 mg/mL group also exhibited an increased vascularised area with mean area of
19.93 % + 5.75, 35.89 % + 2.96 and 48.28 % + 11.55 on day 4, 7, and 14. Liu et al. demonstrated that
subconjunctival injection of metformin 3 mg/mL and levofloxacin hydrochloride 3 mg/mL remarkably
inhibited CNV formation.®? In our study, the metformin 4 mg/mL did not show obvious angiogenic
inhibitory effect compared with the study conducted by Liu’s group. However, the severity and mean
vascularised area of metformin 4 mg/mL was slightly lower compared with the saline group. This

indicated that metformin has a certain degree of anti-angiogenic effect via topical administration.

Upon increasing the metformin concentration by 10 and 50 folds, the drug significantly
inhibited angiogenesis, as shown in Figure 3.1. The groups exhibited a mild increase in newly formed
blood vessels on day four and maintained low levels throughout the study. Quantitative analysis
revealed that both groups demonstrated a similar vascularisation area with a mean of 12.72 % + 5.47,
6.33 % + 0.61 and 2.25 % * 0.61 on day 4, 7, and 14, respectively. Table 3.1 summarised the

vascularised area in rats received saline and metformin treatment.

Although quantitative analysis of the colour images provided information regarding the
vascularised area, it cannot offer any molecular insight of CNV progression. Moreover, the natural
dome shape of the cornea poses difficulties in focusing and capturing all vessels in one single image.®*!
Furthermore, scarring and oedema on cornea after injury also hamper blood vessel visualisation from
colour images.®* Therefore, the quantitative results derived from colour images pose a dilemma on

reflecting the actual corneal condition.
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Figure 3.1 Slit-lamp images of rat’s cornea after metformin treatment for CNV

Pre- and post-treatment images with control and metformin groups (0 - 200 mg/mL)

Average % vascularised area

Day 4 Day 7 Day 14
Saline 49.01 +9.42 51.52 +10.91 68.52 + 9.69
Metformin 4 mg/mL 19.93 + 5.75 35.89 + 2.96 48.28 + 11.55
Metformin 40 mg/mL 12.25+5.14 6.68 + 0.68 2.76 + 0.98
Metformin 200 mg/mL 13.19£5.79 5.98 + 0.54 173 +£0.23

Table 3.1 Average % vascularised area in rat’s cornea received saline and metformin treatment
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The unique anatomical barrier of the cornea, tear film, and other factors all contribute to poor
bioavailability. Nature defence mechanisms such as tear turnover, reflex blinking and drainage leads to
significant drug loss upon administration, with only 5% of topically applied drug being absorbed.%??
Therefore, frequent instillation and higher dosage are needed to overcome the poor bioavailability issues.
In this work, our data indicated that metformin 40 mg/mL is the optimal concentration for CNV
treatment. Concentration higher than 40 mg/mL does not seem to provide additional benefits or
treatment effects. The increased concentration compensates for the poor bioavailability and thus,
exhibits an anti-angiogenic effect for CNV treatment. Although colour images can provide quick
assessment on CNV and treatment progression, it fails to give an objective and comprehensive
information of molecular species presented in the cornea. Therefore, a technique that provide objective

assessment and ability to monitor haemoglobin species would be beneficial to CNV assessment.

3.3.1.2 Histological Analysis

The CNV inhibitory effect of metformin was investigated and confirmed with histological
analysis using H&E and CD31 staining (Figure 3.2). The neo-vessels were detected in saline and
metformin 4 mg/mL, while no apparent vessels can be recognised in metformin 40 mg/mL and 200
mg/mL. The CD31 staining also confirmed the anti-angiogenic effect of topically applied metformin.
Strong CD31 immuno-reactivity was observed in saline and metformin 4 mg/mL groups as compared
with metformin 40 mg/mL and 200 mg/mL. Therefore, these results indicated metformin is capable of

inhibiting CNV through topical administration at an optimal concentration of 40 mg/mL.
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Figure 3.2 Histopathological images of rat’s cornea after metformin treatment

H&E (left) and CD31 (right) images revealed the treatment effect of metformin eye drops with
different concentrations on Day 14 (scale bar 100 pm for H&E and CD31)

3.3.1.3 Anti-angiogenic and Anti-inflammatory Effect of Metformin

Though this study did not investigate the underlying mechanism, numerous studies have
demonstrated the anti-angiogenic effects of metformin. Experimental data suggested that metformin is
capable of reducing and inhibiting VEGF receptor FIk-1 level, activin receptor-like kinase 1 (ALK-1)
expression as well as protein translation of VEGF-A in various ocular disease models.3*-31® Moreover,
metformin exhibits anti-inflammatory ability and reduces inflammatory cytokines such as monocyte
chemotactic protein-1 (MCP-1) and interleukin-6 (IL-6).%*° Overall, our data demonstrated that topical

administration 40 mg/mL of metformin is an effective agent for CNV treatment.
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3.3.2 Monitor Change of Corneal Haemodynamic Status with PAI Technique

Conventional ocular examination technique with slit-lamp provides a general condition of the
ocular surface. However, it fails to detect molecular information during a diseased state. The use of PAI
offers molecular information of CNV without using an exogenous contrast agent. After CNV induction,
the presence of haemoglobin species within the blood vessels acts as a natural endogenous contrast
agent for imaging purposes. We employed PAI to record and explore the change of HbR and HbO;

content in the cornea, which is achieved by monitoring two different wavelengths: 750 and 850 nm.

Pre-op Day 4 Day 7 Day 14

Max

Saline

Metformin
4 mg/mL

HbR Intensity

Metformin
40 mg/mL

Metformin
200 mg/mL

Mini

Figure 3.3 Co-registered PA and ultrasound images of HbR status over the study period
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Figure 3.4 Quantitative analysis of PA intensity in HbR signals over the study course *p < 0.05

Before the induction of alkali injury, all animals showed low baseline PAI signal value in the
cornea. After the alkali injury, a significant increase in HbO; and HbR PAI signal was recorded and
observed in the saline and metformin 4 mg/mL group (Figure 3.3). Quantitative analysis (Figure 3.4)
of saline group revealed an 8.80-fold increase in HbR signal (0.44 £ 0.12) compared to the baseline
value of (0.05 £ 0.0013) on day 4. The HbR signal regressed slightly on day 7 and day 14 with values
of (0.38 + 0.044) and 14 (0.29 + 0.013), respectively. A considerable amount of increase in HbO;
content (Figure 3.5 and Figure 3.6) was also detected in the saline group with an 8.97-fold increase
(0.61 +£0.14) on day 4. The HbO- signal remained at a similar value (0.65 + 0.022) on day 7 and showed
a slight regression (0.54 + 0.037) on day 14. The significant increase in HbR and HbO; PAI signal all

points to the formation of new blood vessels on cornea after alkali injury.

65



Pre-op Day 4 Day 7 Day 14

Max

Saline

Metformin
4 mg/mL

HbO, Intensity

Metformin
40 mg/mL

Metformin
200 mg/mL

Figure 3.5 Co-registered PA and ultrasound images of HbO, status over the study period
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Figure 3.6 Quantitative analysis of PA intensity in HbO; signals over the study course *p < 0.05
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The animals that received metformin 4 mg/mL also exhibited increased patterns in HbR and
HbO; signals. The HbR signal showed a 3.07-fold increase (0.23 + 0.018) on day 4 compared with the
baseline value of (0.075 £ 0.0016). On day 7 and 14, the HbR signal remained at similar value of (0.30
+0.07) and (0.31 + 0.09) respectively. However, the recorded HbO, values were much higher than the
HbR and showed a 3.8-fold increase (0.42 + 0.034) on day 4 compared to the baseline value (0.11 £
0.0046). However, the HbO, of the metformin 4 mg/mL group exhibited an increased trend on day 7
and day 14 with values of 0.64 £ 0.14 and 0.8 + 0.19. Overall, the signal of HbR and HbO; were lower
than the saline group. This indicated that the metformin 4 mg/mL exerted a certain degree of anti-
angiogenic effect on alkali-injured rat cornea. The incompetence to achieve full inhibitory effect is
properly related to the high amount of drug lost upon the topical administration of 4 mg/mL of

metformin.

In contrast, the metformin 40 mg/mL and 200 mg/mL groups maintained similar corneal HbR
and HbO; baseline values throughout the study course. Thus, indicating higher concentration was
required to achieve CNV inhibitory effect. Moreover, these data indicated that PAI possesses the ability
to detect and measure molecular species within the cornea, which conventional examination techniques

fail to achieve.

3.3.3 Monitor Change of sO2 with PAI Technique

With the capability of PAI technique to measure and quantify haemoglobin species, we next
measured the sO- status using a built-in mode to examine the non-invasive corneal oxygen saturation
throughout the study period. All sO, data are presented as average value. Instead of examining two
haemoglobin species separately, the sO, data offers a more direct and clear indication of angiogenesis
as it considers both haemoglobin species. Thus, it gives a more comprehensive condition of corneal
haemodynamic status. A healthy cornea is avascular in order to provide optimal vision, whereas a
vascularised cornea shall obstruct vision. Thus, this results in an elevation of %s0O,. Figure 3.7 shows
the co-registered US and PA images of the changes in %sO, over time. The saline and metformin 4

mg/mL groups exhibited a notable rise in sO2 level during the course of study, as revealed by
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quantitative analysis (Figure 3.8). On day 4 and 7, the average %sO; of saline reached 46.82% + 6.12
and 51.04% + 1.97, respectively. The average %sO; regressed slightly on day 14 with value of 40.09%
+ 5.71. The metformin 4 mg/mL revealed a same pattern as saline group where the average %s0, values
were 24.07% + 5.22, 57.47% + 6.9 and 45.47% + 7.40 on day 4, 7 and 14. Upon increasing the

concentration to 40 mg/mL and 200 mg/mL, quantitative analysis revealed a subtle increase on day 4

Pre-op Day 4 Day 7 Day 14

Saline

Metformin
4 mg/mL

%s0, Intensity

Metformin
40 mg/mL

Metformin
200 mg/mL

Mini

Figure 3.7 Co-registered PA and ultrasound images of pre- and post-corneal %sO; after metformin
treatment
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Figure 3.8 Quantitative analysis of pre- and post-treatment %sO, with different concentrations of
metformin eye drop *p < 0.05

with average %sO; value of only 0.21% + 0.15 and 0.08% = 0.20 individually. The average %sO2
returned to the pre-op level on day 7 and 14. These data indicated that metformin effectively inhibits

CNV progression with an optimal concentration of 40 mg/mL.

