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ABSTRACT

Several ocular diseases that lead to blindness could benefit from effective treatment delivery
to the site of action. Efficacy, however, remains restricted due to the multiple static and
dynamic barriers present in the eye, despite substantial study into administration procedures
and delivery vehicle. Ocular tumours are a broad group of diseases that range from benign to
malignant and that occur in different anatomical regions within the eye. Ocular surface tumours
are tumours of the conjunctiva of the eye and are therefore readily accessible for drug delivery.
The management of ocular tumours is faced with the challenge of developing a suitable
treatment strategy that meets individual patient needs, considering their anatomical location.
Foremost is the need to develop strategies with high benefit to risk ratios. This is closely
followed by the need to develop therapies that improve patient compliance while limiting the
need for frequent hospital visits. Thirdly, the high cost of immune-therapeutic agents currently
used for the management such as interferon demands sustained release strategies that
deliver the same efficacy from much lower doses. Interferon alpha has been used to treat
patients with ocular tumours for decades; however, its short half-life and poor tolerability
necessitate frequent administration. This novel study employed a pH responsive/protective
nanoparticle embedded into a thermo-responsive hydrogel for site-specific IFN-a2b delivery
in the treatment of ocular tumours. Loading the IFN-a2b in a hydrogel isolates the drug from
the releasing medium; the inclusion of core-shell nanoparticles increases the loading capacity
of the drug and provided pH-responsiveness to the acidic tumour microenvironment,
protecting the entrapped drug. As a result, the concentration gradient is reduced and the
release pathway extended, furthermore, shielding the IFN-a2b against rapid clearance, and
degradation at lower pH of the tumour microenvironment. Nano-embedded thermo-responsive
hydrogel were prepared and their physiochemical properties, thermo-responsive behaviour,
pH-responsiveness, in vitro and in vivo release and toxicity were evaluated. Fourier transform
infrared (FTIR), 1H—-nuclear magnetic resonance (1H-NMR), and X-ray powder diffraction
(XRPD) analysis confirmed the synthesis of the copolymer. The rheological analysis revealed
a sol-gel transition temperature in the range of 26-45°C which was concentration—dependent.
A concentration of 20% w/v was selected based on suitability for in vivo application. The
surface morphology of the hydrogel was evaluated using scanning electron microscopy (SEM)
and porositometric analyser, the SEM images revealed the presence of a mesh-like structure
on the surface of the hydrogel. The presence of the pores was further confirm by
porositometric analysis. The presence of pores is critical for the diffusion of liquid within the
hydrogel, which allows the NP to diffuse out of the hydrogel and release the loaded drug. The
formed nanoparticles had particle sizes ranging from 137.1 to 230.6 nm (PDI 0.27—-0.137) and

zeta potentials ranging from -23.9 to -3.36 mV, demonstrating a pH-responsive controlled
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release in an acidic medium simulating the tumour environment, with an entrapment efficiency
of 89%. The in vitro release studies demonstrated a two-phase release pattern of IFN-a2b and
stability of the released IFN-a2b from IFN-a2b nano-embedded PECE hydrogel (IFNPH) for
the duration of the study; thus, the IFNPH exhibits pH-protective and temperature-responsive
properties. In vitro biocompatibility findings on the human retinal pigment epithelial cell line
highlighted that the IFNPH is safe within the tested range of 5000 to 0.625 pg/mL and does
not pose any adverse cytotoxic effects. The in vivo studies were performed by administering
a single subconjunctival injection of the IFNPH to New Zealand albino rabbits. The
pharmacokinetic data revealed that the Cmax of 129.7 pg/mL was reached after 24 hrs (Tmax)
in the vitreous humour. The IFNPH delivered biological active IFN-a2b in a sustained manner,
compared to eye drops and subconjunctival injection of IFN-a2b solution, thus limiting dosing
frequency and enhancing patient compliance. This investigation highlights that the IFNPH is

a potential suitable candidate for ocular delivery of IFN-a2b.
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Chapter one

Introduction and overview of the study

1.1. Introduction

Tumours of the ocular surface include a wide array of slowly progressive epithelial
lesions of the conjunctiva and/or cornea ranging from benign to pre-malignant and
malignant (Alkatan and Alzahem, 2018). Corneal and conjunctival intraepithelial
neoplasia, as well as conjunctival squamous cell carcinoma, are the most prevalent
non-pigmented ocular surface cancers (Sayed-Ahmed et al., 2017). Patients may be
asymptomatic or exhibit symptoms such as pain, redness, and vision loss, especially
with more advanced disease. Signs include a solitary or diffuse mass on the bulbar
conjunctiva, which can occasionally become inflamed. Solitary lesions may appear
fleshy, viscous, or papillomatous, and may have a plague-like appearance (Gichuhi
and Irlam, 2007). Tumours may have feeder vessels or appear avascular. There are
no pathognomonic clinical signs that correlate well with histological diagnosis. Most
tend to develop within the interpalpebral fissure, predominantly at the limbus, although
any part of the conjunctiva or cornea may be involved (Alkatan and Alzahem, 2018).
Ocular surface squamous neoplasia (OSSN) is usually uncommon in moderate
climates, often detected in old males and is a slow growing tumour. In Africa, OSSN
is more frequently and destructive affecting young people, in particular women. This
is attributed to the concurrence of the human papillomavirus, human
immunodeficiency virus and ultraviolet radiation from the sun. In Africa, reports from
South Africa, Zimbabwe, Uganda, Nigeria and Malawi indicate that most patients were
HIV-positive. Ophthalmologists regard OSSN in young Africans as an indicator of
human immunodeficiency virus infection (Gichuhi et al., 2013). Meanwhile, reports
from Australia and Britain were of mature males above 60 years (Gichuhi and Irlam,
2007). Studies within Africa clearly indicated that the epidemiology of ocular surface

tumours is distorted.

Treatment strategies vary but usually involve excision with 2—4 mm margins with or
without intra-operative or postoperative radiotherapy, cryotherapy, chemotherapy
(Gichubhi et al., 2016). Extensive surgical excision may result in corneal epithelial stem

cell deficits, scarring, and conjunctival adhesion. Complete histological excision is



associated with recurrence in 43% of the case frequently within two years of treatment
(Gichuhi and Irlam, 2007). Chemotherapeutic agents used include: Mitomycin C is an
alkylating agent applied as first line of treatment in non-invasive tumours (Hirst, 2007),
preoperatively, intra-operatively, or postoperatively depending on the tumour size
(Gupta and Muecke, 2010). 5-fluorouracil is an analogue of thymine, applied as the
first line of therapy or as an adjunct to surgery (Midena et al., 2000; Parrozzani et al.,
2017). Additionally, immunotherapy using interferon-alpha2b (IFN-a2b) which is a
natural glycoprotein secreted in the body secondary to tumours or viral infections, is
applied as subconjunctival/perilesional injection or as topical drops (Galor et al., 2010;
Karp et al., 2001).

The unique intrinsic barriers of the eye, such as the cornea barrier, tear film barrier,
enzyme degradation, the blood-aqueous barrier and the retinal barrier hinders the
delivery of sufficient quantities of ocular medication (Lynch et al., 2020). Topically
applied drugs, such as eye drops, are cleared out of the eye shortly after application
due to the clearing out by tears. On average, only 2—7% of the drug reaches the
intraocular tissue due to the brief contact between the drug and the ocular surface and
the low diffusion rate (Diebold and Calonge, 2010). Ophthalmic in-situ gels are stimuli-
responsive formulations that are a glutinous liquid at room temperature and transform
into a gel when exposed to an increase in temperature, in this case the physiological
temperature of the eye (Makwana et al., 2016). The bioavailability of the administered
drug is enhanced due to an increase in the mucoadhesive properties which extends

the ocular surface contact time of the drug (Geethalakshmia et al., 2013).

Nanoparticles are drug delivery systems with a size range between 10 to 2000nm used
for delivery of drugs and bioactive agents. They increase the availability of ophthalmic
therapeutics by extending ocular retention time (Meng et al., 2019). Nevertheless,
nanoparticles are rapidly cleared out of the eyes, due to their lack of mucoadhesive
property (Gupta et al., 2010). The inclusion of nanoparticles in an in-situ gel may
overcome this shortcoming as the gel would act as a mucoadhesive matrix, while the
nanocarriers would enhance the drug loading capacity of the in-situ gel. Hence,
nanocarriers delivered within an in situ gel could have a synergistic effect in the

delivery of the drug (Pitorre et al., 2017).



Several studies have demonstrated the application of nanoparticles in the delivery of
IFN-a, but none for ocular delivery. PEGylated interferon (PEGIFN)-a2b has been
investigated as an approach in the management of ocular tumours (Karp et al., 2010b).
PEGylation, is the covalent binding of a drug or protein to polyethylene glycol, to
reduce the clearance, extend the half-life and overall improve the bioavailability
(Turecek et al., 2016). However, PEGylation causes steric hindrance and reduces the
specific activity of PEG-IFN as compared to native IFN (Caliceti, 2004). The current
study discusses the design and assessment of an ocular delivery system based on
the concept of an injectable thermo-responsive in situ gelling system containing IFN-
a2b encapsulated within nanoparticles. This system is proposed to overcome the
challenges of available delivery systems, enhance the bioavailability of IFN-a2b, and

provide sustained/controlled release in an acidic microenvironment.

1.2. Rationale and motivation

Interferons are natural cytokines with antiviral, antiproliferative, antitumor, and
immunomodulatory activities and have been used in the management of several types
of cancer. Type 1 IFN standard signalling consists of the activation of the Janus
kinases (JAK-STAT) pathway, as shown in Figure 1.1. The IFNs binds to the
heterodimeric receptors with high affinity to IFN receptor2 (IFNAR2) followed by the
low affinity IFN receptorl (IFNAR1) dimerization is then induced. The Janus kinases
(JAKs) are activated and phosphorylates the signal transducers and activators of
transcriptions (STATs). The IFNAR1 binds to tyrosine kinase 2 (TYK2) and IFNAR2
binds to JAK1 during the activation. The binding activates the phosphorylation of
STAT1 and STAT2 binds them to interferon regulatory factor 9 (IRF9). They form a
heterotrimeric transcriptional complex named IFN-stimulated gene factor 3 (ISGF3).
The activated ISGF3 binds to IFN-stimulated response elements (ISREs) and
regulates the transcription of IFN-stimulated genes (ISGs) to trigger IFN responses
(Lazear et al., 2019). Intralesional injections of IFN-a2b has been used as a first line
of therapy for extensive tumours (Kim et al., 2012; Shields et al., 2013). Notable
benefits were recorded for this treatment, as there is a significant reduction of tumour
size, especially in immune-suppressed patients with OSSN, and its prolonged use
prevents tumour recurrence through immunomodulation (Kim et al., 2012). However,
despite the effectiveness of IFNa-2b, their instability due to their complex structure,

immunogenicity, susceptibility to enzymatic degradation, and short half-life, restricts
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its application (Nie et al., 2021). Furthermore, the drug dosages employed in the
management of ocular tumours are high and can lead to toxicity and persistent flu-like
symptoms in patients (Karp et al., 2010a). Thus, a method that would be non-invasive,
reduce drug concentration, increase bioavailability to the tumour, release the drug in
a controlled and sustainable manner and assist with patient compliance would be an
improved approach for the management of the ocular malignancies. The proposed
design of a system would be responsiveness to the tumour microenvironment, thereby
shielding the IFN-a2b from the cursive acidic tumour microenvironment while providing

controlled release of effective drug levels.
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1.3. Aim and bjectives

The aim of the study was to design an injectable thermo-responsive nano-enabled gel
formulation for the delivery of IFN-a2b for the enhanced management of ocular

tumours. This aim was proposed to be attained through the following objectives:

1. Development of a novel IFN-a2b loaded into poly(beta-aminoester) nanoparticles
(PBAE-NPs) embedded in a thermo-responsive and pH-protective poly(ethylene
glycol)-poly(caprolactone)-poly(ethylene glycol) (PECE) hydrogel (IFN-a2b nano-
embedded PECE hydrogel) (IFNPH) for enhancing the stability and therapeutic
efficacy of IFN-a2b.

2. Determination of the physiochemical (FTIR, *H-NMR, XRPD, DSC, DLS, TEM,
SEM, and porosity analysis) and physiomechanical (rheology, and syringability)
properties of the IFNPH to ensure optimal properties for ocular delivery.

3. Evaluation of the in vitro release profile of IFN-a2b from IFNPs and IFNPH, and ex
vivo permeation of IFN-a2b across the corneas of New Zealand white albino rabbits
(NZWA).

4. Investigation of the in vitro cytotoxicity of the IFNPH as compared to the native IFN-
a2b in primary Human retinal pigment epithelial cell line (HRPE).

5. Evaluation of the in vivo toxicity, histopathological analysis of the IFNPH in NZWA
rabbits, following injection into the subconjunctival space around the sclera, to assess

the safety and efficacy of the formulation.

Figure 1.2 provides a schematic summary of the formulation and characterisation of

the thermo-responsive nano-embedded hydrogel system.
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Figure 1.2 Flowchart of experimental procedures for the design and evaluation of the
thermo-responsive nano-embedded hydrogel system: 1) synthesis of the PBAE
polymer and the preparation of IFNa-2b loaded nanopatrticles IFNPs; 2) synthesis of
the PECE copolymer and preparation of the PECE hydrogel; and 3) the preparation of
the IFNPH through loading of the IFNPs into the PECE hydrogels.

1.4. Novelty of the study

A novel drug delivery system containing IFNa-2b loaded into poly(beta-aminoester)
nanoparticles embedded into poly(ethylene glycol)- poly(caprolactone)-
poly(ethelyene glycol) (PECE) hydrogel would be developed. This system was
proposed to serve as a site-specific drug delivery system to the conjunctiva via a
subconjunctival injection for controlled and sustained drug release into the tumorigenic
tissue. This system is purportedly an advancement for the treatment of ocular surface
tumours, and upon application it is proposed to provide a notable enhancement in the
delivery of IFN-a2b compared to conventional intralesional injections and topical
administration of IFN-a2b, by providing controlled, site-specific release, with the

potential for reduced dosing frequency.



1.5. Overview of the thesis

Chapter 1: In this chapter, the overview and context of the current study were
introduced. The rationale and motivation for the study were provided, and the aims
and objectives for undertaking the study were detailed. Further, the novelty of this

study was presented.

Chapter 2: This chapter provides an overview of ocular tumours, and the current
available management strategies. It also provides insight into ophthalmic routes of
delivery, and more so the use of nano- delivery systems that can be employed for
potential advancement in managing of ocular diseases. Furthermore, the chapter
provides an insight on the use of tumour hallmarks as an approaches to achieve site-
specific and responsive therapy, and highlights the potential targets found on ocular
tumours, for effective specific interaction with receptors for more efficacious therapy.

Chapter 3: In this chapter, the chemical synthesis of the PECE copolymer and poly
(beta amino ester) copolymer for IFN-a2b delivery in the treatment of ocular tumours
was presented. The nano-embedded/PECE hydrogel was prepared and their
physiochemical properties using Fourier transform infrared (FTIR), thermal behaviour,
X-ray powder diffraction (XRPD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM) analysis, porosity analysis and temperature-
transition behaviour. In vitro toxicity, drug entrapment efficiency, drug release were

also evaluated.

Chapter 4: This chapter presents the development and evaluation of the long term
stability of the IFN-a2b nano-embedded PECE hydrogel (IFNPH). The IFNPH was
designed to extend the release profile and overcome the challenges of rapid clearance
and sensitivity of interferon to degradation, investigate its toxicity, and improve the
immunotherapy efficacy of IFN-a2b. The aim was pursued using a subconjunctival
injection of the fabricated IFNPH delivery system for site-specific delivery to the sclera.
The long term release and stability of the IFNa-2b was evaluated via an enzyme-linked

immunosorbent assay kit (ELISA).

Chapter 5: The IFNPH delivery system developed fulfilled the aims and objectives of
this study. The physiochemical parameters, in vitro and in vivo evaluations of the

developed system produced favourable results. In this chapter, the concluding



remarks of the thesis were provided, as well as the recommendations and future

perspectives.
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Chapter Two

Advancing the treatment of ocular tumours through smart nanocarriers

2.1. Introduction

The eye is a complex organ composed of multiple structures; working in concert to
enable vision. The impairment in any part of the eye can lead to serious complications
and eventual vision loss. Ocular tumours are one such impairment that are unique and
considered a threat to both vision and eventually life if left untreated. The tumours can
develop primarily from ocular tissues or affect ocular structures as a result of
metastatic propagation from cancer elsewhere in the body (Williams and Di Nicola,
2021). The most common ocular tumours of the anterior and posterior segment,
include basal cell carcinoma of the eyelid, ocular surface squamous neoplasia,
retinoblastoma, choroidal melanoma, ocular adnexal lymphoma and metastatic orbital
tumours (Maheshwari and Finger, 2018; Moon et al., 2021; Williams and Di Nicola,
2021). The strategies used for management of ocular tumours include surgery
excision, chemotherapy (topical, subconjunctival, intravenous and intravitreal) and
radiation (Chiu-Tsao et al., 2012; Fung et al., 2003; Pe’er, 2015; Shields et al., 2013).
Failure in treatment might have catastrophic consequences, where preservation of life

may necessitate removal of the entire orbital contents (exenteration) as the last resort.

The high recurrence rate associated with surgical excision underscores the need for
improved treatment strategies. A shift to the application of chemotherapeutic agents
as an adjuvant to surgery or as monotherapy has been reported in the last decade
amongst ophthalmologists (Adler et al., 2013; Moon et al., 2021). Most chemotherapy
agents are cytotoxic and are not targeted or specific to the cancer site; hence, they
are hazardous to healthy tissues. The limited retention time of chemotherapeutics in
the tumour causes damage to normal tissue and lowers therapeutic efficacy (Moon et
al., 2021). Generally, delivery of therapeutics to the eye, specifically the ocular surface,
is challenged by the anatomical and physiological barriers of the eye. These ocular
barriers protect the eyes from invasion by foreign substances, namely the static and
dynamic barriers, and efflux pump in ocular tissue. The diffusion and permeability of
therapeutics (that are also detected as foreign by the eye) to the ocular tissue are
therefore hindered, resulting in reduced bioavailability (Huang et al., 2018). The static
barriers include the cornea, sclera and the retinal pigment epithelia (including the
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blood-aqueous barrier and the blood retinal barrier). The lymphatic flow in the choroid
and conjunctiva blood flow represents the dynamic barriers (Gaudana et al., 2010;
Patel et al., 2013b). Efflux pumps or transporters expressed on plasma membrane of
ocular tissues are another barrier to drug perfusion to ocular tissues. Prominent efflux
transporters identified on ocular tissues are P-glycoprotein (P-gp), multidrug
resistance protein (MRP), and breast cancer resistance protein (BCRP). They lower
the permeability to the dugs by effluxing the drug molecules out of the cytoplasm and
cell membrane resulting in limited drug bioavailability (Gaudana et al., 2010; Patel et
al., 2013a).

The management of ocular tumours is further faced with the challenge of developing
a suitable treatment strategy that meets individual patient needs. Foremost is the
requirement to develop strategies with high benefit-to-risk ratios. This is closely
followed by the goal to develop therapies that improve patient compliance while
limiting the need for frequent hospital visits. The high cost of immunotherapeutic
agents currently used for the management of tumours, such as interferons, demands
sustained release strategies that deliver the same efficacy from much lower doses.
Thus, this review chapter explored the current routes of delivery and their
shortcomings; and further investigated most recent nano-technological advancements

that may resolve or minimize these shortcomings.

