TS FACULTY OF SCIENCE,
" ENGINEERING AND
COMPUTING

School of Life Sciences and
Pharmacy and Chemistry

Implication of Polymer Properties on The
Manufacture and Absorption of Soft
Contact Lenses Used as Drug Carrier

Systems

Shelan Mustafa K0846770

13



Acknowledgment

Firstly, | would like to express my sincere gratitude to Prof. Raid Alany and
Dr Amr Elshaer for their continuous support of my Ph.D study and related
research, for their patience, motivation, and immense knowledge. Their
guidance helped me in all the time of research and writing of this thesis. |
could not have imagined having a better advisors and mentors for my Ph.D

study.

My sincere thanks also goes to Dr. Simon Gould and Dr.Simon Demars, who
gave access to the laboratory and research facilities. Without they’re

precious support it would not be possible to conduct this research.

| would like to thank my fellow lab mates Dr Sharan Asher, Dr Amanda
Dandagama and Dr Aryan Stanley for the stimulating discussions, and late
night working in the lab together before deadlines, and for all the fun we

have had in the last four years.

| would like to express my deepest gratitude to husband Raman. This
dissertation would not have been possible without his warm love, continued
patience, and endless support. Thank you for always encouraging me to

work harder and inspiring me to be the best | can be at all times.

Last but not the least, | would like to thank my family: my parents Rashed
and Awaz for always encouraging me to pursue my dreams, and being there
when | needed motivation and support. Thank you for always reminding me

how much | have achieved and how proud | should be. To my sibling Ahmed

14



and Deren for almost unbelievable support throughout my Ph D journey and
life in general. Thank you for always being so positive during stressful times.
My family are the most important people in the world and | dedicate this

thesis to them.

15



Abstract

Background: Glaucoma is one of the leading causes of vision loss, where it is found in 2% of the
population over the age of 40. It is estimated that more than 500,000 people suffer from glaucoma in
England and Wales alone, with more than 70 million affected across the world. Conventional treatments
start with topical anti-glaucoma medications such as eye drops. Soft contact lenses (SCLs) can substitute
eye drops and ocular ointments. They help improve drug bioavailability, residence time and drug delivery
to the targeted site, leading to compromised patient compliance.

Aim: This study focused on developing new SCLs using hydrophilic and hydrophobic polymers; which
were further investigated as potential carriers for drozolamide hydrochloride (DZH). Surfactants to
modulate drug release as well as improve SCL properties.

Experimental: Si-Hy SCLs were prepared via UV-polymerisation. PAA NPs were prepared via ionic
gelation using calcium chloride a cross-linking agent; they were incorporated into SCLs. A bacterial
adherence study was conducted on the SCLs. The two pathogenic microorganisms investigated were
Staphylococci epidermidis and Pseudomonas aeruginosa. Post SCLs polymerisation characterisation
studies were carried out to investigate EWC, CA, TM, YM and in vitro drug release. Ocular toxicity studies
(HETCAM and BCOP assays) were undertaken to identify any potential ocular irritation associated with
these SCLs.

Results: PDMS-AS displayed the highest EWC% followed by TFMS, PDMS-VT and TRIS. All of these
silicones based polymers possessed promising qualities that could be of benefit when preparing SCLs. F-
S/A gave rise to the transparent SCLs, whilst PDMS-AS had the highest EWC%. Combining the silicone
based polymers with HEMA hydrogel, could potentially eliminate lens-induced hypoxia for SCL wearers,
due to the high oxygen permeable nature of siloxane and the hydrophilic HEMA hydrogel will provide the
required hydration and comfort for SCL wearers. It was found that polyacrylic acid (PAA) concentration
affected the NP size, low PAA concentration proved to be the most promising to achieve the smallest
particle size (200nm) and PDI values (0.048). Incorporation of DZH into NPs increased their mean particle
size. Entrapment efficiency of DZH was 81%, which is sufficient to achieve a therapeutic dose. In vitro drug
release studies have demonstrated that this new platform could potentially sustain DZH release, lowering
IOP over extended periods of time, beyond what is achieved with conventional eye drops. Bacterial
adherence studies revealed that incorporation of P407 aided the resistance of both gram negative and
gram-positive bacteria when compared to the controls. Both irritation assays (HET-CAM and BCOP)
revealed that the developed SCLs were devoid of potential conjunctiva and corneal irritation.

Conclusion: modified SCLs could be formulated using a blend of silicon and HEMA with improved
properties. The carbonic anhydrase inhibitor (DZH) can be loaded into these modified SCLs to achieve
sustained drug release and potentially improve patient compliance. Polymeric NPs can be loaded into
these SCLs with minimal effect on their properties. P407 surfactant has been shown to be essential to

minimise bacterial adherence to the surface of SCLs, hence minimise the chance of microbial keratitis.

Keywords: IOP, EWC, SCL, DZH, PAA nanopatrticles, bacterial adherence, ocular drug delivery, HET-CAM and

BCOP.
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Chapter 1: Introduction

1.1. Anatomy of the human eye

The eye is a very unique and valuable organ that is made of vital

components that plays a substantial role in sight. The protective structure of

the eye composed of eyelid and sclera, the anterior segment of the eye

composed of cornea, iris, aqueous humour, crystalline lens and ciliary

muscle. The posterior segment of the eye composed of, retina, vitreous

humour and finally optical pathway to the brain composed of the optic nerves

(Figure 1.1) (1).
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Figure 1.1: Cross section Anatomy of the human eye, adapted from allaboutvision.com (27).
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1.1.1. The protective structure of the eye
The upper and lower lids of the eye are composed of tarsal plates, which are
cartilage like structure. Together they form an aperture, which is about
30mm, they help provide shape, structure and protection to the eye. Each
eyelid has a row of cilia that helps to prevent any foreign particle entering the
eye, they also have tear gland that maintain the tear film within the eye. The
exposed section of the eye is covered in precorneal tear film of about 10uL
and pH 7.4. The sclera is a thick white opaque protective outer layer
extending from the cornea to the optic nerve that covers 95% of the eye’s
surface. Towards the anterior segment of the eye the sclera thins and this
gradually thickens towards the posterior segment forming a net like structure

at which the optic nerve passes (1,2).

1.1.2. The anterior segment of the eye
Is responsible for focusing images onto the retina, the retina provides the
majority of the focusing power and the crystalline lens provides the rest as
well as further refining the focus allowing the eye to focus on different objects
at different distance. The aqueous humour is a clear fluid that fills the
anterior chamber of the eye that lies between the cornea and the crystalline
lens; it is produced by the ciliary body. Within the aqueous humour there are
blood plasma which helps provide nutrients to the cornea and the crystalline

lens (1).
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1.1.3. The posterior segment of the eye and optical pathway to
the brain

Is lined with a thin tissue layer called the retina that is specialised sensory
tissue, also vitreous humour is a transparent gel that is located at the
posterior segment of the eye and helps to provide structure and hold the eye
in shape. It also provides nutrients to the retina from the ciliary body and the
aqueous humour. The optical pathway to the brain is where transmitted
chemical and electrical signals initially processed by the retina travels via the
ganglion cells that run through the optic nerves and further passed on to the
optic tracts which is then transmitted to the visual cortex where the visual
process occurs (1,2).
When light rays enter the eye through the cornea a transparent outer layer
with a dome shape helps to protect the eye from elements that could cause
damage to the inner parts of the eye. The cornea refracts the rays and
passes through the pupil, where the iris (coloured part of the eye) contracts
and retracts regulating the amount of light taken in, assisting the eye to focus
on the objects in line. The light then passes through the crystalline lens
(located directly behind the pupil), which changes in shape further bending
the rays in order to be transmitted onto the retina. The retina is made up of
millions of photoreceptors called rods and cones (3,4). The centre of the
retina is known as the macula where all the cones are located, rods on the
other had are located on the external part of the macula. Rods help provide a
vision in dim light while cones provide sharp vision and detect fine colour and
details in the light. The photoreceptors help convert these light rays into

chemical and electrical impulses are transmitted onto the optic nerve
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whereby it is sent to the visual cortex where by the visual processing takes

place (2)(5).

1.2. Anterior segment drug delivery barriers

As a unique organ, the eye (Figure 1.1) is somewhat isolated from the rest of
the body due to blood-ocular barriers. The eye is protected by many tissues
that act as barriers and prevent substances such as protein and large drug
molecules from entering the aqueous humour. The roles of blood-ocular

barriers are discussed in detail in following sections.

1.2.1. Conjunctiva- Epithelial tight junction as barrier
The conjunctiva is a thin, transparent vascular tissue that covers majority of
the ocular surface. Composed of two layers made of 2-10 sub-layers of
stratified epithelial cells and substantia propria (6). Within the conjunctiva
there are goblet cells and glands responsible for mucin and tear formation
(7,8). The stroma located between the conjunctiva and sclera is rich with
lymph nerves and blood posing barrier to hydrophobic drugs (8). The outer
epithelial cells form intercellular tight junctions (known as zonula
occlundens). The tight junctions act as a barrier for high molecular weight
hydrophilic drug molecules permeating via paracellular channels (6,8). The
conjunctiva possesses efflux pumps P-glycoprotein (P-gp), located on the
cell membrane (9). The efflux pumps continuously remove drug from the cell
cytoplasm causing a decline in drug concentration thus inhibiting drug

transport (8).
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1.2.1.1. Tear film turnover / Nasolacrimal drainage
Tear film acts as a protecting layer covering the conjunctiva and cornea
preventing dehydration of corneal epithelium layer. The tear film turnover
acts as another impeding factor for topical drug permeation (6). Scherz et al,
reported that the average tear volume within the cul-de-sac is 7uL, with flow
rate of 1.2uL/ min™ (10). Upon topical administration of drug, Bachu et al
reported that drug contact time is limited to 1-2 minutes due to the dose high
tear efflux, the bioavailability of the drug is significantly reduced (6,8,11).
Leaving 10-20% of the drug, some of which can be lost through the
nasolacrimal drainage and pre-corneal drainage. Nasolacrimal drainage of
the drug occurs via transnasal absorption and further exposure to the

systemic circulation (6).Only 5% of the drug available for absorption (8,11).

1.2.2. Cornea as barrier
The cornea is multi-layered and highly sensitive tissue within the eye; it is
composed of 5 layers; outer epithelium (lipophilic), bowman’s layer, stroma
(hydrophilic), descemet’s membrane and the endothelium (8). The epithelial
cells form tight junctions restricting even small molecular hydrophilic drugs
upon topical application (12). Hydrophobic drugs are able to permeate
through the lipophilic tight junction channels but will not be able to seep
further into the ocular tissues, due to the hydrophilic nature of stroma (8).
The endothelium is located between the aqueous humour and stroma allows
movements of molecules between the neighbouring compartments (8,13,14).
Drug absorption into the aqueous humour occurs via trans-corneal diffusion

(Figure 1.2) (8,13). Efflux pumps located on the corneal surface expresses
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significant barrier within ocular drug delivery. The efflux pumps present
restriction of drug permeation are P-glycoprotein (P-gp), multidrug resistant
protein (MRP and ABCC) (6,9). Dey et al, carried out transport studies
across human and rabbit cornea as well as rabbit corneal cell line. They
confirmed the presence of P-gp efflux pump to be active on cell surface

preventing drug diffusion into ocular tissue (9).

TRANCELLULAR PARACELLULAR

O

NEIGHBOURING CELLS OF CORNEAL EPITHELIUM

Figure 1. 2: Passive Trancellular and Paracellular transport through tight epithelium junctions (8,13).

When developing ocular drug delivery system, the formulation should
possess hydrophilic properties increasing ocular contact time and the
bioavailability of the drug within the pre-corneal tear film to improve the
permeability of the drug across the various ocular tissues. This is discussed

through different approaches within the following sections.
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1.3. Diseases of the human Eye

There are many diseases related to the eye some of which have a minor
short-term effect while others have long-term effects that could potentially
lead to loss of vision. Refractive errors for instance is when the two most
focusing structures do not function very well this could be due to the shape of
the eye, changes in cornea shape as well as aging of the lens. The most
common refractive errors are myopia, hypermetropia, astigmatism and
presbyopia. The most common symptom would be blurred vision, eyestrain,
halos around bright light and headaches. The ways of correcting these
refractive errors would be through laser eye surgery or by wearing contact
lenses/ glasses (15). Most common disorders that affect the anterior
segment of the eye are including cataract, glaucoma and conjunctivitis.
These conditions are mainly treated with topical applications such as eye
drops, suspensions and ointments. Within ocular drug delivery topically
administered drugs should be able to penetrate through the corneal barrier

and into the aqueous humour (8).
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1.3.1. Glaucoma
Glaucoma one of
the most leading
causes of vision
loss and it is found
in 2% of the
population over the
age 40. Itis
estimated that
more than 500,000
people suffer from
glaucoma in
England and wales
alone, with more
than 70 million
people affected
across the world
(16). Patients with a family
history of primary open

angle glaucoma are at four
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Figure1.3: Represents the development of Glaucoma within the eye.
Credit: thelondoneyespecialists.co.uk (17).

Waiting for copyright permission.

times as likely at increased risk compared to those without a family history.

There are two main types of glaucoma, primary open angle glaucoma and

angle closure glaucoma (16) (17). This type of eye disorder is progressive in

nature with no cure, however if detected early current treatment could

prevent the disease from advancing.
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1.3.1.1. Primary Open angle glaucoma
Nutrients are drawn from the aqueous humour into the cornea the aqueous
humour circulated out of the eye through the trabecular meshwork
(drainage), which is between the cornea and iris and replaced by newly
formed aqueous fluid. In primary open angle glaucoma, the trabecular
meshwork is moderately blocked causing a resistance to the outflow of the
circulating aqueous fluid (Figure 1.3). With increase in resistance there will
be an increase in pressure due to fluid build-up in the eye, as a result this will
cause damage to the optic nerve. Usually there is no pain involved therefore
there are no symptoms, and when it does occur it could lead to loss of vision

(1,2).

1.3.1.2. Angle closure glaucoma
Also, known as closed angle glaucoma, occurs by the presence of pupillary
block causing the iris swell and block the trabecular meshwork between the
cornea and the iris, this therefore prevents the out flow of aqueous fluid, and
very quickly increasing the intraocular pressure. Some patients are born with
narrow trabecular meshwork (drainage angle), which would increase their
risk of developing closed angle glaucoma. There are two types of closed
angle glaucoma; acute angle-closure glaucoma which occurs abruptly and
chronic angle-closure glaucoma which occurs gradually. The symptoms of

angle-closure glaucoma are sudden pupil dilation (18)(19).
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1.4. Glaucoma treatment option

In America, about 1.1 million people suffer from open-angle glaucoma (20),
in England, about 480,000 suffer from chronic open-angle glaucoma (21).
Most of these patients are unaware of their disease due to no sign of ocular
or systemic symptoms (20). As previously mentioned if left untreated
glaucoma could lead to irreversible loss of vision (22). Would lead to
increased costs due to both vision rehabilitation and continuous
ophthalmology care (23). Glaucoma patients are also at risk of depression,
which increases the cost of care and management of the disease (24).
Therefore, early detection and immediate treatment is a successful way of
preserving sight and avoiding additional costs (25). The current treatment
options for the most common type of glaucoma also known as open-angle
glaucoma (POAG) will be discussed.

The main role of current glaucoma treatment options is directed at lowering
intraocular pressure (IOP). Conventional treatments offered by medical
practitioners usually start with topical anti-glaucoma medications. There are
multiple types of anti-glaucoma mediations used to reduce IOP. Examples of

topical eye drops used as anti-glaucoma therapy include beta-blockers

(Timoptic XE®), alpha-agonists (Lopidine®), carbonic anhydrase inhibitors

(Trusopt®), and prostaglandin analogues (Lumigan®) (26—28).Table 1.1

presents a summary of various topical eye drops for the treatment of
glaucoma (22,29-32). Beta-blockers, reduce IOP by obstructing sympathetic
nerve ending in the cilliary epithelium, causing a decline in aqueous humour

production (33). Beta-blockers are effective at lowering IOP, they can be
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used once or twice a day and they do not affect the size of pupil (20). Beta-

blockers are associated with some systemic side effects such as, respiratory,

cardiac side effects indicating; decline in heart rate, exacerbation of heart

failure, and ocular side effects of decreased ocular blood flow and corneal

sensation (27). Brook et al, suggested Betaxolol is the beta-blocker of first

choice for use due to decreased side effects, however this dose related and

should be used with extreme caution with glaucoma patients especially those

with a history of respiratory illness (33). Prostaglandin analogues are ocular

hypotensive drugs developed for treating POAG. They reduce IOP by

increasing the uveoscleral outflow without affecting the aqueous inflow (34).

The optimal dose is once a day; prostaglandin analogues are as effective as

beta-blockers. They possess ocular side effects such as change in periocular

skin pigmentation, and change in iris colour and hyperaemia (20,27).

Table 1.1: Summary of the various topical ophthalmic formulations (29).

Topical
Glaucoma
Medication
Class

Trade name

(API)

Mechanism of
action

Side effects

Manufacture

References

Beta-blockers . . o Reduce e Decline in heart rate MERK &CO
Timoptic XE aqueous humour ~ « Depression (New jersey, (27,33,35)
(Timolol) production »  Ocular discomfort USA)
. Decrease ocular
blood flow and
corneal sensation
Prostaglandin e Increasing the *  Hyperaemia Allergan (27,34)
analogues Lumigan uveoscleral «  Change in colour of (Dublin,
(Bimatoprost)  outflow without iris frefand)
affecting the e Change in pre-ocular
aqueous inflow skin pigmentation
Alpha-2 e Decreasing *  Hypotension NOVARTIS (27,36)
agonists lopidine aqueous humour «  Fatigue (Surrey, UK)
(ApraCIonidin secretion and . Lid retraction
e) increasing «  Ocular redness
uveoscleral «  Pupillary dilatation
outflow
Carbonic o Reducing *  Ocular discomfort Santen (27.37)
anhydrase Trusopt aqueous humour « [rritation (St Albans,
inhibitors (Dorzolamide)  formation and «  Redeyes UK)

lowering IOP

37




Alpha-agonists lower IOP by decreasing aqueous humour secretion and
increasing uveoscleral outflow (36). They are typically applied 2-3 times a
day, however, it is not recommended for long term use due systemic side
effects such as hypotension, respiratory and central nervous system
depression. Ocular side effects consist of redness of the eye, itching,
pupillary dilatation and lid retraction (27). Carbonic anhydrase inhibitors
(CAl) are sulphonamide derivatives which inhibit the activity of an enzyme
carbonic anhydrase in the ciliary processes of the eye, reducing aqueous

humour formation and lowering IOP (37). Examples of CAl are Dorzolmide

hydrochloride (DZH) (Trusopt®) and Brinzolamide (Azopt®). Possible side

effect includes tingling sensation in fingers and toes as well as recurrent
urination. There are many benefits to using DZH, such as having hydrophilic
nature also its currently available in the market as ophthalmic eye drops of
2% (31,38). DZH topical CAl have limited side effects (Table 1) (37). They
are typically applied twice daily (20). These anti-glaucoma medications are

also used as combination drugs to improve compliance (20,34,37).
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1.5. Limitations of eye drops as ocular drug delivery

systems

Topical ophthalmic administration accounts for 90% of the ocular drug
delivery market. These ophthalmic formulations have short residence time
and limited bioavailability where only 5% of the administered drug is
administered into the cul-de-sac, the rest is drained away due to rapid tear
flow and the nasolacrimal drainage, and it can also reach systemic
circulation causing some side effects (6,11,39). Soft contact lenses (SCL)
have received an enormous amount of attention due to their ability to act as
a geometric barrier preventing drug diffusion into the tear fluid, thus
prolonged drug action as well as residence time and increasing drug
bioavailability, patient compliance and finally reducing the number if any of

the side-effects (40,41).

Patel et al, studied several types of ocular drug delivery systems. They
mentioned the most convenient, non-invasive mode of ocular administration
being topical eye drops. The eye drop solution provides pulse drug
permeation post administration and the concentration of the drug rapidly
declines decreasing in pre-corneal residence time and drug bioavailability
(39). Joseph et al, conducted a study of in vivo performance of drug loaded
SCL used to treat glaucoma. They developed a drug eluting SCLs for
enhanced delivery of Latanoprost for the treatment of glaucoma. The study
concluded that Latanoprost easily degrades when exposed to environmental

conditions as it has difficulty to penetrate the corneal barriers. In vivo results
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have demonstrated that the drug loaded SCLs were capable of sustained
drug release for four weeks, exceeding drug delivery by eye drops (42).
Administration of drug solution to the targeted ocular tissue via conventional
topical eye drop has demonstrated some drawbacks initiating the
introduction of various carrier systems. Many research has been carried out
on ocular delivery using SCL and NPs (39,42). Developing a novel ocular
drug delivery system that improves drug residence time in the pre-corneal

fluid and drug bioavailability as well as increasing patient compliance.

1.6. Ocular drug delivery via contact lenses

SCLs are medical devices worn directly on the eye, floating on tear film layer
on the corneal surface. SCLs are designed to correct refractive errors, and
maintain a healthy vision(43,44). SCLs have been widely researched for
other applications such as ocular drug delivery.

There are several approaches to drug loading into contact lenses to treat
anterior ocular diseases which includes the soaking approach, particle-laden
contact lens; nanoparticle encapsulated contact lens, liposome, surfactant
laden contact lens and cylcodextrins (44—47). Research studies suggest that
controlled and sustained drug release over a long period of time can be
achieved via SCL. However, the SCL material must be optimised first before
incorporating active drug, in order not to compromise properties such as
equilibrium water content (EWC), optical clarity (transmittance) (TM), surface
wettability (contact angle) (CA) and material elasticity (Young’s modulus)

(YM) (48). A detailed discussion on the different methodologies is provided in
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a review article displayed in the appendix (contact lenses as drug reservoirs

and delivery systems: the successes and challenges) (49).

Contact lenses (CL) could be used to improve the bioavailability of
ophthalmic drugs. Many hydrogels have been developed in order to improve
the properties of contact lenses. Nevertheless, most of the commercial
contact lenses can prolong the drug delivery only for few hours and in order
to manufacture a successful contact lens that could sustain the drug release

for days, addition of diffusion barriers would be necessary.

1.6.1. Nanoparticle laden soft contact lenses
Nanoparticle systems were described to be in the rage of 10-1000 nm (49),
these systems are made of either polymers or lipids, where the active drug is
incorporated into the nanoparticles by attaching to surface or integrating into
the carrier. The nanoparticles then deliver the active drug to the target site in
the body. This section will emphasise the importance of nanoparticles as
carrier system for a more effective ocular drug delivery. Nanoparticles could
be used to encapsulate an active drug that is then dispersed into the SCL
material (Figure 1.4). This will help overcome the limitations associated with
conventional ophthalmic formulations, such as poor bioavailability, poor
solubility, short residence time due to increased tear influx and lack of drug
delivery to the targeted site. The idea is that the nanoparticle carrier protects
the drug from SCL material during polymerisation as well as providing

resistance during drug release period.
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Figure 1 4 Schematic illustration of particle-lade SCL
inserted ino the eye. (HMPP, 97%). Polyacrylic acid
(PAA) polymer was used to formulate nanoparticles. The addition of drug-
loaded nanoparticles in the polymerisation material will produce particle
dispersion in SCL material. Once the SCLs are placed onto the eye the
active drug is expected to diffuse from the nanoparticles through the SCL
material and into the post-lens tear film located between the cornea and the
lens (46). Creech et al, reported that use of contact lenses will increase the
residence time of the drug in the post-lens tear film, also increasing the drug
flux through the cornea (50). The use of nanoparticle laden SCLs provide
resistance leading to slow diffusion rates this way continuous drug release is
maintained for a long period of time.
Most research has been done on soaking of SCL in drug solution, and
insertion into the eye. It can be argued that this approach could improve drug
delivery when compared to eye drops, however there are some drawbacks

for instance drug loading into the SCL material is limited due the solubility of
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the drug. There is limited resistance when delivering the drug, as the drug is
only required to diffuse through the SCL material thus decreasing the
residence time. Soluri et al used 14 different commercially available contact
lenses, to investigate the uptake and delivery of Ketotifen Fumarate. After 24
hours of soaking, the SCLs displayed a burst release and reached plateau
within 4 hours. Another study by Schultz et al, studied the uptake and
release of Timolol Maleate and Brimonidine tartrate via soaking of SCLs in
drug solution. In vitro release studies displayed an initial burst release of the
drug and reaching plateau within 1 hour (51). Even though soaking method
is simple and cost effective there are many drawbacks, SCLs have low
affinity to the drugs thus hence the burst release leading to poor therapeutic
effect (48).

Many researchers proposed encapsulating the active drug within the SCL
material, by dissolving the drug in the polymerisation mixture. There are
many limitations to this method for instance; hydrophobic drugs possess
restricted solubility within HEMA/PDMS-AS polymer mixture. Gulsen et al,
suggested that there is no control over drug release timescale when drugs
freely dispersed in SCLs, and there is a possibility that the drugs could lose
their functionality being involved in the polymerisation reaction (46). In order
to overcome these limitations, the drug must be entrapped within a carrier
preventing any interaction with the polymerisation material.