The average %s0, data is complementary with data obtained in haemodynamic status, the
colour image analysis and the severity of CNV observed. Hence, this demonstrated %sO: is capable of
providing a new path in assessing and monitoring CNV progression and treatment outcome through

natural endogenous contrast agents.

The PAI technique demonstrated in the above data revealed it possesses unigque advantages over
fluorescent angiography as it does not involve the intravenous injection of chemical dyes. The natural
endogenous contrast agents (HbR and HbO;) only exist during CNV status. Hence, it avoids the
potential interference signal from other the surroundings. Furthermore, the PAI technique does not
require exogeneous contrast agents, thus is free of any potential side effects associated with chemical
dyes. In addition, PAI reveals molecular information that slit-lamp fails to achieve. Therefore, this

technique stands out as a promising imaging modality for additional ocular examination in the future.
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3.3.4 Doppler Sonography of CNV

Doppler sonography is a useful US technique to examine superficial tissues and provide
information regarding the blood flow. In this part of the experiment, we utilised the power Doppler
mode to investigate the percentage of vascularity within the cornea. The percentage of vascularity
increased in the saline and metformin 4 mg/mL groups, as shown in Figure 3.9. The saline group
revealed a continued increase in the percentage of vascularity with values of 4.24% =+ 0.38 and 15.95%
+ 0.51 on day 4 and 7, respectively (Figure 3.10). The percentage of vascularity exhibited a reduction
on day 14 (11.85% + 1.6). However, the metformin 4 mg/mL group exhibited a continuous increase in
signal with value of 3.73% + 0.73, 9.12% + 2.32 and 12.41% + 1.47 on day 4, 7 and 14. The
percentage of vascularity in the remaining testing concentration groups maintained a pre-op level even
after CNV induction, except for a slight increase in Doppler signal that was recorded on day 4 in
metformin 40 mg/mL. It is worth noting that the data in the percentage of vascularity exhibited much a
smaller value compared to haemodynamic status and average %s0O,. This is because of the transducer
used in the experiment. We employed a different transducer to obtain high-resolution images. However,
the transducer’s size could not cover the whole cornea, which only allowed recording of part of the
vascularised area. Despite this problem, the percentage of vascularity agreed with the %sO; data. Both
Doppler sonography and %sO, demonstrated an increasing trend in saline and metformin 4 mg/mL,

indicating CNV progression and ineffectiveness in suppressing CNV with 4 mg/mL.
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Figure 3.9 Co-registered Doppler and ultrasound images for blood vascularity before and after
metformin eye drop treatment
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Figure 3.10 Quantitative analysis of pre- and post-treatment Doppler signals with different
concentrations of metformin eye drop (ns: not significant)
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3.4 Conclusion

In summary, this work utilised PAI to investigate the haemodynamic status, average %sO; and
Doppler sonography for CNV progression and treatment efficacy of topically applied metformin. Our
data suggested that the optimal concentration of metformin to inhibit CNV progression is 40 mg/mL.
Coupled with slit-lamp and PAI, the two provide a comprehensive status of CNV through colour image
analysis as well as corneal sO; information derived from haemoglobin species present during the disease
state. Not only PAI could offer molecular information, it also serves as a valuable tool for assessing
treatment outcome and exhibit promising potential for monitoring the ocular condition. Corneal
transplantation has a high risk of post-transplant blood vessel growth. Thus, monitoring blood vessels
with the level of sO; through PAI is potentially a promising way for post-operative analysis. Overall,

PAI provides a non-invasive and label-free approach for longitudinal ocular examination.
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4 Enhanced Ocular Delivery with Cell-Penetrating Peptide-
Conjugated Polymer Nanoparticle for CNV Treatment
Coupled with PAI as a Tool for Disease Monitoring

4.1 Introduction

Ocular drug delivery has been an enormous challenge over the past decades owing to the unique
ocular anatomy, which radically eliminates the passage of foreign materials, leading to poor treatment
efficacy via topical administration. Corneal neovascularisation (CNV) is a sight-threatening condition
that could result in a decline in visual acuity and total vision loss.!*® Statistics revealed that corneal
diseases is a major cause of blindness worldwide, with more than 10 million patients requiring corneal
keratoplasty to regain vision.*?*32* Among all conventional administration methods, topical
administration is the most preferred method for ocular disease treatment owing to its non-invasive
nature. However, topically applied drugs suffer from poor bioavailability?® as the unique and complex
anatomy of eye constrains and impedes the penetration of the applied drug into the anterior and posterior
segment.?®® Apart from such complexation, tear film and physiological barriers (e.g. reflex blinking,
nasolacrimal drainage and lacrimation rate) also prevent drug absorption. Furthermore, the high
turnover rate and mucus layer of tear prevent topically administered drugs from entering the eye and
dilute the concentration of those that could pass. Thus, the tear film and its components act as a
comprehensive defence barrier and pose tremendous problems for topical administration.3? With these
barriers, up to 95% of topically administered drugs are lost upon administration.?*® Therefore, eye drop
formulation requires frequent instillations in order to sustain and provide an efficacious treatment

outcome.

Nanoparticle (NP)-based drug delivery system has caught massive attention over the past
decades due to its enhanced permeability and retention (EPR) effect observed in the research on cancer
nanomedicine.®?® Numerous researchers have spent tremendous efforts enhancing ocular drug delivery
through NP-based delivery systems. The use of nanocarrier system has been shown to overcome

limitations associated with conventional ocular drug administration method. Moreover, the system can
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also feature targeted and control released properties to maximise drug availability.?5°?5! Different
delivery systems have been widely investigated for their efficacy and ability to deliver drugs. Example
of these include but are not limited to liposomes and polymeric NPs. Polymeric NPs, particularly those
made with biodegradable materials, hold promising features as an outstanding drug delivery carrier for
macromolecular drugs. Hence, biodegradable polymeric NPs as delivery vehicles have few advantages
over other drug delivery systems.®2732¢ First, polymeric NPs protect encapsulated protein-related
pharmaceutical compounds from in vivo chemical and enzymatic degradation, which increases their
half-life.32>-331 Second, nanoscale particles could facilitate and overcome obstacles associated with
physiological barriers (e.g. cell membrane and blood-brain barrier).332-33 Third, polymeric NPs possess
sustained and controlled release properties which conventional administration method do not,331:336-338
Finally, surface modification can empower NPs to target a specific type of organ/tissue/cells while

reducing undesired side effects and the frequency of administration.33°-34

Poly(lactic-co-glycolic acid), also known as PLGA, is a biocompatible and biodegradable
material produced from lactic acid and glycolic acid, which undergoes dehydration and cyclisation
follows by ring-opening polymerisation.®*? The PLGA material has a long history of being utilised as
sutures in clinical settings. It undergoes degradation and metabolises naturally to give its constituent
monomers, which can be absorbed by the body and thus exhibiting good biocompatibility, tunable
degradation rate and safety profile.3#34 With its excellent physical properties, PLGA is approved by
the FDA to be used as a drug carrier as well as scaffolds in tissue engineering.26033:345.346 Qyer 15 FDA-
approved drugs have utilised and incorporated PLGA, indicating its effectiveness and reliability as a
drug carrier.343%8 Apart from its utilisation in FDA-approved medication, attempts have been made in
the past to encapsulate various biological compounds to strengthen their efficacy in experimental
disease models. Encapsulated drugs include insulin, bevacizumab, plasmid DNA and cyclosporine
A 39351 In summary, formulations with polymeric NPs exhibit great potential in biomedical application

as an effective drug carrier to enhance various chemical and physical parameters.
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Figure 4.1 Diblock copolymer maleimide-poly(ethylene glycol)-poly(Lactide-co-glycolide) (Mal-
PEG-PLGA)

NPs show excellent capability as drug carrier and has been widely employed as a valuable tool
to enhance the pharmacokinetic properties of pharmaceutical components. While nano-formulations
provide excellent competency in biomedical science, surface modification with cell-penetrating
peptides (CPPs) further strengthens intracellular drug delivery properties. Cationic CPPs are small
peptides that generally contain 5 to 30 amino acid residues and consist of mostly basic amino acid
residues. As a result, CPPs possess an overall positive charge.®*? CPPs can act as a versatile tool for
improving the effectiveness of drug delivery because of their high permeability and ability to translocate
into a wide variety of cells, as well as possessing low cytotoxicity with no immunogenicity.3% With
these advantageous characteristics, CPP-conjugated NP (CPP-NP) has been developed and investigated

in the field of biomedicine and biomedical aspects.

The first CPP discovered was the transactivator protein (Tat 48 - 60) derived from human
deficiency virus type 1 (HIV-1) back in 1988.% Since then, many other CPPs have been identified and
added to the CPP family. Depending on the amino acid sequences, CPP can be divided into cationic,
ampbhipathic and hydrophobic. Poly-arginine peptides falls into the category of cationic CPP due to its
high content of basic arginine amino acid. Poly-arginine peptides with arginine amino acid sequence
lengths of 5 to 9 are frequently employed to facilitate transportation of nucleic acids or proteins.®® The

structure of octa-arginine peptide is shown in Figure 4.2.