2.2. Barriers to ocular delivery and routes of delivery in ocular tumours

Following application to the ocular surface the precorneal barrier that naturally protects
the cornea and conjunctiva represents the first obstacle faced by topical applications.
The rapid turnover rate of tears, reflex blinking and nasolacrimal drainage result in
rapid removal of the applied drugs (Lynch et al., 2020; Weng et al., 2017). The cornea
is the second anatomical barrier with different layers bound by intracellular tight
junctions. These layers of cornea are the epithelium, the Bowman’s layer, the
Descemet's membrane, the stroma, and the endothelium (DelMonte and Kim, 2011).
The corneal epithelium is hydrophobic and the presence of the tight junction restricts
the permeability of hydrophilic drugs to the aqueous humour. The stroma on the other
hand, is a hydrophilic layer limiting the penetration of hydrophobic drugs. The
endothelium is the innermost layer of the cornea and is permeable, hence permitting

the movement of macromolecules between the stroma and aqueous humour
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(Imperiale et al., 2018). The third barrier is the conjunctiva, it shields the anterior
surface of the sclera and the inner eyelid lining (Nishida et al., 2011). The conjunctiva
is a thin transparent vascularized mucus membrane, containing nerves, lymphatic and
blood vessels, an outer epithelium and underlying stroma. The conjunctiva has a larger
surface area and wide epithelial intracellular spacing when compared to the cornea,
hence drug permeability though it is higher (Huang et al., 2018). However, the
conjunctival capillary and lymphatic vessels results in the drainage of topical
applications to systemic circulation minimizing the absorption of the therapeutics
(Huang et al., 2018).

The ocular barriers in the posterior segment of the eye are the sclera, choroidal, retinal
pigment epithelial and blood-retinal barrier. The sclera connects the anterior and
posterior segments of the eye, has a large and permeable surface area as well as a
high degree of hydration, making it accessible to hydrophilic molecules. Because of
these characteristics, transscleral administration is a promising approach for
intraocular macromolecule delivery (Uwaezuoke et al., 2022). The choroid is a highly
vascular barrier, which supplies blood to the retina and impedes delivery through the
transscleral pathway (Tsai et al., 2018). The retina is a transparent tissue that is
considered a significant barrier to the diffusion of large macromolecules (Jackson et
al., 2003). Choriocapillaries and retinal pigment epithelium (RPE) together generate
Bruch's membrane. Changes in the choroid and Bruch's membrane thickness with age
affect drug transport from the sclera into the inner ocular tissues. Furthermore, highly
hydrophobic drugs may be drained through the choroidal systemic circulation (Cholkar
et al., 2012). The blood-retinal barrier (BRB), is composed of an inner BRB composed
of retinal capillary endothelial cells and outer BRB composed of RPE. The BRB act as
barrier for diffusion between systemic circulation and the retina. The BRB is a tight
monolayer that limits diffusion of therapeutic molecules (Gote et al., 2019). Figure 2.1
is a schematic illustration of ocular barriers in both the anterior and posterior

segments.

Topical applications to the ocular surface through conventional formulations such as
solutions, suspensions and ointments, comprise up to 90% of the marketed ocular
formulations (Bachu et al., 2018; Jumelle et al., 2020). Their attractiveness arises from
their non-invasiveness, and ease of administration that often promotes patient

compliance. Nevertheless, topical applications comes with several limitations such as
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reduced therapeutic level of the drug at the site of action, and the propensity to elicit
systemic effects due to the naso-lacrimal drainage and these manages to limit the
amount of drug that reaches the target site to about 5% (Diebold and Calonge, 2010).
The value of topically applied chemotherapeutic agents in the management of
multifocal, recurring lesions and microscopic subclinical disease is due to fact that
topical agents provide coverage to the whole ocular surface (Venkateswaran et al.,
2019). For systemic administration, the blood-ocular barriers, which include the blood-
retinal and blood-aqueous barriers, limit drug molecule penetration to the posterior
segment of the eye. The choroidal capillaries provide ocular delivery via the systemic
route, mainly by oral or intravenous methods (Kim and Woo, 2021). The systemic route
has limitations, including the necessity for a high dose to achieve therapeutic efficacy
due to limited permeability across the blood-ocular barrier and systemic metabolism.
Furthermore, non-site-specific exposure may result in systemic toxicity and adverse
outcomes (Shastri et al., 2023; Tian et al., 2022).

Subconjunctival injections are considered relatively easy to administer with the need
for only topical anaesthesia. The drug is administered into the subconjunctival space
around the sclera, crossing through the sclera to the anterior chamber, escaping the
cornea and blood aqueous barriers (Janagam et al., 2017). The route provides site
specific targeting of the drug in a non-invasive manner to overcome blood-ocular
barriers and enhanced bioavailability (Chaw et al., 2021). In a study evaluated the
subconjunctival route for the delivery of dexamethasone, the route proved its efficiency
in delivering the drug to both ocular segments (Weijtens et al., 1999). The intravitreal
route delivers the drug directly to the posterior segment of the eye by injecting it into
the vitreous cavity, bypassing various ocular barriers (Shastri et al., 2023). However,
intravitreal injection is an invasive operation that might result in retinal detachment,
vitreous haemorrhage, and cataracts, among other complications (Sampat and Garg,
2010).
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Figure 2.1 Schematic illustration of the eye and physiological barriers to ocular
delivery (Image obtained with permission from Huang et al., 2018).

2.3. Ocular toxicity of chemotherapeutic agents

Table 2.1 provides the indications of local chemotherapy, the route of administration,
and the ocular surface complications caused by exemplary anticancer agents used in
ocular cancers. The physiological differentiating features of cancer cells that cause
them to proliferate more than normal cells are used as targets by chemotherapeutic
agents. The majority of chemotherapeutic drugs break down DNA, resulting in cell
cycle arrest and/or apoptosis (Alimbetov et al., 2018). Antimetabolite agents, such as
5- Fluorouracil (5-FU) and Methotrexate (MTX) exert their anticancer effect through
the blockage of fundamental cellar processes through the inhibition of DNA synthesis.
Due to their inherited antimetabolite activity, they block the proliferation of rapidly
dividing cancer cells. They also affect the proliferation of normal cells that display the
same feature, such as corneal and limbal epithelium on the ocular surface, causing
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corneal epitheliopathy (Alimbetov et al., 2018). The alkylating agent Mitomycin C
(MMC) has anticancer properties that are due to the inhibition of cell proliferation and
DNA replication (Greer et al., 2018). However, there is a danger of ocular damage
from topical MMC treatment because it is thought to suppress proliferation and induce
apoptosis in normal cells (e.g., corneal epithelium and endothelium cells, retinal
epithelial cells) (Kang et al., 2001; Mladenov et al., 2007; Netto et al., 2006).
Immunotherapeutic drugs, such as imiquimod and IFN-a2b exert anticancer action by
activating the immune system. As a result, immunocompromised patients with OSSN
are unlikely to respond to topical IFN-a2b treatment; other non-immune-modifying
agents may be more successful. (Ashkenazy, 2017). One of the reasons for
inflammatory effects such as conjunctivitis, keratitis, and blepharitis is due to activated
immune cells and an elevated level of inflammatory cytokines on the ocular surface

following local chemotherapy (Moon et al., 2021).

Several strategies have been implemented to reduce the ocular toxicity of
chemotherapeutic agent. One strategy is through the adjustment of the dosing
regimen; for example, MMC is applied as a 0.02%-0.04% eye drop four times daily
for one week for 1-5 cycles with treatment-free intervals to reduce the toxic effects of
MMC on healthy ocular tissue (Gupta and Muecke, 2010; Kusumesh et al., 2017). A
second strategy involves the use of punctual plugs after topical administration of MMC
to increase retention time on the ocular surface, allowing for improved drug delivery to
the targeted tissue while decreasing systemic absorption by the nasal mucosa
(Sepulveda et al., 2010). They have been shown to minimise the punctual stenosis
caused by MMC application (Naniji et al., 2013). For IFN-a2b eye drops the toxicities
resolved after cessation of treatment (Kunkler et al., 2019), while subconjunctival
injections are generally well tolerated, they are associated with transient systemic flu-
like symptoms, which can be easily treated with an oral antipyretic such as
acetaminophen (Antonietta Blasi et al., 2018; Kaliki et al., 2016; Kim et al., 2012).
Similarly, 5-FU symptoms normally subside once treatment ceases; topical
corticosteroids can be used to minimise side effects (Schmid et al., 2006). Another
strategy is the use of nanocarrier for delivery of chemotherapeutic agent. Nanocarriers
offer several advantages compared to conventional chemotherapeutic agents namely,
the nanoscale size offers high surface area, the enhance permeability and retention

effect in tumour cells allows selective delivery and accumulation of the drug in the
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tumour site (Cryer and Thorley, 2019). Furthermore, the possibility of surface
modification of nanocarriers with either hydrophilic polymers (such as poly ethylene
glycol) to prolongs circulation time or the use of ligands for active targeting of tumour

cells reduces non-targeted toxicity, and thus enhances tolerance to local

chemotherapy (ud Din et al., 2017).

Table 2.1 Indication of local chemotherapeutic agents, route of application and

ocular surface toxicity.

Indication Chemotherapeutic Application Shortcoming Reference
(mechanism of
action)

OSSN Mitomycin C (DNA Topical Punctual stenosis, (Antonietta
crosslinking) discomfort, hyperemia, Blasi et al.,

chemosis, keratopathy. 2018;
Kusumesh et
al., 2017)

OSSN 5- Fluorouracil (DNA Topical Hyperemia, blepharitis (Gichuhi et al.,

alkylating agent) keratopathy, pain, epiphora.  2016;
Venkateswaran
et al., 2019)

OSSN IFN-a2b Topical Pain, epiphora, blurred (Kaliki et al.,
(Immunotherapeutic vision, hyperemia. 2019;
agent) Venkateswaran

et al., 2019)

OSSN IFN-a2b Subconjunctival Flu-like symptoms. (Kaliki et al.,

2019; Naniji et
al., 2014)

BCC Imiquimod Topical Conjunctivitis, keratitis (Garcia-Martin
(Immunotherapeutic foreign body sensation, et al., 2011,
agent) discomfort, irritation. Macedo et al.,

2015)

VRL Methotrexate (folate Intravitreal Keratopathy. (Kvopka et al.,

antimetabolite) 2020;
Vishnevskia-Dai
et al., 2020)

OSSN: ocular surface squamous neoplasia, BCC: basal cell carcinoma, RB: retinoblastoma, VRL: vitreoretinal

lymphoma.

17



2.4. Nanotechnologies for potential application in the management of ocular

tumours

Nanomedicine defines the employment of nanotechnology in the delivery of medicines
or therapeutics for the prevention, treatment, or imaging. Nano-based drug delivery
systems offer several attractive features namely, enhanced drug solubility and
stability, reduced toxicity, enhanced bioavailability, and ultimately enhance therapeutic
efficacy (Meng et al., 2019; Parhi et al., 2012). Furthermore, they protect the contained
drug cargo from degradation, while improving site specific targeting through the
manipulation of size, payload, shape and surface topographies (Longmire et al., 2011,
Ogier et al., 2009). For instance, size and surface charge of nanoparticles (NPs) play
a key role in their penetration through ocular barriers. To avoid the foreign body
sensation of topically applied NPs the size of the drug loaded NPs should be less than
10 pm (Imperiale et al., 2018). The cornea and conjunctiva are negatively charged,
topical applied cationic NPs will penetrate the ocular surface effectively due to the
electrical attraction allowing a longer residence time of the NPs loaded drug (Akhter
et al., 2016). Chaw et al. (2021) examined the effect of size and charge on the
accumulation of liposomes in different ocular tissue following subconjunctival injection.
Cationic liposomes with micro-size act as a depot at subconjunctival
space/conjunctiva/sclera providing sustain release; whereas negatively charged,
neutral and small liposomes (< 250 nm) were detected in the corneal periphery/limbus
prior to their clearance (Chaw et al., 2021). Ban et al. (2017) proved that lipid NPs
modified with positively charged chitosan increased the bioavailability of
dexamethasone, through enhancement of the retention and permeability into the
cornea, compared to the unmodified lipid NPs (Ban et al., 2017). Similarly, Tseng et
al. (2013) demonstrated that positively charged gelatine NPs, of zeta potential about
+33 mV and size around 180 nm, can be efficiently retained on the cornea for a
prolonged time. The NPs showed wide distribution in rabbit corneal cryosection,
compared to free-drug formulation (Tseng et al., 2013). Additionally, molecules such
as folate (Suen and Chau, 2014) and hyaluronic acid (De la Fuente et al., 2008a) can
be attached to the surface of the NPs for targeted delivery. Nanocarriers can therefore,
be designed for target delivery of chemotherapeutics to the tumour, to achieve the
required therapeutic efficacy at the tumour site and cause less adverse effect to the

surrounding healthy tissues (Kanapathipillai et al., 2014). Nanocarriers that are
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commonly used in cancer treatment include carbon nanotubes, quantum dots,
micelles, nanoparticles, dendrimers (Nikzamir et al., 2021) and liposomes (Huang et
al., 2020; Jin et al., 2020). Figure 2.2 illustrates various nanocarriers available for
ocular delivery and their targeting ability. Advancements in the field of nanomedicine
present an opportunity to develop a nano-based delivery system to ensure the site-
specific targeting of ocular tumours. Table 2.2 summarises representative examples
of nanotechnology employed in the treatment of ocular tumours and their benefits

indicated.
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Figure 2.2 Schematic illustration of various nanocarriers and their targeting
capabilities. The symbols adjacent to the nanocarriers in each layer of the eye
represent the nanocarriers' capacity to target or permeate following topical application
(Gorantla et al., 2020).
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Table 2.2 Examples of nanotechnology applied for the management of ocular

tumours.
Formulation Polymeric Payload Target Function Reference
material
Nanoparticles PLA 5-FU OSSN Increased corneal (Nagarwal
residence & drug etal., 2012)
bioavailability
Nanopatrticle PLA/MNS 5-FU OSSN Increased retention, (Nagarwal
o sustain release & etal., 2011)
in-situ gel )
increased
bioavailability
Dendrimer PAMAM Carboplatin Retinoblastoma Increased half-life &  (Kang et al.,
drug bioavailability 2009)
reduced drug toxicity
& tumour mas
Dendrimer Porphyrin- Intraocular Effective & (Makky et
glycodendrimers  Concanavalin  tumours & enhanced targeting al., 2011)

A retinoblastoma  reduced toxicity

OSSN: ocular surface squamous neoplasia.

2.4.1. Passive targeting

Tumours and inflamed areas possess vasculatures that are characterized by
enhanced permeability and are leaky. This characteristic provides the means of
passage and accumulation of nanocarriers through the tumour tissue and
internalization under the influence of enhanced permeation effect (Siegler et al., 2016).
The enhanced permeability is further accompanied by the poor lymphatic drainage
around the tissue leading to enhanced retention of nanocarriers in the tumour cells.
The two phenomena are known collectively as the enhanced permeation and retention
(EPR) effect (Platt and Szoka, 2008). The process is referred to as “passive targeting
or accumulation” due to the lack of specific targeting ligand with the tumour cells
(Bozzuto and Molinari, 2015). The size of the nanocarriers contributes to the
internalization, whereby nanocarriers in the size range of 100-200nm will passively
target the sites. Nanocarriers with certain cut-off size will allow for long-circulation of
the carrier in blood circulation (Siegler et al., 2016). Achieving long-circulation times

using nanocarrier is attractive for attaining a high level of the drug in the blood for
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extended durations. Furthermore, the nanocarrier can gradually accumulate at
pathological tissue due to EPR effect or accumulate via a compromised filtration
mechanism enhancing drug's delivery to the targeted area (Torchilin, 2007). However,
as the size increases, the recognition and clearance by the reticuloendothelial system

becomes easier (Bozzuto and Molinari, 2015).

2.4.2. Active targeting
Active targeting is the modification of a nanocarrier with specific ligands for targeting

tumour site. The targeting ligands selectively binds to receptors overexpressed on
cancer cells to improve the therapeutic index of chemotherapeutic agents. The active
targeting will increase the selectivity of the agents to the cancer cells and reduce their
distribution and toxicity to healthy tissues (Jose et al., 2019). The nanocarriers are

conjugated with different ligands, for example, peptides, aptamers, antibodies and folic
acid (Tang et al., 2022). Figure 2.3 is an lllustration of passive and active targeting

delivery techniques into tumour cells.
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Figure 2.3 Graphic illustration of passive and active drug targeting strategies (Image

obtained with permission from (Navya et al., 2019).
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2.4.3. Liposomes

Liposomes are vesicular lipid-based drug delivery systems with sizes that range from
10 nm to 1 pum, and contains an internal aqueous core surrounded by lipid bilayer.
They have shown characteristics that renders them suitable for ocular drug delivery
namely, biodegradability and biocompatibility, and ability to entrap both lipophilic and
hydrophilic molecules. Additionally, liposomes enables the possibility of surface
modification for targeted delivery (Campardelli et al.,, 2018; Danaei et al., 2018).
Despite these laudable achievements, liposomes exhibit several limitations that
include their low encapsulation efficiency and drug loading, fast drug release,
instability of the final product, and sterilization difficulties (Hossen et al., 2019; Zhang
and Wang, 2009) Coating of liposomes with hydrophilic polymers such as polyethylene
glycol reduced opsonization and recognition by the reticuloendothelial system. The
use of antibodies and specific ligands on the surface of liposomes can be used for
targeted delivery to cancer cell. They have been employed for delivery to the anterior
and posterior segments of the eye. Wong et al. (2018) demonstrated that PEGylated
liposomal of triamcinolone acetonide phosphate formulation (applied as a single
subconjunctival injection) in comparison with steroidal eye drops prepared as
suspensions (applied four times per day). The subconjunctival formulation sustained
the anti-inflammatory response in the eye for at least one month. Additionally,
suppression of initial inflammation as a result of rapid build-up of therapeutic level
(Wong et al., 2018). Likewise, Feghhi et al. (2020) prepared a ciprofloxacin loaded
liposomal formulations with and without carbomer coating that were applied as eye
drops (Feghhi et al., 2020). The results demonstrated increased ciprofloxacin
concentration in the aqueous humor and vitreous after both liposomal applications.
The carbomer coating showed enhanced mucoadhesive properties and a higher drug
concentration in the aqueous and vitreous homers especially six hrs after
administration (Feghhi et al., 2020). Liposomal formulations in ocular delivery have
demonstrated their capacity to improve corneal retention and permeability, as well as
overall therapeutic efficacy. Furthermore, there is no evidence of ocular tissue

inflammation or toxicity.

To maximize the efficacy of liposomes for the delivery of chemotherapeutic in cancer
treatment, various challenges and restrictions must be overcome. Biological barriers;

liposome-related barriers (size, surface charge, morphology, payload design, and drug
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release); immune system barriers (liposomes-immune system interaction) (Beltran-
Gracia et al.,, 2019); tumour-related barriers (tumour interstitial fluid pressure);
vascular-related barriers EPR effect; and preclinical study challenges all play a critical
role in their in vivo performance (Moosavian et al., 2021). In preclinical studies, an
appropriate experimental model is crucial to establishing the efficacy of liposomal
formulations. It is advised to choose a suitable animal model, or better yet, models.
Despite the fact that mice models, subcutaneous models, and xenograft models have
been used in the preclinical evaluation of liposomes, they overestimate the EPR effect
in humans and are unable to effectively assess immune system reactions against
cancer cells or liposomal formulations. Allograft models may be a better option for
evaluating the efficacy of nanocarriers. These challenges have led to the failure of
various liposomal formulations in clinical trials, despite promising preclinical results

(Moosavian et al., 2021).