Jung et al, developed extended wear SCLs, dispersed with propoxylated
glyceryl triacrylate (PGT) nanoparticles loaded with Timolol. In vitro release
studies display presence of Timolol for a month; also preliminary animal

studies in Beagle dogs displayed a decline in intra-ocular pressure (IOP).
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This Nano-particulate system showed sustained drug release for a period of
time with effective therapeutic effects. However, nanoparticles incorporated
into the silicone contact lens material displayed lower ion and oxygen
permeability and an increase in YM (52). Another study by Jung and
Chauhan, focused on delivering Timolol via ethylene glycol dimethacrylate
(EGDMA) and PGT nanoparticles dispersed in HEMA SCLs. SCLs displayed
timolol drug release in phosphate buffered saline (PBS) for 4 weeks. They
suggested Timolol delivery was due to the ester bonds linking the drug to the
lens material. The results displayed promising effects for extended drug
release applications. However a change in YM and EWC was observed with
increase in drug loading (53). Thus, optimisation of the SCL and nanoparticle
material is crucial in order to avoid compromising any critical properties of

the SCL.
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1.7. Polymers used to prepare SCL and nanoparticles

1.7.1. Hydrophilic polymers
2-hydroxyethylmethacrylate (HEMA) (Figure 1.5), possesses a hydroxyl
functional group as well as a polar ketone group, these functional groups are
responsible for the hydrophilic nature of HEMA increasing hydrogen bonding
with water molecules thus drawing them into the lens material. Therefore,
contact lenses formulated using this polymer will approximately contain 38%
water in hydrated state. Since the 1960’s HEMA gained extreme popularity
and interest in ocular drug delivery research (29,54,55). As already
mentioned SCLs were prepared using hydrophilic polymer HEMA, that been
successfully used to prepare many of the current marketed SCLs, such as
Polymacon by Cooper Vision, Bausch & Lomb and Etafilcon by Vistakon
(56). SCLs were formed via free radical polymerisation of different types of
polymer combinations producing repeating units of crosslinked polymer chain
(57). The SCL material is known to be very soft with little mechanical
strength (such as Young’s modulus), due to increased equilibrium water

content capacity (EWC) (57).

Different polymer combination were used to improve the SCL material,
polymers such as methacrylic acid (MAA) and glycidyl methacrylate (GMA)
are used to improve properties such as resistance to lipid deposits and
increase YM (mechanical strength). MAA was very successful when used in

combination of different polymers to form SCLs. The carboxylic acid
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functional group was responsible for its hydrophilic nature. It has the ability to
obtain approximately 55% EWC thus increasing oxygen permeability rapidly
(58). Due to the hydrophilic nature of this polymer it is most likely used to
copolymerise with more hydrophobic polymers in order to increase EWC as

well as comfort of contact lens.

A series of imprinted hydrogels were introduced HEMA/MAA (59). MAA was
used a functional polymer while HEMA acted as the backbone also
Dorzolamide hydrochloride (DZH) was used as template drug different MAA
with 400 mM molar ratio had the most beneficial effect on loading and
releasing properties of hydrogels. Another study evaluated the influence of
composition and application of imprinting; soft contact lenses were prepared
with and without MAA and Timolol, which was the template drug. They
discovered that MAA incorporation increased the loading capacity of Timolol

as well as increasing sustained drug release (55,60).

GMA (Figure 1.5) is also a hydrophilic polymer as it has an epoxy side
group, methacrylic acid making it the main domain at which hydrogen
bonding occurs. Maldonado-Codina et al, suggested that this polymer
material is stronger than HEMA hydrogels, and when copolymerised with
hydrophobic polymer EWC of 30-42% was achieved (54). The EWC of GMA
is dependent on the type of copolymerisation, for instance Rajeev et al,
prepared pH sensitive hydrogels by grafting GMA with anti-inflammatory

drugs, such as diclofenac sodium onto chitosan in order to control drug
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release. In vitro drug release studies showed that GMA had an increasingly

positive results for sustained drug release (55,61-63).

O
O
C OH
H, Y“\ /\/ HZC OH
O
CH CH;
2-hydroxyethyl methacrylate (HEMA) Methacrylic acid (MAA)
CH; \i
Glycidyl methacrylate (GMA Polyacrylic acid (PAA

Figure 1. 5: Chemical structures of hydrophilic polymers that are used in the manufacturing of SCLs.

Polyacrylic acid polymer was chosen to formulate nanoparticle carries in this
study, due to the many advantages that this polymer possesses. This
hydrogel polymer has hydrophilic properties increasing its EWC. PAA is also
known as bio-adhesive polymer that can control the permeability within
epithelial tissues by relaxing the intercellular junctions (64). Bio-adhesion
occurs when polymeric chains interact with epithelial cells forming
intermolecular interactions between the entangles chains thus increasing
contact time as well as drug concentration in the target site (64). Greind| et
al, prepared thioloated PAA nanoparticles via ionic gelation. They discovered

that the use of Ca*? cross-linker achieved desirable particle size results (220-
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300nm), also concluded that PAA nanoparticles remained firm and stable
making it promising carrier for ocular drug administration (65).

All the chemical structures of CLs presented in Figure 1.5 possess a double
bond C=C, which initiates polymerisation, forming hydrogen and covalent
bonds making them increasingly hydrophilic thus highly desirable when

preparing SCLs.

1.7.2. Hydrophobic polymers
Hydrophobic polymers are well known for their early use in semi rigid,
oxygen impermeable contact lenses, due to their tough nature (66).
Hydrophobic polymers are used to increase the strength and elasticity of the
contact lens material. However, this will not overcome the lack of oxygen
permeability as demonstrated by Riberio et al (67). Figure 1.6 below displays
a popular hydrophobic polymer used to prepare contact lenses methyl
methacrylate (MMA). MMA is used to increase the strength modulus of the
contact lens, the methyl groups keep the polymeric chains tight and rigid
(68,69). The EWC% of MMA is dependent on the various concentrations
used. Maldonado-Codina et al, suggested MMA copolymerised with polymer
N-vinyl pyrrolidone (VP), showed VP is a hydrophilic monomer this is
because of amide side chain enabling many hydrogen bonds thus the EWC
of 60-85% (54,68,70). Oxygen permeability is essential to prevent hypoxia.
Bausch & Lomb launched silicone hydrogel CLs for daily wear, later Johnson
& Johnson'’s launched Acuvue® Advance silicone hydrogel CLs for extended

wear use (58). The idea is to combine both silicone and hydrogel polymers
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for more comfortable SCL, increasing the hydration and oxygen permeability

of the lens.

1.7.3. Silicone polymers
In order to increase wear time and oxygen permeability, silicone based
polymers were used to prepare SCLs. Silicone polymers used on their own
are deemed highly uncomfortable due to their tough hydrophobic nature.
However, this can be overcome by combining silicone polymers such as Poly
(dimethyl siloxane) (PDMS), 3,3,3-trifluoromethoxysilane (TFMS) and
Trimethylsiloxy silane (TRIS) with hydrophilic polymers such as HEMA,
forming block co-polymers that increase the EWC of the SCLs (58,69,71). All
of these silicone based polymers have siloxane groups which interact with
oxygen forming Si-O-Si bonds(71). Silicon oxides (Si-O-Si) are the most

stable when compared to Si-Si bonds and therefore are most present.

One of the advantages of using silicone hydrogels in SCL is due to the high
oxygen permeability, and when wearing CLs it is essential that the eye
receives an adequate amount of oxygen from the air and this requires
diffusion. However regardless of the high oxygen permeability the polymer is
highly hydrophobic and this will instantly cause the patient discomfort and
lipid deposition occurs in the eye. Nicolson et al reported that one
disadvantages to silicone-based contact lenses would be the build-up of
lipids from the tear film. The study suggested that multipurpose solution or
surfactants are efficient in preventing and removing lipid deposition on

contact lenses (72,73).
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A more novel approach is the combination of fluorine and silicone polymers
when preparing SCLs. Fluoro-silicone polymers are known to be lipid
resistant due to their slippery surface, transparent and is able to reduce the
hydrophobic effects displayed by pure silicone polymers (72,74). Lruzubieta
et al, tested Lotrafilcon SCLs on 85 patients for 6 months with follow up visits
at 1 week, 1, 3 and 6 months. The data collected after each visit had shown
minimum surface deposits and patients had highly rated comfort, vision and
handling of Lotrafilcon SCLs. The study also concluded that most
practitioners would recommend that their patients wearing these SCLs for 1

month extended wear (75).

Xu et al, used silicone hydrogels SCLs to deliver Ketotifen fumarate, they
discovered that there was an increased amount of drug loading within the
hydrophilic regions and slow drug release from the hydrophobic regions. In
vivo results displayed sustained drug release for more than 24 hours (55,76—

79).
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Figure 1.6: Chemical structures of different silicone- based and hydrophobic polymer methyl
methacrylate (MMA).
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1.8. The advantages and disadvantages of CLs as drug

delivery systems

Even with current popularity of surgical advances such as laser eye
corrections, contact lenses remain to be safe, effective and inexpensive way
of improving eyesight. There are many benefits offered by contact lenses
over spectacle lenses and refractive surgery due to current advances in
technology allowing contact lenses to be increasingly comfortable (79). Thus,
contact lenses provide long-term comfort over a long period of time. Contact
lenses are also used as potential drug carrier systems, drug loaded contact
lenses are able to release active drug over a long period of time. Kakisu et al
used SCLs to release antibiotics Gatifloxacin and Moxifloxacin, the uptake
amount and sustained-release kinetics were monitored. Due to the presence
of SCLs antibiotics were released over several days, showing improved
penetration into the eye as well as preventing bacterial proliferation. This
suggests that use of SCLs prolongs drug residence time as well as drug

absorption through the cornea, due to decrease in tear film turnover (80,81).

Guidi et al studied the relationship between dexamethasone absorption
using different concentrations of hydrogel and silicone hydrogel SCL
material. It was found that silicone hydrogel SCLs had the ability to load
more dexamethasone from soaking solutions compared to hydrogel SCLs,
as well as extending the drug release duration over 16-days period. The

study provided further insight on the optimisation of polymer concentration on
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SCL material before drug loading, and this could affect the drug release
studies (82)(83).

As discussed contact lenses present far more benefits when compared to
conventional ophthalmic formulations, however that is not to say there is no
disadvantages to using contact lenses. These impediments are more often
due to the lack of knowledge on how to correctly use and store contact
lenses. Poor hygiene and maintenance regime, is known to lead to a number
of complications such as eye infections, corneal abrasions and loss of sight

within contact lens wearers (84,85).
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1.9. Microbial Keratitis among contact lens wearers

Microbial keratitis (MK), is a severe inflammation of the cornea with sight
threatening potential, if untreated this will result in loss of sight (86). This
condition is very rare to the normal eye due to the cornea’s natural
resistance. None the less the predisposing factors are the following; ocular
trauma, contact lens (CL) wear, dry eye, ocular surface disorders and ocular
surgery. CL wear is a major predisposition factor for CLMK (contact lens
related microbial keratitis); many patients have poor clinical knowledge and
understanding of hygiene regimes (87). A study by Bourcier et al, discovered
that MK was associated with ocular trauma and ocular surface diseases (87).
It was discovered that the use of contact lenses had increased the risk of MK
by 50%. Bacterial pathogens responsible MK are Pseudomonas aeruginosa,
Staphylococcus aureus (S. aureus) and Staphylococcus epidermidis (S.

epidermidis).

Madhu et al discovered that CL related MK increased over time with increase
in soft contact lens wear (SCL). About 45% of corneal ulcers are caused by
SCL wear. MK varied tremendously with geographical location, for instance
the incidence of this condition varies from 11 per 100,000 for MK to 799 per

100,000 for MK in developing countries such as Nepal (86).

Teo et al carried out an investigation on complications associated with
contact lens (CL) wears in Singapore hospital the data was collected

between 1999-2001. A total of 953 cases was recorded, 676 of which were
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CL wearer (93.7%). The study concluded that out of 73% of CL wearer
reported infective keratitis, 24% epithelial keratitis and 18.8% allergic

conjunctivitis (88).

Mohamed et al carried out a study analysing 37 patients with MK over a 5-
years period, it was discovered that CL wear presents a major predisposing
factor for MK. Pseudomonas aeruginosa (P. aeruginosa) was widely
recognised to cause MK within patient cultures (89). Among the risk factors
related to MK CL'’s wearers constituted the highest number of cases with

35% (Figure 1.7).

27%

® Qcular Surgury

Ocular Truma

22% Contact Lens Wear

Ocular Surface Disease

35%

Figure1.7: Predisposing factors associated with microbial keratitis (89).

According to Bruinsma et al, organic matter of bacteria diffuses to the
surface of CL immediately after CL becomes in contact with tear fluid. The
organic matter that is generally known as conditioning film is where the

bacteria will adhere most. Increase in bacterial adherence will eventually
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lead to formation of biofilm. Bruinsma et al later concluded that CL surfaces
dictates the composition of the adsorbed tear fluid based on the
hydrophobicity of the CL, and therefore determines bacterial adhesion to
CL’s (90). Hydrophobic P. aeruginosa had the highest number of bacterial
adherence to the CL. Dutta et al, came to similar findings, Initial bacterial
adhesion is reversible due Van der waals forces and then becomes
irreversible as the bacteria has grown to colonize (90,91).

Dutta et al also identified important characteristics that increases bacterial
adherence to the ocular surface. Different bacterial strains, hydrophobicity of
the bacteria, and the different types of suspension media used in other
studies (91). While Bruinsma et al studied the roles of hydrophobicity,
composition and surface roughness and protein composition of tear films
adsorbed on the CL would affect bacterial adherence onto the CL surface
(90). As well as characterising bacterial cell surface and its role on bacterial
adhesion it is stated that P. aeruginosa has hydrophobic surface due to the
long polysaccharide chain forming hydrophobic interactions thus adhering to
CLs. Bacterial adherence can be reduced if the environment is made less

hydrophobic.

Wilcox et al studied the role of bacterial surface on adhesion of both P.
aeruginosa and S. epidermidis, and discovered that even though adhesion of
hydrophobic P. aeruginosa is more tenacious and that S. epidermidis has a
similar adherence mechanism to P. aeruginosa, expressing polysaccharide
adhesion responsible for biofilm formation and adhesion on the ocular

surface.
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1.10. Role of surfactants to prevent CLMK

Surface-active agents also known as surfactants are composed of both polar
(hydrophilic) segment also known as the head and non-polar (hydrophobic)
segment also known as the tail these characteristics are illustrated in Figure
1.8. In the perspective of SCL, surfactants are used to reduce surface
tension between liquid and solid, and acting as a lubricant in order to
minimise discomfort for SCL wearers, acting as a buffer between the finger
tips and SCL minimising contamination, it also allows even distribution of tear
volume over the SCL. According to Tran et al, silicone-based contact lenses
are most likely to possess a hydrophobic surface, which is the most suitable
environment for bacterial adherence, thus developing ocular infections such
as MK (92). By incorporating surfactants into the polymer composition of
SCLs, the hydrophobic part of the surfactant would bind to the surface to the
SCL, making it hydrophilic and acting as lubricant. Therefore, surfactants are
used to improve the stability, biocompatibility and surface wettability of SCL;
they could also be used as antibacterial buffer and preventing bacterial

adhesion to SCL surface.

HYDROPHILIC HEAD HYDROPHOBIC  Tail
N :
|
i
|

i
o—\-/\ |

Figure 1.8: Schematic structure of surfactants. Showing a hydrophilic head made of polar chemical

group and hydrophobic tail made of aliphatic hydrocarbon chain (92).
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According to Sekhon, there are many uses of surfactants within the
pharmaceutical industry such as, solubilisation of hydrophobic drugs in
aqueous media, surfactant used for oral and transdermal drug delivery, and
as agents to improve drug absorption and penetration, surfactants are also
capable of possessing antibacterial properties by disrupting the bacterial cell
membrane (93). Mishra et al studied the pharmaceutical applications of
several types of surfactants, non-ionic, anionic, cationic, and zwitterionic
surfactants (94). Non-ionic surfactants have no electrical charge making
them resist water, the hydrophilic head is mainly composed of
polyoxyethylene or polyoxypropylene and the hydrophobic tail contains fatty
alcohols. Non-ionic surfactants are widely used in ophthalmic formulation
due to low toxicity and non-irritant nature. Examples of non-ionic surfactants
are Poloxamers, Triton and Polysorbate (94). Anionic surfactants possess a
negatively charged head within solution. The hydrophilic head composed of
phosphate, sulfonate, sulfate and carboxylates. The hydrophobic tale is a
C12-C18 chain. Anionic surfactants are generally used to prepare soaps and

shampoos (94).

Cationic surfactants are comprised of a positively charged head, and they
work best at low pH as they form a straight hydrophobic chain. Most cationic
surfactants are used to prepare disinfectants and preservatives due to their
anti-microbial and anti-fungal properties, such as benzalkonium chloride
(BAC) and cetylpyridinium chloride (CPC). Zwitterionic surfactants also

known as amphoteric possess both anionic and cationic characteristics that
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will change depending on the pH of the solution. Due to their mild nature

they’re commonly used in dermatological products such as cosmetics (94).

Poloxamers 407 (Pluronic® F127) and Poloxamer 188 (Pluronic® F68) are

very common non-ionic surfactants used in ophthalmic formulation.
Poloxamers are composed of hydrophilic ethylene oxide (PEO) and
hydrophobic propylene oxide (PPO) co-polymerised to from tri-block co-
polymer (Figure 1.9). Poloxamers share the same chemical structure with
difference in the number in PEO and PPO. Research studies have shown
many advantages of using Poloxamer 407 (P407) surfactant within
ophthalmic preparations, for instance P407 are known to increase the
hydrophilicity, prevent bacterial adhesion to SCLs, they are also known as
muco-adhesive polymers increasing the bioavailability of the drug in the pre-
corneal tissue and finally P407 formulations have shown increased solubility

of poorly soluble drugs (6,95,96).

HO 0

Figure 1.9: Non-ionic surfactant Poloxamer 407 (Pluronic F127), made of
ethylene oxide (PEQ) and propylene oxide (PPO).

Dumortier et al suggested that P407 displayed thermo reversible properties
(liquid state at room temperature and gel state at body temperature) that

would help prolong drug release. Pharmaceutical evaluations imply P407
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formulation led to increased solubility of poorly water-soluble drugs and
prolonged drug release for many applications such as oral, topical,
ophthalmic and nasal preparations (96). Gan et al, prepared self-assembled
liquid crystalline nanoparticles as ophthalmic delivery system of
dexamethasone. Ethyl rhodamine B (Rh B) was prepared using monoolein
(primary emulsifier for oil in water system) and P407, pre-corneal studies
displayed significantly increased pre-ocular retention time and ocular
bioavailability of dexamethasone administered Rh B nanoparticles compared
to dexamethasone eye drops and carbopol gel (97). EI-Kamel, carried out in
vivo and in vitro studies to evaluate P407 based ocular delivery system for
Timolol maleate. In vitro release studies that increases the concentration of
P407 used a slow drug release was achieved, in vivo data also displayed

increased bioavailability by 2.4 fold of the drug in albino rabbits (98).

Conferring Portoles et al, a characteristic of P407 polymer is its ability to
prevent gram-positive and gram-negative bacteria from adhering to SCLs.
The results show that P407 successfully inhibited 90-99% of Pseudomonas
aeruginosa and 50-60% for Staphylococcus strains from adhering to
hydrophilic SCLs(95). P407 could also prevent microbial keratitis associated
with contact lens wear. Tran et al, approves that non-ionic surfactant could
prevent bacterial of Pseudomonas aeruginosa on silicone-hydrogel SCLs,
however they advised that the level of bacterial adhesion was dependent on
surface wettability (92). Garcia-Saenz et al, supports the findings of Tran et

al, as it was concluded that bacterial adherence of Staphylococcus
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epidermidis was most significant for hydrophobic lenses (99). Miller et al, and

Cook et al, had similar findings for Pseudomonas aeruginosa (100-102).
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1.11. Aim and Objectives of the Thesis

The aim of this doctoral project was to develop a novel ocular delivery
system. Using non-ionic surfactants in order to prevent bacterial adherence
and improve ocular properties. And disperse drug loaded nanoparticle into
the SCLs material to prolong drug release for long period of time and
improving drug bioavailability within pre-corneal tear fluid. The specific
objectives include:

* To develop and validate a simple, selective and sensitive HPLC
method for the quantification of Dorzolamide Hydrochloride in
simulated tear fluid. This study is described in chapter 3.

* Study the effect of cross-linker concentration on the properties of
SCLs. Evaluate the effect of different hydrogel types and
concentrations on the characteristics of SCLs. This study is described
in chapter 3.

* Prepare and optimise SCL material using different concentrations and
types of silicone-based polymers. In order to understand the level of
influence the silicone based polymers possess over SCL properties
characterisation studies such as EWC, TM, YM and CA. This study is
described in chapter 4.

* Optimise the formulation of PAA nanoparticle, using different
concentrations of Ca*? cross-linking agent. Examine the formulated
nanoparticle for particle size, surface charge and assess the effect of
various variables on the formulation outcome. This study is described

in chapter 5.
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|dentify the parameters that could affect the PAA nanoparticle
preparation. Further assess the potential of the optimised PAA
nanoparticle for the particle size, surface charge, loading capacity and
in vitro release of Dorzolamide Hydrochloride (DZH), as a carrier for
anti-glaucoma drug (DZH) dispersed into the SCL material. Quantify
the in vitro drug release from the nanoparticle loaded SCL. This study
is described in chapter 5.

Evaluate the effect of non-ionic surfactant P407 on the adherence of
bacteria Pseudomonas aeruginosa and Staphylococcus epidermidis
on the surface of SCLs. This study is described in chapter 6.

Assess the ocular tolerability of the formulated delivery systems, SCLs
with and without P407, DZH solution, PAA solution, DZH
encapsulated PAA nanoparticles in SCL, via HET-CAM and BCOP

assays. This study is described in chapter 5 and 6.
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Chapter 2: Experimental

2.1. Reagents and Materials:

Glycidyl methacrylate (GMA),2-hydroxyethyl methacrylate (HEMA), Ethylene
glycol dimethacrylate (EGDMA), Poly (dimethylsiloxane), vinyl terminated
(PDMS) and (3,3,3- trifluoropropyltrimethoxysilane) (FSA), all were
purchased from Tokyo Chemical Industry (TCI, UK). Tetraethylene glycol
dimethacrylate (TEGDMA, > 90%) and 2-hydroxy-2- methylproiophenone
(HMPP, 97%) were used as cross-linker and photoinitator respectively and
were purchased from Sigma Aldrich chemicals (pool, Dorset, united
Kingdom). Dorzolamide hydrochloride (DZH) and Poloxamer 407 were
purchased from Sigma Aldrich chemicals (pool, Dorset, United Kingdom).
For HET-CAM assay: White fertilised hen’s eggs were purchased from (Med
Eggs (Norfolk, UK), Industrial Methylated Spirit (IMS) = 99% (VWR,
Leicestershire, UK), propylene glycol and sodium hydroxide (Fisher
Scientific, Loughborough, UK). For BECOP assay: Freshly excised bovine
eye was purchased from ABP Food Group, Guilford, UK, sodium hydroxide
was purchased from Fisher Scientific, (Loughborough, UK), whilst sodium
chloride and fluorescein sodium salt were purchased from Sigma Aldrich

(Dorset, UK).
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2.2. Dorzolamide hydrochloride quantification:

2.2.1. Chromatographic Condition:
The column used for separation was a Chromolith® Performance RP-18e,

100-4.6 mm column. The mobile phase consisted of mixture of acetonitrile
and distilled water (60:40 v/v) respectively. The flow rate of the mobile phase
was 1.0 mL/ min. ultraviolet (UV) detection was set to 254nm and the HPLC

system was operated at room temperature (25 + 3°C).

2.2.2. Preparation of mobile phase:
The mobile phase was composed of acetonitrile and distilled water (60:40
v/v). 600 mL of acetonitrile and distilled water were placed into their relevant
compartments. An isocratic condition is set whereby the mobile phase was
mixed 60:40 ratios upon injection. And this way the mobile phase remains

constant throughout the complete HPLC run.

2.2.3. Preparation of stock solution:
A stock solution of Dorzolamide hydrochloride 1mg/ mL was prepared in
distilled water as the drug is freely soluble. 25 mg of DZH was weighed and
transferred into a 25 mL volumetric flask containing 10mL distilled water. The
mixture was sonicated for 15 mins, the rest of the volume is then made up
with more distilled water to give the desired concentration of 1mg/mL. The
solution was further sonicated for 10mins and was filtered using a what-

mann filter paper.
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2.2.4. Preparation of standard solution:
A series of diluted solution containing DZH were prepared using the stock
solution. DZH with concentrations ranging between 5-200 ug/mL were

prepared, these solutions were assayed and quantified using the HPLC.
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2.3. HPLC Method Validation- ICH Guidelines

The HPLC validation was conducted as per ICH’S guidance; the developed
method was validated in terms of its specificity, linearity, accuracy, precision,

detection limit, quantification limit and robustness.

2.3.1. Specificity
Specificity was investigated in order to test the ability of the method to
accurately measure, separate and quantify the analyte solutions without any

interference from compounds of closely related structures.

2.3.2. Limit of Detection and Limit of Quantification
In order to calculate the limit of detection (LOD) and limit of quantification
(LOQ) values, serial dilutions were prepared and analysed by the selected
method. The LOD and LOQ was established by evaluating the level of signal

to noise ratio of 3:1 and 10:1 respectively, where analytes can be quantified.