The CPP-NP conjugates present excellent results in a broad spectrum of disease treatments as
well as serving as imaging probes. With the enhanced therapeutic efficacy and permeability, CPP-NP

has been used to treat dermatological disorders, central nervous system disorders, cancers and as an
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advanced imaging probe.®%¢-% Recently, our group has successfully conjugated iRGD peptide to PEG-
PLGA NPs to enhance accumulation while delivering hydrophobic organic dyes to act as a contrast
agent for PA imaging as well as photothermal therapy (PTT) for cancer treatment.®® The peptide-
conjugated NPs were revealed to have a longer circulation time and accumulation profile than non-
conjugated NPs. These results indicated the advantageous property of peptide-conjugated nanoparticles
for biomedical applications and provided further evidence of enhanced permeation through smart

surface decoration.
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Figure 4.2 Structure of octa-arginine (Rs)
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Tacrolimus (FK506) is a powerful immunosuppressive agent that can prevent allograft rejection
and is often prescribed to patients who have undergone heart, liver and kidney transplantation. FK506
is a 23-membered macrolide lactone antibiotic (molecular weight 804 g/mol) with 100-fold
effectiveness than cyclosporine A, another well-known immunosuppressant.®®!3% FK506 has been
shown to be effective in corneal allograft rejection through topical administration and subconjunctival
injection.®*3¢" However, the lipophilicity of FK506 hinders its utility to a certain extent as the cornea
generally favours hydrophilic molecules rather than lipophilic drugs. Therefore, frequent administration
or a higher drug concentration is needed which might lead to undesired side effects and poor patient
compliance.®®® Thus, encapsulating FK506 in CPP-conjugated polymeric nanoparticles might serve as

a promising approach to over the corneal barriers as well as its physical characteristic.
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In this study, an experimental CNV model was employed to investigate and evaluate the
treatment efficacy of octa-arginine peptide (Rs)-conjugated PEG-PLGA/FK506 NP, with the aim to
achieve the following objectives: (i) to compare the treatment efficacy of cysteine-modified octa-
arginine peptide (CRs)-conjugated FK506-encapsulated PEG-PLGA NPs (Rs-PEG-PLGA/FK506 NPs)
and non-conjugated NP (PEG-PLGA/FK506 NPs) under topical administration, (ii) to evaluate the
treatment efficacy by topical administration twice per day, (iii) to examine the in vitro cellular uptake
of Rg-PEG-PLGA NP vs non-conjugated NP with fluorescence microscopy and (iv) to evaluate the in

vivo haemodynamic status and quantify the sO. level with PAI.

4.2 Materials and Methods

4.2.1 Materials

Tacrolimus (FK506) and Ascomycin (FK520) were purchased from MedChemEXxpress.
Diblock copolymer Maleimide-poly(ethylene glycol)-poly(Lactide-co-glycolide) (Mal-PEG-PLGA),
MW of PEG to PLGA 2000: 15000, molar ratio of lactide to glycolide 75:25, MW= 15000 Da) (PEG-
PLGA 75:25) was purchased from Shanghai ToYongBio Tech. Inc (Shanghai, China). Cysteine
modified octa-arginine peptide (CRg) and cysteine were purchased from ChinaPeptide Co., Ltd
(Shanghai, China) and Sigma-Aldrich. Rhodamine (Rh) was purchased from Thermo Scientific for
cellular uptake experiment. Solvents for nanoparticle synthesis were purchased from Sigma-Aldrich.
Methanol (HPLC grade, 99.9%), acetone, ethyl acetate, dichloromethane (DCM) and chloroform were
used without further purification. Amicon® ultra centrifugation filters (MWCO 100 kDa) were

purchased from Merch Millipore, United States.

4.2.2 Preparation of Rs-PEG-PLGA/FK506 and Rs-PEG-PLGA/Rh NPs with
Nanoprecipitation Method

The synthetic procedures were adapted from Ahmed et al.*® with slight modification. Briefly,
polymer (8 mg) and FK506 (0.2, 0.5, 1 and 4 mg) were co-dissolved into acetone and drop into PVA
solution (1%, 2%, 4%; 4 mL) under sonication. The NPs suspension was stirred to evaporate the organic

solvent. The NPs were collected and washed with MilliQ water using Amicon® ultra centrifugation
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filters. The washed NPs were subjected to low-speed centrifugation to remove aggregates before further
use. The resultant NPs were conjugated with CRg peptide through interaction between the Mal group
on the polymer and thiol group on the CRs. After conjugation, the unreacted Mal was quenched with
excessive cysteine. The Rs-PEG-PLGA NPs were washed with MilliQ water to remove cysteine,

followed by DLS and UPLC/MS measurements described below.

For in vitro cellular uptake experiment, NPs synthetic procedures remained the same except

FK506 was replaced with 1mg of Rh.

4.2.3 Preparation of Mal-PEG-PLGA/FK506 NPs with Single-emulsion (O/W) Method

The synthesis of Mal-PEG-PLGA/FK506 NP was repeated to encapsulate FK506. Briefly, Mal-
PEG-PLGA (8 mg) and FK506 (0.5 mg) were firstly co-dissolved into an organic solvent (chloroform
or DCM) and emulsified with an aqueous phase containing PVA using a probe sonicator (TL-ST150,
Tenlin, China). The primary emulsion was quickly transferred to 10 mL of 1% PVA solution and stirred
(100 rpm) at room temperature for solvent evaporation. After solvent evaporation, the NPs were
collected and washed with MilliQ water to remove free FK506 and PVA. The resultant NPs were

subjected to DLS and UPLC/MS measurements described below.

4.2.4 Invitro Charged-induced Aggregation and Peptide Quantification Analysis

Human umbilical vein endothelial cells (HUVECS) were incubated in a 12-well plate with 5%
CO; atmosphere at 37 °C for 24 hours. Re-PEG-PLGA NPs with different zeta potentials were diluted
with cell culture medium and incubated at 37 °C for 24 hours. After the incubation period, the cells
were washed with PBS, followed by observation under an inverted microscope and photographs were
taken during examination. Peptide quantification was done by using Pierce™ Quantitative Colorimetric
Peptide Assay kit (Thermo Scientific, USA). Briefly, sample and working reagent were mixed and
pipetted into a 96-well microplate, followed by incubation at 37 °C. After incubation, the sample
mixture was sent to a microplate reader and measure at a wavelength of 480 nm. The experiment was

repeat in triplicate.

78



4.2.5 Size distribution, Zeta Potential, Polydispersity (PDI) and Structural Analysis

The mean size, zeta potential and PDI of FK506-loaded PLGA NPs were determined by
dynamic light scattering (Zetasizer, Malvern Panalytical, USA) with a measurement angle of 173° at

25 °C. Structural analysis was performed with FTIR. All measurements were performed in triplicate.

4.2.6 Morphological Examination

The morphology of PLGA NPs were analysed with transmission electron microscopy (STEM,
JEM-2100F, Japan). Briefly, NP dispersion was transferred and dried on a carbon film-supported copper
grid. The sample was then stained with 2 % uranyl acetate and dried in air overnight prior to TEM

evaluation.

4.2.7 FK506 Encapsulation Efficiency and Drug Loading with UPLC/MS

The drug loading (%DL) and encapsulation efficiency (%EE) of Re-PEG-PLGA/FK506 NPs
were determined by UPLC/MS. The UPLC column, Zorbax Eclipse Plus C18 column (Agilent: 2.1x50
mm; 1.8 um), was employed and maintained at 45 °C throughout the analytical procedures. The
precursor ions produced for FK506 and ascomycin (internal standard; IS) were sodium adducts,
[M+Na]*. The peak area of two mass transitions was selected for quantification, FK506 (m/z
826.5—616.0) and IS (m/z 814.5—604.2). The collision energy of 35 eV was set to cause optimal
fragmentation, while fragmentation for FK506 and 1S was 100 and 160 V, respectively. The mobile
phase consists of methanol/0.1% formic acid, whereas mobile phase B consist of MilliQ/0.1% formic
acid and the system operates at a flow rate of 0.3 mL/min. A calibration curve was prepared at
concentration of 0 — 2000 ppb with a fixed amount of ascomycin as internal standard (IS). To extract
FK506 from NPs, a fixed amount of lyophilised NPs was dissolved in acetone, followed by a brief
sonication and solvent evaporation. After solvent evaporation, the samples were reconstituted with
methanol and centrifuged to remove large polymeric debris. Same amount of IS was also added to the
sample to be analysed and sent for analysis. The concentration of the encapsulated FK506 was
calculated and obtained through the respective calibration curve. The %DL and %EE were determined
with the following equations:
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Mass of FK506 extracted from NPs
Total mass of lyophilisd NPs

%DL = X 100% (1)

Mass of FK506 extracted from NPs

%EE =
% Total mass of FK506 feed

X 100% (2)

4.2.8 Invitro Drug Release Profile

The in vitro drug release profile was performed with dialysis method under sink condition.
Briefly, PLGA NPs dispersion (equivalent to 0.5 mg FK506) was added into a dialysis bag
(Spectra/Pore 4 Dialysis Membrane MWCO: 12 — 14 kDa) and submerged in a glass vial containing 40
mL of pH 7.4 phosphate-buffered saline (PBS) and Tween 20 (0.5% w/v) with stirring at 100 rpm at 37
°C. A second set of samples was stored at 4 °C to evaluate the release pattern at storage condition. At
designated time points (0, 2, 4, 6, 8, 10, 24, 48, 72 h), a fixed amount (1 mL) of the solution was
collected and replaced with fresh medium. Each time point was repeated three-time and data was
expressed as mean + standard deviation (SD). The FK506 content was determined by UPLC/MS

described above.

4.2.9 Invitro Cellular Uptake

HUVECs (15,000 cells per dish) were seeded and incubated with 5% CO, atmosphere at 37 °C
for 24 hours. After incubation, the cells were washed with PBS and treated with free Rh, Rs-PEG-
PLGA/Rh NPs and PEG-PLGA/Rh NPs. The same amount of Rh was used in three groups. At
designated time points (3 and 6 hours), the cells were rinsed twice with PBS followed by labelling with
DAPI (4°,6-diamidino-2-phenylindole). The cells were then visualised immediately with a confocal
laser scanning microscope (Leica TCS SPE confocal microscope, Germany). Image acquisition and

process was performed with LAS X software.