2.4.4. Lipid Nanoparticles

Lipid nanoparticles (LNPs) are classified as solid lipid nanoparticles (SLN),
nanostructured lipid carrier (NLC), lipid drug conjugate, and polymer-lipid hybrid
nanopatrticles. They are colloidal carriers in the submicron size range composed of
lipid matrix in an aqueous phase which is stabilized by surfactants (Doktorovova et al.,
2016). These colloidal carriers offer several advantages such as stability in the
reticuloendothelial system, sustained and/or controlled drug release, biocompatibility,
biodegradability, low toxicity, high drug loading capacity, and efficient targeting
(Ahmad et al., 2019; Wang et al., 2018). As ocular drug delivery systems they
enhanced pre-corneal residence time due to their mucoadhesive properties, and
increased bioavailability (Li et al., 2014). Additionally, LNPs offer the possibility for
large-scale production and the ease of sterilization by autoclaving (for heat stable
payloads) (Khames et al., 2019). In a recent study, Yavda et al. (2020) prepared
Atorvastatin loaded SLNs that were applied as eye drops. The formulation showed
higher levels of the drug in both the agueous and vitreous humour. Evidence of intact
fluorescein labelled SLN were detected in the intraocular tissue, possibly
demonstrating improved permeability and delivery. The formulation demonstrated in-
vitro, ex vivo and in vivo ocular safety, improved stability including photo stability, and

higher corneal flux 2.5-fold greater than free Atorvastatin (Yadav et al., 2020).
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The quick elimination of SLN by the reticuloendothelial system (RES) is one of its
limitations; another key concern during storage is the polymorphic transition of the
crystal structure, which leads to drug removal and decreased loading efficiency.
Furthermore, the transition generates a change in nanoparticle size and shape, which
triggers SLN destabilization and nanocarrier aggregation. To address these issues,
solid and liquid lipids have been used for the manufacture of NLCs in order to limit
polymorphic transitions and improve loading efficiency (Bayon-Cordero et al., 2019).
In cancer chemotherapy, the EPR effect varies depending on tumour type and status.
As a result, the use of active targeting in cancer therapy appears to be more prevalent
than passive targeting.

2.4.5. Polymer-based nanoparticles

Polymeric nanoparticles are colloidal particles with sizes ranging from10-1000 nm.
Drug can be loaded by attachment to matrix or dissolved within, encapsulated and
entrapped giving rise to adaptable drug delivery systems namely, nanoparticles,
nanospheres or nanocapsules (Nagarwal et al., 2009). Many of the polymers used are
biodegradable and biocompatible ranging from synthetic polymers such as poly (D, L-
lactide-co-glycolic acid) PLGA, poly (lactide) (PLA) to natural polymers such as
chitosan, alginate, and albumin (Tang et al., 2016; Vaneev et al., 2021). Polymeric
nanoparticles when compared to other nanocarriers are more stable, with tuneable
physiochemical properties, offering uniform particle size distribution, more controllable
and sustained drug release profile, and with higher encapsulation efficiency. These
unique features of polymeric nanoparticles make them highly desirable in cancer
therapy (Hu et al.,, 2010). Nagarwal et al. (2012) prepared 5-FU loaded in PLA
nanopatrticles for topical application. Figure 2.4 displays the in-vivo release of 5-FU
following application in an animal model (Nagarwal et al., 2012). The release of 5-FU
from the PLA nanoparticles and chitosan-coated PLA nanoparticles showed a higher
aqueous humour levels when compared to the free drug solution. The findings
demonstrated that the chitosan-coated nanoparticles maintained 5-FU release due to
chitosan's mucoadhesion capabilities arising from the interaction of the positively
charged chitosan and the negatively charged corneal surface. The formulation,
according to the findings, could be used to treat carcinoma of conjunctival/ corneal

squamous cells (Nagarwal et al., 2012).
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The primary concerns with polymeric nanopatrticles are related to nanoecotoxicology,
which refers to nanoparticle toxicity. First, the physiochemical properties of the
nanoparticles must be assessed before, during, and after biological experiments. The
second challenge is to provide an approach to test the toxicity of synthetic
nanoparticles induced on humans and other organisms upon consumption of food,
water, or air contaminated with nanomaterials. The third challenge is to select relevant

organisms that can be used in experiments (Zielinska et al., 2020).
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Figure 2.4 5-FU levels in the aqueous humour and vitreous humour after instillation
of a solution, PLA nanoparticles (PLA NPS), and chitosan-coated PLA nanoparticles
(CH-PLA NPS) (Image obtained and adapted with permission from (Nagarwal et al.,
2012).

2.4.6. Dendrimers

Dendrimers are monodispersed macromolecules with tree-like structures composed
of three parts: the central core, the branching units, and functional groups situated at
the surface of the dendritic structure (Kalomiraki et al., 2016). Dendrimers, as drug
delivery systems, offer unique characteristics due to their structure. They increase the
solubility of hydrophobic drugs, provide targeted and sustained delivery to the retina,
enhance corneal residence time, and act as effective as cornea adhesives following
cornea surgeries (Yavuz et al., 2013). Additionally, their amenability to chemical

conjugation or physical entrapment of drugs increases dug stability, and reduces drug
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toxicity (Huang and Wu, 2018). The dendrimer polyamidoamine (PAMAM) with -OH
and -COOH terminal functional groups is the most commonly used in ocular drug
delivery (Gote et al., 2019; Rodriguez Villanueva et al., 2016). PAMAM demonstrated
enhance corneal permeability, extended the residence time, and overall enhanced the
bioavailability of the dexamethasone (Souza et al., 2015). Dendrimer nanopatrticles
have been reported to effectively deliver carboplatin in the management of murine
transgenic retinoblastoma. A single subconjunctival injection decreased the tumour

burden with no toxic effects (Kang et al., 2009).

Dendrimers as drug delivery vehicles are challenged by safety concerns, and the
mechanisms underlying their toxicity are unknown. The cytotoxicity and hemolytic
toxicity of dendrimers are associated with their chemical composition, production,
concentration, surface functionality, exposure period, cell type, and cell medium
composition (Wu et al., 2015). The highest toxicity have been proven to impart by
cationic dendrimers (Chis et al., 2020). Dendrimers are rapidly cleared by the
reticuloendothelial system, hence lowering the uptake of chemotherapeutic agents.
Chemical modification with linear polymers and surface modification techniques are
utilised to reduce the toxicity associated with dendrimers and actively target cancer
cells (Santos et al., 2019). In a study Choi and co-workers prepared a conjugated 5
polyamidoamine (G5 PAMAM) dendrimers with fluorescein and folic acid creating
clustered molecules by linking them together using complementary DNA
oligonucleotides. The dendrimers were utilized to target cancer cells that over-express
the high-affinity folate receptor. In-vitro studies showed that the DNA-linked clusters
binds specifically to the human epidermoid carcinoma cell line that overexpresses
folate receptors and might be applied for cancer imaging and therapeutics (Choi et al.,
2005).

2.5. Potential targets in ocular tumours for active targeting

The fabrication or modification of nanocarriers with specific ligands to target ocular
tumour cells warrants further investigation, as various studies in the field of oncology
have proven efficacy in adopting an active targeting method. Transferrin, folate, and

peptide and protein receptors are all overexpressed in ocular malignancies.
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2.5.1. Transferrin as potential molecule target for nano-carrier systems

The single chain glycoprotein, transferrin (Tf), is widely used as a ligand in targeting
tumours expressing transferrin receptors. Transferrin receptors (TfRs) are
overexpressed in cancer cell as opposed to normal cells, and their expression can be
associated to the stage of tumour progression. The cellular uptake of Tf is receptor-
mediated endocytosis rendering this a potential pathway for targeted delivery of
therapeutic genes, anticancer agents, and protein delivery to cancer cells (Akhtar et
al., 2014). Several nanocarriers such as liposomes, nanoparticles (Kompella et al.,
2006), and dendrimers were used as transferrin conjugates and the end results
showed enhancement in the drug targeting selectivity and reduced toxicity (Qian et
al., 2002). Asasutjarit et al. (2020) designed a transferrin (Tf)-conjugated liposomes
loaded with ganciclovir for targeted delivery to the retina (Asasutjarit et al., 2020). The
retinal epithelial cells express transferrin receptors, and coupling transferrin to
liposomes increased Tf receptor-mediated endocytosis of ganciclovir-loaded
liposomes. The optimized Tf conjugated liposomes showed cell viability of 80-100%

against human retinal epithelial cells (Asasutjarit et al., 2020).

2.5.2. Hyaluronan (HA), Hyaluronate receptor (CD44), and HA-CD44 interaction

as possible targets for nano-carrier systems

Hyaluronan (HA) is a glycosaminoglycan, a structural component of extracellular
matrix (ECM). HA is an essential constituent of the cornea, and acts through its
receptor (CD44) in corneal and conjunctival epithelial cell regeneration (de la Fuente
et al., 2008b). CD44 is a trans-membrane glycoprotein involved in lymphocyte homing
and activation, cell migration, and tumour growth and metastasis. Immunostaining
revealed high density of the CD44 receptors in the corneal epithelium and
endothelium. Destructive processes distressing the corneal lead to an overexpression
of the receptor CD44 isotype arising from alternate splicing (Guter and Breunig, 2017).
Binding of HA to the CD44 receptor activates the cytoplasmic domain of CD44 which
recruits and activates several proteins signalling events such as ankyrin and merlin.
HA interaction with CD44 receptor activates several signalling pathways. This
pathways regulate cell survival, growth, migration and metastasis as well as promoting
chemo resistance (Chaudhry et al., 2021; Kesharwani et al., 2021). Targeting HA in
the matrix, targeting CD44 expressed on cancer cells, and interfering with HA-CD44
interaction are potential strategies for targeted delivery to cancer cells (Platt and
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Szoka, 2008). Strategies employed for HA targeting include the use of HA-based drug,
HA inhibitors, apoptosis induced by HA oligosaccharides, and hyaluronidases along
with chemotherapeutics (Akim et al., 2021). CD44 targeting strategies include
pharmacological and natural inhibitors, sSiRNAs, peptides, antibodies and HA-modified
nanocarriers (Hassn Mesrati et al., 2021). Radwan et al. (2021) designed a HA-coated,
Apatinib-loaded bovine serum albumin nanoparticle. The topically applied
nanoparticles were tested as a potential therapy for diabetic retinopathy. The
mucoadhesive properties of the HA and its binding to hyaluronan receptors on the
corneal epithelium extended the retention duration of the HA-coated nanoparticles.
Furthermore, the HA actively targeted the CD44 receptor on retinal cells, improving
Apatinib delivery (Radwan et al., 2021).

2.6. Stimuli-Responsive Approach

Polymeric materials have gained momentum in the field of drug delivery due to their
excellent properties (Besford et al., 2020). Most of the biomaterials used in drug
delivery systems are in “static regimens”, meaning a trigger is required for the drug to
be released from the system. The development of stimuli-responsive polymeric
systems for drug delivery derives from this concept. Stimuli-responsive polymers
respond to a slight change in the environment such as pH, temperature, and
electrolytes, etc. (Nguyen and Lai, 2020). The model of stimuli-sensitive platforms can
be exploited in cancer treatment in light of the biological difference between tumour
and normal cells (Torchilin, 2007). These stimulus-responsive platforms can be
exploited to initiate medication release and accumulation at the site of action, boosting

therapeutic efficacy while decreasing toxicity to healthy tissues.

2.6.1. pH-Responsive Drug Delivery

As a result of the high proliferation rates in cancer cells, there is a lack of oxygen and
nourishment, and the metabolism is shifted to anaerobic settings. Lactic acid is created
as a result of the acidic pH in the extracellular and intracellular environments caused
by adaptation. The acidic environment can be problematic for drug permeability, but it
can also be exploited for chemotherapeutic agent delivery using carriers activated in
an acidic environment (Tian and Bae, 2012). The targeting can be to extracellular
tumour tissues with a pH of 6.5-7, which is lower than healthy tissue with a pH of 7.4,
or to lysosomes upon drug carrier internalisation, which has a pH of 4.5-5 (Bawa et
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al., 2009). The acidic pH of tumours can be used to induce pH-dependent drug release
from the nanocarriers by either: (a) stimulating the internalization of nanocarrier by the
tumour cells or (b) destabilizing the structure of nanocarrier (Pérez-Herrero and
Fernandez-Medarde, 2021). Noreen et al. (2020) prepared a pH responsive in-situ gel
from sodium alginate and Terminalia arjuna gum for the delivery of moxifloxacin HCI
(Noreen et al., 2020). The optimized formulation provided sustained ocular release
through the enhancement of corneal retention and permeability resulting in an overall
enhanced bioavailability of the moxifloxacin hydro chloride. Alruwaili et al. (2020)
prepared a stimulus-responsive chitosan nanoparticles loaded with gentamycin. The
optimized chitosan NPs were further converted into a pH-sensitive in-situ gel using
Carbopol®. The system provided a sustained release profile, enhanced corneal
permeation, and displayed higher antimicrobial activity compared to the marketed eye
drop (Alruwaili et al., 2020). Poly(beta-aminoesters) are pH-responsive polymers that
have been used for protein, peptide, antimicrobial, and chemotherapeutic drug
delivery. Nanocarriers derived from PBAE extend the circulation of chemotherapeutic
drugs, restrict their exposure to normal cells, and release their payload in a controlled

manner in the acidic tumour microenvironment.

2.6.2. Temperature-Responsive Drug Delivery

The tumour microenvironment is slightly hyperthermic, 1-2°C greater than healthy
tissue (Taghizadeh et al., 2015). This feature can be exploited for tumour targeting
through the use of thermo-responsive polymers. Thermo-responsive polymers
transition to a soluble or insoluble state depending on the temperature to which they
are subjected. The polymers transition to an insoluble state at the lower critical solution
temperature (LCST), whereas they shift to a soluble state at the upper critical solution
temperature (UCST) (Bawa et al., 2009). In situ hydrogels are an example of stimuli-
responsive systems that remain as solutions at room temperatures but rapidly
transition to gels in the cul-de-sac of the eye (at body temperature) enabling a gradual
release of the drug from the hydrogel (Lynch et al., 2020; Makwana et al., 2016). The
ocular bioavailability is consequently enhanced, with the concomitant attendant
reduction in dosing frequency and side effects ultimately improving patient compliance
(Wu et al., 2019). Notwithstanding these advantages, hydrogels are limited by low drug
loading capacity especially for hydrophobic drugs, early dissolution of the hydrogel
and subsequent rapid drug release (Hoare and Kohane, 2008). The inclusion of
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nanoparticles into the in situ hydrogel may solve some of these shortcomings. The
combination of these two platforms can act in the delivery of the payload to the
intended site efficiently, whereby the hydrogel acts as a mucoadhesive matrix for the
nanocarriers reducing their rapid clearance from the eyes and the nanocarriers
enhances the drug loading capacity. The nanocarrier in-situ hydrogel composite will
therefore offer a synergistic effect in the delivery of therapeutics (Wu et al., 2019).
Nagarwal and colleagues reported the loading of 5-FU into a modified nano in-situ gel
(MNS) (Nagarwal et al., 2011). The MNS demonstrated a diffusion-controlled release
with an initial burst release and the potential for usage in ocular tumours. Figure 2.5
displays the in vivo release from 5-FU solution, PLA nanoparticles, and the MNS. In
aqueous humour, the MNS resulted in a greater maximum concentration and area
under the curve. The MNS's higher retention time was responsible for the high 5-FU
levels in the aqueous humour, which corresponded to a sustained release and
improved bioavailability. The system proved its potential as a candidate for the delivery

of 5-FU in conjunctival/corneal squamous cell carcinoma (Nagarwal et al., 2011).
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Figure 2.5 In-vitro levels of 5-FU in the aqueous humour following administration of
the MNS, PLA nanoparticles and 5-FU solution (Image obtained with permission from
(Nagarwal et al., 2011).

2.6.3. Enzyme- responsive drug delivery

The tumour microenvironment is characterized by the change in enzyme regulation

and expression, some ocular enzymes include hyaluronidase, lysozymes and
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esterase and matrix metalloproteinase (MMPs) (Dludla et al., 2022). Enzyme-
responsive drug delivery systems are based on smart polymers that are triggered by
enzymes present in the tumour extracellular environment resulting in drug release
(Taghizadeh et al., 2015). The enzyme-responsive release employs two techniques.
The first is based on a polymer that is an enzyme substrate and experiences physical
and chemical changes in the tumour microenvironment due to the catalytic action of a
specific enzyme. The second method employs a polymer that experiences an internal
macroscopic transition, causing the carrier to become unstable and the loaded
medicine to be released (Karimi et al., 2016). Grimaudo et al. 2018, created mixed
micelles based on poloxamer 407/D-a-tocopheryl polyethylene glycol 1000 succinate
(TPGS) for the administration of cyclosporine for the therapy of dry eye disease,
uveitis, and other ocular disorders (Grimaudo et al., 2018). Poloxamer and TPGS
improved cyclosporine solubility and permeability and lengthened the retention time
on the ocular surface. TPGS is a substrate of the esterase enzyme reported to be
prevalent in ocular tissues. The enzyme-stimulated release was mediated by TPGS
hydrolysis, resulting in the dissolution of the self-assembled micelles and the release
of cyclosporine. TPGS is hydrolysed into vitamin E and vitamin E succinate, which are
advantageous antioxidants for ocular disorders and support the therapeutic efficacy of
cyclosporine (Grimaudo et al., 2018). Yu and colleagues developed activatable protein
nanoparticles (APNPs) to enhance the transport of the therapeutic peptide Melittin
(Mel) (Yu et al., 2018). The APNPs are composed of three polypeptides that self-
assemble and are activated by protease, which is overexpressed in the tumour
microenvironment. APNPs allowed for targeted delivery, extended circulation, and
lower systemic toxicity. Mel-APNPs were created using a substrate of MMP. The Mel-
APNPs were tested in tumour-bearing mice. When compared to free Mel, the Mel-
APNPs suppressed cancer progress with less toxicity. A transferrin receptor target,
was also built on Mel-APNPs and tagged as TfR-Mel-APNPs. The in vivo studies

concluded that targeted delivery improves Mel's anticancer efficacy (Yu et al., 2018).

2.6.4. ROS- responsive drug delivery

Reactive oxygen species (ROS) are oxygen-containing molecular species essential
for biological functions. The ROS include hydroxyl radical (*OH), hydrogen peroxide
(H202), singlet oxygen (*O2) and superoxide (O2¢), etc. (Trachootham et al., 2009).