2.3.3. Linearity
Linearity of the method was evaluated at different concentration levels of
DZH giving analyte solutions over the range of 5-200 ug/ mL. These samples
were injected in triplicate and the peak area ratio value of DZH against their
respective concentration were inputted and plot calibration curves was
generated via Excel® spreadsheet program. LOD and LOQ were calculated
at 95% confidence level using “Regression statistics analysis” in Excel with

the use of the ICH guideline equations based on the calibration curve: LOD=
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3.3*0/S and LOQ=10%0/S, where o is the standard deviation of the response

and S is the slope of the calibration curve.

2.3.4. Accuracy
In order to demonstrate accuracy of the recommended method recovery
studies were employed. Known concentration of DZH was selected within
quality control (QC’s) range. Each solution was injected 5 times and the peak
area ratio was used to determine the percentage deviation of each

concentration.

2.3.5. Precision
Precision was studied in terms of intra-day repeatability and inter-day
reproducibility. Both of which were investigated using three different analyte
solutions of 7.5, 45 and 150 ug/ mL. The intra-day repeatability was
evaluated by injecting the sample solutions 5 times (n=5) from which the
peak ratio was calculated. Inter-day reproducibility was tested on three
different days by analysing the analyte solutions (n=5) from which the %

RSD values were calculated.

69



2.4. Drug-laden nanoparticle preparation; particle size,

zeta potential and morphology of the nanoparticles

2.4.1. Preparation of poly acrylic acid nanoparticles
20 mL of poly acrylic acid (PAA) were formulated at 0.1%, 0.5%, 1.0% and
2% (w/v). The pH of PAA solutions was adjusted to pH8 using 2.25M of
sodium hydroxide solution. PAA nanoparticles were produced using CaCl, as
a cross-linker. CaCl, solutions were prepared at (50 mg/ mL) in 10 mL. The
CaCl; solution was added drop wise to the PAA solution with consistent
stirring, until the solution turned turbid, at which the amount of CaCl, was

measured. This was repeated for all four PAA solutions.

The prepared nanoparticles were characterised using scanning electron
microscopy (SEM). 0.1% of PAA observed the best results and therefore was
further optimised by titration against 4mL, 8mL and 10mL of CaCl,. Using
different concentrations of CaCl, to formulate PAA nanoparticles allowed us
to further analyse changes in particle size, and surface charge of PAA

nanoparticles.

2.4.2. Preparation of DZH loaded poly acrylic acid (PAA)
nanoparticles

0.1% of PAA solution was prepared using 57uL of PAA in 20mL of distilled
water; the solution was left stirring at room temperature until it was

completely homogenous. NaOH (2.25M) was added drop wise to adjust the
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solution to pH8. The solution was then split into 2x10 mL in each beaker, 10
mg of Dorzolamide hydrochloride was weighed carefully and added to one of
the 10 mL beaker, the mixture was thoroughly stirred for approximately 30
mins, later 2 mL of CaCl, was added drop wise while the mixture was under
constant stirring at room temperature. The second beaker was used as a

control the same procedure was repeated however no drug was added.

2.4.3. Preparation of contact lenses with DZH loaded
nanoparticles

Three formulations were prepared with Group A SCLs are control lenses
which contained PAA nanoparticle solution, group B contained the drug
loaded PAA nanoparticles in the lens matrix and finally group C contained
drug in the SCL matrix. Carefully 95% of HEMA, 3% PDMS, 1% TEGDMA
and 1% HMPP was pipetted into 50mL beaker with continuous stirring at
1000rpm for 30 mins at Room temperature. 600 uL of the homogenous
mixture was then injected into the moulds and placed under UV light for 72

hours at 120 mm height to polymerise.

2.4.4. Nanoparticle Particle Size and Zeta Potential Measured
The particle size and zeta potential of the produced nanoparticles were
determined using particle size analyser (DLS and ELS system; Malvern
Instruments zetasizer Ultra, Malvern Instruments LTD, Malvern, UK).
Samples were diluted prior and analysed at 25 °C, the results were then

presented at mean value = (SD) n = 3.
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2.4.5. Encapsulation Efficiency Measurement
The percentage (%) of drug encapsulation efficiency within the prepared
nanoparticles (NP’s) were quantified via HPLC method. The NP’s were
centrifuged at 20000rpm for 30 mins (ELMI Model: Skyline CM-6MT, ELMI
Ltd, Latvia), the supernatant was then weighed. 10 uL of the supernatant
was diluted in approximately 5 mL of distilled water, and analysed at 25 °C
using HPLC method. The results were presented as mean value = (SD) n =
3. Percentage entrapment efficiency of drug will help determine how much
DZH was loaded into the NP’s. Equation (1) was used to calculate % DZH
encapsulation efficiency.

_ (Total amount of Drug—Free amount of Drug)

DZH Encapsulation Efficiency (%) = x100

(Total amount of Drug)

Equation 1

2.4.6. Scanning Electron Microscopy (SEM)
The surface morphology of the formulated NP’s was studied using scanning
electron microscope (SEM, Zeiss Evo50-oxford Instrument, Cambridge, UK).
Samples were prepared by spreading a drop of NP suspension onto the
specimen stubs, samples were left to dry for 24 hours. Once dried the stubs
were then loaded onto a universal specimen holder. The stubs were then
coated in a fine layer of gold via sputter coater (polaron SC500, Polaron
Equipment, Watford, UK) at 20 mA for approximately 3 minutes under low
vacuum with the presence of argon gas, this step helps enable electricity

conduction.
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2.4.7. Thermal Analysis
Differential scanning calorimeter (Metter Toledo Instrument (Model:
DSC822°-, Mettler-Toledo Ltd., Leicester, UK) was used to study
polymorphism and phase change behaviour of DZH and NP’s in its solid
state. 2-3 mg of the sample was weighed and transferred onto an aluminium
pan (50 ulL), also an empty pan was used as reference both pans were then
covered with an aluminium lid. A small hole was pierced through the lid
before the samples were subjected to 250 °C heat at a constant rate of 10 °C
/ min. Each sample was investigated in triplicates (n=3), the thermograms

were then analysed using STAR®*SW 10.00 software.
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2.5. Nanoparticle-Loaded Soft Contact Lens

2.5.1. Preparation of contact lens via thermal polymerisation.

Contact lenses were prepared using 4 different polymers and cross-linker;
each polymer was used to prepare approximately 3-11 different composition
percentages of polymer and cross-linker, Ethylene glycol dimethacrylate
(EGDMA). The different monomer compositions ranged from 10-99% (v/v)
such a wide range is used in order to cover as many different part of the
polymer as possible. EDGMA cross-linker was used in order to provide both
mechanical strength and thermal stability. 6mg of Benzyl Peroxide (BP) was
also used in the formulation, as it helps remove or fade the tint on contact
lenses increasing optical clarity. Hydration and biotolernce of all the prepared
polymers were recorded after 24hr hydration. The polymers that were used;
2-Hydroxyethyl methacrylate (HEMA), methyl methacrylate (MMA),
methacrylic Acid (MAA), and glyceryl methacrylate (GMA). This polymer
selection provided a variety ranging from non-ionic/ ionic hydrophilic to non-

ionic hydrophobic polymers.
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Below is a procedure outline with an example of a single polymer
composition;

Stage 1: 1 mL and 4 mL (V/V) of EDGMA and HEMA, were measured
respectively and transferred into a 50 mL glass beaker and 6 mg benzyl
peroxide was then measured and added to the to the solution mixture. The
mixture is was left to stir for approximately 10 mins until all benzyl peroxide
has dissolved. Once the mixture was completely homogenous the mixture
was injected into the cast wells, shown in Figure 2.1 below.

Stage 2: The reaction tray was transferred into thermostatically controlled
oven at a set temperature of 80 °C for 3 hours which was further incubated
for an extra hour at 100 °C to remove any excess benzyl peroxide.

Stage 3: After incubation the reaction tray was removed from the oven and
left to cool for 2 minutes and the samples are then removed from the casting
wells. Finally the samples are stored in tight air bags to prevent any swelling,

which was later used for testing.

e 80-100°C for
600ul aliquots approximately 3-4-hour
HEMA + GMA were injected into incubation period
+EGDMA Stirred until the mould
+ Benzyl mixture Thermal Polymerization

peroxide homogenous

i =» =

Contact lens mould

-
SERER

Figure 2.1: lllustration of contact lens formulation via thermal polymerisation.
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2.5.2. Contact lens preparation via UV-polymerisation.
Below is a procedure outline with an example of multiple polymer co-
polymerisation; 4.5 mL of HEMA, 0.4 mL of GMA, 0.03 mL F-S/A, the cross-
linker and photo-initiator were kept constant at 0.5 mL of HMPP and
TEGDMA, was all measured and transferred into 50 mL glass beaker the
mixture was left to stir for approximately 30 mins. Once the mixture was
completely homogenous than 600 pL of the mixture is injected into lens
moulds. The sample tray was placed under a UV light at 120 mm height, left

to polymerize for approximately 24-48 hours as illustration shown in Figure

2.2.

|

Stirred until

HEMA + mixture 600ul aliquots Left to polymerize
GMA + homogenous were injected into for approximately
PDMS/F-S/A the mould 24-48 hours
+ HMPP
+ TEGDMA n UV-Polymerization

Contact lens mould

Figure 2.2: Preparation of contact lenses via UV-Polymerization.
Post UV-polymerization the sample tray is removed and the samples are
then removed from the lens moulds the samples are stored in tight air bags.
A summary of the percentage composition is tabulated in table below for the

following results chapter.
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2.6. Characterization study of SCL’s

2.6.1. Equilibrium Water Content (EWC)
Post SCL polymerisation, hydration testing was carried out via soaking the
SCL'’s in distilled water for approximately 24 hours at room temperature. A
record of both dry and wet weights was recorded. The results were
presented as a mean value of = (SD), n = 3. Equation (2) was used to

calculate the hydration % within the CL’s.

Lens Wet Weight—Lens Dry Weight
Lens Dry Weight

x 100

Equilibrium Water Content (%) =

Equation 2

2.6.2. Contact Angle Measurement

The contact angle measurements were performed using KRUSS DSA30S,
(KRUSS GmbH, Brorsteler Chaussee 85, 22453 Hamburg, Germany). The
contact angle was measured using a static sissile drop, after vertically
dispensing droplets of deionised water of a specified volume (8 uL), and
using a high-tech optical camera the angle from the baseline of the drop to
the tangent at drop boundary is easily determined (Figure 2.3). The beauty of
using contact angle 8 it is efficiently provided solid-vapour and solid-liquid
interfacial tensions, due to the ease with which contact angles can be

measured on suitably prepared solid surfaces.
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B
CA:76.3°

A
CA: 64.36°

Figure 2.3: Images of CA measurement of DZH within the CL matrix and
DHZ NP in CL using sessile drop assay.

2.6.3. Elasticity of Hydrogel Contact Lenses (Young’s Modulus)

2.6.3.1. Texture Analysis

TA.XT.plus Texture Analyser (Stable Microsystems LTD, Surrey, UK) was
used to measure the tensile strength as well as the elasticity of the SCLs.
Post CL hydration the SCL’s were then cut into precise dimensions of 25 mm
(length), 15 mm (width) and 2 mm (thickness). The sample was then fit in
between the mini tensile grip (A/MTG- Mini tensile grip, Stable Microsystems
LTD, Surrey, UK), the sample is then stretched vertically until breaking point,
each sample was tested three times. The recorded data was analysed on
Exponent software (Lite, Stable Micro Systems LTD, Surrey, UK), stress
(MPa) and strain (%) of all the tested samples were calculated, those values

were then used to calculate the Young’s modulus via equation (3) and (4).

Stress (MPa)

Young’s Modulus = Strain (%)

Equation 3

Force at breaking point (N)

Tensile Strength = Equation 4

Cross—Sectional area (mm?2)
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2.6.4. Optical Clarity of Hydrogel Contact Lenses

2.6.4.1. Light Transmission
The transparency of all the SCLs was measured through the extent of light
that could travel through the lens, using UV-Spectrometer (UV-VIS (Thermo
Scientific, Model: GENESYS™ 10S UV-VIS Spectrometer, Thermo
Scientific™, UK)). The hydrated SCLs were cut into specific measurements
of 22 mm (length) and 9 mm (width), that way it would fit precisely inside a
UV-cuvette. Light transmission was measured at a visible wavelength of 600
nm (103), as reported by Gulsen et al, (46). All the measurements were done

in triplicate and data were presented as mean +SD.
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2.7. Bioluminescence ATP Assay

A bacterial adherence study to SCLs was conducted through a method
originally proposed by Ludwicka et al (104). The two pathogenic
microorganisms used are Staphylococci epidermidis and Pseudomonas

aeruginosa NCTCO00950.

2.7.1. Preparation of bacterial suspension
A 100 mL flask of nutrient broth was inoculated with a single colony of the
required microorganism. The flask was incubated at 37 °C and continuously
shaken using an orbital shaking platform (150 rpm) for 18 hours. After
incubation, the culture was then decanted into two 50 mL centrifuge tubes
and centrifuged at room temperature for 10 minutes. The supernatant was
discarded and the pellet in each cell was suspended in 50 mL of Ringers

solution.

2.7.2. Bacterial calibration graph against optical density
In order to produce a bacterial calibration graph, the bacterial density was
measured as the optical density (ODeoo). The bacterial concentration
spectrophotometrically adjusted to a high inoculum of 2x108 colony forming
units (CFU) per millilitre (mL). The bacterial calibration graph is generated by
measuring the bacterial density at different dilutions, through optical density
(ODsgo) against bacterial count (CFU/mL). 1 mL of the bacterial suspension
was transferred into a UV-quarts cuvette through which the optical density

was measured using spectrometer (ThermoSpectronic, UK).
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2.7.3. Bacterial plate count
A serial dilution was carried out using well plates, the first six wells were
labelled as the following dilutions 10™, 102, 10, 10, 10 and 10°. Each
well was injected with a 180 uL Ringers solution and 20 ulL of the bacterial
solution was injected into the first well. Then 20 uL of the of the solution
mixture was transferred into the adjacent wells. Finally, 10 uL of the dilutions
were inoculated onto nutrient agar using spread plate method that was then
incubated for 24 hours at 37 °C. Plate counts represents the number of
bacteria growing into single colonies and are reported as the number of
colony forming units (CFU). The CFU were then counted after incubation

period.

2.7.4. Standard calibration graph for standard ATP
Within the bioluminescence kit a standard ATP was provided (Sigma, Roche,
Germany). The standard ATP was diluted to 990 uL using dilution buffer
provided within the bioluminescence kit. A serial dilution was prepared within
the range 10° to 10" M ATP. A micro-well plate was used to carry out the
dilutions where 10 uL of the ATP solution was added to 90 uL of dilution
buffer for each dilution. Finally, 10 uL of the luciferase agent was added to
each micro-well plate containing the dilutions, which was then immediately
subjected to the luminometer (infinite M200 Pro, Tecan) where the
luminescence was measured and was represented as the relative light units

(RLU).
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2.7.5. Bioluminescence and quantification of adherence
The bacterial suspension was then adjusted to 2x108 CFU/mL using ringer’s
solution. The contact lenses were then placed in sterile 6 well-plate with 2
mL of the bacterial solution. the contact lenses were then incubated at 37 °C
and continuously shaken for 3 different time points (30 mins, 6 and 16 hour).
For every time point a fresh bacterial suspension was prepared. After the
incubation period the contact lenses were rinsed repeatedly with ringer’s
solution in order to detach any unbound bacteria. Using the highly
quantitative and sensitive ATP Bioluminescence kit (ATP Bioluminescence
kit HS I, Roche diagnostics, Germany), the contact lenses were then soaked
in 500 uL of cell lysis reagent, the contact lenses were left soaking in the
solution for 1 min, the purpose of this step was to unbound and extract
bacterial ATP from the bacteria attached to the contact lenses. The samples
were collected after 1 min and subjected to centrifugation for 4 min at 8000
rom. Bacterial ATP was measured by adding 40 uL of the Luciferase reagent
to 160 uL of the supernatant. The light emitted by the system bacterial ATP-
Luciferase was measured by luminometer (infinite M200 Pro, Tecan), the
data was presented in RLU value from which Log-Log calibration graph of
RLU and bacterial ATP concentration (M) was generated to determine the

bacterial ATP concentration.

2.7.6. Statistical analysis
Graph-Pad statistical analysis soft wear was used to carry out one-way

analysis of variance (ANOVA) followed by paired t-test to analyse the results.
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On-way ANOVA tests were carried out to evaluate the difference in bacterial
adherence between the different types of contact lenses and to determine a

p value of <0.05 presenting a significant difference.

2.8. Ocular Tolerability Assay: Hen’s Egg Test
Chorioallantoic Membrane (HET-CAM) and Bovine

Corneal Opacity and Permeability (BCOP).

In vitro Ocular toxicity study

There are many hazards to materials and drugs used in the pharmaceutical
industry, that could potentially damage the cornea and even result in
irreversible blindness (105). Therefore, ocular toxicity study is required to
investigate the risks associated with these materials and Drugs used.
Previously in vivo Draize testing was developed and used to govern ocular
toxicity by applying the test material to a live rabbit’s eye and evaluating the
biological reaction (2). Originally the Draize testing was approved by the
Food and Drugs Administration (FDA) Organisation for Economic Co-
oeration and Development (OECD)during the 1940’s (105). Over the recent
years’ alternative in vitro studies have been introduced in order to replace
live animal testing, which was classed as being inhumane by Russell et al. In
vitro organotypic models such as the Bovine Corneal Opacity and
permeability (BCOP) and the Hen’s Egg Test chorioallantoic membrane
(HET-CAM) are isolated systems that claims to maintain short term

physiological and biological function of human conjunctiva/ cornea (105,108).
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Barile, 2010 suggested that results obtained from both HET-CAM and BCOP

assays are comparable to those of in vivo Draize eye test (108).

The HET-CAM model mimics the conjunctiva within the eye, testing provides
information of test Drugs/ materials. According to Parish, 1985 the CAM is a
vascularised mucosal tissue comparable to that of human eye (109). Barile,
2010 suggested that HET-CAM model was authorised to determine ocular
sensitivity and corrosion by U.S EPA (1996), E.U (2001) and UN (2003)
(108). The CAM is composed to chorion and allantois (Figure 2.4); the
chorion protects the embryo, yolk and other membranes as well as
facilitating gas exchange with exterior. Allantois operates by maintaining the
viability of the embryos well as facilitating gas exchange (110). Within the
HET-CAM model test materials and Drugs are applied onto the CAM where
the endpoint is observed based on the changes of the blood vessels in the
CAM and scored using HET-CAM irritation score system (Table 2.1). The
HET-CAM assay is fast, reproducible and inexpensive way of assessing

slight and strong irritants (107,108,111).

> Shell

I Chorion

> Yolk sac (nutrients)

I Embryo

E Allantois

> Albumin

Figure 2.4: Embryonic membranes of chick (110).
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T: 0 min T: 0.5 min

Non-irritant Hyperaemia

T: 2 min T: 5 min

Haemorrhage Coagulation
NaOH Solution

Figure 2.5: CAM Vascular end points to NaOH (0.5 M) strong irritant (+VE control) score
irritation within the current formulations at 0,0.5, 2 and 5 mins.

T: 0 min T: 0.5 min

Saline Solution

Figure 2.6: CAM Vascular end points of saline solution (0.9%) (-VE control) score irritation
within the current formulations at 0,0.5, 2 and 5 mins.



Table 1.1: numerical time-dependent scores for each of the irritant responses (adapted from
Alany et al, 2006). (112).

Effect Time (min)

0.5 20 5.0
Non- irritant 0 0 0
Hyperaemia 5 3 1
Hemorrhage 7 5 3
Coagulation 9 7 5

Table 2.2: HET-CAM values for classification of irritants.

Cumulative Inference

Scores

0.0-0.9 Non-irritant No visible hemorrhage

1.0-4.9 Mild irritant Visible membrane discoloration
5.0-8.9 Moderately irritant ~ Structures are covered partially due to

membrane discoloration or hemorrhage

9-21 Severe irritant Structures covered totally due to

membrane discoloration or hemorrhages

The BCOP assay also known as the organotypic model that uses isolated
whole eyes from cattle. This assay relies on the cornea as an indicator when
exposed to drugs/ materials that could cause visual impairment. According to
Gautheron et al, BCOP assay measures ocular opacity and permeability both
of which are very important within ocular irritation testing (113). The cornea is
responsible for refracting light through the lens and onto the retina (2).
Corneal opacity is an indicator of damaged corneal epithelial layers or

protein denaturation, and its therefore thought to be an endpoint for many in
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vivo ocular irritancy tests (114). Permeability is determined by the amount of
fluorescein dye that penetrates through the cornea (108). The test materials
are assigned to specific categories based on the irritancy score system
(Table 2.3). For controls NaOH is used as a strong irritant, and saline as

non-irritant (Figure 2.7).

Bovine cornea
under cobalt

Time point: .
T: 0.5 min blue filter

0 min

Saline Solution (0.9%) - VE Control

Figure 2.7: BCOP images with corresponding fluorescence images of freshly excised
bovine cornea treated with positive control and negative control.
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Table 2.3: BCOR irritation test scoring system.

Damage Degree Score
None 0
Slight 1

Opacity Marked 2
Sever 3
Opaque 4
None 0
Diffuse and weak 0.5

Epithelial integrity Confluent and weak 1
Confluent and intense 1.5

Table 2.4: BCORP in vitro test score classification system.

Effect Cumulative score
Non- irritant <0.5
Slight irritant 0.6-1.9
Moderate irritant 2.0-4.0
Strong irritant >4

A comprehensive analysis of the formulations and test materials using
several ocular tolerability assays was adopted via the regulatory bodies are
displayed within this section. HET-CAM and BCOP were used to assess the

ocular tolerability of the formulations and test material.
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2.8.1. HET-CAM assay

Freshly collected fertilised hen’s eggs were thoroughly checked for cracks
and sprayed with 70% IMS, they were later incubated for 3 days at control
temperature and humidity of 37 + 0.5°C and 66 + 5% respectively. The eggs
were placed horizontally in the tray and were gently rotated 5-8 times a day.
Meanwhile the growing chambers were prepared according to HET-CAM
assay reported by Alany et al (112) with slight modification. The chamber
consisted of a glass (10 cm internal diameter), inside the beaker about 5-6
cm a pocket was formed using cling film this was then fully secured. These
chambers were then further sterilised with 70% IMS, on day 4 the eggs were
cracked and opened gently keeping the egg yolk intact when poured into the
chambers. The growing embryos with intact yolk sack, CAM were covered
with a glass petri dish, theses chambers were further incubated at the same
conditions already mentioned above, this is optimum condition for the

embryo and CAM to develop.

DZH encapsulated NP’s, as well as a number of silicone SCL’s with and
without surfactants were all tested for their potential ocular irritation effect.
The positive control used was NaOH (0.5 M) as a strong irritant and saline
(0.9%) was used as a negative control was non-irritant by the 10™ day the
embryo and CAM were ready for the study, 150 uL of the test materials was
placed onto the CAM, post exposure of CAM’s blood vessels and capillaries

were analysed for hyperaemia, haemorrhage and coagulation at the
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following time points 0.5, 2 and 5 minutes. Table 2.1 shows a guideline to
help score the level irritant of the test material on the CAM, and Figure 2.5

and 2.6 demonstrates vascular end points used to score irritation.

2.8.2. BCOP ASSAY

The freshly excised bovine eyes were immediately collected from the
slaughter farm, in a thermal vessel containing normal saline at 6-7 °C; the
eyes were used for testing on the same day of collection. The selecting
process of the bovine is very important; we looked out for corneal
vascularisation, corneal opacity, subconjunctival damage and epithelium
detachment. The following controls were used; sodium hydroxide (NaOH 0.5
M) was used as strong irritant for positive control, saline was used as

negative control (Figure 2.7).