4.2.10 Invivo Alkali-induced Rat CNV Model

Health SD rats (n=20; Male; 200-300 g; Age 6-14 weeks) were employed in this investigation.
Prior to all experimental procedures, general anaesthesia and corneal anaesthesia were induced by 3%
isoflurane inhalation and tetracaine eye drop (Bausch & Lomb Pharmaceuticals, Inc). Additionally,

topical administration of 1% tropicamide was given to the experimental eye for pupil dilation purposes.
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Once the corneal surface numbness was achieved, a circular filter paper previously soaked in 1.0 M
sodium hydroxide solution was placed on the central cornea under a microscope for 30 seconds. After

removing the filter paper, the corneal surface was quickly rinsed with 10 mL of PBS.

Immediately after the rinse, rats were randomly divided into 4 groups (n = 5 per group) and
received 50 pL of solution for 14 days. Topical administration of saline, free FK506 eye drops (0.5
mg/mL), Re-PEG-PLGA/FK506 (equivalent to 0.5 mg/mL FK506) and PEG-PLGA/FK506 (equivalent
to 0.5 mg/mL FK506) were given to the injured eye twice per day. Eyes were evaluated and examined
by slit-lamp microscope and underwent PAI on day 0 (pre-op), 4, 7 and 14. Corneal images were taken
and analysed automatically with ImageJ software (Wayne Rasband, National Institutes of Health, USA).

The corneal vascularised area was measured and presented as mean percentages + SD.

4.2.11 Invivo PAI on Ocular CNV

Vevo LAZR Photoacoustic Imaging System (FUJIFILM VisualSonics) was utilized to capture
B-mode ultrasound images, PAI and Doppler sonograph. The system is equipped with a tunable
Nd:YAG laser system (OPOTEK Inc. 680-980 nm, 20Hz repetition rate, 5 ns pulse width, 50 mJ pulse
peak energy) to imitate acquisition and excite tissue with optical pulses to generate PA effect. The
following parameter were used for this study: Transducer LZ-250, Frequency 21 MHz, Depth: 14.00
mm, Width: 23.04 mm, Wavelength: 750/850 nm, Threshold HbT: 20, Acquisition: sO./HbT.
Photoacoustic signals and ultrasound scans were acquired simultaneously and combined into one image

in both transducer settings.

The animals were imaged at designated time points to acquire PA images for further analysis.
Prior to imaging procedures, animals were anesthetised with inhalable anaesthetic and tetracaine eye
drops. Once animals were under anaesthesia and placed on a heated platform, a layer of ultrasound gel
was applied over the cornea. Transducers were then carefully aligned and examined the cornea at 750
and 850 nm wavelengths to acquire HbR and HbO2 PA signals. Acquired data (haemodynamic data
and sO2 signals) were then analysed with built-in oxygenation-haemoglobin measurement package in

workstation software (Vevo LAB, FUJIFILM VisualSonics, Toronto, Canada). Quantification of
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haemodynamic status and sO2 level were accomplished by tracing the cornea as region of interest. The
sO2 levels were calculated from pixels with estimation of oxygen saturation and resultant data were

reported as average %sO?2.

4.2.12 Histological Analysis

At the end of the study period, all animals were euthanised, and ocular tissues were obtained
for histological analysis. Immediately after enucleation, eyeballs were fixed in paraformaldehyde 4%

solution and sectioned for H&E and CD31 analysis.

4.2.13 Statistical Analysis

All data were analysed with GraphPad Prism 5 (GraphPad Software Inc.) and expressed as
mean =+ standard deviation. Student’s t-test and one-way ANOVA (for multiple group comparison) were

performed with *p < 0.05 and **p < 0.01 considered as statistically significant.

4.3 Results and Discussion

4.3.1 Optimisation, Preparation, and Characterisation of FK506-Loaded NPs

The FK506-loaded NPs were prepared through two commonly employed methods,
nanoprecipitation and single emulsion. In general, the Mal-PEG-PLGA undergoes self-assembly to
form NPs for drug delivery purposes. Attempts to maximise %DL and %EE can be achieved by tunning
different experimental parameters such as choice of solvent, surfactant concentration, drug

concentration and stirring speed.

Prior to encapsulating FK506, blank Mal-PEG-PLGA NPs were fabricated with
nanoprecipitation method without adding FK506. These blank NPs were used to optimise the CRg
conjugation process. Different amount of CRs solution was added and conjugated with blank Mal-PEG-

PLGA NPs to yield distinct zeta potential values, as summarized in Table 4.1.
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Peptide conc.

CRgsol. Size (nm) Zeta
Sample added ‘o PDI + SD Potential (ug/mL) +
(uL) T (mV) + SD SD
a 0 156.4+0.06 0.17+0.02 -19.2+0.40 N/A
b 80 1783+4.04 023+0.02 -203+0.09 653.7 +0.45
c 100 173.8+5.47 0.16 £ 0.02 13.2 +£ 0.40 860.7 £+ 3.43
d 400 196.4+2.05 0.16 +£0.03 21.8+0.62 1072.1 +2.02

SD: Standard deviation; Conc.: Concentration

Table 4.1 Size, zeta potential and peptide conc. of non-conjugated PEG-PLGA NPs (sample a) and
Rs-PEG-PLGA NPs (sample b to d)

Conjugation of CRg to NPs can be achieved with either electrostatic interactions or covalent
coupling. Although electrostatic interaction is a more straightforward method to attach CPP to the
surface of NP, it provides lesser control over the amount of CPP attached.3’° Another CPP conjugation
method is covalent attachment, which other studies have widely employed in the past.3"2=7 Specifically,
the thiol group on the CRs interacts with the maleimide on the NP through Michael addition.3”® The
attachment of cationic octa-arginine peptide leads to zeta potential shifted from negative to positive,
indicating successful conjugation. The change of zeta potential values and peptide concentration after
conjugation are summarised in Table 4.1. As illustrated in Figure 4.3, positively charged NPs
aggregated in cell culture (Figure 4.3 c and 4.3 d) while aggregation was absent with NPs possessing a
negative charge (Figure 4.3 b). Cells possess a negatively charge on their surface, and thus they attract
oppositely charged species. Although the Rs has excellent cellular permeability®™*, excess amount of Rs
conjugation does not seem to enhance uptake as demonstrated in our data as shown in Figure 4.3. The
excess amount of positively charged NPs aggregated on the surface of the plasma membrane rather than
provide enhanced cellular uptake. Furthermore, studies pointed out that highly charged species may
disrupt the integrity of the membrane and lead to undesired cytotoxicity.*”>"" Therefore, the optimal
CRg conjugation ratio was the method produced in sample b. Thus, this method was used for the later

part of NP surface modification.
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Figure 4.3 Incubation of HUVECs with different surface charge PLGA nanoparticles

(a) Sample a (zeta potential: -19.2 + 0.40 mV); (b) Sample b (zeta potential: -2.03 + 0.09 mV);
(c) Sample c (zeta potential: 13.2 + 0.40 mV); (d) Sample d (zeta potential: 21.8 + 0.62 mV)

To optimise drug loading (%DL) and encapsulation efficiency (%EE) with the
nanoprecipitation method, acetone was employed as solvent for dissolving the polymer and FK506
while different surfactant concentrations were firstly investigated. The nanoparticle size, zeta potential,
drug loading and encapsulation efficiency were summarized in Table 4.2. Acetone was employed

because of its volatility compared to other water-miscible solvent such as dimethyl sulfoxide (DMSO).

As PVA concentration increases, the size, %DL and %EE increase, while the zeta potential
exhibited a decrease trend. Despite repetitive washing procedures, small amount of PVA remains

adhered to the NPs which leads to size increase.3’® While the change in zeta potential is attributed to the
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presence of PVA, it shields the surface charge and results in decrease in zeta potential.>”® Furthermore,

the low polydispersity index (PDI) indicated the NPs were suitably homogeneous.®® Overall, the

removal of PVA exposes the carboxyl groups presence on surface of PEG-PLGA NPs which gives

negative charge.

. Zeta
FK506  PVA Size (nm) _ DL EE
Solvent (ma) %) PDI + SD Potential %) %)
m conc. (Yo 0 (]
J +SD (mV) + SD
1 1520 + 10.68 0124007 -21.7+035 055  8.78
Acetone 0.5 2 15335+ 318 0144001 -198+015 069  11.09
4 17165+ 6.15 0154001 -180+015 121  19.28

DL: Drug loading; EE: Encapsulation efficiency

Table 4.2 The effect of solvent and PVVA concentration in %DL and %EE with Mal-PEG-PLGA/FK506

NPs fabricated from the nanoprecipitation method

Zeta Potential Peptide
Zeta Size after after _
FK506  Size (nm) PDI+SD  Potential DL (%) EE (%) conjugation  conjugation o
(mg) +SD B (V) + SD +SD +SD 45D mv) (ng/ml)
+SD +SD
0.2 177.03+6.11 0.15+0.03 -1813+043 050+0.14 1993+551 - - -
0.5 166.87 +7.28 0.16+0.03 -1843+0.61 1.19+0.09 19.05+ 1.41 - - -
1 16395+ 4.03 0114+£0.02 -2020+156 2.68+044 21214393 18524445 -655+094  661.3+7.22
2 162.13+6.81 0.18+0.04 -2080+155 2.80+0.39 11.21+1.56 - - -

DL: Drug loading; EE: Encapsulation efficiency

Table 4.3 Maximising %DL and %EE with different amounts of FK506 added in Mal-PEG-PLGA/FK506

NPs fabrication

Apart from surfactant concentration, the amount of drug added also influenced the %DL

and %EE. Our data suggested that FK506 2 mg does not significantly increase %DL and even resulted
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in a drop in %EE as shown in Table 4.3. Hence, the optimised protocol utilised acetone and 4% PVA
to encapsulate FK506. This protocol produced Rs-PEG-PLGA/FK506 NPs with mean diameter of 185.2
+ 4.45 nm, and zeta potential = -6.55 + 0.94 mV while the %DL and %EE were 2.68% + 0.44 and 21.21%

+ 3.93 respectively.
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Figure 4.4 DLS (a) and zeta potential (b) measurement of Rs-PEG-PLGA/FK506
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Figure 4.5 Chromatogram (a) and calibration curve (b) of FK506 obtained with UPLC-MS

Apart from the nanoprecipitation method, a single emulsion method was also employed to
fabricate and encapsulate FK506 to investigate whether this method yields higher %DL and %EE. Three
different organic solvents and solvent evaporation speed were investigated and found that most

conditions resulted in the formation of large aggregates (Table 4.4). Only DCM and chloroform with
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low solvent evaporation rate successfully produced the desired polymeric NPs and they were
subsequently used to encapsulate FK506 (0.5 mg). Despite %DL and %EE being higher with single
emulsion method (Table 4.5), the sizes and PDI were more significant than the NPs produced with the
nanoprecipitation method. It has been suggested that a polymeric NP with size around 100 nm possesses
2.3-fold cell uptake property than other NP sizes.*® Thus, NPs produced with the single-emulsion
method might not be suitable for ocular drug delivery purpose. Compared to the two methods, the
nanoprecipitation method is relatively simple for NP fabrication. For these reasons, nanoprecipitation

method was selected to produce NP for the following experiments.