The cancer cells increased oxidative stress modifies ROS generation, resulting in
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significantly higher levels in the intracellular and tissue milieu of tumour cells than in
healthy tissues (Pelicano et al., 2004; Xu et al., 2017). As a result, ROS-responsive
polymers can be employed for site-specific delivery in the cancer microenvironment.
Among the ROS-sensitive polymers used for therapeutic delivery are selenium,
thioether, thioketal, boronic acid, etc. (Liang and Liu, 2016; Lin et al., 2021). The
mechanism of drug release from ROS-responsive carriers includes ROS-induced
carrier cleavage or induction of carrier disintegration by modifying the solubility and
induction of cleavage of the carrier-drug linker (Liang and Liu, 2016). Tavazzi and
colleagues created an H202-responsive contact lens designed for prolonged delivery
(Tavazzi et al., 2014). The induction of H202 was not caused by a pathophysiological
state but rather by the conversion of mechanical energy to chemical energy. When the
siloxane-hydrogel contact lenses were subjected to the pressure created by eyelid
movement, the mechanical energy cleaved of the siloxane bonds, resulting in the
formation of H202. The hydrogen peroxide concentration produced was biocompatible
and suitable to trigger the drug release from the H202-responsive platform (Tavazzi et
al., 2014). As an example for the use in cancer treatment, Du et al. (2019) created a
range of novel liposomes based on thioether phosphatidylcholines for ROS-
responsive drug release in tumour cells. Doxorubicin (DOX) was used as a model
drug; when exposed to ROS, the hydrophobic thioethers transform into hydrophilic
sulfones or sulfoxides (Du et al., 2019). The transition breaks the structure of the
liposomes, causing the loaded DOX to be released. In vitro and in vivo anticancer
activity assays show that ROS-responsive liposomes have higher therapeutic efficacy
than free DOX and standard liposomes. The elevated ROS levels in the tumour
microenvironment caused the carrier to degrade quickly, triggering the DOX release
(Du et al., 2019). Further research into ROS-responsive drug delivery systems in the
field of ocular delivery is required. Du et al.'s findings could be used as a starting point
since tumour microenvironments are comparable with high ROS and enhanced
permeation and retention effects. Furthermore, liposomes have been used
successfully for ocular delivery, implying that ROS-responsive platforms could be used

for ocular tumour administration.

2.7. Futurerecommendations and conclusion

The current challenge in ocular drug delivery is the design of a system that encloses
and carries the drug load through multiple physiological barriers to the targeted site
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and achieve the desired therapeutic effect. The field of nanomedicine has developed
significantly in the last decade, and research into the management of ocular tumours
is not as sparse. The development of nanotechnology for ocular delivery is showing
potential as site specific drug delivery systems, particularly when combined with bio-
adhesive materials. The available technologies and overabundance of polymeric
materials renders it a possibility to produce an ocular drug delivery system that is site-
specific, stable, and safe for the management of ocular tumours. Strategies for
improving therapeutic targeting rely heavily on an in-depth knowledge of the
biochemical variations between cancer and healthy cells, as well as the availability of
therapeutic drugs that target cell processes that are critical for cancer cells but not
necessary for normal cells. The design and development of drug delivery systems
triggered by the local microenvironment is a cutting-edge approach increasingly being
employed in nanomedicine. Intracellular tumour biomarkers could be used to identify
disease locations and trigger a controlled drug release, resulting in improved
therapeutic efficacy and reduced toxicity. A better understanding of the ocular tumour
microenvironment and their specific biomarker is expected to further enhance the
targeting. The major limitation of the use of nanocatrriers is their quick elimination by
the reticuloendothelial system, the biological barriers, and nanoecotoxicology. The use
of antibodies and specific ligands on the surface of nanocarriers can be used for
targeted delivery to cancer cell. Furthermore, the loading of nanocarriers into in situ
gelling systems that act as matrix for the nanocarriers will reduce their rapid clearance
and upon their diffusion the active targeting ligands will release the payload in a site-
specific manner. Future research might focus on ligand coupling of multiple types for

higher-sensitivity malignant lesion detection.
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Chapter Three
A pH-responsive poly beta-amino ester nanoparticulate thermo-responsive
PEG-PCL-PEG hydrogel for the delivery of interferon alphato the ocular

surface

3.1. Introduction

The management of ocular tumours is mainly through surgery, cryotherapy,
radiotherapy, chemotherapy, and immunotherapy (Pe’er, 2015). The first line
treatment involves surgical excision employing a no-touch technique with adjuvant
cryotherapy (Venkateswaran et al., 2019). However, these strategies are fraught with
challenges such as high recurrence rate, vision-threatening side effects (limbal stem
cells deficiency, corneal oedema etc.) (Nanji et al., 2013). Additionally, topically
applied chemotherapy, which is usually presented as eye drops, is faced with
decreased patient compliance, due to the dosing regimen. As a result, immunotherapy
using IFN-a2b, is important in the management of ocular surface tumours. IFN-a2b is
a cytokine produced in the body with antiviral, antiproliferative, antitumour, and
immunomodulatory activities and has been used in management of other types of
cancer including malignant melanoma, hairy cell leukaemia, follicular non-Hodgkin’s
lymphoma and AIDS-related sarcoma (Park et al., 2022; Pestka et al., 2004). The
antitumor effect of IFN-a2b is mediated by the JAK-STAT and signal transduction
pathways. Cancer cell growth suppression is via cell cycle arrest and apoptosis is
regulated by this mechanism. Furthermore, IFN-a2b operates by inhibiting
angiogenesis, activating immune cells such as T cells and natural killer cells, and
inducing cytokines (Asmana Ningrum, 2014). Application of IFNa-2b is through doses
of 1-3 million IU/mL as subconjunctival/perilesional injection/s applied at a single or
multiple sites, or via topical application (Galor et al., 2010; Karp et al., 2010).
Subconjunctival injections can be safely administered with relative ease and without
the need for sophisticated equipment in the clinical setting. However, systemic flu-like
symptoms including mild fever and myalgia are common in most patients but are
considered mild and well tolerated (Karp et al., 2010). Immunotherapy with IFNa-2b is
hindered by its macromolecule size, hydrophilicity, rapid clearance, and degradation
at low pH in the tumour microenvironment. Rapid clearance necessitates the
administration of high doses, resulting in unwanted complications (Beilharz et al.,

2010; Feczko et al., 2016). Multiple approaches have been investigated for the
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delivery of interferons, including coupling of proteins or polymers (e.g. PEG),
nanoparticles, microspheres, and hydrogels (Fodor-Kardos et al., 2020; Gulia et al.,
2014; Kristo et al., 2020). Pegylated interferon (PEGIFN)-a-2b has been investigated
as an approach to limit the rapid clearance of IFN-a2b by the reticuloendothelial
system (RES) and reduce immunogenicity (Mehvar, 2000); unfortunately, this is very
expensive and complex. Therefore, there remains a need for a simple approach for
site-specific and sustained delivery of immunotherapy for the management of ocular

malignancies.

The design of a delivery system for immunotherapeutic agents can incorporate specific
polymers or ligands to target specialized characteristics displayed by the tumour
microenvironment and/or cells of interest for directed delivery of therapeutic agents
(Navya et al., 2019). These characteristics include enhanced permeation and retention
(EPR) effect, acidic pH of tumour cells, and overexpressed receptors, which are
identified on the surface of tumours and known as the “hallmark” of tumours (Kakde
et al., 2011). The acidic pH of extracellular tumour is an important characteristic that
can be employed for controlled delivery; the pH is within a range of 6.0-7.0, whereas
the extracellular pH for normal cells is at 7.4 (Dai et al., 2017). These unique features
render it possible to design a platform that protects the bioactive at this pH and

releases it in a sustained manner at the tumour sites.

PECE is an amphiphilic copolymer, with poly caprolactone (PCL) as the hydrophobic
block and polyethylene glycol as the hydrophilic block. Both PCL and PEG are FDA-
approved polymers that have been employed in several formulations due to their
biodegradability and biocompatibility (Gong et al., 2009b). Poly (beta amino esters)
(PBAE) are a class of copolymers that are cationic in nature, therefore considered
appropriate for intracellular delivery of therapeutic genes, proteins, peptides, and
anticancer drugs. They offer several advantageous characteristics including low
toxicity, biodegradability, efficient cell uptake and facilitate the escape of the cargo
from the endolysosomal system owing to their high buffer capacity (Song et al., 2012).
The highly positive charge of PBAEs leads to rapid hydrolysis in physiological
conditions rendering the NPs unstable in blood (An et al., 2016). PBAEs are
synthesised through Michael addition polymerisation of diacrylate esters and primary
amines monomer. Modification of the polymers through conjugation with poly(ethylene

glycol) or surface modification with polyelectrolyte can minimize the poor stability and
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enhance functionality. Previous reports have concluded that surface-modification of
PBAE-NPs with HA leads to an enhanced cytotoxicity effect of DOX and prolonged in
vivo circulation and stability of the NPs (An et al., 2016). Gupta and group reported the
conjugation of PBAEs with mPEGA, the stability and release were enhanced by the

applied modification of the PBAEs polymer (Gupta et al., 2015).

Aiming to overcome the drawbacks of subconjunctival or perilesional injection of IFN-
a2b, the present research proposes the preparation of pH-responsive NPs loaded into
a thermo-responsive in-situ hydrogel, designed for site-specific ocular delivery of IFN-
a2b. The IFN-a2b was encapsulated into poly(beta amino ester) nanoparticles (PBAE-
NPs) and suspended in a poly(ethylene glycol)-poly(caprolactone)-poly(ethylene
glycol) hydrogel PECE. The nanoparticles embedded PECE hydrogel matrix with its
core-shell structure is expected to enclose the bioactive protecting it from the cursive
environment and prolong the release pathway. The system is proposed to display both
pH- and thermo-responsive behaviour, gelling following injection into the
subconjunctival space of the eye, and release of IFNa-2b in a controlled, sustained

manner.
3.2. Materials and methods

3.2.1. Materials

1,4-Butanediol diacrylate (BDDA, Mwt=198.22), poly(ethylene glycol) methyl ether
acrylate (mMPEGA, Mwt=480), 3-Amino-1-propanol (3AP, Mwt=75.11), poly(ethylene
glycol) methyl ether (MPEG, Mn=550), €-caprolactone (E-CL, Mwt=114.14), stannous
octoate (Sn(Oct)2), and 1,6-hexamethylene diisocyanate (HMDI) were purchased
from Sigma Aldrich (St Louis, MO, USA). Human retinal pigment epithelial cells
(HRPE) were obtained from ATCC (Manassas, VA, USA), 3-(4, 5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) were purchased from Sigma Aldrich (St
Louis, MO, USA). Dulbecco’s modified Eagle medium mixture with Ham’s (DMEM
F12), Rhodamine phalloidin (RP), DAPI stain, and enzyme-linked immunosorbent
assay kit (ELISA) catalogue no BMS216 were purchased from Thermofisher (Vienna,
Austria). All other reagents and solvents used were of analytical grade and used as

received.
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3.2.2. Methods
3.2.2.1. Synthesis and purification of PEG-PCL-PEG triblock copolymer

The di-block polymer PEG-PCL was synthesised through ring opening polymerisation
of E-CL using mPEG as a macro-initiator and stannous octoate Sn(Oct): as a catalyst
while the triblock copolymer PEG-PCL-PEG was synthesis by using HMDI as a
coupling agent as shown in Figure 3.1, as previously described by Gong et al. (2009a).
Briefly, 10.67 mL (0.01 mol) of €-CL, 5 mL (0.01 mol) of mPEG and 0.5% “/w of
Sn(Oct)2 were transferred, under nitrogen, to a three necked round bottom flask
mounted on a magnetic stirrer. The reaction was allowed to proceed at 130°C for 12
hrs. Thereafter, the HMDI was added to the reaction flask at 80°C and the reaction
continued for 6 hrs. The resulting copolymer mixture was cooled to room temperature,
dissolved in dichloromethane (DCM), and subsequently precipitated using petroleum

ether. The precipitate was dried under vacuum at room temperature to a constant

weight (Gong et al., 2009a).
0
H,C OH

n

kS

(¢ OH
HsC n\ 0 m

(o] 0

0
Hscfo\/lr(oj\/\/\%?‘c/\nWH/\g’SW\)LO);(\/O\)CHs

Figure 3.1 Synthetic scheme of PEG-PCL-PEG triblock copolymer.

3.2.2.2. Synthesis of poly (beta-amino ester) copolymer

The poly(beta-amino ester) (PBAE) copolymer was synthesised via Michael addition
polymerisation as shown in Figure 3.2, from predetermined amounts of 3AP, BDDA,

and mPEGA (Liu et al., 2019; Lynn and Langer, 2000). Briefly, predetermined ratios
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of 3AP and BDDA were transferred into glass vials containing 5 mL of tetrahydrofuran
(THF) to dissolve the mixture. Thereafter, the mixture was transferred to a three-neck
round bottom flask containing a solution of mMPEGA in 5 mL THF. The reaction flask
was mounted on a magnetic stirrer, under nitrogen; the reaction was allowed to
proceed at 50°C for 48 hrs. The resulting copolymer mixture was cooled to room
temperature, precipitated using a large excess of cold diethyl ether, and dried under

vacuum at room temperature to a constant Weight.
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Figure 3.2 Synthetic scheme of PBAE copolymer.

3.2.2.3. Preparation of nanoparticles via the solvent evaporation method

Poly(beta-amino ester) nanoparticles (PBAE-NPs) were prepared using the solvent
evaporation approach (Shen et al., 2009). Briefly, 20 mg of the PBAE copolymer was
dissolved in 2 mL of acetone. IFN-a2b aqueous solution (200 uL; 1 ng/mL) was added
to the organic phase, and the two phases stirred for 30s. This mixture was added
dropwise to 5 mL 1% “/w aqueous Span® 20 solution and stirred at 500 rpm for 3 hrs
to evaporate the acetone. The dispersed IFN-a2b NPs were stored at -20°C for further

analysis. The same procedure applied for preparation of the unloaded PBAE-NPs.
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3.2.2.4. Preparation of the PECE hydrogel and NP loaded /PECE hydrogel

The PECE hydrogel was prepared by dissolving the required amount of PECE in
deionized water. Thereafter the mixture was heated in a water bath at 55°C for 2 min
and cooled, under stirring, in an ice bath to 0°C for 10 min. The NP-loaded PECE
hydrogels NP/PECE were prepared by adding the required amount of the NPs into the
PECE solution under stirring. The percentage of the NPs in the NP/PECE composite
was expressed as the mass ratio of the NPs (Wnps) to the total mass of the solid
component (Wnps + Wpece). The IFNPH were prepared by adding the IFN-a2b loaded
NPs to the PECE hydrogel solution with stirring.

3.2.2.5. Fourier transform infrared spectroscopy (FTIR)

The functional groups appearing as a result of molecular transitions in the structures
of the copolymers and their starting materials were recorded using Fourier-transform
infrared (FTIR) spectroscopy using a spectrophotometer (PerkinElmer Spectrum 100,
Beaconsfield, United Kingdom). FTIR spectra scans were obtained in the region of

4000-650 cm-1 with a resolution of 4 cm™1.

3.2.2.6. 'H-Nuclear Magnetic Resonance analysis

'H-nuclear magnetic resonance (*H-NMR) analysis was undertaken using a 400 MHz
spectrometer (300, Bruker, Switzerland) and deuterated chloroform (CDCl3) as a

solvent to confirm the synthesis of the copolymers.

3.2.2.7. X-ray powder diffraction (XRPD) analysis

The degree of crystallinity of the lyophilized PECE copolymer, PECE-1 and PECE-2
were analyzed using XRPD spectra (Rigaku MiniFlex 600, Tokyo, Japan). The 20 scan
from 30-90°C was selected at a scanning rate of 10°/min to determine the

diffractogram of the samples.

3.2.2.8. Differential scanning calorimetry (DSC)

The thermal behaviour of PECE copolymer, PECE-1 and PECE-2 (refers to 25%
PECE hydrogel and PBAE-NPs/ 25% PECE, respectively) were analyzed employing
a differential scanning calorimeter (DSC) (Mettler Toledo, Greifensee, Switzerland)
equipped with STARe SW software. The lyophilised samples were weighed and
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placed into aluminium crucibles. The samples were subjected to a heating cycle from
0-70°C and cooled from 70 to 0°C with a heating rate of 3°C/min under the flow of

nitrogen.

3.2.2.9. Thermogravimetric (TGA) analysis

The thermal degradation of PECE copolymer, PECE-1 and PECE-2 was analysed
using a thermogravimetric analyser (TGA) (PerkinElmer, TGA 4000, Llantrisant,
Wales, UK). The lyophilized samples were subjected to a heating gradient from 30-

900°C with a heating rate of 10°C/min under the flow of nitrogen.

3.2.2.10. Particle size distribution, polydispersity index (PDI), and zeta potential
analysis

The dimensions of the unloaded and loaded NPs were measured by dynamic light

scattering (DLS) using a Malvern ZetaSizer Nano ZS (Malvern Instruments Ltd.,

Worcestershire, UK) at 25°C. The particle size, zeta potential and PDI were measured

in disposable cuvettes. Sample measurements were conducted in triplicate, and the

mean value was reported accordingly.

3.2.2.11. Evaluation of drug entrapment efficiency of IFN-a2b loaded
nanoparticles

The encapsulation efficiency (EE) of IFN-a2b in the nanoparticles was measured
indirectly. The loaded nanoparticle suspension (2 mL), were centrifuged for 25 min at
30,000g. The concentration of IFN-a2b in the supernatant was measured using an
ELISA kit (catalog no BMS216), the assay was carried out in accordance with the
manufacturer's instructions. The absorbance was measured at 450 nm as the primary
wavelength, 620 nm as reference wavelength using a Victor 30X plate reader
(PerkinElmer, Biocompare, San Francisco, USA). The procedure was conducted to
determine the percentage encapsulation efficiency (% EE) via the Equation 3.1.

Total quantity of IFNa2b - Quantity of free IFN—a2b %

% EE= ,
Total quantity of IFN—x2b
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3.2.2.12. Morphological analysis
Transmission electron microscopy

High Resolution Transmission Electron Microscopy (TEM) (version TECNAIF3OST-
TEM software) was employed for the imaging of the PBAE-NPs. The nanoparticle
suspension was drop-cast on a carbon-coated copper grid. Samples were allowed a
5 min contact time before removing the excess nanoparticles suspension using filter
paper. Finally, air-drying of the samples was allowed overnight at 25°C before

observation under the microscope.

Scanning electron microscopy (SEM)

The surface morphology of the prepared PBAE-NPs, PECE-1, and PECE-2 were
studied using the SEM analysis (SIGMA VP, Zeiss Electron Microscopy, Carl Zeiss
Microscopy Ltd; Cambridge, UK). A drop of the samples were placed on aluminium
stubs and allowed to dry. These were subsequently sputter-coated with palladium gold
prior to SEM imaging.

3.2.2.13. Porositometric and surface topography analysis

The surface area, pore size and pore volume were analysed employing the Brunauer—
Emmett—Teller (BET) theory and the Barrett, Joyner and Halenda model (BJH).
Lyophilized samples of PECE copolymer, PECE hydrogel and NPs/PECE were
analysed using a Porositometric analyzer (Micromeritics ASAP 2020, Norcross, GA,
USA). A sample weight of (0.1-0.3 g) was transferred to a sample tube and degassed.
Thereafter, the sample tube was transferred to the analysis port for determination of
the surface area, pore volume and pore size in accordance with the BET and BJH
models. The analysis was conducted under an evacuation rate of 50 mm Hg/s with a
temperature rate of 10°C, target temperature of 40°C and hold temperature at 30°C

for 900 min under nitrogen.

3.2.2.14. Rheological characterisation of the hydrogels

The physico-mechanical properties of the PECE hydrogel as a function of temperature
were evaluated using rheometer (Haake Modular Advanced Rheometer System,
Thermo Fisher Scientific, Germany). For each hydrogel sample, an appropriate

volume was loaded between the two parallel plates of the Rheometer with steel cone-
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plate geometry of (35 mm, with gap distance of 0.052 mm). In oscillatory mode the
(Tsol-gel) Of the formulations was measured employing the temperature ramp analysis.
The experiment was performed within a range of 20°C to 50°C at a constant frequency
of (1.0Hz) and a heating rate of 1°C/m. The storage modulus (G') and the loss modulus
(G") were calculated using the RheoWin 480,00 (Haake®) software. The oscillatory
stress sweeps were performed at a range from (0,07 to 200 Pa) at a constant

frequency of (1.0Hz).