DZH encapsulated NP’s, control SCL’s, as well as surfactant and silicone
SCL’s were studied for any potential irritation to the corneal surface of the
eye. The bovine eyes were placed into large plastic weighing boat with the
cornea facing upwards, initially the eyes were transferred into a water bath
with a lid (Grant OLS 200, UK), the eyes were incubated in this humid
environment for 10 minutes at 37 + 0.5 °C, with shaking motion at 90 rpm.
The eyes were removed after incubation period, a silicon ring was placed
onto the centre of the eye, this will prevent any spillage, as well as direct the
test materials to the desired location (cornea). A drop of saline was placed
onto the centre of the O-ring; the eye was then subjected to a further 5

minutes of incubation in the water bath. The saline solution was later
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removed and was replaced with 100 uL of the test material; the eye was

further incubated for 30 seconds. The eye was then removed and was

thoroughly washed with 15 mL of saline solution; it was then incubated one

final time for 10 minutes before it is fully assessed for visually for corneal

opacity. A cobalt blue filter (465-490 nm) was used to analyse the corneal
epithelium after 0.5 mL of fluorescein solution (2% w/v, pH 7.4). Figure 2.7
and Table 2.2 demonstrates the degree of corneal opacity and fluorescein

permeability used to score test materials.
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2.9. Drug Release study

An in vitro drug release study was conducted over 24 hours, phosphate
buffer saline (PBS) was used as a release medium. This study was carried
out at temperatures 37 °C. The CL’s with A) DZH within the lens matrix and
B) DZH NP’s loaded CL’s were soaked in 10 mL of PBS and the two controls
C) DZH in distilled water (1 mg / mL) and D) DZH encapsulated NP solution
1mL were filled into a dialysis bag and immersed in PBS, all off the samples
were placed into a mechanical shaking water bath set to 80 cycles/ min at
35.5 °C. Aliquots of 0.5 mL were withdrawn from the test samples at different
set time intervals of 15, 30 minutes, 1, 1.5, 22 and 24 hours. every sample

withdraw was replaced with 0.5 mL of PBS.
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Analytical Methods And
Development, Validation,
Preparation And

Characterisation Of SCLs

Chapter 3
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Chapter 3: Development and validation of

Dorzolamide Hydrochloride analytical method

3. Introduction

DZH displayed in (Figure 3.1) is a carbonic anhydrase inhibitor used to
decrease increased intraocular pressure within open-angle glaucoma and
ocular hypertension. This anti-glaucoma drug is currently topically applied in
the form of eye drops. Drug stability is an important process of drug
development, evaluated during pre-formulation studies. Stability testing helps
us to understand the quality and quantitatively monitor the drug under

various different environmental conditions, such as temperature, light and

humidity.
HN/\CH3
0
1 - "
S NH, .
]
\

H;C //S\\
O O

Figure 3.1: Structural formula of DZH.

Therefore, preforming a stability testing requires selecting or developing a
valid, reproducible and stable analytical assay that could quantify the drug

and the degradation products generated accurately.
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High-performance liquid chromatography (HPLC) is a widely used analytical
technique for drug analysis within pharmaceutical development; such as
formulation, quality control and stability testing. HPLC is a highly efficient,
reliable and precise method for quantifying and separating drugs in
pharmaceutical formulations. Development of HPLC validation method for
the simultaneous determination of DZH was adopted as per international
council for harmonisation (ICH) guidelines. The main goal of ICH was to
promote international harmonisation bringing together representatives from
EU, Japan and USA, to establish joint guidelines. Making ICH-guidelines
available globally, thus strengthening the capacity of pharmaceutical industry

to utilise the information available (115,116)(117).

Therefore, HPLC method was chosen over various other analytical
techniques for drug separation. The liquid mobile phase allows for the
transformation of mobilized polarity during chromatography and depending
on drug characteristics modification to the mobile phase was possible.
Stationary phase was another advantage as it would enable good separation
as the separation line was connected to a highly sensitive detector systems
such as, diode detector, spectrafluorimeter etc. HPLC is an extremely quick
and efficient way of separating analytes; which was achieved by forcing the
analytes through a solid absorbent material with different chemical
components separating out as they are moving at different speed. A high
resolution of the results was then generated, the results presented are

accurate and reproducible (116,118).
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Mathrusri et al, developed an HPLC method for determining DZH and
Timolol Maleate. The study used HPLC as it was fast, sensitive and accurate
with wide linearity range, under 10 mins with high resolution chromatograms.
The method utilized Inertsil ODS 3V column with acetonitrile and 1-octane
sulphonic acid buffer (36: 64 v/v) (run at isocratic condition) at pH of 3.6 as
mobile phase was validated as per ICH-guidelines. The retention time for
DZH was 6.02 minutes and a LOD and LOQ were found to be of 0.6951 and
2.3214 ug/mL respectively. It was suggested that the proposed method was
highly reproducible and reliable (119). Narendra et al, also conducted a
HPLC validation study to determine DZH within eye drops. Reverse phase
HPLC was adopted using Inertsil ODS 3V column with Acetonitrile: (0.02 M)
1, Octane sulphonic acid buffer (pH 3.5) (36:64 v/v) (run at isocratic
condition) as a mobile phase. DZH LOD and LOQ were 0.7041 and 2.3483
pug/mL respectively. The method was simple, fast, reproducible for the
analysis of DZH in pharmaceutical formulations (120).

Method validation is very important for the measurements of the following
parameters, linearity, accuracy, precision, repeatability, specificity and
robustness. Within this chapter, the method development and validation is
described, in agreement with ICH guidelines. This rapid, accurate, precise
isocratic HPLC assay for DZH analysis in the presence of its degradation
products. Linearity assay has the ability to form a response that’s directly
proportional to the increase and decease in the analyte concentration, which
is displayed in a linear graph, from which the accuracy and precision was
determined (120-122). The lower limit of detection (LLOD) defines the lowest

concentration of analyte. The lower limit of quantification (LLOQ) also defines
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the lower concentration of analyte which can be quantified through accuracy
and precision assay (115). Assay accuracy is explained as the closeness
between the experimental mean results with the actual concentration value
of the analyte. Accuracy is recognised when triplicate samples of known
analyte are analysed (115,119). However, precision of assay looks at the
closeness of a series of measured value of analyte to the true value under
set conditions, precision assay considered at both repeatability and
reproducibility assay (123). Robustness assay is the ability of the procedure
to measure the capacity of the sample analyte to remain unaffected when
put through various different parameters thus indicating the reliability of the
analyte (120,123). For the second part of this chapter several different
concentrations of the polymers against cross-linker were prepared, and the
different compositions are displayed in table 3.1 and Figure 3.2 displays the

polymers used in this study.

Table 3.1: Different polymer concentrations against cross-linker prepared. All polymer
formulations had 0.6% benzyl peroxide initiator.

‘ Polymer concentration (v/v) Cross-linker (EDGMA) (v/v)
HEMA(99%), MMA(99%), MAA(99%), GMA(99%) EGDMA 1%
HEMA(95%), MMA(95%), MAA(95%), GMA(95%) EGDMA 5%
HEMA(90%), MMA(90%), MAA(90%), GMA(90%) EGDMA 10%
HEMA(80%), MMA(80%), MAA(80%), GMA(80%) EGDMA 20%
HEMA(70%), MMA(70%), MAA(70%), GMA(70%) EGDMA 30%
HEMA(60%), MMA(60%), MAA(60%), GMA(60%) EGDMA 40%
HEMA(55%), MMA(55%), MAA(55%), GMA(55%) EGDMA 45%
HEMA(50%), MMA(50%), MAA(50%), GMA(50%) EGDMA 50%
HEMA(30%), MMA(30%), MAA(30%), GMA(30%) EGDMA 70%
HEMA(20%), MMA(20%), MAA(20%), GMA(20%) EGDMA 80%
HEMA(10%), MMA(10%), MAA(10%), GMA(10%) EGDMA 90%
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Figure 3.2: Chemical structures of polymers, used to formulate SCLs. 2-hydroxyethyl!
methacrylate (HEMA), methacrylic acid (MAA), methyl methacrylate (MMA) and glycidy!
methacrylate (GMA).

In this chapter, we analysed the effect of the cross-linker EDGMA on
equilibrium water content (EWC), contact angle (CA), optical transmission
and Young’s modulus (YM) of SCLs. Several different concentrations were
used, also a variety of different polymers were used of which possessed
hydrophilic and hydrophobic properties. EWC properties and CA
measurements were recorded. Thermal analysis was carried out in order to

aid our understanding of the polymers being used.

Within the final part of this chapter the polymer concentration that possessed
the highest EWC% was used and co-polymerised with the following polymers
MMA, MAA and GMA. This study was carried out in order to help us
understand and come to a conclusion as to what polymer concentration
possesses the highest hydration with high surface wettability at the same

time have the highest transmission, the result of all these properties help
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achieve an ideal SCL base which can be used as a vehicle for ocular drug
delivery. These SCLs were then subjected to characterisation testing, such

as EWC, CA, optical transmission (TM) and YM.

The first part consists of method development and validation of an analytical
method for DZH as per ICH guidelines. The second part of this chapter
displays the studied effect of cross-linker EDGMA against the polymers used
and how it affected the mechanical structure and EWC of SCLs. The final
part of this chapter is based on the results of the effect of cross-linker on
SCLs. The polymer with the highest EWC% was selected and copolymerised
with the rest of the polymers at several different concentrations, once again
these lenses are subjected to several characterisation techniques as already

mentioned previously.
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3.1. Aim and objectives
The aims of the chapter are to develop an analytical method for DZH as
well as to prepare and characterise SCLs. The specific objectives
include:
* To develop and validate an HPLC analytical method to quantify DZH
* Prepare SCLs using different concentration (%) of EDGMA as a
cross-linker
* To investigate the effect of cross-linking ratio on EWC% in CLs.
* Investigate the effect of different polymer concentrations on the
following properties EWC, CA, transmission and YM of SCLs.
* Prepare co-polymerised SCLs, using HEMA in combination with MMA,
GMA and MAA.
* To evaluate the mechanical and optical properties of the co-
polymerised SCLs by studying EWC, CA, transmission and YM of the

lenses.
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3.2. HPLC method development and validation for
Dorzolamide - International Conference of

Harmonisation Guidelines

Results & Discussion:

DZH was analysed using reverse phase HPLC method where Chromolith®

Performance RP-18e was used as a stationary phase. DZH was eluted using
a mixture of acetonitrile and distilled water at (60:40 v/v). The mobile phase
was pumped at a flow rate of 1.0 mL/ min. The A was determined using UV
scanning spectrophotometer and was found to be 254 nm, therefore the
HPLC detector was set at 254 nm and the HPLC system was operated at
room temperature (25 °C). DZH was eluted at 1.66 min.

DZH have been simultaneously analysed via sensitive HPLC with a wide
linearity range, with high resolution where running time was less then 5 mins.
The method was validated as per ICH guidelines (120,123). ICH-guidelines
cover linearity, accuracy, precision, specificity, detection limit and

repeatability testing (115,120,123).

3.2.1. Specificity

Specificity is the ability of the analytical method to accurately separate,
measure and quantify the concentration of analyte without any interference
from other components present in the sample. Simulated tear fluid and
analyte solution were injected into the HPLC and the chromatogram is

displayed in figure 3.3.
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Figure 3.3: Chromatogram of DZH with simulated tear fluid shows no interference between the matrix peak
and analyte peak.

3.2.2. Linearity

Linearity of an analytical procedure is its ability to stimulate test results that
are directly proportional to the concentration of analyte in samples within a
range. A serial dilution of six analyte concentrations of DZH were prepared
and studied. Figure 3.4 shows linear calibration plots for the suggested
method that were obtained in the concentration range of 5-200 ug/ mL for

DZH.

Peak area ratio of DZH was measured, from which a representative
calibration graph plotted of peak area versus concentration in the range of
5,10,20,50,100,200 ug/ mL (Figure 3.4). The linear regression equation of
DZH was found as Y= 22865 X + 9117.9, where Y is the peak area and X is
the value of the various concentrations of the standard solution, with
correlation coefficient of R?= 0.99995. The results have demonstrated a good

linearity between peak areas versus concentration.
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Figure 3.4: Dorzolamide HCI peak area (mV*sec) Vs concentration (ug/mL) calibration curve.
Results are expressed as mean value + SD (n=3)

3.2.3. Accuracy

Accuracy refers to the closeness of a measured mean value to a standard or
known value. The accuracy of the HPLC method was demonstrated by
selecting three sample analytes (QC’S) within the range (7.4, 45 and 150 ug/
mL). Each sample analyte was measured using five determinations. The
obtained concentrations were used to re-fit into the derived regression
equation giving us the calculated concentration. Then both concentrations
(obtained & calculated) were used to determine the percentage deviation at
each concentration of the standard solutions. The mean value should be
within 15% of the LLOQ and not deviate by more than 20% (124). The
percentage recovery and coefficient variance (%) for 7.5, 45, 150 ug/ mL are

show in table 3.2. Recovery % (Table 3.2) was within the specified limits that
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suggest this method is highly accurate and suitable for the proposed

validation method.

Table 3.2: Accuracy for the simultaneous analysis of DZH (n=5).

Conc. Amount Recovery CV (%)
(ng/ mL) recovered = (%)
SD
(ng/ mL)

7.5 7.47 = 0.02 99.60 0.24
DZH 45 44.78 = 0.04 99.51 0.10
150 144.23 = 99.15 0.03

0.04

3.2.4. Precision

Precision states the closeness of individual measures of three selected
analytes within the range of an analytical procedure(123). Table 3.3 displays
intra-day precision, which was measured by injecting five determinations per
analyte of three different concentrations on the same day (n=5). Inter-day
precision was carried out by injecting the same set of 3 different analyte
concentrations for 5 consecutive days (119). Each analyte concentration
should not exceed 15% of the coefficient of variation (CV), the LLOQ should
not exceed 20% of CV (124). The precision of the HPLC methodology was
determined as the coefficient of variation (%CV) of inter-day and intra-day.
The concentrations were calculated by re-fitting peak areas obtained with
different analyte solutions into a derived regression equation. CV for 7.5, 45,

150 ug/ mL — 0.20, 0.18, 0.11 respectively (Table 3.3).
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Table 3.3: Intra-day and Inter-day Precision for the simultaneous analysis of DZH (n=5).

Drug Conc. Intra-day precision
(ng/ mL) Amount CV (%)

Inter-day precision
Amount CV (%)

recovered recovered
+ SD (ug/ + SD (ug/
mL) mL)

7.5 7.43 = 0.01 0.20 7.52 £ 0.11 1.48

DZH 45 44 .84+ 0.18 44.83 = 0.19
0.08 0.08

150 144 .37 = 0.11 144.23 = 0.14
0.15 0.20

3.2.5. Limit of detection and limit of quantitation

Detection limit of an analytical methodology is represented as the lowest
amount of analyte within a sample, which can be detected but not quantified
as exact value.

Quantification limit of an analytical methodology is represented at the lowest
amount of analyte within a sample, which is quantified using appropriate
precision and accuracy. Quantification limit also presented as a parameter
for quantitative assays for low levels of analytes within a sample matrices.
LOD and LOQ were calculated at 95% confidence level using “Regression
statistics analysis” in Excel with the use of the ICH guideline equations based
on the calibration curve: LOD= 3.3*0/S and LOQ=10*0/S, where o is the
standard deviation of the response and S is the slope of the calibration

curve. The LOD was found to be 2.00 ug/ mL and the LOQ was found to be

6.05 ug/ mL.
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Table 3.4: Summary of validation parameters used throughout the stability assay.

Validation parameters Dorzolamide-Hydrochloride

Range (pg/ mL) Linear range 5-200

Target range 7.5,45,150

Repeatability

ST .
Inter-day 0.05
moa [

Precision (%CV)
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3.3. Effect of different cross-linker concentration on

polymers used to prepare SCLs

3.3.1. Preparation of CLs using hydrophilic HEMA polymer polymerised
with EDGMA crosslinking agent at different concentrations
Hydrophilic HEMA CLs were prepared at a range of concentration (%)
ranging from 10-99% (v/v) HEMA. CLs with high concentrations of HEMA
(99%) displayed visually clearer CLs compared to those of lower
concentrations HEMA (10-30%) (Figure 3.5). The concentration shown in
Figure 3.5 represents combinations that have yielded SCLs, which were
taken further to undergo characterisation studies. All other formulation was
unsuccessful. EDGMA/HEMA with 1/99% (v/v) concentration, yielded a
more transparent CL in comparison with EDGMA/HEMA at 10/ 90% (v/v)
shown in Figure 3.5. CLs that were prepared with 80-99% (v/v) HEMA,
possessed the highest EWC% values as displayed in Figure 3.4. CLs made
of 99% HEMA concentration possessed the highest EWC% of 34.80 + 0.1%,
with the presence of hydroxyl groups results in the formation of hydrogen
bonds with the water. The functional groups are responsible for the
hydrophilic nature of the polymer, as they form hydrogen bonding with water
molecules thus drawing them into the polymer matrix. Figure 3.5 also shows
that increasing the concentration (%) of HEMA, EWC% and surface
wettability of CLs also increased. HEMA/EDGMA (99/1 v/v %) displays a CA
55.6 £ 2.97° which increased to 105 + 0.99° for HEMA/EDGMA (20/80% v/v).
Statistical analysis has showed significant difference between the two

concentrations for both EWC% and CA at p=<0.0001. Lower CA values
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demonstrate higher surface wettability. Higher concentration of HEMA

exhibits low surface wettability supporting the hydration testing.
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Figure 3.5: Equilibrium water content (%) and contact angle for HEMA polymer co-polymerised with

cross-linker (EDGMA) results are expressed as mean = SD, (n=3).
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3.3.2. Preparation of CLs using hydrophilic MAA polymer polymerised
with EDGMA crosslinking agent at different concentrations.
MAA is a Hydrophilic polymer that was used to formulate CLs at different
concentrations with EDGMA. MMA was used at concentrations ranging
between 10-80% (v/v). It was noticed that with an increase in MAA
concentration, the opacity and surface roughness of the CLs increases
(Figure 3.6). This could be attributed to phase separation (82). Phase
separation occurs when polymer blends do not form homogenous mixtures,
this is largely triggered by change in temperature or molecular weight (125).
Polymer blend miscibility vary depending on concentration (% v/v) and their
Gibb’s free energy curve (125), polymers with a negative free energy tend to
be more miscible as suggested by (126). The concentration shown in Figure
3.7 represents combination that have yielded SCLs, which were taken further
to undergo characterisation studies. All other formulation was unsuccessful.
EWC% and CA for the prepared EDGMA/MAA CLs are summarized in
Figure 3.7. Increasing the MAA concentration has shown the highest EWC%
with 6.70 + 0.01%, with CA of 97 + 1.20° for EDGMA/MAA (20/80% v/v). This
could be attributed to the hydrophilic nature of MAA polymer (127) due to the
presence of carboxylic acid functional group (Figure 3.2) that can form

hydrogen bonds with water.

The EWC % results compliment with that of CA results. CA showed an
increased surface wettability with the increase in MAA concentration. For
instance, the CA of MAA/EDGMA at (10/90% v/v) was (2.85 £ 0.12%) and

increased to (6.70 £ 0.09 %) when the MAA/EDGMA increased to (80/20%
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v/v). Overall, statistical analysis has shown that significant difference with

p=<0.0001 for MAA/JEDGMA (80/20%) and (10/90%) (v/v).

Polymer Concentration %
Cross- —)  Decrease

linker

+Polymer

Figure 3.6: Visual representation of the prepared CLs at an increase and decrease concentration %.
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Figure 3.7: Equilibrium water content (%) and contact angle for MAA polymer co-polymerised with

cross-linker (EDGMA) results are expressed as mean = SD, (n=3).

3.3.3. Preparation of CLs using hydrophobic MMA polymer
polymerised with EDGMA crosslinking agent at different
concentrations.

MMA is a hydrophobic polymer used to prepare CLs; MMA is co-polymerized

with EDGMA at concentrations ranging from 10-95% (v/v). MMA consists of

both hydrophilic and hydrophobic regions and when hydrated the water
molecules will form hydrogen bonds at hydrophilic regions (carbonyl groups)

around hydrophobic regions. Therefore, MMA is widely used within a

composition of polymers to increase the strength modulus of the contact

lens, due to the stiff nature of the polymer. The concentration shown in

Figure 3.8 represents combination that have yielded SCLs, which were taken

further to undergo characterization studies. All other formulation was

unsuccessful. Figure 3.8, shows that with increase in MMA concentration,

the EWC% and surface wettability increased slightly. This could be because
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EDGMA is a more hydrophobic than MMA (128). The highest EWC%
obtained for EDGMA/MMA was at 17.85 £ 0.09% however this is not
considered adequate enough to be used to formulate a SCL. EDGMA/MMA
90/10% & 5/95% (v/v) has EWC% of 0.90 + 0.13% and 17.85 £+ 0.09% also a
CA of 110 £ 0.30° and 65 * 1.13° respectively. Statistical analysis has shown
that there is a significant difference for EDGMA/MMA between 90/10% &
5/95% (v/v). There is an increased decline in EWC% with increase in
hydrophobic EDGMA (cross-linker), this is due to the formation of more
hydrophobic regions (129). Fehim et al, carried out a case study on the
selection of materials for CLs, and reported that MMA polymer was most

desirable for eye lenses, as the material is non-toxic and recyclable (130).

When comparing both MAA and MMA results, it showed hydrophilic MAA
with a lower EWC% compared to hydrophobic MMA. From the results
obtained (Figure 3.6) it was difficult to obtain whole smooth CLs when
formulating CLs using EDGMA/MAA, this could be because the mixture was

not homogenous or because thermal polymerization was used.
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Figure 3.8: Equilibrium water content (%) and contact angle for MMA polymer co-polymerised with

cross-linker (EDGMA) results are expressed as mean = SD, (n=3).

GMA polymer was also used to prepare CLs at concentration % ranging from
10-90% (v/v), however we only obtained whole CLs at concentration % of 90,
70, 50% (v/v). The concentration shown in Figure 3.9 represents combination
that have yielded SCLs, which were taken further to undergo characterisation
studies. All other formulation was unsuccessful. The other prepared CLs
were damaged, this could have been due to the type of polymerisation used,
the type of mould used, or that the mixture of EDGMA/GMA was not
homogenous causing phase separation to occur (125). Decrease in GMA
concentration % presents visually clear CLs as shown in Figure 3.6. GMA;
possess an epoxy side group, ester methacrylic acid functional groups, there
are strong polar bonds present due to the epoxy side group making it the
main hydrophilic domain at which hydrogen bonding occurs. Figure 3.9
shows that a decrease in GMA concentration % results in an increase of
EWC%. At EDGMA/GMA 50/50% and 10/90% (v/v) EWC% of 3.30 + 0.011%
and 2.96 + 0.01% and CA of 109 + 0.50° and 110 £ 0.01° is achieved.
Statistical analysis displayed significant difference between the EWC% with
p=<0.0001, and no major significant difference between both sets of results

for CA with p=0.0002.

Magda Carrilho, studied the effect of polymer composition within hydrogel
contact lenses on drug release behaviour and their properties, the results
show that with an increase in EGDMA cross-linker hydrogels displayed

smaller pores, producing a decline in diclofenac release, swelling properties
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of CL on the other had YM increased (131). Therefore, optimisation of CL

material is essential in order to avoid compromising the CL properties and a

achieving a CL material that has the potential to be used as drug carries.
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Figure 3.9: Equilibrium water content (%) and contact angle for GMA polymer co-polymerised with

cross-linker (EDGMA) results are expressed as mean = SD, (n=3).

There was a pattern amongst two polymers MAA-EDGMA and MMA-

EDGMA, which is displayed in Figures 3.7, and 3.8 that with decrease in the

polymer concentration %, whole CLs are formed, however with high polymer

concentration % rings or loops are formed.

HEMA, MAA & GMA polymers displayed adverse results where increase in

polymer concentration % resulted in whole clear CLs as well as an increase

in EWC%. Both HEMA and GMA possess strong hydrophilic characteristics

thus when used to prepare CLs it would improve water absorbance. There

are several factors that affect the EWC%; the hydrophilic functional groups

arranged on the polymers, the quantity of crosslinking agent used and finally
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pore morphology of the polymer (49). Polymers with strong polar functional
groups such carboxylic acid, hydroxyl or ether groups allows enhanced
interaction with water molecules forming hydrogen bonding, ion-dipole or
dipole-dipole bonding. The crosslinking agent is vital in the process of
keeping the polymer chain intact. The addition and quantity of the
crosslinking agent (EGDMA) dictates the swelling ratio as well as the rigidity
of CL. Therefore, with increase of EGDMA concentration %, densely cross-
linked polymeric hydrogels are formulated, initiating a decrease in swelling
degree within the polymer thus a decrease in EWC% (132). Mohammed et
al, studied the effect of crosslinking concentration (EDGMA) on hydrogels.
They discovered that with increase addition of EDGMA EWC of the
hydrogels decreased. Decline in EWC% would essentially lead to a reduction
in oxygen permeability of the CLs, as oxygen passes through water pockets
rather than the polymer material itself as reported by Maldonado-Codina et al
(54). EDGMA concentration increase would generally increase the YM,
making the CLs stronger/ stiff with decrease in ECW%, however with
decrease in EDGMA the CLs would obtain poor mechanical properties
making it very soft and very hard to handle (132). Thus, it is important to
establish the right concentration of crosslinking agent in order to prepare
SCLs with an ideal YM, optical transparency, and EWC% as well as oxygen

permeability.

There are two types of pore morphology homogenous and heterogeneous.

Homogeneous hydrogels the pore volume is relative to the cross-linked

polymer chains and heterogeneous hydrogels have a relatively high pore
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volume to polymer chain. Increase in crosslinking density causes a decrease
in pore volume, which leads to decline in the amount of water content

absorbed (133,134). Therefore, with decrease in EGDMA within the polymer
systems the EWC increases, loosely cross-linked polymers are able to swell

increasing water absorption.

3.3.4. Thermal analysis

Figure 3.10 shows the differential scanning calorimetry for HEMA, MMA,
MAA and GMA. HEMA (Figure 3.10, curve A) presents a sharp exothermic
peak at roughly 158°C. Bolbukh et al, carried out a thermal investigation of
HEMA polymer filled with modified silicas, from DSC results presented
similar endothermic curve at 106°C and suggested this was due to the
decrease in low mobility of polymer molecules (135). Ning et al, analysed the
thermal reaction of HEMA with benzyl peroxide and polymethacrylate via
DSC. The DSC thermogram of butyl-methacrylate with HEMA a small
endothermic peak was present (from 50-110°C) which suggested that the
heat initiates the polymerisation reaction of HEMA (exothermic peak)
beginning at 100°C and ending at 150°C (136). This is very much similar to

the DSC curves (Figure 3.10, curve A) obtained in this study.