Evaporation

Solvent Size (nm) + SD PDI + SD Observation
speed (rpm)
1400 216.8 + 3.46 0.321 £ 0.01 Large Aggregates
Ethyl
500 218.2 + 4.06 0.291 £ 0.01 Large Aggregates
Acetate
100 199.8 +1.78 0.255 £ 0.02 Large Aggregates
1400 263.9 + 3.42 0.448 £+ 0.02 Large Aggregates
DCM 500 2472 + 2.17 0.457 £ 0.03 Large Aggregates
100 175.0 £ 4.16 0.295 + 0.03 No Aggregation
1400 239.1+0.70 0.419+£0.01 Large Aggregates
Chloroform 500 350.5 + 1.65 0.533 + 0.04 Large Aggregates
100 204.5 + 3.78 0.308 + 0.05 No Aggregation

Table 4.4 Size difference of blank Mal-PEG-PLGA NPs produced with different solvent systems and
evaporation speed using single-emulsion method
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FK506 Size (nm) +  Zeta (mV) +

Solvent PDI +SD DL % EE %
(mg) SD SD
Chloroform 269.2+125 -37.2+0.50 0.468 + 0.01 1.62 25.89
0.5
DCM 210.3+6.67 -32.8+0.35 0.332+ 0.04 1.14 18.29

DL: Drug loading; EE: Encapsulation efficiency

Table 4.5 %DL and %EE with Mal-PEG-PLGA/FK506 NPs produced with different solvent systems
using single-emulsion method

The conjugation of Rg peptide and FK506 encapsulation were confirmed with FTIR, as
demonstrated in Figure 4.4. The Rs-PEG-PLGA/FK506 exhibits characteristic peaks at 1653, 1758,
2825-2936 and 3421 cm™ representing amide I, amide Il, C-H bond (FK506) and N-H stretching
respectively. The presence of strong, broad N-H stretching and amide bond in Rs-PEG-PLGA/FK506
suggested successful Rg conjugation on the NP surface. Furthermore, characteristic C-H stretch of
FK506 in Rs-PEG-PLGA/FK506 indicated encapsulation of FK506 into the NPs as this peak were
absent in FTIR spectrum of Mal-PEG-PLGA starting material. Therefore, the presence of these
characteristic peaks in the Rg-PEG-PLGA/FK506 FTIR spectrum confirms successful Rg conjugation

as well as encapsulation of FK506.
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Figure 4.6 FTIR spectra of Rg-PEG-PLGA/FK506 NP and respective raw materials

The morphology of Re-PEG-PLGA/FK506 NPs (Figure 4.5a) was spherical in size with a mean
diameter of 45.63 + 22.02 nm as measured by TEM (Figure 4.5b), while the size of the NPs measured
by DLS was 163.95 + 4.03 nm. The size discrepancy between the DLS and TEM was due to the
technical nature of the analytical method. The TEM characterised and measured the size of dried NPs,
whereas the DLS took the hydrodynamic diameters into consideration.®? Nevertheless, the DLS
provides more realistic size data as water is often employed as a medium for drug administration,
especially in ocular drug administration. As a polymeric carrier for efficient drug delivery, the size plays
a critical part in the rate of cellular uptake. In the case of polymeric NPs, particles with size smaller
than 50 nm or larger than 1000 nm do not seem to favour cellular uptake compared to a particle size of
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approximately 100 nm.®! With this regard, the polymeric nanoparticle synthesised with

nanoprecipitation method appears to satisfy this requirement for optimal drug delivery purpose

Count

20+

NS
0 20 40 60 80 100 120
Particle Size / nm

Figure 4.7 TEM image of (a) Re-PEG-PLGA/FK506 NP and (b) corresponding size distribution

The in vitro drug release from Rg-PEG-PLGA/FK506 NPs was performed in PBS buffer with

pH 7.4 at 4 and 32°C. The data obtained at 4°C examined the release pattern at a storage condition,
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while 32°C was chosen to mimic corneal surface temperature. Our data suggested the drug release from
NPs remained low at 4°C, which indicated the NPs remained stable at low temperature with only a small
amount of drug released (Figure 4.6). At 32°C, the Rs-PEG-PLGA/FK506 NPs exhibited a steady
release pattern of FK506 over the study period. The data revealed that approximately 30% of FK506
was released from the NPs during the first 12 hours and more than 50% were released by 24 hours. The
NPs demonstrated a slow and steady release pattern with 73% of FK506 released from the nanoparticle
by 72 hours. The steady and sustained release pattern of our NPs was unlike the conventional triphasic
pattern. The conventional triphasic pattern includes an initial burst release pattern (phase 1) follow by a

slow-release profile (phase I1) and a fast release pattern (phase 111) as the final phase.?™
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Figure 4.8 Percentage of cumulative drug release pattern at 32 °C and 4 °C

The release of the encapsulated drugs is a combination of diffusion and erosion process of the
PLGA NPs. Upon in vivo administration or contact with an aqueous medium, the backbone ester bond
of the PLGA structure undergoes hydrolysis, which results in a decrease in molecular weight and thus,
the structure integrity. The hydrolysis process also generates carboxylic groups, which further
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contributes and catalyses the hydrolysis of PLGA NPs.*®® This auto-catalytic process results in
heterogeneous degradation within the PLGA, where degradation occurs faster in the centre than on the
surface of the PLGA matrix. As the hydrolysis continues, the hydrophobicity of PLGA continues to
reduce leading to the structure become water-soluble and diffuses into the release medium.®* This is
known as erosion, and the cause of phase 1l release pattern in PLGA drug release profile. However, it
is worth to note that the conventional triphasic pattern is not necessarily applied to all PLGA NPs.
Studies have indicated fast phase Il instead of slow-release pattern may follow a slower release profile

in phase 11].385386

In our experiment, we employed PLGA 75:25 as raw material. The composition of polymer
holds a significant role in degradation and release rate. Crystallinity, hydration rate and hydrophilicity
of PLGA is correlated to the lactide/glycolide ratio of PLGA composition. The polylactide is less
hydrophilic than polyglycolide due to the presence of the methyl side group.®®” Thus, the higher
glycolide content, the higher water molecules uptake, resulting a faster rate of degradation and erosion.
Therefore, PLGA 85:15 have a slower degradation rate than PLGA 65: 35 and, consequently slower
drug release pattern.®® Furthermore, the ratio also influences crystallinity of PLGA, which exerts an
indirect impact on the degradation rate.?®® Study reported that lower lactide content decreases
crystallinity which enhances the hydration rate,*®® subsequently leading to faster drug release from the
PLGA. In this work, PLGA 75:25 was selected rather than PLGA 85:15 as higher lactide composition
may lead to an even slower drug release pattern which might hinder the therapeutic efficacy. With this
lactide/glycolide ratio, our data demonstrated a sustained drug release pattern, which suggests that

PLGA NP can a valuable tool for drug delivery owing to its tunable property.

4.3.2 Invitro Cellular Uptake

HUVEC cell line was selected to investigate the cellular uptake experiment with Rs-PEG-
PLGA/Rh NPs. Rh-loaded NPs in HUVECs were observed by a confocal laser scanning microscope
(Leica TCS SPE confocal microscope) at different time intervals. As shown in Figure 4.7, both PEG-

PLGA/Rh and Rg-PEG-PLGA/Rh NPs were accumulated in HUVEC at 3 hours. However, a time-
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dependent increase was observed at 6 hours, where the accumulation of Rg-PEG-PLGA/Rh NPs was
significantly higher. The results might be attributed to the conjugation of Rg on the surface of the NPs.
Apart from the EPR effect, the Rson the surface of the PLGA NPs facilitate the uptake of the NPs into

the cells.30

Free Rh PEG-PLGA/Rh R8-PEG-PLGA/Rh
) . . .
) . . .

Red = Rhodamine (Rh)
Blue = Nucleus

Figure 4.9 Cellular uptake of PEG-PLGA/Rh NPs and Rs-PEG-PLGA/Rh NPs at different time
points (Scale bar 25 pm)

However, the mode of uptake mechanism was not discussed in this work. The exact uptake
mechanism remains highly debatable despite enhanced cell permeation achieved by CPP-conjugated
NPs. The concept of endocytosis is widely accepted as the cellular uptake mechanisms for arginine-rich
peptides. Among different types of endocytosis, macropinocytosis has been suggested as the

predominant pathway.3*

Regardless of the mode of uptake mechanism, the Rs-PEG-PLGA/Rh NPs demonstrated a
significant uptake compared to non-conjugated NPs. These results showed that the impact of Rs-
conjugated NP can potentially break through the obstacles imposed by corneal barriers, thus achieving

enhanced uptake and sustain-released drug delivery system.
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4.3.3 Treatment Efficacy of Rs-PEG-PLGA/FK506 NPs for in vivo CNV Model

The present investigation employed an alkali-induced CNV model to assess the therapeutic
efficacy of PLGA-based drug delivery system. Candidates to be evaluated include saline, FK506 eye
drops, PEG-PLGA/FK506 NPs and Rs-PEG-PLGA/FK506 NPs. The slit-lamp images (Figure 4.8)
revealed newly formed vessels sprouting from the limbus on day 4 and 7 in rat that received saline. The
blood vessels continued to extend towards central cornea on day 14, whereas the vascularised area was
slightly less severe in group treated with FK506 eye drops. Table 4.6 summarised the corneal

vascularised area after received different NP formulation treatment.