3.2.2.15. Syringeability of the hydrogels

The injectability of the hydrogels was investigated using a texture analyser (Stable
Micro System TA-XT2, Surrey, UK). The tests were performed in compression mode
using 21 G needles. The syringe was placed in a holder perpendicularly with the
needle downward. A cylinder probe (P/50 R) was lined to the surface area of the
plunger plate to extrude the hydrogel from the syringe. The test was conducted at a
speed of 1 mm/s for a distance of 20 mm. The maximum force used to extrude the

content of the syringe out was recorded (Cilurzo et al., 2011; Zhang et al., 2018).

3.2.2.16. In vitro release analysis of IFN-a2b from IFNPs and IFNPH

Interferon alpha release from IFN-a2b loaded PBAE-NPs (IFNPs) and IFN-a2b nano-
embedded PECE hydrogel (IFNPH) was determined in phosphate buffer saline (PBS)
at different pH values (6.6 and 7.4) simulating tumour pH and normal physiological
conditions, respectively, with 0.02% Tween 80. The surfactant was added to prevent
adsorption of IFN-a2b to the surface of the container. Briefly, the 2 mL of the IFNP
suspension was transferred directly into the release medium. At specific time intervals
(1, 2, 4, 8,12 and 24 hrs), a 200 pL sample was withdrawn for analysis and replaced
with an equivalent amount of pre-warmed release medium to maintain sink conditions.
Release from IFNPH was conducted as follows: 0.5 mL of the precursor polymer
solutions was transferred and pre-heated at 37°C for a few minutes for hydrogel
formation and immersed thereafter within the release medium. At specific time
intervals (1, 3, 7, 12, up to 14 days), 200 uL samples were withdrawn for analysis and
replaced with an equivalent amount of pre-warmed release medium to maintain sink
conditions. The vials were placed in a thermostatically-controlled orbital shaking
incubator (type LM-530, Yihder Technology Co., LTD.) set at 25 rpm at 37 = 1°C.

Samples were centrifuged at 13000 rpm for 10 min, the supernatant was analysed for
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IFN-a2b release using an ELISA kit, measured at 450 nm, and reference wavelength
of 620 nm using a Victor 30X plate reader (PerkinElmer, Biocompare, San Francisco,
USA). The quantity of IFNa-2b release was calculated from a standard linear curve of
IFN-a2b in PBS (pH 7.4), refer to Appendix A.

3.2.2.17. Degradation analysis of formulations

Hydrogel degradation studies were performed under simulated in vitro conditions.
Samples of PBAE-NP embedded into PECE hydrogels (NPH) were prepared by
weighing 6 g of each sample into vials containing 5 mL PBS pH (6.6 and 7.4), which
were placed in an orbital shaking incubator maintained at 37°C set at 50 rpm. The
degree of degradation was measured at 1, 3, 7 and 14 days via measurement of the
transitions in sample mass. Excess fluid was removed, and the samples weighed and
left to air dry for 72 hrs to ensure complete removal of moisture before obtaining the
second weight to determine the eroded mass. The percentage of degradation was
subsequently measured using Equation 3.2.

% Degradation = % X100 ..ooiiineiiinnn (3.2)

i

Where W: represents the mass of the dried samples at the different time points, Wi

represents the initial mass of the samples at the different time points.

3.2.2.18. In vitro cytotoxicity analysis

The cell viability and cyto-compatibility of IFN-a2b, PBAE-NPs, PECE-1 and IFNPH in
a primary Human retinal pigment epithelial cell line (HRPE) was evaluated using a 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) cell viability assay.
The cells were maintained in culture medium DMEM/ Hams F12 (1:1) supplemented
with 10% fetal bovine serum albumin (FBS) and 1% penicillin-streptomycin, the
culturing condition was 95% humidity, 5% CO2 at 37°C. The growth medium was
replaced every 48 hrs with fresh medium until the cells reached ~80-90% confluence.
The HRPE were seeded in 96-well plates with a seeding density of 1 x 10° cells/well.
After 24 hrs, the cells were treated with PECE hydrogel, NPs, IFN-a2b and IFNPH in
concentration range of (0-1000 pug/mL) in triplicates. Samples of the IFN-a2b, PBAE-
NPs, PECE and IFNPH were sterilized by UV light prior to analysis. The hydrogel
samples PECE-1 and IFNPH were placed in 1.5 mL centrifuge tubes covered by the
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culture medium and incubated in an orbital shaking incubator-horizontal (type LM-530,
Yihder Technology Co., LTD.) set at 25 rpm for 7 days at 37°C. A volume of 200 pL of
the medium was sampled and used to treat the cells. Following 24 and 48hrs of
treating, 10 pL of MTT reagent (Merck, Darmstadt, Germany) was added, followed by
4hrs incubation at 37°C. Thereafter, 100 pL of the solubilising buffer was added to
dissolve the formazan crystals. The culture medium and 5% v/» DMSO served as the
negative and positive controls, respectively, and the untreated wells served as the
blank. The absorbance of the developed purple crystals was measured at 570 nm
using a Victor 30X plate reader (PerkinElmer, Biocompare, San-Francisco, USA). The
percentage cell viability was subsequently measured using Equation 3.3.

% Cell viability = —sample™blank o 10 ... (3.3)

control™ Ablank

Where Asample represents the absorbance of the cells incubated with the different
samples, Aniank absorbance of the cells in the absence of treatment and Acontrol IS the

absorbance in the cells treated with the culture medium alone.

3.2.2.19. Assessment of bioactivity of the released IFNa-2b from IFNPH

The bioactivity of the released IFNa-2b was determined by the antiproliferative effect
on a A172 glioblastoma cell line. The Human cells were maintained in DMEM culture
medium supplemented with 10% fetal bovine serum albumin (FBS) and 1% penicillin
-streptomycin, the culturing condition was 95% humidity, 5% CO2 at 37°C. The growth
medium was replaced every 48 hrs with fresh medium until the cells reached ~80-90%
confluence. The A172 were seeded in 96-well plates with a seeding density of 6 x 105
cells/well. After 24 hrs, the cells were treated with the released IFNa-2b in triplicate.
The assay was conducted under aseptic conditions the collection of the release
samples was conducted under laminar flow. The antiproliferative effect of the released

IFNa-2b was measured using an MTT assay.

3.2.2.20. Statistical analysis

All experiments were carried out in triplicates, and the results were expressed as the
mean = standard deviation (SD). The data was analysed using the GraphPad Prism

Software (Version 5 for Windows, GraphPad Software, San Diego, California, USA).
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The difference between groups was assessed using an analysis of variance (two-way
ANOVA) among three groups or a student's t-test between two groups. A p-value of <

0.05 was regarded as statistically significant.
3.3. Results

3.3.1. Assessment of the structural modification and integrity

The chemical characteristics of the native polymers and synthesised products were
investigated using FTIR. As shown in Figure 3.3 A, the PECE triblock copolymer was
characterized by an absorption peak at 1722 cm, attributed to the strong C=0
stretching band of the ester bond. The absorption peaks at 2940 cm* and 2865 cm™?
represent the C-H stretching vibration. The absorption peak at 1527 cm™ corresponds
to the N-H bending vibration, confirming the formation of the PECE triblock copolymer.
This is further confirmed by the disappearance of the absorption peak at 2250 cm-!
which corresponds to the —NCO groups of HMDI, indicating the coupling of the —OH
with the —NCO group, as documented in other studies (Gong et al., 2009a; Gong et
al., 2009b). Further, the copolymer was characterised by *H-NMR to confirm the
synthesis of the PEG-PCL-PEG triblock copolymer. As evident in Figure 3.3 B, the
sharp absorption peaks at 3.6 and 3.38 ppm represent the methylene proton of
CH2CH20- and —OCHs end groups in PEG blocks, respectively. The peaks at 1.39,
1.65, 2.32, and 4.06 ppm are attributed to the methylene protons of -(CHz)s, -OCCHz,
and -CH200C- in the PCL block, respectively. The methylene protons of -O-CH2-CH2-
in PEG end blocks linked with the PCL blocks appear as weak peaks at 4.2 and 3.70
ppm. The findings correlate with previous studies signifying the successful synthesis
of the PECE triblock copolymer (Gong et al., 2009b).
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Figure 3.3 A) FTIR of PECE; B) H-NMR of PECE.

The chemical structure of the PECE copolymer and prepared hydrogels 25% “/v PECE
hydrogel (PECE-1), and nano-embedded 25% Y/v PECE hydrogel (PECE-2) showed
no change in the characteristic bands indicating the change was only in the physical
state of the matter from solid to hydrogel. From Figure 3.4 A the same characteristics
peaks were detected in the hydrogel and NP-loaded hydrogel. Additionally, the crystal
characteristics of the samples were evaluated using XRPD technique. This analysis
was carried out for all samples (PECE copolymer, PECE-1, and PECE-2). As shown
in Figure 3.4 B, the XRPD was analysed to ascertain the crystalline structure of the
PECE copolymer. Two main diffraction peaks at ~206-21° and 23, were identified
corresponding to PCL blocks and PEG blocks, respectively, indicating the crystalline
nature of both. These peaks were also visible in the hydrogel and the NP-loaded PECE

with a slight decrease in intensity. This observation suggested that the crystalline
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structure of PCL is not affected, neither during the hydrogel formation nor upon the
NPs loading. Meanwhile, the PEG diffraction peak intensity weakens upon hydrogel
formation and loading of the NPs, suggesting that the crystallisation ability of PEG
blocks decrease upon hydration. As reported in other studies, the formation of micelles
by PEG copolymers in water is hindered due to the excessively long molecular chains
and structural characteristics (Lee et al., 2001; Wu et al., 2020), resulting in the
formation of a hydrogel with a core-shell structure that reduces direct exposure of the
IFN-loaded NPs to the medium and prolongs IFN release acting as a shield and

ultimately creating a sustained release platform.
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Figure 3.4 A) FTIR of PECE, PECE-1 and PECE-2; B) XRPD images of PECE, PECE-
1 and PECE-2.

3.3.2. Evaluation of the thermal behaviour of the hydrogels

Differential scanning calorimetry (DSC) analysis was conducted to evaluate the
transitions in the formulated hydrogels thermal behavior compared to the native
components. Figure 3.5 depicts the thermal curves of PECE copolymer, PECE-1 and
PECE-2. Endothermic peaks were observed at 36°C and 48°C for the PECE
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copolymer. The two endothermic peaks correspond to the melting of PEG and PCL,
respectively, in the dry state. In the hydrated state of PECE-1 and PECE-2, a single
endothermic peak was observed at ~48°C corresponding to the melting point of PCL.
Meanwhile, endothermic peaks representative of the melting points of PEG and the
NPs peaks were not evident due to their amorphous nature. The hydrophilic nature of
PEG rendered it completely soluble in water at room temperature, hence no melting
peak of PEG was evident in the hydrogel. Figure 3.5 depicts the cooling process of
all the samples from 70°C to 0°C; single exothermic peaks were observed for all the
samples. The peaks indicate the crystallization of the samples occurring at ~18-20°C
increased in the hydrogel state and slightly decreased upon the addition of the NPs.
The decrease in the crystallization temperature upon addition of the NPs to the
hydrogel is proposed to be due to disruptions of the PECE chain. Similar results have
been reported, where addition of different concentrations of nano-hydroxyapatite
powder to a PECE copolymer hydrogel resulted in a decrease in the crystallization
temperature (Fu et al., 2009). Thermogravimetric analysis Figure 3.6 was conducted
to investigate the thermal stability of the PECE copolymer and hydrogels (PECE-1,
PECE-2). The TGA thermogram demonstrates that the PECE copolymer commenced
with decomposition at 290°C, PECE-1 at 282°C, and PECE-2 at 291°C. The
decomposition curve of all three demonstrated a major weight loss (95%), in the
temperature range from 280°C to 460°C. The similarity in decomposition profiles
signifies that the hydrogel preparation would not affect the chemical composition of
the PECE copolymer and that loading of NPs would not negatively affect the thermal

stability.
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Figure 3.5 DSC thermograms of the PECE copolymer, PECE-1 and PECE-2.
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Figure 3.6 TGA thermograms of PECE, PECE-1 and PECE-2.
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3.3.3. Particle size and distribution, zeta potential and entrapment efficiency of
the nanoparticles

Table 3.1 displays the particle size of the NPs and IFN-a2b loaded PBAE-NPs (IFNPs)
to be 137.1 and 151 nm, respectively, demonstrating that the size increased with IFN-
a2b loading and that the prepared NPs are within a good particle size range.
Additionally, the PDI of the nanoparticles was reported to be 0.270 and 0.148 for the
NP and IFNPs, respectively. The low PDI is an indication of the acceptably narrow
size range distribution of the NPs. The zeta potential indicates the stability of colloidal
dispersions; the higher the zeta potential values (above +20 mV and below -20 mV),
the more NPs would resist aggregation. The zeta potentials were -23.9 and -16.4 mV
for the NPs and IFNPs, respectively. Table 3.1 further shows the entrapment efficiency
of the IFNPs. The NPs achieved a high entrapment efficiency of 89% for IFN-a2b.

The pH value of the media affected the size, PDI and zeta potential of the drug free
NPs. As evident in Table 3.2, the size changed in response to the acidic environment.
As the pH value was adjusted to a more acidic environment from pH 7.4 to a weakly
acidic tumour pH of 6.6 the size increased from ~180 to 216 nm with a narrow size
distribution, while the zeta potential became more positive, from -11.4mV at
physiological pH to - 6mV at pH 6.6. The increase in size suggested the presence of
a stable expanded core-shell structure that underwent protonation in the presence of
an acidic environment. The TEM images of the NPs displayed a spherical morphology
with an average size of ~100 nm as evident in Figure 3.7. The decrease in size in the
microscopic analyses was attributed to differences in the measuring environment,

whereby TEM measurements were in the dry state and DLS in the hydrated state.

Table 3.1 Particle size, PDI and zeta potential of unloaded and loaded nanoparticles

and drug entrapment efficacy of loaded nanopatrticles.

Sample Size (nm) PDI (a.u) Zeta potential (mV) % EE
NP 137.1 £ 0.47 0.270 + 0.002 -23.9 £ 0.58 -
IFNP 151 +1.46 0.148 + 0.03 -16.4 £ 0.25 89 +0.35

Note: Values are expressed as (n= 3, mean £ SD).
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Table 3.2 Effect of pH of the medium on the size, PDI and zeta potential of the drug

free NPs.
Formulation/ media Size (nm) PDI (a.u) Zeta potential (mV)
NP/ H.0 137.1 + 0.47 0.270 £ 0.002 -23.9+0.58
NP/ PBS 7.4 1799+£1.72 0.115+0.12 -11.4+£0.61
NP/ PBS 6.6 216.9+4.70 0.079 £ 0.009 -6.12 +1.05
NP/ PBS 5.5 230.6 + 5.62 0.137 £ 0.018 -3.36 + 0.67

Note: Values are expressed as (n= 3, mean £ SD).

Figure 3.7 TEM images of PBAE nanoparticles. The scale bar for (a) and (b) is 100
nm, for (c) 500 nm and for (d) 2 um of the drug free NPs.
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3.3.4. Assessment of surface morphology of the hydrogels

The SEM images of the PECE hydrogel depicted in Figure 3.8 indicate the presence
of a porous structure, which acted as a matrix for the NPs. SEM has been the gold
standard in the evaluation of surface topography. Nevertheless, comparison between
data is difficult due to the qualitative nature of the results (Nguyen et al., 2011). The
porosity analysis discussed hereunder supported the SEM results, further confirming

the matrix-like structure of the hydrogel and the IFNPH.
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Figure 3.8 SEM images of PECE-1 (a) and (b) at 10 um, PECE-2 (c) and (d) at 20

gm.
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3.3.5. Assessment of the porosity profile of the hydrogels and NP-loaded
hydrogels

The hydrogels' porositometric analysis indicated differences in surface area, pore
volume, and pore size when generated with varied concentrations of PECE and
constant NP loading. A degree of porosity is vital for the diffusion of the NPs from the
hydrogel, and hence drug release. Table 3.3 displays the results of porosimetric
examination on hydrogels containing two concentrations of PECE: 25% “/v and 30%
“/v, as well as hydrogel samples loaded with PBAE NPs. The results listed display that
PECE-1 exhibited a larger pore size and volume, but a smaller surface area compared
to PECE-2. The presence of the NPs within PECE-2 decreased the pore size and
increased the total surface area. The pore size and pore volume contributed to the
cumulative surface area on the hydrogel surface pores whereby the increase in pore
diameter and depth increases the pore surface area while decreasing the BET total
surface area (Ramburrun et al., 2015). However, the increase in PECE concentration
to 30% /v for the PECE-3 resulted in a decline in pore size with a high BET surface
area. PECE-4 exhibited a higher pore size and a smaller surface area as compared to
the PECE-3 hydrogel. The lower BET surface area of the PECE-4 compared to that of
the PECE-3, despite the formation of pores, may further suggest that the pore
formation occurs only on the surface of the hydrogels and not throughout the entire

hydrogel.

In the context of physisorption, pores expressed by materials can be categorised
according to their size into macro- (>50 nm), meso- (2-50 nm) and micropores- (<2
nm). The adsorption isotherms provide insightful information regarding pore size
distribution (Groen et al., 2003; Sing, 1985). According to this classification, the pore
size distribution for 30% hydrogels (PECE-3 and PECE-4) lies within the macropore
range while the 25% hydrogels (PECE-1 and PECE-2) lies within the mesoporous
range Table 3.3. The PECE-3 and PECE-4 hydrogels exhibited a Type Il isotherm
with a H3 hysteresis loop indicating a monolayer-multilayer adsorption of a
macroporous material (Sing, 1985). The PECE-1 and PECE-2 hydrogels exhibited a
Type Il isotherm with a H3 hysteresis loop suggestive of the presence of a multilayer
material with complete pore filling including capillary condensation that occurs in the
presence of mesopores (Groen et al.,, 2003; Sing, 1985). The presence of H3

hysteresis loop indicates the presence of an interconnected pore system of specialised
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distribution within the hydrogel matrix (Groen et al., 2003). Similar results were

visualised on the SEM images. The interconnection of pores is vital for the diffusion of

liquid within the hydrogel allowing the diffusion of the NPs out of the hydrogel, and

subsequent drug release.

Table 3.3 Porositometric analysis of lyophilised PECE hydrogels and nanoparticulate-

loaded PECE hydrogels.

Porositometric Parameters PECE-1 PECE-2 PECE-3 PECE-4

Surface Area

Single point surface area (m2/qg) 0.1637 0.2112 0.2330 0.2085

BET Surface Area (m#/q) 0.1462 0.2088 0.4479 0.2398

BJH Adsorption cumulative surface area of 0.032 0.084 0.272 0.355

pores between 17.000 A and 3000.000 A

diameter (m#/g)

BJH Desorption cumulative surface area of 0.1172 0.2823

pores between 17.000 A and 3000.000 A

diameter (m2/g)

Pore Volume

Single point adsorption total pore volume of 0.00147 0.00032 0.00075 0.003647

pores (cm3/qg) 8

BJH Adsorption cumulative volume of pores 0.00243 0.00222 0.00126 0.003468

between 17.000 A and 3000.000 A diameter 7

(cm3/g)

BJH Desorption cumulative volume of pores 0.00250 0.00217 0.00125

between 17.000 A and 3000.000 A diameter 0

(cm3/qg)

Pore Size

Adsorption average pore width (4V/A by ) (A) 1916.74 61.5310 67.1867 608.3260
6
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BJH Adsorption average pore diameter (4V/A) 98.191 1054.71 185.162 390.541

(A)

BJH Desorption average pore diameter (4V/A) 47.168 742.370 177.708

(A)

Note: PECE-1 (25% /v hydrogel), PECE-2 (NP loaded into 25% /v hydrogel), PECE-3 (30% /v hydrogel) and

PECE-4 (NPs loaded into 30% /v hydrogel).