GMA (Figure 3.10, curve C) displays an initial polymerisation at 105°C and
ending with broad exothermic peak at 130°C (137). Guo et al, studied
formula optimization of GMA modified with waterborne acrylic resin, using
amniopropyltriethoxysilane (KH-550) as cross-linking agent. From the DSC

thermogram results, the initial polymerisation temperature decreased when
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combining KH-550 in GMA polymer mixture. Lower polymerisation
temperature indicates a more effective and straightforward polymerisation
process to form a three-dimensional network structure (exothermic peak at
108°C for polymerisation of GMA-KH550). They also suggested increase in
the amount GMA polymer has similar effects on the polymerisation
temperature (138). The polymerisation peak obtained in this study is higher
than that of Guo et al, due different concentrations of GMA polymer and

different cross-linking agent being used.
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Figure 3.10: DSC analysis of all polymers used HEMA (A), MMA(B), GMA(C) and MAA(D).
MMA and MAA display sharp endothermic peaks at 100°C and 158°C
(Figure 3.11, curve B and D) due to the evaporation of unreacted polymers,
followed by degradation of MAA at 240°C (D) (139). Polacco et al,
investigated the thermal behaviour of poly(methacrylic acid) and poly(N-vinyl-

2-pyrrolidone) complexes. From DSC thermal analysis Polacco et al,
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summarised that PMAA displayed suitable thermal stability until reaching
180°C, and from 180-240°C presented endothermic peak suggesting first
degradation process. The 2™ endothermic peak at 420°C corresponds to the

decomposition of PMAA (140).

Figure 3.11 shows DSC curves for MMA at various different concentrations
starting with 99% MMA. An endothermic peak at 100°C is related to the
evaporation of unreacted MMA polymer. With increase in cross-linking agent
MMA concentration decreases, increasing the intensity of the exothermic
peaks with a shift to 120°C-140°C this could be due to increase in
polymerisation between MMA and EGDMA (cross-linking agent) causing the
peaks to become increasingly broad (141). Kim et al, studied the effect of
cross-linking agent on the morphology of MMA polymer. Their thermal
analysis of MMA/EGDMA (cross-linking agent) suggested that their thermal
stability was reduced with decrease in EGDMA, hence increase in initial and

end decomposition temperature with increase in EGDMA(142,143).
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Figure 3.11: Deferential scanning calorimetry (DSC) analysis of MMA at various compositions.
The two amorphous polymers HEMA were further investigated by measuring
the glass transition temperature (Tg) at 3 different concentration % 99, 95
and 90% using thermos mechanical analysis (TMA). The Tg value helps
represent the mobility of the polymer backbone. The energy required to
rotate bonds is linked to the Tg the lower the Tg value indicates a highly
flexible backbone (71,145). Table 3.5 below displays the Tg figures and it
can be observed that with decrease in polymer concentration % of HEMA the
Tg increases suggesting decreased mobility as the polymer chains are linked
together by cross-links. According to Schut et al, there are several factors
that affect the mobility of the chain and impact Tg, molecular weight,
chemical structure, cross-linking agent and crystallization (both of which

reduce chain mobility) (144).
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Table 3.5: Glass transitions of HEMA.

Polymer concentration % HEMA (Tg)

82.29°C +0.21
83.63°C +0.22
93.92°C +0.18

HEMA polymer was further analysed by measuring its Young’s modulus
(YM) and the coefficient of thermal expansion (CTE), the results are
demonstrated in Figure 3.12. The reason for this would be because HEMA
polymer possessed the highest EWC% at increased concentration as well as
low CA values suggesting increased surface wettability, not to mention the
CLs prepared at concentration % 99-90% (v/v) displayed as most
transparent. Making HEMA polymer desirable to be further used and prepare
SCLs. Wang et al, described some of the basic concepts of CTE, where by
the size and volume of the polymer material will vary with increase in
temperature (145). CTE is an essential application requirement when
optimising and designing polymer material for ocular drug delivery. Wang et
al, listed the two different types of CTE, positive CTE are known as “hot
expansion and cold shrinkage” and negative CTE are known as “hot
shrinkage and cold expansion” (145). The CTE therefore depends on the
components of the polymer material and Young’s modulus (145). Thermo-
mechanical analysis (TMA) was used to measures the change in height of

the sample, from which the CTE is calculated, (137).
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Figure 3.12 showed that decreasing HEMA concentration and increasing the

concentration of EDGMA, the YM values increases suggesting a more tightly

linked polymer chain with limited space for expansion hence decline in CTE

values (128,146). Lawrence et al, studied the effect of crosslinking agent on

the physical properties of polymers, and discovered that not only does

crosslinking agents effects the Tg of polymers (Table 3.5), but also has a

great effect on the swelling volume within polymers and CTE (128), this is

illustrated in Figure 3.12.
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Figure 3.12: Young’s modulus (Mpa) and coefficient of thermal expansion (ppm) for HEMA/EGDMA at

different concentration, results are expressed as mean + SD, (n=3).

The concentration of cross-linking agent EDGMA, could affect water

absorption within CLs as illustrated in Figures 3.4, 3.6 and 3.7. Decreasing

EDGMA concentration decreases the YM values but increased the CTE

(Figure 3.12), as the polymers are loosely packed and allowing more space

for expansion (146). Polymer backbone has a unique molecular architecture,
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the energy required for bond rotation equates to flexibility of the polymer. The
energy required to rotate bonds is linked to the glass transition temperature
(Tg), low Tg values indicates the polymer having flexible backbone. Polymer
flexibility, chain stiffness and chain length all help determine Tg of polymer.
Low Tg suggests that the polymers are not tightly linked together and more
flexible thus their able to expand more (71). High Tg polymers would not be
ideal for SCL formulation, as previously mentioned tightly linked polymer

chains suggests poor flexibility thus low EWC%, CA.

122



3.4. Effect of co-polymers on SCL formulated using HEMA

Results and Discussion

From previous data collected above, it is clear that HEMA works best at
higher concentration therefore we further understand how MMA, MAA and
GMA polymers would work when copolymerised with HEMA at different

concentration ranging from 90-40% (v/v).

Table 3.6: Represents the different concentration % of HEMA Vs MMA, HEMA Vs MAA and
HEMA Vs GMA.

SCLs Polymer concentration % (v/v)

CEUNCEEY MMA-10 MAA-10 GMA-10
EDGMA (1)

BP (0.6)

EUNGZEEE MMA-20 MAA-20 GMA-20
EDGMA (1)

BP (0.6)

CEUNGEE MMA-35  MAA-35 GMA-35
EDGMA (1)

BP (0.6)

NS UNCET MMA-50 MAA-50 GMA-50

EDGMA (1)

BP (0.6)

ENEEOM MMA-60 (MAA-60 GMA - 60

EDGMA (1)

BP (0.6) The

prepared polymers are then subjected to several characterisation studies
such as EWC, CA, transmission and YM. A total of 5 different concentrations

were prepared for each polymer.
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3.4.1. Preparation SCLs using hydrophilic HEMA copolymerised with
MAA at different concentration.
Figure 3.13 shows EWC% and CA results for the copolymerisation of HEMA
with MAA using 1% (v/v) of EGDMA (SCL’s). HEMA/MAA at 90/10% (v/v)
has the highest EWC% 31.12 + 0.08% and lowest CA of 69.7 + 2.84°.
Increasing the concentration of HEMA caused a rise in EWC% due to the
number of hydroxyl and carboxylic acid functional groups all of which forming
hydrogen bonding. Both hydroxyl group and carboxylic acid functional group
increases the hydrophilicity of the polymer matrix as well as degree of
swelling (147)(148). The two concentration that possessed the highest
EWC% are HEMA/MAA (90/10) and (80/20) both of which displayed no
significant difference within the statistical analysis EWC% p=0.6362 and CA
p=0.5246. Figure 3.14 displays Young’'s Modulus values and transmission %,
and it can be observed that increase in MAA within the polymer matrix the
Young’s modulus (YM) decreases as well as the optical transparency %

(TM%). Increase
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Figure 3.13: Equilibrium water content (%) and contact angle for HEMA/MAA at different concentration,

results are expressed as mean + SD, (n=3).

It can be observed from Figure 3.14 that with increasing MAA concentration

the polymer matrix SCL elasticity decreased suggesting lower free

movement of the polymer backbone. The polymer matrix with the highest

concentration % of HEMA/MAA (90/10%)(v/v) possessed the most elasticity

with 7.33E-05 = 1.04E-05 MPa, compared to HEMA/MAA (50/50) which

possessed the lowest YM value of 2.73E-05 + 5.52E-06 MPa statistical

analysis displayed a slight significant difference p=0.0383. TM% also

decreased with increase in MAA composition, at HEMA/MAA (90/10) and

(80/20) (v/v) possessed the highest TM % of 100.40 + 0.29% and 100.17 +

0.12% p=0.3260 respectively. However, when comparing HEMA/MAA

(90/10%) Vs (40/60%) (v/v) shows significant difference between the mean

data of p=0.0002.
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Figure 3.14: Young's modulus (Mpa) and transmission (%) for HEMA/MAA at different concentration,
results are expressed as mean + SD, (n=3).
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3.4.2. Preparation of SCLs using hydrophilic HEMA copolymerised with
MMA at different concentration %.
Incorporating a hydrophobic polymer such as methyl methacrylate (MMA)
into hydrophilic polymer system will aid increase elasticity and provide the
SCL with mechanical structure. Figure 3.15 shows that with increase in MMA
there is a slight decrease in hydration this is due to the hydrophobic nature of
the polymer, thus the hydrophobic interactions amongst the carbonyl groups
present become stronger and at the same time inducing the release of water
molecules within the polymer matrix resulting in decrease in EWC%
(149)(150). Within HEMA/ MMA co-polymerisation the best two
concentration % that possessed the highest EWC% were, HEMA/MMA
(90/10%) and (80/20%) (v/v) with 35.53 + 0.18%, 35.41 + 0.11% and CA
79.4 £ 3.41° and CA 79  3.86° respectively, statistical analysis displayed no
significant difference between the two most popular formulations with a

p=0.9441 for EWC% and p=0.2698 for CA°.
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Figure 3.15: Equilibrium water content (%) and contact angle for HEMA/MMA at different
concentration; results are expressed as mean = SD, (n=3).

The Young’s modulus and transmission of various concentration % of
HEMA/MMA is displayed in Figure 3.16 below, increase in MMA
concentration % the Young’s modulus deceased suggesting that the contact
lenses became increasingly less elastic. MMA is very well known polymer for
its use in rigid contact lenses due to their hydrophobic nature(151).
HEMA/MMA at (90/10%) and (40/60%) (v/v) the YM is 0.0083+0.002 MPa
and 0.0043+0.0003MPa respectively, while the YM was slightly different for
both formulations there was not a statistical significance p=0.7849. Optical
transmission % of HEMA/MMA (90/10%) and (80/20%) (v/v) formulations
were 100.24 + 0.12% and 99.67 £ 0.15% respectively, statistically there was
no significant difference between the mean data p=0.71749. however, when
comparing the TM% of HEMA-MMA (90/10) composition to (40/60) 86.3 +
0.1% the statistical analysis displayed a significant different with p=<0.0001.
With increase in MMA in the SCL concentration, transmittance decreases

this could be due to crystalline regions within the polymer or phase
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separation taking place during polymerisation(82). Figure 3.16 suggests that
increased concentration of HEMA yields better TM% values over 90% which

is most desired.
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Figure 3.16: Young's modulus (Mpa) and transmission (%) for HEMA-MMA at different concentration,
results are expressed as mean + SD, (n=3).
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3.4.3. Preparation of SCLs using hydrophilic HEMA copolymerised with
GMA at different concentration.
The final co-polymerisation was between HEMA/GMA this polymer matrix
provides hydrophilicity due to the presence of polar epoxy side group and
methacrylic acid, it is also used to provide clarity within the lens suggesting
that the polymer possesses amorphous regions (152)(153). HEMA/GMA
(90:10%) and (80/20%) (v/v) possessed the highest EWC% of 31.69
0.02% and 29.57 + 0.03% and low CA 66.67 + 3.37° and 75.2 + 10.77°
respectively, however both sets of results displayed significant statistical
difference with p=0.0054 for EWC% and p=<0.0001 for CA°. Figure 3.17
showed that with increasing the GMA concentration, EWC% decreases, this
could be due to the decrease in HEMA concentration (154). Regardless of
the hydrophilic polar groups present within GMA, this does not always
suggest stronger water binding capacity polymers such as HEMA with slight
decrease intensity of polar group, have a higher water-binding capability

(156-158).
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Figure 3.17: Equilibrium water content (%) and contact angle for HEMA/GMA at different
concentration; results are expressed as mean = SD, (n=3).

Figure 3.18 presents TM and YM data for HEMA/GMA concentration %, with
increase in GMA concentration, TM% decreased slightly. The two
concentration with the highest TM% would be (90/10%) and (80/20%) (v/v)
with 90.80 £ 0.17% and 88.60 £ 0.1% respectively, (p=0.0090). However,
when comparing HEMA/GMA (90/10%) with (40/60%) (v/v) presents a

significant statistical difference with p=<0.0001.
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Figure 3.17: Young's modulus (Mpa) and transmission (%) for HEMA/GMA at different concentration,
results are expressed as mean + SD, (n=3).
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HEMA/GMA at (50/50%) and (40/60%) (v/v) has shown no YM values in
Figure 3.18, this was due to increase in GMA concentration % within the
prepared SCLs, which became more ridged like structure this could be very
much due to the amorphous properties of the polymer. This is also a good
indication that increased concentration of GMA is not ideal for SCL
preparations. HEMA/GMA (90/10%) (v/v) has uppermost YM value of 1.14E-
03 £ 2.12E-05 MPa compared to (65/35%)(v/v) with YM value of 9.02E-05 +
6.79E-06 MPa, both sets of data displayed statistically significant difference

of p=<0.0001.

3.5. Summary

Separation and quantification of DZH using conventional analytical assays
such as HPLC was challenging, however a novel analytical assay was
developed and validated. This method allowed the quantification of the drug

DZH. This assay was found to be stable, accurate and precise.

The polymers used to make the SCLs are categorised into three categories;
the hydrophilic polymer that is capable of interacting with water forming basic
hydrogel; the hydrophobic polymer producing high mechanical strength
lenses; and the cross linking agent that adds both mechanical strength and
thermal stability. The results confirmed that hydrophilic polymer increased
EWC% within SCLs. High concentration % of HEMA when co-polymerised
with EDGMA crosslinking agent displayed the highest EWC% this was the

same for MMA polymer. It was also found that crosslinking agent EDGMA
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has great influence on the Tg, CTE, YM and EWC%. With increase in
crosslinking agent EDGMA the Tg and YM increased, whilst the EWC% and
CTE of the polymers decreased suggesting that the polymer chains were
tightly linked thus preventing it from expanding and inhibiting water

absorption.

GMA at high concentration presented low EWC% within SCLs, due to their
hydrophobic nature and interactions. GMA was further investigated and co-
polymerised with HEMA, which in turn drastically improved its EWC%, TM%
of the SCL. HEMA/MMA (90/10%) and (80/20%) (v/v) possessed the highest
EWC%. All concentration of 50% and above of HEMA yielded TM% of 80%
and above. With decrease in HEMA concentration it was observed that YM
values declined suggesting the CLs became more rigid/stiff, therefore in
order to obtain SCLs with an ideal EWC%, TM% and YM values high HEMA

concentration should be used.
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Contact Lenses Formulated
with A Mixture of Hydrogel,
Silicone and Fluoro-Silicone
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Chapter 4: SCL preparation with a mixture of silicone

and fluoro- silicone based polymer

4. Introduction

The structure of hydrogel material is composed of long backbone featuring
methacrylic acid with ethylene oxide. The hydroxyl and polar ketone group
are responsible for forming strong hydrogen bonding and entrapping high
capacity of water within the CLs. HEMA is frequently used as a conventional
hydrogel material. Hydrogel and silicone monomers are chemically joined
together by crosslinking in a free radical polymerisation process. An ideal
contact lens would achieve a balance between oxygen permeability,
hydration, material strength and stability (156)(157). Whilst hydrogels are
very hydrating (due to hydrophilic hydroxyl functional groups present) and
are not oxygen permeable, silicone (siloxane) -polymers possess many
beneficial factors such as their high oxygen permeability, provide stability,
low glass transition temperature (Tg), and low surface tension which is very
important for surface wettability, none the less silicone possess hydrophobic
properties (156). Before silicon-hydrogels (Si-Hy) CLs became available
wearers wearing SCLs were very much prone to contact lens-induced
hypoxia on corneal physiology (158). Si-Hy CLs have enhanced oxygen
permeability as oxygen is soluble within the silicone polymer however in
conventional hydrogel oxygen is more soluble within the water rather than in
the hydrogel polymer.

The pervious chapter investigated the effect of cross-linker on hydrogel

monomers used to formulate soft contact lenses (CLs) as well as the effect
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of HEMA when co-polymerised with different co-polymers. The results
generated from chapter 3 showed that utilising HEMA within CLs formulation
was very promising, and that HEMA polymer enhances hydration and optical
clarity when used at higher concentrations. However, these CLs lacked
oxygen permeability to the ocular surface and possessed low elasticity, these
findings will be further addressed and investigated in this chapter. Therefore,
formulating silicone-hydrogel (Si-Hy) SCL would hopefully improve oxygen

permeability as well as CL elasticity.

Silicone based polymers are the basis of numerous applications in the
medical industry thanks to their popularity for prevailing biocompatibility and
physiochemical properties (156). Over the last four decades, its evolution
has paved the way for pharmaceutical industries to further develop the
quality of the contact lenses that are suitable for optical applications. Si-Hy
SCLs are one of the most common types of lenses used in the market due to
the high oxygen permeability (162,163). There is a wide range of silicone
monomers out there in the market and despite their popularity they have not
been fully explored in making CLs (160). 3,3,3-trifluoromethoxysilane is one
example where despite its increasing oxygen permeability properties; there is
very little literature out there that supports its use for preparing SCLs.

High water content hydrogels tend to cause corneal desiccation(72,155).
Therefore, there are many researches in the mission for high oxygen
permeability. Researchers developed siloxane-hydrogels for SCLs, one
common functional group all the silicone polymers have is polysiloxanes, the

main reason for its hydrophobic properties. PDMS-vinyl terminated has 1
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siloxane group whilst TRIS has 3 siloxane groups, which typically have high
oxygen diffusion (Figure 4.1). Silanol (SiO(Me),) materials are highly
hydrophobic and very prone to lipid deposition, silane (SiH4) and methane
(CH4) are stable tetrahedral groups with increasing the chain length, and
weaken the bonds (161). These silicone polymers encompass a siloxane
backbone surrounded by aliphatic hydrocarbons non-covalently bonded
creating hydrophobic layer (161). In order to offset the stated shortcomings
the silicone polymers were copolymerised with hydrophilic HEMA polymer
into hydrogels that offer high oxygen transmission as well as hydration for
comfortable wear (162). Siloxane moieties require further treatment for

extended wear contact lenses (167,168).
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Figure 4.1: Silicone-polymers incorporated into hydroxyethyl methacrylate backbone to create novel
silicone-hydrogels.
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UV- polymerisation was more readily used within chapter 4 onwards, due to
the findings in chapter 3, MMA and MAA, showed that they were highly
volatile and majority of the polymer evaporated during thermal polymerisation
stage. Both polymers have major benefits and were readily used within this
study, therefore in order to overcome the drawbacks mentioned UV-

polymerisation was used; and for this a photo initiator was used.
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4.1. Aim and Objective

To formulate Si-Hy CLs, which are further characterised. The specific
objectives include.
* To prepare and optimise SCLs using different concentration of silicone
based polymers.
* To understand the influence of silicone based polymers on SCL
properties.
» To study the effect of concentration of silicone polymers on the
performance of Si-Hy SCLs, and characterise the prepared Si-Hy

SCLs for their; EWC, CA, TM and YM.
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4.2. Equilibrium water content (EWC%) of silicone-based

SCLs

Results and discussion

In this chapter (4) different types of silicone-polymers will be studied, (PDMS-
co-alkyl siloxane (PDMS-AS), PDMS-VT (PDMS-vinyl terminated), 3,3,3
trifluoromethoxysilane and TRIS((trimethylsiloxy)saline) (Tris)) (Figure 4.1) all
of which originate from poly(dimethylsiloxane) (PDMS) that has been
significantly used as biomaterials in ophthalmic applications (164) such as
intraocular lenses (170,171), artificial cornea (164,172) and contact lenses
(173-175). Originally soft contact lenses were made from hydrophilic
polymers, however Si-Hy CLs have been a popular addition to the contact
lens market (168), they were formulated to improve oxygen permeability to

the ocular surface.
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Table 4.1: Percentage composition used for the preparation of Si-Hy SCLs.

Set 1 formulation

Set 2 formulation

Set 3 formulation

Set 4 formulation

Material

HEMA,
PDMS-VT
HMPP
TEGDMA
HEMA,
TRIS
HMPP
TEGDMA
HEMA,
PDMS-AS,
HMPP
TEGDMA
HEMA,
TFMS
HMPP
TEGDMA

% Composition

97, 95, 93, 90, 88
1,3,5,8,10

1

1

97, 95, 93, 90, 88
1,3,5,8,10

1

1

97, 95, 93, 90, 88
1,3,5,8,10

1

1

97, 95, 93, 90, 88
1,3,5,8,10

1

1

Equilibrium water content of different silicone-based polymers were obtained

and displayed in Figure 4.2, formulation containing 1% of any silicone-based

polymer the measured EWC% was above 30%, this is due to the 97% HEMA

composition this hydrophilic monomer provides the hydrogen bonding within

water molecules. However, with increasing the silicone-based polymers the

EWC% slightly decreases, indicating a more hydrophobic formulation

compared to the formulations without silicone-based polymers.

With PDMS-co-alkyl siloxane and 3,3,3 trifluoromethoxysilane the EWC%

remained more or less constant with increase in percentage volume of
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silicone-based polymers as displayed in Figure 4.2. Figure 4.2 showed that
the EWC% of PDMS-co-alkylsiloxane (PDMS-AS) remained above 30% with
increase in silicone polymer (1%, 3%, 5%, 8% and 10%), PDMS-AS also
displayed the highest EWC% due to the R= C45-C1s present within the
chemical structure making the C and H more electronegative and forming
hydrogen bond when hydrated(169)(170). Whilst 3,3,3 trifluoromethoxysilane
(TFMS) remained at 30% EWC% (1%, 3%, 5%, 8% and 10%). This could be
due to an achieved balance between the hydrophilic-hydrophobic polymers,
with gradual decrease in hydrophilic HEMA and increase in hydrophobic

silicone-based polymer (171).

40
35 -
30 "1 B
25

20

EWC (W/W %)

15

10

1% 3% 5% 8% 10%
Volume Of Silicone-based Polymer (V/V %)

B PDMS, vinyl termintaed TRIS PDMS-co-alkylsiloxane 3,3,3 trifluoromethoxysilane

Figure 4.2: EWC (%) against percentage volumes silicone-based polymers results are expressed as
mean = SD, (n=3).

Smaller volumes of PDMS-VT possessed similar EWC% values to that of
TFMS shown in Figure 4.2. Siloxane based polymers have high thermal
stability, low Tg, low surface tension with high oxygen permeability; due to

strong stretching vibrations within the Si-O bonds creating permeable
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channels within the polymer complex, as well as providing lens stability and

material strength (71,159,179,180).

The hydrophobic properties of TRIS((trimethylsiloxy)saline) and PDMS-VT
(PDMS-vinyl terminated) polymers have shown a reduction on EWC% with
decrease in HEMA polymer. With EWC% of PDMS-VT from 1% to 10% (v/v)
there was a statistical significant with p=0.0169. With silicone polymer TRIS,
there was a statistical significance in EWC% from 1%-10% with p=0.0005.
PDMS-VT yielded higher EWC% with increase in silicone polymer in
comparison to TRIS this is very much related to their chemical structures as
already mentioned above TRIS possess 3 polysiloxane groups making it

more hydrophobic whilst PDMS-VT only possess one.
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4.3. Contact angle (°) of silicone-based SCLs

Surface contact angle (CA) is a parameter used to measure wetting ability of
the SCL. The smaller the CA the greater the wetting ability. Good wettability
within SCLs indicates comfort and lens stability preventing change of the
SCL between the corneal surface and eyelids for CL wearers. Poor
wettability suggests a hydrophobic surface making it more prone to lipid
adherence on surface of SCL (161,181). Figure 4.3 displays the CA of all the
Si-Hy SCLs with increase in silicone percentage volume there was an

increase CA suggesting a more hydrophobic surface.
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Figure 4.3: Surface Contact Angle against percentage volumes of silicone-based polymers results are

expressed as mean +SD, (n=3).