The PLGA-based groups demonstrated superior CNV inhibitory effect compared to saline- and
FK506-treated rat. Both PLGA NPs (Rs-conjugated and non-conjugated NPs) exhibited increased
vascularised area and oedema on day 4. The PEG-PLGA/FK506 NPs demonstrated an inhibitory effect
with a mild increase in vessels on day 7 and 14. The Rs-PEG-PLGA/FK506, however, demonstrated
excellent inhibitory effect among all treatment groups. Not only did the PLGA NPs offer sustain-
released properties, the Rg peptide also plays a vital role in providing additional cell permeation effect.
The Rs conjugation enhanced NPs’ absorption upon topical administration while the cationic Rg
increased the ocular surface retention time. Therefore, these two properties of Rs-PEG-PLGA/FK506
NPs coupled with the EPR effect of NPs further strengthened the delivery of FK506 to the cornea. Thus,
the Rs-PEG-PLGA/FK506 NPs were able to demolish and inhibit CNV progression with topical

administration twice daily, while conventional FK506 failed to achieve.
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Figure 4.10 Slit-lamp images of treatment efficacy with different NP formulations

Averaged % vascularised area

Day 4 Day 7 Day 14
Saline 1474+ 1.09 35.89 + 7.82 48.67 £+ 6.55
FK506 16.05 + 1.52 33.92+ 7.55 46.42 + 4.98
PEG-PLGA/FK506 11.99 + 0.36 9.65+ 0.15 427+ 1.15
Re-PEG-PLGA/FK506 6.16 + 0.39 419 + 0.37 2.43 1+ 0.60

Table 4.6 Averaged % vascularised area in rat’s cornea received different NP formulations

The saline and FK506 groups showed a notable amount of inflammatory cells infiltrating the
stroma and a significant number of neo-vessels can be observed (Figure 4.9). The immunohistochemical

assay with CD31 also unveiled immunoreactivity in the stroma of the group receiving saline and FK506
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eye drop, as illustrated in Figure 4.9. Although slit-lamp images demonstrated the efficacy of FK506,
the effect was not extensive. These observations might relate to poor bioavailability with topical

administration twice daily.

The representative histological analysis revealed the Rs-PEG-PLGA/FK506 treatment group
significantly decreased the inflammatory cells infiltrating the cornea as well as neo-vessels formation.
Furthermore, the CD31 immunoreactivity (Figure 4.9) in the stromal region was negligible in Rg-PEG-
PLGA/FK506 group. Therefore, the remarkable inhibitory effect might relate to the enhanced delivery

of FK506 into the tissue using Re-conjugated PLGA NPs.
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Figure 4.11 Histopathological images of rats received metformin treatment

H&E (left) and CD3L1 (right) images revealed treatment efficacy of NP formulation on Day 14 (scale
bar 100 um for H&E and CD31).
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4.3.4 Invivo Corneal Haemodynamic Status with PAI

To provide a more objective analysis of CNV monitoring, PAI was used to assess and quantify
the change in corneal haemodynamic status and %sO,. The corneal HbR and HbO; content were

monitored and quantified at wavelengths 750 and 850 nm, respectively.

Once alkali injury was inflicted on rat’s cornea, a significant increase in HbR and HbO; PA
signals was recorded in saline- and FK506-treated subjects (Figure 4.10 and 4.12). Quantitative analysis
of the saline group revealed a 2-fold increase in the HbR signal (0.12 + 0.0082) compared to the baseline
value (0.06 + 0.0082) on day 4 (Figure 4.11). The HbR signal in saline group continued to increase on
day 7 (0.24 = 0.066) and 14 (0.30 £ 0.058). In the group receiving FK506 treatment, the quantitative
analysis showed a similar trend on day 4 (0.12 + 0.029) with a 2-fold increase in HbR signal compared
to pre-experimental baseline value (0.06 + 0.036). In the remaining experimental period, the HbR signal

of FK506 group continued to rise on day 7 (0.15 £ 0.024) and day 14 (0.27 + 0.056), respectively.

The PEG-PLGA/FK506 NPs group showed a factor of 1.86 elevation in HbR signal on day 4
(0.13 £ 0.037) followed by continuous decline in HbR signal on day 7 (0.10 + 0.0055) and 14 (0.09 +
0.0063). The Rs-PEG-PLGA/FK506 NPs group also revealed a similar trend with slight increase in
HbR signal on day 4 (0.09 + 0.0116) and regressed slightly on day 7 (0.08 £ 0.0075). Subsequently, the

signal returned to baseline level (0.07 £ 0.007) on day 14.
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Figure 4.12 Co-registered PA and ultrasound images of HbR status over the study period
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Figure 4.13 Quantitative analysis of PA intensity in HbR signals with different formulations *p < 0.05
and **p < 0.01
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The HbO: signal (Figure 4.13) also revealed an increasing trend in the saline group with a 2.33-
fold (0.21 £ 0.0225) and 4.33-fold (0.39 £ 0.0597) increase on day 4 and day 7, respectively. At the end
of the study period, the HbO; increased up to 0.54 + 0.1196, which was the highest among the study
groups. The FK506 group also revealed a similar increase on day 4 (0.23 + 0.0567), followed by a slight
increase on day 7 (0.26 + 0.0763). However, the PAI recorded a HbO- signal of 0.50 + 0.1065 on day

14, which was a 6.25-fold increase compared to baseline (0.08 + 0.0064).
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Figure 4.14 Co-registered PA and ultrasound images of HbO, status over the study period
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Figure 4.15 Quantitative analysis of PA intensity in HbO signals with different formulations *p < 0.05

The PLGA NP groups, however, demonstrated an increase on day 4 followed by regression
over the remaining study period. The PEG-PLGA/FK506 NPs group showed a 2.33-fold increase in
HbO; signal on day 4 (0.21 + 0.0263) compared with baseline (0.09 + 0.0034). The HbO; signals
subsequently regressed on day 7 (0.18 + 0.0138) and day 14 (0.14 * 0.0164). Rats that received Rs-
PEG-PLGA/FK506 NPs treatment exhibited an increasing trend on day 4 (0.15 + 0.0266) compared to
baseline (0.07 + 0.0039). Similar to the quantitative analysis observed in PEG-PLGA/FK506 NPs
treatment group, the HbO, continued to regress on day 7 (0.12 + 0.0168) and 14 (0.10 + 0.0119),
respectively. The quantitative analysis reflects treatment efficacy of PLGA drug delivery NP through
non-invasive monitoring of haemoglobin species in the cornea, which conventional slit-lamp images

fail to achieve.

435 Invivo %s0O2 Assessment with PAI

A healthy cornea is a transparent ocular tissue with no blood vessels, while a diseased cornea
presents newly formed vessels that obstructs light passing through leading to compromised vision.

While slit-lamp images can provide a quick evaluation of cornea status, %sO; offers an objective
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analysis of CNV progression. Therefore, PAI was utilised to evaluate treatment efficacy with different

treatment groups in this study.
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Figure 4.16 Co-registered PA and ultrasound images of corneal sO- signals over the study period
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Figure 4.17 Quantitative analysis of PA intensity in %sO; signals with different formulations *p < 0.05
and **p <0.01

Quantitative analysis (Figure 4.14) revealed that saline-treated animals had a significant
elevation in average %s0, with 8.39 + 0.66%, 25.32 + 4.36% and 38.30 + 2.34% on day 4, 7 and 14,
respectively. The increased trend matches the slit-lamp images and co-registered PA and ultrasound
images in Figure 4.14. Moreover, the FK506 treatment group also demonstrated an elevated trend from

day 4 (6.77 £ 0.36%) to day 7 (25.43 + 9.44%) and remained at a similar level on day 14 (26.25 +5.80%).

Similar to the pattern observed in haemodynamic status, both PLGA NPs treatment groups
exhibited an increase of average %sO; from pre-op to day 4, followed by continuous regression. The
PEG-PLGA/FK506 NPs group showed the average %sO- elevated from 0 to (6.17 + 2.09%) on day 4
and declined to 5.17 + 1.64% on day 7 and 2.31 + 0.17% on day 14 respectively. Owing to the EPR
effect and enhanced permeability of Rg-PEG-PLGA/FK506 NPs, the overall average %sO, revealed a
subtle increase on day 4 with average %sO, of 3.09 £ 1.32% followed by a continuous decline of

average %sO;on day 7 (0.52 + 0.11%) and day 14 (0.30 + 0.23%).
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Overall, the quantitative analysis derived from PAI could provide a more comprehensive view
of CNV progression and treatment efficacy. Through the slit-lamp images and PAI analysis, the
enhanced drug delivery properties of Rs-conjugated NPs were indirectly demonstrated. Though the
molecular mechanism of FK506 was not discussed in this work, the anti-angiogenic properties of
FK506 have been discussed elsewhere.®! Chen et al. concluded that FK506 reduced the expression
level of VEGF-A, which is the most important mediator for angiogenic stimulation. Moreover, FK506
reduces the levels of chemokines (MCP-1 and MIP-1a) and inflammatory cytokines (IL-1f and IL-6),

thus exerting potent anti-angiogenic properties against CNV.

The cornea possesses multiple barriers for foreign substances to pass through, which leads to
poor bioavailability. To overcome such obstacles, higher concentration or frequent dosing are required.
However, these strategies might lead to undesired side effects or poor patient compliance. Although
FK506 possesses excellent anti-angiogenic ability, poor solubility limits its utility to a certain extend.
With the nanotechnology employed in this study, the administration frequency was reduced to twice
per day. Despite reduced administration frequency, the therapeutic efficacy was still promising owing
to the enhanced cell permeability of Rs-conjugated NPs. Therefore, the data presented in this study
demonstrated the enhanced ocular therapeutic response using nanotechnology with a smart surface

decoration.