3.3.6. Assessment of rheological properties of the hydrogels

The sol-gel transition of PECE hydrogels at different concentrations was studied to
confirm the suitability of the system for application at body temperature. Figure 3.9
visually presents the temperature-dependent sol-gel transition of the PECE hydrogel
with PBAE NPs loading at a hydrogel concentration of 25% /v using the test-tube
inversion method. The sol-gel transition of the PECE was concentration-dependent,
below which the transition will not occur; this is referred to as the critical gelling
concentration (CGC), which in this case is 15 % “/v. The sol-gel transition of 20% /v
PECE was transient with a window i.e., between 26°C and 44°C. Further increasing
the concentration broadened the sol-gel transition window with increasing
temperature. As evident in Figure 3.10 (b), the window shifted from 26°C to 24°C and
from 44°C to 47°C at 20-25% Y/v. The loading of the NPs into the hydrogel resulted in
a slight decrease in the transition temperature from 26°C to 25°C. The 20% “/v PECE
had a transient sol-gel window between 26°C and 44°C. This concentration was
selected as the preferred concentration based on the ease of preparation, ease of
administration, and minimal discomfort upon the administration, which is discussed in

further details in the section below.
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20°C 37°C

Figure 3.9 Photographic images of the sol-gel transition of hydrogels at room and
body temperature (a) solution of PECE-1, (b) gel of PECE-1 and (c) solution of PECE-
2, (d) gel of PECE-2.

Moreover, the storage modulus (G') and the loss modulus (G") signifying the elastic
and viscous behaviour, respectively, were monitored as a function of temperature. In
Figure 3.10 (a, b), the G" was higher than G’ at low temperature, corresponding to the
sol state. As the temperature increases a crossover, around 24°C from sol state to gel
state (lower transition), the G' was equal to the G". At the second crossover above

42°C (upper transition), the PECE transitioned from gel state to sol state.

The viscosity increased as the temperature increased, depicted in Figure 3.10 (d),
further confirming transition from sol state into gel state. Additionally, the viscosity
demonstrated a concentration-dependent manner, as evident in Figure 3.10 (e). The
oscillatory stress sweep measurement on PECE-1 and PECE-2 further confirmed the

hydrogel formation. The hydrogels, within their linear viscoelastic region approaching
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100 Pa in terms of shear stress, demonstrated that the elastic modulus G' dominated

the viscous modulus G" with a magnitude of 210 Pa, noted in Figure 3.10 (c).
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Figure 3.10 a) Temperature ramp of PECE-1 and PECE- 2; (b) Temperature ramp of
PECE hydrogel at different concentrations (15%, 20%, 25% and 30% “/v); (c) Stress
sweep of PECE-1 and PECE-2 at 25°C; (d) Viscosity of PECE-1 and PECE-2 and (e)
Viscosity of PECE hydrogel.

3.3.7. Assessment of the syringeability of the hydrogels

Texture analysis was used to establish the maximum force required to inject
hydrogels, and the findings are presented in Figure 3.11. The hydrogels and NPs
loaded hydrogel syringeability experiments were carried out using 27-gauge needles.
The texture analyser force required to inject the PECE hydrogels through a 1 mL
syringe connected to 27G needles was used to assess syringeability. The injection
force includes three elements: the force required to overcome syringe plunger
resistance, delivering kinetic energy to the liquid under evaluation, and propelling the
liquid through the needle (Allahham et al., 2004). PECE hydrogels (20 and 25% “/v)
required 8 N and 16.1 N, respectively, to inject them through 27G needles, whereas
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nano-embedded PECE hydrogels (20 and 25% Y/\) required 9 N and 16.5 N,
respectively. The concentration of the hydrogel and the dispersion of NPs in the
hydrogel were two factors that influenced the injection force, resulting in an increased
maximum force required for injection as these factors increased. These results are
within two-thirds of the maximum force recommended for a manual injection, which is
30 N. As a result, the nano-embedded hydrogel PECE is appropriate for injection via

a variety of routes of administration.
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Figure 3.11 Required force to inject PECE hydrogel at different concentration from
1 mL syringes equipped with 27 G needle, PECE-1 (25% /v hydrogel), PECE-2 (25%
“/v NP-loaded hydrogel), PECE-3 (20% /v hydrogel) and PECE-4 (20% /v NP-loaded
hydrogel).

3.3.8. In vitro release analysis of IFN-a2b from IFNPs and IFNPH

The in vitro release of IFN-a2b from the IFNPH and the IFNP was investigated in PBS
at different pH values (7.4 and 6.6, at 37°C) for two weeks. PBS pH 6.6 was used to
simulate pH conditions relevant to the extracellular tumour tissues, whereas PBS pH
7.4 was used to simulate the normal extracellular cells conditions. Figure 3.12 and
Figure 3.13 depicts the release pattern of IFN-a2b, and the influence of the pH on the
drug release. The release from the IFNPH revealed a biphasic release pattern, where
an initial burst release was followed by sustained release. The cumulative percentage
release from the IFNPH was 4.6% and 4.05% within the first 24 hrs at pH 7.4 and 6.6;

respectively. The influence of the pH on the drug released from the IFNPH revealed
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that the release was higher at the normal extracellular microenvironment contrarily to
our initial hypothesis. Which was further explained by the degradation studies; the
nano-embedded PECE hydrogel degraded in the acidic medium of pH 6.6 at a slightly
higher rate due to the ionization of the PBAE-NPs. The presence of the IFN-a2b in the
IFNPH formulation slowed the release and degradation of the formulation due to the
aggregation and entanglement of the protein in the hydrogel matrix. The release from
IFNP showed a cumulative percentage release of 4.9% and 3.9% following a 24 hrs
at pH 7.4 and 6.6, respectively. The initial burst release of IFNPs was greater
compared to that of IFNPH due to the release of surface-located IFN-a2b, which was
accessible for immediate release. The limited release behaviour from the IFNP at both
pH values was attributed to inactivation by long-term exposure to physiological
temperature and acidification of the medium. The IFNPH thus shields the IFN-a2b
from the cursive acid environment at the tumour site. The slow release of IFN-a2b
from the IFNPH formulation is beneficial as it prevents chronic activation of type | IFN
pathway, as evidence has reported that chronic exposure to IFN may result in the
development of resistance (Budhwani et al., 2018). A student paired t-test was used
to compare the release from the IFNP after 24 hrs at the two different pH values; there
was significant differences between the groups (p=0.00). For the release from the
IFNPH after 14 days at both pH values, there was significance difference between the
groups (p= 0.044). The comparison between the release from the IFNP and the IFNPH
after 24 hrs at pH 7.4 was significantly (p= 0.01) as well as at pH 6.6 (p= 0.034).
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Figure 3.12 In vitro release profiles of immunoenzymatically detected IFN-a2b from
IFNP at 37°C at different pH values the slow release is due to the aggregation and
entanglement of the protein in the hydrogel matrix.
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Figure 3.13 In vitro release profiles of immunoenzymatically detected IFN-a2b from
IFNPH at 37°C at different pH values the low values were attributed to inactivation by

long-term exposure to physiological temperature and acidification of the medium.
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3.3.9. Degradation analysis of the formulations

Biodegradable hydrogels are of great importance in ocular disease as they would
degrade slowly removing the need for frequent administration. The nano-embedded
PECE hydrogel NPH showed inconsistency and slight degradation with 8% and 7.67%
degradation on the 14" day at pH 6.6 and 7.4, respectively. This slow degradation
might erase the need for multiple rounds of application. The degraded formulation
showed no colour change, simultaneously the formulation displayed low water uptake
indicating that upon subconjunctival administration the hydrogel will not swell
extensively causing tissue damage. As evident in Figure 3.14 the slow erosion of the
hydrogel confirms that further release of the IFN-a2b from the IFNPH is possible as

only 8% of the hydrogel has eroded after 14 days.
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Figure 3.14. Biodegradation behaviour of the NPH in PBS solution (pH 6.6 and 7.4)
at 37°C. The error bars were small, indicating that the data obtained did not differ

among themselves the standard deviation ranged is (0-4.62x101).

3.3.10. Biocompatibility evaluation of the formulations

The MTT assay was used to evaluate the cytotoxicity of the formulations on a HRPE
cell line. The assay was employed to measure viability and cyto-compatibility with
HRPE after 24 and 48 hrs treatment with PECE hydrogel, NPs, IFN-a2b, and the

IFNPH at different concentrations. The results showed that the formulations displayed
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acceptable levels of cell viability, with minimal cytotoxicity effects on HRPE after 24
and 48 hrs and the viability is dose-dependent as evident in Figure 3.15. Although the
viability after 48 hrs was reduced, the percentage cell viability was greater than 70%
(Standard, 2009), the substance is regarded as non-cytotoxic; thus, these findings
indicate that the IFNPH is non-cytotoxic to HRPE cell lines. The cells' metabolic waste
products may have accumulated after 48 hrs of treatment, resulting in increased
cytotoxicity evident in the MTT assay results (Ghasemi et al., 2021). A student’s
unpaired t-test was used to compare the cytotoxicity at 24 hrs vs 48 hrs. There was
no statistical significance between the cytotoxicity after 24 hrs vs 48 hrs treatment (p
= 0.4727) when comparing the PECE hydrogel concentrations from 5000 -625 pg/mL
with the negative control at 24 hrs there is no significant differences. The results after
48hrs treatment compared to the negative control showed a significant difference (p<
0.001). The results of comparing the PBAE-NP with the negative control was not
significant and significant (p<0.01 and p<0.001) after 24 hrs and 48 hrs, respectively.
Comparison with IFN-a2b showed no significant difference at 24 hrs and a significant
difference (p<0.001) after 48 hrs. The IFNPH showed a significant difference
(p<0.001) after 24 hrs and 48 hrs when compared to the negative control.
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Figure 3.15. MTT assay measurement of viability of HRPE cells following 24 and 48
hrs treatment with A) PECE hydrogel, B) PBAE-NP, C) IFN-a2b, and D) IFNPH at
different concentrations (Data represents n = 3, mean + SD). ** Indicates p<0.01, ***
indicates p<0.001, and (ns) indicates no significant difference when compared to
negative control. 5% Y/~ DMSO and culture medium were used as positive and

negative controls, respectively, indicated by the patterned columns.

3.3.11. Assessment of the stability of the released IFN-a2b from the IFNPH

The biological activity of the released IFN-a2b was investigated as shown in Figure
3.16. The results show that the biological activity of the released IFN-a2b was
maintained for the duration of the study. The structure integrity of IFN-a2b was
maintained during the preparation and release from the IFNPH. A student’s unpaired
t-test was used to compare the released IFN-a2b at the different pH values with
standard IFN-a2b. There was no significant difference after 24 and 48 hrs treatment.

When compared to the negative control there was a significant difference after 24 hrs
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at pH 7.4 was significant (p< 0.01) as well as at pH 5.5 (p< 0.05). After 48 hrs there
was a significant difference at pH 7.4 and pH 5.5 (p<0.001).
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Figure 3.16. In vitro antiproliferative activity on A172 cells of IFN-a2b released from
the IFNPH formulation at different pH values. 5% /v DMSO and culture medium were
used as positive control and as negative control, respectively (Data represent n = 3,
mean = SD). * Indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001 when

compared to negative control. NS indicates no significant difference when compared

to standard IFN-a2b.

3.4. Discussion

Interferons are glycosylated polypeptides produced in the body with antineoplastic,
antiviral, and antibacterial properties (Bracarda et al., 2010). The antitumor effect is
achieved through a combination of antiangiogenic, antiproliferative, cytotoxic effects,
as well as cytostatic effects and enhancement of cell lysis (Bracarda et al., 2010). IFN-
a2b has been used in management of different types of malignancies. The clinical
efficiency of IFN-a2b is hindered due to the high sensitivity of IFN-a2b to degradation
and clearance by the reticuloendothelial system (Feczko et al., 2016). Thus, this work
employed a thermo-responsive hydrogel loaded with pH-responsive NPs to design
and engineer a platform for site-specific delivery of IFN-a2b for ocular surface tumour

therapy.

The PECE copolymer was synthesised successfully by ring opening polymerisation,
and the FTIR spectra revealed the presence of the characteristic peaks of PECE
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copolymer (Gong et al., 2009a; Gong et al., 2009b). The findings correlate to previous
reports, and the *H-NMR confirmed the synthesis of the PECE copolymer (Gong et
al., 2007; Hwang et al., 2005).

The PECE hydrogel possessed thermo-responsive and biodegradable properties,
which have been reported previously, as well as functionality as in situ-forming depot
for a sustained drug delivery system (Gong et al., 2009a; Kissel et al., 2002; Luo et
al., 2016). In this study, the sol-gel transition of the PECE copolymer was investigated
employing the test tube-inversion method and rheological studies (Ni et al., 2012). The
amphiphilic nature of the PECE copolymer is owed to its hydrophilic PEG block and
hydrophobic PCL block. The sol-gel transition is mainly due to micelle aggregation;
the PECE copolymer tends to form micelles with a hydrophobic PCL core and a
hydrophilic PEG shell, whereas the gel-sol transition is due to acceleration of the
molecular motion of PCL resulting in the breakage of the micelle structure; the
mechanism of hydrogel formation for PECE copolymer has been previously reported
(Bae et al., 2005).

The rheological parameters such as viscosity, loss modulus and storage modulus are
important parameters to consider when administering the hydrogel through injection.
The moduli measure the elasticity or rigidity of the hydrogel upon shear (i.e., injection),
while the viscosity measures the ability of the material to resist deformation upon
stress, during hydrogel formulation injection (Chen et al., 2017; El Kechai et al., 2015).
The results indicated that higher PECE concentrations result in higher G’ values and
viscosity, as a result, the maximum force necessary for injection was increased. Lower
concentrations provide better injectable capabilities, but lower hydrogel strength,
highlighting that the final copolymer solution concentration must balance the effects of
numerous parameters. To minimize the discomfort and eye damage, 30 N is the
recommended maximum force which means the lower the force, the better the
treatment process (Wang et al., 2018). In this study, 20% /v PECE was selected as
the preferred concentration based on the ease of preparation and ease of

administration, which is proposed to result in minimal discomfort to the patient.

The NPs synthesised were in the nanosize range with excellent polydispersity (low
PDI) and zeta potential. The average particle size and PDI are essential physical

properties to consider as they affect the encapsulation efficiency, stability,
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biodistribution, drug release profile and cellular uptake (Ban et al., 2017; Chaw et al.,
2021; Tseng et al., 2013). The DLS studies show that the prepared IFNPs had an
average size of 151 nm with an encapsulation efficiency of 89% with a narrow PDI.
Furthermore, the TEM images generated revealed that the formulated NPs are uniform
spherical shape with intact structure within the nanosize range and verified the DLS
results. The pH-sensitive PBAE-NPs were developed and loaded into the PECE
hydrogel to enable site-specific delivery of IFN-a2b to ocular surface tumour cells. IFN-
a2b was released at a slower rate from PBAE-NPs in the acidic environment. The pH-
protective NPs were stable with drug release minimised, indicating that this drug
delivery system can reduce unwanted systemic side effects of anticancer drugs during
cancer therapy by providing pH-sensitive drug release (Ko et al., 2007). The PBAE-
NPs would proposedly be stable following diffusion from the hydrogel matrix into the
solid tumour microenvironment and degrade in the extracellular and late
endosomes/lysosomes where the pH is approximately 5—6 and 4-5, respectively,
rendering them suitable for extracellular and cytoplasmic drug delivery (Shen et al.,
2009).

du Toit et al. (2021) designed an injectable nano-enabled thermogel of PECE for
controlled delivery of p11 anti-angiogenic peptide for the potential treatment of ocular
angiogenic disorder. The release of the peptide from the nano-thermogel system was
proposed to be due to diffusion mediated release through the gel matrix, with minimal
swelling and ultimate erosion of the hydrogel (du Toit et al., 2021). The release of IFN-
a2b from the IFNPH was proposed to follow a similar release pattern. When evaluating
the release kinetics of proteins from nanosystems embedded into hydrogels, it is
essential to consider that with hydrogel systems, 100% protein release is hardly
achieved. The protein might get physically entrapped in the highly entangled hydrogel
network, limiting the diffusivity. The release kinetics proposed that the size of the
protein plays the primary role in its diffusivity, in addition to the density of the hydrogel
(Koutsopoulos et al., 2009). Furthermore, the low release levels of protein may be due
not only to protein denaturing during processing, but also due to the experimental
conditions (by medium acidification, destabilizing release medium, etc.). The pH of the
medium plays an important role in the release kinetics, affecting both the protein
stability and polymer degradation. Firstly, the pH influences the protein conformation,
whereby acidity might either denature a protein or might cause aggregation. Secondly,
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the alkaline or acidic medium are known to accelerate polymer degradation (Giteau et
al., 2008). Fador-Kardos et al. (2020) reported the effect of pH on the release profile
of IFN-B, the protein was loaded into nanoparticles with high encapsulation efficiency
(>95%) for the management of multiple sclerosis. The in vitro release of IFN-f
revealed a decline in the release profile by the end of the two-week study; the
proposed explanation was that the pH caused aggregation of the protein (Fodor-
Kardos et al., 2020). The limited release behaviour reported previously for IFNP at
both pH values was attributed to inactivation by long-term exposure to physiological
temperature and acidification of the medium. Determining IFN-a2b levels via ELISA
provides an indicator of its stability (Sanchez et al., 2003), which was further confirmed
by assessing the antiproliferative activity on the A172 cells. In vitro experiments in this
investigation demonstrated the stability of the released IFN-a2b from IFNPH for the
duration of the study; thus, the IFNPH exhibits pH- and temperature-protective

properties.

Safety assessment of the formulations in vitro revealed that at concentrations ranging
from 5000 to 0.625 pg/mL employed in the study, were within acceptable levels of cell
viability, with no significant cytotoxicity effects on HRPE cells. Similar results were
reported in other studies, confirming the biocompatibility of the PECE hydrogel (du
Toitetal., 2021). Furthermore, concentration influences the percentage of cell viability,
as higher concentrations are associated with lower viability. The difference in cell
viability was statistical significant between the varied concentrations at the two

different time points (p< 0.001) in all the formulations.