PDMS-AS showed the smallest CA from 1-5% with PDMS-VT from 1-8% and
TFMS 1- 10% volume of silicone-based polymer. Figure 4.3 represents
PDMS-AS at 1, 3 and 5% (v/v) with CA of 46.6 + 0.1°, 47.5 + 1.3° and 50.5 +

0.6° respectively, also the data presents slight statistical significance of
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P=<0.0001. CLs made of PDMS-VT at 1, 3, 5 and 8% (v/v) showed CA of
52.7 +1.1°,54.2 + 0.3°, 55.1 + 0.3° and 56.9 + 2.0° respectively and TFMS
at 1-10% (v/v) with CA 51.5 + 0.8°,50.8 + 0.1°, 5% 53.7 + 0.3°, 53.7 + 0.4°
and 55.4 + 0.9° both PDMS-VT and TFMS displayed statistical significance
of P=<0.0001. The low CA of the Si-Hy CL surface is believed to be due to
the hydrophilic moieties of HEMA enclosing that of the silicone polymers
making the overall SCL material hydrophilic (172). Polysiloxane polymers
have high thermal and oxidative stability, PDMS is essentially non-toxic and

non-irritant hence therefore PDMS is highly exploited for ocular purposes.

TRIS had the highest CA values CLs made of 8% TRIS had CA 96.1 + 1.6°
while 10% TRIS CLs had CA of 116 + 1.4° P=<0.0001. These are due to the
surface hydrophobicity as well as the surface roughness of the Si-Hy SCL
(173). The structure of TRIS is one of the main reasons for the increase in
hydrophobicity of the CL surface, as already mentioned TRIS polymer
possess 3 siloxane groups, the silanol bonds are longer and flexible
compared to carbon-carbon bond, and due to its innate mobility the silanol
chains will easily make its way to the surface of the lens (174) hence the
increase CA with increased volume of TRIS polymer. Manufactured contact
lenses formulated with TRIS polymer possess a surface tension of 71.0-71.9
mN/m (172). Another factor that could affect the CA is the physical forms of
the Si-Hy SCLs shown in Figure 4.5, TRIS SCLs appeared milky with
absence of smoothness (173). The images are Post-polymerisation with no

modification such as polishing made.
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4.4. Optical properties of silicone-based SCLs

Optical transparency is an essential characteristic of SCLs in order to
determine the materials suitability for optical applications (175). Based on the
literature the acceptable light transmittance percentage (%) ranged from 90-
99% (186,187), the obtained results are shown in Figure 4.4. Figure 4.5
displays prepared SCLs containing different percentage volumes of silicone-
based polymers and their effect on transparency of the lens. As presented
the transparency of SCLs ranged from 58.4 + 1.1% to 94.7 + 0.8%. TRIS has
the lowest transmission values ranging from 86.6 + 3.3% for 1% to 58.4 +
1.1% for 10% TRIS % with p=0.0001. It is clear with increase percentage
volume of all silicone polymers optical transparency percentage decreases.
The significant difference in transparency percentage could be due to the
occurrence of phase separation during the polymerisation process as well as
incompatibility of the materials within the formulation (82). Guidi et al
investigated the effect Si-Hy composition on drug dexamethasone release;
optical transparency of the Si-Hy was studied. It was found that with HEMA-
co-TRIS (OH)-co-PDMS hydrogel possessed minimal transparency % due to
phase separation taking place in the polymerisation stage as HEMA/ PDMS
was not be compatible with polysiloxane causing opacity, this particular

composition also possessed the lowest EWC% (82).
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Figure 4.4: Light Transmittance against percentage volumes of silicone-based polymers results are
expressed as mean = SD, (n=3).

Silicone-based polymers Percentage volume of silicone-based polymer

1% 3% 5% 8% 10%

PDMS, vinyl-terminated { I" "f' ' ', {:' e
: W | T (=t
- h.

TRIS E L

PDMS-co-alkyl siloxane

3,3,3-trifluoromethoxysilane

Figure 4.5: Images of SCLs containing different percentage volumes of silicone based polymers.
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Both PDMS-VT and PDMS-AS exhibited transparencies that fell within the
range of 90% and above(176,177), for 1-5%(v/v) volume of polymer.
However, from 8-10% (v/v) percentage transparency dropped below the
range. Transmission% of PDMS-VT and PDMS-AS at 8 and 10% (v/v)
displayed 86.6 + 2.6%, 87.6 + 2.8% and 88.7 + 2.2%, 86.0 + 2.6%
respectively, this could be due to phase separation caused by the
incompatibility of the materials used resulting in reduced transparency
percentage (159). Statistically PDMS-VT and PDMS-AS has shown no
significant difference for 8 and 10% (v/v) with P=0.9461 and P=0.4804

respectively.

Amongst all the silicone-based polymers TFMS had the most consistent
transparency percentage values. TFMS percentage volume of 1% vs 10%

(v/v) showed no statistical significance with p=0.5758. However, when

comparing PDMS-VT and TMFS the results shown that they both possessed

the highest transparency value at 1% volume 94.7 + 0.8% and 94.0 + 0.2

(p=>0.9999) respectively.
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4.5. Young’s modulus of silicone-based SCLs

Young’s modulus (YM) helps determine the elasticity of the Si-Hy SCLs. SCL
with Young’'s modulus value below 1.4 MPa have the ability to align with
corneal surface of the eye and still be able to resist deformation under
tension (178,179). If the YM value is too high it could lead to induced ocular
pathology such as superior epithelial arcuate lesions (SEAL) and with low
YM value SCL induced papillary conjunctivitis (CLPC) as well as difficulty

handling and discomfort could be caused (72,189).

The value of YM was calculated and the results were shown in Figure 4.6.
With an increase volume of PDMS-VT, PDMS-AS, FTMS and TRIS this
caused an increase in YM value, this was due to the influence of siloxane
moiety within all the formulation. Incorporation of silicone into hydrogels
(such as HEMA) improves the elasticity of the CLs and prevents deformation
when eyelid comes into contact with the contact lens (174). The silicone
polymers provide material strength when polymerised with hydrogels this

complex helps offset the stated shortcoming.
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Figure 4.6: Young's Modulus against percentage volumes of silicone-based polymers results are
expressed as mean = SD, (n=3).

However, with increase in TFMS polymer concentration the YM value
decreased, as the SCLs became very brittle. Possibly the incorporation of
fluorine into the carbon-carbon backbone chain causes a decline in chain
flexibility as well as mobility (180)(181). When comparing TFMS at 1% vs
10% (v/v) the results did not present any statistical significance with
P=0.5158. A study by filipecka et al was carried out they studied a variety of
current contact lenses and used middle infrared spectroscopy (MIR) to
investigate the internal structure of the materials. The MIR spectra of rigid
gas permeable CLs (Conflex-Air and Boston ES) displayed stretching
vibrations of C-F bonds appearing to reduce backbone mobility and obtaining

inflexible structures (180,191).
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4.6. Summary

Hydration measurement indicated that modification of hydrogel structure by
siloxane moieties leads to a decrease in EWC% with increasing their volume
%. PDMS-AS displayed the highest EWC% as shown in Figure 4.2, this was
followed by TFMS this was due to the attractive force present between the
hydrogen atom covalently bonded to the fluorine atom within the silicone-
polymer. Smaller volumes of PDMS-VT possessed similar EWC% values to

that of TFMS.

TRIS polymer possessed the lowest EWC% with increase in polymer
concentration, which caused an incline in CA value, thus increasing the
hydrophobicity of the SCL surface. Asides from the presence of siloxane
moieties, another factor that may have had an effect on the CA value, could
be surface roughness of CL as they’re not subjected to any surface
(polishing) modification. With increase in polymer concentration of PDMS-VT
and TFMS small CA values were observed due to their low Tg and surface

tension.

TFMS and PDMS-VT possessed the highest TM% values amongst all
silicone-based polymers, with increase in these silicones based polymers the
TM% dropped slightly. TRIS obtained the lowest TM% values; this was
believed to be due to phase separation and incompatibility between the
materials. There was a general pattern amongst the TM and YM values, with

increase in percentage volume of silicone polymer both TM and YM values
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increased. However, within F-S/A silicone based polymer increase in
percentage volume resulted in a decrease in YM value, due to the fluorine
atom causing a decline in polymer flexibility.

All of these silicones based polymers possess a unique quality that we could
benefit from when preparing SCLs, F-S/A polymer proved to be most
transparent, whilst PDMS-AS had the highest EWC%, at lower volumes.
Combining the silicone based polymers with HEMA hydrogel, forming Si-Hy
complex will help eliminate lens-induced hypoxia for SCL wearers, due to the
highly oxygen permeable nature of siloxane, at the same time the hydrophilic

HEMA hydrogel will provide hydration and comfort for SCL wearers.
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Polyacrylic Acid Nanoparticle
(PAA-NPs) Formulation,
Optimisation And Incorporation

Into Si-Hy SCL

Chapter 5
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Chapter 5: PAA Nanoparticle

5. Introduction

Based on the results from the previous chapter it was clear that PDMS-
AS/HEMA (95/3% vi/v) possessed the highest EWC% of 30% this could be
due to the high concentration of HEMA being used. Overall PDMS-AS/HEMA
proved to be most promising. Siloxane based polymers have high thermal
stability, with low value Tg, low surface tension with high oxygen
permeability; due to strong stretching vibrations within the Si-O bonds
creating permeable channels within the polymer complex, as well as
providing lens stability and material strength (17,39,56,61). PDMA-AS was
selected to be co-polymerised with HEMA, as it will aid eradicate lens-
induced hypoxia for SCL wearers, due to its favourable oxygen permeable
nature, whereas the hydrophilic hydrogel HEMA will increase hydration

hence providing more comfort for the wearers (41).

There is always room for further improvement when it comes to SCLs, a
concentration of HEMA 95% + PDMS 3% would be suitable carrier for
nanoparticle laden SCLs (PAA-NP). This is because PDMS-AS displayed the
highest EWC% and TM%, at the same time the hydrophilic HEMA hydrogel
will provide hydration and comfort for SCL wearers. This chapter assess the
effect of DZH nanoparticles (DZH-NPs) on Si-Hy SCLs, and to see whether
or not EWC%, CA, TM and YM would be compromised. Due to the complex
nature of the human eye, most drugs administered topically must have the
ability to pass through the cornea before reaching the aqueous humour. With

topical administration, almost 90% of the drug is lost due to a number of
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reasons, such as high tear turnover and drug loss via the nasolacrimal
drainage, and into systemic circulation (63). Nanoparticle encapsulated SCLs
describes particles of 10-1000 nm, used as carriers. NPs are used to
encapsulate active pharmaceutical ingredient (API) pre- dispensing via SCLs
matrix, protecting the drug from interacting with the active polymers as well
as enhancing prolonged drug release (15,45).

Chen et al, encapsulated methazolamide into calcium phosphate
nanoparticles (CaP-NP), in vitvo release studies demonstrated
methazolamide release from CaP-NP over a period of 4 hours. However In
vivo studies indicated intraocular pressure lowering due to methazolamide
release from CaP-NP over a period of 18 hours compared to 1%

brinzolamide eye drops that only lasted 6 hours (182).

Yang et al, used hybrid hydrogel poly(lactic-co-glycolic acid) (PLGA)
nanoparticles to deliver two anti-glaucoma drugs (Brimonidine and Timolol
maleate) that displayed no cytotoxic effect to corneal epithelial cells. In vitro
studies demonstrated prolonged residence time through slow drug release of
28-35 days and displayed anti-glaucoma effects (40). Thus, this new platform

has shown to improve drug bioavailability (40,183—185).

PAA is of particular significance for ocular drug delivery, due to the following
properties; high EWC within their structure making them soft and
mucoadhesive properties (64,65). These properties enhance the
biocompatibility and control of drug release hence they are important in the
pharmaceutical industry as form of drug delivery systems(64). PAA is

currently used in the market as topical eye drops and eye gels (Lubritha™
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and Optrex®) to treat dry eyes.

Muter, studied the effect of acrylic acid (AA) on EWC HEMA hydrogels, and
discovered that addition of AA results in increased water absorption due to
conversion of carboxyl group into carboxylate anion (more hydrophilic
ionised form)(186). Thakur et al, agrees that PAA polymer has the ability to
absorb substantial quantities of water due to their hydrophilic nature, making

them potential applicants for drug delivery systems (187).

Calixto et al, studied the mucoadhesive properties of PAA intended for
topical drug delivery. PAA was prepared at 0.5, 1.0 and 1.5% (w/v). The
results showed that with increase in PAA concentration, generated the
strongest bioadhesive characteristics. In order to benefit from mucoadhesive
properties of PAA and NP delivery systems used to prolong drug release.
Greindl et al, developed a novel method for preparation of thiolated PAA NPs
via ionic gelation. Various cross-linking agents were used including Ca*?,
Mg*?, Zn*?, AlI*2 and Fe*2. In vitro characterisation results of the particle size,
zeta potential and size distribution suggested that Ca*® was most promising.
A particle size from about 220 — 295nm and zeta potential from about -7 up

to -20 mV was generated (65).

Within this chapter, PAA NPs will be formulated, optimised and then
incorporated into Si-Hy SCL. Optimisation of the NPs is carried out by
formulating NPs at various different concentrations of PAA at 0.1, 0.5, 1 and
2%, the mean particle size and polydispersity index (PDI) was assessed.
Based on PDI and particle size of the formed PAA nanoparticles the ideal

concentration of PAA would be determined. The next step will be to study the
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effect of different volumes of Calcium chloride (CaCl,) (0.5%) solution as a
cross-linker on the particle size of PAA-NP. Together this will help formulate

the right PAA- NP with desired properties.

157



5.1.

Aims and Objectives

To formulate Si-Hy SCLs incorporating PAA NPs to modulate the release of

DZH. The specific objectives are:

To prepare polyacrylic acid (PAA) nanoparticles using ionic gelation
(CaCl, as a crosslinking agent).

To characterise the prepared PAA nanoparticles for their particle size,
zeta potential, polydispersity index, entrapment efficiency and in vitro
release.

To study the factors that would affect the performance of PAA
nanoparticles such as particle size, zeta potential, polydispersity index
To investigate the possibility of incorporating PAA-NP into
HEMA/PDMS-AS and examine in vitro drug release from PAA-NPs.
To study the effect of PAA-NP on the following properties EWC, CA,
TM and YM of SCLs.

To Investigate corneal irritation potential and to study any corneal
damage of the prepared SCLs via examination of the bovine cornea
within the BCOP assays.

To investigate the corneal irritation effect of the prepared PAA
nanoparticles.

To further examine the effects of the prepared PAA nanoparticles on

the conjunctiva of the eye via HET-CAM assay.
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Results and Discussion

The first part of the discussion focuses on the optimisation study of PAA
NPs, investigating the effect of various concentrations of PAA and CaCl,
cross-linking agent on the particle size and surface charge of the formulated
NPs. Once the concentrations of PAA and CaCl, cross-linking agent were
optimised, 3 different formulations are selected, control SCL, DZH NPS in
SCL and DZH in SCL matrix. The characterisation of all 3 formulations is

conducted to study their effect on the SCL properties.

Table 5.1: Percentage composition used for the optimisation of PAA NPs.

Material Composition (%)(mL)

Group 1 formulation PAA 0.1%, 0.5%, 1%, 2 %
Group 2 formulation CaCl, 2mL, 4mL, 8mL, 10mL

Table 5.2: Percentage composition used for the preparation of control SCL, DZH NP in

SCLs and DZH in SCL matrix.

Material Composition (%)

Set 1 formulation HEMA, PDMS-AS, 95,3,1,1%
HMPP, TEGDMA
Set 2 formulation HEMA, PDMS-AS, 93.7, 3,
DZH NP in SCL HMPP, TEGDMA 1,1,
DZH, CaCl,, PAA- 1,0.2,0.1%
NP
Set 3 formulation HEMA, PDMS-AS, 94.06, 2.97
DZH in SCL matrix HMPP, TEGDMA 0.99, 0.99

DZH 0.99%
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5.2. Characterisation of the formulated PAA nanoparticles
(NP’s)

Incorporation of hydrophilic drug (DZH) within PAA NPs was a challenging

process. lonic gelation technique was employed for the encapsulation of the

hydrophilic drug DZH within the PAA NPs. Refer to chapter 2 section 2.4 for

the preparation of NPs.

5.2.1. Particle size, zeta potential and morphology of the nanoparticles
Particle size has a great effect on the bioavailability of the drug when
encapsulated within nanoparticles, as smaller NP size suggests greater
surface area which means it will have a more enhanced interaction with the
release medium and much better release (188). Polydispersity index (PDI) of
the NPs provides information on how homogenous the formulation is, a lower
PDI value indicates a more homogenous system. The effect of different

concentrations of PAA on the PDI of NPs was examined via zetasizer.

Figure 5.1 below shows the effect of different concentrations of PAA on
mean particle size and PDI. The average particle size of NPs increases with
increase in PAA concentration. A study by Lee et al, (2013) showed that
increase in PAA induced increase in nanoparticle size (189). Another study
panacek et al, (2014) showed that the size of silver NPs were very
dependent on the concentration of PAA, NPs synthesised without PAA

possessed an average size of 28 nm and with presence of PAA that
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increased to 77 nm. Suggesting that the presence of PAA has an influence
the NP growth stage (61). The findings of these studies suggest that PAA
concentration determines the size of the formulated NPs. Therefore, it is

important to optimise the concentration of PAA used to formulate NPs.
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Figure 5.1: Mean particle size and PDI values of various concentrations of PAA. Data presented as a
mean = SD, n=3.

Figure 5.1 presents the mean particle size of PAA NPs prepared using: 0.1,
0.5, 1 and 2% PAA. The smallest particle size was exhibited by 0.1% PAA
was 202.9 = 1.24 nm, followed by 0.5% PAA 344.4 + 0.63nm, 1% at 463.2 +
1.31 nm and 2% yielded the highest particle size at 538.5 + 3.43 nm. 0.1%
PAA possessed the most desirable mean particle size for ocular drug
delivery as well as showing the most uniformity in size difference (15). Within
this study, it is clear that particle size of the nanoparticles is very much
dependent on the addition of PAA (61,199). The variations in the mean
particle size were statistically significant (p<0.0007) between 0.1% and 2%
(v/w) PAA concentrations. This indicates change in PAA concentration has a

great effect on particle size of the NPs. The measured PDI was found to be
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0.048 + 0.03, 0.045 = 0.007, 0.081 = 0.0062 and 0.224 = 0.019, for 0.1%,
0.5%, 1% and 2% PAA NPs respectively. The different PDI results displayed
were statistically significant between 0.1% and 2% (w/v) PAA concentrations
(p<0.0001). The results (Figure 5.1) suggest that with increase in PAA there
was an increase in PDI value which could suggest diverse population in size
or possible aggregation thus decreasing particle stability. 0.1% (w/v) PAA
NPs not only yielded the lowest particle size but also the lowest PDI and was

seen to be the most monodispersed from all the other NPs formulated.

Figure 5.2 displays mean particle size of PAA nanoparticles against different
volumes of Calcium chloride (CaCly) (0.1%) solution was used as a cross-
linker. The effect of different volumes of CaCl, were studied, the results

shows that CaCl; had significant effect on the mean particle size of NPs.
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Figure 5.2: Displays the mean particle size for different volumes of CaCl,. Data presented as

a mean = SD, n=3.
The measured particle size of the NPs was shown as 202.9 + 1.24 nm, 362.4

+7.59 nm, 476 + 8.71 nm and 491.3 + 4.03 nm, for 0.1%PAA at 2 mL, 4 mL,
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8 mL and 10 mL CaCl; respectively. From Figure 5.2 its observed that 2 mL
of CaCl; results in the smallest particle size of PAA NPs at 200 nm = 1.24,
with increase in CaCl; volume it is shown to increase particle size of NPs.
Statistical analysis displayed a significant difference with increase in CaCl, at
p<0.0001. Therefore, the it was suggested to use 2 mL CaCl, as we
obtained the lowest Ca-PAA particle size amongst all the other different
CaCly volume. This is likely improve particle size and surface charge of
nanoparticles that affect ocular penetration, particle size of 400 nm and

below increases membrane permeability (38,194,200-201).

Figure 5.3 demonstrates the effect of DZH encapsulation has on particle
size, PDI and surface charge of the NPs compared to control NPs. The
results presented in Figure 5.3 shows an increase in mean particle size
between the control NPs (202.9 + 1.24 nm) and DZH loaded NPs (1551
+4.320 nm). The measured zeta-potential of the formulated NPs were
negatives with a mean value ranging from -6.24 + 1.00 (mV), and -17.15 =
1.12 (mV), for control NP and DZH loaded NP. Statistical analysis between
the control and the DZH loaded NPs were significant (p>0.0114), indicating
that loading of the DZH into NPs had influence on the zeta potential of the
formulated NPs. The negative nature of NPs displays moderately more
mucoadhesive properties (65), PAA were responsible for the negative
charges displayed as these properties are necessary for enhancing

permeation properties (65,202-203).
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Figure 5.3: A Mean particle size and surface charge of control and DZH loaded NPs. Data presented as a mean
+SD, n=3.

5.2.2. Scanning electron microscopy (SEM)

The morphology of the formulated NP’s was investigated using SEM Figure
5.4 displayed SEM micrographs of 0.1%PAA (2 mL-CaCl;) NP’s. From the
micrograph, it can be noted that the formulated NPs were spherical in shape
well dispersed with a smooth surface; furthermore the micrograph showed
that the formulated nanoparticles displayed limited aggregation. Moreover,
the SEM micrograph showed that the formulated 0.1% PAA NPs had a size
below 400 nm (200 nm). The NP’s were monodispersed due to the low
polydispersity index (PDI) values. The SEM micrograph images display a
more spherical, uniform in shape and highly dispersed NP’s due to high
surface charge and particle size. When comparing the particle size of DZH
loaded NPs via zeta- sizer (1551 + 4.320 nm) and SEM (200 nm) the
increase in size could be due to aggregates forming during measurements

via the zeta-sizer.
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Figure 5.4: SEM micrograph images of 0.1% PAA-NP’s high magnification (A). DZH encapsulated
PAA-NP’s high magnification (B).

The entrapment efficiency (EE) for this technique used was reported to be
effective and the particle size generated was as desired (200 nm).
Entrapment efficiency of DZH was 81 + 0.23% this is a relatively high value
could be credited to the use of CaCl; ion, which is a cross-linking agent (65).
The total amount of DZH used was 1 mg/ mL while free drug discovered in

the solution was 0.2 mg/ mL.

5.2.3. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) can be used to determine many
thermal and physical properties via measuring the energy transfer of the
DZH, as well as analysing the characteristics of the NP loaded SCLs at its
solid state as well as their polymorphism and phase behaviour. Figure 5.5

below displays the DSC thermogram for DZH, DZH loaded PAA-NPs within
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SCL. DZH (A) exhibited a small endothermic peak at 287 °C suggesting a
more crystalline form of the drug (Figure 5.5) (193). However, DZH loaded
PAA-NP SCL (B) showed endothermic peak starting at 260 °C that could

possibly represent melting region and ending at 400 °C. Control SCLs (D)

also displayed an endothermic peak at 400 °C, both of which are displaying
a form of crystalline nature due to the presence of the following polymers that

the SCL material is formulated from (HEMA/PDMA-AS). DZH laden SCL (C)

displayed an endothermic peak at 360 °C. Peaks within the 400 °C region

corresponds to degradation of PAA (194).
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Figure 5.5: DSC of DZH (DZH) (A), DZH loaded NPs within CL (B), DHZ within the CL matrix (C) and

control CL (D).

166



5.3. Equilibrium water content (EWC%) and surface

wettability of PAA-NP encapsulated SCLs

Increase in hydration also known as the equilibrium water content (EWC)
was introduced by Calo6 et al (195). High EWC within a SCL suggests
enhanced flexibility and oxygen permeability. EWC is an important property
within CL as it will ensure comfort for wearers. EWC of SCL'’s is very much
associated with other properties such oxygen permeability and surface
contact angle (CA). CA helps study the surface wettability of SCL, CA helps
determine the balance between cohesive and adhesive forces of the SCL
surface, where cohesive forces occur between molecules alike and adhesive

forces occur between different molecules (196).

Figure 5.6 shows the change in EWC% and contact angle for three
formulations; control SCL, SCL containing DZH NP and DZH in SCL matrix
and the EWC % was: 43.9 = 2.5%, 41.4 £ 0.99% and 46.6 + 1.9%
respectively. DHZ within the SCL matrix possessed the highest EWC% due
to the hydrophilic nature of the drug compared to DZH loaded NP within
SCLs this could be due to the fact that they are incorporated and shielded
within the NPS and not free within the matrix (6). However, there was a
decrease in hydration by 2% of DZH loaded NP within CLs when compared
to the control. Statistically the results were insignificant with p=0.0867 and
the NPs did not affect the EWC%. A typical hydrogel SCL has an EWC of
about 38% this increases flexibility and increases oxygen permeability (29).
These results further confirmed that DZH NP loaded into SCLs does not

affect the EWC % of CLs.
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Figure 5.6: Equilibrium water content (%) and contact angle (°) for different types of formulated SCLs

with and without DZH loaded PAA-NP. Data presented as a mean + SD, n=3.