4.3.6 Conclusion

In this chapter, Rs-conjugated PEG-PLGA NPs were fabricated through the nanoprecipitation
method with the aim to enhance ocular drug delivery. The physiochemical properties (i.e. nano-size,
zeta potential) and surface modification of the PLGA NPs offer a promising ocular drug delivery
strategy to enhance drug bioavailability, as demonstrated in the in vitro and in vivo experiments. The in
vitro sustained drug release feature, as well as the permeation and accumulation characteristics,
suggested its potential capability for delivering FK506 to the cornea. The in vivo CNV inhibitory was
also examined and evaluated with an objective analysis using non-invasive PAI. PAI provides

molecular information that conventional technique fails to deliver, which gives a more comprehensive
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framework of disease progression and treatment outcome. Overall, the Rs-PEG-PLGA/FK506 NPs
demonstrated a significant CNV inhibitory effect and provided remarkable therapeutic efficacy with
topical administration twice daily. In summary, Re-PEG-PLGA NPs would be a promising drug delivery
nanoplatform for ocular drug delivery that might be employed to anterior segment and posterior

segment of the eye.
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5 Evaluation of High Potency Focal Adhesion Kinase Inhibitor
(KX2-4245) Against CNV

5.1 Introduction

Angiogenesis is a complex and essential biological process responsible for embryogenesis and
maintaining homeostasis in biological species.®*? The cornea maintains a balance between angiogenic
and anti-angiogenic factors to preserve corneal avascularity which is important for visual acuity.
However, this balance is disrupted under pathological conditions, which leads to manifestation of
various diseases such as CNV, age-related macular degeneration and cancer. VEGF and its counter
receptor (VEGFR2) have been identified as one of the key mediators in regulating angiogenesis under
physiological and pathological state.>*® Upon binding with VEGF receptors, it induces dimerization,
transautophosphorylation and activates a cascade of signalling events. Therefore, the VEGF stimulation

triggers a series of angiogenic processes such as proliferation, permeability, migration and survival.

Focal adhesion kinase (FAK), a non-receptor tyrosine kinase, has demonstrated its role in
numerous biological activities such as cell migration, proliferation, VEGF production and new blood
vessel formation.®** The cultured endothelial cells express a high degree of FAK as demonstrated in
reverse transcription polymerase chain reaction (RT-PCR) and immunostaining assay. This finding
suggests the importance of FAK in cell adhesion, migration and integrin signalling, which all relate to
the neovascularisation process.®*2" Apart from VEGF/VEGFR2, the FAK signalling pathway is also
mediated by integrin and has been well documented in the past. The integrin mediates FAK to
participate in various biological events such as cell adhesion, cell-cell and cell-matrix interaction. These
events are thought to be the centre of angiogenesis. Moreover, FAK also acts as a vital element of
VEGF/VEGFR2 and Ang/Tie-2 receptors and thus, the FAK is a crucial and multi-functional cell
signalling regulator responsible for endothelial cell survival, migration, blood vessels stabilisation and

maturation.

Schaller et al. reported two major FAK phosphorylation sites (Y397 and Y925) that play a

crucial role in FAK functioning as well as its responsibility in recruiting pro-angiogenic supportive
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molecules.>®% In the settings of angiogenesis, FAK recruits a multi-functional protein known as c-
Src. The c-Src protein involves in regulating diverse normal biological and oncogenic processes such
as proliferation and survival. To exert biological function, FAK recruits c-Src and is bound to the
phosphorylation site Y397 with the Src homology 2 (SH2) domain. This results in activation of c-Src
and subsequently transphosphorylates the phosphorylation site Y925. As a result, this
transphosphorylation activates the Ras/MAP kinase pathway via the recruitment of Grb-2/mSOS
complex.“® Additionally, the phosphorylation of Y397 generates a docking site for other signalling
molecules while it further enhances the FAK activity via transphosphorylation at other phosphorylation
sites (Y407, Y576 and Y577). Recruitment and activation of the phosphatidaylinositol 3-kinase (PI3-
K) induced by integrin ligation and VEGF/VEGFR2 stimulation of FAK results in the generation of

downstream signals, which are vital for survival and proliferation.

Corneal neovascularisation (CNV) is a common and sight-threatening complication affecting
millions of people worldwide, while CNV is also a risk factor for corneal graft rejection following
corneal transplantation.?®40%403 Treatment intervention employing laser or photodynamic therapy
provides closures on newly formed vessels but the effect is only temporary.%44% Medical treatment
often involves corticosteroids, which is able to suppress proliferating new vessels. However, it is
ineffective against matured and established corneal vessels. Furthermore, corticosteroids could result
in undesired side effects such as intraocular pressure elevation and cataracts. Other medications such as
bevacizumab and ranibizumab target VEGF to achieve anti-angiogenesis. However, these protein drugs
are often costly compared to conventional corticosteroids. Therefore, there is a need to enhance the

arsenal to combat CNV or other ocular angiogenic diseases.

With the molecular evidence indicating the role of kinase in angiogenesis, inhibition of FAK
serves as a reliable strategy to accomplish anti-angiogenesis. Several kinase inhibitors such as sunitinib,
sorafenib and lapatinib have been developed to combat angiogenesis, as discussed in Chapter 1.8.3.

These agents have demonstrated their anti-angiogenic capability in cancer or experimental CNV model.
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This study investigates the anti-angiogenic effect of KX2-4245 with an experimental CNV
model, namely (i) the optimal concentration with cultured human umbilical vein endothelial cells
(HUVECs) and spontaneously arising retinal pigment epithelial cell (ARPE19), (ii) in vivo toxicity with

KX2-4245 eye drops and (iii) anti-angiogenic of KX2-4245 with in vivo CNV model.

5.2 Materials and Methods

5.2.1 Materials

KX2-4245 was a gift from Kinex Pharmaceuticals (Buffalo, NY), and bevacizumab (Avastin,
25 mg/mL) was purchased from Roche (Basel, Switzerland). HUVEC and ARPE19 were obtained from
American Type Culture Collection (ATCC, Manassa, VA). Endothelial cell growth medium and
SupplementMix was purchased from PromoCell. Dulbecco's Modified Eagle Medium/Nutrient Mixture

F-12 (DMEM/F12) and fetal bovine serum (FBS) was purchased from ThermoFisher Scientific.

5.2.2 Cell Culture

HUVEC was maintained with endothelial cell growth medium supplemented with heparin,
endothelial cell growth supplement, 2% FBS and 100 U/mL penicillin G and 100 pg/mL streptomycin
sulfate. APRE19 was maintained with DMEM/F12 containing 10% FBS with 100 U/mL penicillin G

and 100 pg/mL streptomycin sulfate.

5.2.3 Cytotoxicity Assay

HUVEC and ARPE19 seeded at a density of 5000 cells per well in a 96-well plate were grown
to 90% confluence before incubation with different concentrations of KX2-4245 (0 to 20 nM). Cell
viability was examined at day 1, 2, and 3 with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; 0.5 mg/mL). Cells were lyzed, and formazan was extracted with a mixture of DMSO
and ethanol (1:1 v/v) and quantified colourimetrically at wavelength 570 nm with correction of

interference at 690 nm. The experiment was repeated in triplicate.
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5.2.4 Invivo Alkali-induced Rat CNV Model

Health SD rat (n=15; Male; 200-300 g; aged 6-14 weeks) were employed in this investigation.
Prior to all experimental procedures, general anaesthesia and corneal anaesthesia were induced by 3%
isoflurane inhalation and tetracaine eye drop (Bausch & Lomb Pharmaceuticals, Inc). Additionally,
topical administration of 1% tropicamide was given to the experimental eye for pupil dilation purposes.
Once the corneal surface numbness was achieved, a circular filter paper previously soaked in 1.0 M
sodium hydroxide solution was placed on the central cornea under the microscope for 30 seconds. After

removing the filter paper, the corneal surface was quickly rinsed with 10 mL of PBS.

Immediately after the rinse, rats were randomly divided into three groups (n = 5 per group) and
received 50 pL of solution for 14 days. Topical administration of saline, avastin eye drops (25 pg/mL)
and KX2-4245 (2 nM) were given to the injured eye four times per day. Eyes were evaluated and
examined by slit-lamp microscope and underwent PAI on day 0 (pre-op), 2, 4, 6, 8, 10, 12 and 14.
Corneal images were taken and analysed automatically with ImageJ software (Wayne Rasband,
National Institutes of Health, USA). The corneal vascularised area was measured and presented as mean

percentages + SD.

5.2.5 Invivo Toxicity Analysis

Various concentration of KX2-4245 (2 to 12 nM) was topically administered (4 times/day; 50
ML) to the eye for 10 days. At designated time points, the animals were anaesthetised with isoflurane
and cornea was stained with topical fluorescein. The eye was subjected to slit-lamp examination with
cobalt blue filter. The corneal fluorescein stain where damages on corneal surface will be revealed under
a blue light. Moreover, red flex was evaluated with an ophthalmoscope where it provides a general
examination to assess the condition of posterior segment. The principle of this technique relies on the
transparency of the optical components within the ocular tissues such as cornea, aqueous humor, lens
and vitreaous humor. Ocular complication such as cataract and retinal abnormalities require treatment

intervention.
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5.2.6 Histological Analysis

At the end of the study period, all animals were euthanised, and ocular tissues were obtained
for histological analysis. Immediately after enucleation, eyeballs were fixed in paraformaldehyde 4%

solution and sectioned for H&E and CD31 analysis.