3.5. Conclusions

In this work, PBAE-NPs and PECE copolymer were successfully synthesised. The
triblock copolymer PECE was loaded with PBAE-NPs to prepare a nano-embedded
pH-protective-thermo-responsive hydrogel formulation. Rheological measurements
showed that the gelation points of the PECE hydrogel composites were adequate for
subconjunctival injection. The gelation temperature could be adjusted by adding
PBAE-NPs into the PECE matrix. The pH-protectiveness of the IFNPH hydrogel
composites demonstrated that they could be employed for protecting the IFN from high
levels of degradation and providing controlled release of IFN at tumour sites.
Therefore, the IFNPH hydrogel nanocomposite is a prospective candidate as an
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injectable biomaterial for ocular drug delivery to tumour sites. Although the concept of
injectable and pH thermo-responsive hydrogel nanocomposites has been introduced
in this study, further research is required to validate the application of such systems in
tumour delivery via preclinical investigation in an appropriate animal model, as

reported in the subsequent chapter.
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Chapter Four
Ocular pharmacokinetics of IFN-a2b from a single subconjunctival

administration of IFN-a2b nanoparticles-loaded thermo-responsive hydrogel

4.1. Introduction

Ocular drug delivery poses a significant challenge in the field of ophthalmic
pharmaceuticals due to several constraints that hinder administered drugs from
reaching the ocular surface. The ocular anatomy and physiology render it
impermeable to foreign objects, including therapeutics. The anterior and posterior
segments include obstacles that slow therapeutic agent absorption and consequently
reduce ocular bioavailability. These obstacles are static and dynamic barriers, with
static barriers composed of tissues and limiting membranes and dynamic barriers
including drug clearance systems (Gaudana et al., 2010; Urtti, 2006). These barriers
pose a challenge to the efficient delivery of therapeutics to the targeted ocular tissue.
The corneal epithelium allows the diffusion of hydrophobic drugs but prevents the
absorption of hydrophilic drugs and macromolecules of topically applied drugs (Gote
et al., 2019). Amongst the therapeutics currently in use for management of ocular
disease is IFN-a2b that has been used to treat a variety of cancers (Ferrantini et al.,
2007). IFN-a2b are natural leukocytes, with anti-neoplastic, and anti-viral properties
(Nava-Castafieda et al., 2018). The anti-neoplastic properties results from the ability
to suppress angiogenesis, anti-proliferative capabilities, the initiation of antibodies
against tumour cells, and cytotoxicity (Fernandes et al., 2014). Several studies have
shown the efficiency of IFN-a2b in the management of ocular malignancies, with a
high rate of resolution and a minimal risk of side effects (Galor et al., 2012; Shah et
al., 2012; Sripawadkul et al., 2023). IFN-a2b is applied via subconjunctival injections
and/or eye drops utilized as primary or adjuvant therapy in the management of ocular
tumors (Galor et al., 2010){Lewczuk, 2019 #601}. Topical ocular therapies such as
eye drops are the most prevalent in ocular applications. Unfortunately, because eye
drops are rapidly drained from the ocular surface (via lacrimation, reflux blinking, or
nasolacrimal drainage), and the medication absorption requires a few minutes, the
dose/response profiles (bioavailability) are often quite poor (Ahmed, 2003; Gote et al.,
2019; Urtti, 2006). The IFN-a2b eye drop dosage is 1 million IU/mL, which is frequently
administered four times a day until complete clinical resolution, which may take up to
three months (Boehm and Huang, 2004; Galor et al., 2010).
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The downside of utilizing topical IFN-a2b is that the medication must be refrigerated,
requires extemporaneous compounding, and is expensive, with frequent application
resulting in reduced patient complaints (Al Bayyat et al., 2019; Sayed-Ahmed et al.,
2017). The subconjunctival injection is administered 1-3 times weekly, in a single or
multiple locations depending on the extent of tumour diffusion (Al Bayyat et al., 2019;
Karp et al., 2010). Subconjunctival injection may be a beneficial choice for patients
with superior tumours where drops are less likely to reach, individuals who struggle to
adhere to a treatment routine, and those able to commit to regular clinic visits (Monroy
et al., 2023). While subconjunctival injections are generally well tolerated, they are
associated with transient systemic flu-like symptoms, which can be easily treated with
an oral antipyretic such as acetaminophen (Antonietta Blasi et al., 2018; Kaliki et al.,
2016; Kim et al., 2012).

To circumvent the limitations of the available ocular delivery systems, ophthalmic
formulations such as in situ hydrogels, contact lenses, ocular implants, and physical
devices have been developed (Bourges et al., 2006; Sapino et al., 2019). Among these
formulations, stimuli-responsive hydrogels which are liquid at room temperature and
transition to a gel upon instillation as a result of stimuli such as pH, temperature, etc.
are taking center stage (Wu et al., 2019). In situ gel formulations increases pre-corneal
residence duration and improve medication bioavailability, and the loading of
nanosystems into the hydrogel enhances the permeability across corneal barriers
(Cholkar et al., 2012; Makwana et al., 2016). Poly(beta-amino esters) nanoparticles
(PBAE-NPs) are prepared from PBAE polymers synthesised via Michael addition
polymerisation of acrylates and amines that have been employed for protein, gene,
anticancer, and antimicrobial delivery (Green et al., 2008; Liu et al., 2019). Under
acidic conditions, these polymers undergo a hydrophobic-hydrophilic phase transition.
As aresult, the PBAE nanopatrticles are biodegradable in the acidic microenvironment,
resulting in the controlled release of their contents (Fang et al., 2012; Song et al.,
2013).

The goal of this research was to design a pH-protective nano-embedded thermo-
responsive hydrogel for subconjunctival delivery of IFN-a2b, referred to as IFNPH. The
triblock copolymer of poly(ethylene glycol)-poly(caprolactone)-poly(ethylene glycol)
(PEG-PCL-PEGE) was synthesized via ring-opening polymerization and employed to
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prepare the hydrogel. In this chapter, this systems' ex vivo and in vivo ocular
pharmacokinetics as a controlled release dosage form was subsequently investigated.

4.2. Materials and Methods

4.2.1. Materials

PEG-PCL-PEG triblock copolymer and poly (beta amino ester) nanopatrticles (PBAE-
NPs) were synthesised as described in chapter 3. IFN-a2b, Fluorescein isothiocyanate
(FITC), Dulbecco’s modified Eagle medium (DMEM) were purchased from Sigma
Aldrich (St Louis, MO, USA). The ELISA kits were purchased from Thermofisher
(Vienna, Austria). Rhodamine phalloidin (RP) and DAPI stain were purchased from
Thermofisher (Vienna, Austria). All of the extra chemicals and solvents were of

analytical grade and were used exactly as received.

4.2.2. Methods
4.2.2.1. Preparation of the IFNa nano-embedded PECE hydrogels

The IFNPH was prepared in two steps. The first step involved the preparation and
characterisation of the PBAE-NPs and loading of the IFN-a2b, while in the second
step, the IFN-a2b loaded nanoparticles were dispersed in the PECE aqueous solution
yielding the IFNPH, as illustrated in Figure 4.1. The prepared system underwent
rheological characterisation using a rheometer (Haake Modular Advanced Rheometer
System, Thermo Fisher Scientific, Germany). As demonstrated in the previous
chapter, the 20%w/v system displayed a sol-gel transition of 27-45°C and was liquid
at room temperature and transition to gel upon administration to an environment
simulating body temperature. Ease of preparation and syringeability strengthen the
system’s potential for ocular application. The loaded PBAE-NPs had a particle size of
151 nm and polydispersity index of 0.148 with an encapsulation efficiency of 89%.
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NPs and PECE precursor solution.

4.2.2.2. Transcorneal permeability of IFNPH

The corneal permeability was evaluated using the corneas of New Zealand albino
rabbits on a Franz diffusion cell (PermeGear Inc., Bethlehem, PA, USA) with an
effective diffusion area of 1.7 cm?. Three eyes were enucleated, and the cornea and
approximately 3 mm of scleral tissue were removed. To avoid dehydration, these were
rinsed with artificial tear fluid (ATF), wrapped in film, and refrigerated until used within
4 hrs of collection (Bierbrauer et al., 2023; Uwaezuoke et al., 2022). The cornea was
placed between the donor and receiving chambers with the endothelium facing
downward towards the receiving chambers. The receiving chamber was filled with 12
mL of ATF (pH 7.4), and the system temperature was maintained at 37°C using a
circulating water bath. The IFNPH dispersion in ATF was introduced into the donor
chamber. Aliquots (0.2 mL) were taken from the receiving chamber and replenished
with ATF at various time points. Using an ELISA kit, the samples were analysed at

450 nm with a multimode microplate reader (Filter MaxTM F5, Molecular Devices, CA,
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USA). The quantity of IFN-a2b released was determined using a typical linear IFN-
a2b curve in PBS (pH 7.4) refer to Appendix A.

4.2.2.3. Cellular uptake and internalization

The human immortalized keratinocytes HaCaT cells were used to overcome the issues
of the short culture lifespan experienced with HRPE. The HaCaT cells are used for
their great capacity to differentiate and proliferate in vitro. The HaCaT were cultured,
until the cells reached ~80-90% confluence the cells were seeded at a density of 10°
cells/mL and cultured on coverslips in 6-well plates. The cells were maintained in
culture medium containing advance DMEM supplemented with 10% FBS and 1%
penicillin—streptomycin and incubated for 24 hrs in 95% humidity, 5% CO2 at 37°C.
After 24 hrs, the adhered cells were treated with 90 ung/mL FITC loaded PBAE-NPs.
Subsequently, the cells were incubated for 24 hrs after treatment. Thereafter, the cells
were first spiked with 500 uL of 4% paraformaldehyde to avoid damaging the cells by
the abrupt change in osmolarity between the fixation solution and culture medium
osmolarity. Thereafter, the media was aspirated after 2 min, and the cells were
covered with 1 mL of 4% paraformaldehyde for about 20 min. After 20 min of fixation,
the cells were gently washed with 2 mL PBS four times to remove any unbound fixation
agent. Thereatfter, the cells were stained with 20 uL of a 66 uM Rhodamine phalloidin
(RP) solution for 20 min at room temperature in the dark. After 20 min, the cells were
washed four times with PBS to remove the unbound stain. Subsequently the cells were
stained with 500 pL of 500 nM DAPI at room temperature for 5 min in the dark. After
incubation the cells were rinsed twice with PBS to remove the unbound DAPI stain.
The cover slips were mounted on glass slides and viewed under the compound
fluorescent microscope (Olympus 1X51, Olympus Corporation, Tokyo, Japan).

4.2.2.4. Animal experiments

The in vivo evaluation was undertaken in twenty New Zealand albino rabbits (average
weight 2.5 - 3.5 kg) at the Wits Research Animal Facility (WRAF), treated according
to the procedure approved and monitored by the animal Research Ethics Committee
(AREC) at the University of the Witwatersrand. Before application, all rabbit’s eyes
were evaluated to rule out any ocular abnormalities by a trained ophthalmologist. The

overall health, body mass index, and other physiological indicators of the animals were
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monitored constantly following injection. The Animal Research Ethics Committee
(AREC) at the Faculty of Health Sciences the University of the Witwatersrand
authorised the study's procedure with ethics certificate number, 2021/03/07/C. The

protocol followed international ethical requirements.

4.2.2.5. Pharmacokinetics studies

PECE aqueous solution (0.2 mL of 20% Y/v) loaded with IFN-a2b (3 pg/mL) was
administered to the rabbits through a subconjunctival injection by the ophthalmologist.
The aqueous solution was injected subconjunctivally in the left eye using a 27G needle
while the right eye served as a control. Five rabbits were terminated at specified time
points which were 1, 3, 5, and 14 days. Their eyes were enucleated, and their aqueous
humour and vitreous humour were collected for the quantification of IFN-a2b. The
animals were allocated to four groups named (I-1V) in accordance with the termination
times, which were 1, 3, 5, and 14 days, respectively. The samples were collected and
analysed using an ELISA kit according to the manufacturer’s protocol. The quantity of
IFN-a2b released was determined using the standard curve of IFN-a2b in PBS pH 7.4
(refer to Appendix A).

4.2.2.6. In vivo toxicity and histopathological examination

The toxicity of the IFNPH to the ocular tissues was evaluated on the rabbit eyes at
pre-determined time points (1, 3, 7, and 14 days). Histological analysis was conducted
on enucleated eyes to evaluate tissue response and histopathological changes.
Following fixation of the samples in 10% neutral buffered formalin, the samples were
cut according to standard procedure (idexxSA-AP-SOP-26). The biopsies were
processed in an automated tissue processor (idexxSA-AP-SOP-27). Following tissue
processing, sections of 5-6 ym (idexxSA-AP-SOP-30), the tissues were subsequently
stained in an automated haematoxylin and eosin tissue strainer (idexxSA-AP-SOP-
205). The toxicity of the injected IFNPH on the ocular tissues and histopathological

changes were observed under the microscopic.
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4.3. Results

4.3.1. Transcorneal permeability of IFNPH across rabbit cornea

Generally, delivery of therapeutics to the eye, specifically the ocular surface, is
challenged by the anatomical and physiological barriers of the eye. These ocular
barriers protect the eyes from invasion by foreign substances; namely the static and
dynamic barriers, and efflux pump in ocular tissue. The diffusion and permeability of
therapeutics (that are also seen as foreign by the eye) to the ocular tissue are therefore
hindered, resulting in reduced bioavailability (Huang et al., 2018). The static barriers
include the cornea, sclera and the retinal pigment epithelia (including the blood-
aqueous barrier and the blood retinal barrier). The lymphatic flow in the choroid and
conjunctiva blood flow represents the dynamic barriers (Gaudana et al., 2010; Patel
et al., 2013).

Following topical application, a drug molecule would need to cross several ocular
barriers to deliver to the targeted site, represented in Figure 4.2. For the
IFNPH developed herein, the therapeutic efficiency is dependent on the drug-loaded
NPs release from the hydrogel, their penetration or permeation across the ocular
layers namely (the tear film, and the corneal barriers) and their effective delivery to the

target region the conjunctival epithelium.
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Figure 4.2 The barriers encountered by drug carriers following topical application onto

the ocular surface.

Figure 4.3 depicts the amount of IFN-a2b permeated per unit area. During the 6hrs
examination period, the amount of IFN-a2b that penetrated the tissue per unit area
increased. The maximum cumulative permeated amount was 1528 pg/cm? at a flux of
440.6 pg/cm? /hrs, and coefficient of permeability (1.1 x 1072 cm/hrs). The IFNPH
enabled a cumulative IFN-a2b percent permeation of 0.45% after 6 hrs. The IFN-a2b
permeation from the IFNPH was fitted into different mathematical models, including
the zero-order, first-order, Higuch, and Korsmeyer-Peppas models. Mathematical
models are applied for defining and clarifying release mechanisms. The regression
coefficient values for IFN-a2b in the selected models were: 0.9845, 0.9680, 0.8112,
and 0.9985; for zero-order, first-order, Higuchi, and Korsmeyer-Peppas, respectively.
The Korsmeyer-Peppas model is the most suitable fit for describing the IFNa
permeation with an R? of 0.9985. The release exponent (n) was 1.24 indicating that

the release mechanism was super case Il transport also known as super diffusion.
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Figure 4.3 Corneal permeability of the IFNPH across the rabbit’s cornea.

4.3.2. Assessment of the cellular uptake of the IFNPs

Nanoparticles' safe cellular uptake is crucial to their intended function of delivering
their payload (drugs, proteins, genes, etc.) to the nucleus, cytoplasm, or other specific
intracellular region (Behzadi et al., 2017; Donahue et al., 2019). The physiochemical
characteristics of nanoparticles, as well as variations in cell-membrane properties,
govern nanoparticle cellular internalisation. Nanoparticle interaction with cells
influences intracellular trafficking, sorting into separate cellular compartments, and
release, all of which influence toxicity, pharmacokinetics, and therapeutic efficacy
(Adjei et al., 2014; Donahue et al., 2019; Rees et al., 2019). The intended site for
delivering IFN-a2b is the cell surface, where it binds to specific receptors. The PBAE-
NP protects IFN-a2b from degradation by the low pH at the tumour site and removal
by the reticular endothelial system. The cellular uptake behaviour of the PBAE-NPs
was evaluated qualitatively using fluorescence microscope. DAPI was used to stain
the nucleus. Its blue fluorescence contrasts with the green, yellow, or red fluorescent
probes seen in other structures (Tarnowski et al., 1991). Following incubation for 24hrs
FITC-loaded NPs were evident as specks of green fluorescence in the cytoplasm (H),
whereas the control group (G) displayed no signs of florescence as shown in Figure
4.4. The results indicate that the PBAE-NPs were internalised by the cells, as indicated

by the arrows in image (H).
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Figure 4.4 Fluorescence microscope images of cellular uptake of NP (control) and
FITC-loaded NP at (10X magnification). Where ;( A, B) are the DAPI stained cells, (C,
D) are the FITC stained cells, (E, F) are the RP-stained cells, and (G, H) are the

merged images of all.

4.3.3. In vivo toxicity analysis

Prior to treatment, all rabbit eyes were evaluated to rule out any ocular abnormalities.
Throughout the investigation, there were no fatalities or complications from the

injection, and the hydrogel remained in the subconjunctival space. Figure 4.5 shows
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images of the rabbit eyes captured at the beginning and end of the study, after
subconjunctival administration, to demonstrate the IFNPH features at the injection site.
The IFNPH aqueous solution produced a matrix in the subconjunctival space proving
the thermo-responsive behaviour of the system. The images reveal the presence of
IFNPH after the termination at 14 days, as indicated by the arrow in Figure 4.5 (b).
The amount of IFNPH has decreased due to the release of the drug from the system
and the degradation of the hydrogel. Furthermore, the presence of the residues
indicate that the system would further release the remainder of the loaded IFN-a2b
from the IFNPH.

(a)

Figure 4.5 IFNPH formation in vivo following subconjunctival injection in a rabbit eye

model: (a) at 0 days and (b) at 14 days post application.

4.3.4. Histopathological analysis

The biocompatibility of IFNPH was evaluated in rabbit eyes. After subconjunctival
injection, haematoxylin-eosin tissue slices of the eyes were studied for the 14 days
investigation period. Figure 4.6 depicts the histopathological examination images of
untreated control and the groups from of the rabbit’s eyes. For Group | and Group II,
there was inflammation in the periocular connective tissue, which is linked to the
injection site. The inflammation is limited to a small area, though it extended into the
adjacent muscle in some animals. The inflammatory response is primarily composed
of heterophils, with lymphoplasmacytic cells present in some animals ranging from
minimal to mild and with associated to haemorrhage and oedema. Group Il presented
with periocular connective tissue granulomas, which appear as well-demarcated

nodular masses composed of foamy macrophages, lymphocytes, and plasma cells
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appearing in some samples. One sample in Group lll had a cystic formation with no
evidence of inflammation which is thought to be residue of the IFNPH. Group 1V;
samples had elongated granulomas either in the bulbar conjunctival deep submucosa
or the periocular connective tissue as well as cyst formation (i.e., enclosing the residue
of IFNPH).

Control

Group |

Group Il

Group Il

Group IV

Figure 4.6 Histopathological sections of eyes following subconjunctival application.
Control; untreated eyes, Group |; termination after one day, Group II; termination after
3 days, Group lllI; termination after 7days, and Group IV; termination after 14 days.

4.3.5. Intraocular pharmacokinetics

The pharmacokinetic parameters are listed in Table 4.1, and PKsolver 2.0 software
was utilized for analysing the data using a non-compartmental model (Zhang et al.,

2010). Figure 4.7 depicts the concentration of IFN-a2b in ocular tissues after
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subconjunctival administration of 0.2 mL IFNPH at a concentration of 3 pg/mL. The
maximum concentration (Cmax) in the vitreous and aqueous humours were 129.7 *
0.01 and 88.7 + 0.01 pg/mL, respectively, achieved after 24 hrs (tmax) following
application. The T% in the vitreous and aqueous humour was 55 and 105 days,
respectively. The area under the curve (AUCo14 days) was 1637 and 1150.8
pg/mL.days, respectively, in the vitreous and agqueous humour. The subconjunctival
pathway avoids the cornea-conjunctiva barrier, which prevents macromolecules from
passing through the sclera to the anterior chamber. The drug diffuses to the cornea
and intraocular tissue or is eliminated via conjunctival blood and lymphatic flow.
Consequently, drug clearance from the subconjunctival area becomes a key indicator
of vitreous drug levels after subconjunctival delivery. The drug molecule passes
through the conjunctiva, permeates the sclera and choroid, and reaches the retinal
pigmented epithelia (Gaudana et al., 2010; Nomoto et al., 2009). As a result,
subconjunctival injection is a viable route for the delivery of macromolecules to the

anterior and posterior regions.