Surface CA is another major property of SCL as it determines the

hydrophobicity of the surface. The main objective of this study was to

formulate SCLs with more hydrophilic surface by obtaining a lower CA thus

potentially preventing bacterial/ lipid adhesion to the surface lens (208,209)

By incorporating PAA NPs in SCL matrix this is more likely to enhance

surface wettability of SCL due to its hydrophilic nature (64). Ademovic et al,

used PAA to modify the hydrophobic surface of silicon CLs. The

characterisation studies displayed increase surface wettability after graft-
polymerisation of PAA (29 = 2°) (198). A study by Campbell et al (2013),
suggested that contact angle with a value of 90° and above describes a

hydrophobic surface (199), thus preventing bacterial growth and lipid

adhesion to the SCL. All the CA recorded were below 90° suggesting a more

hydrophilic surface (Figure 5.7). CA for control CL, DZH in CL matrix and

DHZ NP in CL were 43.76 + 0.54°, 64.36 = 3.81° and 76.3 = 1.77°
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respectively. Although there were slight changes in CA values the changes
were insignificant (p=0.0064). Therefore, the results displayed in Figure 5.7
have shown that incorporation of DZH helps enhance EWC% within SCLs

either in encapsulated within NPs or freely dispersed within material.

A B
CA: 64.36° CA.76.3°

Figure 5.7: Images of CA measurement of DZH in CL matrix and DHZ NP in CL using sessile drop

assay.
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5.4. Optical properties of PAA-NP encapsulated SCLs

Light transmittance is a vital property that's measured using UV-Vis
spectroscopy, by comparing the values this helps determine the level of
optical clarity of the SCL. The results are shown in Figure 5.8. Transmittance
is among the most desired properties such as EWC, CA and lens elasticity
within SCLs (188). For both DZH in SCL matrix and DHZ NP in SCL, the
results in Figure 5.8 displays a transmittance range of 80% and above. A
study by Gause et al (2016), showed that silicone-hydrogel SCLs loaded with
NPs are great UV blockers with a transparency range of 60% (200). Gulsen
et al (2005) and EIShaer et al (2016) reported that incorporation of NPs into

SCLs decreased transmittance from 94% to 83% (45,198).
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Figure 5.8: Light transmittance (%) for different types of formulated CLs with and without DZH loaded

NP. Data presented as a mean + SD, n=3.
The results in Figure 5.8 displayed transmission % of 92.8% + 1.2, 87.7% +
0.44 and 87.13% + 0.12 for Control SCL, DHZ NP in SCL and DZH within the

SCL material respectively. Size and the NPs volume does have an effect on
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the opacity of SCL, Gulsen et al (2005), reported that NP size effects the
transparency of the SCL, with increase in NP size transmittance decreases
(46). Also, EIShaer et al (2016), showed the amount of NP incorporated into

the SCLs is every important to avoid lack of transmittance (188).

171



5.5. Young’s Modulus (MPa) of NP encapsulated SCL’s

Analysing the mechanical characteristics of SCL is essential in ensuring SCL
quality. Physical strength is the ability to maintain shape and dimensions of
the SCLs post application of external forces (201). Ideal elasticity within
SCLs ensures comfort for wearers. Young’s Modulus (YM) is calculated by
dividing stress (MPa) over strain (% elongation). A higher YM indicates a
more rigid material. Hydrophilicity of CLs has been shown to determine the
strength of the lens (201). SCLs with a more hydrophilic lens matrix will
possess increased EWC% with low YM values, as a result these SCLs will
have low stability in holding shape and will be very difficult to handle due to
their delicate status (188). Figure 5.9 shows with addition of DZH and DZH
NPs the young’s modulus has slightly increased. The average value of DZH
and DZH NPs and control SCL are 0.99 + 0.01 MPa, 0.98 + 0.008 MPa and
0.96 + 0.02 MPa respectively. Although there were slight changes in YM
values the changes were insignificant (p= 0.2866). Therefore, incorporation
of PAA NPs displayed no significant effect on the YM of SCLs and as such
are unlikely to affect patient acceptability of wears. The values of Young's
Modulus within the current study are comparatively lower than the values
presented in literature. However, a point to highlight is that the values in
literature are not standardised therefore different assay’s may have been
used to quantify the Young’s Modulus of SCL (49,201). Nevertheless, it is
demonstrated that the formulated SCLs have small YM values suggesting a

flexible material suitable for a more comfortable longer wear.
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Figure 5.9: Young’s modulus (MPa) against HEMA/PDMS-AS SCL some of which are encapsulated
with DZH NP and DZH within CL material. Data presented as a mean + SD, n=3
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5.6. Drug release study of NP encapsulated SCL’s

In vitro drug release of DZH from the NP loaded SCLs and DZH dispersed
into the SCL material, the results (Table 5.3) displayed a two-phase process.
Table 5.3 displays initial release for both samples: The total percentage of
DZH released over 24 hours from the NP-loaded SCLs and DZH in SCL

matrix were 22 + 0.0047% and 6.34 + 0.022% after 24 hours.

Table 5.3: DZH release from DZH NPs SCL and DZH freely dispersed into SCL matrix. Data presented
as a mean = SD, n=3

Percentage Drug Release (%)

Time (hour) DZH NPs in SCL | DZH in SCL

9.63 = 0.0082% 0.7 + 0.023%
22.42 + 0.0047% 6.34 + 0.022%

DZH loaded
nanoparticle

DZH loaded into SCL
material

——»  PAA Nanoparticle Polymer material <+—

——pp»  DZH loaded nanoparticle

DZH loaded nanoparticle <f——

> Polymer material
D)

DZH and NPs in SCL material- DZH in SCL material- system is
system is more porous with more compact with limited
greater chance of faster drug chance for drug release

Figure 5.10: Ocular drug release through the use of drug-eluting soft contact lenses.

This could be ascribed to DZH was required to diffuse from both the NP as
well as the SCL material, (from the DZH NP IN SCL) forming double barriers
(Figure 5.10). As for the DZH dispersed into the SCL material, there was

reduced drug release % the reason for this would be that the lens material
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could be less porous hence preventing drug diffusion. The initial fast release
could be due to the entrapped DZH to the surface of SCLs. The slow release
is associated with DZH entrapped within the core of NP (198,214). Within
DZH NP in SCLs, in order for the drug to be released into the tear fluid and
onto the ocular surface, the tear fluid is required to penetrate into the
particles dissolving DZH which is further required to diffuse through the NP
as well as the SCL material into the dissolution media, thus contributing to a
slower release. It is interesting as both forms of SCL loaded with DZH in
matrix or with DZH NPs could be used to tailor sustained drug delivery for
specific patients depending on the dosage required with 24 hours, DZH in
SCL matrix tend to deliver slow drug release. By incorporating drugs into NP
this aids drug release for days or even weeks (188). A study by Li et a/
(2017), NPs exhibited sustained drug release for up to 90 days in vitro (203).
Another study by Manchanda et al (2017), analysed the drug release of
encapsulated carbonic anhydrase inhibitor within NPs versus the drug on its
own. The results showed that almost all the drug (98.72 + 4.55%) diffused
into the release medium within 4 hours whereas the NPs released 44.08 +
2.38% within 8 hours (204). Gupta et al, discovered that commercial
formulations released the drug within 6 hours, whilst that NPs released the
drug within 24 hours (205). The findings of these studies support the data
obtain in this study with regards to nanoparticles used as a platform for

delivering anti-glaucoma drug (DZH) by sustaining a slow drug release.
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5.7. In vitro Ocular Tolerability study

5.7.1. Hen’s Egg test-chorioallantoic membrane (HET-CAM)

The CAM is composed of vascularised respiratory system that surrounds the
embryo, this is very similar to conjunctival tissue within the eye (111). The
irritation effect was examined at 0.5, 2 and 5 minutes’ post exposure. A
positive and negative controls were used (NaOH and saline solution)
providing bases for assessing prepared SCLs with and without PAA
nanoparticle systems. Figure 5.11 illustrates four signs of vascular responses
recorded at 4 different time points, for strong irritant NaOH once
administered onto the CAM. At 0.5 min, hyperaemia it was noticed within
CAM blood vessels, and at 2 min development of haemorrhage within small
areas of the CAM and finally at 5 mins this further increased into coagulation,
demonstrating a strong irritant. Figure 5.11 also shows the effects of saline
solution (negative control) on the CAM. The CAM maintained its normal
morphology with no sign of vascular irritation. The positive (NaOH) and
negative (saline solution) act as criteria for analysing the test materials on

the CAM.
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T: 0 min T: 0.5 min

Non-irritant Hyperaemia

T: 2 min T: 5 min

Haemorrhage Coagulation
NaOH Solution

T: 0 min T: 0.5 min

Saline Solution

Figure 5.11: CAM Vascular end points to NaOH (0.5 M) strong irritant (+VE control) and saline
solution (0.9%) (-VE control) score irritation within the current formulations at 0,0.5, 2 and 5
mins.
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Figure 5.12 displays HET-CAM images post application of NP solution, DZH
solution and DZH loaded NP in SCL, all images show no sign of irritation on
the CAM at all time points (0.5, 2 and 5 minutes). Suggesting that DZH NP in
SCLs to be non-irritants (cumulative score 0.0; n=3) thus confirming both

formulation to be biocompatible to the conjunctiva (6,206).

Time point: Time point:
0 min T: 0.5 min 0 min

T: 2 min T: 5 min

PAA-NP Solution

Time point:
_0.min

DZH loaded NPs in
SCLs

Figure 5.12: HET-CAM images of vascular response to PAA-NP solution, DZH solution and DZH-NP in
SCL.
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5.8. Bovine corneal opacity and permeability (BCOP) for

prepared SCLs.

The BCOP assay is able to measure corneal irritation via corneal opacity and
permeability. The corneal opacity determines the level of protein
denaturation damages caused to the epithelial cell layers as well as swelling
and vascularisation (108). The fluorescein dye indicates the level of corneal
damage, as the dye is normally impermeable to a healthy cornea. Slightly
irritant material is likely to damage the corneal epithelial layer, and stronger
irritants are more likely to damage and penetrate through to the endothelial
layer of the cornea. Figure 5.13 below demonstrates the effect of test
materials including controls and SCLs on the bovine cornea. From the
images in Figure 5.13 it is clear that positive control NaOH is a sever irritant
as it caused the most damage to the cornea this is displayed in opacity
around the inside of the silicone ring. And normal saline was used as a
negative control which displayed no sign of damage to the cornea. When
comparing the results gained from the prepared SCLs with the controls, it is
clear that none of materials used to prepare the SCLs displayed any
indication of damage to the cornea. Suggesting that the formulated SCLs are

will not cause irritation and safe for use.
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Bovine cornea
Time point: _ under cobalt
0 minp T: 0.5 min blue filter

Saline Solution (0.9%) - VE Control

Figure 5.13: BCOP images with corresponding fluorescence images of freshly excised bovine
cornea treated with positive control and negative control.

The integrity of the corneal epithelial layer was studied under cobalt blue
filter post application of fluorescein dye. Figures 5.14 shows the intensity of
the fluorescence permeability through bovine cornea post NaOH application
with prominent staining. This indicates sever damage to the corneal epithelial
cells as the dye starts to permeate through the cornea. However, when
comparing the negative control to the positive control there was no sign of
fluorescein staining to the bovine cornea. Figure 5.14 displayed no sign of
staining when bovine cornea was treated with PAA-NP solution, DZH
solution and DZH loaded NP SCLs. This demonstrates that the formulated

SCLs are safe and biocompatible for use.
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Bovine cornea

Time point: T: 0.5 min under cobalt

0 min blue filter

DZH Solution

—

DZH loaded NPs in SCLs

Figure 5.14: BCOP images with corresponding fluorescence images of freshly excised bovine
cornea treated with PAA-NP solution, DZH solution and DZH loaded NPs in SCLs.
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5.9. Summary

The main purpose of incorporating DZH NPs into SCL is to prolong drug
release over a long period of time in return lowering intraocular pressure
(IOP) within glaucoma patients. It was discovered that PAA polymer
concentration affects the NP size, and at 0.1% PAA concentration proved to
be the most ideal as we obtained the lowest particle size and PDI values,
which was seen to be the most monodispersed from all the other PAA-NPs
formulated. Addition of DZH into NPs, increased mean particle size of NP
was displayed. The measured zeta-potential of the formulated NPs were
negatives with a mean value, PAA were responsible for the negative charge

displayed enhancing permeation properties.

Entrapment efficiency of DZH was 81% this is a relatively high value could
be credited to the use of CaCl; ion (cross-linking agent). The EWC & CA
results had shown that incorporation of DZH helps enhance EWC% as well
as surface wettability of SCLs within encapsulated NPs or freely dispersed
into the matrix, demonstrating that loading of DZH NP into SCL will not
compromise the properties of SCL. Similar transmittance was obtained for
DZH in NP and DZH in SCL material. When analysing the mechanical
properties of all the formulated SCLs their YM values were small suggesting
a flexible material suitable for a more comfortable longer wear. In vitro
tolerability studies (HET-CAM and BCOP) results demonstrated that the
formulated DZH NP in SCL displayed no sign of vascular response, and are
biocompatible with ocular surface. In vitro drug release studies has

demonstrated that this new platform of incorporating drugs into NPs/ SCL
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matrix is an efficient way of enhancing drug bioavailability as well as
sustaining low |IOP over a long period of time. Both formulations could be
used as a drug delivery system, this way you can tailor the mode of delivery
based on the requirement of the patients. Drug delivery via SCL could aid
reduce dosing of topical applications, thus reducing economic costs as well
as enhancing better patient compliance. Not to mention that these SCLs
could also be used to correct Myopia, Hyperopia and Astigmatism, the future

of these lenses is very promising.
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Chapter 6: Bacterial adherence assay

6. Introduction:

The results generated within chapter 5 revealed that DZH-NPs SCLs were
able to sustain drug release for 24 hours. PAA-NP assay proved to be much
effective with an entrapment efficiency of 81% for DZH. The next and final
step of this study was to prepare SCLs using poloxamer (P407), and
investigate the effect of different concentration P407 on EWC%,
transmittance, young’s modulus and surface contact angle. As well as the
effect of P407 on the bacterial adhesion of Pseudomonas aeruginosa and

Staphylococcus epidermidis to SCLs.

Microbial Keratitis/ contact lens Microbial Keratitis (CLMK) is severe
condition also known as infection of the cornea, which is most common
amongst CL wearers (84). CLMK could lead to irritation, pain and even
impaired vision (85). According to research bacteria such as Pseudomonas
aeruginosa is the main causative microorganism, as its most likely to adhere
onto the corneal surface via van der waals forces which is followed by
irreversible adhesion, by forming biofilms further growing on the ocular
surface (86,87). Surfactants were introduced within this study to prevent
CLMK, surfactants are mainly used to minimise discomfort (lubricant),
allowing tear fluid to spread evenly over the lens thus acting as a buffer

between finger and lens (88).

Non-ionic surfactant (P407) was chosen, as they are known to possess low

irritation and toxicity, making them very popular within ocular drug delivery
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systems. Poloxamers are composed of triblock polymers poly (ethylene
oxide) (PEO) that’s hydrophilic and poly (propylene oxide) (PPO)
hydrophobic (63,89). Scientific research was conducted on the use of
poloxamers to modify the surface of marketed SCLs, and discovered that not
only does it increases surface wettability and EWC, it also prevented

bacterial adhesion (90).

A total of 22 sterile contact lenses were used throughout this study, 4
different formulations were prepared using a mixture of Hydrogel and silicone
based polymers with different concentrations of poloxamer 407. All
formulations contained hydrophilic HEMA monomer co-polymerised with
either hydrophobic GMA or silicone-based polymers (PDMS /F-S/A). The
cross-linker and the photo-initiator (TEGDMA and HMPP) were both used at
1% composition. Summary of percentage composition used in preparing the

CLs are displayed in table 12.

Pseudomonas aeruginosa is a common gram-negative (gram —ve), rod-
shaped bacterium that can cause disease in plants and animals, including
humans. It is found in soil, water, skin flora Staphylococcus epidermidis is a
gram-positive (gram +ve) coccal bacterium that is a member of the
Firmicutes, and is frequently found in the nose, respiratory tract, and on the
skin. A clinical isolate of Pseudomonas aeruginosa NCTC00950 was kindly

provided by the microbiology department, Kingston University, London.
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6.1. Aims and objective

To formulate SCLs treated with and without surfactant P407, and study
bacterial adhesion to the surface of SCLs. The specific objectives are:

* To prepare SCLs using surfactant P407 at several different
concentrations.

* Toinvestigate the effect of different concentrations of P407 on the
following properties EWC, CA, TM and YM.

* To study the effect of P407 surfactant on the bacterial adhesion of
Pseudomonas aeruginosa and Staphylococcus epidermidis to the
surface of SCLs.

* Toinvestigate any possible corneal and conjunctival irritation from the
prepared SCLs via examination of the bovine cornea BCOP and HET-

CAM assay.
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6.2. Equilibrium water content (EWC) and surface contact

angle (°) of P407-SCL

Results and discussion

Two polymers were used in the formulations, hydrogels and silicone based
polymers. Two different types of hydrogels were used, hydrophilic 2-
hydroxyethyl methacrylate (HEMA) and amphiphilic glycidyl-methacrylate
(GMA), two different types of silicone-based polymers were used, PDMS-co-
alkyl siloxane (PDMS-AS) and 3,3,3-trifluoropropyltrimethoxysilane (F/S-A).
The surfactant used a hydrophilic non-ionic Poloxamer 407 (F127). Cross-
linker and photo initiator was, the different types of concentration % are listed

in table 6.1.

Table 6.1: Percentage composition used for the preparation of contact lens.

Material % Composition

Formulation HEMA, GMA, F-S/A 87.97,9.78, 0.29
HMPP, TEGDMA 0.98, 0.98%

Formulation HEMA, PDMS-AS, F-S/A, 94.82, 2.93, 0.29

HMPP, TEGDMA 0.98, 0.98%

Surfactant Poloxamer (P407) 1, 0.5, 0.25%

High equilibrium water content (EWC) is vital for an ideal contact lens. A
typical hydrogel composed of solely 2-hydroxyethyl methacrylate (pPHEMA)

has an EWC of 38%, which results in increase in oxygen permeability(29).
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Results in Figure 6.1 shown an increase in EWC % when contact lenses are

formulated with surfactant (poloxamer P407).
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Figure 6.1: Equilibrium water content (%) and surface contact angle (°C) for different types of contact

lenses and with and without P407. Data presented as a mean = SD, n=3.

One type of surfactant was used at 3 different concentrations P407 at 1%,
0.5% and 0.25% for both contact lens formulation (GMA and PDMS). Both
hydrogel and silicone-hydrogel lenses formulated with surfactant P407
yielded higher EWC %. All formulations with the highest % of P407 yielded
EWC of 30% and above (see Figure 6.1), GMA/P407 at 1% displayed an
increase EWC from 32.04 + 0.54% to 34.10 = 0.81% (p=0.0016).
PDMS/P407 at 1% yielded the highest EWC of 33.40 + 0.46% compared to
PDMS/P407 at 0.5% and 0.25%, 32.43 + 0.29% and 30.02 = 0.56%

respectively.
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There was an increase in water capacity as the concentration of P407
increased this could be very much due to the length of hydrophilic moiety
present within P407. The hydrophilic PEO surrounding hydrophobic PPO of
the surfactant allows additional —OH groups to form hydrogen boding (207).

Schafer et al (207), evaluated the surface water characteristics of 3 daily

disposable contact lens materials and discovered that Biotrue ONEday®

(Nesofilcon A) was able to maintain 78% water content throughout.
Nesofilcon A is a traditional hydrogel lens that exploited the amphiphilic
properties of P407 enabling the lens surface to retain water mimicking the
natural tear film at the same time preventing water evaporation. Kapoor et al
(47), investigated the use of surfactant Brij within hydrogels EWC%. Briji 700
at 8% w/v had the highest EWC of 17.4% compared to pure p-HEMA. Both

studies support present study findings.

Oxygen permeability, surface contact angle and hydration are among the
important characteristics required for an ideal contact lens. Within hydrogel
contact lens (p-HEMA) oxygen permeability is very much proportional to the
EWC and lens thickness. The pores within hydrogel material expands as the
hydrophilic phase increases the uptake of water causing the polymer matrix

as a whole to swell resulting in improved oxygen transport (208).

However, changes with silicon-hydrogel (Si-Hy) SCLs such, as oxygen
permeability is no longer dependent upon the EWC. Figure 6.2 below
displays a representation of water contained within hydrogel and Si-Hy

matrices where water is directly bound to the hydrophilic sites via hydrogen-
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bonding, van der waals forces and free water. Within Si-Hy material
hydrophilic and hydrophobic phases are formed separately but are frequently
linked; the oxygen mainly travels through siloxane phase (hydrophobic) due

to reduced resistance (208).

Figure 6.2: Oxygen and water molecules bound to silicone channels. Credit: Coopervision.co.uk (42).

Waiting for copyright permission.

Surface contact angle is another major property that analyses the surface
wettability of contact lenses. Surface wettability is best explained through
Cohesive and adhesive forces acting on the surface of the contact lens.
When a liquid droplet is added onto a hydrophilic surface the inter-molecular
forces between the liquid/ solid (contact lens) is far stronger than the
cohesive forces between the liquid droplet causing it to spread and resulting
a low contact angle. Therefore, the degree of wetting is determined by force

balance between the adhesive and cohesive forces (196).
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Surface contact angle is another major property that represents the surface
wettability of contact lenses. Surface wettability is best explained through
cohesive and adhesive forces acting on the surface of the contact lens.
When a liquid/liquid droplet is added onto a hydrophilic surface the inter-
molecular forces between the liquid/ solid (contact lens) is far stronger than
the cohesive forces between the liquid droplet causing it to spread and
resulting a low contact angle. Therefore, the degree of wetting is determined
by force balance between the adhesive and cohesive forces (196). Surface
contact angle is very important, as its able to point out if the surface is

hydrophilic/ hydrophobic. Contact angles below 90° suggests high surface

wettability and above 90° are considered to possess low wettability.

Bacterial adhesion to SCLs depends on the hydrophobicity and hydrophilicity
of the polymer type used. Many studies have shown that hydrophobicity is
one of the key factors stimulating bacterial binding (208,209). An increase in
EWC is associated with high wettability as well as hydrophilic surface. Within
this study, the CA values for the control groups (HEMA/GMA and
HEMA/PDMS) were higher than the surfactant incorporated SCLs. This
directly correlates with the equilibrium water content (EWC) and the contact
angle of the polymers used. With an increase in P407 concentration there is
a decrease in contact angle for both PDMS and GMA at 1% and 0.25%
P407, 40.24 + 0.053° - 44.16 = 0.058° (p<0.000) and 80.42 +0.37° — 77.53 =
0.50° (p<0.0001); this is due to the hydrogen bonding at the ether oxygen
site of the PEO groups therefore with increase in P407 there is a general

increase in hydration (209).
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6.3. Optical properties of the prepared P407-SCL

Spectral transmittance properties of contact lenses are a vital measure for
visual performance, it is necessary to analyse these properties and compare
the values after the contact lenses have been hydrated for 24 hours. The
optical quality of the contact lens is dependent on the absorption

characteristics (177). The results are interoperated in Figure 6.3.
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Figure 6.3: Light transmittance (%) for hydrogel and silicone-hydrogel contact lenses some of which
are treated with P407. Data presented as a mean = SD, n=3.

SCLs are used for vision correction or as a drug delivery system,
transparency is one of the most important properties, where desired
transparency value of 95% (210). Both GMA and PDMS, display a
transmittance range of 70-99% for both hydrogel and silicon-hydrogel lenses
(Figure 6.3). With decrease in P407 concentration, was associated with

increase in light transmission.
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Kapoor et al, carried out a study on surfactant laden soft contact lenses for
extended drug delivery, their results were similar to those of the current study
displayed a transmittance of 98% for pure HEMA hydrogel, and above 99%
for non-ionic Brij surfactant laden contact lens. These findings are similar to
of those current studies. Looking at the different formulation GMA-P407 1%
has a transmission of 73.33 = 0.58%compared to 94.67 + 0.58% for 0.25%
P407. PDMS-P407 1% 77.90 = 0.79% and at 0.25% P407 95.33 + 0.58%. As
the majority of the contact lenses have transparency of 70% and above we
can conclude that with the addition of surfactant the transparency of the
SCL’s are not compromised however lower concentration of the P407 is

desired in this case as it yields better transmission %.
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6.4. Young’s modulus of the prepared P407-SCL

An important characteristic within SCL material is its ability to maintain its
physical dimensions after are applied external forces of SCLs. Good
mechanical property provides a better comfort for the wearer. Young’s
Modulus is calculated by dividing stress (Mpa) over strain (%). A higher YM

indicates a more rigid material.

With increase in P407 concentration Young’s Modulus decreased to
0.00738+0.00088 MPa in GMA (1% V 0.25% P=0.0506) and similar results
were observed for PDMS 0.00911 + 0.00143 MPa (1% V 0.25% P=0.0413)
(Figure 6.4). A general pattern is noticed with addition of higher
concentration of surfactant P407 a lower value of Young’s Modulus is
generated. These results are ruled by the interaction between the non-ionic
surfactant and the hydrophilic polymeric structure, these hydrophilic moieties
have a great influence upon the mechanical properties of SCL. The values of
Young’s Modulus within the current study are comparatively lower than the
values presented in literature. However, a point to highlight is that the values
in literature are not standardised therefore different assay’s may have been

used to quantify the Young’s Modulus of SCL.
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Figure 6.4: Young’s modulus (MPa) for hydrogel and silicone-hydrogel contact lenses some of which

are treated with P407. Data presented as a mean = SD, n=3.
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6.5 Bacterial adhesion

6.5.1 Bioluminescence ATP calibration curve
Bioluminescence is a quantitative assay developed to measure microbial
contamination on surfaces. ATP bioluminescence requires optical biosensors
with a detection measurement of luminescence or fluorescence emissions.
This assay is one of the most effective and widespread method for pathogen
detection due to high sensitivity and non-damaging way. This assay mainly
relies on the on the chemical reaction between the bacterial ATP and
luciferase enzyme, catalysis forming oxyluciferin, adenosine monophosphate
(AMP) and pyrophosphate (PP;) also resulting light emission at 562 nm
(equation 5) (211)[adapted from ATP Bioluminescence assay] (212). The
light emitted was recorded as relative light unit (RLU). Figure 6.5 shows a
liner log RLU —log ATP concentration calibration curve plotted with
regression coefficient (R?) of 0.98321.