5.3 Results and Discussion

5.3.1 Cytotoxicity of KX2-4245 on HUVEC and ARPE19

HUVECs and ARPE19 were incubated with various concentrations of KX2-4245 to examine
the cytotoxicity profile. Using MTT cell survival/proliferation assay, KX2-4245 inhibited cell growth
at concentrations above 2 nM on both cell lines. At concentrations below or at 2 nM, the cells did not
show any cytotoxic effect. However, concentrations above 2 nM resulted in cell shrinkage and reduced
growth. Therefore, KX2-4245 2 nM was used to examine its anti-angiogenic property in an

experimental CNV model.
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Figure 5.1 Cytotoxicity results of KX2-4245 with different cell lines

(a) Cell viability profile of HUVEC with KX2-4245; (b) Cell viability profile of ARPE19 with KX2-
4245; (c) Calculated 1Cso of KX2-4245 with HUVEC; (d) Calculated ICso of KX2-4245 with ARPE19
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5.3.2 Therapeutic Efficacy of KX2-4245 Against in vivo CNV Model

In previous studies, the KX2-4245 demonstrated excellent anti-cancer properties in both in vitro
and in vivo experimental cancer models (data not shown). With this regard, the anti-angiogenic effect
of KX2-4245 was investigated in an ocular angiogenesis model. The therapeutic efficacy was compared
with avastin, a well-known anti-cancer drug that possesses anti-angiogenic properties. Table 5.1

summarised the vascularised area in the rat’s cornea after received saline, avastin and KX2-4245,

Avastin
25 ug/mL

KX2-4245
2nM

Figure 5.2 Slit-lamp images of rat’s cornea treated with KX2-4245 and Avastin eye drops

Averaged % vascularised areas
Day 2 Day 4 Day 6 Day 8 Day 10 Day 12 Day 14

41.56 52.26 53.92 54.85 64.95 74.61 77.40

Saline
+ 251 +221 + 3.19 + 2.07 +1.11 + 3.31 +2.33
Avastin 23.92 38.84 32.06 31.04 26.60 20.11 15.76
(25 pg/mL) +386 +262 +364 +282  +311  +497  +411
KX2-4245 17.07 9.12 6.96 6.17 2.10 1.65 0.95
(2 nM) +1.38 +214 + 0.36 + 0.69 +0.21 +0.44 + 0.30

Table 5.1 Averaged % vascularised area in rat’s cornea received saline, Avastin and KX2-4245

On day 14, the animals that received saline showed substantial growth of blood vessels on the
peripheral and centre of the cornea, as shown in Figure 5.2. H&E demonstrated stromal vascularisation
and infiltration of inflammatory cells (Figure 5.3). Immunohistochemical assay revealed
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immunoreactivity in the stromal region, which indicated the formation of new blood vessels. In contrast,
the KX2-4245 significantly inhibited CNV and the vascularised area was markedly reduced with
concentration of 2 nM. The H&E staining showed intact stromal structure and reduced inflammatory
cell infiltration. Furthermore, no apparent CD31 immunoreactivity was detected. Thus, our data

illustrated the anti-angiogenic effect of KX2-4245 with an experimental CNV model.

H&E CD31

Saline

o \:%“-“' SR AP MR T L
Avastin ; o\f-"'«:-':?‘ e
25 pg/mL > 3

R
l" . l! » ?"z‘ﬂt‘:;‘:}., g

Health
Eye

Figure 5.3 Histopathological images of the cornea after receiving KX2-4245 and avastin treatment

H&E (left) and CD31 (right) images revealed anti-angiogenic effect of KX2-4245 treatment effect
on Day 14 (scale bar 100 um for H&E and CD31 image)

The avastin, a VEGF-neutralising antibody, was approved by FDA and has demonstrated
clinical usefulness in the treatment of choroidal neovascularisation.*®4%” The drug specifically targets
the VEGF signal transduction and thus, ceases VEGF-induced angiogenesis. Apart from choroidal
neovascularisation treatment, avastin was also revealed as an effective agent against CNV in clinical

settings and experimental animal models.“%34% |n this study, the efficacy of KX2-4245 and avastin eye
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drop was compared in an experimental CNV model. The results revealed both medications could reduce
and inhibit CNV with KX2-4245 demonstrating superior results. However, avastin might possess a
broad anti-VEGF signalling effect which might result in affecting “off-target kinase”. Therefore, this
results in unexpected side effects on endothelial cells. The KX2-4245 specifically targets FAK which

provides an explicit inhibition for angiogenesis.

5.3.3 Invivo Corneal Toxicity Assay

Different concentrations of KX2-4245 (ranging from 2 to 12 nM) was topically applied to
healthy corneas and they were examined for potential in vivo cytotoxicity to corneal epithelial cells. As
illustrated in Figure 5.4 — 5.7, the KX2-4245 was well tolerated. Furthermore, no corneal damage can
be observed, and red flux also remained normal throughout the study period. These indicated that the
corneal surface was intact after receiving KX2-4245 while the posterior segment (i.e. lens, vitreous and
retina) remained normal. However, this experiment was only conducted for a short period of time and
can only conclude that there is no acute toxicity at this stage. Therefore, a longitudinal study is

warranted in the future to examine potential long-term toxicity.
2nM
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Figure 5.4 In vivo toxicity with KX2-4245 (2 nM)
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Figure 5.5 In vivo toxicity with KX2-4245 (4 nM)
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Figure 5.6 In vivo toxicity with KX2-4245 (8 nM)
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Figure 5.7 In vivo toxicity with KX2-4245 (12 nM)

5.4 Conclusion

The present study serves as a first attempt to investigate the efficacy of a newly developed FAK
inhibitor for CNV treatment. First, we conducted a cytotoxicity assay to determine an optimal
concentration using HUVEC and APRE19. The drug was topically applied to alkali-induced CNV
model, which showed outstanding results. We further investigated the preliminary in vivo tolerability
analysis and discovered that KX2-4245 was well-tolerated. No corneal epithelial damage can be
observed even when the concentration was increased by 6-folds. However, the present work requires
future in vitro analysis to further elucidate the protein expression after KX2-4245 treatment. Regardless,
current in vivo data provided an encouraging result and served as evidence for its utility in ocular

angiogenic diseases.
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6 Conclusion and Future Perspective

Accurate diagnosis and effective treatment for ocular diseases are of the utmost importance in
clinical settings. However, current clinical diagnosis and treatment options have distinct disadvantages
that are yet to be improved. This thesis primarily addressed the issues in current conventional clinical

examination modality, administration method and new drug discovery for ocular use.

First, the work in chapter three investigated and studied the potential utility of PAI for objective
analysis in an experimental CNV disease model. Using PAI, the data provided a new aspect to present
the disease progression through numerical representation. This method offers a few distinct advantages
over images obtained from conventional slit-lamp, such as molecular information and non-invasive
nature. Through the use of corresponding wavelengths, PAI allowed specific examination of a particular
molecular species presented within the organ. Thus, PAI could provide molecular information regarding
the disease status that conventional slit-lamp images fail to deliver. Moreover, disease diagnosis with
slit-lamp could be subjective to a certain extent. The images quality captured during slit-lamp
examination could have an impact on disease diagnosis. Apart from image quality, the corneal curvature
makes it hard to capture all blood vessels in one single clear image. Thus, monitoring haemoglobin PA
signals with PAI without using exogenous agents provides an objective analysis over conventional slit-
lamp images. Therefore, PAI demonstrated detection of haemoglobin PA signals could bypass these
obstacles and deliver a more objective analysis for CNV diagnosis. Furthermore, conventional blood
vessel examination method requires intravenous injection of chemical dye, whereas PAI relies on
natural haemoglobin signals. This reduces the risk of undesired side effects for patients with liver/renal
dysfunction. Thus, the non-invasive nature of PAI stands out as a promising tool for future clinical use

in the field of ophthalmology.

Secondly, a polymeric nanoparticle drug delivery system with enhanced permeability was
developed for ocular drug administration. Topical administration is the most convenient way to
administrate ocular drugs to anterior segment. However, the efficacy is generally hampered by the poor

absorption profile due to the natural barriers of the cornea as well as other natural defence mechanisms.
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Therefore, the work in chapter four developed a CPP-conjugated polymer NP system for CNV treatment.
The NPs demonstrated sustained in vitro drug release pattern and enhanced cellular uptake. Quantitative
analysis with PAI revealed that CPP conjugated NP with FK506 delivered better treatment outcomes
compared to free FK506 eye drops. Furthermore, NP formulation also reduced dosing frequency to
twice daily, where conventional topical administration requires three to four times daily. Therefore, NP
drug delivery system with CPP surface decoration shows enormous potentials in the pharmaceutical

industry.

Lastly, chapter five investigated a new drug candidate in CNV treatment through topical
administration. The drug, KX2-4245, developed by Kinex Pharmaceuticals has shown outstanding
effects in cancer treatment. It specifically targets FAK, which is an important kinase in regulating the
angiogenic process. Experiment data showed its capability in demolishing and inhibiting CNV with a
concentration of 2 nM. Furthermore, tolerability analysis showed that the KX2-4545 was well-tolerated
when applied topically. Despite encouraging results, further experiments are warranted to yield more

insights on the impact of KX2-4245 on ocular tissues.

6.1 Future Perspective

This dissertation only explored the surface of PAI technique and polymeric nanoparticle drug
delivery system in the corneal angiogenesis model. The potentials underneath these technologies could
deliver far more benefits to other ocular diseases, and these areas are yet to be determined. Future work
shall focus on utilising PAI to construct a 3D image of corneal angiogenesis model. The PAI technique
may also be applied to posterior diseases such as diabetic retinopathy and age-related macular
degeneration. These diseases are sight-threatening and involve abnormal growth of blood vessels at the
back of the eye where PAI may serve as a non-invasive diagnosis tool. Through 3D PAI image
construction, the PAI may potentially map the blood network at the back of the eye. This could assist

ophthalmologists to locate problematic area and deliver precise treatment.

Repetitive intraocular injection may be required for those suffer from diabetic retinopathy or age-
related macular degeneration. Given the ability to suppress angiogenesis, the KX2-4245 may serve as
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potential treatment for ocular diseases that involve pathological angiogenesis. Furthermore, with the
current success of NP drug delivery system, future work shall investigate the possibility of
encapsulating KX2-4245 into NP drug delivery system to achieve sustained release formulation for
ocular diseases. Therefore, the frequency of intraocular injections can be reduced which avoids side

effects such as endophthalmitis and cataract.

Finally, further studies are warranted to examine and confirm the molecular mechanism of KX2-

4245 in ocular diseases.
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