Table 4.1 Pharmacokinetic parameters of IFN-a2b (0.125 MIU, 0.6 ug per rabbit eye)

following subconjunctival injection of IFNPH.

Tissue Sample Aqueous humour  Vitreous humour
Cmax(pg/ml) 88.7 129.7
Tmax (days) 1 1

T (days) 105.8 55.6
AUCO0-14 (pg/ml .days) 1150.8 1637
AUCO-~ (pg/ml.days) 13075 9780.9
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Figure 4.7 The intraocular pharmacokinetic profile of IFN-a2b following
subconjunctival application of IFNPH in rabbits (n =5, mean+ SD).

4.4. Discussion

Interferon alpha’s susceptibility to degradation, the very short half-life of 2-3 hrs, and
quick clearance by the reticuloendothelial system (RES) have all hampered its use in
the treatment of ocular cancers (Beilharz et al., 2010; Bonetti and Kim, 1993; Lewczuk
et al.,, 2019). The available subconjunctival injections and eye drops of interferon
require multiple rounds of application (Meel et al., 2021). Hence, the need to develop
advanced delivery systems to address these constraints in clinical use has arisen.
Researchers have been investigating the possibility for improving the bioavailability of
IFN-a2b while reducing the side effects (Castro et al., 2021). Delivering IFN-a2b locally
to the ocular surface would be a promising approach in the management of ocular
tumors, providing a high concentration at the tumour site with reduced systemic side

effects.

The PECE hydrogel was previously recognized for its thermo-responsiveness and
biodegradability and has received substantial attention as a potential controlled
delivery system (du Toit et al., 2021; Gong et al., 2009c; Luo et al., 2016). According

to earlier research, the micelle packing, and aggregation processes may be

101



responsible for the temperature-dependent change of PECE aqueous solution to gel
(Gong et al., 2009a; Gong et al., 2009b). At body temperature, the 20% w/v PECE
hydrogel developed quickly. Furthermore, incorporating IFNa-loaded nanoparticles
into the PECE solution had no effect on the sol-gel transition window. Thermo-
responsive hydrogels are potential candidates to deliver the IFN-a2b macromolecule
to the intraocular tissues. In a previous study, Xu et al. (2018) investigated the delivery
of the full-length humanized monoclonal antibody Bevacizumab (Avastin®) loaded into
PFCE hydrogel. Following a single subconjunctival injection in an animal model; the
concluding results where that the Avastin®-hydrogel might be a promising choice for
the prevention of corneal neovascularization (Xu et al., 2018). The findings in our study
correlates to Xu'’s results; as the IFN-a2b concentration was maintained throughout
the investigation in the aqueous humour due to the physical entrapment of the protein
in the highly entangled hydrogel micro-porous structure causing sustained diffusion
(Bawa et al., 2009). Furthermore, the IFN-a2b reached the vitreous via sclera diffusion,

and the hydrogel protected the IFN-a2b from degradation.

Several studies have demonstrated the application of nanoparticles in the delivery of
IFN-a, but none for ocular delivery. In one such study conducted by, Canepa et al.
(2017) IFNa-loaded chitosan nanoparticles with high encapsulation efficiency for oral
delivery were synthesised. Following oral administration, a preliminary in vivo study
on CF-1 mice demonstrated that IFNa was detectable in the plasma after one hour;
however, free IFNa was not detected in the plasma at the same time point (Canepa et
al., 2017). Imperiale et al. (2019) arrived at the same conclusion, stating that the
mucoadhesive characteristics of chitosan improved oral bioavailability to levels
comparable to intravenous dosing (Imperiale et al., 2019). Giri et al. (2011) created
cationic PLGA nanoparticles that were coated with hepatitis B surface antigens. The
particle size of 174 nm and surface characteristics of the nanopatrticles influenced their
distribution and opsonization. The study concluded that IFNa remained stable within
the cationic nanoparticles, with 91% of IFNa retrieved from nanoparticles containing
trehalose (Giri et al., 2011). In this study, the corneal permeability demonstrated that
the PBAE nanoparticles penetrated through the cornea with a flux of 440.6 pg/cm?
/hrs. The corneal epithelium and stroma are constraints that prevent hydrophilic,
macromolecules and hydrophobic medications from penetrating the eye (Hegde et al.,
2013). The particle size of the prepared PBAE nanoparticles was 151 nm, which is
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within the nano-size range allowing the permeability across the corneal barriers
(Cholkar et al., 2012). These findings imply that PBAE-NPs have a high potential for
sustained in vivo protein delivery. The results obtained in this study suggests that the
IFNPH enhanced the permeability by two mechanisms that act concordantly. The first
proposed mechanism is that the hydrogel acts as a depot from which the nanopatrticles
are released in a sustained manner, the viscosity of the hydrogel enhanced the
residence time of system. The second mechanism proposed is that transcellular
transport of IFNa-loaded NP across the ocular barriers into the receiving compartment
is achieved by the properties of the cationic PBAE and the coupled PEG molecule.
The PEGylated PBAE form core-shell nanoparticles, the PEG corona has excellent
stealth properties capable of bypassing major biological barriers (Mastorakos et al.,
2015a; Mastorakos et al., 2015b; Schopf et al., 2015). The PBAE nanoparticles
enhanced the permeation through ocular barriers which was further confirmed by the
cellular uptake studies of FITC-loaded nanoparticles. The fluorescent microscope was
utilised to assess NPs cellular uptake; FITC-loaded PBAE-NPs were synthesised and
used as a model. To examine the NP-cell interaction, human immortalised
keratinocytes HaCaT cells were used as an in vitro model. Images of cells cultured
with FITC-loaded NPs exhibit an unspecific amount of green fluorescence. Following
a 24 hrs incubation period, FITC-loaded NPs showed specks of green fluorescence in
the cytoplasm. Some NPs remained outside the cells, visualised as a spherical
structure. These findings support the ability of PBAE-NPs to transport IFN-a2b or other
encapsulated medications to the cellular milieu. The intended site for delivering IFN-
a2b is the cell surface, where it binds to specific receptors and activates the Janus-
activated kinase and signal transduction pathways. The encapsulation of IFN-a2b in
nanoparticles protects the protein from degradation during transport or at the delivery
site, thus enhancing therapeutic efficacy and reducing toxicity (Ye and Chi, 2018). The
design of nanocarriers with the ability to be efficiently internalised by cells increases

the likelihood of success for many treatments (Ramsay et al., 2018).

The subconjunctival route circumvents the cornea-conjunctival barrier, which hinders
hydrophilic molecules from permeating through (Gaudana et al., 2010). Following
subconjunctival injection, the drug molecule must pass through the sclera, which has

a large and permeable surface area as well as a high degree of hydration, rendering
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it accessible to the hydrophilic molecules (Kim et al., 2002; Ranta and Urtti, 2006).
One study that evaluated the subconjunctival route for the delivery of dexamethasone
showed that the route proved effective in delivering the drug to the anterior and
posterior ocular segments (Weijtens et al., 1999). In the current study, the in vivo
pharmacokinetic parameters revealed that IFN-a2b concentration in ocular humours
peaked on the first day, followed by a gradual release over a 14 day period. It is
therefore expected that the dosing frequency will be decreased with reference to a
study in patients with ocular tumours treated with subconjunctival IFN-a2b injections.
In the referenced study, the patients were administered IFN-a2b (3 MIU/0.5 mL) three
times a week, and the median resolution time was 1.4 months (Karp et al., 2010). The
extended half-life is representative of improved retention; it is known that the
elimination from the posterior segment involves permeation across the blood-retinal
barrier, either through passive permeability of small molecules or active transport of
macromolecules. Hence, the half-life of macromolecules in the vitreous is prolonged
(Urtti, 2006). The AUCO-= in this study injection of IFN-a2b (0.125 MIU), was 13075
and 9780.9 pg*d /mL in the aqueous and vitreous humour, respectively, compared to
a study conducted on healthy volunteers (Radwanski et al., 1987), which
demonstrated an AUCO-~ and Cmax after intravenous administration of IFNa (5 MIU)
were 994 pg*h/mL and 853 pg/mL, respectively (Radwanski et al., 1987). Considering
the dose difference, the values reported in this investigation are in good agreement
with those obtained from human volunteers. These results highlight the potential of the
IFNPH formulation for the improved controlled ocular delivery of IFN-a2b, with a

potential for a reduction in dosing frequency.

45. Conclusion

In this work, the concentration of IFN-a2b in ocular humours following a single
subconjunctival injection of the synthesised IFNPH in rabbits is reported. The IFNPH
was loaded with 3 pg/mL IFN-a2b, and rapidly formed a gel at body temperature. In
vivo examination revealed no significant inflammatory response in the conjunctivae or
sclera. The intraocular pharmacokinetic results demonstrated the sustained release of
the loaded IFN-a2b. The corneal permeability and cellular uptake studies suggested
that the system is a possible candidate for site-specific treatment of ocular surface
tumours. Further assessment for the in vivo performance in a preclinical tumour model

is proposed.
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Chapter Five

Conclusions, recommendations, and future prospects

5.1. Conclusions

Several ocular illnesses that lead to blindness could benefit from effective treatment
delivery to the site of action. Efficacy, however, remains restricted due to the multiple
static and dynamic obstacles present in the eye, despite substantial study into
administration procedures and delivery vehicle. Delivering drugs to the ocular anterior
segment is a significant challenge in the field of ophthalmic pharmaceuticals. Several
constraints obstruct medicine supply to this area. Topical ocular therapies and
systemic administrations are the most popular routes for delivering medications to the
anterior region. The most commonly utilised dose type in ocular medication delivery is
topical ocular eye drops. Unfortunately, because eye drops are rapidly drained from
the ocular surface and medication absorption require a few minutes, the
dose/response profiles are often quite poor. Biodegradable polymers can be employed
to create solid or injectable matrixes, as well as to encapsulate specific systems like
nano and microparticles. Polymers can be engineered as viscous or semi-solid
materials that can be localised within the eye and employed as a slow-release
intraocular implant following a simple injection, delivering drugs locally for an extended
period. In situ hydrogels are an example of these biodegradable polymer that have a
three-dimensional structure and the ability to retain water. Additionally, loading of
nanoparticles into the hydrogel protects the loaded drug and provides sustained
release. Delivering IFN-a2b locally to the tumour site would be a promising approach
in the management of ocular tumours. Providing a high concentration at the tumour

site with reduced systemic side effects.

In this study two systems for employment in combination, namely the PECE hydrogel
and the PBAE-NPs, were prepared. It was demonstrated in this study that the IFNHP
can be utilized to enhance IFN-a2b delivery to the anterior and posterior segment of
the eye. The IFNPH was designed by combining the IFNa-loaded NPs with the
aqueous solution of PECE at low temperature. At room temperature, the mixture was
a solution that transitioned into a gel at body temperature. The storage modulus (G')
and loss modulus (G") as a function of temperature were used to monitor the

mechanical characteristics and gel formation kinetics of the hydrogel. The PECE
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hydrogel demonstrated a sol-gel transition as the temperature increased. The sol-gel
transition behaviour was not affected by the addition of nanoparticles to the PECE
aqueous solution; however, it did shift the sol-gel transition to a lower gelation
temperature. The drug release rate was affected by the porosity and pore size of the
hydrogel. SEM and porosity analysis revealed a three-dimensional structure with a
pore size of 61.5310 A, allowing the diffusion of the release medium into the hydrogel
as well as the diffusion of the IFN-a2b loaded NP. The PBAE nanoparticles prepared
are in the nanosize range with spherical shape and good polydispersity and zeta
potential, as confirmed by the TEM and DLS results. The PBAE nanoparticles are pH-
responsive, controlling the release of the drug in the acidic tumour microenvironment,
as confirmed by the particle size, zeta potential and polydispersity results.
Furthermore, the physiochemical parameters (FTIR, DSC, XPDR and TGA)
demonstrated the synthesis and stability of the system, and the entrapment of the IFN-
a2b nanoparticles in the PECE hydrogel. The system exhibited sustained release

profile, with a slower release rate in a more acidic pH.

The in vitro cytotoxicity investigation found that cell viability on exposure to the IFNPH
was acceptable at the dosages ranging from 5 to 0.625 mg/mL used in the study, with
no notable cytotoxicity effects on cell line. The biocompatibility of the nano-embedded
hydrogel was further validated by an in vivo toxicity study, which showed that the
prepared IFNPH presented no, or minimal signs of inflammation as revealed by the
histopathological examination. Overall, the designed IFNPH is expected to
demonstrate notable efficiency in the quantity of the doses and the frequency of
administration as compared to eye drops and subconjunctival injection of the
commercially available IFN-a2b solution, hence, highlighting its potential as a

promising candidate for ocular application in the treatment of ocular tumours.

5.2. Recommendation and future perspective

The designed IFNPH yielded a system that met the study's requirements and
objectives. The in vitro and in vivo evaluation of the system produced high-quality
outcomes releasing in a sustain manner for 14 days and no cytotoxicity effect on the
HRPE nor the rabbit eyes. Further research is required to validate the application of

such systems in tumour delivery via preclinical investigation in an appropriate ocular
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tumour animal model. Allograft models may be an appropriate method for assessing
efficacy.

The IFNPH formulation is a potential site-specific delivery system for both ocular
segments and can be applied for other ocular diseases and malignancies. The
possibility for modification of the PBAE-NPs with ligands for active targeting to ocular

sites would be a possible enhancement of the described delivery system.
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Appendix B
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ANIMALS RESEARCH ETHICS COMMITTEE (AREC) “ITII'.I";III‘IJ-':E\JE?ba}mP
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CLEARANCE CERTIFICATE NUMBER: 2021/03/07/C

APPLICANT: Ms Q) Owaezuoke
School: School of Therapeutic Sciences; Department: NfA; Location: WRAF

PROJECT TITLE: In vivo evaluation of a bioinspired protein resistant ocular biomaterial
(BioPROT) in Albino New Zealand rabbits
Category: C; Species and Numbers involved: 70X 2.5 - 3.5 kg male or ferale, Albing New

Zealand rabbits

Approval is hereby given for the use of animals for the research project named above and
described in the application reviewed by a guorate meeting of the AREC held on 30 Mar 2021.

This approval remains valid until 20 May 2021 and is conditional to the following {If blank there

are no special conditions):

Condition 1 Condition 2 Condition 3 | Condition 4

Liakse with the WRAF staff about the feasibility of using
an Elizabethan collar if irritation of the eyes

All material changes to the approved research must be reported to the AREC before they are
implemented. Failure to do so will invalidate this clearance certificate.

An annual progress report must be provided to the AREC.

The use of these animals is subject to AREC guidelines on the use and care of laboratory
animals, is limited to the procedures described in the application and is subject to additional
conditions listed below:

I, the Chair of the AREC [or my designated representative) am satisfied that the proposed
research is ethical as judged by local law, international standards and University policy.

Signed: - \ Date: __21/05/2021
[Chairperson of the AREC)

| am satisfied that the persons listed in this application are competent to perform the
procedures described in the application, in the context of Section 23 (1) (c) of the veterinary
and Para-veterinary Professions Act (19 of 1982).

CC: Student supervisor: «Titlels «lnitials1s «Supervisor_surnames
Director Wits Research Animal Facility (WRAF): Dr Kim Jardine
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|ESC 2002 MEE

Please note that only typewritten applications will be adtephed.

UNIVERSITY OF THE WITWATERSRAND

ANIMAL ETHICS SCREENING COMMITTEE
MODIFICATIONS AND EXTENSIONS TO EXPERIMENTS

a. Mame: Onyinye |. Uwaezuoke

b Department: Pharmacy and Pharmacobogy

C. Experiment to be modified / extended AESC NO
Original AESC number AESC21 |02 003
Other MEEs : nil
d. Project Title: IN vivo evaluation of a bioinspired protein resistant ocular biomaterial

|BioPROT] in Albino New Zealand white rabbits

No. Species
. Mumber and species of animals originally approved: 0 Raobbits
f. Mumber of additional animals previously allocated on ME&Es: | nil
E- Total number of animals allocated to the experiment to date: | 5 Rabbits
h.  Mumber of animals used to data: nill

I Specific modification [ extension requested: Addition of a co-worker.
Mame: Yosra Abdalla.
Phone number: «27719664801.

Email: 235931 7@ students. wits.ac.za.

Qualification: PhD student in Pharmacy and Pharmacology currently developing
nanaplatforms for ocular drug delivery.

I8 Motivation for modification / extension: | will be working with so many rabbits and hence
will be needing assistance often. ¥Yosra understands the focus of my research and
will be of immense assistance.

Date: Signature:

RECOMMEMNDATIONS

Approval for the addition of ¥. Abdalla a as co-worker to the project. Co-workers must ensure that
they attend the WRAF orientation course, if already not done so. Plegse contact Dr K. lardine for
details (Kimberly Jardine@wits_ac.za). f ‘

Date:3 Movember 2021 Signature: v

sputy-Chair, AESC
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Appendix D

DEVELOPMENT OF AN INJECTABLE THERMO-RESPONSIVE PEG-PCL-PEG
HYDROGEL FOR OCULAR DRUG DELIVERY

Yosra Abdallal, Lisa Du Toitl, Naseer Ally2 and Yahya E. Choonara *
 Wits Advanced Drug Delivery Platform Research Unit, Department of Pharmacy and Pharmacology, School of Therapeutic Sciences, Faculty of Health
Sciences, University of the Witwatersrand, Johannesburg, 7 York Road, Parktown, 2193, South Africa
2Department of Neurosciences, Division of Ophthalmology, St John Eye Hospital, University of the Witwatersrand, Johannesburg, South Africa.

» Ocular drug delivery is hindered by the anatomical and
physiological barriers of the eye (rapid reflux blinking,
rate of tear turnover and the nasolacrimal drainage
etc).

» These limit ocular bioavailability from the most
commercially available ocular products such as eye
drops (90%).

> There is therefore a need to design and develop a
thermo-responsive hydrogel for sustain ocular delivery
(TSD).

vt

nct g

» The synthesis of the copolymer was through
ring opening polymerisation of € caprolactone
=N in the presence of polyethyleneglycol
methylether (MPEG) {Gong et al. 2009).
¥ Physiochemical properties of the TSD were
evaluated ( rheology etc).

» In vitro cytotoxicity of optimized hydrogel
was evaluated in Human Retinal Epithelial cells.
¥» The release profile of interferon alpha
nanoparticles from the gel was evaluated in
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» Thermal transition of the hydrogel occurred at Tsol 22 °C and Tgel
45 °C with a high storage modulus G’ indicating the suitability for

sustained release from the gel (Hwang et al. 2005)

» Over 6% of IFN was released in the 14 days studied. The gel was
nontoxic to primary Human retinal epithelial cells displaying above 70%

viability { du Toit et al. 2021).

#The hydrogel was successfully synthesised and all the physiochemical

characteristic of the hydrogel evaluated..

#The optimized formulation demonstrated favourable rheological
parameters with a promising drug release pattern and no cytotoxicity

effects on human retinal epithelial
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