Luciferase
ATP + D — Luciferin + 0, ——— Oxyluciferin + PP, + AMP + CO, + light

Mg**
Equation 4
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y =0.2671In(x) + 10.596
7 R?=0.98321

Log (RLU)

1

0
1.00E-06 1.00E-09 1.00E-12 1.00E-15

Log (ATP Concentration, M)

Figure 6.5: ATP calibration curve displaying Log- RLU bioluminescence intensity against Log-ATP

concentration (M).

6.5.2. Bacterial optical density (ODggo)

A consistent bacterial concentration of 2x108 CFU/mL was used throughout
the bacterial adhesion assay, as formerly suggested by Kodjikian et al (211).
The CFU was calculated from the number of ATP-bacteria via linear
regression curve using logarithmic value of CFU and optical density (OD®°).
This was possible through a serial dilution measurement of viable bacteria

(Figure 6.6).
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Figure 6.6: Bacterial calibration curve count (Log CFU/mL) versus Optical Density (OD go0) of
Pseudomonas aeruginosa and Staphylococcus epidermidis to determine the desired OD and attaining

bacterial concentration of 2.0x 108 CFU/mL).

The standard curve for pseudomonas aeruginosa and Staphylococcus
epidermidis shown in Figure 6.6 displays the slope and coefficient of
determination (R?) of y = 15.635x + 6.222, R?*= 0.98854 and y = 4.2344x +
7.8733, R?*= 0.96573, respectively where y is log CFU/mL and x is optical
density (OD®®). The results were presented as log'® CFU/mL = SD. Also,
quantification of cellular ATP corresponds to a valuation of cell activity within
biofilm, as not every bacterium has the same metabolic activity, the bacteria
located within greater layers of the biofilm expressed reduced metabolic
activity therefore the results are expressed as pM of ATP instead of CFU per

CL (213).
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6.6 Pseudomonas aeruginosa and staphylococcus
epidermidis

SCL wears are at risk of developing microbial infections such as microbial

keratitis especially with P. aeruginosa which is a Gram -ve bacterium,

composed of a complex genetic makeup aiding its survival in a wide diversity

of environments (214). Additions within the bacteria such as the pili and

flagella promote adhesion to SCL. The pili are small protein subunits that

provides the hydrophobic bacterial surface (215).

Bioluminescence assay is a simple yet very frequently used method of
quantification for bacterial adherence to CL surfaces. This technique
provides a precise assay for quantifying ATP with a detection limit as low as
107"® moles, making it 10,000 times more sensitive than your average
spectroscopy measurement (104). Therefore, bioluminescences assay a
precise way of quantifying the number of bacteria on the surface of SCLs
when compared to bacterial counting. This technique is not only highly
sensitive but also cost effective as only small amount of the reagent is

required.

Figure 6.7 displays bacterial adhesion of P. aeruginosa on SCL, a general
pattern is present over time there was a general increase in bacterial ATP
concentration. However, least bacteria were bound to surfactant treated
SCL’s. PDMS-P407 had less bacteria on the surface of the lens compared to
the control (0.5hr p= 0.1, 6hr p=0.003, 16hr p= <0.0001). PDMS-

P407bacterial ATP concentration of 1.08x1073 + 1.08x10~* compared to
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GMA-P407 possessed the least bacterial adhesion to the lens compared to
the control (0.5hr p= 0.03, 6hr p=0.001, 16hr p= <0.0001). GMA-P407 has
bacterial ATP concentration of 5.76x107* + 1.18x10~*pM in comparison with

the control 1.77x1073 + 1.32x107%.

P. aeruginosa is one of the main causes of MK (223,228), due to its ability to
adhere tightly to the surface of CL. As previously stated pili are responsible
for the hydrophobic surface of the bacteria (227,229) and the flagella
provides the means of transport to the surface of CL ( 230-231). When P,
aeruginosa adheres to the surface of CL it starts to produce biofilm with the
aid of the bacterial DNA, P. aeruginosa is also able to quorum sense, which

enables the biofilm to avoid the detection of the immune system (217).
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Figure 6.7: Bioluminescence measured at three different time points (0.5h, 6h, and 16h) bacterial
adhesion of pseudomonas aeruginosa on contact lenses some of which treated with Poloxamer 407.

Data presented as a mean + SD, n=3.

Within the two main formulations GMA-P407 had the least bacterial adhesion
when compared to PDMS-P407. At 0.5hr majority of the formulations had
very similar bacterial ATP concentrations (pM). At 6hr mark the surfactant
treated contact lenses (GMA-P407 and PDMS-P407) had less bacterial
binding with a statistical significance (p=0.05). at 16hr there was a
statistically significant decrease in bacterial ATP concentration between the

two formulations GMA-P407 and PDMS-P407 (p=0.0023).

S. epidermis is also among the bacterial microorganisms responsible for MK.
This gram-positive bacterium has the ability to form biofilm which helps it
latch onto biomaterials surface (218), which contributes towards the
virulence factor. Therefore, initial adhesion of S. epidermis to the biomaterial

surface is a focal step in the colonization of SCL’s (219).
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Adhesion of S. epidermis to SCLs are presented in Figure 6.8 Initially (at
0.5hr) there was no significant difference in S. epidermis adherence within all
formulations, with increase in incubation period bacterial adherence
increases. A study by Marshall et al, demonstrates bacterial adhesion
consists of two phases, reversible sorption is where instantaneous attraction
of the bacteria to the surface of biomaterial occurs involving van der waals
forces, that can be removed by rinsing the surface with 2.5% NaCl. And
irreversible sorption which involves firm bacterial adhesion to the surface that
can no longer be washed with 2.5% NaCl (220) this is where the bacteria
then grow to colonize (90). The findings of Marshall’s study support the
present study in which there is increased number of bound bacteria on the

surface of the SCLs after 16hr incubation period.
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Figure 6.8: Bioluminescence measured at three different time points (0.5h, 6h, and 16h) bacterial
adhesion of Staphylococcus epidermidis on contact lenses some of which treated with Poloxamer 407.

Data presented as a mean + SD, n=3.
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The two treated SCLs GMA-P407 and PDMS-P407 possessed less bacteria
on the surface of the lens compared to the controls at 0.5hr both formulations
had lower number of bacterial adhesion however not statistically significant
(GMA-P407, 0.5hr P=0.0747 and PDMS-P407, 0.5hr P=0.302). At 6 and
16hr time point both formulations possessed less binding bacteria to the
SCLs surface with a statistical significance of GMA-P407, 6hr p= <0.0001,
16hr p=<0.0001, PDMS-P407, 0.5hr P=0.302, 6hr p= <0.0001, 16hr p=

<0.0001.

However, comparing the two surfactants treated formulations against one
another displayed not statistical significance at 0.5hr (p=0.223) and 6hr
(p=0.193). But at 16hr there was a statistical difference (GMA-P407 Vs
PDMS-P407 p=<0.0001). GMA-P407 possessed ATP bacterial concentration
of 4.51x107* + 1.04x10~* pM in comparison with PDMS-P407 9.48x10~* +

1.69%x10~* pM.

Kodjikian et al, studied the adhesion of clinically relevant bacteria to
conventional hydrogel and silicone-hydrogel CLs, and discovered that
hydration and the physical environment such as hydrophobicity, as well as
the chemical compositions of CLs are all important properties that govern the
level of bacterial adhesion to the surface of the CL. It was discovered that
initial adhesion of P. aeruginosa occurs much faster than that of S.
epidermis, this is mainly due to biofilm formation, hydrophobicity promotes
bacterial binding and is directly related to the EWC and surface CA, it was

discovered that bacterial binding decreased with increase in EWC, and
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increase in surface wettability decrease lipid deposition. Silicone-hydrogel
lenses promotes oxygen permeability however have hydrophobic areas, and
standard hydrogel CL showed more resistance to bacterial adhesion. These

findings support the findings of this current study.

Both P. aeruginosa and S. epidermis recorded a deceasing attachment
strength in the following order, GMA-P407(EWC 32.04 + 0.54%), PDMS-
P407 (EWC 30.02 = 0.56%), HEMA-GMA (EWC 31.21 + 0.05%) and HEMA-
PDMS (EWC 31.77 + 0.08%). The hydrogel P407 treated SCL has the lowest
number of bacterial adhesion compared to the silicone-hydrogel contact lens,
this could be due to hydrophobic areas present on the surface of the SCL,

that form tightly bound noncovalent interactions with the bacteria (221).

As shown in Figure 6.7 and 6.8, the bacterial adherence of P. aeruginosa
was slightly above than that of S. epidermis for both treated SCLs (GMA-
P407 and PDMS-P407 0.5hr 0.0012, 6hr p=0.001, p=<0.0001). GMA-P407
is composed of 90% HEMA which is a hydrophilic and increases the EWC of
the CL, and increase surface wettability, this will not only prevent lipid
deposits (222) forming but also prevent bacterial adherence to the CL. A
study by Aswad et al, found P. aeruginosa showed significant adherence to
CL, also the extent of bacterial adherence was proportional to focal deposits
(214). PDMS-P407 is composed of 97% HEMA and 3% PDMS, PDMS is
readily used by CL manufactures due to its high optical transmission, and

oxygen permeability, however its hydrophobic due to siloxane (Si-O-Si )
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bonds present that restricts the formation of hydrogen bonds on the matrix

(223), hence its combined with HEMA to overcome the stated limitation.

P407 used due to its antimicrobial properties and adhesive effects on both
gram-negative and gram-positive bacteria (96,237), with addition of P407 in
P. aeruginosa there was reduced bacterial adherence by 12% for PDMS-
P407 and 17% GMA-P407. And within S. epidermis bacterial adherence was
reduced by 6% for PDMS-P407 and 16% GMA-P407.

P. aeruginosa is one of the main causes of MK (223,228), due to its ability to
adhere tightly to the surface of CL. As previously stated pili are responsible
for the hydrophobic surface of the bacteria (227,229) and the flagella
provides the means of transport to the surface of CL (230,231). When P.
aeruginosa adheres to the surface of CL it starts to produce biofilm with the
aid of the bacterial DNA, P. aeruginosa is also able to quorum sense, which

enables the biofilm to avoid the detection of the immune system (217).

S. epidermis is another significant microbe that’s also associated with MK,
this bacterium is able to form biofilm with polysaccharide adhesion (PS/A) on
the surface of the CL. based on the strain S. epidermis some are able to
produce biofilm and some don’t non the less they’re still able to colonize the

surface of CL after adhesion(100,238).
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6.7. In vitro Ocular Tolerability study

6.7.1. Hen’s Egg test chorioallantoic membrane (HET-CAM)

The irritation effect of SCLs treated with and without P407 was examined at
0.5, 2 and 5 minutes’ post exposure (Figure 6.9). Positive and negative
controls were used (NaOH and saline solution) providing bases for assessing
prepared SCLs with and without P407 surfactant as well as PAA nanoparticle
systems. Figure 6.9 displays CAM images post application of SCL material
with and without P407, and the images displayed no sign of irritation on the
CAM at all time points. Thus, the use of P407 within SCL matrix has proven
to be non-irritant making them biocompatible to the conjunctiva. Similar
results were obtained by Chen et al, ocular irritation HET-CAM assay
displayed no irritation for glyceryl monooleate P407 nanoparticles, also there
was no sign of ocular damage, or abnormal signs in the cornea, conjunctiva

or iris of the albino rabbits (225,226).
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Figure 6.9: HET-CAM images of vascular response to, HEMA-PDMS-F-S/A-P407
and HEMA-PDMS-F-S/A-P407 SCL's.
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6.7.2. Bovine corneal opacity and permeability (BCOP) for prepared

SCLs.

Bovine cornea

_ under cobalt
0 min 0.5 min blue filter

Time point:

HEMA-GMA- F-S/A

HEMA-GMA- F-S/A- P407

HEMA-PDMS- F-S/A- P407

Figure 6.10: BCOP images with corresponding fluorescence images of freshly excised
bovine cornea treated with prepared SCLs with and without surfactant (P407
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As previously mentioned in chapter 5 BCOP assay is used to measure
corneal irritation. Fluorescein dye is used to indicate the level of corneal
damage as the dye will permeate through a damaged endothelial layer of the
cornea. BCOP assay was used to study the irritation effects of the prepared
SCLs with and without P407 surfactant. Figure 5.13 (in chapter 5) displays
the positive control NaOH is a sever irritant causing damage to the cornea;
BCOP images display opacity around the inside of the silicone ring. And for
the negative control normal saline was used which displayed no sign of
damage to the cornea. Figure 6.10 displays images of bovine corneas post
treatment of SCLs with and without P407 surfactant. The integrity of the
corneal epithelial layer was studied under blue cobalt filter post application of
fluorescein dye, BCOP images displayed no sign of staining suggesting no

damage was caused by the test material.
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6.8. Summary:

S. epidermis and P. aeruginosa are two of the most common microorganisms
responsible for bacterial keratitis in contact lens wearers. Both ATP per unit
amounts are indirectly proportional to the number of bound bacteria for the
bioluminescence represented in Figure 6.7 and 6.8. By means of ATP (M)
counts for bacterial adherence was statistically lower for P-407 treated SCL
for both S. epidermis and P. aeruginosa. Also, ANOVA (Graph Pad) showed

that there was a significant difference between the 4 groups of SCLs.

Bacterial adherence is very much related to biofilm production on the surface
of the SCL. Thus, some surfaces of SCL are more resistant (GMA-P407)
than others, PDMS-P407 had slightly lower resistance to bacterial adherence
compared to GMA-P407, due to the hydrophobic areas within the silicone-
hydrogel. The silicone component within PDMS-P407 SCL provides many
beneficial properties to the lens such as increasing oxygen permeability,
while the hydrogel provides flexibility and increasing water capacity within the

SCL.

Nonetheless incorporation P407 aided the resistance to bacterial adherence
of both gram-negative and gram-positive bacteria when compared to the
controls. We believe that MK related to contact lenses could very well
decrease with the basis of our results. Both formulations contain high
percentages of 90-97% HEMA, and P407 which are highly hydrophilic,
increasing EWC and surface wettability, and having antimicrobial properties,

these contact lenses could reduce the risk of corneal infection.
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HET-CAM and BCOP assays were used to investigate the level of irritation
and the cytotoxic effects of the prepared SCLs treated with and without
surfactant P407. In vitro results obtained from both irritation assays (HET-
CAM and BCOP assay) were well correlated with one another and

demonstrated no sign of irritation to the corneal epithelial cells or conjunctiva.
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General Conclusion and

Future Studies
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CHAPTER 7

7. General Conclusion and Future Studies

With Glaucoma being one of the leading causes of vision loss, there are
many challenges when trying to develop new ways of delivering carbonic
anhydrase inhibitors (DZH) to the eye. Surgery such as laser trabeculoplasty
and topical drug administrations are the current treatments available. The
main limiting factor to surgery is this form of treatments would not be
available to more developing countries due to the costs. Also, there are

"

many current topical applications within the market, Lumigan ™ (prostaglandin

analogs), Timolol (beta-blockers), Trusopt® (carbonic anhydrase inhibitors)

etc. topical administration accounts for 90% of ocular drug delivery within the
market. This is because it is widely preferred by both medical practitioners
and patients due to its easy application. However, these anti-glaucoma eye
drops require multiple administration (up to twice a day), leading to poor
patient compliance, short residence time and limited bioavailability due to
major drug loss post application via rapid tear flow and nasolacrimal
drainage. Hence the increase in desire to develop an alternative way of
treating patients with glaucoma. Nanotechnology has become increasingly
popular within ocular drug delivery. Integrating nanotechnology into SCLs as

this will enhance therapeutic outcomes and improve patient compliance.
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One of the main reasons for Glaucoma is blocked trabecular meshwork
located between the cornea and the iris. This prevents the outflow of the
circulating aqueous fluid, which in turn increases resistance and intra-ocular
pressure within the eye and if left untreated could cause damage to the optic
nerve and result in irreversible loss of sight. DZH is a carbonic anhydrase
inhibitor used to treat patients with glaucoma. DZH works by preventing
formation of hydrogen and bicarbonate ions from carbon dioxide and water

and promotes renal excretion of sodium, potassium, bicarbonate and water.

The main purpose of chapter 3 was to develop and validate a simple,
selective and sensitive HPLC method for the quantification of DZH drug and
optimise the right concentrations of hydrogel polymers and cross-linking
agent used to prepare SCLs. Identify the different parameters according to
the different characterisation studies to assess various properties of the SCL
matrix, which potentially can determine the ideal concentration for SCL. An
analytical assay for the separation and quantification of DZH was essential.
HPLC validation method for the simultaneous determination of DZH was
adopted as per ICH-guidelines. The separation of DZH was successful and
was achieved in fewer than 2 mins. HPLC method was fast, accurate,
precise and reliable with LLOD and LLOQ of 2.00 and 6.05 pg/ mL
respectively. The permeated DZH through dialysis tube was also quantified

using this HPLC method.

SCLs along with nanotechnology have shown increase interest within current

research. HEMA is one of the most extensively studied polymers used for the
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preparation of SCLs due to its unique properties, high EWC%, low surface
wettability, high optical clarity and its hydrophilic nature as well as being non-
toxic. The effect of EDGMA (cross-linking agent) against different
concentration % of HEMA polymer was studied. And it was discovered that
when high concentrations of HEMA used the SCL possessed the highest
EWC, CA and TM values however the YM value was low suggesting a soft
lens. In order to improve the SCL a variety of hydrophilic and hydrophobic
polymers were used to copolymerise with HEMA polymer. The effect of
different concentrations of MMA, MAA and GMA against HEMA polymer was
studied. HEMA/MAA (90/10% v/v) followed by HEMA/GMA (90/10% v/v) both
MMA and GMA are hydrophobic polymers that could help enhance the
mechanical strength increasing the YM values of the SCL. These
concentration % yielded TM% of 80% and above, with improved EWC%, CA

values.

EWC% and TM% was one of the most important properties within SCL, and
once we discovered the correct concentration% for SCL with increased EWC
and TM%. The next step was to target some of the most common complaints
amongst lens wearers, such as experiencing discomfort due to hypoxia and
induced dry lens as well as burning sensation due to contaminated SCLs.
The main objectives behind chapter 4 were to optimise and prepare SCLs
using different volumes of various different silicone-based polymers. In order
to understand the level of influence the silicone based polymers possess
over SCL properties. SCLs were prepared using different concentrations of

silicone-based polymers against HEMA polymer. Si-Hy SCLs are one of the
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most popular types of lenses used in the market at the moment due to high
oxygen permeability. We wanted to prepare an ideal SCL with a balance
between oxygen permeability, EWC%, material strength and stability. The
hydrogel polymer (HEMA) contributes hydration due to the hydrophilic
hydroxyl functional groups present, however they lack in oxygen
permeability, whilst the silicone based polymers provided oxygen
permeability. Both PDMS-AS and TMFS exhibited transparency of 90% and
above, optical clarity is one of the major components towards and ideal SCL.
Both silicone polymers also displayed a constant high EWC% with increase
in silicone polymer suggesting a more stable polymer. Along with high
EWC% these polymers displayed a low surface wettability with low CA
values suggesting a more hydrophilic SCL material, this is due the

combination of HEMA/PDMS-AS.

Silicone based polymers are known to improve elasticity by providing
material strength to the lens as well as preventing deformation when the
eyelids come into contact with SCLs. A general pattern noticed with increase
in silicone-based polymers the YM values increased, making the CL material
more tough. TMF polymer was the only one that was different increasing in
polymer concentration % the YM value decreased, as the SCLs became
more brittle like in texture, due to incorporation fluorine into the carbon-
carbon backbone. Siloxane based polymers have high thermal stability, low
Tg, low surface tension with high oxygen permeability; due to strong
stretching vibrations within the Si-O bonds creating permeable channels

within the polymer complex and providing stability and material strength.
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PDMS have high thermal and oxidative stability, and is non-toxic and non-

irritant which is why they are highly used for ocular purposes.

Once we developed an ideal SCL that possessed the ideal properties
consisting of adequate percentages of EWC, TM, YM and CA, the next step
was looking at pharmaceutical approaches based on nanotechnologies and
development of drug loaded nanoparticles (NPs), using mucoadhesive
polymer PAA. The main objectives of chapter 5 was to optimise the
formulation of PAA nanoparticle, in order to load DZH. And quantify the in
vitro drug release from the DZH NP loaded SCL. The effect of various
variables on the formulation outcome was examined via particle size and
surface charge of PAA NP. PAA polymer is extensively used to prepare
nanoparticles due to its hydrophilic nature and high water capacity
absorption, making the polymer structure soft and flexible. For a prolong
residence time and sustained drug release it is important to use
mucoadhesive polymers to prepare nanoparticles. Another advantage of
PAA polymer is that its non-toxic and biocompatible. lonic gelation method
was used to prepare PAA nanoparticles, this is a simple assay, and however
there are several factors known to influence the properties of the
nanoparticles. For optimisation of prepared PAA nanoparticles, three
potential variables were identified, PAA, CaCl, and DZH concentrations. All
of which had an effect on the particle size of PAA nanoparticle. Formulated
PAA nanoparticles resulted in small particle size, good polydispersity values
with well DZH entrapment. The in vitro release study of DZH loaded PAA

nanoparticles was investigated via dialysis bag immersed in PBS for 24
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hours at 37 °C. There was increase release of DZH loaded PAA
nanoparticles in SCL compared to DZH loaded into SCL material. Both
formulations could be used to tailor DZH delivery based on the patient

requirement.

Silicone based SCLs are very much prone to bacterial adherence due to their
hydrophobic nature, resulting in ocular infections such as microbial keratitis.
Surfactants work by improving the hydrophilicity, wettability and the
biocompatibility of the SCLs. The main aim behind chapter 6 was to prepare
SCLs treated with different volumes of P407 surfactant and to examine the
effect of P407 on the bacterial adhesion of Pseudomonas aeruginosa
(P.aeruginosa) and Staphylococcus epidermidis (S.epidermis) on SCL
surface. The effects of P407 were studied to further understand and prevent
it from compromising SCL properties. P407 surfactant was used to treat
silicone based SCLs (PDMS/HEMA/P407) as well as hydrogel based SCLs
(GMA/HEMA/P407). These SCLs are characterised based on EWC%, TM%,
YM and CA. All SCLs displayed an increase in EWC% and decrease in CA
values with increase in P407 concentration. However, the YM value
decreased with increase in P407 concentration, this is due to increased
EWC%, making the material of the SCL softer thus decreasing in mechanical
strength. TM% values of 90% and above were displayed for
PDMS/HEMA/P407 and GMA/HEMA/P407 at 0.25% P407, high

transparency is most desired for SCLs.

219



Bacterial adhesion assay of both P.aeruginosa and S.epidermis for both sets
of SCLs was carried out using bioluminescence ATP assay at several time
points (0.5, 6 and 16 hours). A general pattern was notice, surfactant treated
SCLs displayed a lower bacterial ATP concentration for both P.aeruginosa
and S.epidermis. Despite limited research studies on bacterial adherence of
SCLs, however the results presented in this study suggests the use of
surfactant P407 enhanced the resistance of bacterial adherence to the SCL

surface.

It is essential for new formulation proposed for topical application to studied
for potential toxicity/ irritation effects on the eye. Most topically administered
drugs are faced with barriers at the cornea and conjunctiva. In vitro ocular
toxicity study was carried out to investigate the irritation level of the prepared
SCL with and without surfactant P407 as well as DZH loaded PAA
nanoparticles. The results presented from the BCOP and HET-CAM assay
were promising, the prepared SCLs with and without P407 as well as the
DZH loaded PAA nanoparticles were well tolerated on the ocular surface with

no sign of irritation.

In conclusion, this doctoral research has shown that carbonic anhydrase
inhibitor (DZH) can be loaded into PAA nanoparticles and then placed into
SCL material for a sustained drug release. Thus, SCL demonstrated can be
suitable for drug delivery not only to treat glaucoma but the potential to treat
other chronic or acute eye disorders. P407 surfactant has proved to be

essential for resistance of bacterial adherence preventing MK.
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The future studies:

* Further investigate the permeation using ex vivo trans-corneal

permeation

* Investigating the effect of the prepared ocular delivery system using

an appropriate glaucoma animal mode

The main aim of this doctoral research was to prevent one of the main
causes of irreversible blindness. The idea of drug loaded SCL topical
application could be the future for glaucoma treatment as well as many other
ocular conditions, without compromising their vision. These contact lenses
could also be used to correct refractive errors such as myopia and
hyperopia. | believe that this thesis is the start of a very long journey with a

promising future.
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